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ABSTRACT

ABSTRACT

The southern most basement inlier within the Damara Orogen, the Rehoboth Basement Inlier, covers an area of ap-
proximately 15000? km with its northernmost outcrops situated about 70 km south of Windhoek, the capital of Namibia.
The aim of this study is to elucidate the geological history of the inlier, which is composed of a succession of metavol-
cano-sedimentary acid and basic rock formations which are intruded by granitoid as well as basic magmas. Sm-Nd and
U-Pb analyses of granitoids, amphibolites and basic dykes show that the major part of the Rehoboth crust formed during
the early Proterozoic between 2.6 and 1.8 Ga as an accretionary belt on the northwest side of the Archacan Kalahari Cra-
ton and possibly equivalent to the younger parts of the South African and Zimbabwean Limpopo Province. During the
early stages of this crustal evolution the freshly formed crust must also have been readily reworked by various stages of
erosional, metamorphic and anatectic processes in order to be present today as a metamorphosed volcano sedimentary
sequence, including the lithologies from the Mooirivier Complex at its base to the Billstein Formation at its top. This
theory of early reworking of the originally formed crust is supported by the occurrence of granitic pebbles and boulders in
various formations of the Rehoboth Sequence. It is worth noting that the majority of the formations from the Mooirivier
Complex to the Billstein Formation originally had similar lithological compositions, thus casting doubt on the present
stratigraphic classification according to the South African Committee for Stratigraphy (1980) which is, for the most part,
based on tectonic and metamorphic considerations. Geochemical and U-Pb studies have shown that the Weener and
Piksteel Intrusive Suites intruded the Rehoboth area during the Eburnian orogeny, between about 2.0 Ga and 1.8 Ga, and
that these magmas, which all show calc-alkaline characteristics, were probably generated in a collisional tectonic envi-
ronment. At about 1.4 Ga the Alberta Mafic Complex and related intrusives were emplaced in the northern parts of the
Rehoboth Basement Inlier. This was followed between 1.25 and 1.0 Ga by the intrusion of the members of the Gamsberg
Granite Suite and related rhyolitic dykes causing strong hydrothermal alteration of the major part of the intruded rock
sequence. These magmas could be characterised by the geochemical analyses of this study as being of calc-alkaline com-
position. The strong hydrothermal alteration of the country rock by the Gamsberg magmatism could be verified by numer-
ous Rb-Sr analyses of samples taken from the intruded rock sequence; the age of the Gamsberg-related rhyolitic dykes
was determined by the U-Pb method. The use of the Rb-Sr method and geochemical analyses allowed description of the
high-potassium rhyolites of the Nueckopf Formation which formed at about 950 Ma during the final stages of Gamsberg
magmatism. About 130 Ma later, at approximately 820 Ma, the whole area of the Rehoboth Basement Inlier was intruded
by swarms of basic dykes in a diverging tectonic regime in directions paralleling the Areb shear zone (a major tectonic
lineament crosscutting the Rehoboth Basement Inlier in a southwest-northeast direction) as may be deduced from Rb-Sr
and geochemical studies on samples from these basic dykes.

Numerous K-Ar age determinations on biotites, white mica and sericite, carried out during this study, have shown that
the compressional phase of the Damara orogeny to the north of the Rehoboth Basement Inlier led to metamorphic condi-
tions (300°C) in the northern part of the inlier, capable of resetting the K-Ar systems of biotites and white micas; south
0f23° 55’°S they were not strong enough to completely reset the K-Ar systems of biotites. The Rehoboth Basement Inlier
must therefore have been overridden by nappes of the Damara Orogen, as may be deduced from the previously known
Damaran ages of micas from the Namib Naukluft Nappe Complex. After the Damara orogeny, the Rehoboth Inlier was
affected by the break-up of Gondwana, which resulted in the opening of the South Atlantic and the reactivation of the
Areb shear zone. This is indicated by K-Ar analyses of samples of the Mooirivier Complex and the Elim Formation col-
lected along the Areb shear zone, which show the partial rejuvenation of biotite and white mica separates. These samples

currently yield apparent ages of 315 Ma to 427 Ma.
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ORGANISATION

1. ORGANISATION AND STRATEGY OF THE STUDY

1.1 ORGANISATION

This study was a University Research Project funded by
the Geological Survey of Namibia.

The then director of the Geological Survey of Namibia, Dr
R. McG. Miller, guided the field work in Namibia while the
whole project was carried out under the supervision of Prof.
E. Jaeger of the University of Berne, Switzerland.

Field work and primary sample preparation were carried
out during two field seasons in Namibia, between Novem-
beR1986 and June 1988.

One hundred and four whole-rock samples were collected
for age determinations. A total of 98 samples were collected
for geochemical analyses in the Weener and Piksteel Intru-
sive Suites and in the Gamsberg Granite Suite as a base for a
reconnaissance survey on the geochemistry of the Rehoboth
granitoids. The relatively uncertain lithostratigraphic classi-
fication of several outcrops in the Rehoboth area, due to the
reconnaissance character of the maps of the Geological Sur-
vey on which this study was based, may in some cases have
led to a doubtful classification of some of our samples.

Samples containing biotites or white micas suitable for K-
Ar determinations were collected from various formations at
scattered localities throughout the Rehoboth Basement In-
lier in order to show the southwards-diminishing influence
of the Damaran orogenesis and to give a better location of
the Damaran biotite isograd of Ahrendt et al. (1977) cross-
cutting the inlier. Dating of the latest activities of the Areb
shear zone was attempted by the K-Ar analyses of phyllites
and mica schists of the Mooirivier Complex and the Elim
and Marienhof Formations collected in the vicinity of the
shear zone. The dating of contact metamorphic white micas
of the Elim Formation collected on the farms Morgenroth
and Witkrans should furthermore provide a minimum age
for the magmatic activity in this area.

With the exception of the mica schists and phyllites of the
Marienhof and Billstein Formations, the Rb and Sr systemat-
ics of all the collected samples were studied in order to pro-
duce isochron ages, which were expected at least partially to
reflect the ages of the formations analysed.

The dating of zircon separates of three plutons of the Piks-
teel Intrusive Suite should provide intrusion ages for the Pik-
steel Suite and thus give a minimum age for the Rehoboth
Sequence and underlying rocks. Furthermore it was attempt-
ed to obtain a minimum age for the Marienhof Formation by
the dating of two rhyolitic dykes crosscutting the formation.

The analyses of the Sm-Nd systematics of several whole-
rock samples from various formations should provide a
maximum age for the formation of the Rehoboth crust and
should thus narrow the time span during which the volcano
sedimentary sequences and older intrusives of the Rehoboth
basement were formed.

The collecting of the samples in Namibia and their prepara-
tion in both Windhoek and Berne was shared by the authors.
Potassium analyses and the Rb-Sr laboratory work were car-

ried out by U. Ziegler with the kind help of Mr M. Giger and
Mrs Hebeisen. The mass spectrometric determination of the
Ar, Rb and Sr concentrations, as well as the isotopic compo-
sition of Sr, were done by both authors. F. Stoessel was re-
sponsible for zircon separation and for the subsequent U-Pb
determinations of these separates. U. Ziegler introduced the
Sm-Nd technique of dating to the KAW laboratory in Berne
with the kind assistance of Dr M. Flisch and O. Krebs. All
the laboratory and mass spectrometric work carried out in
connection with the Sm-Nd determinations was performed
by U. Ziegler, who also created the computer programme for
the processing of Sm-Nd data.

