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Neoproterozoic Mafic Dykes
of the Heimefrontfjella (East Antarctica)

by Wilfried Bauer', Werner Fielitz’, Joachim Jacobs® and Gerhard Spaeth*

Abstract: Two generations of Neoproterozoic (post-Grenville-age) mafic
dykes have been identified in the Heimefrontfjella. They show amphibolite-
facies mineral assemblages in the Sivorg and Vardeklettane terranes and are
only weakly metamorphosed in the Kottas Terrane. The older generation of
mafic dykes gave a crystallization age of ~1033 Ma and has geochemical
characteristics of continental tholeiites. Possible equivalents are the Equeefa
dykes from Southern Africa. The age of the younger generation is poorly
constraint by a single zircon SHRIMP age of 586 Ma. Geochemically, the
second group of mafic dykes has a more primitive E-MORB composition,
probably related to ocean-floor basalts of the Mozambique Ocean.

Zusammenfassung: In der Heimefrontfjella wurden zwei Generationen
neoproterozoischer (post-grenvillisch) mafischer Génge identifiziert. Sie
wurden im Sivorg- und Vardeklettane-Terrane amphibolitfaziell, im Kottas-
Terrane jedoch nur griinschieferfaziell metamorphosiert. Die élteren Ginge
wurden auf ~1033 Ma datiert; ihre geochemische Charakteristik entspricht
kontinentalen Tholeiiten. Sie konnten den Equeefa-Basalten Siidafrikas
entsprechen und den beginnenden Zerfall des Namaqua-Natal-Maud Orogens
dokumentieren. Die jlingere Generation weist ein durch eine einzige Zirkon-
SHRIMP Datierung nur schlecht belegtes Alter von 586 Ma auf. Die geoche-
mische Zusammensetzung weist diese Ginge als E-MOR Basalte aus, die
vermutlich Aquivalente der Ozeanboden-Basalte des Mosambik-Ozeans sind.

INTRODUCTION

The Heimefrontfjella was a site of complex tectonics during
latest Mesoproterozoic (Grenvillian age) and latest Neopro-
terozoic/Cambrian times (JACOBS & THOMAS 2002, BAUER et
al. 2003a). These two orogenic events are associated with the
amalgamation of the supercontinents Rodinia and Gondwana,
respectively. Although two distinct metamorphic and tectonic
cycles have been distinguished (e.g. JacoBs et al. 1999),
records of intervening events such as rift-related magmatism
or Neoproterozoic sediments indicating an open Mozambique
Ocean between East- and West-Gondwana are scarce. Meta-
morphosed mafic dykes that clearly post-date the Grenville-
aged orogeny and pre-date the East African — Antarctic
Orogeny are geological records for a time span, which covers
the break-up of Rodinia, the opening and the closure of the
Mozambique ocean (DALZIEL 1997, DALZIEL et al. 2000) in a
very close distance to the Heimefrontfjella. These mafic dykes
have initially been described by WORSFOLD (1967), JUCKES
(1972) and SpAETH & FIELITZ (1987). They recognized their
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altered mineral assemblages and distinguished them from
Mesozoic dykes, which are related to the opening of the
southern Atlantic Ocean (SPAETH & SCHULL 1987). Previous
studies confined the age of the metamorphosed dykes between
the Grenville-aged wallrock gneisses (ARNDT et al. 1991) and
a displacing thrust that gave a K-Ar biotite date of 473 £11 Ma
(Jacoss et al. 1995) (Fig. 1). A detailed geochemical study and
two U-Pb zircon SHRIMP ages were published by BAUER et al.
(2003b).

Fig. 1: Up to 6 m thick mafic dykes displaced along a southeast dipping thrust
at Vikenegga (Kottasberge), view to SW.

Abb. 1: Bis zu 6 m michtige, steilstehende mafische Ginge, versetzt durch ei-
ne nach SE einfallende Scherzone am Vikenegga (Kottasberge), Blick nach
SW.

