
Spec. Publ. geol. Soc. S Ali. ,  13 (1981). 19-5-24-5

GEOCHEMISTRY AND PETROGENESIS OF THE ETENDEKA VOLCANIC ROCKS FROM
SWA/NAMIBIA

by

A.J .  ERLANK,  J .S .  MARSH,  A.R.  DUNCAN,  R
P.J. BETTON and

McG. MILLER. C.J. HAWKESWORTH.
D.C.  REX

ABSTRACT
The volcanic rocks of  the Etendeka Format ion f rom north-west  SWA/Namibia have a present-dav

covcragc of 7ti,000 km'] and comprise a series of interbedded basalts, latites and quartz latites, together
with four varieties of intrusivc dolerite. Apart from one group of dolerites (regional dolerites) which have
mineralogical and gcochemical similarities to the Lesotho Formation lavas from the Central area. the
Etendeka volcanics di f fer  l rom al l  other Karoo volcanics by v i r tue of  their  Cretaceous age,  st rat igraphy,
mineralogy,  geochemistry,  and range in mineralogical .  e lemental  and isotopic composi t ions for  the
basaltic rocks. Thus thc most voluminous basic rocks (Tafelberg basalt type) consist of basalts and
doler i tcs wi th SiO, -  48.9-57.8 %, Mg-number -  6t l -28,  and in i t ia l  sTSr/86Sr :  0.7078-0.7135.

The interbedded basal t - lat i te-quartz lat i te sequence exhibi ts  many regular  and rat ional  composi t ional
var iat ions for  major  and t race elements,  as wel l  as incompat ib le inter-e lement and Sr-  and Nd- isotopic
rat ios.  These re lat ionships precludc the der ivat ion of  these three rock types by any s imple mel t ing or
fractional crystallization process involving a homogencous source or parental magma. Considcration of
certa in cr i t ical  inter-e lement and isotopic rat io inter-re lat ionships also ru les out  any magma mixing model ,
whether by s imple mix ing,  or  by mix ing and subsequent f ract ional  crystal l izat ion,  that  might  seek to der ive
the more e volved basaltic rocks by magma mixing of any of the less evolved basic magmas with either latite
or quartz latite. Detailed assimilation-fractional crystallization (AFC) mode lling, using a variety of actual
and putat ive rock composi t ions,  e i ther as star t ing mater ia ls or  as contaminants,  cannot consistent ly
explain inter-e lement and isotopic rat io var iat ions in e i ther the less evolved or  morc evolved basal t ic
rocks. The former have variablc initial 87Sr/t6Sr ratios that almost cncompass the range shown by the lattcr
and it is postulated that the evolved basic magmas have been derived by crystal fractionation from less
evolved basic magmas which had a range in isotopic composi t ions.  This is  supported by quant i tat ive major
and trace element modelling across the basaltic spectrum. The majority of the parental basic magmas are
considered to be derived from heterogeneously enriched lithospheric mantle, evidcnce for which is
provided by metasomat ized mant le-der ived nodules contained in k imber l i tc .  Al though these basic
magmas have "calc-alkaline" affinities there is no compelling evidence for the operation of subduction-
related enrichment processes, which would be of Proterozoic age because of Sr- and Nd- model age
considerations, in the mantle source areas of these magmas. Instead, the majority of the basic rock types
are considered to be continental flood basalts with thcir own distinctive lithosoheric mantle sources. the
only except ion being late-stage MORB-l ike intrusives (Hor ingbaai  doler i tcs)  which are thought to be
asthenopheric melts cmplaced during an advanced stage of rifting and crustal thinning.

The overall compositional relationships of the latites and quartz latites suggests that they are crustal
melts, probably of Damaran rocks in view of isotopic relationships. The Etendeka basic volcanics are
considered to mark the surface expression of a distinct thermal and geochemical anomaly in the sub-
continental lithosphere. The interbedded nature of the basaltic and acidic volcanics indicates that
asthenospheric material (Tristan da Cunha plume?) penetrated lithospheric mantle to or near the base of
the continental crust in order that lithospheric mantle and crust could melt simultaneously. It is suggested
that whereas the direction and alignment of Gondwana rifting and breakup was crustally controlled, the
question of where rifting actually occurred was ultimately controlled by the distribution of highly enriched
domains in the sub-cont inental  l i thosohere.
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those near Cape Cross were found to be late Jurassic t tr
early Cretaceous in age and therefore represent a dist inct ly
younger manifestat ion of Karoo igneous activi ty. Siedner
and Mil ler (196i3) therefore propose the term "Kaoko"

lavas to dist inguish them from the older Karoo lavas of the
Central area. These lavas are now grouped into ln
Etendeka Formation (SACS, 1980) and thc term "Kaoko"

has fal len into disuse. Associated doleri tes were found to
give a spectrum of ages from early Jurassic to early
Cretaceous. However. rather than indicating continuous
activi ty, Siedner and Mitchel l  (1976) suggested that the age
data were consistent with episodic activi ty over a 60m.Y.
period. Avai lable data for the Damaraland complexes
indicates that they are broadly contemporaneous with the
late Jurassic-early Cretaceous regional volcanism.

Although questions of contemporaneity have only been
resolved in the last 1-5 years, the dif ferences in
composit ional character between the Etendeka and Central
area lavas have been known for far longer. In the earl iest
comprehensive account of the Etendeka suite, Reuning
(1929)  descr ibed the  scquence as  cons is t ing  o f  bas ic
melaphyres, glassy intermediate rocks and 600 m of
orthoclase porphyries. He l isted chemical analyses
indicating that the latter contain 65-68 % SiO: whereas the
basic and intermediate lavas have between 46 and 56%
SiOz. Subsequent descript ions of the Etendeka sequence
have mentioned "600m of phyric andesite" and that the
"uppermost extrusives are rhyol i t ic" (Korn and Mart in,
19-54), or "amygdaloidal basalt and andesites (150-220
metres) fol lowed by andesites with intercalated more felsic
layers and a capping of rhyol i te composit ion (600 metres)"
(Mart in et al.  ,  1960). On the other hand Siedner and Mil ler
(1968) report "predominantly basalts with major quanti t ies
of intermediate and acidic lavas" in the suite.

Despite the inconsistencies in these descript ions i t  is clear
that signif icant proport ions of evolved rock types in the
Etendeka sequences have been known since the earl iest
investigations. This contrasts strongly with the
overwhelmingly monotonous basalt ic character of the

REFERENCES

I. INTRODUCTION
In SWA/Namibia (hereafter referred to simply as

Namibia) mafic, intermediate and felsic lavas and
associated dykes and si l ls of Mesozoic age occur in the
vicinity of Mariental (17"56'E;.24'37'S) in the area between
Brandberg  (14 '35 'E ;  2 l '08 'S)  and Cape Cross  (13"55 'E ;
21"47'S) in Damaraland, to the north-east, east and south-
eas t  o f  Groot fon te in  (18 '10 'E ;  19"35 'S)  and a t  var ious
local i t ies in the coastal area between the Kunene River and
lat i tude 21'S (Fig. 1). In the latter region is the Etendeka
(from the Ovahimba meaning an area of f lat-topped hi l ls)
where the largest remnant of these lavas is found
outcropping continuously over an area of 1-5.0()( lkmr
between lat i tudes 19' and 21"S. Between Cape Cross and
Grootfontein a broad belt of subvolcanic plutons and r ing
complexes bui l t  of alkal ine, tholei i t ic and carbonati t ic rocks
is associated with the volcanics. These consti tute the
Damaraland Province intrusive igneous suite (Mart in el a/. ,
1960) .

The lava outcrops are erosional remnants of once
extensive f lood lava f ields and, in general,  they fol low
conformably on sedimentary formations of the Karotl
Sequence. On the basis of this strat igraphic relat ionship,
the lavas and the intrusive dykes ( including some
spectacular dyke swarms), si l ls and r ing complexes have
tradit ional ly been correlated with the Karoo igneous surte
in the Central area in South Afr ica.

Subsequent age studies by McDougall  (1963) and Fitch
and Mil ler (1971, 1984) on Central area basalts and
doleri tes and by Siedner and Mil ler (1968), Gidskehaug et
al.  (1.975) and Siedner and Mitchel l  (1976) on Namibian
occurrences have shown that this general correlat ion is not
correct. The Central area igneous suite is largely early to
middle Jurassic in age, as are the doleri tes from southern
Namibia and the Kalkrand basalts north of Mariental.  I t  is
on this basis, as well  as on composit ional similari t ies, that
these occurrences have been grouped together as
consti tut ing the Central area volcanic suite (Marsh and
Eales, 1984). In contrast, the lavas of the Etendeka and
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preserved lava sequence in the Central area. In this respect
the Etendeka suite is more akin to the Lebombo volcanics
which comprise substantial proportions of acid material
(see Cleverly et al., 1984). More detailed comparisons of
these two sites can be found in the account of Duncan el a/.
(1984) .

The outcrop area of Etendeka volcanics close to the
coastline of Namibia has invited comparisons with the
extensive Serra Geral volcanics in the Paran6 basin of South
America. Such comparisons were used by early proponents
of the Continental Drif t  hypothesis (Du Toit,  1937; Mart in,
1961) to demonstrate that the eastern and western
seaboards of South America and Africa respectively, must
once have been juxtaposed. The general contemporaneity
of these volcanic suites has only been well established since
the age studies mentioned above and those in South
America reported by Amaral et al. (1966,1967) and Melfi
(1967) were published. Likewise, the overal l  petrological
and geochemical similarity of the Etendeka and Paran6
(Serra Geral) suites has only become apparent with this
study on the Namibian rocks and those of Ruegg (1976) on
the Parand volcanics.

The general acceptance of the sea floor spreading
hypothesis has allowed these volcanics to be viewed in a
new light. No longer is their significance confined to
demonstrating the juxtaposition of South America and
Africa. Instead, with independent evidence from the sea
floor on the possible age of the South America-Africa rift
(summarized by Duncan et al. ,1984) the Etendeka suite
can be evaluated in the context of a developing continental
rift that evolved into an ocean.

This study presents major, trace element and Ar-, Sr-,
Nd- and Pb-isotopic data for a variety of mafic and felsic
volcanics belonging to the Etendeka Formation. We
emphasize the integrated nature of this investigation but
note that while this is the first comprehensive account of
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these volcanic rocks, additional field and laboratory studies
are reouired to understand more fullv this comolicated and
in te res i ing  area .

II. KAROO SEDIMENTARY SEQUENCE:
STRATIGRAPHY AND STRUCTURAL

RELATIONSHIPS
The sedimentary sequence correlated with the Karoo

Sequence occurs in scattered outcrops throughout the
Kaokoveld and north-west Damaraland. These Karoo
sediments have been described bv Reunins and Martin
(1957), Frets (1969) and Hodgson and BothaltgT5). In the
vicinity of the Etendeka representatives of the Dwyka
(oldest),  Prince Albert,  Gai-As and Etjo (youngest)
Formations (SACS, 1980) are present. However, the
overall succession in many localities is incomplete with
thicknesses and actual stratigraphic sequences having
been profoundly influenced by considerable pre-Karoo
topography, particularly pre-Dwyka glacial valleys
(Mart in, 1975) and, in the coastal region, by the occurrence
of syn-sedimentary faulting.

The Karoo sedimentary formations and the overlying
lavas are underlain by folded and metamorphosed
basement rocks of varying ages (Fig. 1). In the coastal
region the basement rocks are schists belonging to the
Damara Sequence of Pan-African age. These schists are
intruded by syn- and post-tectonic granites and
granodiori tes. To the east of the Etendeka l ies the pre-
Damara Huab massif comprising paragneisses and intrusive
granites with ages in the range 1.9-l  .7 b.y.,  whi le to the
north lies the early Proterozoic Epupa crustal segment
overlain in places by low-grade metamorphic rocks of the
Damara Sequence.

Varicoloured shales of the Prince Albert Formation
usually form the base of the Karoo succession around the
southern margin of the Etendeka, but in places they may be

1 0 0  5 0  0  l 0 0 l m

Figure I
Generalized map of Namibia showing distribution of Karoo lavas and sub-volcanic complexes, together
with basement ageltectonic provinces. The southernmost lavas (Kalkrand Formation) near Mariental are
Jurassic in age, while the other lavas to the north (Etendeka Formation) are of Cretaceous age.
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Figure 2
Geological map of the area around the mouth of the Huab River. Location of area shown on Fig. 5. After Miller (1973;

unpubl. data).
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underlain by small  patches of Dwyka t i l l i te up to 7 m thick.
The Prince Albert Formation is tentat ively correlated with
the lower part of the Ecca Group in the Central Karoo
basin. The overlying red beds of the Gai-As Formation and
the aeolian sandstones of the Etjo Formation are possible
equivalents of the Molteno and Clarens Formations of the
Central area. The Etjo sandstones are interbedded with the
lowermost lava f lows of the volcanic sequence.

General ly, the Prince Albert and Gai-As Formations
thicken from a cumulative thickness of about l30m south-
east ofthe Etendeka to about 340 m in the west at the mouth
of the Huab River. The Etjo Formation has a maximum
thickness of about 100m near Doros (Fig. 1). Al l  three
formations pinch out to the north and south; the Etjo
sandstones overstep the lower formations around the
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eastern edge of the Etendeka and are in turn overstepped
by the lavas. Although thin lenses of sandstone a few metres
thick may intervene between the volcanics and the
basement in places, the lava sequence north of the
Tafelberg beacon mostly l ies direct ly on the basement.

Further north towards the Kunene River the lavas are
usually underlain by representatives of al l  the Karoo
sedimentary formations. The Dwyka glaciogenic sediments
are part icularly well  developed occurring in many areas
where no volcanics are present and show local thickening in
a number of pre-Dwyka val leys.

In the coastal region there is considerable variat ion in the
strat igraphic sequence and in the thicknesses of the
different formations due to the occurrence of syn-
sedimentary coast-paral lel fault ing. This has been revealed
by detai led measurements of 2 borehole cores and several
strat igraphic sections measured in the vicinity of the Huab
River mouth. A similar development may be inferred for
much of the coastal area as coast-parallel faults are common
within 30 km of the coast l ine although detai led mapping of
this area is lacking.

Relat ionships at the Huab mouth are i l lustrated in Figs. 2
and 3 which show the location and character of a number of
measured sections. I t  appears that the ful l  strat igraphic
succession is preserved in down-faulted blocks, but in an
adjacent horst structure certain stratigraphic units may be
missing. The marked variat ions in the thicknesses of some
formations over short distances and the absence of some or
al l  members of the sedimentary succession suggests that
fault ing occurred periodical ly both during and after
sedimentation. There are no significant differences in the
dips of different formations in the fault blocks and this
indicates that no rotation of fault blocks occurred during
the syn-sedimentary movements. The observed dips of
15-30" to the east in the lavas and sediments are probably a
result of post-extrusion rejuvenation of the faults. In the
north-western Kaokoveld the Karoo sediments and lavas
are frequently down-faulted to the west against the
basement.

Figure 4
Simplified map of area near Cape Cross showing type locality of the
Albin plagioclase-phyric basaltic lavas and intrusive Horingbaai
dolerite dykes and sills, together with the Messum Igneous
Complex, dated at 732 + 2.2m.y., which is intrusive into the
Gobobosebberse.
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Figure 3

Stratigraphic sections of the Karoo Sequence in the Huab River
region. Location of sections A-D (boreholes) and Dl-Gt (surface
sections) shown on Fig. 2. Location of surface section Hr shown on
F ig .5 .
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Figure 5
Geological map of the Karoo Sequence in the Huab River-Doros-Tafelberg area. Distribution of prominent lava units inferred from field
studies and photogeological interpretation (Miller, unpubl. data). Note that dips are given in minutes.
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III .  ETENDEKA FORMATION LAVAS AND
DOLERITES: DISI.RIBUTION' STRATIGRAPHY

AND CLASSIFICATION
A. Introduction

The doleri te and lava samples consti tut ing the igneous
suite which is the basis of this investigation come from
various col lect ions made over a number of years. The most
comprehe nsive sampling of the volcanic sequence has been
carried out at Tafelberg (14"09'E;20"10'5) on the eastern
edge of the Etendeka where the maximum preserved
thickness of lavas (about 900m) is found. Addit ional
samples from the Etendeka come from widely separated
loca l i t ies -Ter race  Bay (13"03 'E ;  20"00 '5 ) ,  Tor ra  Bay
(13 '10 'E :20 '13 'S) .  the  nor thernmost  edge o f  the  lava  f ie ld
to  the  south  o f  Scs fon te in  (13 '37 'E :  19"07 'S) ,  the  coas ta l
area north of the l luab River mouth and from the scattered
outl iers between Tafelberg and Khorixas ( 14"58'E; 20"23'S)
-see Fig. l .  A second strat igraphic suite was col lected
from the lava outcrops 35 km north of Cape Cross, in the
vicinity of the tr igonometrical beacon "Albin". These lavas
are outl iers of the Gobobosebberge lava f ield surrounding
the Messum Conrplex, and have been supplemented by a
suitc of samples from the Gobobosebberge (Fig. 4). No
samples have been obtained from outcrops in the north-
westcrn Kaokovcld nor from the suboutcrops north-east of
Grootfontein. Intrusive doleri tes have been sampled from
widesprcad local i t ies between 20" and 23'S and between the
coast and longitude l5'30'E. Detai ls of sample local i t ies
may be found in Microf iche Card 1 attached to this volume.

B. Etendeka l'ormation Lavas
The remnants of Etendeka Formation lavas are scattered

over an area of 78,000 kmr and Reuning and Mart in (1957)
have argued that the original thickness must once have
exceeded 2 km. At present the maximum preserved
thickness of about 900 m appears to be at Tafelberg. In the
Gobobosebberge Korn and Mart in (1954) report a
maximum thickness of about 350m. The lavas have a
horizontal att i tude over much of their outcrop area but in
the strongly faulted coastal belt  they exhibit  variable
shallow dips to the east. In the vicinity of the Huab River
and the Doros Complex there is evidence of sl ight intra-lava
warping and t i l t ing. Flows in the lower part of the sequence
dip at very shal low angles (-0.,5') to the south and east
whereas the uppermost f lows are horizontal.

Where underlain by Karoo sedimentary strata the lavas
fol low on the latter with apparent conformity. In many
places the lowermost f lows are interbedded with Etjo
sandstones. Strat igraphical ly the lowermost lavas in the
succession crop out in the coastal region, possibly near the
mouth of the Huab River, and these are progressively
overstepped by f lows higher in the sequence as one moves
north-east (Fig. 5). As a unit the Etendeka Formation
oversteps the underlying sedimentary formations, and over
large areas around the eastern and northern edges of the
Etendeka the lavas l ie direct ly on the basement.

Thus at Tafelberg (Fig. 5) the 900m thick sequence does
not include the lowermost lavas and an unknown thickness
of the upper lavas has been lost to erosion. The
strat igraphic succession comprises basalts and evolved
basalts interbedded with two thick units of quartz lat i te and
one thinner unit  of lat i te (Fig. 6). The thickness proport i()ns
of the dif ferent l i thological types in this section are: basic-
to-intermediate lavas-7l Vc; quartz |atite-25 c/a;

lat i te - 5 o/o . ' lhe basalts and evolved basalts occur in thick
f lows and are f ine- to medium-grained aphyric rocks with
an intergranular texture. We propose to cal l  these lavas the
Tafelberg basalt type. This type is overwhelmingly
dominant in al l  the exposed lava remnants we have
examined. We shall  also l ikewise refer to the other two rock
units as the Tafelberg latites and Tafelberg quartz latites (see

subsequent section for classif icat ion used).

To date the lat i tes have been encountered in the
Tafelberg section only, where their outcrop forms a
prominent scarp which can be observed to extcnd for
several ki lometres to the south and north. However. no
attempt has been made to map out the lat i tes and their true
extent must await the results of a detai led mapping
programme. Quartz lat i tes cap many of the high table-
topped mountains between Tafelberg and the coast (Fig.
5). South of Torra Bay a thick sequence of easterly dipping
quartz lat i te f lows occurs in a l inear belt  extending for
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Stratigraphic section of the Etendeka lavas at Tafelberg (Fig. 5)
together with the distribution of SiO: content with height in the
sequence.
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70 km. Poor exposures and the possible presence of coast-
parallel faulting has not allowed us to correlate this
sequence with either of the two units exposed at Tafelberg.
As with the lat i tes, the true distr ibution and strat igraphic
relat ionships of the quartz lat i tes await the results of
detai led mapping currently in progress. Our current
investigation suggests that they are, at present eroslon
levels, mainly confined to the Etendeka and the outl iers
north-west of Doros. However, reconnaissance work has
shown the presence of a thick quartz latite unit interbedded
with basalts south-east of the Albin beacon and of thin
quartz latite units in the Gobobosebberge just north-west of
the Messum Complex. A single sample of quartz lat i te has
also been obtained from the lava xenoliths at the top of the
Brandberg Complex. Also, although we have no evidence
of quartz latites occurring in the strip-like outliers between
the Etendeka and the Kunene River, a single sample of
quartz latite has been obtained from near the Kunene at
Cape Fria. These latter samples have not been analysed in
the present study.

At the base of the volcanic succession nearly everywhere
in the coastal region a sequence of thin flows of plagioclase-
phyric basalts occurs overlying Karoo sediments. These
basalts have their thickest development (-200m) in the
vicinity of the tr igonometrical beacon "Albin" on the
coastal hills north-east of Cape Cross as well as on the
western edge of the Gobobosebberge. These plagioclase-
phyric basalts are texturally distinct from the Tafelberg type
and are hereafter referred to as the Albin basalt type. The
Albin basalts may be interbedded with E,t jo sandstones as
can be seen at several places north of the Huab mouth and
at Terrace Bay. They are followed conformably by the
Tafelberg basalts with some interfingering of the two types
in some areas. The ful l  extent of the Albin basalts to the
north and east is at present unknown but they are minor in
volume compared to the Tafelberg type.

Throughout the Etendeka and in the Gobobosebberge
each unit of the different magma types comprises a number
of flows. Flows of basic lavas are generally thick, frequently
in excess of 5m. Amygdaloidal f low tops are ubiquitous.
The laterally persistent sheet-like nature of the quartz latite
units throughout much of the Etendeka (Fig. 5) suggests
they are ignimbrites. Final conclusions regarding the
volcanological character of these sheets must await
completion of a detailed field and petrographic study that
has recently commenced. Preliminary results from this
study do, however, indicate that the quartz lat i te sheets
have internal features similar to those displayed by Karoo
rhyol i tes of the Lebombo (Bristow and Cleverly, 1979).

C. Intrusive Sills and Dykes
Intrusive sheets, sills and dykes, overwhelmingly basaltic

in composition, are widespread throughout Damaraland
and the Kaokoveld. Minor quantities of lamprophyre are
also encountered and appear to be related to the alkaline
phase of the subvolcanic complexes. The dolerites intrude
basement rocks, Karoo sedimentary strata and the
overlying lavas. Dense swarms occur locally between the
Huab River and Walvis Bay (Fig. 7) and part of one of these
swarms has been described by Botha and Hodgson (I976).
No intrusives of latite or quartz latite have been
encountered.

The comparison of data for the intrusives with that of the
lavas is complicated by the fact that the intrusives seem to
cover a span of ages (Siedner and Mitchel l ,  1976; Table II)
and unambiguous ages are available only for a few of our
suite of intrusive samples. Moreover, a wide variety of
textural types exist and we have, in general, found no
consistent relationship between texture, chemical
composition and age.

In the sections that follow we discuss the data of only
some of our intrusive samples, namely those that definitely
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Figure 7
Distribution of dolerite dykes and faults in pre-Karoo Damaran
rocks south-east of the mouth of the Ugab River (Miller, unpubl.
data).

intrude Karoo sedimentary strata or the overlying lavas.
Amongst these we recognize several groups. First ly, there
are dykes and sills cutting Tafelberg-type lavas. Some of
these (KLS16,20, 152, 155, 156) cannot be dist inguished
texturally or chemically from these lavas. Others have
ophit ic textures (KLS38, 48, 100, 186) and although they
differ slightly in their chemistry from the Tafelberg lavas
are believed to be of the same magma type. Both the above
types are referred to as Tafelberg intrusives. Secondly,
there are a group of dykes and sills found only in the coastal
region and which are texturally very similar to the Albin-
type basic lavas. These are provisionally named as the Albin
intru^sives although none have been analysed to date.
Thirdly, there are a group of narrow (usually <1m in
thickness) fine-grained basaltic dykes and sills which
intrude Albin-type lavas in the type section (Fig. 4). They
have a distinctive "depleted" chemical composition and we
propose to refer to them as the Horingbaai intrusives.
Finally, there are two sills intruding Prince Albert
Formation sedimentary strata (KLS43 and KLS44) which
have ophitic textures and ambiguous ages (see below).
They may be representatives of early Jurassic intrusive
activity since their chemistry is similar to that of the
widespread Lesotho Formation basalts and dolerites of the
Central area (Marsh and Eales, 1984). For want of a better
name we shall call them regional intrusives, although in
many cases we shall simply refer to them by sample
number. No other representatives of this type appear to cut
the lavas. i.e. those intrusives which have oohitic textures
and which cut the lavas belong to the first group mentioned
above.

There are also a great many dolerites which intrude pre-
Karoo rocks (Fig. 7) which could be classified as regional
dolerites. However, in view of uncertainty with regard to
their ages (Section IV) and since we have not studied these
rocks in any detail, they are not discussed in this study,
except with respect to their ages. Their geodynamic
significance should not, however, be ignored.

D. Classification of Lavas and Intrusives
Table I presents averages or analyses of individual rocks

which indicate ranges for the four lava types, together with
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TABLE I
Average and Individual Analyses for Etendeka Formation Volcanic Rocks
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Tafelberg
Basic Rocks

Albin
Basic Lavas

Hor ingbaai
Dolerites

Regional
Dolerite

Tafelberg

Quartz High-K
Latitc Latite Dacite

l 1l 0c/c

sio,
Tio:
Al20:
Fe:O:
MnO
Mgo
CaO
Na20
K:O
P:Os

49.81
1 . 1 3

15.84
12.15
0 . 1 7
7.23

10.58
2. r7
0. u1
0 .  1 1

20
1U8
214
102
4.u
101
z lo

30
49
55
98
28
l l
26
t 7
25

5 1 . 8 2
1.00

14.U3
I  1 .82
0 .  1 8
6.78

10.50
2 . 1 1
0. t33
0 . r 2

l 9
2 1 7
216
1 1 4
7 . 5
73

LO+

42
63
55
89
98
1 4

19
1 A

57. f i  1
1 . 8 1

12.66
13.94
0.2t)
2 .30
6.0'/
2 .26
2.69
0.26

96
496
1Uu
238

l 6
9 . 4

3'7
5 . 1
+-)

104
71
33
73
39
39

51.21
1 . 1 2

1 6 . 1 9
10.31
0 .  1 5
1.29

1 1 . 2 8
r . 5 5
0.6u
0 . 1 9

l 6
23u
271
122
T 2

154
231
35

129
50
82'70

t4
39
2 I
20

55.41
1 . 2 2

14.88
11.21
0 . 1 7
4.61
t3.9u
1 . 8 3
1 . 4 4
0 . 1 9

4-t

338
211
188
t 2
40

232
37
65
48
7ti
83
29
64
3 1
28

18.7

1 7 . t 3
1 . 2 6

15.2u
12.61
0 . 1 9
It.6t3

12.68
1 . 9 2
0 . 1 3
0 . 1 1

19.01
0.99

1 6 . 4 1
10.12
0 . 1 5
8.89

11.4-5
2 . 1 3
0.15
0 . 1 0

1L)
r30
278
83

s. - l

226
269

18t)
67
11.
80
1 0
25
1 5
20

66.2

59.23
2.29

13.87
1r.21.
0 . 1 3
r .70
1.23
2.48
r  t 1

0.11

15,{
1 10t)

21.5
15'7

LO

l 6
62
20

6 . 1
a t

147
2 1
13

149
1 1

57

25.  u

ppm
Rb
Ba
Sr
Zr
Nb
Cr

Sc
Ni
Co
Zn
Cu
La
Ce
Nd
Y

,16.53
1.64

l -5 .21
1,1 .  l6
0 . 2 1
7.00

I  t . u 9
2.63
0.-sB
0 . 1 5

2.3  23
50 228

196 ?62
68 100

3 . 8  1 3
f l )  1 n

342 338
36 30

167 r0l
61  58
65 t7

113 t97
5 . 2  1 5

t4.2 38
1 0 . 1  2 l

20 23

5 3 .  I

68.00 68.62
0.95  0 .91

12.U9 13 .30
6 . 6 1  6 . 1 4
0 . l 0  0 . 1 t )
1 , .26  1 . .25
2.71 3. -51
2.69 3.2t i
1 .46  2 .57
0.29  0 .2u

175
627
1 3 1
279
22
l 0
53
20

4.-5
1 3
78
1 1

t a

93
;tb
37

30.7

t'77
631
19,1
292
25

1 . 5
-50
1 9

1. t i
l 1
u3
1 1

4u
i00

37

3 1 . 9Me# 51 .7 56.t i 27  .5  6 l  .8 6 t . 2

All data from Microfiche Card 2, normalizedto 1,00c/o on a volatile-free basis. Total Fe as Fc2Or. Mg# is the Mg-numbcr. or atomic ratio of

Mg/(Mg f Fe2*) based on a whole rock ratio of FeO/(FeO -i. FezOl) of 0.85. Number of samples uscd for individual element averages
(columns 9, 10, 11), together with other averages, may be found in Duncan et al. (1981). Column numbers refer to following samplcs or

averages:

1. KLS100, ol ivine doleri te .  4. KLS134, basalt.  7.
2. KLS24,basalt.  5. KLS144,evolvedbasalt.  8.
3. KLS42,evolvedbasalt.  6. KLS145,ol ivinebasalt.  9.

analyses of doleri te intrusives, found in the Etendeka
Formation. In addition Fig. 8 illustrates the K2O-SiOl
compositions of the lavas in relation to two commonly used
classification schemes for calc-alkaline volcanics. The
Tafelberg basic lavas exhibit a continuum in chemical
composit ion from 52 to 58% SiO:. The si l ica-poor
members of this suite are undoubtedly basalts and in view of
the disposition of the composition points for the more silica-
rich specimens in Fig. 8 one might be tempted to ref'er to
them as "basalt ic andesites" or "andesites". We prefer not
to use separate names like these for two reasons: firstly, we
wish to avoid the tectonic or petrological implications of
using the name andesite; and secondly, we want to
emphasize the continuous nature of the chemical.
petrographic and mineralogical features of the suite. We
therefore propose to refer to this suite as consisting of
"basic lavas" and in a general way to refer to the low- and
high-SiO, subsets in the suite as basdlts and evolved basalts
respectively. Similarly comments can be made for the Albin
basic lavas, although they do not show as wide a range of
composition as the Tafelberg lavas.