1.2 OBJECTIVES

The aim of this study is to elucidate the geological evolu-
tion of the Rehoboth Basement Inlier by means of geochemi-
cal and isotopic analyses, in order to improve the understand-
ing of the pre-Damaran basement of Namibia. The following
crucial questions were of primary interest in order to unravel
the unknown parts of the history of the Rehoboth area:

- When did the continental crust of the Rehoboth area start
to form and to consolidate ?

- Are there any indications of Archaean rocks in the area?

- Can genetic relationships in the Rehoboth granitoids be
observed by means of geochemical investigations?

- Is it possible to date the formation ages of the individual
formations, and are the results obtained in agreement with
the stratigraphic classification of the analysed formations
on the internal maps of the Geological Survey in Wind-
hoek, and are the results of this study consistent with the
results of previous workers?

- Are there any datable pre-Damaran tectonothermal events
in the Rehoboth Basement Inlier?

- What is the influence of the Damara orogeny, the Karoo
period and the final break-up of Gondwana on the Re-
hoboth Basement Inlier?

- When was the Areb shear zone, crosscutting the Rehoboth
inlier, active?

In order to answer these questions it was initially neces-
sary to introduce the Sm-Nd method of dating from scratch
at the Laboratory for Isotope Geology in Berne and to write
a computer programme for the processing of the expected
U-Pb data.

1.3 ACKNOWLEDGEMENTS

This joint-venture project of the University of Berne and
the Geological Survey of Namibia would not have been pos-
sible without the help of many people.

First of all we wish to thank our supervisor Professor E.
Jaeger of the Laboratory for Isotope Geology in Berne for
initiating the project and for her ongoing encouragement
and critical comment. The logistic and financial support of
the Geological Survey of Namibia is gratefully acknowl-




1. ORGANISATION AND STRATEGY OF THE STUDY

edged as is the help of the previous Director, Dr R. McG.
Miller. Dr K. Schalk, Dr R..McG. Miller, Dr B. Hoal, B.
Bulley and K. H. Hoffmann are thanked for the introduc-
tory field trip to the Rehoboth Basement Inlier, for many
hints and helpful discussions and for critically reviewing
the annual reports submitted to the Geological Survey.

Dr M. Flisch, O. Krebs and M. Brunner are thanked
for their help in installing the Sm-Nd method of dating
at our laboratory in Berne and the “Schweizerischer Na-
tionalfonds” for providing funds for the installation. Dr U.
Schaltegger is thanked for introducing us to the U-Pb meth-
od of dating and for keeping the U-Pb laboratory section
going. M. Giger, 1. Hebeisen, W. Munardi and H. Oschidari
are thanked for their help in the Rb-Sr laboratory. Dr M.
Flisch, R. Krachenbuhl, M. Soom and Dr U. Schaltegger
kindly introduced us to the K-Ar method of dating.

Dr Kraehenbuhl of the Institute for Anorganic Chemistry
at the University of Berne is thanked for carrying out neu-
tron activation analyses on several granitoid samples, while
Dr I. Mercolli, Dr Galetti and D. Vuichard at the University

of Fribourg, Switzerland and at the Eidgenoessische Forsc-
hungsanstalt Liebenfeld, Berne, Switzerland, are thanked
for their help in producing the x-ray fluorescence data for
this study.

This project also benefited from discussions with stu-
dents and staff at the Laboratory for Isotope Geology in
Berne, especially A. Buergi, Dr I. Michalski, M. Huegi, D.
Baltzer, B. Mueller, U. Haudenschild, U. Kloetzli, F. Bed-
nar, K. Howald and L. Rytz. Dr A. v. Quadt and K. Wenger-
Schenk of the Eidgenoessische Technische Hochschule in
Zurich provided valuable assistance in the installation of
the Sm-Nd technology in Berne.

We would also like to thank Conny Stremming, J. Hintz,
Peter, Margit and Sigrid for hosting us during our stays in
Windhoek.

Last but not least we wish gratefully to acknowledge our
parents, Barbara Stampbach and her parents and Angela
Ceresa for their encouragement, patience, interest and sup-
port throughout this project.




2.1 AREA OF INVESTIGATION

2. REGIONAL GEOLOGY

The geology of Namibia can be subdivided into five
phases of lithogenic activity, according to the Geological
Survey of Namibia (1982). The structural framework of
the country was defined by at least three major phases of
tectonism recognisable in various regions. The older two
Eburnian (1/- 2000 Ma) and Kibaran (1400 Ma - 900 Ma)
phases of Porada (1979) may, according to Almeida et al.
(1976), be correlated with the Transamazonian and Uru-
acuano tectonism in South America. The youngest phase
of orogenic activity, the Damara orogeny which belongs
to the pan-African event (Martin and Porada, 1977; Fig.

0 1000 km

—_—

2.1), affected the central and northwestern parts of the
country. Remnants of the older orogens of Namibia today
only crop out as so-called Basement Inliers within rocks
of the Damara Sequence such as the Kamanjab and Re-
hoboth Basement Inliers and along the escarpments paral-
leling the Atlantic coast. The interior northern and south-
ern parts of the country are, for the most part covered by
rocks coeval with the Damara Sequence and by rocks of
the Nama Group, which is considered to have been depos-
ited contemporaneously with parts of the Damara Sequence
(SACS, 1980). These formation,s are partly overlain by the

1 Pharusion
2 Dohomeyan

1 Martheastern Foldbel
4 West Congolian

5 Domara Belt

& Ribewa Belt

7 Gariep Belt

8 Malmeibury Belr

Cratonic areas

Late Precambirian
geowynchnal depouts

Late Frq:umbnuﬂl|r Early Paoloeorox
bosement rejuvenahon :

A
Thermal

Tectang - thermal

Figure 2.1: Late Precambrian to carly Palaeozoic peosynclines and basement rejuvenation in Africa and South America (after

Porada, 1979)




2. REGIONAL GEOLOGY

Karoo Sequence and by Tertiary sediments of the Kala-
hari Group. Several post-Karoo intrusive complexes and
kimberlites intruded the country between the Cretaceous
and the Quaternary. The aeolian and fluviatile sands of the
Namib desert were deposited between Tertiary and recent
times.

2.1 AREA OF INVESTIGATION

The area of investigation is situated about 80 km south
of Windhoek between 23°S and 25°S and between 16°E
and 18°E in the central part of Namibia where it forms the
southern most inlier of pre-Namibian basement rocks in
the Damara Sequence (Fig. 2.2). This Rehoboth Basement
Inlier, which was named after the capital of the Rehoboth
District, forms an elongate southwest-northeast-trending
body with a maximum width of approximately 50 km. To-
wards the southwest of the area the inlier changes its trend
to a more southerly direction, continuing into the Sinclair
area as far south as 26°S along the big escarpment separat-
ing the Namib desert from the more fertile central parts of
the country.

E_—;‘E [FT SRR "_(E_ : _:

[ ammam i 1SS e R

[T commirr st ‘

E?$1-.nummm:uhv B

B s e e -

2

Rehobath lalier

Fipure 2.2: Moo facics arcas of the Damara Orogen (Manin,
14830

Towards the north, the Rehoboth Basement Inlier is lim-
ited by the Southern Marginal Zone of the Damara Orogen
while its southern border is indicated by the occurrence
of the platform sediments of the Nama Group (Fig. 2.3).
The Naukluft Nappe Complex composed of sediments
of the Damara Sequence, today rests on Nama sediments
with a tectonic contact, indicating a partial override of the
Rehoboth Inlier by derivates of the southern zones of the
Damara Orogen during orogenesis. The inlier is crosscut
by a major shear zone, the Areb mylonite or Areb shear
zone (AM on Fig. 2.3), which, according to Schulze-Hulbe

(1979), possibly formed during the early Proterozoic and
was probably reactivated during the pan-African move-
ments of the south African crust.

