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The Goboboseb Mountains and Messum Complex represent a major
Cretaceous (132 Ma) bimodal eruptive centre in the southern
Elendeka continental flood basalt (CFB) province. The eruptives
comprise the Awahab Formation and are represented by a lower
sequence of mafic lavas, followed by the Goboboseb quartz latite
members, the Messum Mountain Basalts, and finally the Springbok
quartz latite. The sequence s cut by numerous dolerite dykes, sills
and plugs, rare thyolite, and carbonatite. The mafic lavas comprise
two distinct series, which although corresponding broadly to the
Etendeka regional low Ti and Zr basalts (LTZ type), are dis-
tnguished by Ti/Zr ratios into the LTZ.H (hugher Ti/Zr) and
LTZL (lower Ti/Zr) seres. The LTI.H basalts have no
previously described extrusive equivalent in the Etendeka (or Parana)
CFB, and consist of magnesian, muldly alkaline to tholeutic lavas,
dominated by oliv + cpx phenocryst assemblages which fractionate
(near the surface) to phono-tephrite. They are wdentified as pre-
dominantly mantle plume melts (Iristan—Walvis plume). The
LTZL lavas are less magnesian, extending to icelandites, are
tholeuitic, with cpx + oliv + pl + Fe—"Ti oxide phenocryst
assemblages, and groundmass pigeonite and subcalcic augite. Strati-
graphically, the LT H lavas are interbedded with LTZ.L types
wm the lower part of the sequence and also occur as dykes. Within
the Messum Complex, a remnant early sequence of basalts (Messum
Crater Basalts) are i part transitional between the LTZ.L and
LTZ H series. The LT H, and at least some of the LTZ.L

*Corresponding author. e-mail: tonye@earthsciences.uq.edu.au

+ Present address: Geological Survey, Ministry of Mines and Energy,
P.O. Box 2168, Windhoek 9000, Republic of Namibia.

1 Present address: Research School of Earth Sciences, The Australian
National University, Canberra, A.C.T. 0200, Australia.

lavas are inferred to have been erupted from the Goboboseb—Messum
Centre. Chemically, the LTZ.H melts are broadly intermediate
between E-MORB and OIB magmas, with higher Ti/ r; Sm/
Yb and To/ Y ratios than the LT L types, which suggest segregation
depths between the garnet and spinel peridotite stability fields. The
Pb-Nd—Sr isotopic compositions of the LTS H eruptives are similar
lo, but not identical with the modern Tristan plume composition,
and the observed variabilily s attributable to limited lower-crust
assimilation and/or Atlantic MORB source mixing. The LTZ.L
lavas show evidence for crystal fractionation, have ‘arc-like’ trace
element signatures, correlated €5-510,, 11/ and —Ti/ 3,
eg—1/Sr and 1/Nd—¢ey, variations, and relatively radiogenic Pb,
evolved Sr(eg, 58—174) and low Nd(ey, —6-1 to —9-5) isotopic
compositions. Their geochemustry is inferred to be AFC (as-
similation—fractional crystallization) controlled, and s modelled by
three-component mixing involving mantle plume derived melt, mafic
lower crust and silicic mid—upper crust. The voluminous quartz
latites (Part I, Fwart et al., 1978) extend these geochemical
trends.

KEY WORDS: Etendeka—Parana volcanism; plume magmas; crustal con-
tamination; three-component mixing; lower crust

© Oxford University Press 1998



JOURNAL OF PETROLOGY

INTRODUCTION

The Etendeka Group volcanic rocks of the Goboboseb
Mountains and the Messum Igneous Complex are a
southeasterly remnant of the combined Parana (Brazil)—
Etendeka (Namibia) continental flood basalt (CFB) Prov-
mce. Volcanic rocks in the Parana—Etendeka Province
have an estimated volume in excess of 800000 km’
(Peate & Hawkesworth, 1996). Although the Etendeka
represents a relatively small proportion of this volume
(<10%), the excellent rock exposure in the Namib Desert
environment makes it a crucial area for both the under-
standing of the detailed stratigraphy (at least in the eastern
part of the province) and the recognition of potential
eruptive centres. In the Parana, recent dating constrains
the age of magmatism to the interval 127-138 Ma (Baksi
et al., 1991; Hawkesworth et al., 1992; Renne et al., 1992;
Turner et al., 1994; Stewart et al., 1996), although Renne
et al. (1996q) reported an age range of 129-131 Ma for
the Ponta Grassa dyke swarm. The most recent Ar-Ar
dating of southern Etendeka volcanic rocks and associated
intrusions suggests an age range of 129-132 Ma (Renne
et al., 1996b) and 127-130 Ma (Stewart et al., 1996).
Although the Parana—Etendeka Province is commonly
referred to as a continental flood basalt province, the
volcanic association is strictly bimodal, with significant
volumes of rhyolite (sensu lato) which is spatially and
temporally linked with numerous subvolcanic intrusions
in both Namibia and Brazil. This paper (Part I) focuses
on the petrology and geochemistry of the mafic lavas. A
companion paper (Part II, Ewart et al., 1998) discusses
the associated suite of very large volume silicic eruptive
units occurring within the Goboboseb Mountains. The
eruptive centre of the silicic units and at least some of
the mafic lavas is inferred to be the Messum Igneous
Complex (Korn & Martin, 1954; Milner & Ewart, 1989).
Magmatism of the Parana—Etendeka Province is clearly
related in space and time to a combination of mantle
plume upwelling and continental rifting, and is linked to
the Tristan da Cunha hotspot via the Rio Grande Rise
and Walvis Ridge (e.g. O’Connor & Duncan, 1990; Peate
et al., 1990; Hawkesworth e al, 1992). Despite this
apparent link, and as emphasized by Peate & Hawkes-
worth (1996), no picritic basalts or basalts with an ap-
propriate plume-type geochemical component have been
reported in the Parana—Etendeka Province. In this paper
we document the occurrence of two basaltic lava series.
Although both chemically correspond broadly to the
Etendeka regional low Ti and Zr basalts (LTZ types;
also referred to as the Tafelberg magma type; Erlank et
al., 1984), in the Goboboseb Mountains region we can
readily distinguish the two series on the basis of Ti/Zr
ratios. We have designated the series with higher Ti/Zr
ratios as the LTZ.H series [the Tafelkop magma type
noted by Milner & le Roex (1996)], and those with lower

VOLUME 39

NUMBER 2 FEBRUARY 1998

Ti/Zr ratios as the LTZ.L series (in fact, as shown below,
similar to the regional LTZ types). The LTZ.H series
are magnesian and mildly alkaline to tholeiitic lavas,
which are interpreted here as being plume derived. In
addition, we investigate the role of crustal contamination
of these plume-derived melts to account for the com-
positional characteristics of the more abundant low Ti—Zr
(LTZ and LTZ.L) basalts of the Parana—Etendeka Prov-

ince.

THE GOBOBOSEB MOUNTAINS AND
MESSUM IGNEOUS COMPLEX
Geological setting

The pre-volcanic basement comprises Proterozoic (1-7—
2-1 Ga) metamorphic rocks marking the southern margin
of the Congo Craton; this is bounded laterally to the
west and southeast, and locally overlain by wide belts of
mixed sedimentary and volcanic rocks of the Pan-African
(470-930 Ma) Damara sequence (Miller, 1983; Henry et
al., 1990). The basement is overlain by discontinuous
Mesozoic Karoo sedimentary sequences throughout the
southern portion of the Etendeka, which in turn underlie
the Etendeka Group.

The Etendeka Group consists of a bimodal association
of mafic to intermediate (51-59% S10,), predominantly
tholeiitic, lavas interbedded with more silicic (66-69%
Si0,) quartz latite units. Outcrop remnants of these
volcanic rocks are preserved along the northwestern
Namibian coast and adjacent inland areas (Fig. 1), and
are associated with abundant dolerite dykes and a series
of subvolcanic intrusive complexes (Erlank et al., 1984;
Milner et al., 1995¢). The latter lie along a broad north-
easterly trending zone, extending inland from Cape Cross
(Fig. 1) for ~350 km. Details of their distribution have
been given by Martin et al. (1960), who divided them
into granitic complexes (e.g. Brandberg), differentiated
mafic complexes (e.g. Messum, Cape Cross), and alkaline
and carbonatitic complexes (e.g. Paresis). Those workers
interpreted some of these complexes, including Messum,
as caldera collapse structures.

The Goboboseb sequence

In the southern Etendeka, the volcanic sequence com-
prises the Awahab and Tafelberg Formations (Milner
et al., 1995a). Although the outcrop patterns of both
Formations are juxtaposed, the Awahab Formation is
distributed over the southernmost part of the Etendeka
and throughout the Goboboseb Mountains (Fig. 2). The
Goboboseb Mountains form an asymmetrical apron
around the Messum Igneous Complex (Messum ‘Crater’;
Fig. 2), the latter being interpreted as the major eruptive
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Fig. 1. Map of Southern Etendeka and Messum showing distribution of the Awahab silicic and mafic (southern area only) eruptives. The short-

dashed line represents approximate southern limit of the occurrences of phenocrystal hypersthene in the Springbok quartz latite. Heavier longer-
dashed lines represent major roads.
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centre for the Awahab silicic units (Milner et al., 19955).
The rock sequences within the Goboboseb lie within a
regional sag structure believed to result from massive
magma withdrawal during quartz latite eruptions (Milner
& Ewart, 1989).

In the Goboboseb Mountains the Awahab Formation
(Table 1) comprises interbedded basalts and quartz latites
(QL) with an estimated minimum thickness of 600 m,
which lie unconformably on Damara basement and
Karoo sandstones. The lower 250 m of the sequence,
the Tafelkop Basalt Member, consists of multiple basalt
flows with individual thicknesses of 5-30 m. The lower
portion of the Tafelkop Member is dominated by simple
flow units which give way to more altered compound
flows higher in the sequence. These basalts are overlain
by three quartz latite flow units (QL Units I, II and III)
which together constitute the Goboboseb Quartz Latite
Member, with a thickness of 100-150 m. A prominent
basalt flow, the Copper Valley Basalt, fills a north—south
trending palacovalley extending northwards from Mes-
sum and lies stratigraphically between QL Units I and
II. This flow has an observed maximum thickness of
170 m and is a petrographically and chemically distinctive
icelandite. Other, more localized, basaltic flows are inter-
calated between Goboboseb QL Units I and III to the
northeast and west of Messum. The Goboboseb Quartz
Latite Member is in turn overlain by the Messum Moun-
tain Basalt (MMB) Member, which comprises 130 m of
basalt flows preserved as relatively narrow outcrops
around the northern and western margin of Messum. A
fourth quartz latite, the Springbok Quartz Latite Mem-
ber, forms the uppermost part of the Goboboseb
sequence.

The Goboboseb volcanic units are cut by numerous
dolerite dykes and sills, four gabbroic plugs, and rare
rhyolite and carbonatite dykes. Of particular significance
is the occurrence of quartz monzonite intrusions, chem-
ically and mineralogically equivalent to both the Go-
boboseb and Springbok quartz latite units. These occur
as two plug-like bodies intruding the Goboboseb Quartz
Latite Member just north of the northern Messum rim,
and as a composite laccolith (up to 30 m thick) intruding
between the base of the volcanic succession and the
underlying Karoo sandstones around the southern edge
of Messum.