The latites are mineralogically unlike rocks usually called
lat i te. However, we note from Johannsen (1937) that the
term "latite" was originally defined in terms of chemical
composit ion and i t  is in this sense that the name is appl ied
here. Fig. 8 illustrates that the Tafelberg rocks plot in the
appropriate field in both classification schemes and close to
the average composition of three latites listed in Iddings
(1913). The Tafelberg rocks with highest SiO: contents
exhibit a wide range in K:O content which for most

KLS157, o l iv ine basal t .
KLS,13, olivine dolerite
Average lat i te.

10.  Average quartz lat i te.
1 l .  Average high-K daci te

specimens is beyond the range considered typical of dacites,
but note that there are substantial differences in the dacite
field boundaries between the classifications of Peccerillo
and Taylor (1976) and MacKenzie and Chappell  (1972).

Again we wish to avoid using the term dacite and propose
the name quartz latite for all these rocks with the exception
of three samples with <3 Vc K2O which, for want of a better
name, are referred to as high-K dacires. This distinction has
been made in our sample data-base (Microfiche Card 1) but
in the ensuing discussions we shal l  general ly refer to both of
these groups of rocks simply as quartz lat i tes. Note that in
the Tafelberg region the high-K dacites are confined to the
lower quartz lat i te unit .

The intrusive rocks al l  have composit ions within the
range for the basic lavas with several of the ol ivine-bearing
variet ies extending to more SiO2-poor composit ions (not
shown in Fig. 8). We propose to use the term dolerite for all
these rocks.

IV. AGE RELATIONSHIPS
A. Previous Work

The eruptive age of the lavas is important in
understanding the relationship between volcanism and
rifting and a considerable number of ages have been
published or are available from this investigation on the
rocks in question.

Siedner and Miller (1968) reported a range of
114-132m.y. for four whole rock basalt samples from the
Etendeka Formation-two specimens from near the top
and bottom of the sequence at Tafelberg, one from near
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Cape Cross and one from the Gobobosebberge near the
Messum Complex. Nine samples of regional intrusives
cutt ing the basement yielded ages in the range 115-196 m.y.
In a separate study Gidskehaug et al.  (1975) found a range
of 108-124 m.y. for four lava samples from near Tafelberg,
one sample with very high KrO being a quartz lat i te. They
also obtained an age of 93+3m.y. for a si l l  cutt ing the
lava pi le. Subsequently, Siedner and Mitchel l  (1976)
reinterpreted these conventional K-Ar ages in terms of
41)Arlr6Ar-4uK/36Ar isochrons and found that the eight lava
samples and two of the regional intrusives defined a well
constrained isochron age of I2l + 2m.y. Five of the
remaining regional intrusives together with specimens from
the Doros Complex (Fig. a) and two previously unreported
doleri tes gave an isochron age of 134 + 1 m.y.The othertwo
regional intrusives together with dolerites from southern
Namibia which are correlated with the Central Karoo
Lesotho-type doleri tes yielded an isochron age of 184 + 4
m.y. The si l l  cutt ing the Tafelberg lavas, sample AG13 2
(Gidskehaug et al. , I975), was not included in the isochron
treatment. Final ly in the appendix to their paper, Siedner
and Mil ler (1968) reported that three regional doleri tes
from widely separated localities yielded Palaeozoic ages in
the range 303-468 m.y. and i t  was suggested that this could
have resulted throush crustal contamination.
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B. New Age Determinations
In view of what is reported above i t  appeared desirable to

document more precisely the t ime span involved in the
Karoo volcanicity of the E,tendeka region. and several
approaches have been adopted to achieve this.

New conventional K-Ar whole rock data for 17 samples
are presented in Table II .  For these samples K was
determined in tr ipl icate using a Corning-E.el 450 Li
standard f lame photometer. Argon analyses were
performed as described in Briden et al. (1979). Taken
together, the data for the Tafelberg basalts and quartz
lat i tes, and the doleri tes intruding these lavas correspond to
the ages obtained in the earl ier studies, although one
sample (KLS197) has a dist inct ly higher age than the
721m.y. age adopted by Siedner and Mitchel l  (1976) for
these lavas. Of these samoles onlv one is verv fresh
(KLS5l  ) .  ye t  i t  has  the  lowe i t  age.  p iobab ly  because o f  i t s
glassy nature which has resulted in argon loss. The Albin
basalts, which are interbedded with and underl ie the
Tafelberg basalts north of the Huab River mouth have
anomalously high conventional K-Ar ages (307-377m.y.)
which confl ict with their strat igraphic relat ionships since
they overl ie and are frequently interbedded with Jurassic
Etjo sandstones. Similar anomalously high K-Ar ages
(271-360 m.y. ) are also found for the Horingbaai doleri tes
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Figure 8
KrO-SiO, variations and classification schemes used for Etendeka /alas (dolerites not shown). Closed
circles, Tafelberg basaltic rocks; open circles, Albin basaltic rocks. (a) After Mackenzie and Chappell
(1972); (b) after Peccerillo and Taylor (1976). Data plotted are recalculated to 100%, on a volatile-free
basis.
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TABLE II
K-Ar Age Determinations on Etendeka Volcanics
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Sample No R o c k T y p c  t r K

Vcl l .  { 'Ar

radiogenic
scc/g x l0 '

./r \)At

radio-
gen l c

Agc
m . y .

Tafelbcrg lavas
KLS22 basal t
KLS197 basal t

KLS51 qtz.  lat i te
KLS102 qtz.  lat i te
Albin Iavas
KLS I  12 basal t
KLS129  basa l t
KLSI96 basal t

KLS122 doler i tc
KLS126
KLS145

KLS.18
KLS152

KLS159
KLSI6 I
KLS I62

0.725
t . 2 I

2 .20
3.36

0.898
0.5u2
L0,1

0 .701
2 . 1 5

0.:120
0.666
0.117
l.0t)
0.673

0.  t71
0.2u9
0 . 1 1 7

0 . 3 1 9 3
0.730I
0 .7265
0.7682
L 5 l 0 l

1.;1628
0 .  n  l 2 l
1 . 3 6 1 9
1.3387

0.2693
0.3608
0.1327

0.3591
1.0646

0.1867
0.3735
0.29t1
0.-s045
1.9386
1.91U0

68.IJ
70.8  \
65 .e  J
78.2
u9.6

83.  l
t3( ).,1
T n l t l'
16.1  )

68 .0
7 2 . 1
63.1

-56.2
77.2

61.3
69.3
-55 .3
72.2
t h { l \

8 q . 6  J

I l 0 + , 1
t.18 + -5

-177 + 15
327 +  13
307 + 12

360 +
296 +
271 +

276 +
1 3 9  +
160 +
12.5 +

622 +

8 8 + 3
l l l + . 1

Horingbaai  dolerr tes ( int rude Albin lavas)

doler i tc
doler i te

Doler i tes int rusive into Talelbcrg lavas
doler i te
doler i te

Regional  dolcr i tes
KLS,14 dolerite*
KLS 151 doler i te i

t27  +
1 2 3  +

l , l

t 2
1 l

5
5

1 l
-5
6
5
25

doler i te ' i
doler i te i
doler i tet

*  Intrusive into Karoo sediments;  i  Int rusivc into pre-Karoo rocks

intrudins the Albin basalts. The same observation holds for
two of tlie regional dolerites analysed, since sample KLS44
(276m.y.) intrudes Karoo sediments while sample KLS162
intrudes Damaran granitic rocks which are younger than
the 620m.y. age obtained. To what extent the results from
the remaining three samples (125, 139 and 160 m.y.) ref lect
true ages is unknown, since al l  three intrude pre-Karoo
rocks.

The anomalously high K-Ar ages reported in Table II are
suggestive of the presence of excess radiogenic argon. The
volcanics concerned may well have acquired such excess
argon by interaction with Damaran (and older?) basement
rocks en route to the surface along the lines suggested by
Dooley and Wampler (1978), or even by degassing of the
immediately underlying Damaran mica-rich schists due to
heat supplied by the lava pi le. I t  was therefore decided to
analyse minerals from two fresh Horingbaai dolerites,
KLS122 and 145 (the Albin lavas are all altered to varying

degrees), by the {Arl3eAr step-heating technique in order
to test this supposition. Plagioclase and pyroxene separates
from these two samples and aliquots of a monitor were
sealed in silica phials and irradiated in the core of the
Herald Reactor AWRE Aldermaston where they received
a dose of about 1.6 x 1018 neutron/cm2. Gas extraction and
data processing techniques are given in Roddick et a/.
( 1980) . Results for the two samples concerned are shown in
Tables III and IV and Figs. 9 and 10. Although only limited
data were obtained from the pyroxenes it is apparent that
both contain excess argon. The plagioclase separates also
contain excess argon but they yield much more useful
information. Age spectra for the latter plot as saddle-
shaped curves (Figs. 9 and 10) which is an indication of
excess argon. However, according to Lanphere and
Dalrymple (\977), the true age is approached by the saddle
in the curves. Thus for KLS122 the apparent true age is well
defined at about 725m.y. while for KLS145 an age of
125-130m.y. may be inferred. These ages are somewhat
higher than the 72lm.y. isochron age derived by Siedner
and Mitchell (1976), but demonstrate clearly that the
anomalously high ages given in Table II are due to excess
argon.

In addition to the K-Ar and a0Ar/reAr ages discussed
above Rb-Sr age studies have also been carr ied out on
certain rock types. An attempt to date the quartz lat i tes
direct ly yielded an errorchron with an age of
1.54+21m.y.(Al lsopp et al. .  1984b), considerably older
than the K-Ar isochron and 3eAr/a0Ar ages discussed above.
Two zeolite-host rock tie lines for the quartz latites have
slopes indicating an age of about l50m.y. suggesting that
the presence of zeolite (with lower rJTSr/n6Sr and very low
Rb/Sr rat ios) in some of the quartz lat i tes could be part ly
responsible for the older Rb/Sr errorchron age. However,
thedisposit ion of some very fresh samples, which do not
contain zeol i tes, on the isochron plot suggests that a
heterogeneous crustal source, in view of the high init ial
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Figure 9
oArFeAr spectra for plagioclase from Horingbaai dolerite
KLS122. The saddle in the U-shaped pattern at approximately
725m.y. is considered to reflect the true age of intrusion. Note
excess argon as reflected also by conventional K-Ar age in Table
il.
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8?5r/865r rat io of 0.718, could be a further complicating
factor. An additional Rb-Sr study on biotite micro-gabbros
from the sub-volcanic Messum Igneous Complex, which is
considered to intrude the Etendeka lavas in the
Gobobosebberge, was more successful (Al lsopp el a/. ,
1984a). Three mica separates, a plagioclase separate and a
whole rock define an isochron with an age of 132 + 2.2 m.y .
However, in contrast Fitch and Mil ler (1984) report an age
of 149 + 1m.y. foroneof thesemicasusingtheseAr/aoArstep
heating technique. I t  should also be noted that Manton and
Siedner (1967) obtained a Rb-Sr age (recalculated to 7 .42 x
10 rryr 1) for the Paresis Complex (another sub-volcanic

ring complex in this area) which is identical to the Rb-Sr age
of the Messum Complex reported above.

In conclusion, the result.s of this study confirm the early
Cretaceous-late Jurassic ases of the main bulk of Etendeka
Formation volcanics. However. the discovery of excess
argon ages for many of our samples, coupled with clear
argon loss for others, has confused rather than clarified
many important aspects of the ages of lavas and
intrusives-part icularly the suggestions, made by previous
studies, of a long history of continuous or periodic igneous
activity. Of importance in this regard are the ages of the
regional doleri tes intruding basement and some, l ike

TABLE III
Argon Step Heating Data for Horingbaai Dolerite KLSl22

Temp
('c)

r,,Arr,
(x  l0  ecmrSTP) ' ttArco r8Arc, r'rArx r0Ar

Apparent Ageb
m y . + 2 6

leAr

(E")

KLSl22 P lag ioc lase  (  1u8.3  mg. )
0.0003
0.009
0.004
0.015
0.034
0.014
0.004
0.004
0.01-5
0.012
0.012
0.020
0.015
0 .16
1 . 5

KLS122 Pyroxene (29.4 mg.)
Blank 0.0020

Blank'
450
500
600
700
785
825
u55
965

1060
1 150
1270
1425
Totald

Conc. ( /g )

0.50i)
1 . 0 9 1

16.502
7'7.647
80.157
14. t i90
16.238
33.816
24.981
35.775
21.4'79
32.497

355.57
3283.2r

4 . 1  1 8
1 13 .802
117.92

4010.89

0.009
0.004
0.011
0.013
0.005
0.001
0.004
0.007
0 .010
0 .011
0.010
0.013
0.09
0.80

0.029
0.027
0.06
1 .93

0.090
0 . 1 5 0
0.880
1.596
2. i05
0 .862
1 . 4 1 1
3.960
0.875
0.32t)
0 . 1 9 5
0.276

12.72
1 t 7 . 4 5

0 . 1 0 7
0.203
0 . 3 1

r  0 .55

t).  I0
4 .71
3.50

1 1 . 9 1
21.62
21.99
8.10

13.08
37.45
23.45
21.39
1'7.12
1 8 . 1 4

209.4
1933

0.60
18.01
22.23
10.2

1369

3 3 1 . 1
232.5
175.4
136.5
126.1
125.7
127.9
1,25.3
324.1
703.0
752.8
645.9
1 8 8 . 7

600.3
675.2
649.7

+
+
+

I

+
+
+
+
+
+
+
+
+

44.7
12.5
4 . 1
2 . 1
1 . 9
2 . 1
2 .5
0 .5
5 . 3
+- - )

8 . 9
4 . 6
2 . 0

0 . 7
1 . 2
6 .9

12.5
1 6 . 5
6 . 8

1 1 . 1
3 1 . 1
6 . 9
2 . 5
1 . 5
2 . 2

700
1415
Totald
Conc.(/g)

0.044
0.039
0.08
2 . 8

+ 32.6 31.6
+ 16.6 65.1
+  1 6 . 5

a -

L

All gas quantities corrected for decay, minor products of neutron reactions on major isotope produced, and blanks; Tr : trapped; aOAr
: trapped plus radiogenic.
Errors for steps are analytic only and do not include error in irradiation parameters, J. Ages calculated using decay constants and
isotope ratios recommended by Steiger and Jiiger (1977).
Blanks are for all steps except fusion which may be up to ten times larger.
Includes integrated age. Uncertainty in J (0.5 %) included in error.

TABLE IV
Argon Step Heating Data for Horingbaai Dolerite KLSl45

c -
I

Temp.
cc)

toArr,

(x 10 'qcmrSTP)" lTArco t'Ar., l 'Arr aoAr
Apparent Ageb

- . ,  +  ) . 1
" r . f  

.  :  ! u

3eAr

( % )

KLS145 Plagioclase (93.4 mg)
0.0007
0.008
0.004
0.003
0.014
0.018
0.010
0.009
0.005
0.007
0.009
0.003
0.005
0.048
0 .15
1 . 6

KLSl45 Pyroxene (25.0 mg)

Blank'
400
450
500
600
700
785
830
870
980

1070
1t75
1275
1415
Totald
Conc.(/g)

Blank'
700

1425
Totald
Conc.(ig)

0.302
0.785
1.481

29.705
66.973
43.169
18.605
10.391
12.084
18.428
26.339
13.t42
62.802

303.61
3250.61

6.042
86.387
92.43

3697.18

0.009
0.005
0.004
0.008
0.007
0.005
0.001
0.004
0.005
0.010
0.010
0.002
0.015
0.09
0.93

0.034
0.015
0.05
1.95

0.020
0.032
0.050
0.3'73
0.654
0.723
0.532
0.434
0.446
0.248
0.239
0.097
0.388
4.24

45.36

0.385
0.260
0.64

25.79

0.20
2.52
1 . 5 5
1 . 8 8
8.24

t7.77
9.78
7.22
5.10
6.36
8.44
9 . 1 9
4.38

24.76
1 0 1 . 5

1087

0.60
10.94
15.42
26.4

1054

-s8.6
210.9
292.2
166.7
148.1
138.6
1 3 1 . 8
1 3 9 . 8
117.1
326.7
400.9
t ) a  )

379.6
201.9

158.5
305.9
219.3

130.0
113.6
3s.3
3 .0
0.9
3 .9
1 .9
- ) - L

11.7
8 . 7

1 5 . 5
24.8
10.9
2 . 7

0 .5
0 .8
1 . 2
8 .8

15 .4
t7 . r
12.6
t0.2
10.5
5 .9
5 .6
L.  - )

9 .2

0.0020
0.023
0.033
0.06
L - - )

+ 10. 1 59.7
+ 14 .3  40 .3
+  8 . 6

Lesend same as for Table lll.
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0.5 mm. In some thick f lows, zones of medium- to coarse-
grained equigranular basalt occur. Occasional specimens
are sparsely porphyri t ic with phenocrysts of plagioclase or

pseudomorphed ol ivine and, more rarely. cl inopyroxene
up to 1.-5 mm in dimension.

Euhedral,  zoned plagioclase laths form an interlocking
framework packed with granular augite and pigeonite and,
in the more evolved types, with interstitial glass or quartz

and alkali feldspar intergrowths, although interstitial glass

is also present in some of the less evolved variet ies.
Pigeonite commonly occurs as discrete subhedral laths or
granules which may form up to half the pyroxene
population. Their gin-clear irregularly cracked appearance
and larger grain size distinguishes them from augite
Anhedral Ti-magneti te occurs as equant grains with

extensively embayed margins and displays various types of

exsolut ion intergrowth with i lmenite. although electron
microprobe investigations have revealed the presence of
single-phase grains in some specimens. Tiny granules of
pyri te are also present although they are rare. In some of

the least evolved basalts from the lower part of the
succession sparsely distributed pale green to brown

euhedral pseudomorphs of serpentine or carbonate,
traversed by irregular cracks l ined with magnettte, are
observed. These are interpreted as pseudomorphs after
ol ivine phenocrysts, since reasonably fresh ol ivine has been

identi f ied in one specimen of these lavas. In the more
evolved lavas irregular patches of microl i te-charged glass in
various stages of divitfification occurs interstitially between
plagioclase and pyroxene grains. In some evolved

specimens with high SiOu contents interst i t ial  "clots" of
quartz and alkali feldspar occur. These samples usually
have a higher plagioclase/pyroxene ratio and a higher
abundance of Ti-magnetite compared to the least evolved
basalts.

Preliminary compositional data for the major phases are

summarized in Fig. 12a. The composit ions of plagioclase
from the least and most evolved specimens overlap
considerably within the range An6 to An1. Normal zoning
is common and of the order of less than 15 mole '/a An

although reversed zoning of a similar magnitude is present

in some grains in several specimens. Pigeonite shows
marked Fe-enrichment from CaeMgr,sFe:r to Ca11vMg36Fesr,
the complete range sometimes being exhibited within a

single specimen (KLS292). Augite exhibits a similar Fe-
enrichment from Ca+oMgsrFee in the least evolved basalts to
Ca33Mg3oFe:r in the most evolved rocks. Within individual
samples augite shows considerable compositional zoning
and, as with plagioclase, this zoning may be reversed in the
case of some crystals in a sample. Single-phase Ti-
magnetites range in composition from Usp66 to Uspso.

Most specimens show varying degrees of oxidation and
alteration which imparts a reddish colour to the rocks in

hand specimen. In the least oxidized specimens a sl ight red

stain may be confined to grain boundaries in the immediate
vicinity of the Ti-magnitites but in extensively oxidized

specimens the reddish stain penetrates all grain boundaries
and the pyroxenes and magnetites exhibit thick rims of a

dark red-brown isotropic material.

B. Albin Basic Lavas
These basalts occur in the lowermost parts of the volcanic

sequence in the coastal region where they are interbedded
with typical Tafelberg type basalts. Available chemical
analyses indicate that they are compositionally similar to

the Tafelberg basalts although petrographically they are

strikingly different, being characterized by distinctive
prophyritic textures are shown in Fig. 11b. No mineral
compositional data are available at present and nearly all

samples show strong alteration in thin section despite being
hard, compact and apparently fresh in hand specimen.

Albin-type basalts are fine- to medium-grained

350

-
E goo
a)
o)

250

200

1 5 0

1 0 0
1 0 08 0

Figure 10
4tlAr/3eAr age spectra for plagioclase from Horingbaai dolerite
KLS145. The saddle in the U-shaped pattern at approximately
130 m.y. is considered to reflect the true age of intrusion, but is not
as well developed as in Fig. 9. Note excess argon as reflected also by
conventional K-Ar age in Table II.

KLS44, which intrude Karoo sedimentary strata as these

dolerites have compositions very similar to the widespread

early Jurassic Lesotho-type basalts and dolerites of the

Central area. An intensive age study ofthese rocks is clearly

necessary before any conclusion can be reached regarding

the timing of volcanism in relation to rifting. Nevertheless'

in view of the fact that both the Horingbaai dolerites and

Messum Igneous Complex are intrusive into the Albin and

Tafelberg basalts, the data presented above suggests that

the minimum age for these lavas may be of the order of

130m.y. This is somewhat older than the Siedner and

Mitchel l  (1976) K-Ar isochron age of 121 m.y., and sl ightly

older than the oldest magnetic anomalies on the adjacent

sea floor (see summary by Duncan et al. ,1984).
The implications of this will be discussed in a later

section. but the reader should note that in the ensuing
geochemical sections an age of 121m.y. has been retained

when making age corrections for the isotopic data. Use of

an older age of 130 m.y. would not alter the arguments that

follow in these sections.

V. PETROGRAPHY
Detailed mineralogical studies on the Etendeka volcanics

are continuing and preliminary compositional data on

seiected specimens are reported below. The petrographic

descriptions, however, relate to a large number of samples.

There are no published detailed petrographic descriptions
of Etendeka volcanics although Botha and Hodgson (1976)

have described some of the regional dolerites. Gidskehaug
(1975) has reported on a detailed investigation of Fe-Ti

oxides in 7 specimens of Etendeka lavas but unfortunately
did not identify the petrological nature of the rocks. The

electron microprobe technique used in this study, and the

complete mineral analyses obtained, are contained in

App-endix 1 to this volume and Microfiche Card 3

respectively.

A. Tafelberg Basic Lavas
These lavas have a range in composition from 5 1 to 58 Vo

SiOz (volatile-free basis) and consequently exhibit variable

mineralogical characteristics although texturally most rocks

in the suite are remarkably uniform. The lavas are hypo- to

holo-crystalline fine-grained rocks with intersertal or

intergranular textures (Fig. 11a). Most specimens are

equigranular with average grain sizes in the range 0.1 to
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Figure ll (caption opposite)



A n  C o *

8 , ,

44 38
. . - . .E^^^( : l : )G o l i v ine

l - 4 8 , - , 1  L l 0 0  l

209

C. Dolerites
A wide range in chemical and petrographic types has

been identi f ied in our sample col lect ion of doleri tes These
wil l  be discussed according to the terminology used in
Section II I-C although for petrographic purposes i t  is

convenient to adopt a sl ightly dif ferent grouping' as
discussed below.

(a) Some doleri tes which intrude the Tafelberg and Albin
basic lavas and which are composit ional ly similar to these
magma types respectively also exhibit  similar petrographic
characterist ics to the Tafelberg and Albin lavas as
documented above. Further petrographic descript ion is
thus unnecessary except to note that both types of doleri te
are usually fresher than the corresponding lavas. Only one
of these doleri tes, KLSl52, belonging to the Tafelberg
magma type, has been subjected to microprobe analysis.
Plagioclase composit ions range from Ans. to An+r while the
augites exhibit  marked zoning in the Wo component with
only a sl ight increase in Mg/Fe (composit ion range
CaseMg36Fe:: to Ca2aMg+sFe:r).

(b) A second group of doleri tes includes those which
have similar petrographic characterist ics but dif ferent
chemical relat ionships, but which nevertheless are
associated with the Etendeka volcanic episode. These
include KLS44, a regional doleri te intruding Karoo
sediments, and three samples which intrude the Etendeka
lavas. The latter have different textures from the Tafelberg
doleri tes described in (a) above but nevertheless have been
classified as belonging to the Tafelberg magma type on the
basis of their chemistry. Photomicrographs of two of the

above group (KLS4,I and KLS100) are shown in Fig. 1lc
and 1  ld .

This group of doleri tes comprises holocrystal l ine
medium-grained rocks with well-developed poiki lophit ic
textures. Olivine is fresh or only part ial ly serpentinized and
together with plagioclase and minor augite and opaque
oxides forms intergranular aggregates around the large (up

to 5 mm) augite oikocrysts. In some specimens there is
minor interst i t ial  glass with abundant microl i tes. I lmenite
and magnetite occur as discrete phases in the poikilophitic
doleri tes. Tiny grains of pyri te are also observed in al l
soecimens but are rare. Biot i te occurs as narrow rlms on

magnetire in KLS3U.
Fig. 12b summarizes the mineral composition data

avai lable for these doleri tes including KLS100' which
occurs high up in the Tafelberg succession and is inferred to

be an intrusive si l l  al though f ield relat ionships are

obscured. This sample exhibits several unusual chemical
and mineralogical features as discussed below and in later
sections. However, the analysed composit ions of the phases
in KLS100 l ie within the ranse of other doleri tes described
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l-igure I I
photomicrographs of  Eten<lcka volcanic rocks,  a l l  in  p lane polar ized l ight  (a)  ' f i ,p ical  

aphyr ic intcrgramrlar- textured Tafelberg basal t

(KLS22) wi i i - r  p iagioclase laths,  granular  c l inopyroxene ind interst i t ia l  c lors of  Fe-Ti  oxides and minor g lass.  Fie ld of  v iew 2.5 mm. (  b)  Alb in

t ,asatr  ( f lSt+t)  i , i th p lagioclasle phenocrysts in a groundmass of  p lagioclase,  ar l tered mal ic  minerals ( largcly pyroxene wi th minor o l iv ine)

and inte rst i r ia l  g lass.  Fie ld of  v iew 2.5 t t t rn.  1. ;  Ophl t ic  regional  ddcrr te (KLS41) wi th scat tered grains of  par j l : r l ! :v  se rpcnt in ized ol iv inc and

laths of  p lagiocLse cncloscd by an augi te o ikocry i r .  F ie ld of  v iew 2.5 mm. (d)  Poik i lophi t ic  Tafctberg doler i tc  KLS 100. To the lef t  of  the largc

plagioclase'grain is  an augi te o ikocry-st  enclosing laths ofplagioclase.  part ia l l l 'scrpent in ized ol iv ine and opaque oxidcs.  Thc intergranular

pnriion tu th-.-e right ol the large plagioclasc grain"mainly contains plagioclase laihs. with minor olivinc and orthopvroxe ne. The largc euhedral

p lagioclase grain has u.o."- , : l f  Ai .e. .  s im] lar  to smi l l  p lagiocl isc laths in the intergranular  port ion,  but  is  mant led by a th in r im wi th a

coiposi t ior i lenTr 66) analogqus to ' ihar of  thc p lagiqcla i ,e laths (Anr.6.)  in the oikocr-vsts. ' l 'he plagi t rc la-se re lat ionships are interpreted as

magma mixing between lcs i  evolved and mor i  evolvccl  basal t ic  magmas. This rock is  a lso unusual  in having enr iched Sr-  and Nd-.  but

unradiogenic pb- isotoprc composi t ions (Figs.  18,  l9 and 20).  F ie ld of  v iew 2.5 mm. (e)  Hor ingbaai  doler i te KLSl '1-5.  Intergranular  textured

doler i tc-compris ing plagioclase,  augi tc,  opiquc oxidcs and unal tered ol ivrnc ( in centre ofphotograph).  This rock has thc rnost  unradiogcnic

Sr- ,  Nd- and pb-rsotoprc.*pur i t inni  encountered in th is study.  Fic ld o l  v icw 1.0mm. ( f  faf 'e lbcrg lat i te (KLS7l)  showing part  of  an

elongatcd sub-calc ic augi te 1t<ip lef t  to bot tom r ight)  d isplaying f inc cxsolut ion lamel lae,  laths of  a lkal i  fc ldspar and elongated grains ofTi-

magf iet i te.  p lagioclase i ,  noi  p i . r .nt  in th is rock,  ancl  is 'oniy f6und as presumcd xenocrysts ofv i r tual ly  purc a lb i tc  in two other specimens'

Fie ld of  v iew 1.0 mm. (g)  An aggregare of  or thopyroxene. p iagioclasc ind Ti-magnet i te phenocrysts f rom interbeddcd quartz lat i te (h igh-K

daci te)  KLS51. A r i r iof  p ig i in i ie is  c lear ly devcloped on the orrhopyroxene. The part ia l l -v  devi t r i f ied glass.v groundmass encloscs

mic.ophenoc.ysts of  p lagiocla- 'se,  c l inopyroxcne and magnct i re.  Fie Id of  v iew 2.-5 Im 
(h)  A devi t r i f icd,  h i 'pocrystal l inc aphvr ic quartz Iat i te

KLS 1b I  f rom ihe upper uni t  at  Tafelbeig (Fig.  6) .  Whi tc taths are plagiocl t tsc.  Fie ld of  v iew I  .0 nrm.

Mincral  composi t isns for  some of  thcse iocks may be f  ound in Microf ichc Card 3 and Figs.  12 and 13.

porphyrit ic rocks and both holo- and hypo-crystal l ine
uariet ies are found. The dominant phenocryst phase is

plagioclase which frequently occurs as glomero-porphyrit ic

aggregates up to 7mm across. Cl inopyroxene. usually

augite with pigeonite cores, is less frequently a phenocryst.