The outcrops of basement rocks to the east and south of
the Rehoboth Basement Inlier in western Botswana and in
the Sinclair area, respectively (Fig. 2.4), are often grouped
together with the rocks of the Rehoboth area in the Rehoboth
Magmatic Arc (Watters, 1978). This arc, which possibly
forms an extension of the Irumide Belt and/or the Eburnian
event of the Limpopo Belt, extends for about 1200 km and
has a maximum width of about 150 km.

Geological investigations in the area south of Wind-
hoek, including the Rehoboth area, began in 1887 with the
observations of Stapff (1887). Between 1891 and 1904 a
limited reconnaissance of the area was undertaken by Gu-
rich (1891-92), Stromer von Reichenbach (1896), and Voit
and Stollreither (1904). The first detailed survey in the Re-
hoboth district was done by E. Rimann during the years
1910-1915 (Rimann, 1915). This study was followed by
basic geological mapping by De Kock during 1930-31 (De
Kock, 1934). Interest in the geology of the Rehoboth area
was aroused during the thirties with the discovery of the
Rehoboth goldfields which were mined during this period,
before exploitation came to a standstill due to low profita-
bility. Not until the early sixties was a mapping project, still
in progress, of the Rehoboth area begun by the Geological
Survey of Namibia in Windhoek under the supervision of
Dr R. McG. Miller and Dr K. Schalk on a scale of 1:50000
and 1:1 000 000. Several internal reports have resulted from
this project (Schalk, 1961, 1967, 1970, 1975: Schalk and
Haelbich, 1965). Meanwhile, Martin (1965) published a
general overview on the Precambrian of South West Africa,
De Waal (1966) carried out a detailed study of the Alberta
Mafic Complex and Handley (1965) described the lithologi-
cal succession of the area of the farm Klein Aub.

Somewhat later, the geology of the bordering area between
the Rehoboth Inlier and the Damara Orogen was investi-
gated by Haelbich (1970) while the exhalative-sedimentary
Zn-Cu mineralisation of the Kobos mine was investigated
by Brewitz (1974). Several radiometric age determinations
by the U-Pb, K-Ar, “*Ar-*’Ar, and Rb-Sr methods have been
conducted during the past two decades by various workers
(Hugo et al., 1971-72; Ahrendt et al., 1977; Burger et al.,
1973, 1973-74, 1975-76a and b. 1977-78, 1980; Mailing,
1978; Seifert, 1986; Reid et al., 1988; this study) in order to
establish a stratigraphy for the Rehoboth Basement Inlier.

All these investigations culminated in the present unpub-
lished 1:50 000 and 1:250 000 maps of the Rehoboth area
which served as a base for this study.

The lithology of the Rehoboth area can roughly be subdi-
vided into the units according to the 1: 1 000 000 geological
map of Namibia ( 1980 edition) as shown in Figure 2.5.

The Klein Aub Formation regarded as the uppermost
formation of the Rehoboth Inlier consists of quartzites,
slates, conglomerates and some limestone (Schalk. 1970).
It is underlain by the volcano sedimentary Doornpoort and
Grauwater Formations comprising felsic basaltic volcan-
ics interlayered with quartzites, conglomerates and slates
(Schalk. 1970). The Nueckopf porphyries and ignimbrites
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form the lower part of the Grauwater Formation. Accord-
ing to Schalk (1970) all these formations, including the
Nueckopf volcanics, are believed to be equivalents of the
Sinclair Sequence in the Witvlei-Rehoboth area. The un-
derlying Rehoboth Sequence is divided into the Gaub Val-
ley, Billstein, and Marienhof Formations which largely
consist of low- to medium-grade metamorphosed quartz-
ites, mica schists, some phyllites and minor amounts of
conglomerates, and of acid to basic volcanics. The base
of the Rehoboth Sequence is formed by the low- to me-
dium-grade metamorphosed Elim Formation, composed of
quartzites, mica schists, greenschists and minor amounts of
amphibolites, calc-silicates and metarhyolites. The oldest
parts of the inlier belong to the Neuhof Formation and to
the underlying Mooirivier Complex, both of which were
metamorphosed under medium- to high-grade conditions.
The Mooirivier Complex consists of migmatitic gneisses,
amphibolites, quartzites and schists while the Neuhof For-
mation is composed of metamorphosed acid and basic vol-
canic rocks, mica schists, green schists, conglomerates and
impure marbles.

The Rehoboth Inlier as a whole is intruded by various
kinds of acid and basic magmas such as the Weener Quartz
Diorite, the Piksteel Intrusive Suite, the Gamsberg Granite

Suite and various kinds of acid and basic dykes. Depending
on their local position, these intrusives have been partly
altered and in various cases even metamorphosed under
low-grade metamorphic conditions, due to events such as
the intrusion of younger magmas of the same sequence, the
Damara orogeny and tectonic activity along the Areb shear
zone. The dating of these intrusives by means of radiometric
age determinations by Burger ef al. (1973,1973-74, 1975-
76a and b, 1977-78, 1980), Mailing (1978), Seifert (1986),
Reid et al. (1988) and by us has provided a framework for
the cognition of the evolution of the Rehoboth Basement
Inlier through the Precambrian and the Palacozoic. Prior to
this study the age of the Weener Intrusives was assumed to
be about 1870 Ma (Seifert, 1986), while the age of the Pik-
steel Intrusive Suite was estimated to range between 1050
and 1750 Ma (Reid et al., 1988; Burger et al., 1975-76).
The age of the Alberta Complex was assumed to be about
1440 Ma (Reid et al., 1988), while the age of the Gamsberg
Granite Suite was estimated to range between 950 and 1200
Ma (Seifert, 1986; Reid et al., 1988; Burger et al., 1973-74,
1974-75, 1975-76a and b). The age of the basic dykes oc-
curring throughout the Rehoboth area was indicated to be
approximately 1030 Ma (Reid ef al., 1988).

Figure 2.5 (right): Lithostratigraphy of the Mokolian Era (Legend of the 1:1 000 000 geological map of Namibia, 1980
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3.1 INTRODUCTION

3. RECONNAISSANCE STUDY ON THE GEOCHEMISTRY OF THE
REHOBOTH BASEMENT GRANITOIDS

3.1 INTRODUCTION

The large bodies of intrusive granitoids underlying the
Rehoboth area of Namibia were first investigated by De
Kock (1934). He described these granitoids as granites,
diorites, quartz diorites and quartz porphyries which were
derived from a common magma source. De Waal (1966) dis-
tinguished between the Nauchas Granite Suite, comprised
of the Gamsberg, Piksteel, Koepel and Korabis granites, a
green granodiorite, and the Weener Quartz Diorite. SACS
(1980) renamed De Waal’s (1966) Nauchas Granite Suite the
“Gamsberg Granite Suite”, but excluded the Piksteel Grano-
diorite which was believed to belong to an earlier magmatic
event.

The aim of this geochemical reconnaissance study on the
Rehoboth Basement granitoids is to provide a general funda-
mental knowledge of their geochemical relationships and to
investigate the possibility of a further subdivision by means
of geochemical properties. In order to cover the whole area
of the Rehoboth Inlier we collected a total of at least four
geochemistry samples in the 25 largest granitoid plutons oc-
curring in the approximately 15 000 km? Rehoboth area. It
is clear that this part of the study can only provide a very
basic impression of the complex genetic relationships of the
Rehoboth granitoids and that great care must be taken not to
over interpret the results obtained. Some more precise infor-
mation was gained on three plutons of the Piksteel Intrusive
Suite which were included in the isotope studies. In Chapter
8 the results of these analyses are discussed and compared
with the results of this chapter.