The source of the Goboboseb and Springbok quartz
latites is thus specifically linked to the Messum Complex
and its immediate vicinity (Milner & Ewart, 1989). In
addition to the Goboboseb Mountains, these quartz latite
units are distributed over large parts of the southern
Etendeka and southeastern Parana (Milner e al., 1992,
19954) and are the erupted products of a massive (>8000
km? silicic magma system which we term the Awahab
magma system. The source of the Goboboseb basalts is
less clear, the alternatives being either eruption from
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Messum and the immediately surrounding region, or
eruption as part of the regional Etendeka flood basalt lavas
from the regional dolerite dyke swarms. The abundant
dolerite dykes, sills and plugs in the Goboboseb Moun-
tains, including the occurrence of certain chemically
distinctive dykes and lavas (described below) within the
Tafelkop Member, suggest that at least some of the
basalts emanated from a volcanic edifice associated with
Messum, and have been preserved as a result of the
regional sag structure. The distributions of the MMB,
the Copper Valley Basalt and other intercalated basalt
flows between the quartz latite units indicate that they
erupted from Messum.

The Messum Igneous Complex

The Messum Complex is roughly circular in plan and
~18 km in diameter. The structure is well defined to-
pographically, although contacts with the surrounding
Goboboseb volcanic rocks are largely obscured by sand
except along the eastern and southeastern margins, where
near-vertical, sheared quartz latites and basalts are ex-
posed at the contact. Quartz latite and basalt outcrops
peripheral to the complex exhibit contact metamorphism,
which is most intense along the eastern and southern
margins.

The evolutionary history of the Messum Complex is
difficult to decipher owing to the nature of the outcrop
and the diversity of intrusive and extrusive rock types.
The latter form one of the earliest phases of the Messum
Complex. Two major arcuate ridges of basalt outcrop
occur within the eastern to northeastern and southern
outer segments of the complex (Fig. 2). Termed the
Messum Crater Basalts (MCB), these basalts comprise
clinopyroxene-phyric, plagioclase-phyric, aphyric and
amygdaloidal varieties. They are locally sheared, and are
extensively intruded by dykes, veins and larger irregular
bodies of xenolithic granitoids (containing MCB xeno-
liths) and xenolith-free aplitic granite. The incomplete
arcuate outcrop pattern, together with their structure,
suggests that the MCB represent an early subsidence
phase of Messum. Problematically, the MCB cannot be
unambiguously correlated chemically or petrographically
with the Tafelkop basalts, although it is expected that
they should correlate stratigraphically with the lower part
of the sequence; this may reflect in part the extent of
granitic intrusion and recrystallization, although the
MCB do contain some pyroxene-phyric types, not re-
cognized in the Goboboseb sequence.

Volcanic breccias and lava domes form the central
hills of the Messum Complex, the Messum Core. A
predominance of monomict rhyolite breccias leaves little
doubt that a significant rhyolitic centre existed in what
is now the northeastern part of the Messum Core. This
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Table 1: Stratigraphy and nomenclature of volcanic members within Awahab

Formation

Member

Thickness in Goboboseb Mts (m)

Abbreviation used

Springbok Quartz Latite >70
Messum Mountain Basalt 130
Goboboseb Quartz Latite
Goboboseb—IIl quartz latite* 10-20
Goboboseb—II quartz latite* 50->90
Copper Valley basalt*—(valley infilling) 130
Goboboseb—I quartz latite* 30->70
Tafelkop Basalt 250-300

Springbok QL
MMB

Goboboseb QL IlI
Goboboseb QL Il
Copper Valley icelandite
Goboboseb QL |

* Informal name. After Milner et al. (1995a).

rhyolite centre is extensively hornfelsed and intruded by
dykes and sheets of micro-syenite, dolerite and granite.
Large quartzite bodies (up to 1 km strike length)
interbedded with the rhyolites are interpreted as re-
crystallized sandstone bodies, probably equivalent to the
Karoo sandstones underlying the Goboboseb sequence.
Basaltic clasts in the breccias also contain quartzite and
Damara basement xenoliths. The presence of these exotic
lithologies, together with interbedded sandstones and the
extensive hornfels alteration, supports the interpretation
that the volcanic phases forming the Messum Core rep-
resent the earliest, uplifted sequence in the history of
Messum. As will be shown, the volcanic lithologies rep-
resented in the breccias are geochemically distinct from
the Goboboseb volcanic sequences.

The oldest intrusions in Messum are best exposed in
the eastern and southern parts of the complex, although
isolated outcrops in the largely sand covered ‘moat’
region, between the core and the peripheral margin in
the northern and western areas, indicate a much larger
extent. These intrusions consist of sheets and more ir-
regular-shaped bodies with lithologies including mafic
diorite, monzonite, quartz syenite, heterogeneous granite
and granite with abundant (up to 60% by volume)
mafic inclusions. The relationships between the different
intrusive phases is complicated and provides evidence of
extensive magma mingling, and available chemical and
petrographic data suggest that more thorough magma
mixing occurred between the ‘moat’ granitoids and the
quartz syenite—granite phases of the outer core. The next
major intrusive phases in Messum are gabbroic. Two
distinct gabbroic cone sheet centres are recognized, the
eastern gabbroic centre (eastern gabbros) which consists
dominantly of biotite-bearing olivine gabbronorites and
1s inferred to be the older of the two gabbroic centres.
The western centre (western gabbros) consists of cumulate
anorthosite, troctolite, olivine gabbro and gabbro, cut by

dykes and sills of microgabbro. The last major intrusions
in Messum are of nepheline syenite, intruding the inner
core region of the complex.

From the viewpoint of this paper, it is noted that
Messum shows evidence for the simultaneous existence
of mafic and silicic magmas and a close temporal re-
lationship between the eastern gabbros and the ‘moat’
intrusions. Magma mingling is inferred to have produced
the heterogeneous granitoids. The western gabbros
sharply intrude the heterogeneous granite—diorite as-
sociation, and by implication postdate the eastern gab-
bros.

Volcanic and intrusive age relationships

Milner et al. (1995¢) reported Rb—Sr internal isochron
ages of 132 + 2:2 Ma (Messum eastern gabbro), 129-8
+ 3-8 Ma (Goboboseb QL I) and 126:8 + 1-:3 Ma
(nepheline syenite from Messum Core). These workers
suggested that the main Etendeka volcanism occurred
between 132 and 135 Ma, with magmatism in the various
regional central complexes ranging between 124 and 137
Ma. Renne et al. (19965) reported ages, based on the
more precise “Ar—*"Ar technique, of 131-7 + 0-7 Ma
(quartz diorite, eastern moat), 132:1 + 0-7 Ma (eastern
gabbro), 132-1 + 1-2 Ma (anorthosite, western gabbros),
129-3 £+ 0-7 Ma (nepheline syenite, Messum Core),
132-1 + 0-4 Ma (Goboboseb QL I), 131-90 + 0-5 Ma
(Goboboseb QL II) and 132:0 + 0-7 Ma (Springbok
QL). These dates indicate that the emplacement of the
Messum intrusions (except the central nepheline syenite
plugs) and the eruption of the Goboboseb and Springbok
quartz latites overlap within experimental error, at 132
Ma. Stewart e al. (1996) reported two *Ar—""Ar dates of
127 and 129 Ma, for hornblende and biotite from Mes-
sum gabbros.
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The Messum intrusions cut and metamorphose the
Goboboseb Mountains volcanic sequence, with the latest
movement along the eastern side of the Messum ring
fault postdating the Springbok QL eruption. K—Ar dates
on the Brandberg complex of 125-135-5 Ma (Watkins
et al., 1994) are therefore inconsistent with the previous
data, notably the older ages reported for granites which
in fact intrude and truncate both the Tafelkop and
Goboboseb Members.

ANALYTICAL METHODS

Major and trace elements

After initial splitting and jaw crushing, samples were
pulverized in a carbon-steel swing mill for constant time.
Major and trace elements were determined by X-ray
fluorescence (XRF) at the University of Cape Town,
using the procedures of Norrish & Hutton (1969). H,O™
and loss on ignition were determined at 110°C and
850°C (12 h), respectively. Na,O and trace elements
were analysed on pressed powder briquettes, whereas
other major elements were determined on fused glass
discs.

A subset of samples were analysed by instrumental
neutron activation analysis at the Australian National
University (Dr B. W. Chappell), following the procedures
of Chappell & Hergt (1989).

Microprobe analyses were carried out on a Cameca
Camebax Electron Microprobe at the University of Cape
Town, using pure mineral samples as standards, and

ZAF and Bence & Albee (1968) correction procedures.

Isotopic compositions

All isotope ratios were measured on a VG-Sector seven-
collector mass spectrometer at the Radiogenic Isotope
Facility, Department of Geological Sciences, University
of Cape Town, using unleached sample powders. Sr
1sotopes were measured in dynamic mode using the mass
fractionation correction *Sr/®Sr = 0-1194, and the
¥Sr/®Sr ratios reported are normalized to the NBS
SRM987 value of 0-71022. Nd isotopes were also meas-
ured in dynamic mode, are corrected for mass frac-
tionation using '**Nd/'"*Nd 0-7219, and are
normalized to the present-day '“Nd/'"'Nd value of
0-51264 for BCR-1, which is equivalent to '*Nd/"**Nd =
0-51184 for the La Jolla standard. Pb isotope analyses
were measured in static mode and frequent measurement
of NBS SRM981 provided estimates for mass frac-
tionation, which was within 0-08-0-10% /a.m.u. Within-
run precision on individual ratio measurements is given
by the (26,,..,) errors in the least significant digits. The
plotted Pb-isotope data are not age corrected. Corrections
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to “Pb/*Pb, *Pb/*Pb and **Pb/**Pb ratios for
basalts with average Th/Pb and U/Pb ratios of 0-:633
and 0-137 would be —0-261, —0-008 and —0-172, re-
spectively, at 132 Ma. For the quartz latites (average
Th/Pb and U/Pb of 0-579 and 0-193) the corrections
are —0-117, —0-006 and —0-119, respectively.

THE GOBOBOSEB MAFIC UNITS
Introduction

Comparison of TiO,, Zr, Y, P, Nb and Sr abundances
of the regional Etendeka LTZ (Tafelberg-type; Erlank et
al., 1984) and LTZ.L basalts from the southern Etendeka
and Goboboseb Mountains, respectively (e.g. Figs 3-6),
illustrate the existence of a previously unrecognized ba-
saltic series, comprising both lavas and dykes, which
possess higher MgO, TiO, and FeO* (total Fe as FeO),
and a wider range of Ti/Y ratios. The newly recognized
basalt series, the LTZ.H series, are distinguished by
mineralogical, chemical and isotopic criteria from as-
sociated LTZ.L basalts (see below).

In the Goboboseb Mountains the majority of the
LTZ.H basalts outcrop in the lower, northern part of
the sequence, and one flow is interbedded between QL
Units IT and ITI. Chemically equivalent dykes are exposed
in the northern and central Goboboseb. Outlying flows
also occur at the base of the Awahab Formation type
section in the Huab Valley, north of the Goboboseb
(Fig. 1). The remaining basalts, including the Messum
Mountain and Copper Valley flows, and associated dykes
and plugs, are LTZ.L types and similar to the regional
Tafelberg-type.