Serpentine/chlori te/carbonate pseudomorphs of a pheno-
cryst phase, presumablv ol ivine, also occur ln some
spe cimens. Groundmass phases include subhedral
plagioclase and augite. euhedral Ti-magneti te and varying

amounts of devitr i f ied glass. The groundmass phases are

frequently strongly altered with serici t izat ion of feldspar

and serpentinization of mafic si l icate phases. Secondary

calcite, sometimes in abundance, has a patchy distr ibution

in these highly altered rocks, where i t  apparently replaces

the groundmass.

i o )  A n  
C o  +

"!,
f,

/v\9

AAg

Fe

l'igure 12
Plagioclase,  pyroxene and ol iv ine composi t ions in-Etendeka

basiltic rocki.'Numbers refer to sample numbers, all prefixed

KLS. (a) Tafelberg basalts and evolved basalts. Tie-lines denote

most evolved compositions for the samples shown. (b) Tafelberg

(KLS 33,  18,  100,  152) and regional  (KLS14) doler i tes.  KLSl-52 is

an evolved dolerite and contains neither orthopyroxene nor

olivine.
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below. Plagioclase composit ions range from AnTs to An+r in
the poiki lophit ic doleri tes. Zoningis normal except in some
plagioclase grains in KLS100. Collect ively, the ol ivines in
the poiki lophit ic doleri tes exhibit  a wide range in
composit ion but the variat ion within any one rock is l imited
and dist inct as fol lows: KLS48 (Fos-Foor): KLS44 (Fosr-
Fo,o): and KLS38 (Fo..-Foas). The range for KLS100
overlaps with that of KLS38 and KLS4,I.  As a group the
augites also show a range in composit ion but. as with
ol ivine, the composit ion variat ion in individual rocks is
l imited. Overal l  there is no dist inct Fe-enrichment trend as
displayed by augites in the Tafelberg basic lavas.

It  is noteworthy that, except for KLS48, the ol ivines from
the other doleri tes have higher Fe/Mg rat ios than their
coexist ing augites (Fig. 12b). contrary to what is general ly
observed in basic rocks. The ol ivines are also much more
Fe-rich than is predicted by the Roeder and Emslie (1970)
Fe-Mg part i t ioning relat ionship between ol ivine and l iquid
assuming their host rock composit ions were those of l iquids
and a FezOj/FeO rat io of 0.2. For example, the calculated
composition for the most Mg-rich olivine in KLS44 is Forq
versus a measured value of Fo.s; for sample KLS100 the
corresponding calculated and measured values are For: and
Fo56 respectively. Similar features have also been noted in
other Karoo doleri tes. In a comprehensive study of the
Tandjiesberg si l l  Richardson (1979) has noted that the
ol ivines in the holocrystal l ine interior of the si l l  are much
more Fe-rich than in the chi l led margin. He ascribes this to
equil ibrat ion of early magnesian ol ivine with residual l iquid
during the late stages of crystal l izat ion. However, this
explanation is not entirely satisfactory as i t  does not explain
the coexistence of Fe-r ich ol ivine with more Mg-rich
pyroxenes, unless the kinetics of Fe-Mg part i t ioning are
very different between olivine-liquid and pyroxene-liquid.
Alternatively. sl ight density dif ferences between ol ivine
and pyroxene, coupled with compensated crystal settling
(Cox and Bell ,  1972), could lead to equi l ibrat ion of the
ol ivines and not the pyroxenes in dyke-l ike magma
chambers. This situation is envisaged for the picri t ic lavas of
the northern Lebombo (Cox et al. ,1984) where the ol ivines
are also more Fe-rich than the coexist ing cl inopyroxenes.

Alternatively, the question can be asked as to whether
the disequil ibr ium relat ionships noted above are indicative
of open system condit ions. This is part icularly the case for
sample KLS100. We have noted that the ol ivines (and
orthopyroxenes) are more Fe-rich than coexist ing
cl inopyroxenes (Fig. 12b). More part icularly, plagioclase
laths in large cl inopyroxene plates or oikocrysts are more
calcic (An7.ras) than plagioclase laths in the surrounding
groundmass. One large euhedral plagioclase in the ground-
mass (Fig. 1ld) has a core of Anso s:.  similar to smaller
plagioclase laths in the groundmass, but is mantled by a thin
rim with a composit ion (Ant*o) analogous to that of the
plagioclase laths in the oikocrysts. While magma mixing is
implied, these observations indicate simple mixing between
less evolved and more evolved basalt ic magmas. Thus the
less calcic plagioclase laths in the groundmass have similar
composit ions to typical Tafelberg-type basalts (Fig. 12a). In
part icular. there is no suggestion of dif ferent or enhanced K
concentrat ions in any of the plagioclase cores or r ims
analysed (Microf iche Card 3), as might be expected i f  a
crustal component or melt was assimilated by a basalt ic
magma. Thus we conclude that while l imited magma mixing
may have occurred between dif ferent basalt ic magmas, as
might be expected, that large scale mixing is not suggested
by the petrographic evidence, since the disequil ibr ium
relat ionships present in the doleri tes have not been
observed in the Tafelberg basalt ic lavas. Furthermore, the
petrographic evidence does not indicate any mixing
between the basalt ic rocks and the more acidic lat i tes and
ouartz lat i tes.

(c) Thin si l ls and dykes consti tut ing a third group of

PETROGENESIS OF THE VOLCANIC ROCKS OF THE KAROO PROVINCE

intrusives are known only from the vicinity of Horingbaai
where they intrude Albin-type basalts. Chemical
compositions identify the Horingbaai dolerites as a
distinctive type. They are aphanitic fine-grained rocks with
sparsely developed microporphyritic textures and most
specimens in our col lect ion are very fresh. Plagioclase,
together with olivine and/or augite are the phenocryst
phases. The groundmass textures are intergranular to sub-
ophit ic (Fig. 11e). Prel iminary mineral composit ion data
(Fig. l3a) indicate that plagioclase is calcic and zoned from
Ansr to An7a, augite compositions are in the range
CaajMgayFero to Ca:oMg.rqF€rs &rtd olivine ranges in
composition from Foir to Fos5. These olivines are the most
forsteri t ic ol ivines we have encountered in the Etendeka
volcanics.

(d) For completeness we should mention those regional
doleri tes which occur in pre-Karoo rocks (Fig. 7) and whose
true ages (Table II)  or possible relat ionships to the
Etendeka lavas are unknown. Some of these have
intersertal or intergranular textures and mineralogy similar
to the Tafelberg doleri tes described in (a); others are
ol ivine bearing with ophit ic textures similar to the
Tafelberg and regional doleri tes described in (b). We have
not yet studied these numerous doleri tes in any detai l  and
they wil l  not be discussed in this study.

M g

M g O L I V I N E

Figure l3
Plagioclase, pyroxene and olivine compositions in Etendeka
volcanic rocks.  (a)  Hor ingbaai  doler i tes KLSI?2 and 145.  (b)
Tafelberg latites KLS67, 69, 71. (c) Tafelberg qu4rtz latite
(KLS36) and high-K daci te (KLS.5l) .

F eA b
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D. Taf'elberg Latites
The lat i tes occur as a series of f lows in a thin unit  which.

to date. has only been identi f ied in the Tafelberg region.
Compared with the basalts and quartz lat i tes they exhibit
relat ively constant chemical composit ions (e.g. Si02varies
from 59.0-59.5 %), although only four samples have been
quanti tat ively analysed. The lat i tes are holocrystal l ine
inequigranular rocks with porphyrit ic or seriate textures.
They are characterized by pronounced elongation of
cl inopyroxene prisms, many of which attain lengths of up to
3-4mm, and abundant Ti-magneti te which also shows a
tcndency towards elongation and the development of comb
structures (Fig. I  1f).

Sparse "phenocrysts' l  in the porphyrit ic variet ies are
almost pure albite up to 3 mm long with cores
AbeeAno oOro + and thin r ims of a ternary feldspar
(AbreAnr:Ore). These large albite grains are presumably
either xenocrysts and/or the products of alterat ion. The
groundmass is pi lotaxit ic with acicular pyroxene and alkal i
feldspar (up to 0.33 mm in length) and anhedral magneti te
accompanicd by small  amounts of interst i t ial  quartz. In the
seriate textured lat i tes the elongated cl inopyroxenes are
thicker and anhedral,  being part ial ly penetrated by and
occasional ly enclosing small  (<0.3mm) euhedral alkal i
feldspar laths (composit ions ranging from An.Abr:Oro: to
An:AbrOrr:).  The cl inopyroxenes are augites. subcalcic
augites and pigeonites showing l imited variat ion in Fe/Mg
ratio but wide variat ion in Ca content, ranging across the
two-pyroxene f ield (Fig. 13b). Note that these pyroxenes
are not as evolved as the most Fe-rich pyroxenes in the
Tafelberg basic lavas (Fig. l2a). Some of these pyroxenes
display patchy development of very f ine exsolut ion
lamellae (?) paral lel to 001 which have not been resolved
during microprobe analysis. Minor quartz and devitr i f ied
glass occur interst i t ial ly.

The lat i tes show varying degrees of oxidation/alterat ion.
Highly oxidised rocks are brick red. the colour being
imparted by dark red alterat ion stains on the r ims and along
fractures in the pyroxenes which themselves are frequently
pseudomorphed by serpentine (?). Similarly, in the vicinity
of magneti te. grain boundaries are permeated by a red
s ta ln .

E. Tafelberg Quartz Latites
Quartz lat i tes are widespread throughout the Etendeka

and although they occur in two dist inct units at Tafelberg i t
has not yet been possible to correlate the coastal outcrops of
quartz lat i te with either of these two units. Compared to the
basic lavas the quartz lat i tes exhibit  a narrow range in SiOz
content (67-70%). However. some elements. notably K
and Rb, show a much larger range in concentrat ion (Fig. 8).
hence our previous dist inct ion between quartz lat i tes and
high-K dacites.

At Tafelberg the lower quartz lat i te unit  comprises
sparsely porphyri t ic lavas with an aphanit ic hypocrystal l ine
groundmass (Fig. 11g). The phenocryst populat ion consists
of plagioclase. pigeonite, Ti-magneti te and, in some
specimens. orthopyroxcne. The latter mineral is present in
the high-K dacite sub-group. Phenocrysts have a maxrmum
size of I  mm but in some specimens corroded and embayed
plagioclase phenocrysts of up to 3 mm are sparsely scattered
through the rock. Plagioclase and cl inopvroxene occur as
microphenocrysts. The groundmass varies from vitrophyric
in verv fresh specimens to microfelsit ic in more altered
rccks.

Limited mineral composit ion data are avai lable for these
quartz lat i tes (Fig. l3c). Euhedral plagioclase phenocrysts
are normally zoned and range in composit ion from Anr,o to
Ans:. Subhedral pigeonite phenocrysts are also zoned and
have composit ions in the range CaTMg5aFe:u to
Ca,rMgroFer:.  Orthopyroxenes from KLS51 are sl ightly
zonecl from ClaaMg.sFe.rs to CalMg.ssFe+r and are often

rimmed by pigeonite overgrowths of ca. Ca3Mg+7Fea5 (Fig.
11g). Equant magneti te phenocrysts have composit ions in
the range UspT: to (Jspss.

Porphyritic quartz latites with similar features are
widespread in the Etendeka. Some porphyrit ic specrmens
appear to have alkali feldspar phenocrysts. It is not known
whether these samples are highly potassic or not as our
single analysed K-rich sample (AG38-4 which has 7.9 %
KzO) is non-porphyrit ic.

The upper quartz latite unit at Tafelberg is non-
porphyrit ic. The textures of these rocks are mrcro-
hypocrystalline when fresh to microfelsitic in devitrified
specimens (Fig. 11h). Microl i tes of plagioclase, cl ino-
pyroxene and opaque Ti-magnetite are present but no
composit ional data for these phases are avai lable.

The E,tendeka quartz latites are broadly similar to those
of the Jozini and Mbuluzi Formations which crop out on the
eastern side of the continent (Cleverly et al., 1984).
However, the latter rhyol i tes are commonly more phyric
and the cl inopyroxene is general ly augite, pigeonite being
rare .

VI. CORRESPONDENCE BETWEEN ROCK
AND MAGMA COMPOSITIONS

If the chemical and isotopic composit ions of the
Etendeka volcanics are to be used in any meaningful way to
interpret the petrogenesis of these rocks, then it is
obviously important to assess whether the analysed rocks
are representative of the magmas arriving in the upper
continental crust. Processes modifying magma
composit ions prior, during or subsequent to emplacement
are crystal l iquid fract ionation, crustal contamination,
hydrothermal alterat ion and weathering. The f irst two
processes are considered in detai l  in later sections; here we
confine our discussion to in situ alteration orocesses that
could modify the composit ional characterist ics of the
volcanics. This is appropriate because in the previous
section we have indicated that many of the rocks show
varying degrees of oxidation and alteration which imparts a
reddish colour to the rocks in hand specimen and which
often makes it difficult to distinguish between the Tafelberg
evolved basalts and the ouartz lat i tes in the f ield.
Petrographic observations denote the common presence of
alterat ion minerals pseudomorphing the primary minerals.
Calcite is a common replacement mineral in some lavas,
especial ly those from the Albin type-section, while highly
amygdaloidal lavas occur in both the mafic and felsic
volcanics.

A. Zeolite and Calcite Formation
Although amygdaloidal f lows were avoided in our

sampling, the presence of highly amygdaloidal f lows
throughout the lava succession, coupled with the presence
of large amounts of secondary calcite in the Albin lavas of
the type-section, raises doubts about the modifying effects
of hydrothermal solut ions circulat ing through the volcanic
pi le, either during cool ing or subsequently. Amygdales
were separated from three (Tafelberg non-porphyritic)
samples and analysed together with hand-picked 2-3 mm
sized fragments of the host-rock matrix which were as far as
possible devoid of amygdales. X-ray dif fract ion analysis
revealed that the amygdales consist mainly of the zeol i te
heulandite, with minor amounts of calcite. Major and trace
element analyses of the basalt and two quartz lat i te host-
rock matrices (not shown here or reported in our data-base
in Microf iche Card 1) show concentrat ions which are within
the range reported for other basalts and quartz lat i tes and
are  thus  no t  par t i cu la r ly  ins t ruc t i ve .

The amygdales were specif ical ly separated to test their
possible inf luence on nTSr/t6Sr rat ios, and the data obtained
are reported in Table V. For the Tafelberg basalt sample
the zeol i te has an init ial  ETSr/t6Sr rat io which, although
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TABI,E V
Rb, Sr and 87Sr/865r Ratios in Amygdale Minerals and Host Rock Matrices

Rb
ppm

Sr
ppm

37Sr/s6Sr

Rb/Sr  i rq r /Ebsr  ( l2 l  m.y . )

Tafclberg basalt
KLS66 host matrix

zeol i te
Tafelberg quartz latites
KLS18 host  matr ix

zeolite
KLS103 host  matr ix

zeol i te
calcite

Typical range,
quartz latites

1 8 . 3
1 . 9

l9u
19.2
16-5
17.1
l . 1 5
r39-
225

1U9
75.3

u0.2
31-5'l
i 1 9

6268
13.4
88-
163

0.097
0.025

a 1 a

0.006
I  . 3 9
0.003
0.026
0. li5
2 . 5 6

0.7120tt (6)
0 .71  126 (6 )

0 .73182 ( -5 )
0 .71678 (1 )
0.72517 (1)
0 .7  l6s2  (1 )
0.7 l67s (6)
0.7209
0.7312

0 . 7 1 1 6 0
0 . 7 1  I  1 3

0.7 19-5 I
0 .7  t67  5
0 . 7 1 8 5 6
0.7  165 l
0 . 7 1 6 6 2
0.7 t87 -
0 .72  15

Data f rom Br istow et  a l .  (1984).  Rb and Sr are mcasured concentrat ions,  not  corrected for  volat i lc

content .  F igures in parentheses af ter  thc sTSr/s6Sr rat ios are in-run unccrta int ics cxpresscd as t rvo standard

errors.  KLS t  8 and kLS t  t t l  are f rom the lowc r  and uppe r  quartz lat i te uni ts i r t  the Tafelbe rg type-sect ion.

whi le KLS66 is f rom the basal t  uni t  iust  below the lat i te uni t  (F ig.  6) .

statistically slightly lower than in the host basalt, does not
give rise to concern in view of the very much lower Rb and

Sr concentrations in the zeolite compared to the basalt. In

contrast the zeolites from the two quartz latite samples have

much higher Sr contents than in the host quartz latites and

which, coupled with their substantially lower initial 87Sr/E6Sr

ratios, indicate that the quartz latites may well have had

their 875r/865r ratios lowered by the solutions that deposited
the zeolites. This has already been discussed in Section

IV-B and by Allsopp et al. (I984a) who point out that this

may in part be the reason for the "errorchron" of 154 m.y.

obtained in the quartz latites. Nevertheless, we note that

the two quartz latite host matrices in Table V have amongst
the lowest initial 875r/865r ratios in the quartz latites

analysed (Allsopp et al., 7984; Bristow et al., 7984) and

since we have been careful to avoid amygdaloidai flows it is

considered that slight lowering of the ETSr/86Sr ratios will not

materially affect the discussions in later sections. In passing

we also note that the surprisingly low Sr content of the

single calcite analysed will presumably not affect the quartz

latites as much as the coexisting zeolite (Table V).

Unresolved problems concern the source of the high Sr

concentrations in the zeolites from the quartz latites, why

the zeolites in the basalt and the quartz latites have such
different Sr contents. and whether the solutions are
pervasive in their alteration or confined to structural
ihannelways. If the source of the Sr is from the volcanics
(e.g. leaching of plagioclase and fixing in zeolite), or from
another source, then the possibility of mixing arises. These

considerations are important because of the previously

mentioned large amounts of replacement calcite in the
Albin basic lavas. Some of these have been analysed for

their CO: contents and yield 2.+7 .7 Vo CO2. Even the fresh
Horingbaai dolerites intruding the Albin lavas have from

0.1-2.5Vo COz. I f  the calcite analysed in the quartz lat i te
(Table V) can be used as a guide to the Sr content of the
calcite in the Albin lavas (Bristow et al., 1984 report a

similarly low Sr concentration in a calcite from a Sabie
River basalt from the southern Lebombo) then perhaps the
process leading to replacement by calcite does not cause
significant chemical or isotopic changes, other than the
introduction of carbonate itself. Nevertheless, the whole
question of hydrothermal alteration and amygdale
fbrmation in volcanic piles, and consequent changes in

chemical and isotopic composition, deserves closer
investigation in view of the ubiquitous presence of
amygdales in flood basalt lavas.

B. Other Alteration Effects
In contrast to the previous section where specific

alteration processes could be documented, chemical

changes relating to variation within and between flows
could be caused by a variety of processes. These could be
caused by magmatic processes (f low dif ferentiat ion,
migration and concentrat ion of late-stage residual l iquids)
on the one hand and secondary lower temperature
processes (including amygdale formation and
hydrothermal alteration discussed above and surface
weathering) on the other, or a combination of these
Drocesses.

The oxidation of opaque minerals and alterat ion of the
lavas to a reddish colour, and the presence of ol ivine
pseudomorphs, sericitization of feldspars lr,d
devitrification of glass inter alia, suggests that low
temperature processes may have influenced lava
compositional characteristics. This is supported by the loss
on ignit ion values for many of the lavas, using the loss on
ignition as an approximation of volatile loss. Ignoring the
Albin lavas with their high CO, contents, discussed in the
previous section, the Tafelberg basic lavas, latites and
quartz latites typically have loss on ignition values in the
range 1.0-1 .5 o/o, with some of the Tafelberg basic lavas
having high figures of 5-7 o/o (Microfiche Card 1). In
contrast the dolerites studied are generally much fresher
than the lavas and typically have loss on ignition values of
<lVo, with the exception of some of the Horingbaai
doleri tes, where up to 3Vo H2O* and CO: have been
determined.

We have only one example where within flow variability
can be tested. Two samples from the bottom and top of a
typically oxidized and reddish-coloured non-amygdaloidal
basalt flow from the Tafelberg locality, KL15 and KL16,
have been analysed and the composit ional variabi l i ty for
major and trace elements (defined as range in measured
concentration x 100/X) calculated. The agreement in the
two sets of data is remarkably close. Surprisingly, the
variability index for elements normally considered mobile
(Ca, K, Rb, Ba and Sr) is low (<4 7e) as compared to
immobile elements such Ti,  P andZr (3-5%). The largest
var ia t ions  are  fo r  H2O (21%) ,  Nb (14%) ,  Cr  (11  %) ,  Co
( 18 7o) and La (23 o/o), all other variations being <7 o/o.

These are somewhat surprising since Nb and Co, for
example, are 

' typical ly considered to be immobile in
alteration processes and must therefore be attributed

largely to poor analyt ical precision at low levels of
concentration. Within-flow magmatic differentiation can
be ruled out because of low variabi l i ty for Mg, Fe and Ni.

Between-f low variabi l i ty can be assessed within a typical
quartz latite since five samples have been taken from
successive flows in a single section of a lower quartz latite
unit south of Tafelberg. All are somewhat altered with
sericitization of feldspars, devitrification of glass and
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sior
Tiol
FcsC).
CaO
NalO
K:O
PrOr
L . O . t .
ppm
Rb
B a
Sr
Zr
Cu
)c
Nd

K/Na
Ca/Al
KlZr
ZrlY
Rb/Sr
sTSr'/8hSr

15rJ
656
1 . 1 1

279
1 6
20
19

2 . 1 8
0.30
129

7 . 6
l . l l

163
686
1-r2
288

t 7
2 l
5 1

2.0u
0.29
123

7.lJ
t.( .)7

67.06
0.99
7 . 3 0
3.29
I  l !

3. l t3
0 .29
l . l t

160
66.1
1-1.1
281
35
20
17

l . 9 l
0 . 3 5
1 1 2
7 . 1
I . l l

TABLE VI
Selected Major and Trace Element Data for Five Quartz Latites

from Successive Lava I lows

c.,i. KLS3I  K I -S ]2 KI-S33 KI-S31 KI-S35

is less than that encountered in the Central area. I t  should
also be obvious that we have not in general been able to
dist inguish between the effects of hydrothermal alterat ion
and surface weathering, and i t  is not clear how the effects of
these processes can be evaluated separately.

VII. DESCRIPTIVE GEOCHEMISTRY OF
ETENDEKA FORMATION MAGMA TYPES

The main purpose of this section is to describe the sal ient
features of the elemental and isotopic geochemistry of the
various Etendeka magma types. Attention wil l  also be
directed to the composit ional variat ions within and
between the various magma types, although the latter
aspect wi l l  specif ical ly be discussed in the fol lowing section.
Brief comparisons wil l  be made, where appropriate, to
composit ional ly similar magma types in other areas of the
Karoo Igneous Province; however, see Duncan et al.  (1984)
for a detai led treatment of this topic.

The major element and most of the trace element data
presented and discussed in this paper have been obtained
by X-ray f luorescence spectrometry (XRF). Eighty-four
samples have been analysed in this way, commonly for 2f27
elements. A sub-set of 13 samoles have been analvsed for
the  REE.  Cs.  Th .  U.  Hf  an i  Ph hy  spark  sour ;e  rnass
spectrometry. These methods are described in Appendix 1,
and the data reported in Microf iche Cards I and 2 attached
to this volume. Microf iche Card I reports measured data
while Microf iche Card 2 contains the elemental data
recalculated to l00o/c on & volat i le-free basis. I t  is
important to note that in the diagrams that fol low al l
elemental data are plotted on a volat i le-free basis ( i .e. from
Microfiche Card 2). Sub-sets of the Etendeka samples have
also been analysed for their Sr-, Nd- and Pb-isotopic

TABLE VII
Pb and Pb-isotope Compositions lbr Namibian

Karoo Volcanic Rocks

6 7 . 1 9  6 6 . 8 7
0.96  0 .96
7.01  1 .32
2.E6 2.6t)
2 - .23  2 .29
1.31  1 .26
0.19  0 .2 t
l . l . +  L 0 8

67.79 66..10
0.9n 0.9.+
7 . ( X )  l . 1 l
2. t tO 1.0-5
2 . 3 2  t . 9 l
1  19  l . l l J
0 .29  0 .29
L06 1 .63

16.+
6 u l
1-52
2u8
35
20
1 a

163
6.16
136
2E7

l 7
t 9
:+9

2 . 1 1  I  . 6 1
t ) .29  0 .22
t29 121
7 . 1  1 . 1
1 . 0 8  1 . 2 0
0.7  l99  0 .7  r97

All  data from Microf ichc Card l .  uncorrcctcd for volat i lc contcnt.
Total Fc as FelOr. L.O.l.  is loss on isnit ion at 9-50'C. rrSr/ i( 'Sr is
in i t ia l  ra t io  a t  121 m.y .

oxidation of opaques being apparent. Rather than calculate
stat ist ical variat ion. we have chosen to present data for
selected elements in Table VI. together with some inter-
element and two init ial  Sr- isotope rat ios. Inspection of the
data shows that in general there is a remarkable degree of
composit ional uniformity which should be considered in
anv model for the mode of eruption and petrogenesis of the
quartz lat i tes. This is evidenced by the relat ive constancy of
Si02, Ti02, Fe:O:*, P2O., Ba. Zr, Sc, Ndconcentrat ions and
Ihe ZrlY rat io. together with other elements and rat ios not
shown (e.g. Al,  Nb and Si/Al,  ZrlNb). In detai l .  however, i t
is clear that sl ight variat ions are present for other elements
and rat ios. which are not due to analyt ical error or
magmatic fract ionation, and which must therefore be due
to alterat ion processes. This is part icularly evident for
samples KLS34 and KLS35, as shown by the variat ions in
CaO, Na:O, K:O and Cu concentrat ions and the I(Na,
CalAl and KlZr ratios. Surprisingly the variation in Rb
concentrat ion is just outside analyt ical error, while the
variat ion in Sr and Rb/Sr rat io appears to be real,
part icularly for KLS34. The sl ight variat ion in Sr and the
87Sr/E6Sr rat io may be expected in view of the discussion in
the previous section. The point of this detai led treatment is
to demonstrate that while the quartz lat i tes in general may
be expected to be free from gross alteration effects,
part icular elements and rat ios (e.g. Ca, Na, K, Sr, Rb/Sr
and 875r/865r) in individual samples may well  show sl ight
variat ions due to alterat ion.

The data presented in this section dealing with alterat ion,
albeit limited, suggest that for the purposes of this study
the overall data obtained for the Tafelberg mafic and felsic
volcanics, and the various doleri te types, may be used with
confidence. Further work is required to evaluate properly
the effects of alteration in the carbonated Albin lavas.
Reference should however be made to the more detailed
work of Marsh and Eales (1984) for the Central area basic
rocks. These authors show that Na. K. Rb. Sr and Ba in
part icular and, to a lesser extent, Cr, Ni, Cu, Fe and Ca,
may be expected to be mobile during alteration processes.
The results of the present study are in essential agreement
with that of Marsh and Eales (1984) regarding the elements
mentioned above, with the exception of Fe, Cr and Ni, but
the scale of alterat ion (mobil i ty) or composit ional variat ion

Etendeka Format ion (northern Namibia)

Samplc

r(triPb* l0rPb* lr)rPb*

*Pb *Pb .-Pr,
Pb'i

ppnt

Rcgional doleri te
KLS4l

Horingbaai doleri tes
KLS122
KLS11.5

Tafelberg dolcri tcs
KLS3I]
KLS4I]
KLS 1O0

Tafclberg basalt suite
KLS22
KLS2.{
KLS,10
KLS12
KLSl6
KLS53
KLS913

Tafelberg lat i tes
KLS69
KLSTI

Tafelberg quartz latites
KL2i)
KLS36
KLS5 I

l i J .59

t7 .63
fl .62

18. -55
17.30
17.62

l u .u6
l lJ.6-s
1 8 . 7 8
I u . 6 7
1 8 . 8 1
t 8.9-s
18.62

1 8 . 5 0
t  8 .43

1-s.6-t 3lJ.-56 2.6

15.-53 37.11
15.  -52  37 .10  2 .7

15.61 .31r.63
15.5-5  37  .92
t5 . -53  37 .17  29 .5

l-s.69 3rJ. l l9 12.2
t -s.66 38. uu .1.9
l-5.68 311.87 f i .7
l -s .66  3 t t .8 l  l -5 .2
r -5.6fi 38. rJ.1 -5.3
l -5 .69  3u .88
l -5 .66  38 .97  16 . .1

t  -5 .66  38 .96  33 .0
l-5.67 3t i .90

t9.22 1-5.75
t  9 .00  1-5 .75
1 9 . 1 8  t 5 . 7 7

39.02
39.0.1 37.7
3 9 . 0 8  3 1 . 8

3tt.22
Lcso tho  Fo rma t i on  ( v ru1hs1n  Namib ia . l

MT42T t 8 . 1 3  1 5 . 6 0

Errors on isotopic rat ios -  0.1 a, / t ,  ( i .e.0.018 on 1)6Pb/] ) rPb.  0.01-5
on r07Pb/2(trPb and 0.0,1 on 208Pb/r0rPb) for Etendeka Formation
sarnplcs.  Analyses by P.J.  Bet ton.
Data produced by isotopc di lut ion (accurac.v 1 %).
MT42 is samplc f rom centre of  Tandj iesbergsi l l  datcd at  182 m.y.
(Richardson, 19t14).  Unpubl ished Pb- isotopc data (Richardson.
pers.  comm.) are given hcrc to faci l i tate compar ison wi th
reqional  doler i tc  KLS44 shown above.
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composit ions. Detai ls of the experimental techniques used
and the data obtained for 875r/865r and r13Nd/I41Nd may be
found in Bristow et al.  (19t34) and Hawkesworth e/a/. (1984)
respectively. The Sr-isotope data and some of the Sm and
Nd concentration data from these references are also
contained in Microf iche Cards 1 and 2. The Pb-isotopic data
have not been reported before and are given in Table VII;
analyt ical techniques are described by Betton er ai.  (  1 984).

At this stage we should mention that we have been
greatly aided in our choice of samples for f inal quanti tat ive
analysis, not only by petrographic observations, but by
obtaining semi-quanti tat ive XRF data from a technique we
have termed "slab analysis" on a larger suite of samples
than reoorted here. This technique involves measurement
of selected elements (Si,  Fe. f .  f iU. Sr.1 on circular pol ished
discs or slabs of the rocks which are placed direct ly in the
sample holders of the X-ray spectrometer. Detai ls of the
technique and i ts rel iabi l i ty are described in Appendix 1.
This technique is particularly effective for fine- or even-
grained samples such as those described here and has been
most useful for preliminary classification and stratigraphic

18 .0

16 .0
0Lo
r l

purposes (cf.  Fig. 6). Furthermore we can be confident that
we have encompassed the spectrum of composit ions
represented in the samples col lected for this study. Note,
however, that the "slab analysis" data have not been used
in the diagrams that fol low.