3.2 LITHOLOGY AND FIELD RELATIONS
3.2.1 Gamsberg Granite Suite

The Gamsberg Granite Suite is predominantly made up of
large plutons which have intruded both metavolcano-sedi-
mentary formations, namely the Mooirivier, Neuhof, Elim,
Marienhof, Gaub Valley, Nueckopf and Grauwater For-
mations, and older granitoids, such as the Piksteel and the
Weener Intrusive Suites. Smaller plutons of the Gamsberg
Granite Suite are irregularly distributed throughout the Re-
hoboth area.

U-Pb and Rb-Sr age determinations of the Gamsberg
Granite Suite yielded a range of ages between 1079 Ma and
1222 Ma (Reid et al., 1988; Seifert, 1986 and 1986a; Burger
et al., 1973, 1973-74, 1975-76), while Nueckopf volcanics
yielded ages between 1080 Ma and 1232 Ma (Burger et al.,
1973, 1973-74, 1975-76) which are consistent with the re-
sults of this study (see Chapter 8).

Granites of the Gamsberg Granite Suite are typically grey-
ish to reddish in colour, mostly medium- to coarse-grained
and occasionally porphyritic. These granites further exhibit
moderate alteration and saussuritisation, sometimes with

significant growth of muscovite and epidote. In the northern
parts of the area, towards the southern margin of the Damara
Orogen, the granites may develop a strong foliation together
with widespread albitisation of plagioclase and recrystallisa-
tion of quartz.

3.2.2 Piksteel Intrusive Suite

In this memoir the term “Piksteel Intrusive Suite”, is pre-
ferred to the term “Piksteel Granodiorite” which was intro-
duced by SACS (1980), since this unit comprises not only
granodiorites but also extensive granites and tonalites. Rocks
of the Piksteel Intrusive Suite, first described by De Waal
(1966), occur throughout the Rehoboth basement area and
have intruded the Weener Intrusive Suite as well as the Moo-
irivier, Neuhof, Elim, Marienhof and Gaub Valley Forma-
tions. These granitoids have in turn been intruded by plutons
of the Gamsberg Granite Suite. U-Pb age determinations
range between 986 Ma and 1784 Ma (Burger et al., 1973-74,
1975-76; Burger and Walraven, 1977-78; this study), while
Rb-Sr isochrons for members of the Piksteel Intrusive Suite
yielded ages between 1057 Ma and 1725 Ma (Mailing, 1978;
Reid et al., 1988; Seifert, 1986; this study).

Granitoids of the Piksteel Intrusive Suite are mostly grey-
ish to greenish in colour, fine- to medium-grained and often
porphyritic. They show wide compositional variation from
granite through granodiorite to tonalite. In contrast to the
Gamsberg Granite Suite these granitoids exhibit widespread
and pervasive saussuritisation. A strong foliation, sometimes
shear-related, is developed in the northern and eastern parts
of the Rehoboth basement.

3.2.3 Weener Intrusive Suite

Tonalites, quartz diorites, diorites and granodiorites of the
“Weener Intrusive Suite”, previously termed the “Weener
Quartz Diorite” (SACS, 1980), were first described by De
Waal (1966). The granitoids of the Weener Intrusive Suite are
confined to the western part of the Rehoboth area where they
have intruded the Mooirivier, Elim and Gaub Valley Forma-
tions and have in turn been intruded by rocks of the Piksteel
Intrusive Suite. Rb-Sr age determinations of the Weener In-
trusive Suite by Reid ef al. (1988) and Seifert (1986) yielded
reference ages between 1206 Ma and 1871 Ma, respectively.
The fine- to medium-grained rocks of the Weener Intrusive
Suite are generally greyish to brownish in colour. Besides
plagioclase, quartz, biotite and minor amounts of potassium
feldspar, the occurrence of bluish amphiboles is distinctive.
Accessory minerals include muscovite, sphene, opaque min-
erals, epidote, clinozoisite, garnet, apatite, chloritoid and
chlorite (after biotite). As in the Gamsberg Granite Suite and
Piksteel Intrusive Suite, the granitoids of the Weener Intru-
sive Suite are locally strongly sheared and folded.




3. GEOCHEMISTRY OF THE REHOBOTH BASEMENT GRANITOIDS

3.3 WHOLE ROCK MAJOR AND TRACE
ELEMENT GEOCHEMISTRY

3.3.1 Gamsberg Granite Suite

The relatively linear patterns obtained in the Harker
variation diagrams (Fig. 3.1) probably reflect original
magmatic processes and suggest that the effect of post-
cooling alteration was minimal. Data for 55 samples were
plotted on the R1 versus R2 diagram of De La Roche et
al. (1980) in order to chemically classify members of this
suite (Fig. 3.2). The vast majority of the data points fall
within the “granite” field with only a slight scatter of data
points in the “alkaline granite” and “granodiorite” fields.
According to Shand (1927) and Chappell and White
(1974), the degree of alumina saturation allows a first-
order classification of granitoids. Accordingly, the data
were plotted on a wt% Al,O,-CaO-(Na,0+K,0) ternary
diagram (Fig. 3.3), which illustrates that all samples have
ALQ, greater than (Na,0+K,0+Ca0) and can, therefore,
be classified as peraluminous. The generally high degree
of alumina saturation for most of the Gamsberg granitoids

GAMSBERG

is further illustrated in the mol.% AL O, versus mol.%
(CaO+Na,0+K O) diagram (Fig. 3.4) where the ratio A/
CNK exceeds unity. However, the degree of alumina satu-
ration is insufficient to classify these granitoids as S-type
granites according to Chappell and White (1974) since
the A/CNK ratio is generally less than 1.1. On an AFM
diagram of Kuno (1968) the data points of the Gamsberg
Granite Suite clearly define a calc-alkaline trend (Fig.
3.16). In the tectonic discriminant diagram of Pearce et al.
(1984), whose limitations, according to Wilcox (1979),
have to be borne in mind, the relatively low Rb, Nb and
Y contents of these granitoids result in the majority being
classified as “Volcanic Arc Granites” (Fig. 3.5). However,
since high alumina contents and low Nb and Y values are
thought to be typical of crustal melt granitoids (Pearce
et al., 1984; McDermott, 1986), it can be proposed that
the peraluminous Gamsberg Granite Suite represents I-
type upper crustal melts. This proposal broadly coincides
with the high younger parts of the ¥’Sr/*¢Sr initial value of
0.708 which was reported by Reid et al. (1987). However,
while the low ¥’Sr/*Sr initial ratios of between 0.700 and
0.702 reported by Seifert (1986 and 1986a) confirm I-type
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Figure 3.1: Harker diagrams for the Gamsberg Granite Suite
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magmatism for the Gamsberg Granite Suite, they do not However, the non-linear scatter of data points in plots of

support an upper crustal source. Na,O and K,O versus SiO, are most probably the result of
post-intrusive alteration (saussuritisation) processes. The
3.3.2 Piksteel Intrusive Suite diagram of De La Roche et al. (1980; Fig. 3.7), although

being sensitive to the mobility of alkalis, nevertheless illus-
Linear data arrays for 36 Piksteel samples on Harker trates that the Piksteel Intrusive Suite is made up largely of
diagrams (Fig. 3.6) probably reflect magmatic processes. granodiorite with lesser plutons of granite, alkali granite, di-
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Figure 3.5: Rb versus Nb+Y diagram after Pearce e af {1984)
for the Gamsberg Granite Suite (VAG = Volcanic Are Gra-
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Plate Granites; ORG = Ocean Ridge Granites