Classification and regional comparisons
Classification is based on the FM ratio [(FeO* + MnO)/
(FeO* + MnO + MgO); expressed as wt % following
the similar schemes of Carmichael (1964) and Wood
(1978) for tholeitic lavas of Iceland]. The classification
scheme has been found appropriate for the majority of
the Goboboseb mafic lavas and dykes; the small number
of exceptions are noted as appropriate. Divisions are:
High-Mg Basalt FM <55; Basalt FM 55-65; Low-Mg
Basalt FM 65—74; Ferrobasalt FM 74—78; Basaltic Andes-
ite FM 78-81; Icelandite FM >81. In addition, mg-
number [mol % Mg/(Mg + XFe)| is used for some plots.
The Etendeka Province can be divided into northern
and southern regions, a division which is based mainly
on the relative abundances of Ti, Zr, P and high field
strength elements (HFSE), and the isotopic characteristics
of the mafic lavas and dykes. Volcanic successions to the
north are characterized by interbedded high Ti—Zr (TiO,
>2:5%; Zr >250 ppm; HTZ or Khumib-type) and the
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and LTZ.L basaltic series, with the Etendeka regional LTZ and HTZ series (Erlank et al., 1984), and the Parana Gramado and Urubici series
(Peate, 1989; Peate e al., 1992). The average E-MORB (EMB), N-MORB (NM) and ocean island basalt (OIB) compositions are after Sun &
McDonough (1989).

low Ti-Zr (LTZ or Tafelberg-type) basalts, whereas in  with three main dolerite suites: (1) The Tafelberg dolerites
the south the HTZ basalts are absent and mafic lava  (compositionally similar to the Tafelberg basalts; Erlank
successions are dominated by LTZ magma types. et al., 1984); (2) the Horingbaai dolerites of the Southern

The Etendeka flood basalts are spatially associated Etendeka, similar chemically and isotopically to
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transitional mid-ocean ridge basalt (MORB) (Duncan et
al., 1990); (3) the Huab dolerites from the Huab River
area (Fig. 1), comprising a complex of large sills with
affinities to the Horingbaai dolerites, but differing in
respect to &, T1/Zr and Ba/Nb ratios (Duncan et al.,
1989).

In the Parana Basin, Peate et al. (1992) have revised
the equivalent basaltic stratigraphy, although they still
recognize the validity of the twofold ‘Low-T7 (<2 wt
% Ti0,) and ‘High-T1" (>2 wt % TiO,) groupings.
Within their Low-T1i series are defined the Gramado,
Esmeralda and Ribeira magma types, with the Etendeka
Tafelberg-type (LTZ) series specifically equated with
the Gramado type. The Parana High-Ti series are
divided into the Urubici, Pitanga and Paranapanema
types, with the Etendeka Khumib-type (HTZ) equated
with the Urubici type. Stratigraphically, Peate et al.

(1992) inferred the Urubici and Gramado lavas to
interfinger and form the lowest part of the volcanic
sequence, in accord with observed stratigraphy in the
northern Etendeka.

Geochemical plots (e.g. Figs 3-5) confirm the very
close affinities of the Parana Gramado and Urubici
magma types with the Etendeka Tafelberg- and Khumib-
type basalts, respectively. Moreover, these plots show
that no previously documented extrusive equivalents to
the Goboboseb, LTZ.H basalts have been recognized
from the Parana [see also Peate ef al. (1990) and Peate
& Hawkesworth (1996)].

Mineralogy

Phenocryst phases comprise +olivine, augite and pla-
gioclase, with Fe—Ti oxides and pigeonite appearing as
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microphenocrysts to phenocrysts in the ferrobasalts and LTZ.L-type lavas and dykes
icelandites. Table 2 summarizes the mineralogy of the These comprise a tholeiitic series ranging from high-Mg
two suites of Goboboseb extrusive and dyke phases. basalts to icelandites. Phenocryst assemblages vary with

200



EWART et al.

0.8

LA SO A A JI B S S B B e B

(@)

Q, .

A

e\c p.

N

3 4

e
Oooo'
| —,
20 25
et
(© |

ta -

29

=

é -

Q o

o o

) 4

~d

= i
PRI B VO S R
20 25

Wt % MgO

ETENDEKA VOLCANISM, PART I

4 T T T T T
(b)
3_ -
Q
)
X 2| i
N
=
1k ° .
LTZ ¥
- [ ) . 4
0% o
04...I. rol BTV R W S A ST T W T A S Y S
0 5 10 15 20 25

Wt % CaO

0 5 10 15 20 25
Wt % MgO

O LTZ.L Basalts ® [ TZ.H Basalts

A Messum Mt Basalts

® Messum Crater Basalts

Fig. 6. P,0;, K,O, FeO* and CaO vs MgO of the Goboboseb basaltic series compared with the regional Etendeka LTZ and HTZ series.

mg-numbers. Olivine (Fo;; g;), with rare Cr-spinel in-
clusions, occurs in low modal abundances (<3%) only
in the most magnesian lavas. Plagioclase phenocrysts
(Ansg 79) are ubiquitous, commonly coexisting with augite
and very rarely Cr-spinel. Augite (Fig. 7a-d) exhibits
typical tholeiitic low-Ca compositions, extending to sub-
calcic types in the groundmass phases of some samples;
limited Fe enrichment is developed, especially evident
within the ferrobasalt, in which augite coexists with
groundmass ferropigeonite.

Messum Mountain Basalts. These range from high-Mg
basalts to ferrobasalt, uniformly aphyric to sparsely
phyric. Plagioclase (Ans, ¢) occurs as
crophenocrysts and groundmass microlites. Augite is the
only groundmass pyroxene, and shows systematic changes
in composition with changing whole-rock compositions

(Fig. 7e).

rare mi-

Copper Valley Basalt. This 1s sparsely phyric and chem-
ically a very homogencous strictly icelandite lava, con-
taining microphenocrysts and phenocrysts of plagioclase
(Any 1), pigeonite and rare ferroaugite (Fig. 7f and g),
ilmenite and titanomagnetite, in a groundmass with a
similar phase assemblage. Pyroxene temperatures are
estimated to lie between 950 and 1120°C (Lindsley,
1983). The overall mineralogy reflects the Fe-enriched
and more evolved composition of this unit.

LTZ H-type lavas and dykes

Lavas and dykes of this series range from mildly alkaline
(ne-normative) to tholeiitic (;y-normative). Olivine pheno-
crysts occur in all samples with mg> 50, ranging from
Fogy g5 (Whole-rock mg ratios 64-68) to Fos; ;4 (whole-
rock mg ratios 50-60), and phenocrysts of augite and
plagioclase (Anj, ) occur in less magnesian samples.
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Table 2: Phenocryst petrography and mineralogy of the Goboboseb mafic
lavas and dykes

I. LTZ.L Series

A. Tafelkop Lavas and associated dykes
High-Mg basalts

Basalts (mg > 53)

Basalts (mg < 53) and Low-Mg basalts

Ferrobasalts and basaltic andesites
B. Copper Valley icelandite

Icelandite

C. Messum Mountain Basalts

Basalts

Il. LTZ.H Series

Tafelkop lavas and dykes
High-Mg basalts

Basalts

Low-Mg basalts

Sparsely Oliv-phyric (Fo;;65) + Cr-spinel + Pl (Angg_so)

Either: (a) sparsely to moderately phyric with Pl (1-3%) + Oliv (1-3%) + Cpx (1-3%), or
(b) strongly phyric with Pl (10-25%) + Oliv (1-5%) 4+ Cpx (1-5%). Oliv: Fogg_77; Pl: Ang,_go
Either: (a) strongly phyric with Pl (10-15%) + Cpx (3-8%) + Oliv (< 2%) + Cr-spinel (Tr),
or (b) sparsely phyric with Pl + Cpx + Fe-Ti oxides. PI: Ang, 79

Sparsely phyric with Pl + Cpx + Fe-Ti oxides. Pl: Angs;;

Sparsely phyric with microphenocrysts of Pl + rare pigeonite + Ti-mag + ilm in gmss

of Pl + ferroaugite + ferropigeonite. Pl: mphen, Ans :; gmss, Any, e

Aphyric to sparsely phyric ranging from high-Mg basalts to ferrobasalts. High-Mg
basalts contain very sparse phenocrystal Oliv + Pl. Remaining lavas contain rare phyric
pl. Groundmass Pl microlites range from Ansy_;3 (high-Mg basalts), Ans, e (basalts and

low-Mg basalts), to Ans, ¢ (ferrobasalts)

Moderately to strongly phyric with Oliv (10-25%) + Cpx (5-10%). Oliv: Fog, g6 Pl: Ansggo
Either: (a) sparsely phyric with Oliv, or (b) moderately to strongly phyric with Oliv
(5-15%) + PI. Oliv: Fog;_g; Pl: Angygs

Either: (a) sparsely phyric with Pl + Ti-mag, or (b) strongly phyric with Pl (20-30%) +
Cpx (1-3%) + Oliv (<2%) + Cr-spinel (Tr)

Ferrobasalts and basaltic andesites

Aphyric to sparsely phyric with PI + Cpx + Fe-Ti oxides

Pl, plagioclase; Oliv, olivine; Cpx, calcic clinopyroxene.

Pyroxene compositions (Fig. 7h-k) closely reflect the
degree of whole-rock silica saturation, with the micro-
phenocrysts and groundmass pyroxenes in the mildly
alkaline high-Mg basalts exhibiting calcic and magnesian-
augite compositions with little Mg—Fe variation. The
more strongly /y-normative, high-Mg basalts and basalts
contain less-calcic phenocrystal to groundmass augites,
which in one high-Mg basalt sample coexist with ground-
mass pigeonite; the pyroxene temperatures estimated for
this sample range between 1050 and 1200°C (1 bar;
Lindsley, 1983). In the basalts, augite develops limited
Fe enrichment in the groundmass and in phenocryst
rims.

The most remarkable pyroxenes occur in a ponded,
relatively evolved ne-benmoreite (phono-tephrite) lava,
which outcrops at the northern limit of the Goboboseb
Mountains. This rock, which formed during ‘i sitw’
fractionation, is a coarse-grained, mildly undersaturated
rock, characterized by titanaugite which shows peripheral
and gradational interstitial zoning to zirconian aegirine
(Fig. 8). These pyroxenes exhibit a trend of increasing
Zr with increasing Na substitution, presumably reflecting

the coupled substitution Zr'* + Na® = Ca’" + Fe’*
(Fig. 8), with a maximum ZrO, of 12:7 wt % analysed
(Table 3); the Na-Zr enrichment correlates with in-
creasing Fe enrichment. Interstitial fluor-richterite is spor-
adically present. These data illustrate the trend, in the
LTZ.H melts, towards the evolution of a peralkaline
late stage residual liquid, in complete contrast to the
mineralogy and chemistry of the evolved LTZ.L ice-
landites previously described. The chemistry of these
evolved lavas therefore emphasizes the contrasting chem-
istries of the LTZ.H and LTZ.LL magma series.

Messum Crater Basalts (MCB)

Some of these lavas are conspicuously porphyritic (augite,
plagioclase, olivine and possibly orthopyroxene pseudo-
morphs). The fine-grained matrices commonly show
modification by recrystallization, and, in some samples,
by the introduction of fine veinlets of granitic melt. Rare
amygdales and sandstone (?Karoo) xenoliths are present.