DISTRIBUTION AND ORIENTATION OF NEOPROTERO-
ZOIC MAFIC DYKES

The distribution of the mafic dykes is shown in Figure 2. A
total of 157 Neoproterozoic post-Grenvillian dykes have been
mapped in Heimefrontfjella (27 in the Kottas Terrane, 128 in
the Sivorg Terrane, and 2 in the Vardeklettane Terrane). In the
annotation of the map sheets Vikenegga, Hanssonhorna and
Worsfoldfjellet these dykes (MD) are shown as Neoprotero-
zoic to Cambrian in age, since it was possible to identify them
based on their relatively low metamorphic grade. On the other
map sheets, they are summarized as amphibolites (A) within
the group of intrusive magmatic rocks.

The generally steeply dipping mafic dykes (Fig. 3) strike NE-
SW in the Sivorg Terrane and N-S in the Kottas Terrane. Some
dykes are folded around gently NE plunging axes (FIELITZ &
SpAETH 1991). These open to close fold structures are related
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Fig. 2: Geological overview map of Heimefrontfjella with distribution and orientation of Neoproterozoic mafic dykes and sample locations

(modified after BAUER at al. 2003b).

Abb. 2: Geologische Ubersicht der Heimefrontfjella mit den Lokationen und der Orientierung neoproterozoischer mafischer Génge (nach

BAUER et al. 2003b).

Fig. 3: Amphibolite-facies mafic dykes at Scharffenbergbotnen, Sivorgfjella,
clearly crosscutting the subvertical metamorphic foliation.

Abb. 3: Amphibolitfazielle mafische Génge bei Scharffenbergbotnen, Sivorg-
fijella. Sie durchschlagen deutlich erkennbar die fast vertikale metamorphe Fo-
liation.

34

to the Late Neoproterozoic-Cambrian tectonic overprint,
which increases from west to east. The thickness of the dykes
ranges between 8 cm and 30 m, however most of them are
within the range of 1-2 m.

PETROGRAPHY AND GEOCHEMISTRY

The mafic dykes are metamorphosed at different grades.
Generally, very fine-grained, greenschist-facies dykes are
restricted to the Kottas Terrane in the northern Heimefront-
fjella and the Vardeklettane Terrane in southwestern Heime-
frontfjella (Fig. 2). Combined X-ray diffractometry and light
microscopy revealed a metamorphic assemblage of mainly
albite, chlorite, epidote, and clinozoisite. Minor components
are titanite, quartz, and calcite. Relics of clinopyroxene and
opaque ilmenite, the latter partly replaced by rims of leuco-
xene, are present in some samples. Many samples preserved a
magmatic subophitic texture (Fig. 4), indicated by “shadows”
of tabular plagioclase crystals surrounded by remnants of
clinopyroxene. A few dykes are sheared and have been trans-
formed to phyllonites.
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Fig. 4: Sample KF89 (Christophersennabben, Sivorgfjella) showing a sub-
ophitic texture. The feldspar crystals are completely replaced by albite, clino-
zoisite, quartz, and white mica.

Abb. 4: Probe KF89 vom Christophersennabben, Sivorgfjella, mit subophiti-
schem Gefiige. Die Feldspatkristalle sind vollstindig durch Albit, Klinozoisit,
Quarz und Hellglimmer ersetzt.

Amphibolite-facies dykes contain a metamorphic assemblage
of green hornblende, plagioclase, interstitial biotite and chlo-
rite as major constituents. Quartz, epidote and rutile are minor
components; trace amounts of apatite and ilmenite are present.
The grain size is fine to medium-grained and the minerals
show an equigranular granoblastic fabric. A wide-spaced schi-
stosity is defined by the preferred orientation of phyllosili-
cates. All samples collected in the Sivorg Terrane of central
and southern Heimefrontfjella show mineral assemblages indi-
cative for amphibolite-facies metamorphism.