orite, quartz monzonite and tonalite. All of these granitoids
plot within the peraluminous field on a wt% Al ,O,-CaO-
(Na,0+K,0) diagram (Fig. 3.8). In the mol.% Al O, ver-
sus mol.% (Na,0+K O+CaO) diagram (Fig. 3.9) the wide
range of A/CNK values from less than 1.0 to greater than
1.4 contrasts markedly with the Gamsberg data. The strong
alumina oversaturation (A/CNK > 1.1) of many of the Pik-
steel samples suggests an S-type origin, while the few sam-
ples which plot below the A/CNK = 1.1 line are probably
of I-type origin. Again, the Piksteel samples which define
a calc-alkaline trend in the AFM diagram of Kuno (1968)
(Fig. 3.16) are classified as “Volcanic Arc Granite” accord-
ing to Figure 3.10. Here the low contents of Rb, Nb and Y
and the peraluminous nature are also indicative of an upper
crustal origin. A crustal origin is supported by the high ini-
tial ¥Sr/%Sr ratios for Piksteel intrusives obtained by Reid
et al. (1987) which range between 0.707 and 0.709.

Mol % AI203

GAMSBERG

T T T T T
L] L1

Mal % (Na20-K30-Ca)

LF

Figure 3.4: Mol % AlO; versus mol.% (CaD + NapO + K:0)
diagram for the Gamsberg Granite Suite showing AMCNK
alumina saturation values after Chappell and White (1974)

At this stage of the study the geochemical data are insuf-
ficient to allow an overall genetic interpretation. However,
detailed work on single intrusions and the application of
isotope geochemistry has permitted a better understanding
of the Piksteel Intrusive Suite as shown in Chapters 8§, 11
and 12.

3.3.3 Weener Intrusive Suite

AltogetheR12 samples were collected from the three
largest bodies of the Weener Intrusive Suite. Despite the
fact that data plot on similar differentiation trends in Harker
diagrams (Fig. 3.11), the data points can be grouped togeth-
er on a regional basis. The Weener Intrusive Suite is made
up of granite, granodiorite, tonalite, diorite and gabbro as
indicated by the diagram of De La Roche et al. (1980) (Fig.
3.12). As for the Gamsberg Granite Suite and Piksteel In-
trusive Suite, all the Weener samples are peraluminous ac-
cording to a wt% Al O,-Ca0O-(Na,0+K,0) plot (Fig. 3.13).
However, A/CNK ratios of the Weener Intrusive Suite are
notably higher than those of the Gamsberg Granite Suite
and the major part of the Piksteel Intrusive Suite, although
being within the range of the Piksteel Intrusive Suite (Fig.
3.14). A/CNK ratios above 1.1 indicate an S-type origin for
the Weener rocks according to the criteria of Chappell and
White (1974). Such an origin is supported by the low Rb,
Nb and Y contents which classify these granitoids as “Vol-
canic Arc Granites” (Fig. 3.15) according to Pearce et al.
(1984), but is in contradiction to the relatively low initial
87Sr/%Sr values of 0.700 - 0.705 reported for the Weener
Intrusive Suite by Seifert (1986a and 1986b) and Reid et
al. (1987).

3.3.4 Summary

All the analysed samples of granitoids from the Re-
hoboth basement area are peraluminous according to the
criteria of Shand (1927) and Chappell and White (1974).
The Gamsberg Granite Suite, Piksteel Intrusive Suite and
Weener Intrusive Suite are calc-alkaline in character ac-
cording to the AFM diagram of Kuno (1968). A/CNK ratios

12
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Figure 3.16 (left): Trends for all the analysed Rehoboth grani-
twids on an AFM diagram afler Kuno { 1968)

indicate an S-type origin for the Weener granitoids, an S- or
I-type origin for the Piksteel granitoids and predominantly
I-type origins for the Gamsberg granitoids. These results
only partly coincide with Sr isotopic data of Reid et al.
(1988) and Seifert (1986 and 1986a) and this study, which
to a greater extent indicate I-type origins for the majority of
the Rehoboth granitoids. However, the high alumina satura-
tion of most of the analysed samples suggests that the vast
majority of the granitoids in the Rehoboth Basement Inlier
are derived from upper crustal melts which thus must have
had low initial ¥Sr/*Sr ratios and a low Rb-Sr fractiona-
tion factor. They therefore probably represent the result of
a reworking of material of a primitive crust with the same
Rb-Sr characteristics.
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3. GEOCHEMISTRY OF THE REHOBOTH BASEMENT GRANITOIDS

3.4 REE GEOCHEMISTRY OF SELECTED
GRANITOID SAMPLES

3.4.1 Introduction

By the analyses of the Rare Earth Element (REE) distri-
bution patterns of a total of 12 whole-rock samples from
five plutons of the Piksteel Intrusive Suite and one pluton
of the Gamsberg Granite Suite, all selected for neutron ac-
tivation analysis based on geochemical and logistic criteria
(a maximum of 12 analyses was possible in the given time
range), more information on the geochemical properties
and the genesis of the Piksteel and Gamsberg intrusives
was sought. Pairs samples, in which one sample always
showed a significantly higher SiO, content than the other,
were selected from the Piksteel, Karikomasis/Groendraai,
Borodino, Kabiras and Opetjie plutons of the Piksteel Intru-
sive Suite and from the Gamsberg pluton of the Gamsberg
Granite Suite. The exact coordinates of the sample locali-
ties are listed in Table 4 (see appendix).

3.4.2 Discussion of the obtained Ree patterns

The results obtained for the 12 analysed samples are list-
ed in Table 4 (see Appendix). In addition the chondrite-nor-
malised La/Yb, La/Sm, Eu/Eu* and Tb/Yb ratios are tabled
in order to give a numerical characterisation of the obtained
REE patterns. Figure 3.17 is a graphical display of the re-

sults in Masuda-Coryell diagrams in chondrite-normalised
patterns. The values used for chondrite normalisation are
those of the Leedey chondrite of Masuda (1973) divided by
1.20, according to Taylor et al. (1977).

With the exception of the samples P11 and P17, whose
total amounts of analysed REEs are 361 ppm and 32 ppm
respectively, the sum of the analysed REEs is moderate and
quite constant with a range of 99 to 210 ppm. If the highly
anomalous REE pattern of P17 is not the result of strong
hydrothermal alteration processes, a possibility which can-
not be discounted, it is probably the result of analytical er-
ror (see Fig. 3.17). An interpolation of the total amount of
the REEs in the analysed samples based on the known con-
centrations of seven REEs and their distribution patterns
shows that the total REE concentration of the analysed
samples is within the commonly observed range in grani-
toid rocks according to Cullers ef al. (1984) and Wedepohl
(1969). With the exception of the Kabiras and Gamsberg
plutons the REE contents increase with increasing SiO,
contents. The obtained REE patterns (Fig. 3.17) are quite
flat and show a decrease from light REEs (LREE) to heavy
REEs (HREE). This pronounced flatness of the patterns,
which is quite common for granitic rocks (Cullers et al.,
1984), is also shown by the relatively low La/YDb ratios
which range between 0.95 and 16.08. This is also reflected
by the chondrite-normalised La/Sm and Tb/Yb ratios which
vary between 7.5 and 2.4 and 2.4 and 0.2 respectively. In
general there is nonetheless a strong decrease in the LREE
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3.4 REE GEOCHEMISTRY OF SELECTED GRANITOID SAMPLES

section of the patterns while the slope of the HREE section
of the patterns is rather flat and in the case of six samples
even shows an increase, giving these patterns a slightly
concave-up appearance. According to Cullers et al. (1984),
an increase of the HREE section is a feature which is some-
times observed in granitic rocks and which, according to
McCarthy et al. (1978), may be attributed to the crystalli-
sation of minor minerals from the primary melt-controlled
REE distributions, resulting in concave-up REE patterns in
the residual magmas. Therefore the observed concave-up
patterns may not readily be attributed to anomalous source-
rock composition or to hydrothermal alteration. Sample
KAW3021 which does not show a detectable Eu anomaly
(Ew/Eu* = 1.09), and sample P17 with a positive Eu anom-
aly of Eu/Eu* = 1.76, are in contrast with the remainder of
the samples showing negative Eu anomalies with Eu/Eu*
ratios ranging between 0.85 and 0.08.