It should also be noted that reference to normative
mineralogy is that derived from the volat i le-free data in
Microfiche Card2. For most of the samples the difference
between these norms and those calculated direct ly from
measured concentrat ions is sl ight and insignif icant.
However, in the case of the Albin lavas, where CO: has
been determined, large amounts of calcite (5-15 a/a) appear
in the norms calculated from measured data. On a volat i le-
free basis the calcite of course disappears from the norm,
and the effective result of this is for olivine to appear in the
normative mineralogy for some samples as opposed to
quartz in the case of norms calculated directly from
measured data. The former observation is in accord with
the petrographic evidence of ol ivine pseudomorphs in the
Albin lavas (Section V-B) and is thus considered to be a
truer reflection of the normative mineralosv of the
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unaltered lavas. For both sets of norms an oxidation rat io
for Fe:O;/FeO of 0.15 has been used. This is considered
reasonable for the basalt ic rocks in general but may be low
for the evolved basalts, lat i tes and quartz lat i tes.

In order to faci l i tate discussion and comparison the same
set of diagrams is used throughout this section. These
include data for ai l  Etendeka magma types. Figs. 14 and l5
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are plots of selected major and trace elements r, . i .  SiOl, the
choice of the latter being an obvious one in view of the large
overal l  variat ion shown by the various rock types (see also
Table l) .  Fig. 16 is a plot of three immobile consti tuents Ba.
Nb and TiO: vs. another immobile incompatible element
Zr, and has been chosen to portray the varving degrees of
geochemical coherence amongst the incompatible
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Figure l5
Plotof  t raceelements(ppm)vs.  SiOr(7c).  SeeFig.  l4for legendandotherdetai ls
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Plot of Ba, Nb and TiOz vs. Zr. See Fig. 14 for le gend and other
detai ls. TiO2 in 7o; Ba, Nb and Zr in ppm.

elements. Fig. 17 is a standard rare-earth element (REE)
chondrite normalized diagram while Figs. 18 and 19 are
standard Rb-Sr and Sm-Nd isochron plots respectively. Fig.
20 i l lustrates the Pb-isotope systematics observed. The
isotopic relationships are an integral and essential feature
of the geochemistry and of our interpretation of the
petrogenesis of the Etendeka rocks and hence it is
necessary to discuss them at the onset together with bulk
and trace chemistry. Finally, it should be noted that the
symbols characterizing the various rock types are the same
in all diagrams that follow and which use analytical data,
with the exception of Fig. 17 (REE plot).  The terminology
employed is given in the caption to Fig. 14 and
memorization thereof will facilitate discussion and
interpretation.

A. Basic Magma Types
l.Tafelberg basalts and dolerites

Since the geochemistry of the Tafelberg basic lavas and
the dolerites that intrude them is similar. we have chosen to
discuss them as a group (see also Section III-C). The
notable exceptions are the four ophitic olivine-bearing
dolerites (KLS38, 48, 100, 186) which are easily recognized
in Figs. 14 and 15 by virtue of their lower SiO: contents.
Nevertheless, their overall geochemistry (see, for example,
inter-element relationships in Fig. 16) does not suggest any
reason why they should be treated separately.

Apart from the four doleri tes mentioned above, which
have 49-50 % SiOz. the remaining Tafelberg basic rocks
show a large range in SiO: content (51.8-57.8 % as
indicated for samples KLS24 and 42 in Table I).  We have
previously referred to these rocks as basalts and evolved
basalts, and specif ical ly do not wish to del ineate a
composit ional boundary between these two "end
members", since i t  is the continuous range in lava
comoosit ions that we wish to draw attention to and which
we bel ieve is important for the petrogenesis of these rocks
(Figs. 14. 15 and 16). Apart from the four ol ivine-bearing
doleri tes, only one of the lavas is ol ivine normative, with
the remaining lavas and doleri tes being quartz normative
(although a few samples are only just quartz normative).
Two doleri tes and one lava sample have Mg-numbers
between 68-61, with al l  other samples having Mg-numbers
within the range 6O-28. As a group, therefore, the
Tafelberg lavas and doleri tes are evolved rocks, and none
of them can be considered as primit ive or primary in the
sense that they can be regarded as being in equi l ibr ium with
upper mantle ol ivines (Cox. 1980; Coxet al. ,  198,1). This is
supported by the general ly lower Ni and Cr, and higher
incompatible element concentrat ions (Figs. 15. l6 and 17)
when compared to other "typical" f lood basalts such as the
Lesotho Formation of the Central area (Marsh and Eales,
1984r Duncan et al. .  1984\

To a first approximation the Tafelberg rocks exhibit
many ofthe features ofgabbroic crystal fract ionation. Thus
amongst the major elements the decrease of MgO, AlzO.
and CaO (not shown) and the increase of FezOj*, Ti02, KrO
and P2O. with increasing SiO, content (Fig. 14) is as
expected. Likewise the trace element variat ions ( increase
of incompatibles and REE,. decrease of Ni and Cr, and
constancy of inter-element rat ios involving TiO:, Ba. and
Nb with Zr) are entirely rat ional as shown in Figs. 15, 16
and 17. However, the ranges of concentrat ion involved,
especial ly for major elements (Table I),  are large,
specif ical ly the marked increase of SiO: with decreasing
MgO, or vice versa (Fig. 14). Cox (1980) has shown that for
many tholei i t ic suites protracted fract ionation of ol ivine,
cl inopyroxene and plagioclase often leads to a buffering
effect such that SiO:, for example, only shows a sl ight
increase in concentrat ion for up to 60o/c crystal
fract ionation. Thus the marked increase of SiOz in the
Tafelberg lavas requires special attention.

The rat ional behaviour of the maior and trace element
variat ions discussed above must be coupled with the
isotopic variations encountered in the Tafelberg basic
rocks. In Fig. 18 the 875r/865r rat io apparently increases rn a
regular manner with the Rb/Sr rat io and, by inference, with
SiO: content as shown by the location of samples KLS24
and 42 on the diagram (see Table I).  Fig. 19 shows variat ion
also of the r l3Nd/l4Nd rat io. althoush correlat ion with
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Sm/Nd is not as marked as in the Rb-Sr diagram.
Nevertheless, the relat ive posit ions of samples KLS24 and
,12 in Fig. 19 may be noted and compared with their
posit ions in Fig. 1{3. At f i rst sight inspection of Fig. 20would
also suggest regular variat ion in Pb-isotopic composit ions
for the Tafelberg lavas. However. in this case samples
KLS24 and 42 have virtual ly identical Pb-isotopic
composit ions (Table VII) with sample KLS100 having the
least radiogenic Pb-isotopic composit ion amongst the
Tafelberg basic rocks, similar to those of two primit ive
Horingbaai doleri tes. These observations imply that no
simple relat ionship exists between the Pb-, Sr- and Nd-
isotopic systems. Addit ional ly the "aberrant" behaviour of
sample KLS48 in Figs. 19 and 20 can also be noted, as
compared with i ts behaviour in Fig. 18 where i t  is the least
radiogenic of the Tafelberg rocks. This section has
deliberately not speculated on possible Rb/Sr, Sm/Nd and
U/Pb fract ionation since any implied non-coherency of
these rat ios and the rei isons therefor would involve
assumptions that are model dependent. Mention has so far
not been made of the actual magnitude of the isotopic rat ios
involved. To take but one isotopic system, init ial  875r/865r

rat ios for the Tafelberg rocks range from 0.7080 (KLS48) to
0.713-5 (KLS42). These rat ios are high for continental f lood
basalts in general,  and are also on average higher than for
any other basic magma type in the Karoo Province,
although some basic rocks from the southern Lebombo
reach values of 0.711 (Bristow et al. ,  1984). Without
wishing to prejudice the signif icance of these high rat ios
many isotope cognoscenti  would attr ibute such rat ios to
contincntal crustal contamination (e.g. Faure et aI. ,1,974;
Moorbath and Thompson, l9U0: Carlson et al. ,  7981;
Mahoney et al. .  1982) or a crustal imprint of some sort
( l lofmann and White, 1982). Thus the high Sr- (and low
Nd-) isotope rat ios deserve special attention in any
mechanism proposed to account for the petrogenesis of the
Tafelberg basic magmas.

Another ooint of relevance concerns the variat ion of
composit ion with height in the lava sequence, since some
authors (e.g. Faure et al.  .1971;, Mahoney et al. ,1982) have
observed regular elemental and isotopic variat ions with
strat igraphic posit ion in a lava pi le. At the Tafelberg type-
local i t l ,  the three basic lava units are interbedded with a
lat i te and two quartz lat i te units. A profi le of SiO: content
has previously been presented in Fig. 6. Inspection of the
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other major element and the trace element data. together
with our unpublished "slab analysis" data, shows no regular
or systematic variat ion of concentrat ion or composit ion
with height in the basi i l t ic sequence as a whole, nor are
therc any composit ional trends within the individual
basalt ic units as the lat i te and quartz lat i te units are
approached. We have insuff icient ditr  to evaluate whether
r rn l  : vs tcmat ic  o r  regu l l r  i s t t top ic  r  r r ia t i r rns  a rc  Present  in
the Tafelberg scquence. There is. however, a hint that the
ratio of evolved basalt to basalt may be higher in the top
basalt ic unit ,  although we have fewer samples in the two
lower units. In this regard. we note that the majori ty of our
more evolved basnlts. including thc rnost evolved sample
KLS,12, are from the coastal region near the I luab River
mouth. This could again be due simply t t t  sampling bias, but
recent  mapp ing  by  S.  C.  Mi lner  (pers .  comm.  )  nor th  o f  th is
area suggests that thc evolved basalts may well  be more
common in thc coastal region. I f  this is confirmed by further
work. then i t  wi l l  clearly have implications for the
strat igraphy' and petrogenesis of the Tafelberg basalt ic
rocks.

The fbregoing has already indicated that the Tafclberg
basic magmas are more evolved than the widespread
Lesotho Formation magma type. represcntati les of which
are Drescnt in the Kalkrand Formation near Mariental in
southern  Namib ia  (F ig .  1 ) .  The reg iona l  s tudy  by  Duncan c t

a/. (1984) indicates that the Tafelberg basic magmas have
higher KrO, TiOr, Rb, Ba,Zr, and LREE contents than
any of the other Central area types except the Pronksberg
high-K basalts. They also have higher concentrat ions of
these elements when comoared to the Sabie River
Formation basalts of the southern Lebombo. but are not as
enriched in these consti tuents as the Sabie River basalts of
the northern Lebombo. Taken as a whole the Tafelberg
basic suite is dif ferent from al l  other Karoo basic lavas by
virtue of i ts age, mineralogy. major and trace element
composit ion and variat ion, and especial ly the elevated
init ial  875r/865r rat ios shown by this suite. Having
characterized this important magma type, discussion of and
comparison with the other Etendeka magma types is now
faci l i tated.

2. Albin basalts
It  wi l l  be recal led that the Albin lavas underl ie and are in

part interbedded with the Tafelberg lavas. We have not
done much work on the Albin lavas for various reasons and
have carr ied out no analyses on Albin doleri tes since the
presence of the latter was only discovered late in this study.
Of the l2 analyses of Albin lavas shown on Microf iche Card
1, nine are from a strat igrahic section at the Albin type-
local i ty (samples KLSl06-147). However, the remainder of
the samples in the latter numbered sequence have al l  been
analysed by our "slab analysis" technique so that we are
confident that we have covered the composit ional range
present at the type-local i ty. As mentioned previously in this
section and in Section VI. the samples from this local i ty are
heavi ly calcit ized. Although we have indicated that
recalculat ion of the analyt ical data on a volat i le-free basis
leads to data which can be used with some confidence
(except perhaps for Ca and Sr) the use of analyses such as
these with such high CO: contents must remain somewhat
suspect. As wil l  be shown we bel ieve that the Albin basalts
merely represent a variant of the Tafelberg basic magma
type, and this is another reason why we have not studied
these rocks more thoroughly. Recent f ield work has shown
the presence of thin and poorly exposed Albin lavas
amongst the sand dunes north of the Huab River mouth and
as far as Terrace Bay (Fig. 1) and these. togetherwith Albin
doleri tes, are currently being investigated in a fol low-up
study. Two samples that have already been analysed
(KLSl90 and 198), while somewhat altered, do not contain
replacement calcite that is so diagnostic of the rocks at the
Albin local i ty.

Most of the Albin lavas have SiO: contents within the
range 50--53 o/r'. with two samples having somewhat higher
va lues  o f  53 .9  and 55 .4%.  Three samples  are  o l i v ine
normative, and of the remaining samples al l  but one have
from l 4 o/o quartz in the norm, the exception being the
sample with highest SiOr (KLS144) which has9 c/o quartz in
i ts norm. Mg-numbers range from 62-48. These features
show that as a group the Albin lavas are also not primit ive
or primary in any sense. but they are not as evolved as the
Tafelbcrg basic rocks. as may be noted in Figs. 14 and 15.

The most str iking f 'eature of the malor element data
shown in Fig. l5 is the general ly higher Al:O: contents of
the Albin lavas, consistent with the high proport ion of
phenocrvstal plagioclase in thcsc rocks. The trend of the
Albin lavas in the Al:Or vs. SiO: plot suggests major
plagioclase control.  togethcr with minor cl inopyroxene
addit ion. and hcnce we currently view these lavas as part ial
cumulates and thus not entirely representative of l iquid
composit ions. Consequently there is a di lut ion effect for
oxides such as MgO and Fe2O1* although the effect has
perhaps produced more str iking reduction in these oxides
than might be anticipated. CaO (not shown) is consistently
and on average (10.1 %) higher than in the Tafelberg basic
rocks  (ave .  :  8 .6a / ( )  bu t  to  what  ex ten t  th is  i s  due to
plagioclasc control or to calcit izat ion cannot be stated.
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Amongst the trace elements Sr is on average, as
expected, somewhat higher in the Albin lavas (ave. :  268
ppm) as compared with the Tafelberg basic rocks (ave. :

229 ppm). However, the most obvious difference between
the Tafelberg basic rocks and the Albin lavas is indicated by
the higher Ni and Cr contents of the latter (Fig. 15),
ref lect ing again the less evolved nature of the Albin lavas
and consistent with the presence of ol ivine pseudomorphs
in these rocks. Apart from these dif ferences there is no real
evidence to suggest that we are dealing with entirely
separate magmas derived from separate sources or
produced by dif ferent processes. Inter-element rat ios of the
less mobile incompatible trace elements (Fig. 16), together
with others such as ZrlY (not shown), support the above
contention. and indicate that the same rat ional
relat ionships observed in the Tafelberg rocks apply also in
the Albin lavas. We have only one REE analysis (for the
most evolved sample KLS144) which, although not shown
in Fig. 17, plots within the f ield of the Tafelberg samples
with a similar slope to the more evolved variet ies of the
latter. Likewise the two 875r/865r and single r ' l rNd/r41Nd

analyses (Figs. 18 and 19) do not suggest any marked
isotopic dif ferences in the two magma types (no Pb-isotopic
data are avai lable for the Albin lavas).

Taken as a whole the evidence suggests that the Albin
lavas are plagioclase-enriched variants of the less evolved
varieties of the Tafelberg magma type which had not
undergone marked ol ivine fract ionation (cf.  Ni in Fig. 15).
The expected lower density of the plagioclase-rich Albin
lavas would be consistent with their being emplaced f irst
from a fractionating sub-crustal magma source. However,
neither the density dif ference nor the major and trace
element differences resulting from plagioclase
fractionation have been quanti tat ively evaluated. and the
implied correlat ion of chemical and isotopic propcrt ies in
the Tafelberg basic rocks indicates that such evaluation
would not be simple. Further work on the Albin lavas (and
doleri tes) is clearly required but their altered nature has
inhibited us from carrying out detai led calculat ions at this
stage. I f  our supposit ion about the petrogenesis of the
Albin lavas is correct then they are not central to the
arguments we shal l  make in later sections, where the more
abundant Tafelberg basic rocks, being more closely related
to l iquid composit ions and being less altered, are
extensively used in petrogenetic modell ing. For these
reasons we have presented our tentat ive conclusions in this
descriptive section, since no further detailed discussion of
the Albin lavas will be given in subsequent sections of this
paper.

3. H o rins b aai do le rites
These doleri tes, typical ly thin dykes and si l ls. are mainly

found in the Albin type-section where they intrude the
Albin lavas, although one sample (KLS157) occurs in
basement granites. Surprisingly they are considerably less
altered than the Albin lavas as shown by the presence of
relat ively unaltered ol ivine. As a group they can easi ly be
dist inguished from al l  other Etendeka basic rock types.

Fig. 14 indicates that on the basis of SiO: contents alone
they can be dist inguished from the other Etendeka basic
rocks; their SiO: contents are low and relat ively uniform
(46.547.24lo). Consequently oxides such as MgO are
generally higher in concentration except for the other
olivine-bearing rocks, while other oxides such as K:O are
lower in concentrat ion when compared to the other
Etendeka basic rocks. Mg-numbers range from 65-53.
They are al l  ol ivine normative and their ol ivine and
plagioclase compositions are respectively the most Mg-rich

and Ca-rich we have encountered (Section V-C). The trace
element concentrat ions (Fig. 15) mirror the major element
composit ions, i .e. general ly lower incompatible element
concentrat ions (Rb, Ba, Zr etc.),  extending also to the

REE (Fig. 16). and high but variable Ni and Cr
concentrat ions when compared to other Etendeka basic
rocks, excepting again the other ol ivine-bearing doleri te
types .

There are three cri t ical features of the f{oringbaai
doleri tes that require highl ighting. First ly. despite their
constant SiO: concentrat ions. there is a fair range in
concentrat ion for the other major elements (Fig. 14) and an
even larger variat ion for trace elements (Fig. 15). The
enrichment in trace elements from least evolved to most
evolved variet ies is also not constant (e.g. Rb x 10.4; Ba x
, 1 . 6 ;  N b  x  3 . 5 : Z r  x  1 . 9 ;  V  x  1 . 5 ) .  S e c o n d l y .  t h e  t r e n d s
indicated by the Horingbaai doleri tes in Figs. 1: l  and 15. and
for Nb and TiO: r,s. Zr in Fig. 16 are dist inct ly displaced
from the trends shown by the Tafelberg and Albin basic
rocks implying of course that the Horingbaai samples have
different Ti lZr and ZrlNb rat ios. In the third place,
although only the two least evolved samples (KLS122 and
145) have been analysed for RE,E and for their Sr-. Nd-. and
Pb-isotopic composit ions, these data indicate that these
samples are geochemical ly the most primit ive we have
encountered in the Etendeka. This may easi ly be seen
in Figs. 17. 18, 19 and 20. In fact these two samples
have dist inct ive depleted MORB-type characterist ics,
contradict ing the assert ion that no continental tholei i t ic
basic rocks have such characterist ics (Thompson et r i i . ,
1 9 8 3 ) .

Thus the Horingbaai doleri tes are easi ly dist inguished
from al l  other Etendeka magmas as a separate and discrete
magma type with a dist inct ive composit ion, depleted in
incompatible elements. The only known counterparts in the

Karoo Province are the Rooi Rand doleri tes from the
Lebombo which have similar REE patterns and Sr- and Nd-
isotopic composit ions. but which do have markedly
dif ferent major element composit ions (Armstrong et a/. .
1984; Duncan et al.  ,  1984 Hawkesworth ct 41. .  1984). We
consider i t  no coincidence that the latter are also emplaced
as late dykes in the Lebombo basalts, and this wil l  be
d iscusscd in  suhsequent  sec t ions .

4. Resional dolerites
Thise doleri tes have been designated as those which cut

Karoo sediments but which have not been observed to
intrude the Etendeka lavas. Only two (KI-S'13 and'14) have
been analysed and although they were sampled from
different dykes their composit ions are so similar that they
can be treated as a single sample.

Both these ol ivine-bearing ophit ic doleri tes predictably
are ol ivine normative. Their SiO: and MgO contents of
around,l9 o/c, and8.9 7a respectively, and their Mg-numbers
of around 66. together with relat ively high Ni (-180ppm)
and low incompatible element concentrat ions indicate that
they represent relat ively unevolved basalt ic magmas. In
fact their geochemistry can be summarized by point ing out
that in most of the diagrams used in this section (Figs.
14-20) they occupy a posit ion intermediate between the
primit ive Horingbaai doleri tes and the less evolved
Tafelberg and Albin basalt ic rocks. This is part icularly well
demonstrated in the REE and Rb-Sr isochron plots (Figs.
17  and l8 ) .

The question of whether or not these regional doleri tes
are a separate magma type or whether they are related to
the Horingbaai doleri tes or the Tafelberg and Albin
basalt ic rocks is explored in subsequent sections. They are,
however, important since their mineralogy and elemental
and isotopic composit ions indicate that they are similar in
composit ion to the Lesotho Formation basalts of the
Central area, although the two rocks concerned are sl ightly
more primit ive than the average Lesotho Formation basalt
(Marsh and Eales. 1984). Posit ive identi f icat ion as Lesotho
Formation magmas would extend the presently known
geographical coverage of the Iatter and furthermore raises
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the question of whether these rocks are the f irst
manifestat ion of Karoo igneous activi ty in this area. bearing
in mind the older ages obtained for other regional doleri tes
which intrude basement rocks (Siedner and Mitchel l ,  1976
and Table II) .  In this connecton cognizance should be taken
of the Kalkrand formation basalts in southern Namibia
which are indist inguishable in composit ion from the
Lesotho Formation basalts (Duncan et al. , 1984) and which
have a similar age (184m.y) to the latter (Siedner and
Mi tche l l .  1976;F i tch  and Mi l le r .  1984) .

B. Tafelberg Latites
As mentioned previously these enigmatic rocks are

known only from one unit at and around the Tafelberg
Iocal i ty. where they overl ie the lower basalt ic unit  (Fig. 6).
Their SiO: contents of around 59 7o and their bulk
chemistry (Table I) reveals them to be truly intermediate
rocks, with substantial quartz in their normative
mineralogies. but they have some unusual and dist inct ive
geochemical features.

Their SiO: contents dictate that they occupy an
intermediate posit ion in the major and trace element
diagrams (Figs. 1,1 and 15) between the evolved Tafelberg
basalts on the one hand and the ouartz lat i tes on the other.
Many of the trends on these diagrams are suggestive of a
fract ionation sequence between these magma types but
closer scrut iny reveals obvious dif f icult ies with such an
approach. This aspect is dealt with in the next section but
several important features need to be noted here. First,  the
concentrat ions of K and incomoatible elements are
ex t remely  h igh  f t r r  rocks  o f  th is  bu lk  compos i t ion .
consistent with the presence of alkal i  feldspar. and not
plagioclase, in these rocks (Section V-D). In fact. apart
from K and Rb. the concentrat ions of al l  other
incompatibles are higher than in the quartz lat i tes (Figs. 14,
15, 16, 17 and Table I).  This feature sets the lat i tes apart
from al l  other Etendeka volcanics. and must be explained
by any proposed hypothesis for their petrogenesis. In the
second place the isotopic characterist ics of the lat i tes
present further dif f icult ies. In the Rb-Sr diagram (Fig. 18)
the lat i tes again occupy an intermediate posit ion between
the evolved Tafelberg basic rocks and the quartz lat i tes, but
in the Sm-Nd diagram (Fig. 19) the single lat i te analysed has
the lowest ' l rNd/ '1'1Nd rat io of al l  samoles. consistent with
its REE plot (Fig. 17). In contrast the Pb-isotopic data (Fig.
20) show the lat i tes to have closest aff ini t ies with the
Tafelberg basic rocks but displaced to lower r06Pb/rr)1Pb

values relative to equivalent r08Pb/201Pb and r07Pb/201Pb

ratios. Al l  in al l ,  the combination of high incompatible
element abundances and the isotopic data discussed above
imply a complex pre-history for these rocks.

The only comparable rocks to the lat i tes in the Karoo
Province are the small amounts of intermediate rocks
(Belmore andesites and Pronksberg and Roodehoek
dacites) found as basal lava flows in the Central area (Marsh
and Eales, 1984). However, these rocks have lower TiO2,
KzO, P:Os and incompatible trace element contents, and
higher SiO2, MgO, Cr and Ni contents than the Tafelberg
lat i tes (Duncan et al. ,1984).

C. Tafelberg Quartz Latites
These acidic rocks are extremely important because of

their interbedded nature with the Tafelberg basaltic rocks
(Fig. 6). We have col lect ively termed them quartz lat i tes,
although we have further recognized that they can be sub-
divided into quartz lat i tes and high-K dacites (Section
III-D), and will make this distinction where appropriate.
The location of the quartz latites and high-K dacites in the
two units at the Tafelberg location has been dealt with
previously (Section III-B) and will not concern us here.

As a group these rocks show very l i t t le composit ional
variation, apart from a few elements which are discussed
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below. Thus SiO: contents for 22 samples vary from
66.5 69.2 %. Their major and trace element concentrat ions
(Table I) are also not unusual for rocks with SiO: contents
of this magnitude. Although K has previously been used to
discriminate between the quartz lat i tes and the high-K
dacites (Fig. 8) i t  is the variat ion of K, Rb and l?Rb within
both groups. but part icularly in the dacites, that is
noteworthy. The overal l  variat ion in K and Rb is apparent
in Figs. 14 and 15. However, while the K/Rb rat io varies
from 191 267 inthe quartz lat i tes, i t  shows a variat ion from
69-254 in the dacites (only three samples). The errat ic
behaviour of Rb in the dacites is hard to explain, even
though some crystal fract ionation is suggested by the overal l
behaviour of K, Rb. Ba, Sr and associated inter-element
rat ios in the suite as a whole. To take but one examole thc
relat ive constancy of Ba in both groups (Fig. l-5) is at
variance with the K/Rb variat ions and would l imit the
amount of alkal i  feldspar fract ionation in any simple
melt ing and/or crystal l izat ion scheme. Apart from K and
Rb, there are also dif ferences in CaO and Na:O between
the two types, with the average dacite having higher
concentrat ions of these oxides as compared to the average
quartz lat i te (Duncan et al. ,  1984). We have insuff icient
data to evaluate whether any isotopic dif ferences are
apparent between these two felsic rock types.

With reference to the diagrams we have in this section
(Figs. 14-20) there are only two points to make. First,  i t  is
worth re-emphasizing that apart from K and Rb, the lat i tes
have higher incompatible element and REE contents. and
lower rr3Nd/raaNd rat ios than the quartz lat i tes as a group.
Secondly, i f  the lat i tes are ignored and only the elemental
data are considered then the variat ions shown (Figs. l , t-17)
are quali tat ivcly consistent with an igneous fract ionation
scheme l inking the Tafelberg evolved basalts with the
quartz lat i tes. although a large si l ica gap would now be
present. However, the isotopic variat ions (Figs. 18. 19 and
20) again show the complexity of the processes producing
the Etendeka volcanics, or deriving one type from another
in any petrogenetic scheme.

The E,tendeka quartz lat i tes may f inal ly brief ly be
compared with the Lebombo rhvol i tes from the eastern
edge of the Karoo Province since these are the only two
areas where felsic volcanics occur in anv abundance.
Duncan et al.  (1984) have shown that thc Etendeka quartz
lat i tes general ly have similar SiO: and KlO contents to the
Lebombo rhyol i tes but dif fer trom the bulk of the Lebombo
rhyol i tes in having higher TiOz, MgO and CaO and
markedly lower Ba, Zr, Nb and Y contents. The Etendeka
samples also have dist inct ly higher init ial  srSr/86Sr rat ios
(-0-720) as compared to the Lebombo rhyol i tes (-0.704)
indicating derivation from very dif ferent source areas.
Interestingly the cri teria used above to dist inguish the
Etendeka quartz lat i tes from the main Lebombo rhyol i tes
are almost the same as those that can be used to dist inguish
the latter from the Mkutshane beds. The latter are thin
rhyol i te f lows interbedded within the Lebombo Sabie River
Formation basalts and are considered by Betton (1979) to
represent extreme examples of contamination of Sabie
River Basalt by continental crust.

VIII. PETROGENESIS-I. INTER-RELATIONSHIPS
BETWEEN BASALTIC ROCKS, LATITES AND

QUARTZ LATITES
A. Introduction

Evaluation of the derivation and petrogenesis of the
various Etendeka magmas and rocks described in
preceding sections had proved to be a complicated
exercise, and we have considered a wide variety of
processes by which they could be related or derived. In
doing so we have found it convenient to document our
treatment of this topic in two separate sections. It seems
appropriate at this stage to provide an indication of our



GEOCHEMISTRY AND PETROGENESIS OF THE E ' fENDEKA VOLCANICS 221

modt$ operandi and a brief outline of the problems and

processes we have investigated, and the conclusions we

have reached. in an attempt to provide clari ty in the ensuing

detai led discussions. We emphasize here that a prime

feature that has to be accounted for in al l  these discusstons
is the range in composit ion of the basalt ic rocks. specif ical ly

fo r  the  Tafe lberg  hasa l t i c  su i te .
In this section attention is directed f irst to possible

processes by which the three major rock types ( i .e. the

basalt ic rocks, lat i tes and quartz lat i tes) could be related in

view of their close associat ion in the f ield. I t  can be readi ly

shown that al l  three major rock types cannot be related by

simple melt ing, crystal l izat ion or magma mixing processes'

A combined magma mixing-fract ional crystal l izat ion
process specif ical ly involving the abundant Tafelberg

basalts and the Tafelberg quartz lat i tes. while more

attract ive, is rejected on the basis of certain cri t ical inter-

element and isotopic relat ionships. Use of other end-

members in a similar process, such as the regional and

Horingbaai doleri tes, or the lat i tes. is rejected on the same

grounds. We wil l  conclude that no simple genetic

relat ionship exists between the three major rock types or.

for that matter, between any two of them, in spite of their

close associat ion in t ime and space.