The samples represent two geochemically different groups.
Group I samples were collected in all parts of the Heimefront-
fjella whereas most samples (but not all) of Group II dykes are
restricted to the Sivorg Terrane.
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Group I dykes

Group I dyke samples are basaltic to basaltic andesite in
composition with SiO, contents ranging from 44.9 to 55.4
wt.% and average FeO,, values of 11.3 wt. %. Using the classi-
fication diagram of WINCHESTER & FLOYD (1977), the samples
plot within the fields of subalkaline basalts, few samples show
a transitional alkaline affinity with relatively high Nb/Y values
(Fig. 5a). The subalkaline suite plots in two clusters, which
differ in their Ti/Zr ratio: a fairly coherent cluster with Zr/TiO,
*0.0001 values around 0.05 and a rather scattered cluster with
values exceeding 0.06. This pattern depends mainly on consi-
derable variation of the TiO, content, ranging from 1.35 to
3.82 wt. %. The Zr/TiO, ratio is commonly used as an indi-
cator of different lithospheric mantle sources and/or crustal
contamination. In the Zr/Y versus Zr diagram (PEARCE &
NorrY 1979), the samples scatter across the within-plate
basalt field (Fig. 5b).

Total REE abundances of three selected samples (KF 11, KF
14, KF 18) are variable (50-192 ppm), but their REE patterns,
normalized to C1 chondrite (MCDONOUGH & SUN 1995) are
similar (Fig. 6a). A low LREE/HREE enrichment, indicated by
(La/Yb)n ratios between 4.45 and 2.78, and a very small Eu
anomaly (Eu/Eu* 0.91-1.03) are all features characteristic of
continental tholeiites (Dupuy & DoOSTAL 1984). In contrast,
KB 156 yields a high total REE abundance of 293 ppm and a
(La’/Yb), ratio of 22.5, more typical for basalts with a calc-
alkaline chemistry.

Group Il dykes

Group II dykes are basaltic in composition with SiO, contents
ranging from 43.93 to 53.66 wt. %. In the basalt classification
diagram (Fig. 5a), the samples plot in a fairly coherent cluster
in the field of subalkaline basalts (some symbols represent two
samples with identical Zr/TiO, and Nb/Y ratios). The variation
of the TiO, content is less pronounced, ranging from 1.08 to
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Fig. 5: Geochemical classification of mafic dykes from Heimefrontfjella: (a) using the Zr/TiO,-Nb/Y diagram of Winchester & Floyd (1977);
Squares = Group I dykes, triangles = Group II dykes; open symbols = greenschist-facies samples from Kottas Terrane; filled symbols =
amphibolite-facies samples from Sivorg and Vardeklettane terranes. (b) using the Zr/Y-Zr plot of PEARCE & NORRY (1979).

Abb. 5: Geochemische Klassifikation der mafischen Génge: (a) im Zr/TiO,-Nb/Y Diagramm von Winchester & Floyd (1977); Quadrate =

Ginge der Gruppe I, Dreiecke = Génge der Gruppe 1I; offene Symbole = griinschieferfazielle Proben vom Kottas-Terrane; gefiillte Symbole =
amphibolitfazielle Proben vom Sivorg- und Vardeklettane-Terrane; (b) Darstellung im Zr/Y-Zr Diagramm von PEARCE & NORRY (1979).
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Fig. 6: REE patterns of selected dykes: (a) Group I samples normalized to C1 chondrites (MCDONOUGH & SuN 1995). (b) Group II dykes nor-

malized to E-MORB (Sun & McDONOUGH 1989).

Abb. 6: SEE-Verteilung ausgewihlter Génge: (a) Proben der Gruppe I normiert gegen C1 Chondrite (MCDONOUGH & SuN 1995); (b) Proben
der Gruppe II normiert gegen E-MOR Basalte (SUN & MCDONOUGH 1989).

2.91 wt. %. It should be noted, that the average FeO,, content
of 12.5 wt. % is even higher than that from the Group I dykes.
The precursor rocks may be characterized as high-Fe tholei-
ites. Due to their significantly lower Zr/Y ratios, Group II
samples form a scattering cluster across the mid-ocean-ridge
basalt (MORB) and within-plate basalt fields (Fig. 5b) in the
Zr/Y versus Zr diagram (PEARCE & NORRY 1979). Total REE
concentrations of three selected samples (KB 135, KF 89 and
KF 98) are moderate, ranging between 50 and 90 ppm. LREE
are very moderately enriched, as indicated by (La/YD), ratios
of 1.33, 1.25, and 1.03. The relatively uniform REE pattern of
this group remarkably resembles those of E(enriched)-MORB
basalts (Fig. 6b).