Possible fractionation of the REEs during magmatic evo-
lution could not be studied for the Piksteel pluton as the
SiO, contents of the two samples from the Piksteel pluton
were too close. The more acid samples from the Borodino.
Opetjie and Karikomasis/Groendraai plutons of the Piksteel
Intrusive Suite show higher REE contents than the more
basic ones, indicating an enrichment of REEs during mag-
matic evolution. The enrichment of the LREEs in the more
basic sample of the two Gamsberg samples, in comparison
with the more acid sample, is in sharp contrast with the be-
haviour of the samples from the Piksteel Intrusive Suite.

3.4.3 Summary

Although moderate hydrothermal post-formation altera-
tion of the analysed samples (which in fact was not capa-
ble of significantly disturbing the Sm-Nd age pattern of
the Rehoboth Basement Inlier) should be taken into con-
sideration, it is nonetheless possible to discuss some REE
systematics of the analysed plutons. The REE patterns of
all the samples are relatively flat. A general increase of the
REE contents with increasing SiO, contents must be as-
sumed for the members of the Piksteel Intrusive Suite but
not for the Gamsberg pluton. In the case of the Borodino.
Opetjie and Karikomasis/Groendraai plutons the increas-
ing REE contents are also accompanied by Eu anomalies.
These two features possibly reflect primary magmatic evo-

lution processes with liquid-feldspar interactions, e.g. frac-
tional crystallisation.

The increase of HREEs in some of the plutons of the
Piksteel Intrusive Suite and in the Gamsberg pluton of the
Gamsberg Granite Suite may be explained in four different
ways:

The increase of HREEs in a residual magma was pro-
duced by the crystallisation of minor minerals from this
magma. This hypothesis is partially supported by the
occurrence of Eu anomalies (which are probably relat-
ed to fractional crystallisation) in many of the samples
with concave-up HREE patterns;
the source material available for the genesis of the
present granitoids had abnormally low LREE/HREE
ratios; or
there was little or no fractional crystallisation of miner-
als with high crystal-melt distribution coefficients for
HREEs such as hornblende, garnet, allanite; or
as the least possible solution to the problem (according
to the aforementioned consistency of Sm-Nd data in the
Rehoboth area) the LREE were favourably mobilised
or the HREEs were preferentially precipitated by cir-
culating metasomatic hydrothermal fluids during post-
formation alteration processes.
As it is not known to what extent the original REE distri-
bution patterns of some of the analysed samples (e.g. P 17)
have been disturbed by post - formation hydrothermal fluid
reactions whose occurrence has been shown (e.g. Chapter
8), we considered that geochemical modelling by computer
would not be practical. Nonetheless it can be said that the
general appearance of the majority of the observed REE
patterns probably reflects primary magmatic processes
leading to the formation of the analysed plutons of the Re-
hoboth Basement Inlier. REE patterns of the majority of
the analysed granitoids seem to have been well preserved
throughout the Mokolian until more recent geological evo-
lution of the Rehoboth Basement Inlier. This is particularly
helpful in the interpretation of Sm-Nd data of the area (see
Chapter 1) as these are generally reliable. Furthermore it
is of interest to see that the REEs were relatively stable in
comparison with the Rb-Sr, U-Pb and K-Ar systems of the
analysed samples which have all been severely disturbed
by post-formation alteration processes (see Chapter 8),
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4.1 INTRODUCTION

4. MOOIRIVIER COMPLEX

4.1 INTRODUCTION

The migmatites and associated rocks of the Mooirivier
Complex were assigned to various other Formations prior
to SACS (1980).

De Kock (1934) was the first to find several outcrops of
migmatites which he mapped as part of the “Mixed Rocks”
on his map of the western Rehoboth area. In 1966 De Waal
interpreted Piksteel granodiorites, streaked granodiorites and
migmatitic gneisses of the Nauchas area, which he partly
mapped as “Piksteel granodiorite and associated migmatite”,
as being the products of granodioritisation of Marienhof sed-
imentary rocks. Mailing (1978) included all the migmatites
and migmatitic gneisses occurring between the farms Ubib
396 and Piksteel 209 in his “Swartfontein Formation” which
he found to be intruded by Weener tonalite and Gamsberg
granite.

In 1980, SACS introduced a new stratigraphic classifica-
tion of the area by subdividing the “Archacan Complex”
of the Geological Map of 1963 into several successions of
which the oldest Formation is the Mooirivier Complex. It
contains the migmatitic gneisses, amphibolites and remnants
of quartzite and schist occurring in the Rehoboth district and
in the southwestern part of the Windhoek District, as well
as outcrops of the same lithologies in the area of the farms
MooirivieR160 and Neuhof 100 in the northern part of the
Maltahdhe district. The Kumbis Formation of the southwest-
ern Maltahdhe district introduced by Watters (1974) was
also included in the Mooirivier Complex by SACS (1980)
because of its similarity of rock types and their similar strati-
graphic position.

Generally the rocks of the Mooirivier Complex occur as
large xenoliths in granodiorite and granite but also as con-
tinuous outcrops of considerable extent (Schalk and Germs,
1975). These larger outcrops of the Mooirivier Complex are
always intruded by granites, granodiorites and various basic
rocks. The Mooirivier Complex is unconformably overlain
by the Neuhof Formation in the area of the farms Mooir-
ivieR160 and Neuhof 100. Gneisses of the Mooirivier Com-
plex tectonically border the Elim Formation in the area of the
farm Alberta 175. According to Schalk (pers. comm., 1987)
they have possibly been upthrust onto this stratigraphically
younger formation from the south. In the same area the Gaub
Valley Formation tectonically overlies the Mooirivier Com-
plex, according to Schulze-Hulbe (1975).

A minimum age of 1730 Ma is estimated for the Moo-
irivier Complex by Schalk (pers. comm., 1987) based on
whole-rock Rb-Sr determinations of the intrusive Naub dior-
ite by Mailing (1978) and Reid ef al. (1988). A K-Ar age for
a muscovite from a “pegmatite in pegmatitic (migmatitic?)
gneisses just south of the Naukluft mountains” yielded an
age of 1158 + 35 Ma (Ahrendt ef al., 1977) and is therefore
indicative of the long time span during which the Mooirivier
Complex was intruded by various magmatic rocks.

The densely granite-injected southern part of the Mooir-
ivier Complex consists mainly of partly migmatised banded
gneisses, amphibolites, amphibole schists, sericite quartz-

ites, garnetiferous mica schists, mica-rich granite gneisses
and strongly altered basic dykes. Fold structures trending
in north-northwesterly and northeasterly directions are
often observed within less altered metasedimentary rocks
(Schalk, pers. comm., 1987).