The augite phenocrysts are the most conspicuous min-
eralogical feature of the phyric lavas, possessing complex
and delicate oscillatory zoning, but all optically clouded
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are also shown; in this sample, both the pyroxene and richterite phases range between phenocryst and coarse groundmass.

Table 3: Selected aegirine to zirconian aegirine microprobe analyses from ponded ne-benmoreite
(phono-tephrite) lava, Northern Goboboseb (sample SMGI126) (all values in wt %)

Sio, 49.45 48.97 49.37 49.24 49.54 49.79 49.30
Zr0, 0-25 0-80 344 6-22 9-38 11.41 12.75
TiO, 0-44 0-51 0-69 0-64 0-40 1-00 0-92
Al,O; 0-17 0-13 0-23 0-11 0-08 0-09 0-10
Fe,O,* 3:565 6-22 717 6-44 7-22 5.93 6-26
FeO* 22.81 20-08 18-12 18-10 16-35 16-33 15.75
MnO 0-41 0-30 0-27 0-27 0-25 0-18 0-13
MgO 4.38 361 2-60 1.79 1-39 0-88 0-47
CaO 1848 16-95 13-36 10-44 8:24 4.70 3-51
Na,O 1.07 236 4.64 6-07 7-64 9.27 9:92
Total 101-01 99.93 99.89 99.32 100-49 99.58 99-11

*Calculated on basis of O = 6 and X cations = 4.

by extremely fine dust-like exsolution products (Fig. 9).
These textures suggest re-equilibration, apparently be-
cause of reheating of the lavas by later intrusive activity

within the Messum Complex. Microprobe traverses
across the phenocrysts reveal marked variations of Ca,
Na and Al, although different crystals (even in one sample)

203



JOURNAL OF PETROLOGY VOLUME 39 NUMBER 2 FEBRUARY 1998
1.0~
®
09
.. ) ° °
®
a 08 LY
(Is
0.7
o .
~
()] b °
L g6 c°e ®
+ o ® .
©
O s o ®
04 ®
[
® ..
0.3 ' 1 1 1 L 1 t L 1 1 ]
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Zr + Na (0=6)

Fig. 8. Variation of Zr in the pyroxenes from the ponded ne-benmoreite (sample SMG126), expressed in terms of the coupled substitution of

Ca’* + Fe’* = Zr** 4+ Na*. (See also Table 3.)

exhibit distinct patterns of zoning. The compositions
(Fig. 7h) vary in Ca, but with little change of Mg-Fe
ratios. Comparable textural and compositional variations
have not been observed in Goboboseb mafic units. The
pyroxene zoning patterns in the MCB are most plausibly
thought to reflect magma mixing processes, involving
LTZ.L and LTZ.H magmas; this is consistent with the
variable and transitional chemistry of many of the MCB
lavas (see below).

Bulk composition and phenocryst
assemblages

To evaluate the significance of phenocryst assemblages,
especially those phases considered as liquidus and near-
liquidus phases, the whole-rock chemistries are plotted
in the CMAS (CaO-MgO-Al,O;-S10,) projections from
510, (Fig. 10), the data subdivided according to the
phenocryst assemblages. This projection is relatively
tightly constrained as it projects almost along the liquid
line of descent from SiO,.

The plots illustrate the contrasting phase assemblages
and composition between the LTZ.LL and LTZ.H magma
series. The majority of LTZ.H-type lavas are silica under-
saturated to just saturated (see also Fig. 5), the most silica-
saturated sample (mg = 65-1; hiy-normative) containing
groundmass pigeonite. As most of the L'TZ.H samples
lack phenocrystal plagioclase (pl) + augite (cpx), they
will not define cotectics. In contrast, the LTZ.L-type
lavas are predominantly silica saturated, with normative
hy and + Q). The LTZ.H lavas project as two overlapping

and nearly linear arrays, the trajectories indicating either
olivine (ol) or ol + cpx control, these two trends cor-
relating with the observed presence or absence of cpx
phenocrysts. Plagioclase saturation only develops in the
most evolved compositions (re-benmoreite). The LTZ.L
lavas range from plagioclase unsaturated, through
ol + pl, to cpx + pl assemblages with increasing norm-
ative plagioclase, with bulk chemistry and phenocryst
assemblages well correlated. This is especially clear with
respect to the Copper Valley and MMB lavas (Fig. 10c).

The major aspect shown by the data is the correlation
of major element compositions with observed mineralogy
and the projection of the data close to experimental low-
pressure ol-cpx—pl-liquid cotectics (also well shown by
the CMAS projection from plagioclase, not shown), con-
sistent with the operation of relatively low-pressure
(crustal) crystal fractionation processes.

Major and trace element compositions

The relatively magnesian compositions of the majority
of the LTZ.H lavas are their most significant major
element characteristic, as similarly magnesian com-
positions are rare in the regional flood basalts elsewhere
in the Etendeka or Parana (Figs 5a and 6; Peate &
Hawkesworth, 1996). Average MgO % of the LTZ.L
basalts is 5:38 (6 = 2:16; n = 44), contrasting with
11-25 (c = 4:17; n = 13) for the LTZ.H series. In
the Goboboseb, only two analysed LTZ.L samples with
higher MgO levels are known, both highly olivine-phyric
(?cumulative) plugs (Fig. 6). Compared with the LTZ.L
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Fig. 9. Photomicrographs of intricately zoned and finely exsolved augite phenocryst in Messum Crater Basalt sample. Field of view 3-3 mm.

basalts, the LTZ.H magmas have higher abundances of
FeO*, TiO,, P,Os, Ni, Sr, Cu, Co and Cr, and generally
lower K,O, Rb and Sc (e.g. Figs 4 and 6). Element
behaviour patterns of both basaltic series indicate sig-
nificant crystal fractionation effects, although with differ-
ing trends. For example, Al;O3; and CaO (Fig. 6d) increase
with decreasing MgO in the LTZ.H series, consistent
with olivine-dominated fractionation (see also Fig. 10b),
whereas the majority of the LTZ.L series exhibit de-
creasing CaO and Al,O; with decreasing MgO, consistent
with plagioclase fractionation (+ pyroxene and olivine).
No simple correlation is observed between MgO-FeO*
values (Fig. 6¢), or MgO—Sc values, the differing abund-
ance patterns between the two basaltic series being con-
sidered as source related. V-FeO* values are correlated
in the LTZ.L series, but not within the L'TZ.H lavas,
pointing to significant Fe—'T1 oxide fractionation in the
LTZ.L magmas. Ni-MgO (Fig. 4a) and Cr-MgO are
well correlated, and again imply control by olivine-
clinopyroxene fractionation, most strongly developed in
the LTZ.H series. K,O is inversely correlated with MgO
(Fig. 6b), and is therefore relatively higher in the LTZ.L
basalts and dolerites, further illustrated by the K/Nb—T1i/
Y plot (Fig. 4c).

Ti/Zr, Ti/Y and Zr/Y ratios (Fig. 3) not only clearly
demarcate the two basaltic series, but define separate
trends. To some degree the LTZ.H basalts appear to
link the regional Etendeka LTZ (Tafelberg-type) and
HTZ (Khumib-type) series, and these plots further suggest
that the LTZ.H basalts span compositional space between
MORB and OIB (Sun & McDonough, 1989), as also

seen in other plots such as Zr-TiO, (Fig. 3) and Ba-Ti,
Zr—P,0; and Ti/Y-K/Nd (not shown). In contrast, Nb/
La (~0-4-0-9), Nb/Th (~2-12), Nb/Pb (~2-9) and Nb/
U (~4-55) tend to be generally lower than typical OIB
or MORB ratios, although with some overlap. Figure 11b
illustrates primitive mantle normalized spidergrams of
three of the most magnesian LTZ.H basalts, and two of
the most magnesian L'TZ.L basalts, which emphasize the
differences between the LTZ.H and L'TZ.L. magma but
with the latter types showing relative enrichment in large
ion lithophile elements (LILE), and depletions of Nb
(strongest), P and Ti which are actually similar to arc
patterns.

Rare earth elements (REE) (Table 4) within the more
magnesian basalts differ between the two basaltic series.
Although both are light REE (LREE) enriched, with
overlapping La/Sm ratios (Fig. 4d), the heavy REE
(HREE) are distinct, resulting in marked differences in
Sm/Yb ratios (Figs. 4d and 11b). These differences are
consistent with REE data for the regional Etendeka LTZ
and HTZ lavas and the corresponding Parana Gramado
and Urubici types. The HTZ and Urubici types are close
to OIB in terms of HREE fractionation. The LTZ.H
series in fact bridge the compositions between the regional
Etendeka LL'TZ and HTZ data, consistent with Ti/Y
trends. A further important difference is the presence of
consistent negative Eu anomalies (Eu/Eu* 0-:83-0-94) in
the LTZ.L basalts, indicative of plagioclase fractionation.
The HREE differences are potentially significant as they
suggest that the LTZ.H magmas were derived from the
garnet stability zone, in contrast to the LTZ.L melts.
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Fig. 10. CMAS projection from SiO, (after Walker et al., 1979) of the Goboboseb mafic lava and dyke compositions, subdivided according to
phenocryst assemblages. The dashed boundary lines in (a) and (c) are based on the observed changes in phenocryst assemblages, whereas in (b)
they illustrate the oliv and oliv 4 cpx control trends (also based on observed phenocryst phases).

Such an interpretation in turn suggests a subcontinental
lithospheric mantle (SCLM) thickness either in the garnet
stability field, or at the garnet—spinel transitional zone,
at the time of inferred plume impact.

Messum Mountain Basalts

The Messum Mountain Basalt sequence comprises a
distinct stratigraphic package showing strongly coherent
major and trace element variation trends (e.g. Figs 3 and
5), which are further illustrated (Fig. 11a) by E-MORB
normalized spidergrams for four samples of progressively
decreasing mg-numbers. The four patterns are very similar
and exhibit increasing absolute element abundances that
correlate with the decreasing mg-numbers. Systematic
increases in XREE (Table 4), increasing La/Yb (from

63 to 8-4) and decreasing Eu/Eu* (from 0-94 to 0-85)
ratios also correlate with the decreasing mg ratios. Al-
though the geochemical behaviour is consistent with
crystal-liquid fractionation, AFC behaviour is indicated
by isotope data (discussed below). Notwithstanding the
open system condition, the tight coherence of the trends
points to a single line of descent, probably within a single
interconnected magma chamber system.