GEOCHRONOLOGY

Sample KB 156 was collected from a greenschist-facies dyke
(Group I) at the easternmost nunatak of the Kottas Terrane, i.e.
northwest of the Heimefront Shear Zone (HSZ, Fig. 2). The
sample contains two types of zircon grains. The majority of
the zircons are clear small crystals up to 150 um long and with
large length/width ratios of up to 6. In cathodoluminescence
images these zircons show a weak prism-parallel zoning
(BAUER et al. 2003b). The second, subordinate zircon type is
round and brown and is probably inherited.

Fifteen areas were analysed in the first group of needle-type
zircons, which gave a weighted mean *’Pb/**Pb-age of 1033.4
+7.1 Ma. This age is interpreted as a crystallization age and is
probably close to the emplacement of the mafic dyke.

Sample KB 135 was collected from an amphibolite-facies
mafic dyke (Group II) in Scharffenbergbotnen, northern
Sivorgfjella. The dyke intrudes gneisses of supracrustal,
probably volcanic origin and is located close to the HSZ (Fig.
2). From approximately 1.5 kg sample material, only a single,
c. 240 um long zircon grain was extracted, which broke into a
number of pieces during sample preparation. The fragments
represent a clear zircon that gave a uniform luminescence
(BAUER et al. 2003b). Six analyses gave a weighted mean
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2"Pb/**Pb-age of 586 +£7 Ma. This age is interpreted as a
crystallization age and should be close to the emplacement age
of the dyke.

DISCUSSION AND CONCLUSIONS

The mafic dykes of the Heimefrontfjella have been grouped
based on their geochemical composition. Group I is character-
ized by high Zr/Y and (La/Yb), ratios and represents a variable
suite of (continental) within-plate tholeiite basalts, but in
detail the dykes show a quite heterogeneous composition.
Common features such as high Zr/Y and (La/YDb), ratios indi-
cate significant components of crustal origin in the parental
magma(s). The geochronological data of sample KB 156 indi-
cate that the Grenville-age metamorphic basement of Heime-
frontfjella was intruded by continental tholeiites at about 1030
Ma. This age is about 30 Ma younger than the post-tectonic
pegmatites of northern Heimefrontfjella (~1060 Ma, ARNDT et
al. 1991) but c. 45 Ma older than the mineral cooling ages
from amphibolites and pegmatites west of the HSZ (Ar-Ar
hornblende ~1012 Ma, JAcOBS et al. 1999, K-Ar muscovite
~960-987 Ma, JacoBs et al. 1995).

Group II dykes have low Zr/Y and (La/YDb), ratios, which are
characteristic for a magma derived from a MORB-source as-
thenosphere. The 586 +7 Ma intrusion age of a Group II dyke
from Scharffenbergbotnen predates the oldest Late Neopro-
terozoic-Cambrian metamorphic zircon ages at ~555 Ma
(JacoBs et al. 2003). MORB-type mafic dykes of latest
Neoproterozoic age in the Heimefrontfjella suggest the
existence of nearby oceanic crust. The Mozambique Ocean
between West and East Gondwana still existed at that time, but
based on palaecogeographic reconstructions for the Late
Neoproterozoic, this ocean was already closing (e.g. DALZIEL
1997, GosE et al. 1997).