In the next section (Section IX) the major rock types are

treated separately. Detai led modell ing suggests that the

more evolved Tafelberg basaltic rocks can be derived from

parental magmas ( i .e. the less evolved Tafelberg basalt ic
rocks), which have a range in isotopic composit ions. by
simple fract ional crystal l izat ion. While some crustal

coniamination cannot be ruled out, there is no convincing

evidence that the range in elemental and isotopic
composit ions in either the less evolved or more evolved
Tafelberg basalt ic rocks is due to simple bulk crustal
contamination or to combined assimilat ion-fract ional
crystal l izat ion (AFC). Instead, the avai lable evidence
suggests that the parental Tafelberg basalt ic magmas.
together with the Horingbaai and regional doleri tes, are
derived from heterogeneous and part ly enriched upper
mantle source areas.

Fol lowing this the composit ional ly intermediate lat i tes
are evaluated in the l ight of whether they represent mantle
derived basalt ic magmas which have undergone severe
crustal contamination. or whether they are direct crustal
melts. Final ly, consideration of the quartz lat i tes leaves
l i t t le doubt that they are of crustal derivation. In this regard
brief comparison is made with quartz lat i tes, and also the
basalt ic rocks. of the Serra Geral Formation in Brazi l ,  since
the implied volume relat ionships of al l  these rock types
bears direct ly on their ult imate derivation.

B. Simple Mixing and Fractional Crystallization
Because of the close associat ion between the vartous

Etendeka Formation volcanics in the f ield, and the
geochemical relat ionships described in the previt ' tus

section. consideration must be given to processes whereby

the various rock types could be genetical ly related l t  is

important to note that such possible processes must also

tal ie into account the composit ional variat ions within the

basalt ic rocks, part icularly those of the Tafelberg type '  The

dist inct isotopic dif ferences between the basalts. lat i tes and
quartz lat i tes shown in Figs. 18, 19 and 20 demonstrate that
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42. h

50 60 7C
o/o SiO 2
Figure 22

Mg-number vs. SiO2 plot for Tafelberg-type volcanic rocks. Mixing
line between less evolved KLS24 and ouartz latites calculated
according to Langmuir et at. \1978). See Fig. 14 for lcgend and
other detai ls.

they cannot be related by any simple igneous fractionation
process or processes. For example, closed system partial
melting of a homogeneous mantle source to yield the more
primitive basaltic rocks, followed by closed system
fractional crystallization to produce the evolved basaltic
rocks, lat i tes and quartz lat i tes should result in al l  these
rock types having the same isotopic ratios at the time of
emplacement. This is clearly not the case (Fig. 21). On the
other hand the isotopic relationships allow the various rock
types to be related by some form of mixing process. The
possibility of this process being important is also suggested
by the interbedding of these rock types within the Etendeka
Formation. Thus the dashed l ine in Fig. 21 could imply a

mixing relationship between typical quartz latite on the one
hand and a typical less-radiogenic (and less-evolved)
basaltic magma on the other. The more evolved basaltic
rocks and the latites could then be interpreted as the result
of such a mixing process. However, wtren considering the
elemental compositional data, it is also apparent that the
three rock types cannot all be related by any simple mixing
relat ionship. Thus a l inear relat ionship between the
different rock types is not observed in many of the plots
shown in Figs. 14 and 15. The Ti ys. Zr relat ionship in Fig.
16 and the magnitude of the Eu anomaly in Fig. 17 l ikewise
argue against a simple mixing relationship. This conclusion
is re-inforced by the Mg-number vs. SiO2 plot in Fig. 22
where the dashed line indicates a calculated mixing line
(Langmuir et al. ,1978) between less-evolved basalt KLS24
and the average quartz latite. The trend in the basaltic rocks
and the latites is clearly displaced from this line.
Consequently, it is necessary to consider more complicated
processes, specifically those involving combined mixing
and fractional crystallization, to test whether the three rock
types under discussion are genetical ly related.

C. Combined Magma Mixing and Fractional
Crystallization Processes

ln this section we examine in the first instance a mixing-
fractional crystallization relationship between the
Tafelberg basalts and quartz latites because (a) they are
both areally widespread and the most voluminous types
in the Etendeka Formation and (b) the significant
compositional variation in the basalts is an important
feature which requires explanation. In the discussions
which follow our principal aim is to answer the following
question: "Can the range in the Tafelberg basalt
compositions be explained by a mixing-fractional
crystallization process involving typical less-evolved
Tafelberg basalts (such as KLS24) and average or typical
quartz lat i te?" In doing so i t  should be borne in mind that
the less evolved Tafelberg basalts and the quartz latites
exhibit compositional variations within quite narrow limits
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V vs. Fe2O3* diagram for Tafelberg volcanic rocks. Circled area
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for legend and othcr detai ls.

displaced from the mixing l ine. Any mixing-crystal l izat ion
process would have to operate in such a way that no
products of extensive mixing remain on or near the mixing
l ine, and the subsequent crystal l izat ion process requires
that the SiO: content be held approximately constant (or
even reduced) in the production of the evolved basaltic
rocks.

TiOz vs. Fe2O.* (Fig.24): In this example the trend of the
evoled basaltic rocks is completely displaced from a
mixing l ine joining the quartz lat i tes and the less-evolved
basalt ic rocks, and no evolved variet ies plot near the mixing
line. The mixing-crystallization process would have to
operate as in the previous example, and the crystal l izat ion
process could only involve minor Ti-magnetite fraction-
ation, i f  any. A further example of this type of diagram has
previouslybeen presented (TiOz v.s. Zr in Fig. 16).

V vs. Fe2O3* (Fig. 25): This diagram is part icularly
imoortant for a number of reasons. In the first place the
magma mixing stage of the process must be followed by
extensive fractional crystallization. since there are no
evolved basaltic rocks which have compositions between
KLS24 and the quartz lat i tes. Because the well  defined
trend between samples KLS24 and KLS42 is also one of
increasing SiO: (Fig. 22), KrO and other incompatible
elements, it is also necessary that mixing be followed by a
proportional degree of fractional crystallization, such that
the basalt ic rocks with the highest amount of admixed
quartz latite would have to have undergone the greatest
amount of fractional crystallization. Such a process would
also require asystematic increase ofinitial Sr-isotope ratios
within the sequence KLS24 to KLS42 and while this may
superf icial ly appear to be true (Fig.21), i t  is not str ict ly
correct (see next section). The implied reversal of the
crystallization trend, suggested by the disposition of
KLS42, KLS98 (repeat crushing and analysis for V) and the
latites, would require either Ti-magnetite control (at
variance with Fig. 24) or, less likely, protracted
clinopyroxene crystallization, if all these samples are
related.

In summary, the relationships described above demand
that any proposed magma mixing process must be followed
by a proportional degree of fractional crystallization
because of the systematic displacement of the actual
compositions of the evolved basaltic rocks away from the
mixing lines. Although the process evaluated is the simplest
one of magma mixing followed by crystallization,
consideration of more complex and multi-stage scenarios
(e.g. limited crystallization of less evolved basalt, followed
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and the use of the average or typical compositions in

modelling will yield results applicable to the whole suite of

rocks. This evaluation is then extended to consider the role

of the latites and the regional and Horingbaai dolerites in

other possible mixing relat ionships'

1. Isotopic constraints
Before evaluating the possible effects of combined

magma mixing and fractional crystallization it is
appropriate to consider an isotope-isotope initial ratio
diagram. On such a diagram it is possible to examine the
mixing process alone (if the data are to be interpreted in this
manner) and to calculate mixing proportions slnce
fractional crystallization does not affect the position of data
points on this diagram provided that mixing precedes

crystallization . Fig. 23 is a plot of initial rl3Nd/r4'4Nd v.s.

initial 875r/865r for Tafelberg type rocks only, with a
calculated mixing curve between sample KLS24 and quartz
latite KL20. The mixing curve fits the data points fairly well
and it is apparent from the diagram that in order to generate
sample KLS42 (the most evolved Tafelberg basaltic rock)
that some 55 % admixture of KL20 with 45 % KLS24 is
required. This figure is high but is not impossible in view

of the very evolved nature of KLS42, and with the
appreciation that we are discussing a process of magma
mixing which does not suffer the same thermal constraints
as wall rock assimilation.

2. Inter-element constraints
A large number of computer generated inter-element

diagrams have been examined. Some of these suggest that a

combined magma mixing and fractional crystallization
process is perfectly feasible for deriving the evolved

Tafelberg basaltic rocks (and the latites) by fractional
crystallization following mixing between a typical less-

evolved basaltic magma and a quartz latite magma (e.g' Ba

vs . Zr in Fig. 16). However, while many of the diagrams are

equivocal in this regard, there are several diagrams that
provide strong constraints on the way such a process would

have to operate, and we have chosen three to illustrate

specifically some of the difficulties involved. Note that only

Tafelberg-type rocks are plotted, and that the field

containing data points for the less-evolved Tafelberg
basalts (Mg-number >55) can easily be distinguished on

these diagrams.
Mg-number vs. SiOz (Fig.22): As noted previously, the

trend defined by the evolved basalts and the latites diverges
markedly from the calculated mixing line between the less-

evolved basalt KLS24 and the average quartz latite, with

the more evolved basaltic rocks being systematically
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Plots of SiO2, Fe2O3*, TiO, (%) and Ba, V, Zr, Nb, Rb (ppm) vs. initial 875r/865r ratio for Tafelberg volcanic rocks. Circled areas enclose less
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by mixing and further crystallization and variants thereof)
would not alter the general sense of our arguments in view
of the rational relationshios shown in the baialtic rocks. We
consider i t  highly implausible that a mixing-+rystal l izat ion
process could operate as described above, as we do not
know of any physical mechanism that would produce
extensive fractional crystallization in proportion to the
amount of mixing that had occurred. The experimental
work  o f  Kouch i  and Sunagawa (1983) .  invo lv ing  mix ing
between basaltic and dacitic magmas by forced convection,
supports our contention since the mixing observed
produced homogeneous andesite, with no crystals, from the
basalt ic start ing material.

3. Constraints imposed by combined use of initial Sr-isotope
ratios and elemental data

Figure 26 presents plots of the initial {t7sr/1r6sr ratio ys. a
number of oxides and elements for the Tafelberg basaltic
rocks, latites and quartz latites. with the less-evolved
basaltic rocks being indicated as before. The use of an
isotope ratio vs. element plot is helpful in that while a
mixing vector is not constrained in any direction, a
fractional crystallization vector can only be orientated in a
direct ion perpendicular to the isotope rat io axis, i .e. ini t ial
isotope ratios do not change with fractional crystallization.
Thus in Fig. 26 all concentration changes in the vertical
plane (paral lel to the element or oxide aies) away from the



mixing line may be attributed to fractional crystallization
only, and al low easy evaluation of the nature of any such
process consequent upon a mixing process. Although more
comprehensive mixing-crystallization calculations can and
have been performed (see subsequent sections) the use of
Fig. 26 suffices for present purposes, since the detailed
calculations merely confirm what is shown in simpler form
in this diagram.

The mixing l ines in Fig.26 have been calculated between
the less-evolved basalt KLS24 and the average quartzlatite.

The prime purpose of this diagram is to evaluate the
consistency of elemental changes accompanying fractional
crystal l izat ion subsequent to magma mixing in order to
model the composition of the evolved basaltic rocks, as
typified by KLS42. This has been done by using the
measured initial ETSr/86Sr ratio of KLS42 to first calculate
the amounts of KLS24 and average quartz latite required to
generate such an rrT5r/865r ratio, and then using these
proportions to calculate for each element a hypothetical
KLS42 concentration that reflects the mixing process only
and thus lies on the mixing line. The difference between the
actual concentrations of the elements depicted in Fig. 26,
and the calculated hypothetical concentrations, are thus
considered to be due to fractional crystallization. These
concentrations. and the ratio of observed/calculated
concentrations, are given in Table VIII. This ratio serves as
a measure of the amount of fractional crystallization
required and indicates whether enrichment or deplet ion is
involved. The particular value of these ratios becomes
obvious when the ratios for the elements that have been
shown to behave as incompatible trace elements in basaltic
rocks are compared. Thus the postulated crystallization
process would have to operate in such a manner as to hold
Rb constant, increase Nb, Ba and Zr only sl ightly, but
greatly increase the concentrations of TiO: and especially
V. These trends are completely at variance with known
basaltic or gabbroic fractionation trends and with known
partition coefficients in likely liquidus phases (see Table XI
in subsequent section).

TABLE VIII
Enrichment/Depletion Factors for Evolved Basalt KLS42
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constant (only mica has D>>1 for Rb; Arth, 1976) in the
derivative l iquid. These minerals are not present either as
phenocryst phases in the rocks concerned or in similar
tholei i t ic rocks.

The discussion above has dealt specifically with the
modell ing of the evolved Tafelberg basalt ic rocks, but
similar comments can also be made regarding the possible
origin of the latites by magma mixing and fractional
crystallization between basalt and quartz latite. Thus in Fig.
26 the lat i tes would represent a greater proport ion of
admixed quartz latite than that inferred for KLS42.
Although some of the elements in Fig. 26 behave differently
in the latites when compared with their behaviour in the
evolved basalts (e.g. Fe2O:* and V) the same general
observations can be made. Thus the enrichment factors
(observed/calculated concentrations as in Table VIII) for
T iO: ,  Ba,  Zr  and Rb are  2 .4 ,2 .2 ,2 .7  and 1 .3  respec t ive ly ,
which would again imply that Ti is more " incompatible"
than Rb!

4. Other possibilities involving magma mixing
We now extend the above treatment to consider the

possibi l i ty that the least evolved components in the mixing
process may be represented by other groups of basic rocks,
namely the Horingbaai or regional dolerites. We also
consider the latites as the evolved component in a magma
mixing process.

Fig.27 presents a diagram of initial '13Nd/r11Nd vs. initial
875r/865r similar to Fig. 23 which was discussed in the
previous section, but illustrating mixing between the
Horingbaai dolerite KLS145 or the regional dolerite KLS43
and quartz latite KL20. To produce the evolved basalt
KLS42 from either of these dolerites requires a mixture
containing some 70 o/o of qttartz latite. This is a very high
proportion of the acid component and is not supported by
major and trace element calculat ions. In addit ion, the
initial 875r/865r vs. 206Pb/207Pb diagram shown in Fig. 28
clearly shows that although there is a spread of isotopic
compositions for the basaltic rocks, the mixing curves
between Horingbaai dolerite KLS145 or regional dolerite
KLS44 and the quartz latite KLS36 do not pass through the
majority of the data points for the Tafelberg basaltic rocks.
We have therefore eliminated the possibility that the
Horingbaai doleri tes or regional doleri tes part icipate in a
large-scale magma mixing and fractional crystallization
process with quartz latite to produce the Tafelberg basaltic
suite, and they will not be discussed further in this regard.

With regard to the lat i tes, they cannot be considered as a
possible end-member component in any magma mixing and
fractional crystallization process which is intended to model
both the range of basalt ic composit ions and the
composition of the quartz latites. The lower 875r/865r and
206Pb/207Pb ratios of the latites compared to the quartz latites
(Figs. 18 and 19) precludes this possibi l i ty. Although i t
appears impossible to accept a genetic relationship between
all three rock types represented in the Tafelberg section
(basalts, lat i tes, quartz lat i tes) there is st i l l  the question as
to whether the evolved basaltic rocks can be derived by
magma mixing and fractional crystallization processes
involving less-evolved basalts and the latites.

In several of the diagrams we have discussed above the
latites appear to be more suitable end-members for
explaining the range in basaltic compositions than do the
quartz lat i tes (e.g. Fig. 22: Mg-number vs. SiO2; Fig. 16:
TiOu vs. Zr). However, this possibi l i ty cannot be sustained
for several reasons. A general problem is that the most
evolved basalts, such as KLS42, are close to the lat i te in
bulk composition which would imply incorporation of
approximately 8V90 % latite in the magma mixing stage of
the process. This seems unl ikely as the evolved basalts are
geographically widespread whereas the latite unit is known
only from the Tafelberg locality.
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Oxide,
Elemcnt

KLS12"
Obs.

KLS'12b
Calc.

Ratio'
Obs. /Calc

c/o

sior
Fe:o:
Tior
ppm
Zr
Nb
Rb
Ba

Ni

5 7 . 8 1
13.91
I  . 8 1

238
16.,+
96

496
372

5 . t

59 .82
9 . l - s
0 .96

192
14.7
96

120
l 6 l
32

(t.97
1 . 5 2
1 . 8 9

1 . 2 1
t . t 2
1 . 0 0
1 . 1 u
L .  )  |

0 . 1 6

a - Data normalized to 1(X)% on a volat i le-frce basisl total Fe
as Fe:O.r.

b - Calculated concentrat ions derived from mixing l ines in Fig.
26 and which represent hypothetical concentrat ions of
KLS.I2, duc to mixing between KLS24 and average quartz
lat i tc. prior to inferred crystal fract ionation.

c - Amount of enrichme nt or deple t ion for oxides and clcments
due to inferred crystal fract ionation.

It is also theoretically possible to calculate an "extract"
resulting from the crystallization of KLS42 if we return to
the measured concentrations and data in Table VIII.
However, we note merely that such an "extract" would
have to have -60 % SiO2 and bulk Dnu-1. These features
imply the presence of substantial amounts of liquidus
phases such as K-feldspar and mica in the "extract" in order
to reduce SiO, (K-feldspar has >60% SiO2) and hold Rb
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Initial NTSr/E6Sr yr. r(riPb/r0rPb ratio diagram for all Etendcka
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quartz lat i te KLS36. and bctwccn rcgional doleri te KLS4,1 and
KLS36. calculated according to Langmuir et al.  (1978). Ticks and
numbcrs (10, 20 etc) along mixing l incs indicate percentage
admixed KLS36. t-egcnd as in Fig. l ;1.

More specif ical ly. the lat i tes occupy posit ions on
r08Pb/:r).1pb yJ. r(xrpb/r(!pb and l{)7pb/r(rpb ys. :'16pb/]r4pb

diagrams (Fig. 20) ancl on an init ial  ' rrsr/n6sr ys. 106Pb/20'1Pb

diagram (Fig. 28) which mit igate against any genetic
relat ionships between the basalts and the lat i tes.
Furthermore, the same general arguments that were made
against quartz lat i te as a suitable end-mcmber component
(see above for discussion of Figs. 24. 2-5 and 26) can also be
rnacle against the lat i te.

The overal l  conclusion must be that in spitc of the close
associat ion between the three Tafe lbere rock tvpes in t ime

/. . _t.?f _ j-u x
- . X + . + .  

_ . :

KL 204 3 - K L 2 0

' . . . . Y -  e - - r *
/  

"  " '  
i ' ; -/  ; " '

0.6 0.8

706 710 .714 718 722
8 7 e ,  /  B e- ' l  t s r 1 2 1 r y .

l'igure 27
ln i t ia l  r |Nd/r l rNd v.r .  tTSr/865r rat io d iagram for  a l l  Etcndeka volcanics.  Mix ing l ines between Hor ingbaai
doler i te KLSI4-5 and quartz lat i te KL20, and bctween regional  doler i tc  KLS,13 and KL20, calculated
according to Langmuir  at  a/ .  (  1978).  Ticks and f ract ions (0.2,  0.4 etc)  a long mix ing l ines indicate f ract ion of
adrnixed KL20. Bulk earth (BE) parameters as in Fig.  23 and legend as in Fig.  14.
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and space there is no evidence for a simple genetic
or closed-system type relat ionship between them.
Specif ical ly, the combination of elemental and isotopic data
does not support a common source region for any pair of
these rock types, nor does i t  support any l ink between them
by magma mixing, fract ional crystal l izat ion or any
combination of these processes. Other and more complex
scenarios relat ing these rocks are possible, but i t  is now
more appropriate to consider them and the petrogenesis of
the various Etendeka magma types by discussing the major
rock types on an individual basis.

IX. PETROGBNBSIS-II .  DERIVATION OF MAJOR
ROCK TYPES

A. Tafelberg Basaltic Rocks
The crux of the problem in interpreting the petrtrgenesis

of the Tafelberg basalt ic suite as a whole l ies in reconci l ing
the elemental and isotopic abundance variat ions. The
rational composit ional variat ions shown by individual
minerals (e.g. pyroxene trends in Fig. 12a) and by the rocks
themselves (e.g. the Fe2O.,*-y correlat ion in Fig. 25)
clearly indicates the inf luence of fract ional crystal l izat ion
processes in the derivation of the Tafelberg basalt ic suite.
Any suggestion that the rat ional trends in these rocks are
due to simple mixing with crustal material can be dispel led
by reference to Fig. 25. I t  is clear that the putat ive crustal
material would have to contain in excess of 14% Fe:O.*
and 400 ppm V which is implausible for any known major
material in the continental crust. Faure e/ al.  (1911)
encountered similar dif f icult ies when attempting to ascribe
the composit ional variat ions of the Kirkpatr ick basalts in
Antarct ica to the eff 'ects of crustal contamination. and
postulated the existence of a biot i te-r ich layer in the crust to
overcome this problem. However, the high concentrat ions
of Fe2()1+. V and other elements required, coupled with low
concentrat ions of MgO and Ni (see analysis of sample
KLS42 in Table I as a guide to the minimum concentrat ions
required) negates this possibi l i ty on chemical grounds, let
i i lone in terms of volume proport ions of the hypothetical

10

o
o

5 0 +
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biot i te-r ich laycr and the Tafelberg basalt ic rocks
themselves.

Besides the inf luence of fract ional crystal l izat ion
processes, i t  should now also be clear from diagrams we
have presented that isotopic variat ions do not correlate
systematical ly with increasing fract ionation within the
Tafelberg basic suite. Thus the less-evolved rocks with
highest Mg-numbers (>5-5) have variable init ial  875r/865r

rat ios (0.7078 0.712{l) which almost encompass the range
shown by  the  more-evo lved rocks  (0 .7081-0 .7135) .  Th is
may be readi ly seen in Fig. 21. Nd-isotopic data, though
fewer in number. show the same tendency. In the case of
the Pb-isotopic data. the two samples that have been used
as typical of least- and most-evolved basalt ic rocks (KLS24
and KLS42 respectively) have virtual ly the same isotopic
composit ions (Table VII).  Consequently. the possibi l i ty
that we wish to consider is. quite simply, that the evolved
rocks have been derived by fract ional crystal l izat ion from
parcn ta l  la ras  wh ich  had a  rangc  in  i so top ic  compos i t ions .
This is most readi ly evaluated by f irst considering the
nature and viabi l i ty of such a process and then discussing
reasons for the isotopic variat ions in the less-evolved rocks.

l. Derivation of evolved rocks
(a) Fractional uystallization. The proposition that the

evolved Tafelberg basic rocks are derived by fract ional
crystal l izat ion from parental lavas with variable isotopic
composit ions can be conceptual ly understood by reference
to Fig. 29. Ti and Zr are general ly regarded as immobile
incompatible elements in basalt ic rocks. and the increase in
concentrat ion of these two elements can thus be attr ibuted
to fract ional crystal l izat ion. We envisage that the more
primit ive basalts KLS46 and KLS5U can potential ly be
regarded as parental magmas to the more evolved basalt ic
rocks KLSl6 and KLS54 respectively. as shown by the sol id
l ines in Fig.29, since in the case of KLS46 and KLS16 there
is no change in the init ial  srSr/86Sr rat ios shown, while for the
pair KLS-58 and KLS54 there is only a sl ight change in init ial

rrsr/t ' rsr.  Similar constructions could be made for other
pairs of elements such as in Figs. 24 and25. Fig. 30 portrays
a three-dimensional representation in an attempt to further
i l lustrate the variat ion of ini t ial  i iTSr/865r rat ios with
increasing fract ionation. I t  can be seen that there rs no
systenrutic increase of ini t ial  srsr/s6sr rat ios with increasing
TiOr and Zr concentrat ions, and the postulated
fractionation paths for KL516 to KLS 16 and from KLS58 to
KLS5,{ are ngain apparent. Furthermore, while there is a
suggestion that ini t ial  ETSr/E6Sr rat ios increase towards the
quartz lat i tes in Fig. 29 ( i .e. from KLS46 to KLS58). this is

100 200 300 400
p p m  Z r

Figure 29
'I'iO2 

us. Zr diagram for 
'Iafe 

lberg volcanic rocks. Circlcd area
encloses less evolved volcanic rocks (Mg-number >-55).  Numbers
with decimals ( .7081 etc)  are in i t ia l  Sr- isotopc rat ios.  other
numbers ( .16 etc)  arc KLS sample numbers.  See Fig.  1.1 for  lcgend
and other detai ls .

,,1
98

Figure 30
TiO:-Zr- in i t ia l  ETSr/EbSr rat io p in d iagram lor  Tafelberg volcanic rocks.  Scc Fig.  l ;1 for  lcgcnd and othcr
dctai ls .
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merely a que st ion of sample selection, since in Fig. 30 there
is no clear evidcnce for any increase in ETSr/86Sr across the
main TiO: vs. Zr trend. i .e. in the direct ion of the Zr axis
where the quartz lat i tes (and other crustal rocks) would
p lo t .

On the basis of the above interpretat ion. we have
attempted to quanti tat ively evaluate the derivation of the
evolved basalt ic rocks by simple closed systenl low pressure
fractional crystal l izat ion. We have f irst used the
unconstrained least squares approximation technique of
Bryan er al.  (1969) with the observed rock and mineral
composit ion, in order to obtain a solut ion for major
elements. Thereatier we have, fol lowing the approach
employed by  many workers  (e .g .  Le  Roex c ra l . .  1981) .  used
the amount of fract ionation obtained from thc- major
element calculat ions (F, the fract i t ln of l iquid remaining) t t l
predict trace element concentrat ions in presumed
derivative l iquids using the well-known Rayleigh
fractionation law (e.g. Arth, 1976).

Dealing f irst with the major elements, we have adopted a
variety of approaches and computecl a number of least
squares approximations in order to best depict the
fractionation path(s) of the Tafelberg basalt ic suite. A
general problem with al l  of these has been the choice of
parent and daughter magmas. because although i t  h:rs becn

argued earl ier that such pairs could be chosen on the basis
of isotopic data, this would only be potential ly val id i f  ini t ial
isotopic rat ios from al l  three isotopic systems are similar.
and such examples are not avai lable ( i t  is noted that such a
choice is more important for the more variable trace
elements than for the major elements). A further problem
is that the rocks in question are essential lv aphyric. with
plagioclase being the only convincing phenocryst phase

Sparse microphenocrysts of pseudomorphed ol ivine and
augite do occur, but the question of whether pigeonite and
Ti-magneti te are also possible l iquidus phases cannot be
resolved by the petrographic evidence (Section V-A).

Despite these problems, we have used a variety of
mineral combinations and composit ions. and dif ferent
parent-daughter pairs representing both small  and large
degrees of fract ionation. in our model calculat ions. The
fol lowing points can be noted. First.  because of the
relat ively sharp increase of SiO: content with decreasing
MgO concentrat ion (Fig. 14) the use of Fe-r ich ol ivine as
analysed in the Tafelberg doleri tes (Section V-C) is more
eff icient in causing such an increase in SiO:. The use of
either Mg-rich ol ivine or pigeonite, with their higher SiOz
contents as compared with the Fe-rich ol ivines. yields
poorly constrained solut ions with large standard deviat ions
(part icularly for the less-evolved rocks) unless used in
combination with Ti-magneti te. However. in the latter
case, the models require large amounts of Ti-magneti te
fract ionation, typical ly 34%, which is too high for trace

elements such as V and Ni (see later).  and in any case st i l l
y ield solut ions with high standard deviat ions. However,
even i f  Fe-r ich ol ivine is used, better solut ions are obtained

for TiO: i l  small  amounts of Ti-magneti tc are also uscd in
the  mix ing  ca lcu la t ions .  un less  T i - r i ch  c l inopyroxene
(found in some of the Tafelberg doleri tes) is ut i l izecl.
Final l l ' .  al l  re asonable mixing calculat ions require the use
o l  aug i tc  even though i t  i s  no t  a  ma jor  phenocrys t  phase.
together with thc fract ionation tt f  Ca-rich plagioclase.

For prescnt purposes. we present data onl.v for the
parent-daughter pair KLS2-1 KLS,12 since these are the
examoles of less-evolr, 'eci and el 'olved basalt lve have
cons i i ten t ly "us id  in  our  d iscuss ions .  Th is  covers  near ly  the
entire fract ionation sequence. apart from sonre doleri tes
wh ich  have h igher  Mg-numbers .  and thus  the  so lu t ions
obtained cannot be general l-v appl icable to anv part icular
interval of tract ionation. Nevertheless. this approach can
be just i f ied bearing in mind the gcneral problems raised
abovc and bv the results we have obtained. Input data for
thc model calculat ions are givcn in Table IX. Since KLS24
is aphyric and does not contain ol ivine wc have mostly used
minera l  da ta  f rom the  do le r i te  KLSl00  wh ich  is  o l i v ine-
bearing and which occurs in the lava pi le at Tafelberg i tself .
Addit ional l l 'wc have uti l ized a Ti-r ich :rugite from another
Tafelberg-ty'pe doleri te KLs.l t t  in an attempt to obtain a
reasonablc solut ion without the use of Ti-rnagneti te.

The results of two rnixing calculat ions are given in Table
X. Both have been back-calculated to the parent KLS2'1 in
order  to  p rov ide  d i rec t  es t imat ion  o f  F  ( i .e .  KLS-12) .  For
mixing calculat ion A. which ut i l ized Ti-magneti te, a good
solut ion is obtained as indicated by the data shown in Table
X. except for K:C). The relevancc of this ancl thc small
amount  o f  T i -magnet i t c  (1 .21 t  )  f rac t ionat ion  invo lvec l  w i l l
be discussed in the trace element evaluation that fol lows.
For mixing calculat ion B, the approximation is not as well
constrained, part icularlv for TiO: and K:O. but is
nevertheless rcasonable. Recalculat ion of A without Ti-
magnet i te  ( i .e  w ' i th  low T i -aug i te )  resu l ts .  as  expec ted .  in  a
poor solut ion for TiO: ( l  .01 1/. observed v's .  0.77 cir

calculated) and an ovcral l  approximation that is poorcr
than for B. The relevant point to make at this stage is that
both A and B yield solut ions that involve similar nt ineral
proport ions that are not petrological l l '  unrcal ist ic. and
s i n r i l l r r  d c g r c c s  o f  l r a c t i r r n a t i o n .