Messum Crater Basalts

Representative plots (Figs 4-6) show that the basalts
extend from 3 to 24% MgO, the most magnesian samples
being olivine + clinopyroxene phyric. They range be-
tween silica undersaturated and saturated (Fig. 5). In
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terms of affinities with the L'TZ.L and L'TZ.H lavas, the
MCB compositions overlap the major and trace element
compositional fields of the LTZ.L-type (e.g. Fig. 6¢), but
a significant proportion overlap the two magma series,
with a small number lying clearly within the LTZ.H
compositional fields (Fig. 4b and c). The occurrence of

lavas with apparently both LTZ.H and LTZ.L affinities
within the Messum Complex strengthens the in-
terpretation that Messum was a local eruptive centre for
these lavas (although not necessarily the sole source), and
further suggests that both magma types were existing
simultaneously beneath the Messum volcanic centre.
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Table 4: Major and trace element data for selected mafic lavas from the Goboboseb Mountains

Group: LTZ.H Series LTZ.L Series

Copper Messum Mt Basalt

Valley
Sample: SMG105 SMG016 SMGO027 SMG127 SMGO018 SMG024 SMG097 SMGO032 SMG052 SMG053 SMGO054 SMGO057
SiO, (wt %) 46-39 45.77 49.99 47-44 52.97 54.02 54.19 58.44 54.44 52.46 50.33 50.08
TiO, 1.95 1.72 1-85 2.31 1.22 0-91 1.07 1.71 181 1-36 1.08 1.08
Al,O; 10-44 10-31 12.26 10-27 17-68 15.45 15.44 13.22 14.90 16-29 16-85 15.87
FeO* 13.52 14.39 13.37 13-20 9-53 9-43 9.77 12.42 11.85 10-53 9:92 10-11
MnO 0-20 0-19 0-17 0-20 0-15 0-15 0-16 0-17 0-20 0-16 0:16 0:-16
MgO 15-18 16-25 9-96 14.44 4.77 6-63 6-35 2:61 4.06 6-20 8.03 9:43
Ca0 9-18 839 9.01 8.75 10-66 871 9.72 6-26 7-35 8:69 10.09 9:99
Na,O 1.84 2.24 2.58 2.25 1.74 2.28 1.99 2.58 2.47 2.37 2.28 2.03
K,O 1-08 0-52 0-61 0-90 1.09 2.31 115 2.35 2.64 1.75 111 111
P, Os 0-22 0-23 0-22 0-26 0-19 0-11 0-16 0-24 0-28 0-20 0-14 0-14
Trace elements (ppm)
Rb 333 13-4 13.0 281 3241 872 46:9 886 798 51.3 327 394
Ba 293 231 183 236 695 440 262 440 657 462 280 321
Sr 349 479 369 416 302 267 201 197 203 228 200 198
Th 1-6 1-2 1.0 17 4.2 4.4 4.8 8.6 92 4.8 3.6 33
U 0-62 0-20 0-21 0-82 0-64 0-92 1.0 241 0-82 0-41 0-41 0-21
Zr 142 117 125 163 169 126 153 215 305 195 134 133
Hf 34 2.9 2.9 4.0 38 2.9 3.6 5.3 71 4.4 33 31
Nb 187 10-1 11-3 17-4 11-0 107 123 15-8 23.5 14.8 9.7 9.2
Ta 13 11 0-82 17 1.2 11 11 1.7 2.05 13 0-82 0-92
Cr 911 736 575 1160 219 219 213 93 6-7 36 103 401
\ 373 310 275 368 229 236 254 318 245 245 233 251
Sc 26 21 20 23 32 36 40 34 28 30 27 31
Ni 630 893 387 670 78 74 121 9.5 15 92 185 294
Co 91 99 76 86 41 50 48 43 43 49 56 58
Pb 4.0 1-4 1.6 26 31 31 31 4.4 4.7 4.0 2.5 2.2
Zn 128 117 121 100 94 87 94 109 115 112 90 91
Cu 107 120 m 168 80 51 94 50 23 49 73 81
Y 205 18.0 246 212 32:2 27-0 25.9 40-3 55.5 38-2 292 299
La 212 15-5 15.0 232 22:4 181 20-4 328 43.7 25.9 18.6 17-3
Ce 47-6 386 34.9 55.4 49.1 388 42.4 701 911 55.3 388 37-0
Nd 24.3 213 199 289 251 192 20-4 34.4 44.7 27-6 20-2 192
Sm 5.1 4.3 4.4 5.8 5.0 4.0 4.3 6-8 8.7 5.7 4.3 4.2
Eu 1.7 1.8 1.6 1.9 1.5 11 1.3 1.9 2.4 1.8 1-4 1-4
Gd 5.3 4.2 5.0 5.2 5.3 4.3 4.9 6-9 8.4 63 4.9 4.6
Tb 0-78 0-72 0-77 0-93 0-94 0-82 0-82 13 1.6 11 0-82 0-83
Ho 0-72 0-65 0-81 0-92 110 0-87 0-87 14 18 1.25 0-97 0-95
Yb 1.7 1-3 1-8 1.7 31 2:6 2.5 3-8 5.2 35 2.9 2.7
Lu 0-23 0-18 0-26 0-223 0-45 0-38 0-36 0-56 0-74 0-51 0-41 0-40
Eu/Eu* 1-01 1.28 1.06 1-02 0-89 0-83 0-86 0-83 0-85 0-89 0-94 093

All data recalculated on anhydrous basis, with Fe as FeO. Major elements, Rb, Ba, Sr, Zr, Nb, Cr, V, Sc, Ni, Co, Zn, Cu, Y
and Pb (in part) by X-ray fluorescence (Department of Earth Sciences, University of Cape Town). Pb by atomic absorption
graphite furnace (see Ewart et al., 1994). Remaining trace elements by instrumental neutron activation analysis (B. W.
Chappell, Australian National University). Methods as described by Chappell & Hergt (1989).
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Isotope geochemistry

New Sr, Nd and Pb 1sotopic data (Table 5) point to the
following relationships (Figs 12-14). It should be noted
that these plots, and the following discussion, also include
the associated silicic eruptives (see Part II), which are
integral to these interpretations.

(1) The LTZ.H and LTZ.LL magma series are iso-
topically distinct, reinforcing the previously described
mineralogical and chemical differences. In Sr—Nd isotopic
space, the LTZ.H compositions are closest to Atlantic
MORB, projecting between the latter and the Walvis
Ridge fields, whereas the LTZ.L series, in contrast,
plot towards the quartz latite compositions in what is
commonly regarded as a ‘crustal’ field in Nd—Sr space.

(2) Pb isotopic compositions of the LTZ.H basalts plot
as relatively linear arrays. Alternative explanations for
these arrays are that they represent either a secondary
isochron, with an implied fractionation event at ~2-6
Ga, or mixing relations, plausibly either between Walvis
Ridge and L.TZ.L magmas (*’Pb/**Pb—""Pb/**Pb), or
more likely involving input of an Atlantic MORB com-
ponent  (**Pb/*"Pb—""Pb/**Pb, '*Nd/'"*Nd-*"Pb/
""Ph and ¥Sr/®Sr—"""Pb/*"*Ph relations). Even this ex-
planation is problematic as the LTZ.H lavas evidently
do not define a simple MORB-Walvis Ridge mixing
trend, which seems to require a third, more radiogenic
Pb and Sr end member, possibly similar to the LTZ.L.
lavas. The *"Pb/*'Pb—""Pb/*"'Pb data for the Etendeka
MORB-like Horingbaai dolerites indicate these melts to
be unlikely end members.

The preferred explanation is that the LTZ.H series
represent magmas emanating from the inferred 130 Ma
asthenospheric plume source (now seen at Tristan da
Cunha and in the Walvis Ridge), inferred to have initially
existed beneath the present NW Namibian coast (e.g.
O’Connor & le Roex, 1992). The least radiogenic end
of the LTZ.H Pb isotope arrays is therefore inferred to
represent the closest approach to the original plume end
member component. The arrays themselves are believed
to be mixing controlled, involving two or possibly three
components (see later discussion), and attention is drawn
to the fact that the Pb—Nd—Sr isotopic compositions are
similar to, but not identical with the modern Tristan
compositions (whose compositions could well have under-
gone evolution over 130 Ma; e.g. Gibson e al., 1995;
Peate & Hawkesworth, 1996). This interpretation is con-
sistent with that advocated by Milner & le Roex (1996)
to explain the isotopic compositions of the alkaline gabbro
suite in the Okenyenya igneous complex, whose isotopic
compositions are similar to the LTZ.H basalts.

(3) The LTZ.L basalts exhibit evolved Nd-Sr 1sotope
signatures, suggesting crustal mixing or AFC-type pro-
cesses, but their compositions overlap those of both the
regional Etendeka L'TZ-type and the Parana Gramado

ETENDEKA VOLCANISM, PART I

basalt series (Fig. 12). The Pb isotopes of the LTZ.L
basalts (Fig. 13) are also relatively radiogenic and again
overlap with the main grouping of regional Etendeka
LTZ and the Parana Gramado basalts. Hawkesworth et
al. (1984), Hergt et al. (1991) and Peate & Hawkesworth
(1996) have argued that low-Ti Gondwana CIB (in-
cluding the Etendeka LTZ-type and the Parana Gramado
series) were derived from geochemically distinctive
sources in the SCLM which had previous depletion and
enrichment histories, including the possible introduction
of a minor subducted sediment component (see Duncan,
1987). It is therefore relevant to note the 1/Sr vs ¥Sr/
%Sr, and 1/Nd vs ""Nd/'""*Nd plots (Fig. 15), in which
the Sr data define a near-linear array (excepting the latite
and rhyolite clasts within the Messum Core breccias),
whereas the Nd data are more complex, with one possible
trend between the LTZ.L and quartz latite magmas, and
a second and separate trend for the LTZ.H magmas,
possibly between an OIB-like component (?plume related)
and lower crust. This trend appears unrelated to the
Horingbaai dolerites (MORB-like), or the proposed Pa-
rana SCLM compositions (Gibson ¢ al., 1995). The data
for the relatively evolved L'TZ.L1avas (notably the Copper
Valley icelandite and the Messum Mountain low-Mg
basalts and ferrobasalt) are also characterized by more
radiogenic Sr and less radiogenic Nd than the more Mg-
rich LTZ.L lavas (Table 5). These relationships imply
mixing and/or AFC involving crustal input, supported
also by the strong positive correlation of g5, with Si0,
(Fig. 16; excepting again the Messum Core breccias).

(4) Although discussed in detail in Part II of this paper,
it is noted here that the Springbok and Goboboseb quartz
latites define the ‘crustal’ end of the Sr-Nd-Pb isotope
data arrays, having relatively radiogenic Pb and Sr which
overlap the isotopic compositions of the more ‘evolved’
LTZ.L lavas.