It seems unlikely that two magmatic events, which produced
nearly 160 dykes (and more may been hidden beneath the ice)
are restricted to an area of only 130 km x 30 km. The question
arises, whether group I and II dykes are part of a greater
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magmatic province, i.e. are there possible correlatives in adja-
cent areas? Unmetamorphosed mafic rocks with geochemical
signatures of continental tholeiites are known from the
Ritscherflya Supergroup of the Grunehogna craton. There, a
Late Mesoproterozoic sedimentary sequence is intruded by the
Borgmassivet intrusives and is overlain by the Ahlmannryggen
flows (PETERS 1989). MOYES et al. (1995) obtained an age of
~1000 Ma for the Borgmassivet intrusive rocks using
combined Rb-Sr and Sm-Nd whole rock data. This age is
poorly constrained and has been under debate, but GROENE-
WALD et al. (1991) point to similarities between the Ritscher-
flya Supergroup of the Grunehogna Craton and the Umkondo
Supergroup of the Kaapvaal Craton. Robust U-Pb zircon
SHRIMP geochronology for the Umkondo dolerites give an
age of 1105 £2 Ma (HANSON et al. 1998). No robust geochron-
ological data for the basalts from Borgmassivet are available;
however, if they are contemporaneous to the Umkondo dole-
rites, both were formed prior to the Grenvillian deformation in
completely different tectonic regimes. Since the Borgmassivet
basalts are characterized as high-Mg tholeiites (PETERS 1989),
whilst the Heimefrontfjella dykes as high-Fe tholeiites, a
correlation of Group I dykes from Heimefrontfjella with mafic
flows and intrusives of the Grunehogna Craton seems to be
unlikely.

For both dyke groups of Heimefrontfjella no direct correla-
tives have been identified in adjacent areas of Antarctica. In
SE Africa, the Equeefa mafic dyke suite (THOMAS et al. 1992)
is a potential correlative to the older dykes of Heimefront-
fjella. It intrudes the Grenville-age basement of the Mzumbe
Terrane in Natal. These mafic rocks have been dated at 1024
+32 Ma using the Rb-Sr whole rock method (EGLINGTON &
KERR 1989). The mafic suite is made up of massive metagab-
bros, olivine metanorite, and porphyritic metadolerite. The
dykes are metamorphosed to amphibolite-facies and were
deformed during the final stages of the Grenvillian orogeny.
Geochemical characteristics such as a small negative Eu
anomaly (Euw/Eu* = (.8), Fe-enrichment and marked LREE

enrichment are common for continental tholeiites. THOMAS et
al. (1992) suggested an origin of the magma by partial melting
of an enriched mantle source, and the Equeefa suite is envi-
saged as a high level representative of extensive sub-crustal
underplating. According to JACOBS et al. (1993), the Kaapvaal-
Grunehogna Craton and the Grenville-aged orogen at its
southern margin underwent a prolonged phase of SW-NE
directed convergence. The shape of the craton and the
geometry of the major shear zones point to indentation tecton-
ics (JacoBs et al. 1993). The mafic dykes of Group I in
Heimefrontfjella as well as the Equeefa suite in Natal are
oriented perpendicular to the main Grenvillian structural trend
of the orogen, which is parallel to o 1 (Fig. 7). This is a
preferred orientation of late-tectonic mafic dyke swarms in
indentation regimes (FAHRIG 1987). The heterogeneous
composition of Group I can be the result of long-lasting
magmatism during late stages of continental collision, starting
with a phase of magmatic underplating of thickened conti-
nental crust, followed by a phase of orogenic collapse or
beginning rifting.

ACKNOWLEDGMENTS

Fieldwork and laboratory studies were funded by the German
Science Foundation (DFG), grant Bal636/5. The expeditions
to the Heimefrontfjella were logistically supported by the
Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven. Constructive comments by Andreas Liufer,
Hans-Jiirgen Paech and Hubert Miller have improved this

paper.

References

Arndt, N.T., Todt, W, Chauvel, C., Tapfer, M. & Weber, K. (1991): U-Pb zircon
age and Nd isotopic composition of granitoids, charnockites and
supracrustal rocks from Heimefrontfjella, Antarctica.- Geol. Rundsch. 80:
759-771.