In its northern part, in the area of the Spreetshoogte Pass,
the Mooirivier Complex is mainly represented by an of-
ten well-banded succession of quartzite, porphyroblastic
plagioclase-biotite schist, partly strongly foliated amphi-
bolite and chlorite schist. It is penetrated by granitic rocks
assigned to the Piksteel and Gamsberg Intrusive Suites
(Schalk, pers. comm., 1987) which are often strongly
sheared. In this area the fold axes of the Mooirivier rocks
trend in a northeasterly direction.

4.2 SAMPLE COLLECTION AND DESCRIPTION

Five 30 kg samples (KAW3060-KAW3064) of partly
garnetiferous biotite schists were collected in the vicinity
of the Spreetshoogte Pass (Fig. 4.1). The modal composi-
tion of the foliated and partly banded samples is 20-35%
saussuritised plagioclase, 5-20% partly chloritised biotite,
20-45% quartz, 0-7% actinolitic hornblende, 0-35% poikil-
oblastic garnet, 4-10% epidote minerals and accessory po-
tassic feldspar, tourmaline, calcite, sericite and magnetite/
hematite.
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Figure 4.1: Sample map of the northem pant of the Mooirivier
Complex

Four amphibolitic and two granitic samples of 30 kg each
(KAW3082- KAW3087) were collected on the farm Moo-
irivieR160 (Fig. 4.2). The amphibolites consist by volume
of 50-60% brown, slightly chloritised amphiboles, 20-35%
strongly saussuritised plagioclase, 0-15% quartz, 0-10%
,opaque minerals and accessory epidote minerals, chlorite,
sphene, apatite and sericite. They partly occur as massive
rocks but mostly they show a strong foliation on a sub-mil-
limetre scale with intense small-scale folding. Brown am-
phiboles of different generations were observed in sample
KAW3085.
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Figure 4.2: Sample map of the southem pant of the Mooirivier
Complex

In spite of moderate alteration of the two granitic samples
and shearing of one of them (KAW3087), magmatic textures
have partly been preserved. Zoned relictic clinopyroxene is
found as an accessory mineral in sample KAW3086.

4.3 DISCUSSION OF THE ANALYTICAL
RESULTS

4.3.1 Geochemistry

The results obtained for all the analysed speci-

mens are listed in Table 5 (see Appendix).
As the number of analyses is not sufficient to make sta-
tistically relevant statements on the basis of the commonly
used tectonic discriminant diagrams, the results obtained

are presented in the form of a spider diagram (Fig. 4.3),
It shows the normalised element concentration patterns of
the five whole-rock samples from the Spreetshoogte Pass
area and the two granitic and four amphibolitic samples
from the farm MooirivieR160, plotted in order of decreas-
ing continental abundances (from Taylor and McLennan,
1985 and Hoffmann, 1988), in comparison with average
continental crust. The concentrations are normalised by di-
viding each by the respective concentration in the primitive
mantle. The data for the primitive mantle are taken from
Jochum et al. (1988).

The resulting abundance patterns for the acid rocks are
quite similar to that of continental crust of average compo-
sition after Taylor and McLennan, which is represented by
a solid line in Figure 4.3. A slight enrichment of highly in-
compatible elements such as Rb, Ba, K, La, Ce, Nd and Zr
can be observed in our samples in comparison with average
crust. A depletion of compatible elements such as Al, Ca,
Sc, Fe, Mg and Ni is also notable. This trend of an enrich-
ment of incompatible elements and a depletion of compat-
ible elements in comparison to average continental crust is
contradicted only by a degree of Sr depletion. Nevertheless
it can be noted that the degree of element fractionation of
the analysed specimens is higher than that of average con-
tinental crust as would be expected for rocks of a probable
sedimentary origin.

According to Froehlich (1960), amphibolites with Cr-
contents greater than 150 ppm are of orthogenic origin
while samples with Cr-contents less than 20 ppm are para-
genic. Therefore three of the analysed amphibolites from
the farm MooirivieR160 should be regarded as orthogenic
while the origin of one sample (KAW3082), yielding a Cr-
content of 49 ppm, remains uncertain.

In Figure 4.3 the analysed amphibolites more or less fol-
low the trend of average continental crust although they are
comparatively enriched in La, Ce, Nd, Zr. Y and TiO,.

-= Continental Crust

Sample/Prim.Mantle

1n
Southern Part
0.14
Granitic Samples
0.01-
soesl  Amphibolites
T T £ T T T T T L] T T T T T T T T
0 9 m @ © = T - o M o o M O =
C m EN«JUWZNGN} gow?umgomu%

Figure 4.3: Manile-normalised element concentration patterns of the acid and amphibolitic samples of the Mooirivier Complex ploted
ini the order of increasing compatibility (see text for explanation)
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4.3 DISCUSSION OF THE ANALYTICAL RESULTS

4.3.2 K-Ar analyses

The results of the analyses are listed in Table 6 (see Ap-
pendix). The individual ages of the biotite separates of the
five samples from the Spreetshoogte pass range between
330.3 + 5.0 Ma and 545.1 + 5.5 Ma with a percentage
of radiogenic *°Ar from 91.14% to 99.32%. The samples
collected closer to the road pass show higher ages (537.1
Ma and 545.1 Ma) than those collected further towards the
west, whose apparent K-Ar age ranges between 330.3 Ma
and 427.1 Ma. Age and percentage of radiogenic “°Ar are
positively correlated, as the content of radiogenic “Ar di-
minishes parallel to the apparent individual age of a sam-
ple in a westerly direction from the Spreetshoogte pass.
This trend is indicative of a loss of *°Ar from the minerals
and/or a post-formation contamination of the samples with
atmospheric argon. An indication for simultaneous loss of
potassium is given by a comparison of the K content of the
analysed biotites, ranging between 20.86*(10*) mol K/g
and 23.37*(10*) mol K/g, with the K content of average
biotites, which lies between 26*(10*) mol K/g and 30* (10-
) mol K/g.

The previously suspected contamination of the argon in
the biotites with atmospheric argon is disclosed by the 1/3¢
Ar versus “Ar/*°Ar diagram, where all the data plot on a
well-correlated regression line (Fig. 4.4) whose very high
correlation coefficient of 0.9998 leaves no doubt about the
line being a mixture line. However, the very low intercept
of this line at “*Ar/*Ar = -3249 shows that it not only repre-
sents an admixture of atmospheric argon but also indicates
that a combination of various processes must have affected
the analysed biotites.
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Figure 4.4: 1/°Ar versus “'Ar/™Ar diagram for the analysed
biotites of the Mooirivier Complex from the Spreeishoogie
Pass area. The calculated regression line has a slope of
9.2795*(10°) and a correlation coefficient R of 09998

In the Harper diagram (1970) the “*Ar _ contents of the
samples were plotted versus their “°K contents (Fig. 4.5). A
regression line, showing a correlation of 0.949 and a slope
corresponding to an age of 1718 Ma, was then calculated
through the data points. This line intercepts the y-axis at
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Figure 4.5: K versus {'Arm diagram afier Harper (1970 for
the analysed biotites of the Mooirivier Complex from the
Spreetshoogte Pass area. The calculated reference line repre-
senting an age of 1718 Ma has an intercept Tof -3.0062%(10°%)
and a comelation coefficient R of 0.949. Although it looks
promising, this line probably has no geological significance
{see text for explanation)