DISCUSSION
Plume and LTZ.L melts

Data presented clearly define two mafic lava types. The
LTZ.H type is here identified as plume-dominated (i.e.
Tristan plume) melts, although noting a degree of isotopic
variability, believed to be mixing related. The lavas are
relatively magnesian and olivine-phyric, and in one case
have fractionated (at surface) to an ne-benmoreite (phono-
tephrite) derivative. Geochemically, they show trans-
itional characteristics between E-MORB and OIB
magmas. Exact correlations have not been recognized
elsewhere in the main Etendeka lava field, with the
exception of a flow south of the Huab River (Fig. 1),
which may represent a remnant of the Goboboseb
sequence. The L'TZ.H and LTZ.L lavas are intercalated

209



FEBRUARY 1998

NUMBER 2

VOLUME 39

JOURNAL OF PETROLOGY

‘Buosiswily "V 'Y :IsAjeuy -

BI\l ZEL 01 Pa108.I00 sanjeA uojisda pue soljed [elu|

9F LVL-6E 9+189:G1L 9+€,9:8L 00'8— 6¥0ZLS 0 6L Ly 0L+99121LS0 L-GLL L99ZLL0 86L ¥6€  0LF89LELLO LS0DINS
— — — 678~ 202190 9LT ¥4:G  OL+GELZLG0 LZEL LO6ELLO 8¢¢ 1S  Ov+8rLSLLO0 €S0DINS
9F67L-6€ 9+069-:GL 9+199'8L 9¥6— L611G0 LYy 0.8  0L+8L0ZLG0 V¥LL ¥€89LL0 €0¢ 86L OY+8L06LLO CS0DINS
Jjeseg N wnssajy
9+9Y0-6€ 9+10L:GL 9+€98:8L ¥8L— £S0TLS 0 €€ 189  0LF€9L2LS0 96CL €89€LL0 L6l 988  0C+8LLILLO CE0DOINS
moyy Asjjep 1eddo)
§+8cz6¢ S+L0LSL G+668'8L 999— €TLTLS0 v-0¢ 627  0L+9gCCLS0 6°00L 699LLL0 Loc 697  0L+0962LL0 LB60DINS
¥+602°6€ ¥+G669:GL 7 +6£0'6L ¥L9— vv12LS0 6L 86'¢  0L+GGZZLS0 L'8S ¥¥980L:0 £92 L8  0G+8Sv0LLO VZ0OINS
9+GLL-6E S+10LGL S+LLL8L 9Y-8— G20Z1L90 (<14 20's  olL+zeLelso  08L 6700LL 0 (40 02€  0L+8€90LL0 8LODINS
sal1as oyjew 7717
s+elLege S+629:SL G+18L8L LZ9 LLLTLSO 6-8C ¥8'G  0L+G88ZLS0 82'G— 6L1L70L0 aLy 08¢  0L+€SS70L0 LCLOINS
9+ vve8e 9+085-GL 9+2z9e8L tveL 829¢CLS0 66L vy 0L+9Y9CLS0 €19 €86¥0L0 69¢€ 0-€L 0L+8LLS0L0 LCODINS
S+LzL-8e G+ L£GGL S+6vL-glL 00l 0LGZ190 €1z 9z  OL+LLIZLS0 6G°L 29970L°0 6LY el 0L +8L8v0L0 9LODINS
§+209-8¢ S+099-:SL SteeLgl 19€ 92190 €ve L0°'S  0L+9S/2LS0 SL9 ¥86¥0L0 6vE €€¢  0L+€L950L0 GOLOINS
seae| ojew H'z17

PN wg ES) qd
Adyoz/Adsoz Adyoz/9d 10z Adyoz/9deoz N3 *(PNyy1/PNegy. ) wdd  wdd PNyy1/PNeyt S3 (4Sge/1S,g)  wdd  wdd 1Se5/1S ajdwes

svav) afour qasoqoqox) fo

sasdjpuv 21qojost g puv pNr S :¢ Aqof

210



EWART et al.

ETENDEKA VOLCANISM, PART I

101
Atlantic
MORB o Springbok quartz latite
Horingbaai x Goboboseb quartz latites
e + Copper Valley basalts
5 Ascension 4 Messum Mountain basalts
. O LTZ.L basalts
= St Helena ® LTZ.H basalts
E - ® Messum core breccias
[ap}
\S L
5 .
Z Walvig Urubici
Ridge Etendeka
00 LTZ Gramado
51 Palmas
Rhyolites
Etendeka
HTZ
-10 1 ] 1 1 A xl
-40 0 50 100 150 200

SSr

]
250

(132Ma)

Fig. 12. &y &5, (132 Ma) of the Goboboseb LTZ.H and LTZ.L basaltic series, the Springbok and Gobohoseb quartz latites (see Part II) and
Messum Core breccias, compared with the compositional fields for other regional Etendeka and Parana lavas, plus Atlantic MORB, OIB
[including Tristan da Cunha, Inaccessible and Gough Islands (TIG)] and Walvis Ridge data. Data sources: O’Nions & Pankhurst, 1974; O’Nions
et al., 1977; Cohen et al., 1980; Dupre & Allegre, 1980; Cohen & O’Nions, 1982; Harris ef al., 1982; Richardson et al., 1982, 1984; Weis, 1983;

Hawkesworth ez al., 1984; le Roex, 1985; le Roex et al., 1990; Garland et

within the lower northern part of the Tafelkop sequence,
and are believed to represent eruption through an ex-
tending but still relatively rigid crust, before the main
phase of crustal thinning and fusion (see Part II). An
LTZ.H lava also occurs between the Goboboseb QL
units and we assume represents final evacuation from an
upper-crustal magma chamber. Milner & Le Roex (1996),
however, have reported isotopically similar alkaline gab-
bros in the Mesozoic Okenyenya igneous (subvolcanic)
complex, lying some 100 km ENE of Brandberg, which
they interpret as Tristan plume derived also.

The LTZ.L lavas are more enigmatic, but are in-
distinguishable from the regional L'TZ basaltic magma
series. They fractionate to icelandite-type derivatives,
are isotopically more ‘evolved’ than the LTZ.H types
(trending towards EM-2 crustal compositions), are min-
eralogically characterized by groundmass pigeonitic and
subcalcic pyroxenes, and have undergone pl + cpx + ol
fractionation, implying crustal pressures. These lavas are
therefore less magnesian than the LTZ.H series, which
has mmplications for hidden cumulates, particularly con-
sidering their regional scale (Cox, 1993; Farnetani e
al., 1996). The LTZ.L lavas further exhibit consistent
negative Eu/Eu* anomalies, higher K and Rb, and lower

al., 1995; Milner & le Roex, 1996.

Ba, Ti, P, and Ti/Zr, Sm/Yb and Ti/Y ratios relative
to the LTZ.H types. Apart from Eu, these features cannot
be simply attributed to fractionation, and the LTZ.L and
regional L'TZ melts are interpreted to represent distinct
magma series. One aspect of the LTZ.L geochemistry
1s the existence of ‘arc-like’ geochemical signatures as
described originally by Duncan (1987), and is clearly
shown by such plots as Th/Yb-Ta/Yb, Ba/Nb-La/Nb
and Th/Ta/Hf (see also Fig. 11). These signatures are
not present in the LTZ.H magmas, and suggest that the
LTZ.L sources have experienced a prior arc ‘overprint’,
consistent in principle with SCLM and/or crustal source
contributions, and plausible in terms of the inferred
Proterozoic Damaran history of the region (e.g. Henry
et al., 1990). The major problem is, however, the wide
regional occurrence of these geochemical characteristics
(Duncan, 1987), which extend well beyond the Damaran
influence in southern Africa, although the possible lateral
extent and influence of a large plume may offer an
explanation for this (White & McKenzie, 1989). The
LTZ Etendeka regional series are, therefore, widely in-
terpreted as being predominantly derived from the SCLM
(e.g. Cox et al., 1984; Hawkesworth et al., 1984, 1992;
Hergt et al., 1991; Peate & Hawkesworth, 1996). Milner
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Fig. 13. Pb isotopic compositions of the Goboboseb LTZ.H and L'TZ.L basaltic series, the Springbok and Goboboseb quartz latites and Messum
Coore breccias compared with the fields for the compositional fields of regional Etendeka and Parana lavas, plus Atlantic MORB, OIB [including
Tristan da Cunha, Inaccessible and Gough Islands (TIG)] and Walvis Ridge compositions. Data sources as in Fig. 12 caption.

& le Roex (1996), however, suggested that their wide
range of isotopic compositions is attributable to extensive
crustal contamination, and Peate & Hawkesworth (1966)

also  acknowledged that wvariable upper-crustal

contamination has modified the equivalent Gramado
magma type of the Parana.

Rather than accepting an entirely SCLM origin for
the Etendeka L'TZ and LTZ.L melts, we try to evaluate
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Fig. 14. Sr-Pb and Nd-Pb isotopic composition of the Goboboseb LTZ.H and LTZ.L basaltic series, the Springbok and Goboboseb quartz
latites and Messum Core breccias, compared with the compositional fields of the Etendeka (LTZ and HTZ) and Parana (Gramado and Urubici)
lavas, plus Atlantic MORB, Tristan da Cunha and Gough (T, B), and Walvis Ridge compositions. Data sources as in Fig. 12 caption.

the possible roles of lower and upper crust in their II), and the correlation between Sr isotopic compositions
petrogenesis, an approach necessitated by the very large and increasing SiO, of the lavas (Fig. 16). We believe
volumes of associated coeval silicic magmatism (see Part  that the low-Ti basalt geochemistries can be explained
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Fig. 15. 1/Sr-YSr/*Sr (initial) and 1/Nd-"*Nd/"*Nd (initial) of the Goboboseb mafic and silicic eruptive phases, compared with various
model crustal and SCLM end-member compositions, OIB, and the Horingbaai ‘"MORB-like’ dolerites. Model compositions after Taylor &
McLennan (1985), McDonough (1990), Rudnick & Presper (1990) and Gibson et al. (1995).

by major crustal input without a priori assumption of an
SCLM source (e.g. Arndt & Christensen, 1992; Arndt et
al., 1993). A contribution from the SCLM cannot be
uniquely excluded by our data, and comparisons are
made between inferred SCLM compositions (Zartman
& Haines, 1988; McDonough, 1990; Gibson et al., 1995)
and observed melt compositions.

End-member compositions

Possible scenarios are presented (Fig. 17), based on simple
mixing of three end members: plume melt, mafic lower
crust and silicic crust. The ‘plume’ end member is rep-
resented by LTZ.H sample SMG-127 (Appendix, Table
Al), with the most Mg-rich and least evolved Sr and Nd
isotopic compositions. Two model mafic lower-crustal
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(data sources as in Fig. 15 caption).

compositions are used: the model composition of Taylor
& McLennan [1985; with model isotopes from Zartman
& Haines (1988)] and the mafic lowest lower-crustal
(Lo.L. crust) xenolith average of Rudnick & Presper
(1990). Isotopic compositions are selected from a com-
pilation of mafic to intermediate basement Sr—Nd data
from both Namibia and Namaqualand (the southern
extension of the Namibian intercratonic mobile melt into
South Africa), which show a rather wide range of isotopic
compositions (&g,130 —14 to 1310, exqi30 + 6 to —14; Clifford
et al., 1969, 1975, 1981, 1995; Downing & Coward,
1981; Haack et al., 1982; Kroner, 1982; Cornell e al.,
1986; Haack & Gohn, 1988; Reid et al., 1988; McDermott
et al., 1989; Ziegler & Stoessel, 1989; Hoal, 1990; Kukla,
1993). In terms of major element chemistry, the lower-
crustal xenolith composition is similar to the mafic gran-
ulitic lower-crustal chemistries documented by Moore
(1989; Appendix, Table Al), but these are not used
because of the more complete data set available for the
Rudnick & Presper (1990) average. The isotopic data
suggest that Late Proterozoic crust (i.e. Damara equi-
valent), rather than an older silicic basement component,
represents more plausible silicic crustal end members for
the Awahab quartz latite magmas (see Part II). Two
specific compositions are selected, both from the Damara
equivalents in the Brazilian Parana Basin, namely the
Pelotas Batholith (May, 1990; used because of the paucity
of sufficiently complete chemical data from the Namibian

basement). They comprise the earlier foliated granitoids
(Cascata-type ~550-600 Ma) and the younger unfoliated
granites (Cascata leucogranites, ~450-500 Ma; Ap-
pendix, Table Al).