4 Koopvaal Craton, +, +

.,

L

Falkland
Microplate

0 1000 km
—

Wohlthatmassiv

MUhlig-Hofmann-

+ + + + + + + Gebirge
Ploae b il e MM

\\Kirwa nveggen Anfarctica

Heimefrontfjella dykes

AN Heimefrontfiella

L Block ?

ant

East

Fig. 7: SE Africa and parts of East Ant-
arctica in a Gondwana reconstruction.
Note that the post-Grenvillian dykes in
Natal and Heimefrontfjella are oriented
subperpendicular to the former conti-
nental margin of the Kaapvaal Craton;

¢ e EAAO = East African—Antarctic Oro-
\ e gen.
‘|' \++ ++;CooTs Land
-~ Abb. 7: Stidostliches Afrika und Teile

Ostantarktikas in einer Gondwana-Re-
konstruktion. Bemerkenswert ist die
Lage der postgrenvillischen Génge in
Natal und der Heimefrontfjella; sie lie-
gen nahezu rechtwinklig zum ehemali-
gen Kontinentalrand des Kaapvaal-Kra-
tons; EAAO = Ostafrikanisch — Antark-
tisches Orogen.

37



Umbruch 79-1

04.11.2009 16:21 Uhr Seite 38

Bauer, W., Thomas, R.J. & Jacobs, J. (2003a): Proterozoic-Cambrian history of
Dronning Maud Land in the context of Gondwana assembly.- In: M.
Yoshida. B.F. Windley & S. Dasgupta (eds), Proterozoic East Gondwana:
Supercontinent Assembly and Break-up.- Geol. Soc. Spec. Publ. London
206: 247-269.

Bauer, W, Fielitz, W, Jacobs, J., Fanning, C.M. & Spaeth, G. (2003b): Mafic
dykes from Heimefrontfjella and implications for the post-Grenvillian to
pre-Pan-African geological evolution of western Dronning Maud Land
(Antarctica).- Antarctic Sci. 15: 379-391.

Dalziel, LW.D. (1997): Neoproterozoic-Paleozoic geography and tectonics:
Review, hypothesis, environmental speculation.- Bull. Geol. Soc. Amer.
109: 16-42.

Dalziel, L W.D., Mosher, S. & Gahagan, L.M. (2000): Laurentia-Kalahari colli-
sion and the assembly of Rodinia.- J. Geol. 108: 499-513.

Dupuy, C. & Dostal, K. (1984): Trace element geochemistry of some conti-
nental tholeiites.- Earth Planet. Sci. Lett. 67: 61-69.

Eglington, BM. & Kerr, A. (1989): Rb-Sr and Pb-Pb geochronology of
Proterozoic intrusions from the Scottsburgh area of southern Natal.- S.
Afr. J. Geol. 92: 400-409.

Fahrig, WE (1987): The tectonic settings of continental mafic dyke swarms:
Failed arm and early passive margin.- Geol. Assoc. Canada Spec. Pap. 34:
331-348.

Fielitzy W. & Spaeth, G. (1991): A structural survey of Precambrian rocks,
Heimefrontfjella, western Neuschwabenland, with special reference to the
basic dykes.- In: M.R.A. THOMSON, J.A. CRANE & J.W. THOMSON
(eds). Geological Evolution of Antarctica. Cambridge Univ. Press, 67-72.

Gose, W.A., Helper, M.A., Connelly, JN., Hutson, FE. & Dalziel, 1.W.D.
(1997): Paleomagnetic data and U-Pb isotopic age determinations from
Coats Land, Antarctica. Implications for late Proterozoic plate reconstruc-
tions.- J. Geophys. Res. 102: 7887-7902.

Groenewald, PB., Grantham, G.H. & Watkeys, M.K. (1991): Geological
evidence for a Proterozoic to Mesozoic link between southeastern Africa
and Dronning Maud Land, Antarctica.- J. Geol. Soc. London 148: 1115-
1123.

Hanson, R.E., Martin, M.W.,, Bowring, S.4. & Munyanyiwa, H. (1998): U-Pb
zircon age for the Umkondo dolerites, eastern Zimbawe: 1.1 Ga large
igneous province in southern Africa-East Antarctica and possible Rodinia
correlations.- Geology 26: 1143-1146.