Trace element calculat ions have been nrade using t l- tc
Darameters mentioned abclve ancl as shown in Tablc X.
Distr ibution coeff icients used are siven in Table XI. Thc
results obtained, corresponding to rnajor e lement rrocle ls A
and B, are given in Table XII.  For both A ancl B the general
agreement between predicted and observcd concentr l t t i ()ns
is satisfactory. bcaring in rnincl the range of distr ibution
coeff icients and the compatible and incornpatible elcme nts
tested. The obvious disparity '  in both models is for I{b. In
greater detai l  i t  should bc noted that in order to obtain
satisfactory agreement for moclcl A. very lorv distr ibution
coetTicients have had to be used for Ni ancl V. part icularlv
for the latter. This suggests that model B. rvhere t lrc trace
element agreeme nt is in any case sl ightlv better. mav be the
model that is more applicable. For moclel B i tself .  the

TAI}I,E IX
Input Data for Least Squares Approximation Calculations
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TABLE X
l,east Squares Approximations Relating KLS42 (l)aughter) to KLS2,I (l)arent) Obtained bl Adding the
Listed Quantities ol the Nlinerals Sho*'n in the Mix to KLS,l2 h Produce the Calculated Concentrations in

KLS2,l

K I  -S2+
Obs. ( 'alc

Mix ing  Ca l cuk r t i on  A

D i l l .  C ' omp
Mi r

Wr.  ' r i  S. t )

s io l
TiC):
A l ro ,
Fco
Mgo
CuC)
Na;O
K.C)
Sum ol  squarcs ol  c l i f fercnces -  0.0.1

-5t. .11 -().02
L ( ) l  O . t x )

1 5  0 1  0 . 0 1
10.16  0 . ( ) ( )
6 . l rE  { ) .01

10 6- i  0 .01
) . 1 7  0 . 0 3
1 .0-+ 0.10

51. -1.1

l . 0 l
1 5 . 0 1
I 0 . 7 6
6. t{6

I  0 . 63
l .  1 . 1
0.8.+

Kt_st l
O l i v .
P lag .
('pr I
f i  NI t .

Total

3 5 . 1 I
9 . 5 8

i1 .93
2 0 . I I

l . l 9

l  r ) (  ) .21

NIir
W t .  r ?

t ). ii6
0 .60
0.6.+
0 .67
().27

I  t a

Nli r ing Calculat ion B
KL52"1

C)bs. Calc C'onp S .  I )

s io r
TiO:
A l ro ,
FcC)
N'lgo
CaO
Na:O
K.C)
S u n l r ) l  s q u i r r e \ , r l  d i l l c r e t t t e .  0

51.11
l . ( ) l

1  5 . 0 1
1 0 . 7 6
6. lJ6

10 63

(). u.+

, i l .  +7
0.9 t )

1 5 . 0 3
I0 .60
7.0-1

1 0 . l 7
2 . l 6
L l l

t 7 .

{) 03
0 . 1  I
0 .02
( )  1 6
0 . l E

- 0 .  l 6
( ) .0 l
t ) . )7

KLS]]
I ' lag.
O l i v .
C p x . 2

Total

3 l r .36
I  L2- l
I  l . l 2
l 9 . 3 9

l ( ) ( ) .  t 0

l ."+-1
l . l - t
( ) .70
0.99

1.2( )

crucial distr ibution coeff icient is for V in cl inopyroxene. but
the value we had earl ier chosen (Table XI) is in excel lent
agreement with the receqtly obtained ion-probe value given
by  Sh imizu  (1983) .

Bearing in mind our postulate of fract ionation from
parental magmas which had variable isotopic composit i()ns,
i t  can be expected that such magmas would also have
variable incompatible element concentrat ions. We have
noted serious discrepancies in our model calculat ions for K
and Rb, which denote that the parent used (KLS24) has
measured concentrat ions of these elements that are too
low. Since this is one of our freshest samples, this would not
seem to be due to alterat ion. An alternative is to consider
another sample which has a similar Mg-number and bulk
composit ion. Sample KLS46 is in many respects similar to
KLS24 but has 1.15 %, K:O and 33 ppm Rb. The K:O value
of KLS46 is closer to the predicted values of 1.04 % K:O in
model A and 1.11 Vc KlO in B (Table X) than the K:O value
of KLS24. In a similar vein, i f  the value of 33 ppm Rb had
been used in Table XII,  the predicted concentrat ions of Rb
in models A and B would be 92 ppm and 85 ppm Rb
respectively, in much better agreement with the observed

TABLB, XI
Distribution Coefficients Used in'lhis Studv

Ol i v cp*. Ti-Mr

concentrat ion of 96ppm Rb in KLS.12. Likewise, another
less-evolved basalt,  KLS-58, has 0.95 Vc TiO;- and here again
this would improve the situation for model B (Table X)
where the predicted concentrat ion is 0.90 7c TiO:. Such
manipulat ions are somewhat subjective, but do i l lustrate
the dit f iculty of obtaining reasonable agreement between
observed and predicted concentrat ions, given the premise
we have adopted in this section. Also. noting the
discrepancies encountered with Rb above and in Section
VIII-C. i t  is pert inent to point out that i f  KLS46 (33 ppm
Rb) had been used in the calculat ions derived from Fig. 26
and shown in Table VIII  this would only worsen the
situation. as the enrichment factor for Rb in Table VIII
wou ld  be  <  1 .

In summary. we consider that the major and trace
element calculat ions performed provide strong support for
the derivation of the evolved basalt ic rocks from the less-
evolved basalt ic rocks by fract ional crystal l izat ion
processes. The fract ionation models we have presented
have l i t t le to choose between them. and the ouestion of
whether or not small  amounts of Ti-magneti te have
fractionated is not important in the wider context. Indeed,

TAI} I ,E XI I
Calculated and Observed Trace Fllement Abundances in KLS,|2
(Daughter) using KLS2,| (Parent), l- Values Derived frorn Table X

and Distribution Coefficients Listed in Table XIP lag

Zr
Nb
Y
Rlr
B a
Sr

N i
La
Cle
Eu
Yb

0  0 1
0 . 0 1
0.20
0 . 0 1
0.20
2 . 2
0 . 0 I
0 . 0 1
0 .  l 2
0 . 1 I
0 .60
0 . l 0

0 . 0 1
0 . 0 1
0 .  1 0
0 . 0 I
0 . 0 I
0 . 0 1
0 . 0 1
l 5

0 . 0 1
0 . 0 1
0 . 0 1
0 . 0 I

0 .30
0 . l 5
0 .70
0 . 0 1
0 .  I 0
0 .  1 0

2.
3

0 .  I 0
0 . l 2
0 .39
0.60

0.21
2.30
0.20
0 . 0 I
0 . 0 I
0 . 0 I

5,,
I 0 r

0 . 0 I
0 . 0 1
0 . 0 I
0 . 0 I

l l . 1
7 . 5

1 , 1

t 9
2 1 1
216
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KLS21
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Ca lc .  A

23rJ
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73
2 . 1 - 5

Itt9
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these models are only approximations considering that we
have covered the entire spectrum of lava compositions to
show that fractional crystallization can explain observed
compositional variations over this range. In reality, as
indicated by our calculations (not shown) involving step-
wise crystallization over smaller fractionation intervals
there are likely to be changes in the mineralogy and mineral
proportions of the fractionate as crystallization proceeds.
Were such step-wise mixing calculations to be carried
out with more clearly defined parent and daughter
compositions, then it can be confidently predicted that the
solutions obtained would be even more satisfactory than
those oresented above.

In ihis context a final point needs emphasizing. The
fractional crystallization processes documented above are
of a simple closed-system type. In reality, since there is
some evidence for magma mixing between basaltic magmas
(Section V-C) and in view of our postulate that the
Tafelberg parental magmas had a range in isotopic
compositions, it is likely that some open system behaviour
prevailed during crystallization. This does not seriously
detract from our contention that the rational chemical
variations exhibited by the Tafelberg basaltic suite as a
whole are essentially caused by fractional crystallization
processes.

(b) Crustal Contamination. From the above discussion it
appears that the evolved basalts can be accounted for by
invoking a fractional crystallization process operating on
isotopically variable parent magmas. Thus, contamination
is not required to explain the major and trace element
compositions of the evolved basalts. Nevertheless, the
possibility of crustal contamination is discussed here
because i t  is considered by many (e.g. Faure et a\. ,7974;
Moorbath and Thompson, 1980; Carlson et al., 1987;
Mahoney et al. , 1982; Thompson et al . , 1982,1983) to play a

ou 
v ,

O O

0  r00  200  300  400

ppm v

prominent role in the petrogenesis of continental flood
basalts. The contamination process we discuss is one where
the evolved basalts are generated from the less-evolved
basalts by bulk assimilat ion of crust or mixing with part ial
melts of the crust. The process wil l  also most l ikely be one of
assimilat ion (or mixing) accompanied by fract ional
crystal l izat ion (AFC) and, because of heat budget
constraints, the amount of crystal l izat ion probably exceeds
the amount of assimilat ion (Nichol ls and Stout, 1982).

An important question to pose at the outset is: "Do the
quartz lat i tes represent the most l ikely crustal contaminants
for the Etendeka basic lavas?" In view of their undoubted
crustal character, their voluminous and widespread nature
and their intimate temporal and spatial association with the
basalts, we feel the answer is, almost certainly, yes. I f  this is
accepted then the arguments concerning basalt quartz
lat i te relat ionships in Section VIII  should apply equally
here. This discussion assumed the ready avai labi l i ty of the
contrasting magma composit ions, but i t  may be argued that
the generation of quartz latite magma requires heat
released by crystal l iz ing basic magmas and that the
relationship between the two is one of progressive
crystal l izat ion, melt ing and mixing, i .e. an AFC
relat ionship. This possibi l i ty has been investigated using
the equations of DePaolo (1981) and the results are
discussed below.

Consistency between AFC compositional trends and
those observed in the basalt suite is only obtained when the
ratio mass of contaminant/mass of crystal l izat ion is very
low, as might be expected from the success of the simple
fractional crystallization models discussed above. This also
applies when hypothetical contaminants, e.g. average
crust. are considered. However. AFC models with low
amounts of contamination fail to account for the necessary
increase in Sr-isotope ratios within the observed range of
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Figure 3l
Resul ts of  AFC model l ing of  (a)  TiO, vs.  V,  and (b)  in i t ia l  875r/865r rat io vs.  V,  in the Tafelberg basal t ic
suite. Contaminants are average quartz latite (QL) and average crust (AC) whose compositions are listed
in Table XIII. Continuous curves are for trends where R (mass ol contaminant/mass of
crystallization) :0.5 and ticks on these curves represent changes in the ratio mass of magma/mass of
or ig inal  magma of  0.1.  Dashed curves are for  R:1.0 and t icks represent increments of  t l .1 in the rat io
mass of assimilated material/mass of magma. Simple mixing curvcs (dot-dashcd) bctween lcss cvolved
basalt KLS24, and quartz latite and average crust, are also shown. For higher values of R and AFC curves
approach the simple mixing trends. In (a) the less evolved basalts (Mg-number >-55) are those with TiO:
<7.3 Vo -  See Fig.  14 for  legend.
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TABLE XIII
Data for End-member Components used in Assimilation-Fractional Crystallization (AFC) Calculations
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TiO] V
(/c ppm

Sr
ppm

Rb rT5r/865r

p p m  ( 1 2 1  m . y . )

KI-S2.1
Average Qr.rar tz I -at i tc
Avcragc Crust
B2
Typical  Damara C'rust  I
Typical  Damara Crust  2
D G 1 3
KLS I '1-5

Bu l k  D 0 . 1 0 0.62

1 . 0 0
0.95
0.-s0

264
53

13t)

216
l 3 l
19fl
1 5 9
50

200
194
196

1 . 1 - s

l 9
175
50

329
75

300
69

0 . 0 1

0.7095
0.1200
0.7200
0 . u l  I  I
0.7400
0.71(X)
0  . 1 1 t 7
0.7030

Bufk D cafculated f rom data in Table XI  assuming f racl ional  crvstal l izat ion extract  of  5 lc l  Plag. .3 l ' /c
C p x . . l t t l Z O l i v . ( T a b l c X - B ) . C o m p o s i t i o n 8 2 i s a 2 b . y . A b b a b i s g n c i s s ( H a w k e s w o r t h . u n p u b l . ) . D G l 3
is a gnciss l rom the Khan Fornrat ion (Kr i rncr  et  a l .  1978).  T1'p ical  Damara crust  has Rb/Sr :  1.5 and
(frSr/s( 'Sr)  l2 l  m.1-.  -  0.7,10 and was est imated l rom data plot tcd in Fig.  10 ol  Br istow et  a/ .  (198,1) .  The
l imi ts of  50 and 2(X) ppm Sr cover thc rangc of  mosl  Damara rocks which have becn analysed for  875r/865r.

The averagc crustal  composi t ion is  af ter  Weaver ancl  Tarncv (198.1)  cxcept  for  V which is  f rom Taylor
(196.1) .  and rrSr, / r t 'Sr .  which is  cst imatccl  to bc s imi lar  to that  of  the quartz lat i tcs.

trace element concentrat ions of the basalt suite unless their
Sr-contents or 87Sr/865r rat ios are unusually high.

To illustrate the failure of AFC to account for the
evolut ion of the basalt suite we present plots of TiO: and
87sr/n6sr v.r.  V in Fig. 31 as these parameters have been
part icularly useful in elucidating relat ionships within the
Etendeka suite. The parent basalt composit ion is KLS24
and detai ls of contaminants and fract ional crystal l izat ion
parameters are presented in Table XIII .  Fig. 31 indicates
that i t  is not possible to produce the V enrichment observed
in the basalts by AFC using reasonable contaminants.
Similar observations can be made from a Zr-V plot (not
shown). In this regard i t  is important to note that the bulk
distr ibution coeff icient for V which we have adopted was
obtained using a value for cl inopyroxene (Table XI) at the
lowest end ofthe range reported in the l i terature, i .e. using
the value most favourable for V enrichment. Note that i t  is
not just for V that the AFC modell ing is inadequate;
calculat ion of AFC trends on a TiO: vs. Zr diagram (not
shown. but see Fig. 29) reveals that the AFC trends for R :

l  0 and 0.5 pass below and to the r ight of the observed data
trend. i .e. there is insuff icient enrichment of TiOr (cf.  Table
VIII).  In essence Fig. 31(a) indicates that any contaminant
in an AFC model has to be of rather unusual composit ion.
Especial ly cr i t ical in this regard is the necessity for rather
h igh  V and Fe2Or*  conten ts  (c f .  F ig .25) ,  un less  resor t  i s
made to massive amounts of crystal l izat ion, i .e. F << 0.5. I t
may be that rocks of such composit ion exist in the crust but
part ial  melts of the crust are highly unl ikely to be of such
character (e.g. note the posit ions of average crust and the
quar tz  la t i tes  in  F ig .  31) .

Another important aspect of the AFC calculat ions is the
extcnt of assimilat ion and fract ional crystal l izat ion required
to Droduce the observed trace element concentrat ions in
the evolved basalts. For example, Fig. 3l(a) indicates that
for R : 0.5 the TiO: content of the most evolved basalts is
achie ved through AFC involving quartz lat i te as a
contaminant, when the mass of evolved magma is about
65%: r ' t t i  the original magma (KLS24). Calculat ions show
that for this rat io the evolved magma would have about
64 % SiO: because i t  would have been generated from the
original magma by nett addit ion of 35 % quartz lat i te and
nett removal of 70 % crvstals. This is much greater than that
observed in the evolved basalts ( in KLS42 SiO, :  58.63 %).
This underscores the fai lure of AFC - i t  cannot
consistently account for the major. trace element and
isotopic variat ions in thc Tafelberg basalt ic suite. We thus
prefer a model of fract ional crystal l izat ion from isotopical ly
variable parent magmas for the generation of the evolved
basalts. The development of the isotopic heterogeneity in
the parent magmas is now discussed below.

2. Deriv ation of less -ev olv e d rocks
Given that the arguments presented in the preceding

section for the derivation of the evolved basaltic rocks by
simple fractional crystallization processes are accepted,
then we are still left with the problem of explaining the
range in isotopic ratios in the parental or less evolved
Tafelberg basalt ic rocks ( i .e. those that have Mg-numbers
>55). This problem can be quite simply stated in terms of
whether the steep trend shown by these rocks in Fig. 27
(dot-dashed line) is due to crustal contamination or
whether it is a reflection of a heterogeneously enriched
mantle source. or both. These alternatives, discussed
separately below, are not easi ly resolved, but whatever the
correct interpretation this will not materially affect the
crystal fractionation scheme outlined in the previous
section for the derivation of the more-evolved Tafelberg
basaltic rocks.

(a) Crwtal Contamination. The high 875r/865r and low
'13Nd/144Nd ratios repeatedly highlighted in this study (Fig.
23) can be interpreted as strong evidence for direct crustal
contamination of the less-evolved Tafelberg basalt ic rocks.
Even though we have termed these rocks less-evolved, the
majority have Mg-numbers within the range 5540 (Fig.22)
and thus cannot be classed as "primary" in any sense. This
would be consistent with a derivation through either
bulk assimilation or combined assimilation-fiactional
crystal l izat ion (AFC).

Further suggestions of crustal contamination are
indicated in Fig. 20 where two Tafelberg doleri tes, KLS48
and KLSl00, have much lower Pb-isotope rat ios than al l
other Tafelberg rocks analysed. One of them, KLS100, in
fact has Pb-isotopic composit ions that are indist inguishable
from the primit ive Horingbaai doleri tes (Fig. 20) and the
2b.y. reference l ine in this diagram could well  be a mixing
l ine with an unknown crustal contaminant, possibly of the
same age. I lowever, the less radiogenic Pb-isotopic charac-
terist ics of KLSl00 (and KLS48) contrast with the Sr- and
Nd-isotopic characterist ics of these samples (e.g. Fig. 19);
furthermore the two samples we have consistently used as
representa t ive  examples  o f  less-evo lved and evo lved
Tafelbeg lavas, i .e. KLS24 and KLS42, have virtual ly
identical Pb-isotopic composit ions (Fig. 20). The implied
coherency between Rb/Sr and Sm/Nd rat ios (Fig. 23)
clearly does not extend to the U/Pb system where the
situation is apparently more complex (Fig. 28). This is
supported by the variable Pb contents of the Tafelberg
basalt ic rocks, and in part icular the high Pb content (29.5
ppm) of sample KLS100 (Table VII).

The non-radiogenic Pb-isotope character of KLS100
coupled with its high Pb content suggests that it may well be
a sample that escaped crustal contamination with respect to
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Pb, but not with respect to Sr and Nd. The mineral
disequil ibr ium noted in KLS100 (Section V C) could be
taken to support this possibi l i ty, even though arguments
were presented to show that the observed disequil ibr ium
was best explained by mixing of two basalt ic magmas.
Nonetheless, the similari ty of the Pb-isotopic composit ion
of KLS100 to the Horingbaai doleri tes (Fig. 20) invites
inclusion of the latter together with the regional doleri tes,
in any possible crustal contamination scheme involving the
less evolved Tafelberg basalt ic rocks. This is considered
further by reference to Rb-Sr isotopic data in view of the
larger sample database that exists for this isotopic system.
The relat ionship between these basalt ic rocks is shown by
the steeper (dot-dash) trend l ine in Fig. 21 , and tn more
detai l  in the isochron plot displayed by Fig. 32, where only
the less evolved Tafelberg basalt ic rocks are portrayed.

The s teeper  t rend l ine  in  F ig .21 .  shown as  a  1 .8b .y .
reference l ine in Fig. 32, can be interpreted in terms of
crustal contamination, either through simple mixing ( i .e.
involving no fract ional crystal l izat ion) or as a trend of AFC.
In the f irst instance the two composit ions involved would be
a basalt ic component, l ike the regional doleri tes. and a
crustal component lying on the extension of the trend l ine.
Under these rather special condit ions the "age" of 1.t tb.y.
could represent the approximate age of the crustal
contaminant (similar arguments can be made for the
Horingbaai doleri tes and the 2.7b.y. reference l ine).
However, Bristow et al.  (1984, Fig. 10) have shown that
from a large number of analyses of upper crustal rocks from
northern Namibia only three plot on or near the inferred
1.8b.y. mixing l ine. The latter are Damaran rocks of Pan-
Afr ican age. The remaining Damaran metasedimentary
and granit ic rocks, together with a few samples of -2 b.y.
Abbabis granite-gneiss, have compositions that plot well to
the r ight (higher Rb/Sr) of the inferred 1.8 b.y. mixing l ine
and are unsuitable as mixing components. Part ial  melts of
these rocks wil l  have even higher Rb/Sr rat ios and wil l  be
even less suitable as contaminants in a simple mixing
process.
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Figure 32
Rb-Sr isochron plot for less evolved Etendeka basic rocks with Mg-
number )55. Bulk earth (BE) parameters from Fig. 23. Lcgend as in
F i s .  14 .

Whether a suitable contaminant exists in the lower crust
is not known, but this contaminant would have to have high
uTsr/tr6sr and low Rb/Sr. contrary to what has been observed
in the only avai lable analyses of lower crustal rocks
from southern Afr ica, namely xenoli ths from Lesothcr
kimberl i tes (Rogers and l lawkesworth. 1982). To further
emphasize these dif f icult ies we note that the average crust
composit ion of Weaver and Tarney ( 1 98,1) has Rb/Sr :  0. 10
and, assuming an age of 2b.y..  would have evolved to
tTSr/n6Sr : 0.711 by single stage growth from bulk earth by
the early Cretaceous. This composit ion plots on the trends
defined by the least-evolved basalts in Fig. 32 but at lower
ETSr/86Sr than some of the basalts, clearly showing that any
putative contaminant requires a much higher tTSr/865r rat io.

A more real ist ic contamination Drocess is AFC and we
have attempted to model the ohserved ̂ 'Sr/ 'nSr, Rb/Sr and
Sr variat ions in the least-evolved basalts by this process,
ut i l iz ing a variety of l ikely crustal components and a
Horingbaai doleri te as end-members (Table XIII) .  In
general the results (Fig. 33) are similar to those obtained
from consideration of simple mixing. The typical Damara
crustal composit ions and the Abbabis sample 82 produce
trends which l ie at lower Sr and higher Rb/Sr than the
observed data. Varying the R-rat io does not improve the f i t
between modelled trends and the basalt comoosit ions. For
sample, DGl3, which was identi f ied as a suitable
contaminant by simple mixing on Fig. 10 of Bristow et a/.
(19U4), the AFC trends are to lower Sr and Rb/Sr, and again
these cannot be reconci led with the basalt data by varying R
to higher or lower values. I t  is clear from Fig. 33(a) that the
high and variable Sr contents of most of the basalts and
doleri tes require a range of contaminants with high and
variable Sr (and MSr/86Sr). The average crust composit ion
could represent one such contaminant. However, Fig.
33b suggests that such contaminants wil l  have Rb/Sr rat ios
that are too low to produce AFC trends that f i t  the basalt
data. The avai lable analyses of si l icate rocks in the Damara
orogen and i ts basement (Haack et al.  ,  1982; Hawkesworth
et al., 1983) suggests that high-Sr rocks are not common
and, moreover, tend to have low 8?Sr/t6Sr rat ios either
overlapping with. or sl ightly greater than those exhibited by
the least-evolved basalts.

Another important feature of Fig. 33 is that, apart from
composit ion 82, the mass of contaminant required to
generate the basalts with the highest t tTSr/865r is substantial,
ranging from about 25 % (DGl3 and DC2) to nearly 40 c/o

(average crust).  Furthermore, in the AFC process the
amount of crystal l izat ion wil l  be the same or greater. This is
inconsistent with the overal l  basalt ic nature of al l  the rocks
plotted in Fig. 33. For example, the Mg-number of KLS145
(the parental magma in our AFC models) is 61.2 and that of
KLS58 (the basalt with the highest uTSr/t6sr rat io) is sl ightly
lower at 57.6.

The above has dealt with the Horingbaai doleri tes as least
contaminated end-members. and no mention has been
made of the regional doleri tes in this regard. We have not
been encouraged to carry out detai led AFC calculat ions
with these rocks because of their posit ion in Fig 33a, a
viewpoint which is supported by their Nd- and Pb-isotopic
relat ionships (Figs. 19 and 20), and they are not considered
further here.

The AFC modell ing for the less-evolved Tafelberg
basaltic rocks is perhaps less constrained than for the
evolved variet ies, and more trace element and isotopic data
are required for further evaluation. However, at this stage
we f ind no compell ing evidence that the less-evolved
Tafelberg basaltic rocks have acquired their isotopic
compositions by crustal contamination since we have not
been able to identify potential crustal contaminants. Such
contaminants would necessarily require a range in
elemental and isotopic composit ions (Fig. 33). I t  is possible
that further work could identify such contaminants in the



underlying and surrounding Pan Afr ican and basement
rocks. or as xenoii ths in Namibian kimberl i tes. Planned
180/160 isotope ratio determinations may also assist in
characterizing a crustal imprint in these rocks (e.g. Hoefs
et al., 1980). However, in view of the large volume of
Tafelberg-type basaltic rocks in the Etendeka, and
apparently also in the southern Paran6 basin of Brazil
(Ruegg, 1976) we concur with Nelson (1983) that crustal
contamination will be found in isolated members of
formations (see sample KLS48 in Fig. 19), rather than in
formations as a whole. This situation might be more
appropriate for selective contamination, which we have not
considered here since it has been discussed in detail by
Bristow et al.  (1984) for other Karoo lavas, and is in any
case a process which is not easy to evaluate. Furthermore,
crustal contamination in any form is l ikely to give r ise to
scatter of data on many of the diagrams we have used,
rather than the systematic or rational trends observed.

(b) Mantle enrichment. Consideration of the proposition
that the isotopic signature of the less-evolved Tafelberg
basaltic rocks are mantle-derived does not follow simply as
an alternative to crustal contamination because of a lack of
compelling evidence for the latter. On the contrary,
although some of it is circumstantial, there is independent
evidence that the more primitive Tafelberg lavas could be
derived from old, heterogeneously enriched, l i thospheric
mantle sources.

The crux of the problem relates to the high initial 875r/1165r

ratios (0.70814.'7120) in these less-evolved rocks (Figs. 21
and 23) such that their isotopic composit ions plot in the
enriched quadrant well to the right of the "mantle array"
(and all other Karoo volcanics) on & €51-€y1 diagram
(Hawkesworth et al. ,  1984, Fig. 4). Thus the Tafelberg
basaltic rocks do not have exceptionally low initial
113Nd/11'1Nd ratios when compared to other Karoo volcanics.
Their Pb-isotopic compositions are close to those obtained
from Gough Island (Fig. 20) and, although enriched, it
could be argued that they are of mantle derivation.

Derivation of the Tafelberg basaltic rocks from
heterogeneously enriched mantle implies high time-
integrated Rb/Sr ratios for a considerable length of time.
The less-evolved Tafelberg rocks shown in Fig. 32 have an

2-r.l

average Rb/Sr ratio of 0. 10 (average Rb/Sr for all Tafelberg
basaltic rocks is 0.24) as compared with an average Rb/Sr
rat io of 0.068 for the most voluminous Karoo volcanics, i .e.
the Lesotho Formation of the Central area (Marsh and
Eales, 1984). I f the dashed reference l ine in Fig. 32 has any
age significance then the mantle source must in part have
been enriched to a Rb/Sr rat io of 0.12 some 1.8 b.y. ago in
order to generate the observed 8?Sr/nr'Sr ratio shown for
sample KLS58 in this diagram. This is in close agreement
with model T' jurkE.rrrh ages of around 2 b.y. for the low Rb/Sr
ratio Tafelberg basaltic rocks. as can be inferred from
Fig. 32.

The question arises as to whether upper mantle source
regions exist with the Rb-Sr characteristics inferred above.
Enrichment of the sub-continental l i thosphere beneath
southern Africa can now be inferred from several different
approaches. Rb-Sr and Sm-Nd isotopic systematics in sub-
calcic garnets contained as inclusions in diamond and from
kimberlite concentrates indicate that diamonds formed
some 3.2-3.3 b.y. ago fol lowing enrichment (Rb/Sr :

0.224.38) of residual sub-cratonic mantle (Richardson et
al. , 1984), leading to present day 875r/865r ratios as high as
0.732 and 0.755 for concentrate sub-calcic garnets from the
Finsch and Bultfontein kimberl i tes respectively. Ancient
enrichment (> I b.y.) is also indicated by high 87Sr/E6Sr and
low rl3Ndirl4Nd ratios of garnet peridotite xenoliths and
constituent minerals (one diopside has a 875r/865r ratio of
0.7134) from the Bultfontein kimberl i te, South Afr ica, and
by low rlrNd/'44Nd ratios in the incompatible element
enriched and high MgO picritic rocks from the northern
Lebombo and Nuanetsi regions (Kramers, 1977;Menzies
and Murthy, 1980; Erlank et al. ,  1982; Hawkesworth er a/. ,
1984). In contrast garnet-free modally metasomatized
phlogopite + K-richterite bearing xenoliths from the
Bultfontein kimberlite have Rb-Sr isotopic relationships
which suggest that this metasomatism is the result of a
younger enrichment event which occured prior to and is not
related to kimberl i te emplacement at 90 m.y. (Erlank and
Shimizu, 1977; Erlank et al. ,  1980,1982). These xenoli ths
have relat ively high Rb/Sr rat ios of 0.12-0.87 and thus
could have generated the observed range in 875r/865r ratio
(0.7052-.7104) in just 150m.y. As Hawkesworth et al.
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Figure 33
Resul ts of  AFC calculat ions in re lat ion to in i t ia l  87sr/s6sr rat io,  Sr and Rb/Sr var iat ions wi th in the lcss-

cvolved (Mg-number >55) Etendeka basal t ic  rocks.  Hor ingbaai  doler i te KLSl l -5 is  the unct tntaminated
parent  magma. Al l  AFC trends are for  R -  1.0 ( i .c .  mass of  assimi lat ion :  mass of  crystal l izat ion) and

t icks on the curvcs are for  increments of  0.1 in the rat io mass of  contaminant/mass of  magmi i .  except  for

contaminat ion by 82 where crosses on thc t rend are lor  incrcments o l  0.05 in th is rat io.  In (a)  thc t rends of

contaminat ion of  DG l3,  DC2 and B2 are coincident .  Contaminat ion parameters arc summarized in 
- I 'able

XII I .  DC1 and DC2 are typical  Damara crust  composi t ions 1 and 2.  AC is average crust .  DG l3 and 82 arc
speci f ic  rock composi t ions ident i l led on Fig.  l0 o l  Br istow e I  a/ .  (  198.1)  I  see Tabte XI I I  for  fur thcr  detai ls

and Fig.  1.1 for  legend.
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(1984) have noted, dif ferent styles of trace element
enrichment can thus be recognized in both mantle xenoli ths
and Karoo basalts. and with t ime these result in dif ferent
trends on i in €5.-€x6 diagram. Thus the Tafelberg basalt ic
rocks and the phlogopite + K-richteri te xenoli ths both have
high Rb/Sr (and Rb/Ba) rat ios such that their present-day
87sr/ ' t6sr rat ios are displaced to the r ight of the "rnantlc
array" in the enriched quadrant of an es, epl diagram
(Hawkeswor th  e t  a l . ,  1984,  F ig .  9 ) .