RESULTS

Mixing fields (Fig. 17) calculated for combinations of the
three end members suggest that, in terms of Sr-Nd space,
the Goboboseb mafic (and silicic) volcanic compositions
are broadly consistent with mixing between three end
members, and with the exception of MMB, the silica
contents of the lavas are also consistent (as shown by the
calculated S10, contours superimposed on the mixing
fields in Fig. 17). Additional calculated curves shown in
Fig. 17 are based on two separate ‘mixed’ mafic end-
member starting compositions, representing 75:25 weight
proportions of, first, the model lower crust and sample
SMG-127, and, second, the Lo.L. crust and SMG-127,
respectively (Appendix, Table Al). In these models, the
isotopic compositions of the LTZ.L lavas (excepting the
MMB), are more consistent with the younger Cascata-
like silicic ‘crustal’ end member, than with the older,
foliated granitic end-member compositions. Although the
two estimates of the Sr and Nd isotopic compositions of
the southern Brazilian SCLM (Gibson et al., 1995) also
lie close to the calculated ‘lower crust-plume’ mixing
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Fig. 17. &y, €, plots of four proposed scenarios involving crustal mixing between: (a) LTZ.H basalt (sample SMG127; equated with assumed
‘plume’ melt) plus model lower crust plus Cascata leucogranite; (b) SMG127 plus model lower crust plus foliated Cascata granite; (c) SMG127
plus model Lo.L. crust plus Cascata leucogranite; (d) SMG127 plus model Lo.L. crust plus foliated Cascata granites. The dotted curves are lines
of equal % SiO,. The heavy dots along the mixing curves represent 25% mixing intervals. Also shown are the generalized composition fields
for the LTZ.H, LTZ.L. and Messum Mountain basalts, and the Goboboseb and Springbok quartz latites, with the range of SiO, contents for

all analysed samples within each of these groups shown. The SCLM (

curves (Fig. 17), the Sr isotopic data require a more silicic
crustal input to the LTZ and LTZ.L melts. Significantly,
Martinez et al. (1996) and Milner & Le Roex (1996)
showed that crustal contamination is supported by oxygen
1sotope data in the comparable tholeiitic series of the
Okenyenya igneous complex. The Sr and Nd isotopic
fields exhibited by the LTZ.H basalts (Fig. 17) are con-
sistent with mixing between the assumed ‘plume’ and
either of the mafic lower-crust end members, and/or the
inferred Brazilian SCLM compositions.

As Tig. 17 is based only on Sr and Nd isotopic data,
it 13 relevant to compare the modelled isotopic trends
and end members with diagnostic trace element para-
meters. In Fig. 3, the Ti/Y and Ti/Zr ratios show good
diagnostic trends between the various basaltic series. T1/

Gibson ¢t al., 1995) is also shown in (d), for comparison.

Y vs initial Sr and Nd isotopic ratios are therefore plotted
(Fig. 18), with comparative regional Etendeka LTZ and
HTZ basaltic compositions. The Sr (and Pb isotopic
compositions, not shown) are negatively correlated with
Ti/Y ratios, contrasting with Nd isotopic compositions
which are positively correlated. Comparable Ti/Zr plots
show similar patterns. In Fig. 18, the regional LTZ and
LTZ.L basaltic fields again overlap, although the MMB
series tend to be transitional towards the quartz latite
compositions. To illustrate possible interrelationships,
mixing curves are again plotted, linking the Cascata
leucogranite end member with the model Lo.L. crust,
the sample SMGI127 (‘plume’) and the mixed Lo.L.
crust + ‘plume’ end-member compositions (Appendix,
Table Al). These curves are consistent with the
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involvement of a silicic, crustal end member (again fa-
vouring the younger Cascata leucogranite-type com-
position relative to the foliated Cascata compositions),
but further suggest the incorporation of mafic lower crust
mto the L'TZ.L (and LTZ) basaltic melts, plus a variable
‘plume’ melt signature. The generalized Atlantic OIB
and MORB fields shown (Fig. 18) further support the
affinities of the LTZ.H melts with OIB-like melts, but
show little evidence for MORB involvement in the
LTZ.H or LTZ.L petrogenesis. In summary, the well-
defined Ti/Y and Ti/Zr trends (Fig. 3) are isotopically
correlated, and are suggested to be consistent with the
generalized models presented in Fig. 17.

Modelling of specific LTZ.L mafic lava
units

Messum Mountain Basalts

These represent (e.g. Fig. 6) a geochemically coherent
sequence of lavas, varying from high-Mg basalts through
to ferrobasalt. Bulk chemical changes are correlated with
1sotopic changes, with g, ranging from 116 to 175, and
&xg from —8:0 to —9-5, but with little change of Pb
isotopes, implying AFC processes. Two general AFC
models are suggested (Table 6), the first with
cpx + ol + pl + mag + apatite phase assemblage and
assimilation of Springbok quartz latite composition.
Major element fits are good, as are most of the trace
elements, including calculated Eu anomalies. The major
problem is the low calculated &g, (and to a less extent
€na), a reflection of the small ~value (ratio of assimilation/
crystallization) required by the least-squares fit. Similarly
good major element fits are obtained with the two Cascata
silicic end members used in this work, but again with
the same calculated &g, problem.

The second model uses a cpx + ol + pl phase as-
semblage and a composition from the Upper Damaran
turbidite sediment of the Kuiseb Group (with &g, and &yxq4
taken from the Kuiseb sediment average; see Part II).
This provides good major element fits, acceptable trace
element agreement (noting the lack of magnetite in the
phase assemblage resulting in high calculated V), and
importantly, because of the higher calculated r-value,
gives much closer calculated i1sotopic compositions. Ad-
dition of magnetite to the phase assemblage, although
still giving good least-squares fits and improving the V
discrepancy, does result in lower r-value and thus poorer
isotopic agreement.

The conclusion reached is that an AFC model is
appropriate to explain the evolution of the MMB, but
most plausibly involves an upper-crustal (i.c. younger)
Damaran sediment end member, implying a relatively
shallow magma system (3-4 km). Based on the tight
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geochemical coherence shown by the lavas, a single
interconnected magma reservoir system 1is suggested.

Copper Valley icelandite

This homogeneous, voluminous, near-aphyric flow, with
g, = 130 and &y —7'9, again requires an AFC-type
process to generate the relatively evolved Sr and Nd
isotope signatures. All simple mixing models failed to
give plausible results. The best fit AFC models utilize the
most magnesian MMB (sample SMG-057) as parental
composition. The three models presented (Table 7) il-
lustrate the problems encountered in modelling this unit.
The first model (cpx + pl + ol 4+ Fe-Ti oxide phase
assemblage) incorporates the Goboboseb QL (see Part
II) as assimilant. This model provides reasonable major
element fits (noting the K,O and Na,O discrepancies),
and some notable trace element discrepancies (especially
Baand V, the latter because of the necessity to incorporate
significant magnetite into this model). The model does,
however, provide good isotopic fits, and reproduces ob-
served Eu anomalies. The second model incorporates a
Damaran Kuiseb turbidite composition, using the same
phase assemblage. The results also show K,O, Ba and
V discrepancies, and result in isotopic compositions some-
what higher than the previous model. The third model
incorporates the Cascata leucogranite, with the same
phase assemblage. In this case, the Ba and K,O dis-
crepancies remain, but V shows good agreement (because
of the magnetite required), but is definitely too high in
calculated €, and €yy. Similar problems are found for
other silicic assimilant end members. Eu anomalies are
again reproduced.

Attempts to model the Copper Valley flow are therefore
only marginally satisfactory. On balance, it is believed
that incorporation of the Goboboseb QL component
into the parental basalt provides the most likely scenario
(consistent with the stratigraphy of the units). One ad-
ditional factor that lends support to the input of the
Goboboseb QL magma, or its partly solidified products,
mto the liquid line of descent leading to the Copper
Valley icelandite is that the inferred AFC processes would
have occurred at high temperatures, not only favouring
relatively high r-values, but facilitating the eruption of a
relatively large volume, homogeneous, high-temperature
(>1000°C) evolved icelandite.

SUMMARY

(1) The Goboboseb Mountains enclose a major bimodal
eruptive centre within the southern Etendeka CFB Prov-
ince which, based on the latest data, we believe were
erupted in a very short interval at 132 Ma.
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Fig. 18. Ti/Y ratios vs initial Sr and Nd isotopic compositions (at 132 Ma) for the Goboboseb volcanic series, and the regional Etendeka HTZ
(field only) and LTZ basaltic series. The two upper-crustal and two lower-crustal (1, model lower crust; 2, Lo.L. crust) model compositions are
shown, plus the mixed ‘plume’ + L.Lo. crust end-member composition (3) (see Fig. 17), together with generalized Atlantic MORB and
central-southern Atlantic OIB compositions [after Sun & McDonough (1989) and sources listed in Fig. 12 caption). Three sets of mixing curves

are shown, cach linking to the Cascata leucogranite end member.

(2) The mafic lavas are shown to define two chemically,
isotopically and mineralogically distinct series, named
here as the LTZ.L. and L'TZ.H series. The L'TZ.L series
are tholeitic and are characterized by relatively low
MgO, and Ti/Zr, Sm/Yb and Ti/Y ratios; consistent
Eu/Eu* negative anomalies; generally higher alkalis and
radiogenic Pb isotopes; and evolved Sr and low Nd
1sotope compositions. They are equivalent to the Et-
endeka regional low Ti-Zr (LTZ or Tafelberg-type) bas-
alts, and it is confirmed that they are closely similar to

the Parana Gramado basalt series. The LTZ.H series
have no described extrusive equivalent within the Et-
endeka (or Parana), although Milner & le Roex (1996)
have recently described isotopically similar alkaline gab-
bros from the Okenyenya igneous (subvolcanic) complex,
some 100 km ENE of Messum. A sequence of basalts
within Messum, the Messum Crater Basalts, are believed
to represent an early volcanic phase in the overall Go-
boboseb sequence, and exhibit transitional chemistry
between the L'TZ.LL and LTZ.H types.
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Table 6: Least-squares AFC models linking least and most evolved Messum Mountain basalt
lavas

Starting composition: SMG057 (high-Mg basalt)

Target composition: SMGO052 (ferrobasalt) SMGO057

assimilated material: Springbok QL' SMG052

'Fractionating phases (wt %): Damara Greywacke'
Cpx 19-7 Cpx 15.-87
Oliv (Fo;;) 24-53 Oliv (Foy;) 26-91
Pl (An,,) 54.28 Pl (Any;) 57-22
Magnetite 1-91
Apatite 0-11

F-value 0-456 0-591

r-value 0-067 0-30

R? 0-008 0-24

Actual Estimated? Estimated?