Jacobs, J., Fanning, C.M. & Bauer, W, (2003): Timing of Grenville-age vs.
Pan-African medium- to high grade metamorphism in western Dronning
Maud Land (East Antarctica) and significance for correlations in Rodinia
and Gondwana.- Precambr. Res. 125: 1-20.

Jacobs, J., Thomas, R.J. & Weber, K. (1993): Accretion and indentation tecto-
nics at the southern edge of the Kaapvaal craton during the Kibaran
(Grenville) orogeny.- Geology 21: 203-206.

38

Jacobs, J., Ahrendt, H., Kreutzer, H. & Weber, K. (1995): K-Ar, 40Ar-39Ar and
apatite fission-track evidence for Neoproterozoic and Mesozoic basement
rejuvenation events in the Heimefrontfjella and Mannefallknausane.-
Precambr. Res. 75: 251-262.

Jacobs, J., Hansen, B.T, Henjes-Kunst, E, Thomas, R.J., Bauer, W, Weber, K,
Armstrong, R.A. & Cornell, D.H. (1999): New age constraints on the
Proterozoic/Lower Palaeozoic evolution of Heimefrontfjella, East Antarc-
tica, and its bearing on Rodinia/Gondwana correlations.- Terra Antartica
6:377-389.

Jacobs, J. & Thomas, R.J. (2002): The Mozambique Belt from an East Antar-
ctic perspective.- In: J.A. GAMBLE, D.N.B. SKINNER & S. HENRYS
(eds), Antarctica at the close of a millenium. Roy. Soc. N.Z. Bull. 35: 3-
18.

Juckes, L.M. (1972): The geology of north-eastern Heimefrontfjella, Dronning
Maud Land.- Brit. Ant. Surv. Sci. Rep. 65: 1-44.

McDonough, WE & Sun, S.-S. (1995): The composition of the Earth.- Chem.
Geol. 120: 223-253.

Moyes, A.B., Krynauw, JR. & Barton, J.M. (1995): The age of the Ritscherflya
Supergroup and Borgmassivet Intrusions, Dronning Maud Land, Antarc-
tica.- Antarctic Sci. 7: 87-97.

Pearce, JA. & Norry, M.J. (1979): Petrogenetic implications of Ti, Zr, Y and
Nb variations in volcanic rocks.- Contrib. Mineral. Petrol. 69: 33-47.
Peters, M. (1989): Die Vulkanite im westlichen und mittleren Neuschwaben-
land, Vestfjella und Ahlmannryggen, Antarktika. Petrographie,
Geochemie, Geochronologie, Paldomagnetismus, geotektonische Impli-

kationen.- Ber. Polarforsch. 61: 1-186.

Spaeth, G. & Fielitz, W (1987) Structural investigations in the Precambrian of
Western Neuschwabenland, Antarctica.- Polarforschung 57: 71-92.

Spaeth, G. & Schiill, P (1987): A survey of Mesozoic dolerite dikes from
Western Neuschwabenland and their geotectonic significance.- Polarfor-
schung 57: 93-113.

Sun, S.-S. & McDonough, WF (1989): Chemical and isotopic systematics of
oceanic basalts: implications for mantle composition and processes.- In:
A.D. SAUNDERS & M.J. NORRY (eds), Magmatism in the Ocean
Basins..- Geol. Soc. Spec. Publ. 42: 313-345.

Thomas, R.J., Eglington, B.M., Evans, M.J. & Kerr, A. (1992): The petrology
of the Proterozoic Equeefa Suite, northern Natal, South Africa.- S. Aft. J.
Geol. 95: 116-130.

Winchester, JA. & Floyd, PA. (1977): Geochemical discrimination of different
magma series and their differentiation products using immobile
elements.- Chem. Geol. 20: 325-343.

Worsfold, R.J. (1967): The geology of southern Heimefrontfjella, Dronning
Maud Land.- Ph.D. thesis, University of Birmingham, 1-176.