The phlogopite + K-richteri tc metasomatism mentioned
above is clearly a recent mantle enrichment event. and in
view of the inferred age of enrichment shown in Fig. 32 for
the Tafelberg lavas. cannot be the cause of enrichment in
the source areas of these lavas. No chemical or isotopic
information is avai lable for xenoli ths from Namibinn
kimberl i tes, but i f  the same style of Rb/Sr and Nd/Sm
enrichment as observed in the phologopite + K-richteri te
metasomatism at Bultfontein (see also Haggerty et al. ,
19tt3) had occurred sonre 2b.y. ago in the mantle source
areas ofthe Tafelberg basalt ic rocks. then i t  is quite feasible
that the latter could have been derived from old.
heterogeneously enriched mantle.

The above discussion has documented the possibi l i t ies
for enrichment in the l i thospheric mantle beneath southern
Africa because that is where variat ions in Rb/Sr and Sm/Nd
are l ikely to persist long enough for isotopic variat ions to
occur (Erlank et al. ,  1982: Hawkesworth et al. .  1984). A
thick (>l50km) enriched l i thospheric mantle "keel" was
already in existence beneath the Archaean Kaapvaal craton
some 3 .2-3 .3b .y .  ago (R ichardson e t  a \ . ,7984) ,  bu t  the
latter could not have given r ise to the Tafelberg basalt ic
rocks since both the inf 'erred age of mantle enrichment and
the ages of oldest basement covbr rocks surrounding the
Etendeka volcanics (Mil ler, 19133) suggest derivation from
Proterozoic mantle. Future work should thus attempt to
identi fy enriched Proterozoic l i thospheric mantle beneath
north-west Namibia.

Support for the above ideas comes from isot()pic
variat ions observed in other Gondwana basalt ic rocks. The
Tasmanian doleri tes. and Ferrar doleri tes and Kirkpatr ick
basalts from Antarct ica, have high srSr/t6Sr rat ios (general ly
>0.710) and have long been cited as examples of crustal ly
contaminated basalts (e.g. Faure eI al. .  1974). However.
recent work by Hoefs er a/.  (1980), Kyle et a/.  (19i13) and
Mensing et al.  (1984) has shown, on the basis of combined
riTSr/n6sr and 180/r60 studies on Antarct ic samples, that even
though there is evidence for some crustal contamination
leading to elevation of tTSr/n6Sr rat ios. that the parental
uncontaminated magmas had 8?5r/865r rat ios of about 0.710.
The geochemical and isotopic characterist ics of these
magmas are thus essential ly those of their mantle source
regions; by implication the same situation may apply for the
Tafelberg basalt ic suite.

Consequently, although some crustal contamination
cannot be ruled out, and could well  be superimposed upon
pre-exist ing geochemical characterist ics, i t  seems l ikely that
the geochemical and isotopic signatures of the Tafelberg
basalt ic rocks are essential ly those of their l i thospheric
mantle source regions. These appear to have been variably
enriched at least as far back as the Proterozoic and their
geochemical nature is discussed further in the following
sections.

Three f inal points need to be made. First i t  could be
argued that the Tafelberg basaltic magmas originate in the
asthenosphere, with isotopic and elemental characterist ics
similar to those of the Horingbaai doleri tes (Figs. 17 and
21), and are subsequently modif ied as they pass through
enriched l i thospheric mantle, i .e. a form of "mantle
contamination". Apart from the fact that some inter-
element trends do not support this possibi l i ty (e.g. Nb and
TiO: vs. Zr inFig. 16), the relat ionships shown in Fig. 33
provide further constraints on the operation of such a

process. This must involve assimilat ion of small  volume
melts or small  pockets ol enriched l i thospheric mantle of
variable composit ion by I lor ingbaai type basalt ic m:igma in
view of the high and variable Rb and Sr contents of the less
evolved Tafclberg basalt ic rocks. In addit ion the sTSr/s"Sr

rat io of assimilated l i thospheric mantle would have to be at
least as high as 0.714 in order for such a process to be
feasible. We cannot evaluatc this possibi l i tv further at this
stage and thus prefer the simpler ir l ternative of deriving the
Tafelberg basalt ic rocks direct lv from enrichcd l i thospheric
mantle, even though there is potential ly a heat problem in
deriving large volumes of basalt ic magma from "cold"
l i thosphere.

The second point rcfers to a disparity between calculatecl
T]juu. r: ,nr, and Tl j111p model ages. As indicated in
Fig. 32. Sr model ages are of thc order of 2 b.y. for the less
evolved Tafelberg rocks, a f igure which is also obtained bv
consideration of Pb-isotope systematics (Fig. 20).
Hawkesworth et al.  (1984) havc shown that the average Nd
model age for these rocks is approximately 0.9 b.y. (see Fig.
19). A possible explanation is to assume that the Sr model
ages are meaningful with the Rb/Sr, but not the Sm,Nd
ratios. of the less cvolved rocks approximating those of
their source areas. Calculat ion shows that Sm/Nd rat ios of
these rocks are on avcrage 16 7a lower than what would be
requ i red  to  y ie ld  Nd mode l  ages  o f  a round 1 .8  b .y .
Numerical modell ing indicates that such a shif t  in Sm/Nd
could be affected by small  cle grees of part ial  melt ing (-5 %)
of a 3 olI  phase peridoti te provided about 5-7 %, garnet
remained in thc rcst i te assemblage. and provided also that
cl inopyroxene is either absent or not a signif icant
consti tuent in the latter. so that Rb/Sr fract ionation is
min ima l .

In thc third place i t  is now necessary. for several reasons.
to explain the relat ively low Mg-numbers of the least
evolved basalt ic rocks. Since this is not considered to be due
to crustal contamination we speculate that these magmas
have undergone crystal fract ionation en route to the
surface. Such fract ionation could have been init ial ly
dominated by ol ivine. later joined by cl inopyroxene.
However. fract ionation of the latter mineral in the least
evolved rocks would again have to be minimal (cf.
discussion of model ages above) in order not to fract ionate
Rb/Sr rat ios, although some fract ionation is evident from
those samples with higher Rb/Sr rat ios. and lower Sr model
ages. in Fig. 32.

B. Other Basaltic Rocks
We have not considered i t  necessary to deal at length with

the petrogenesis of the other Etendeka basic rock typcs
because (a) they are less abundant and more restr icted in
their occurrcncc than thc Taf 'elberg basalt ic suite ,  (b) the)'
apparently show less composit ional vnriat ion than the
latter. even though we have analysed fewcr samples. and
(c) some aspects of their petrogenesis has been covered in
the preceding discussions.

As noted previously we have not placed much emph:rsis
on the pl i igioclase-phyric Albin ba.ialLr because of their
altered nature (Section VII-A). Neverthcless.
mineralogical and chemical variat ions such as Al lO1 u.r.
SiOz (Fig. 14) suggested that the Albin basalts could be
cumulus enriched, specif ical ly in plagioclase, counterparts
of the Tafelberg basalt ic rocks. In view of the general ly
higher concentrat ions of Ni and Cr in the Albin lavas (Fig.
13) this could suggest that such cumulus enrichment
occurred in less fract ionated Tafelberg basic magmas.
However, since both petrographic evidence and
calculat ions according to the formulation of Nathan and
Van Kirk (1978) show that plagioclase is not a l iquidus
phase in the latter, i t  is more l ikely that the Albin parental
lavas dif fered sl ightly in their evolut ionary history from the
Tafelberg parental lavas. The l imited isotopic evidence
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available (Figs. 18 and 23) is consistent with the above
suggestions. Further evidence for the similari ty in magma
composit ions is shown by the absolute and relat ive
incompatible element abundance variat ions for AIbin and
Tafelberg basalt ic rocks with Mg-numbers >5-5 in Fig. 34a.
We have not carr ied out crystal l izat ion or dcnsity
calculat ions to test the quali tat ive conclusions reached
above and this should be done when addit ional data
become avai lable I in this context we have become aware of
and intend to analyse fresh Albin-l ike doleri tes and lavas
along the coast north of the Albin type area (Fig. a) as far as
Terrace Bay (Fig. 1).

In the case of the Regionul dolerites (i.e. those that cut
Karoo sediments but not the lavas) only two, KLS43 and
44, have been analysed in this study. Nevertheless they
have dist inct ive composit ional characterist ics that set them
apart from other Etendeka basic rocks. and since they do
not appear to be related to the latter by contamination
processes. their isotopic characterist ics (e.g. Fig. 21)
suggest a separate petrogenesis. Their high Mg-numbers
(66) and their incompatible element abundance variat ion
trends would support this suggestion (Fig. 34a). We have
noted that both north and south of the Messum lava f ield
(Fig. 1) a great many doleri te dykes occur cutt ing Damaran
schists and granites (e.g. Fig. 7). Since their precise ages are
unknown they have not been included in the present study.
However. many of them are ol ivine-bearing with ophit ic
textures similar to the regional doleri tes, and since
comparison has already been made between the regional
doleri tes and the voluminous Lesotho Formation basalts
and doleri tes of the Central area i t  is obviously important to
document further the ages and geochemistry of this magma
type in northern Namibia. For the present we assume that
the petrogenesis of the regional doleri tes is similar to that

proposed by Marsh and Eales (19U4) for the Lesotho
Formation Volcanics.

The primitive nature ol the Horingbaai dolerites has
repeatedly been emphasized in this study. However. i t  is
impor tan t  to  no te  tha t  the  two samples ,  KLSl22  and 145,
for which isotopic and rare earth element data have been
obtained, are also those which have highest Mg-numbers
and lowest incompatible element contents. Nevertheless.
the relat ively f lat REE (Fig. 17) and incompatible element
abundance patterns (Fig. 34a). at approximately l0x
chondrite or primit ive mantle concentrat ions. coupled with
Nd-. Sr- and Pb-isotopic composit ions (Figs. 20 and27) for
these two samples attests to their depleted MORB-l ike
nature. The overal l  sense of the incompatible element
variat ions in Fig. 34a supports the previous arguments
made on isotopic grounds that the other Etendeka basalt ic
rocks are not related to the Horingbaai doleri tes by
contamination processes. Hclwever. i t  is also important to
note that although the -5 Horingbaai samples analysed show
a nar row range o f  S iO l  con ten t  (46 .547.2oh) .K .Ba and
Nb concentrat ions show a fourfold variat ion. Concomittant
Mg-number (65 to 53) and Ni (219 to 79 ppm) variat ions are
suggestive of some fractional crystallization control
coupled with variable degrees of part ial  melt ing i f  these
features are to be reconci led. In addit ion, other
incompatible elements show varying and errat ic
enrichment (Table I) and hence we have not attempted to
quanti tat ively model these variat ions. Further f ield work is
warranted to confirm the apparent confinement of these
doleri tes to the Albin type local i ty (Fig. a), and i t  wi l l  be of
considerable interest to see whether there is any correlat ion
between incompatible element and isotopic abundance
variat ions in these important doleri tes when further
analvses become avai labl".
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In summarv. i t  is clcar t l rat further f ield and geochentical
work .  to -qe  ther  w i th  age and pa laeor r ragne t i c
measurements .  on  the  A lb in  bas ic  rccks  anc l  the  Reg iona l
and I lor ingbaai doleri tes is necessarv beforc a better
unders tand ing  o f  the  var ious  Etcndcka bas ic  mauma types
is to hancl.

C. Source Area Characteristics of llasic Magma Types
I t  i s  no t  our  in ten t ion  hcre  to  mode l  quant i ta t i ve lv  the

actual composit ions of the rnantle sourcc rrcas which gave
r ise  to  the  var ious  Etendeka magma tvpes .  s ince  we cannot
adcquatc lv  cons t ra in  the  poss ib le  minera log ics  o f  po te  n t ia l
source areas for ma jor and tracc cleme nt moclel l ing at this
stagc. Rathcr. we wish to consider relat ive ancl absolute
abundance patterns of tracc clcme nts which shou vitn ing
degrees of " inconrpatibi l i ty" '  in order to characterize sourcc
area ident i t ies .  and then to  d iscuss  the  imp l ica t ions  o f  these
abundance patterns with respect to source area elolut ion
prior to the melt ing cvcnts which produced the Etendeka
basic magmas. The approach usccl is sirni lar to that of
Duncan et ul.  ( l98rl) who have provided an ovcrr" icw of
source area characterist ics for al l  the important basic
magma type s fnrnr the Karoo Province as a whole.

From previous discussions. and as shown simply by'
isotopic variat ions and in more detai l  by the cclmprehensivc
modell ing carr ied out. i t  is logical to conclude that three
separate mantle sourccs rvcre involved in producing the
Etencleka basic masmas. These can be readi ly cl ist inguished
in Fig. 3' la. where the relat ive naturc of the abundnnce
pattcrns rcinforces the basic postulate made above. For
example, even i f  thc isotopic variat ions and the previous
arguments  and mode l l ing  were  ignored.  i t  wou ld  be  h igh ly
unl ikely that the dif ferent Etendcka magma types could be
derived from the same mantle source by dif lerent clegrccs
of part ial  mclt ing taking into acc()unt. i tr ter al ia. the
Nb-Sr Nd relat ionships shown. The assumptions macle
he re involve: (a) more than about -5 % part ial rne l t ing of the
respective source areas so that small  cl i fTerences rn
distr ibution coeff icients do not become important, (h) no
resti te minerals are prescnt that can retain such tracc
e lements  in  thc  rne l t ing  res idue (e .g .  Nb in  i lmcn i te ) .  and
(c) no major plagioclase fract ionation has occurred that
could affect Sr concentrat ions. The magma characterist ics
shown in Fig. 3.1a are therefore taken to bc those of their
sources.

It  is convenient to discuss the abundance patterns in Fig.
34a, and also the RE,E patterns in Fig. 17. in terms of
geochemical "primit iveness". rathcr than order of
intrusion or emplacement. Thus the Horingbaai cloleri tes
have relat ively t lat incompatible element and REE patterns
consistent with derivation from a depleted MORB-type
source. As noted by Duncan et al.  (1984) the only other
Karoo b:rsic magmas which have similar patterns arc the
Rooi Rand doleri tes which intrude the Sabie River basalts
in the Lebombo monocl ine on the eastern extremity of the
Karoo Province. The coincidence of abundance patterns
and t iming and location of intrusions, together with
asthenospheric geochemical characterist ics, can hardly be
fortuitous, and the geodynamic signif icance of these
[ea tures  is  d iscussed in  the  ncx t  scc t ion .

The second mantle source involved is that which
produced magmas with the characterist ics of the regional
doleri tes. As repe:rtedly noted in this contr ibution, the
regional doleri te abundance patterns in Figs. 17 and 34a are
remarkably similar to those of the Lesotho Formation of
the Central area. and to the Lesotho-type Kalkrand basalts
near Mariental in southern Namibia (Fig. 1). More
part icularly. the two samples analysed, KLS43 and 44. have
enriched Sr-. Nd-. and Pb-isotopic characterist ics almost
identical to the 182 m.y. Lesotho-type Tandjiesberg
doleri te si l l  (Hawkesworth et al. .  198,1; Richardson. 1984;
Table VII) si tuated in southern Namibia just north of
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Mantle norrnal izccl incornpatible elemcnt plot for- l  alclhcrg basalt
KLS2.1 ancl Scrr lr  Geral (Paranir) lou,- l ' iO1 basalt BRA17.
Normal iz ing  va lucs  a f tc r  Roucrs  (1979) .  Data  l ro r r  M ic ro f i chc
Cart l  2.

Noordoewer (E,ales ct a/. .  19l l , l .  Fig. 1). These detai ls are
provided in ordcr to documcnt the possible extent of this
mantle source. and to reinforce the possibi l i ty of Jurassic
Karoo activi ty in northern Namibia. as indicated by
ind iv idua l  K-Ar  ages  o f  up  to  l96m.v .  fo r  c lo le r i te
in t rus ives  f rom th is  a rea  (S iedner  and Mi l le r ,  1968) .  The
enriched nature of the inferrcd sub-continental l i thospheric
source of Lesotho-type magmas has been evaluated by
Marsh  and Ea lcs  (  I  984) .

The third mantle source is that from which the
volumetrical ly dominant Tat 'elberg and Albin lavas were
derived. As indicated in Figs. l7 and 3,la this sourcc is
geochemical ly the most enriched of the Etendeka magma
sources. though not as enriched as might bc cxpccted from
consideration of the high $7sr/n6sr rat ios of these rocks. and
ccrtainly less enriched than the picri tes and basalts from the
northern Lebombo and Nuanetsi areas which in turn have
lcrwer ETSr/s{ 'Sr rat ios (Duncan et ul. .  l9t i .1: I  Iawkcsworth el
a / . .  19 t34) .  The ex ten t  o f  th is  source  is  ev ident  f rom F ig .  l .
but is much greater when the contiguous Serra Gcral
basalt ic lavas from the Parand basin in Brazi l  are
considered. The geochemistry of thcsc basalt ic lavas is
similar to those of the Sabie River Basalt Formation in the
Lebombo (Cox. 19t33; Cox and Bristow. 198,1) in that a
northern province of high TiO: and incompatible element
enriched basalts can be dist inguished from a southern low
TiO: and less incompatible eiement enriched basalt ic
prov ince  (Ruegg.  1976;  Ruegg and Amara l .  1976:  our  da ta .
Microf iche Clards I and 2). The similari ty of composit ion of
a Tafelbcrg basalt and a low TiOl basalt we have analysed
from the southern Parani i  basin is self  evident (Fig. 35) and
attests to the widesprcad nature of this enriched mantle
source. which is also inferred to be sub-continental
l i thosphere. During the course of thc Karoo Geodynamics
Project we did not encounter any basalt ic lavas in the
Etendeka with high TiO: and incompatible element
contents as mentioned above lor the northern Parani and
northern Lebombo. However. recent addit ional work has
revealed the presence of such high TiOl basalt ic tvpes
interbedded with low TiOl basalts at Terrace Bay (Fig. 1)
and further north in a section inland along the Khumib
River. These new data are not discusscd here but wi l l  be the
subject of a futurc contr ibution when further analysis and
evaluation is completed.

The next point we wish to pursue is the evolut ion and pre-
history of the enriched mantle sources we have identi t ied.
In previous discussion. comparisons have been made
between enriched and metasomatized peridoti te nodules
from kimberl i tes and Tafelberg basalt ic rocks, mainly on
the basis of Sr- and Nd-isotooic characterist ics. in terms of
the Rb/Sr (also Rb/Ba) and SmtNd srr ' / t .r  of cnrichment
observed in these diverse mantle-derived rocks. However.
when considering other incompatible element abundances
it is apparent that none of the kimberl i te nodule groups
portrayed represent the exact type of mantle sources that
could produce the Tafelberg and regiona[ doleri te magma
types in view of the steepness of the nodule abundance
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trends (compare Figs. 3'1a and b). Similar steep REE
patterns are also shown by these nodule groups (Erlank e/

at. ,  1982). The enriched nodule types could potential ly each

represent an end-member in a simple two-component
mixed mantle source, with the other end-member having

relat ively f lat abundance patterns within the range I 5x
primit ive mantle abundances (cf.  Fig. 34). Nodules with

relat ively f lat to sl ightly enriched LREE patterns within the

range 1--5 x chondrites, and with more fert i le major

element composit ions. have been recognized by Nixon et rzl .
(  1e81 ).

I f  the possibi l i ty of the existence of enriched mantle
l i thospheric sources for the Tafelberg, Albin and regional
doleri te magmas is accepted, then the question arises as to
how such sources could develop. One obvious possibi l i ty is
through plume or hot spot act ivi ty since i t  is well
documented that the Tristan da Cunha hot spot was
situated approximately underneath the present location of
the Etendeka lavas at the t ime of eruption (Duncan, l9t l1;
Morgan, 1983). However, isotopic abundances. notably
8?5r/865r ratios of near 0.705 in Tristan da Cunha and from
the Walvis Ridge (White and Hofmann, 1982; Richardson
et a\. .1982) are much lower than those encountered in the
Tafelberg, Albin and regional doleri te rocks (Fig. 1t3; see
also Pb-isotope relat ionships in Fig. 20) .

On the other hand the Sr- and Nd- model ages of the
Tafelberg, Albin and regional doleri te rocks imply
Proterozoic enrichment and the further question arises as to
whether early subduction influenced the composition of
their source regions (Duncan et al. ,  1984; Hawkesworth e/
al. , 7984) , as opposed to younger subduction postulated as
being related to the breakup of Gondwanaland (Cox,
1978). I t  is emphasized that comparisons made here with
abundance patterns of young calc-alkal ine volcanics from
destructive plate margins are not on the basis of defining
tectonic environment, but rather from the point of view of
deciphering whether subduction related processes have
composit ional ly modif ied the Etendeka basic magma
sources. Indeed, since the Etendeka magmas have
obviously been emplaced in an extensional tectonic
environment at a constructive plate margin, the ensuing
discussion casts doubt on the use of some discriminant
diagrams and trace element abundance patterns for
inferring tectonic environment per se, since it appears that
they can equally be used to infer source related processes
and pre-history.

A simple first approach is to use discriminant diagrams
such as the ternary Ti-Zr-Y diagram of Pearce and Cann
(1973), as shown in Fig. 36. Only one sample, the most
evolved Horingbaai doleri te, fal ls in the within-plate basalt
(WPB) f ield. The other Horingbaai samples have
composit ions consistent with ocean f loor basalt (OFB) or
MORB characteristics, but this is not rigorously defined as
low-K tholei i tes (LKT) and calc-alkal i  basalts (CAB) can
also plot in this field. The two regional dolerites have
composit ions that also plot just within the same ambiguous
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Figure 36
Ti-Zr-Y discriminant diagram after Pcarce and Cann ( 1973) WPB
-with in p late basal t ,  LKT- low K tholc i i te ( is land arc) .  OFB-

ocean f loor basal t  (MORB),  CAB-calc-alkal ine basal t .

f ield although Cox (1983) has noted that the average
Lesotho Formation basalt plots within the CAB f ield. The
salient point, however. is that al l  Tafelberg and Albin

basalt ic rocks have composit ions that fal l  within the CAB
field. Fol lowing the recommcndations of Pearce and Cann
(1973) we next plotted the same composit ions in a Ti Zr-Sr
diagram (not shown). In this case the l lor ingbaai doleri tes
fal l  in the LKT f ield (oceanic arcs). the regional doleri tes
plot in the CAB f ield. while the Albin and Tafelberg
basalt ic rocks fal l  mostly in the CAB f ield, with some
plott ing in the OFB f ield.

Wi th  th is  in  mind  i t  i s  per t inent  to  re -examine the
abundance patterns in Figs.34a and 35. since this type of
normalized diagram provides a convenient means of
comparing samples on a more extended trace element

database. This has been done by Pearce (1983) who
observed characterist ic patterns for island arc and other
calc-alkal ine volcanics. within-plate basalts and MORB.
Note that while Pearce (1983) used MORB-normalized
Datterns the essential features to be discussed and
-ompared are readi ly discernible from Figs. 34a and 35:
however. MORB-normalized patterns for some of the
Etendeka basic rocks are presented by Duncan et al .  (1984,

Fig. 18). On this basis the MORB-l ike (but not LKT)
characterist ics of the Horingbaai doleri tes are obviously
confirmed. Tafelberg and Albin basic rocks have negative
Nb, Sr. P and Ti anomalies (see also Duncan et a|. ,1984l.
Hawkesworth et al. ,  1984). while the regional doleri tes
have well-develope d negative Nb and P anomalies. but only
poorly-developed negative Sr and Ti anomalies. The
negative Nb anomalies. in part icular, are most similar to
those characterist ic of subduction-related magmas (Pearce.
1983: Weaver and Tarney, 1984). However, although the
overal l  features ofthe abundance trends in Figs. 3'1a and 35
are. in general.  similar to those in calc-alkal ine magmas. in
detai l  they dif fer. For example, Sr/Nb rat ios are much lower
than in the calc-alkal ine rocks examined by Pearce (1983).
Hawkesworth et al.  (1984) have noted this and pointed out
that subduction-related magmas also have higher Sr/Nd
ratios than inferred from Fig. 34a. I t  is, furthermore, not
clear why the Tafelberg, Albin and regional doleri te basic
rocks have high ZrlNb rat ios indicative of deplet ion
processes (Erlank and Kable. 1976) in view of our
contention that they are derived from enriched l i thospheric
mantle. In a wider context. i t  is noted that while negative
Nb anomalies are present in most other Karoo rocks they
are lacking in some minor types (e.g. Moshesh's Ford
Formation of the Central area: Duncan et al .  ,  \984) in other
Gondwanaland basic volcanics from Antarct ica (Pearce,

1983), and the Deccan traps (I  Iawkesworth et al.  .  1984).

Given that there is evidence for early subduction-related
processes affect ing the stturces of the Tafelberg, Albin and
regional doleri te magmas. then there are inevitably some
explanations that can be advanced to explain why the
abundance patterns in Figs. 34a and 35 do not match those
of rnodern calc-alkal ine magmas in greater detai l .  The most
obvious explanation is that the sources bear the imprint of
two types of enrichment process (Hawkesworth et al . ,
l9{34). Alternatively, we do not vet understand the residual
mineralogies developed after melt ing in the mantle wedge
situated above subduction zones, nor do we understand the
scavenging effects of H:C)-rich tluids derived from the
subducting slab and the relat ive trace element contr ibution
from the slab i tself .  In any event, in the simplest scenario
dewatering of a subducted slab could potential ly transport
mobile elements such as K. Rb and Ba. either from the slab
itself  and any associated subducted sediment. or from the
immediately overlying mantle wedge, into thc higher levels
of the latter, causing enrichment in these elements, which
are. of course, those most enriched in the Etendeka basic
magmas under  d iscuss ion  (F ig .3 , la ) .  The process  ls
effect ivelv then one of subduction-related metasomatism.
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The negative Nb, Sr. P and Ti anomalies noted above
are not easi ly explainetl .  Buffering by resti te minerals
during melt ing could provide a part ial  explanation,
but is not easi ly envisaged for Sr. Alternatively.
removal of these elements at an earlv stage of the
evolut ion of the source rocks is possible, but experimental
data are lacking. Note. however, that under certain
condit ions geochemical ly dissimilar elements such as K.
Ti.  Sr. Zr and Ba, together with lesser amounts of
LREE and Nb. can be transported in H:O-rich f luids. as
manifested bv thc occurrcncc of the minerals l indsley' i te
and mii thiasite. which contain high concentrat ions of these
elements. in metasomatized phlogopite and K-richteri te
bear ing  per ido t i te  nodu les  (Hagger ty  e ta l . .  1983) .  Note  the
relat ive abundance of these cl iversc incompatiblc e lemcnts
in these PKP nodules in Fig. 3,1b in this regarcl.  What is
needed are some experimental studies ol the relat ive
solubi l i t ies of incornpatible elemcnts in I l lO-r ich f luids
under uppcr mantle condit ions. Taken together. there are
probably several processes involved in producing thc
geochemical characterist ics of the sources of the Tafelberg.
A lb in  and reg iona l  do le r i te  magmas.  I  Iowever ,  most
importantlv. the dcvclopment of relat ively high Rb/Sr
rat ios in the mantle wedge above a Proterozoic subduction
zone is a feasible proposit ion ar.rd would. with t ime, al low
the generation of the high rrSr/t"Sr rat ios now observed
par t i cu la r ly  in  the  Tafe lberg  and A lb in  bas ic  lavas .

The basement rocks in the vicinitv of the Etendeka lava
f ie ld  a re  those o f  the  2  b .y .  Abbab is  Metamorph ic  Complex
(Mi l le r .  1983) .  To  our  knowledgc  no  t race  e lement  ana lyses
are avai lable for these rocks which would al low evaluation
of their geochernical characterist ics and the implied
tectonic history discussed above. We note. however. that
there is strong geophysical evidence for thc cxistcnce of a
Protcrozoic subduction zone to the south in the
Namaqua land Metarnorph ic  Conrp lcx  (Dc  Bccr  e l  a1 . ,
1982) .  In  th is  regard  there  is  a  ma jor  2  b .y .  ca lc -a lka l ine
volcanic province along the C)range River (si tuated around
Noordoewcr in Fig. I  of Eales et ul. .  1984) described by
Reid  (1977)  and Re id  and Er lank  (1979) .  Fur thermore .
evide ncc sumnrarized by Mil ler (1983) suggests that there
was also north-west subductiorr of the Kalahari craton
beneath the Congo craton during Damaran t imes (some
0.65-0 .70b.y .  ago) .  A l l  these fea tures  prov ide  scope fb r
speculat ion by proponents of subduction-relatcd
enr ichnrcn t .

In  the  f ina l  ana lys is .  however .  i t  i s  no t  c lear  a t  a l l  tha t  the
enriched E,tendeka basic magmas have been derived from
sources with calc-alkal ine af l ini t ies or that subduction-
rclated processcs have been active in the production of
these enr iched sources .  There  is  a t  p resent  no  compel l ing
evidence why the Tafelberg. Albin and regional doleri te
basic magmas should not simply be accepted as contincntal
f lood basalts (CFBs) with the ir  own dist inct ir  e
characterist ics derived from enriched l i thospheric mantle.
The latter could equnlly well  have undergone sub-cratonic
metasomatism by f luids emanating continuously from the
deep mantle as envisaged b1, Bai ley (197t. i .  19112).
Alternatively the enrichment could be duc to veining bv
smal l  vo lume mel ts  (Sun and l ]anson.  1975;  Le  Roex c /  a / . ,
1983) or even due to a combination of melt and f luid
introduction (Richardson et al. .  1982). The prime
requirement of the enrichment process remains one in
which suitably high Rb/Sr rat ios. and suff icient t ime. al lows
the generation of the relat ively high init ial  srSr/s6Sr rat ios
inferred for the source areas of the Tafelberg and Albin
basic magmas.