SiO, (wt %) 54.44 54.43 54.41

TiO, 181 1.87 1.98

Al,O; 14-90 14.90 14.97

FeO* 11-85 11-83 11.86

MnO 0-20 0-25 0.22

MgO 4.06 4.07 4.07

CaO 7-35 7-35 7-39

Na,O 2.47 2.48 2.04

K,O 2.64 2.67 275

P,05 0-28 0-27 0-31

Rb (ppm) 79-8 97 103

Ba 657 699 675

Sr 203 211 198

Zr 305 297 271

Nb 235 21 20

Cr 6-7 0.7 16

\ 245 269 400

Sc 28 33 41

Ni 15 0-8 34

Pb 4.7 5.2 5.7

Zn 115 131 142

Cu 23 152 127

Y 56 58 55

La 43.7 365 332

Ce 911 789 737

Nd 44.7 40-7 398

Yb 5.18 5.7 4.3

Eu/Eu* 0-85 0-82 0-87

Esr 174 120 169

End —9.4 —8.05 -84

'See Appendix, Table A1, for details of model compositions used.
’Basaltic partition coefficients used.
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Table 7: Least-squares AFC models to test deriwation of Copper Valley icelandic flow fiom least
evolved MMB lava

Parent composition: SMGO057 (high-Mg basalt)

Assimilant: Goboboseb QL Damara greywacke' Cascata leucogranite’
Fractionating phases (wt %): Cpx 14.97 Cpx 15-01 Cpx 13:18
Oliv (Fog) 25.43 Oliv (Fogs) 23.77 Pl (Anys) 58:90
Pl (Ang,) 56-14 Pl (An;s) 56-60 Magnetite 0-64
Magnetite 3-46 Magnetite 4-62 Oliv (Fogs) 27-28
Partition coefficient type:? Basaltic Andesitic Basaltic Andesitic Basaltic Andesitic
F-value 0-550 0-419 0-597
r-value 0-21 0-109 0-26
R? 1-01 0-74 0-57
Actual Estimated Estimated Estimated
SiO; (wt %) 58.44 58:10 58.22 58:19
TiO, 1.71 1-46 1.38 1-62
AlLO, 13-22 13-01 13-14 13-08
FeO* 12:42 12.18 12.33 12.21
MnO 0-17 0-26 0-22 0-23
MgO 2.61 2.48 2.55 2.51
CaO 6-26 6-24 6-29 6-22
Na,O 2.58 318 2.67 2.74
K,O 2.35 2.93 3-09 2.98
P,0s 0-24 0-32 0-37 0-25
Rb (ppm) 88-6 105 104 111 109 113 111
Ba 440 682 685 780 786 629 632
Sr 197 200 95 203 76 195 96
Zr 215 290 287 324 320 244 242
Nb 16 21 21 23 22 18 18
Cr 93 1.0 2.1 1-4 19 15 14
\% 318 181 175 137 131 323 314
Sc 34 29 26 26 24 36 28
Ni 9.5 11 83 14 5.4 13 1"
Pb 4.3 6-8 3.7 4.1 15 9-6 8.9
Zn 109 117 85 129 79 117 103
Cu 49.7 131 125 163 153 124 118
Y 40-3 57 58 66 66 50 50
La 328 37-0 37-0 39.0 39.0 324 324
Ce 701 80-5 80-5 859 859 685 685
Nd 34.3 41.2 41.2 45.7 45.7 35-4 354
Yb 38 5.4 5.4 5.8 5.8 4.6 4.6
Eu/Eu* 0-83 0-80 0-80 0-83 0-83 0-86 0-86
€sr 130 123 126 142 159 160 180
€ng —7-86 —7-79 —7-79 —8:18 —8:18 —8:23 —8:23

'See Appendix, Table A1, for details of model compositions used.
2See Appendix, Table A2, for partition coefficients used.
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(3) The LTZ.L series vary from high-Mg basalts to
icelandites, with phenocryst assemblages of + oliv +
Pl + cpx + Fe-Ti oxides, and groundmass pigeonitic
and subcalcic pyroxenes. The LTZ.H series range from
mildly alkaline (ne-normative) to tholeiitic, with phe-
nocryst assemblages of oliv + cpx in the more magnesian
lavas, extending to cpx + pl + oliv in the less magnesian
samples. They fractionate to ne-benmoreite (phono-te-
phrite) magmas near the surface. The mineralogy is
shown to correlate well with bulk whole-rock com-
positions, and relevant experimental phase boundaries,
consistent with relatively low-pressure crystal frac-
tionation processes.

(4) The LTZ.H melts are here identified as mantle
plume dominated, specifically the Tristan da Cunha—
Walvis Ridge plume. They show geochemical char-
acteristics extending between E-MORB and OIB
magmas. The differences, particularly in Ti/Y and Sm/
Yb, between the LTZ.L and L'TZ.H melts suggest that
the latter show transitional signatures from melting in
the garnet stability field (OIB-like) to the spinel peridotite
field (MORB-like). The LTZ.H Pb-Nd-Sr isotopic com-
positions are similar to, but not identical with the modern
Tristan compositions, and the observed variation in
LTZ.H composition suggests limited mixing with an
Atlantic MORB component, and/or lower crust and
SCLM.

(5) The LTZ.L melts are more enigmatic, especially
their geochemical ‘arc signatures’. They exhibit, for ex-
ample, correlated mitial &g, with S10,, T1/Y, T1/Zr and
1/Sr, and eyy— 1/Nd, consistent with mixing-AFC pro-
cesses involving both lower-crustal and upper silicic
crustal input. These melts are modelled by three-com-
ponent mixing (although AFC is a more plausible process),
involving plume melt, mafic lower crust and silicic upper
crust (the last using Damara equivalents from the Parana).
The results support the plausibility of the LTZ.L melts
as representing the products of such plume—crustal inter-
actions, with the silicic quartz latite melts (see Part II)
extending the trends and representing maximum silicic
upper-crustal input. Nevertheless, the data cannot
uniquely exclude SCLM input.
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APPENDIX

Table A1: Model compositions used in calculations

SMG127 Lowest Model Namaqualand Foliated Cascata Damara Mixed ‘plume’

(‘plume’) Lower crust'  Lower crust’®  mafic Cascata leucogranite*  greywacke + Lo.L. crust

(Lo.L. crust) granulites® granitoids* (1:3 ratio)

Sio, 47.44 50-50 54.40 50-13 71-80 74-62 59.67 49.73
TiO, 2.31 1.04 1.00 1.48 0-45 0-18 0-84 1.36
Al,O, 10-27 16-50 16:10 17-15 14.38 1366 1718 14.94
FeO* 13-20 9-03 10-60 11.35 2.67 1-43 6-86 10-07
MnO 0-20 0-15 0-21 0-21 0-05 0-05 0-12 0-16
MgO 14.44 7-68 6-30 6-91 0-81 0-25 4.70 9-37
Ca0 8.75 9.77 850 10-39 1.99 1-20 5.57 9.51
Na,O 2.25 2.39 2.80 1.51 3.26 3.43 1.45 2.35
K,O 0-90 0-79 0-34 0-66 4.47 5.10 336 0-82
P,0s 0-26 0-23 0-10 0-21 0-12 0-07 0-24 0-24
Rb 281 17 5.3 28 145 215 135 19-8
Ba 236 521 150 161 959 569 608 450
Sr 416 422 230 377 236 153 154 420
Zr 163 89 70 126 196 133 195 108
Nb 17-4 1" 6-0 6 135 14 152 12:5
Cr 1160 308 235 200 25-0 18 115 521
\Y 368 214 285 251 48.0 25 177 253
Sc 23 34 36 41 7-0 2 22.2 312
Ni 670 137 135 94 65 3 67-8 270
Pb 26 5.0 4.0 10 23 30 10 4.4
Zn 100 90 83 101 59 41 136 92.5
Cu 168 53 90 14 13-4 8 22.8 81.7
Y 21.2 20 19 32 20 23 40 20-3
La 23.2 13.0 11.0 15 59.7 28.6 25.6 15-6
Ce 55.4 27-8 23.0 29 85.5 53.2 611 34.7
Nd 289 15-2 12.7 22 328 255 365 18-6
Yb 1.7 1-9 2:2 19 0-88 1-41 — 184
€sr —5.28 50-0 18.0 50-0 280 460 450 36-3
ENd 6-21 —14.0 -83 —-14 —12-0 —9-6 —9:68 —6:16

'Rudnick & Presper (1990). *Taylor & McLennan (1985), with isotopes from Zartman & Haines (1988). *Moore (1989). *‘May
(1990).

3'®0 values assumed for SMG127, Lo.L. crust, Namaqualand mafic granulites and Cascata leucogranite are 5-50, 6-50, 6-50,
and 12.0%o, respectively.
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Table A2: Basaltic, andesitic, dacitic and quartz latite partition coefficients used in modelling calculations

Basaltic Dacitic

Plagioclase Olivine Augite Orthopyroxene Magnetite PlagioclaseOlivine Augite Orthopyroxene Magnetite
0-10 0-0002 0-01 0-0006 0-0040  0-08 0-0002 0-09 0-02 0-004
0-15 0-0086 0-077 0-014 0-40 0-20 0-0086 0-15 0-04 0-11
1-60 0-0002 0-10 0-07 0-10 4.4 0-0002 0-07 0-03 0-03
0-02 0-10 0-10 0-08 0-40 0-10 0-10 0-20 0-08 0-20
0-01 0-05 0-05 0-02 1.0 0-05 0-01 0-04 0-02 2.5
0-027 2:4 32.0 13.0 100 0-05 2:4 50-0 25.0 60-0
0-017 0-06 1.4 0-50 30-0 0-02 0-06 5.2 21 60-0
0-014 0-18 2.8 17 15-0 0-02 0-18 13-2 4.7 34
0-05 300 2.8 65 5.0 0-21 18.0 6-0 200 13.0
0-36 0-01 0-01 0-0013 0-30 0-58 0-10 0-10 0-10 0-30
0-10 12 0-50 12 5.4 0-15 12 2:3 4.0 18.0
0-10 0-06 0-50 0-10 1.0 0-25 0-05 05 0-10 1-0
0-02 0-068 0-80 0-25 0-50 0-08 0-068 2.5 0-50 0-80
0-22 0-0018 0-16 0-24 0-45 0-25 0-0018 0-35 0-90 0-50
0-17 0-0018 0-22 0-30 0-42 0-20 0-0018 0-52 0-50 0-60
0-11 0-0018 0-36 0-14 0-44 0-20 0-0018 1.2 0-22 0-80
0-021 0-0094 0-56 0-26 0-47 0-04 0-0094 18 0-85 0-60
Andesitic Quartz latite

Plagioclase Olivine Augite Orthopyroxene Magnetite Apatite Plagioclase Pigeonite Magnetite Apatite
0-14 0-0002 0-013 0-015 0-004 0-001 0-008 0-005 0-004 0-01
0-15 0-0086 0-024 0-014 0-40 0-014 0-72 0-083 0-10 0-014
35 0-0002 0-067 0-03 0-10 0-88 84 0-01 0-11 10.0
0-10 0-06 0-20 0-10 0-4 0-034 0-039 0-068 0-92 0-034
0-09 0-05 0-043 0-02 1-0 0-011 0-05 0-08 4.0 0-011
0-027 2.4 35.0 15.0 58-0 0-0 0-10 20-0 50-0 0-01
0-017 0-06 1.7 0-60 30-0 0-06 0-02 4.0 25.0 0-06
0-014 0-18 6-0 2.0 5.9 0-22 0-05 14.0 6-6 0-22
0-12 18.0 3.7 9.5 10-0 0-0 0-05 5.6 0-10 0-001
0-58 0-10 0-10 0-10 0-30 0-0 0-30 0-05 5.2 0-10
0-13 1-2 1-4 26 14.0 0-0 0-36 5.5 20-2 35
0-17 0-05 0-67 012 1.0 0-28 0-05 0-38 0-30 0-28
0-04 0-09 2.4 0-46 0-5 2.5 0-04 1.2 0-86 70.0
0-22 0-0018 0-16 0-24 0-45 9-3 0-29 0-63 0-67 25.6
0-17 0-0018 0-22 0-30 0-42 9-6 0-24 0-78 0-75 334
0-11 0-0018 0-36 0-14 0-44 10-0 0-17 1.0 1.2 55.8
0-021 0-0094 0-56 0-26 0-47 6-45 0-042 1.6 0-60 64.7
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