D. Tafelberg Latites
As indicated in Section VII B, these enigmatic rocks are

characterized by high concentrat ions of K and incompatible
trace elements contents for their SiO, contents of around -59
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Averagc crust nornral ized incompatiblc clement plot for ' l 'afclberg
lat i tc (KI-S69). Talelbcrg quartz lar ire (KL20) and Serra Cieral
(Parani i)  quartz lat i te (BRAl2). Normalizing values lrom Wcaver
and Tarney ( l9l l ;1). Data from Microl iche Clard 2.

%, . and by the presence of abundant K-feldspar rather than
plagioclase. This is demonstrated in Fig. 37 where i t  can be
seen that. except for Sr. thc lat i tes have higher
concentrat ions of K and the trace elements shown when
comparcd to average crust. Acldit ional lv. apart from U
(wh ich  may be  due to  a l te ra t ion) .  and K.  Rb and Nb.  where
concentrat ions are roughlv similar. the lat i tes also have
higher concentrat ions of the other trace elements shown as
compareci to the more SiO:-r ich quartz lat i tes. attest ing to
the i r  evo lved na ture .

In Section VIII  i t  was shown that the lat i tcs could not be
related to the Tafelberg basalt ic rocks. with which they are
interbedded, or the quartz lat i tes. by simple crystal l izat ion.
melt ing or magma rnixing pr()cessL.s. or combinations
thereof. Their overal l  characterist ics indicate that they
could bc derived by two processes. discussed separatelv
be low.

In the f irst place the lat i tes could represent extreme
examples of crustal contamination of say the least evolved
Tafelberg basalt ic rocks. Such a process would intuit ivelv
be one of combined assimilat ion-fract ional crvstal l izat ion
(DePao lo .  1981)  bu t  evL-n  so  the  h igh  lcve ls  o f  K lO
(average :  4 .4%)  and o ther  t racc  e lements .  in  excess  o f
crustal levels (Fig. 37). would necessitate extremely large
amounts of contamination and/or crvstal l izat ion depending
on the  ra t io  o f  con taminant  t t i  c rvs ta l l i za t ion .  Our
experience in modell ing contamination in the basic rocks
does not lead us to accept such an origin as being l ikely.

A more obvious explanation is that the lat i tes rcpresent
c rus ta l  me l ts .  a lbe i t  no t  min imum mcl t  comoos i t ions  in
v i e w  o f  t h e i r  l o w  S i O . c o n t c n t s .  O n  t h e  b a s i s  o f  F i g .  . 1 7  t h e i r
t race  e lement  conten ts  ( ignor ing  U)  ind ica te  tha t  the i r
source rocks are either strongly depleted in Sr. and perhaps
( in  a  re la t i ve  sense)  o ther  e lements  such as  Ba.  K .  Nb and
Zr. or alternativelv that these negative anomalies are due to
pl:rgioclase. K-feldspar and zircon control,  probably during
both melt ing and crystal l izat ion. in view of the magnitude
of the Sr anomaly. From an isotopic viewpoint, the Sr- and
Nd-isotope r ir t ios of the single lat i te analysed (Fig. 23) are
within the range of isotopic rat ios reported for Damaran
gran i t i c  rocks  and metased iments  a t  121m.y .  ( fo r  fu r ther
detai ls see next section) and thus the lat i tes could
potential ly be derived by part ial  melt ing of appropriate
Damaran rocks. which of course nced not have the same
composit ion as the average crust in Fig. 37.

A f inal clue to their origin is provided by "phenocrysts"
of Abee (mantled by r ims of Abrq) in one of the lat i tes
studied. Such a composit ion is not of igneous origin and
these almost pure albites arc presumably xenocrysts. or due
to alterat ion (Section V). I t  is also worth recal l ing that thcse
rocks apparently are geographical ly restr icted to the
vicinity of the Tafelberg type local i ty. Furthermore. perusal
of.the large numbers of analyses presented by Ruegg ( 1976)
for Serra Geral volcanics frorn Brazi l  indicates that onlv 2 or

Etend eka
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3 samples have composit ions similar to the Etendeka
la t i tes .

E. Tafelberg Quartz Latites
The rocks we havc col lect ivcly ternrcd the quartz lat i tes,

which include the sub-group referred to as high-K dacites.
do not have unusual composit i t lns for the ir  SiC): contents
(66 .5  69 .291) .  As  no ted  in  Sec t ion  VI I  C  they '  show a
relat ive uniformitv of composit ion. exccpt for K. Rb. Sr.
ICRb. Rb/Sr ancl ini t ial  Sr-. Nd- and Pb-isotope rat ios.
suggestive tt f  some cornposit ional variat ion in thcir s,rurce
rocks  (F igs .  1 .1 .  l -5 .  18 .  19 .20) .

We have previously assumed (Section VIII)  that the
quartz lat i tes represent crustal ntelts and have not found i t
necessary to invoke other explanit t ions. such as part ial
melt ing of basalt ic material underplate d at or ncar the base
of the crust. This has been proposed b-v Cleverly et a/.
(1984)  fo r  the  Lebombo rhyo l i te  s  on  the  cas tern  marg in  o f
the Karoo Province. part l) '  on thc basis ol l t lw irSr/xr 'Sr

rat ios of near 0.70,1 in the rhyol i tes, which are similar tcr
those in some of the Lebombo basalt ic rocks. The Etendeka
quartz lat i tes clearly have isotttpic rat ios (Figs. 18. 19 and
20) and an overal l  chemistry consistent with crustal
derivation. This is shown in Fig. 37 where a Tafelberg
quartz lat i te is comparecl with average crust. Except for B:t
and Sr, al l  other trace elements are enriched rvith respect tcr
average crust. although the LREE are not as enriched as
the HREE. The well-developed Ba ancl Sr. and to a lesser
extent Zr. negative anomalies are consistent. as with the
lat i tes. with K-f 'eldspar. plagioclase and sl ight zircon
control both during the ntelt ing and crvstal l izat ion
processes that produced these rocks.

From the isotopic viewpoint Bristow et ul.  (1981. Fig. l0)
have shown, from a compilat ion of a large number of
avai lable Sr-isotctpic measurements of Damaran rocks, that
many of them would have possessed suitable Rb/Sr and
875r/865r rat ios I 2 1 m. y. ago for such rocks to have produced
melts with Rb/Sr and f irsr/E6sr characterist ics similar to the
quartz lat i tes. The l imited avai lable r lrNd/r4{Nd isotopic
data for Damaran rocks also encompass (at 121 m.y.) the
range observed in the quartz lat i tes ( l lawkesworth et al. .
1981;  Hawkeswor th  e t  a l  . .  1984) . In te res t ing ly ,  thc rc  i s  no
suggestion ofan older component in the quartz lat i tes. sincc
two 2 b.v. Abbabis eranit ic basement rocks have. at
121 m.y., much higherlTSr/E6Sr and much lower r|Nd/r41Nd

ratios than observed in the quartz lat i tes (Hawkesworth.
unpublished data).

We have not extended our studies on the quartz lat i tes
since they are currently being investigated in a separate
study. Results to date indicate that the quartz lat i tes are
very widespread in the E,tendeka, and that they can be
divided into several strat igraphic units (S.C. Milner, pers.
comm.). Their widespread extent is even more evident
when the Serra Geral volcanics of the Parand basin in Brazi l
are considered. Many of the analyses presented by Ruegg
(1976) ,  f rom rocks  sampled  near  the  po in t  o f jux tapos i t ion
of the Paran6 and Etendeka volcanics in Gondwanaland
pre-dri f t  reconstructions, are clearly of quartz Iat i te
composit ion. Two Serra Geral quartz lat i tes analvsed by us
(Microf iche Cards 1 and 2) have composit ions virtual ly
indist inguishable from their E,tendeka counterparts, as may
be noted from the Sr-isotope and trace element data shown
in Figs. 18 and 37. Clearly, we are deal ing with the same
rocks (and sources) and the implications for future thermal
and trace element modell ing are obvious.

X. GEODYNAMIC IMPLICATIONS
One of the main aims of this project has been to

investigate the relat ionship between the breakup of

Gondwanaland and the generation of Karoo magmas. In

this paper we are specif ical ly concerned with the question of

whether the r i f t ing that led to the separation of South
America from Afr ica imposed any geodynamic control on

Karoo volcanism in Nantibia. Varit lus factors relatecl to the
above inclucie the relat ivc ages of Karoo volcanistn in
Namibia and the onsct of sea t- loor spreading in this are a:
the location and variabi l i ty of magma composit ions with
respect to the Namibian continental margin; the
mechanism of r i t t ing and crustal thinning and the heat
required for crustal melt ing: and the inf lue nce of bascrnent
structural trends ancl mantle source area composit ions in
dete rrnining the actual si te of r i f t ing. No attempt wil l  be
made to trcat these topics in detai l  as such cl iscussion would
be lengthy and would have to be concerned with the Karoo
volcanic province as a whole. In this regard frequent
refercnce wil l  be nrade to a cornpanion pape r b1'Duncan cl
a/.  (  198'1) where the ovcral l  question of geodvnamic control
of Karoo volcanism is consiclcred on a regional basts.

As  summar ized bv  Duncan e t  u l .  (  1984)  therc  i s
uncertaintf  in the older l i tcrature regarding both the
identi f icat ion, and the geochronological cal ibrat i t ln. of thc
magnetic anomaly sequence off the west coast of southe rn
Afr ica. Howcver, the results of scisrnic ref lcct ion profi l ine
by Austin ancl Uchupi (1982) suggest that r i f t  propr-qrtt ion
in the south Atlantic proceeded front south to north. with
the occan-cclnt incnt boundary becoming progrcssively
younger northward. Thc-v suggest that the oldcst sea-f loor
spreading anomalv in the south Atlantic at the lat j tude of
Cape Town is anomaly M9. while the oldest ocean-f loor
anomaly that can be rccognized with anv certainty off the
Namibian coast is anomaly M.l.  The lntter would
correspond either to an age of 127 m.y. (Cox in Hirr land el
a l . ,  1982)  o r  l23m.v .  (Lowr ie .  l9 l i2 ) .  On thc  ad jo in ing
landnrass the oldest confirnred Karoo volcanicitv is
rcpresented by the Lesotho-type 184 m.,v. Kalkrand basalts
near  Mar ien ta l  (F ig .  I  ) ,  and by  the  182 n t .v .  Lesotho- tvpe
Tandjiesberg si l l  (Richarclson. 198,1). both in southern
Namibia. Numerous cioleri te dykcs and si l ls in northern
Namibia in the Etendeka region hi ive yiclcled convcntional
K-Ar  ages  o f  134 196m.y .  (S iedner  and Mi tche l l .  1976;
Table II)  and i t  is for this reason that rel iable ages should be
obtained for what we have cal led thc regional doleri tes in
this study. Together with the vast amounts of basalt and
rhyol i te emplaced during a Middle to late Jurassic volcanic
event  in  southern  South  Ame r ica  (Da lz ic l .  1981) .  and ages
between 130-2;10m.y. for Parand volcanics. carbonati tes
and othcr alkal ine rocks from Brazi l  (Ulbrich and Gomes.
1981). these older Kirroo volcanics heralded the r i f t ing thi i t
lecl to the separation of South America from southcrn
Africa. Although the onset of Karoo volcanicit .v in Namibia
predates the opening of the south Atlantic. the naln phase
of Karoo volcanism near the present-day Atlantic coast of
southern Afr ica, represented by the Etendeka Formation
lavas, is much closer in age to the M4 magnetic anomaly
(123-127 m. y. ) mentione d above. In Section IV wc adopted
the  S icdner  and Mi tche l l  (1976)  age o f  121m.y .  fo r  the
Etendeka lavas but suggested. on the basis of new irge
determinations. that the mininrum age of these lavas is
130m.y .  I f  so  th is  wou ld  mean tha t  the  lavas  are  s t igh t ly
older than the age of the adiacent sea-f ' loor in the south
Atlantic. On the castern extrernity of the Karoo provincc
(Lebombo monocl ine) the evidence is more clear-cut and
here the main phase of volcanicitv (together with that in the
Centr:r l  Karoo area) is substantial ly earl ier than the oldest
ocean-f loor anomaly (Duncan et ul. ,  1981). Taken as a
whole i t  therefore seems clear that Karoo volcanicity
predates sea-f loor spreading adjacent to any part icular
local i ty.

Duncan et al.  (1984) have observed that the location of
Karoo volcanism as a whole is clearly nor a direct
consequence of Gondwanaland intercontinental r i f t ing
since the basalt ic products of the Karoo magmatic event are
distr ibuted over the entire subcontinent of southern Afr ica
and are not preferential ly located near the sites of r i f t ing or
plate separation. However, as noted by these authors. the
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Karoo ac id  vo lcan ics : r re  on l l i  founc l  ad jacent  to  the
continental margin in Namibia. and along the Lebombo
monoc l ine  and in  the  Nuanets i  a rea .  i . c .  ad jacent  to  the
developing Gondwana plate boundaries. Since the
evidence favours a crustal origin for the Etendcka quartz
lat i tes (Section IX E) and probabll '  also for the Lebombcr
and Nuanetsi rhvol i tes (Bristow et ul. ,  1984: Duncan et a/. ,
198,1) this implies that crustal tempe ratures were
signif icantly elevated in these two r i f t  margin \ett ings.
Furthcrmorc. i t  is signif icant that late-stagc clole r i te dvkes
wi th  MORB- l i ke  compos i t iona l  char : tc te r is t i cs  ( i .e .  the
Horingbaai doleri tes in the Etendeka and thc Rooi Rand
doleri tes in the [,ebornbo) arc f irund only in these samc
setnngs .

These features dictate that we now consider the
mechanism of r i f t ing. evidence for crustal thinning. and thc
problem of heat supplv for crustal melt ing together with the
bimodali ty of volcanicity in the Etendeki i  region. There is
currently considerablc controvcrsy as to whcther r i f t ing is
o f  the  ac t ive  or  pass ive  t1 "pe  (see recent  summary 'b1"
Morgan and Baker .  1983) .  Par t l y  th is  i s  due to  p rob lenrs
with semantics and definit ion and we do not wish to cntcr
this debate. I lowever, we note that the results presented by
Austin and Uchupi (1982) provide evidence for crustal
thinning or stretching adjacent to the present-da)'
Namibian continental margin. The rnodell ing of Lc Pichon
et al.  (1982) indicates the large amount of l i thospheric
thinning that can occur just prior to asthenopheric
breakthrough while Kcen and Barrctt  (1981) estirnated ir
50 7c thinning of the continental crust on the r i f t ing margin
of eastern Canada as a result of r i f t ing. Regarding the
mechan ism o f  th inn ing  Turco t te  and Emmerman (1983)
prefer a diapir ic penetrat ion mechanism for the ascent of
hot asthenospheric rock to the base of the crust. We are
incl ined to agrec with these authors that "an important
question is whether the diapir ic upwell ing is tr iggerecl by a
mantle plume (activc r i f t ing) or is tr iggered by an instabi l i t l"
caused by tensional stresses in the l i thosphere (passive
ri f t ing)". Thc Tristan da Cunha plume has been located
beneath the Etendeka region during the period
140-110 m.v .  ago (Morgan.  1983)  and there fore  cou ld  we l l
have tr iggered the r ise of asthenopheric material as
envisaged by Turcotte ancl Emmerman (1983). We note
also the work on the west Afr ican r i f t  s),stem by Fit ton
(19[33) who concludes that the south Atlantic r i f t  system as a
whole may have been init iated by plumes but most probably
evolved through strctching of the l i thosphere in the areas
around and between these hot spots with subsequent
passive upwell ing of the hot asthenosphere into the
l i thosphere . ln the east Afr ican r i f t  system Girdler ( l9t l3)
envisages that as extension rcaches an advanced stage, the
asthcnosphere replaces the lower l i thosphere and starts tc 'r
replace the lower crust.

The importance of the above discussion with respect to
the Etendeka lavas and intrusives is three-fold. First.
penetrat ion of the l i thosphere by the asthenosphere to or
near the base of the crust. by whatever mechanism, would
raise isotherms in both the l i thosoheric mantle and in the
crust and lead to melt ing in both these locales to produce
the bimodal and interbedded basalt-quartz lat i te
associat ion observed so well  at the Tafelberg type-local i ty
(Fig. 6). Elevated crustal temperature in Karoo t imes
cannot be simply a product of basalt ic intrusion (Hildreth,
1981) since no acid volcanics occur in the Central Karoo
area (Marsh and Eales. 198,1; Duncan et al. ,  1981: Bristow
et al. ,  1984). Secondly, the lack of magma mixing between
the interbedded Etendeka basalt ic rocks and acid volcanics
(Section VIII)  can be explained by a further conclusion
reached by Hildreth (19{31), namely that extension of the
l i thosphere reduces the susceptibi l i ty of basalt ic magmas to
hybridization in the crust. In the third place. several of the
authors cited above (see also Bailey, 1983) agree that as

soon as l i thospheric rupture occurs there lvi l l  be bulk
rnantle penetrat ion with ascent of magmas from sub-
l i thospheric sourccs. This is clearl l-  consistent with late-
s tage cmplacement  o f  thc  Hor ingbaa i  (and Roo i  Rand)
clolcr i tes with their clepleted MORB-l ike geochemistr l '
f rom an asthenosphcric source during the f inal stages of
c rus ta l  th inn ing .  In  th is  regarc l  c lec t r i ca l  sound ing  s tud ics
have cletcctccl thc presence of a promincnt conductive
structure in the Damara orogcn. one explanation for this
be ing  sha l low cmplacement  o f  as thenospher ic  mater ia l
( -20  km depth  in  the  Me ssum Brandberg  area .  F ig .  1 )  in  a
weak zonc  (Van Zv l  and De Beer .  1983) .  Whether  th is
exp lanat ion  is  cor rec t .  and whether  such as thenospher ic
emplaccmcnt occurred in Karoo or Dantaran t irncs.
remains to be veri f ied. I t  shoulcl also be noted that although
wc bel ieve the Horingbaai dolcri tcs are of asthenospheric
de r ivat ion they cannot represent matcrial sampiecl lront the
Tristan plumc sincc t l .rc latter has higher init ial  xrSr/sbSr

ra t ios  ( -0 .70-5)  than the  lb rmer  ( - - '0 .703) .
The f inal geodynzrrnic questior"r wc wish to consider

concerns the inf luencc of mantle source composit ions and
basement structural trends in determining thc actual si te of
r i f t ing. I t  should now be abundantly clear that we consicler
that the E,tendeka Formation volcanics rnark the surface
exprcssion of a dist inct therrnnl and geochemical anomalv
in the underlying upper mantlc. The Tristan plunte may
have acted as the thermal tr igger to init iate thc mclt ing
which produced the Etcndeka basic volcanics, but cannot
havc contr ibuted material ly to the enriched naturc of these
volcanics. since we have previouslv shown that the Tristan
and Walvis Ridgc volcanics have much lower stSr/EhSr rat ios
than observed in these volcanics. and since their source area
enrichment is inferred to be of Proterozoic agc (Section
IX-C). Duncan et al.  (1981) envisage that the source of
most Karoo basic magmas is a heterogencouslv enriched
li thospheric mantlc "keel".  parts of rvhich were already in
cx is tence some 3 .3  b .y .  ago (R ichardson er  a / . ,  198,1) .  The
Proterozoic enrichment implied for the Etendeka and other
Karoo basic magnla sources has sevcral consequences.
First.  enhanced levels of K. Th i ind U c:rn obviousl l ,
contr ibute over a period of t i rne to raising the ambient
temperaturc of the sub-continental l i thosphere prior to the
thermal input of the Tristan plume. Seconcl ly. i f  the
enrichment process introduces hydrous minerals this wil l
lead to a lowering of thc sol idus. These two factors wil l  help
in melt ing "cold" l i thospheric mantle. In thc third placc
such l i thosphere may be morc rcadi lv thinned ancl
penetrated by a r ising asthenosphere. because i t  is hotter
and therefore less viscous and weaker than less enriched
Ii thosphere. Thc associat ion of highl_v" enriched (and
probably hydrous) l i thospheric mantlc with contincntal
r i t i ing, specif ical ly in the Etendeka and Lebombo
Nuanetsi regions (Bristow et al. ,  1984; Duncan et al. ,  1984)
suggests that the distr ibution of the most enriched zones in
the sub-continental l i thosphere inf luenccd the pattern of
continental r i f t ing, i .e. the sites of r i f t ing were ult imately
control led by enriched mantle locations. either with or
without associated plume activi ty. I f  this is acceptcd then
the question arises as to the inf luence of basement control
on r i f t ing. Cox (1978) noted that the al ignment of both the
south Atlantic and Indian ocean r i f ts show a broad
dependence on basement structure. Of relevance to the
Etendeka region is Bai ley's (1978) observation that the
zones of crustal weakness are typical ly the most recent
orogenic belts. The electr ical sounding studies of Yan Zyl
and De Beer (1983)confirm that the Damara mobile belt  is
in general a weak port ion of the crust. The structural form
lines in the coastal arm of the Damara orogen north of the
main Etendeka Iava f ield (Fig. 1) trend in a north-north-
west direct ion (Mil ler. l9tt3). paral lel  to the present
continental margin and presumed axis of r i f t ing. The same
general ized structural trend is also apparent south of this
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lava f ield (Fig. 7). This supports Cox's (1978) contention
that r i f t ing and plate separation occurred along the
structural grain in basement rocks. In short.  we contend
that whereas the direct ion and al ignment of Gondwana
rif t ing was crustal ly control led, the question of where

ri f t ing actual ly occurred was ult imately control led by the
distr ibution of highly enriched domains in the sub-

continental l i thosphere.

XI. CONCLUSIONS
1. The volcanic rocks of the Etendeka Formation have a

present-day coverage of 7iJ,000kmr and comprise a

series of interbedded basalt ic. intermediate and acidic
lavas. together with four variet ies of intrusive doleri tes.
The lavas. from the base upwards. consist of the
plagioclase-phyric Albin basalts fol lowed bv the
volumetrical ly dominant aphyric Tafelberg basalts
which are commonly interbedded with the Tafelberg
quartz lat i tes over a wide area. At the Tafelberg type-
local i ty (-900 m) the Tafelberg basalts are. in ascending
sequence. interbedded with the Tafelberg lat i tes (found

only at this local i ty) and the Tafelberg quartz lat i tes,
with the whole sequence being capped by quartz lat i te
(Fig. 6). The relat ive strat igraphic thicknesses at this
locality are: 70 c/o basalt, 25c/c qtarrz latite and 5 %
lati te. The regional doleri tes cut the underlying Karoo
sediments but not the lavas and appear also to be
abundant in basement rocks. The Horingbaai doleri tes
intrude the Albin lavas and appear to be confined to the
coastal region. The Albin doleri tes appear to be
restr icted to their associated lavas. while the Tafelberg
doleri tes cut both the Albin and Tafelberg basalt ic lavas.

2. Apart from the regional doleri tes, which have
mineralogical and geochemical similari t ies to the
Lesotho Formation lavas of the Central area, the
Etendeka Formation volcanics dif fer from al l  other
Karoo volcanics by virtue of their Cretaceous age,
strat igraphy, mineralogy, geochemistry. and range in
mineralogical,  elemental and isotopic composit ions for
the basalt ic rocks. Thus the Albin and Taf 'elberg basic
/ava.s consist of basalts and evolved basalts, with SiO:
contents ranging from 51.2--5-5.4oh and 51.8--57.U%.
and Mg-numbers ranging from 61.8 4{i .7 and 56.8-27.5
respectively.

3. The interbedded Tafelberg basic rock-lat i te quartz
lat i te sequence exhibits many regular and rat ional
composit ional variat ions, not only for major elements,
but also for trace elements and associated incompatible
inter-element and Sr- and Nd-isotopic rat ios. In contrast
Pb-isotope variat ions do not show the same rat ional i ty.
These data preclude the derivation of the basic
rock-lat i te-quartz lat i te suite by any simple closed
system model involving either part ial  melt ing on an
isotopical ly homogeneous source or fract ional
crystal l izat ion of a homogeneous parent magma.
Consideration of certain cri t ical inter-element and
isotopic rat io inter-relat ionships also precludes any
simple two-component magma mixing between less
evolved Tafelberg basalt and quartz lat i te, or lat i te, and
any other simple magma mixing model involving any of
the other basic rocks with quartz lat i te. The most l ikely
magma mixing model, between Tafelberg basalt and
quartz lat i te, is one requir ing that mixing be fol lowed by
a proport ional amount of fract ional crystal l izat ion. but
this is also ruled out on the basis of inconsistent
incompatible trace element enrichment fol lowing
mixing and fract ional crystal l izat ion. Thus no simple
genetic relat ionship exists between the basalt ic rocks
and the interbedded lat i tes and quartz lat i tes.

4. Interpretat ion of the petrogenesis of the voluminous
Tafelberg basalt ic suite is strongly inf luenced by the
observation that the isotopic variat ions do not correlate
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precisely with increasing fract ionation within this suite.
Less evolved basic rocks (Mg-numbers >55) have van-
able init ial  rTSr/E6Sr rat ios which almost cncompass thc
range shown by the evolvcd basic rocks. We contcnd
that the evolved rocks have been derived by crystal
fract ionation from less evolved basalt ic parental
magmas which had a range in isotope composit ions, and
the results of quanti tat ive major and trace element
modell ing ncross the Tafelberg basalt spectrum stronglv
support this contention. Detai led nssimilat ion-
fract ional crystal l izat ion (AFC) modell ing. using a
variety of actual and putat ive rock composit ions. either
as  s ta r t ing  mater ia ls  o r  as  contaminants .  cannot
consistently explain inter-element and isotopic
variat ions in either the evolved or less evolved Tafelberg
lavas. and we conclude that crustal contamination has
played only a minor role. i f  any. in the petrogenesis of
the Tafelberg lavas. ConverselY. evidence from
metasomatized kimberl i te nodules provides evidence
for enrichment processes in the sub-continental
l i thosphere and isotopic considerations show that i t  is
permissible to derive the less evolved Tafelberg basalt ic
rocks from such enriched l i thospheric mantle sources.

-5. The Albin basalt ic rocks appear to have had a sl ightly
dif ferent evolut ionary history from the Tafelberg basic
suite but their isotopic data permit derivation from the
same enriched source. The regional doleri tes have
composit ional characterist ics which are intermediate in
composit ion between the Tafelberg and Albin basalts on
the one hand and the Horingbaai doleri tes t ln the other,
and have been derived from a separate source similar in
composit ion to that which produced the Lesothcl
Formation basalts of the Central area. The Horingbaai
doleri tes have depleted trace element and isotopic
characterist ics and are derived from the MORB-l ike
asthenospheric source

6. Detai led consideration of incompatible trace element
abundances in metasomatized kimberl i te nodules shows
that i f  such material is involved in the genesis of the
Tafelberg, Albin and regional doleri te magmas then a
two component source is required, the other component
having lower abundances and f latter mantle normalized
trace element abundance patterns than in the kimberl i te
nodules. E,valuation of the role of subduction-related
enrichment processes, which would be of Proterozoic
age because of Sr- and Nd- model ages. in the source
areas of these basic magmas provides no compell ing
evidence for the operation of such processes. Instcad
the "calc-alkal ine" aff ini t ies inferred for these basic
magmas are thought to be spurious and we conclude that
the Albin, Tafelberg and regional doleri te magmas
should be simply accepted as continental f lood basalts
(CFBs) with their own dist inct ive characterist ics derived
from enriched l i thospheric mantle. The precise nature of
the enrichment process(es) cannot be defined at this
t ime.

7. The lat i tes and quartz lat i tes have not been modelled
in any detai l .  but their overal l  composit ional
characterist ics are most consistent with a crustal
derivation. Their Sr- and Nd-isotopic characterist ics are
also consistent with derivation from Damaran granit ic
rocks and nretasediments and they show no signature fbr
an older derivation. such as that represented by the
-2b .y .Abbab is  g ran i te -gne iss .  The quar tz  la t i t cs .  and
also the Tafelberg basalts. show strong composit ional
similari t ies with quartz lat i tes and low TiO: basalts from
the Serra Geral Formation in Brazi l .

fJ. Frorn a geodynarnic vicwpoint the regional doleri tes
would appear. together with othcr confirmed Jurassic
Lesotho-type basalts and doleri tes, to mark the f irst
manifestat ions of volcanicity in Namibia. New agc
determinations suggest that the n.r inimum age of the

1 1 1
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Tafelberg basalt ic and acidic lavas ( i .e. thc matn
volcanic phase) is 130m.y. which would predate very
sl ightly the oldest confirmed sea-f loor spreading
anomaly (Ma) off the Namibian coast. Both the t iming
and location of Karoo volcanicity as a whole are not i l
r / i recl conseouence of Gondwana intercontinental
r i f t ins. 

' l 'he 
L.tendeka Formation basic volcantcs are

considered to mark the surface expression of a dist inct
thermal and geochemical anomaly in the sub-
continental l i thosphere. The interbedded nature of
the basalt ic and acidic volcanics indicates that
asthenospheric material (Tristan da Cunha plume ?)
penetrated l i thospheric mantle to or near the base of the
continental crust in order to raise isotherms suff iciently
for both l i thospheric mantle and crust to melt
simultaneously. Geophysical evidence provides support
for crustal extension required to al low such
asthenospheric penetrat ion and for the latter i tself .  This
scenario is also consistent with late-stage emplacement
of the Horingbaai doleri tes from an asthenospheric
source. I t  is suggested that whereas the direct ion and
alignment of Gondwanaland r i f t ing and breakup was
crustal ly control led, the question of where r i f t ing
actual ly occurred was ult imately control led by the
distr ibution of highly enriched domains in the sub-
continental l i thosohere.

9. This account documents the f irst comprehensive report
on the Etendeka volcanics. but their obvious importance
is such as to warrant further work, not only on our
exist ing col lect ion (e.g. '8O/'60 variat ions). but also on
addit ional samples. part icularly for the diverse doleri tes
encountered. Such work. together with further work on
the quartz lat i tes. is currently in progress. Detai led
geochemical studies on some of the post-Karoo
complexes (e.g. Messum) wil l  also be required before a
ful l  understanding of this important and fascinating
volcanic province is to hand.
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