-3.0062*(10"*) mol*Ar _ /g thus making the presumed se-
vere loss of “Ar _ evident. According to Harper (1970), the
intercept of such a well-correlated regression line directly
quantifies the loss of *Ar _ from the analysed samples in
mol*Ar _ /g * (10¥). After a correction allowing for this
apparent loss of “Ar _ the individual ages of the samples
would range between 1701.0 Ma and 1740.7 Ma and would
therefore coincide with the age of the calculated reference
line. Although such K-Ar ages ranging between 1701 Ma
and 1740 Ma could represent a reasonable formation age
for the Mooirivier Complex, they probably ought to be
interpreted as geologically meaningless, because the ana-
lysed biotites not only suffered from a severe loss of “Ar
which would have had to be proportional in all samples,
but also from a certain loss of potassium which is discussed
above. Unless the observed loss of potassium was propor-

4.5+

9.8 4

2.54

1.5 4

"“m“:.nm“"

R:0.99839

1i-2396

2
1
&

0.5 2
BT LT

Figure 4.6: UK Ar versus ""“mr“‘ﬂr diagram for the analysed
bictites of the Mooirivier Complex from the Sprectshoogte-
Pass area. The calculated reference line of 576 Ma is probably
without geological significance as is shown in the text
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4. MOOIRIVIER COMPLEX

tional to the loss of “’Ar _ it must have caused a change of
the slope of the reference line in the Harper diagram. Such
an uncontrolled change of slope in turn would result in er-
roneous readings for the loss of “’Ar _ on the y-axis and
in erroneous “corrected” individual ages. To give a geo-
logically relevant age, i.e. to still plot on a well-correlated
and meaningful reference line, the analysed biotites should
therefore have suffered from a proportional loss of argon
and potassium. Although the loss of argon and potassium
parallels the decrease of the apparent ages of the individual
samples, such a proportionality seems to be rather unlikely
when considering that the analysed samples were collected
over a distance of almost 2 km.

In addition, the “K/3°Ar versus “°Ar/*°Ar isochron dia-
gram (Fig. 4.6) with its highly correlated reference line (R
=0.99996) might suggest a geologically meaningful age of
576 Ma which could easily be explained by a metamorphic
event in connection with the Damara orogeny. But, analo-
gous to the results of the Harper diagram, where the result-
ing reference line of 1718 is geologically meaningless, the
apparent isochron age of 576 Ma in Figure 4.6 also proves
to be meaningless under careful examination. It has no geo-
logical significance as the resulting “isochron” must have
formed due to the combination of the partial loss of potas-
sium and argon from the analysed biotites, as was shown in
the discussion of the Harper diagram (Fig. 4.5), and due to
the addition of atmospheric argon which is indicated by the
“OAr/SAr versus 1/°Ar diagram (Fig. 4.4). These processes
rotated and tilted the original isochron in a way that the
resulting “isochron” of 576 Ma now intercepts the y-axis at
an unreal “’Ar/*Ar value of -2396.

In summary it can be said that the “°K/*°Ar versus “°Ar/
*Ar and *K versus *Ar _ isochron diagrams did not yield
geologically significant results although their respective
reference lines looked reasonable at first glance. The only
reliable statements on the K-Ar age of the biotites from
the northern part of the Mooirivier Complex are provided
by the individual ages of the biotites, which clearly show
that the northern part of the Complex has been affected by
post-Damaran processes. The K-Ar system of the analysed
biotites was probably initiated during the Damara orogeny,
as is indicated by the age of 545 Ma of biotites from the
easternmost sample which have shown the least contami-
nation by atmospheric argon and which yielded the highest
K content. The individual biotite ages decrease in a west-
ward direction to about 330 Ma, indicating that the proc-
esses disturbing the K-Ar system took place at least until
330 Ma ago and might therefore reflect thermo/tectonic
processes during the Karoo period, such as the opening of
the South Atlantic.
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Figure 4.7: " Rb/™Sr versus ¥8r™8r isochron diagram for the
analysed whole-rock samples of the Mooirivier Complex
from the Sprecishoogte Pass area. Sec text for explanation

4.3.3 Rb-Sr analyses

A tabular listing of the analytical results obtained for the
whole-rock Rb-Sr analyses is given in Table 7 (see Ap-
pendix). As is to be expected based upon the results of the
K-Ar analyses, a plot of the #”Sr/*Sr ratios of the samples
versus their ¥’Sr/*Sr ratios (Fig. 4.7) mainly reflects the
disturbances of the Rb-S system which must have affected
the Mooirivier Complex after its formation. The data do not
plot on a well-defined isochron but scatter within a fan of
reference lines calculated after York (1969), with no cor-
relation of errors and equal weighing of samples, which
has an upper limit of 1 628 + 3 Ma and a lower limit of 1
234 + 9 Ma. The resulting intercepts with the y-axis range
between initial ¥Sr/*Sr values of 0.7070 £ 0.0001 and 0.71
09 £+ 0.0009.

An interesting feature is a reference line of 634.2 + 12.1
Ma and an intercept of 0.7663 = 0.0009 which can be cal-
culated through the points representing the samples collect-
ed further away from the Spreetshoogte Pass (KAW3060-
KAW3062). This “small scale isochron” gives some
evidence that homogenising processes affecting the Rb-Sr
system of the samples also postdate the lower limit of the
fan of reference lines of 1234 Ma and thus most probably
took place contemporaneously with the processes disturb-
ing the K-Ar system of the biotites from the same samples.
Accordingly it can be said that these processes were not
capable of completely resetting the Rb-Sr isotopic system
of the analysed whole-rock samples although the K-Ar sys-
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Figure 4.8: RTRb.nﬁﬁSr versus *75¢™Sr isochron diagram for the
analysed granitoids and amphibolites from Mooirvier 160,
See text for explanation

tem of the biotites from the samples has completely been
reset.

In Figure 4.8 the whole-rock analyses of the four amphi-
bolite samples and the two granitic samples collected on
the farm MooirivieR160 plot on a reference line, calculated
after York (1969), with no correlation and equal weighing
of samples, of 1 100 + 58 Ma with an intercept at ¥Sr/*Sr
=0.7044 £ 0.001 and a correlation coefficient R of 0.994.
If the amphibolites and granitic rocks are calculated sepa-
rately they yield a reference age of 983 Ma and 1141 Ma
repetitively, with intercepts of 0.7053 and 0.7040. It should
be assumed that all these calculated ages reflect the age of
intrusion of the surrounding masses of Mokolian granites
as the analysed samples mostly show a strong foliation
while the intrusive granites are practically undeformed.

4.4 CONCLUSIONS

This chapter shows that dating of the Mooirivier Com-
plex by the K-Ar and Rb-Sr methods is most difficult as
both isotopic systems have been strongly disturbed by post-
formation processes. The argon system of the analysed bi-
otites suffered from a severe loss of argon and potassium

and an addition of atmospheric argon while the Rb-Sr sys-
tem was disturbed in an undetectable manner. Nevertheless
it is possible to make a few statements on the history of the
Mooirivier Complex:
The K-Ar system of the biotite separates from samples
which were collected in the northern part of the Moo-
irivier Complex in the area of the Spreetshoogte Pass
was most probably completely reset during the Damara
orogeny as is indicated by the age of 545.1 £ 5.5 Ma ob-
tained for the biotite separate with the smallest percent-
age of atmospheric argon and the highest K -content.
A combined effect, including a partial loss of argon and
potassium and the admixture of atmospheric argon until
at least 330 Ma ago, is indicated by the individual ages
of some of the biotite separates. This date clearly post-
dates the Damara orogeny which ended about 450 Ma
ago and might thus reflect a partial attenuation of the
analysed biotites in connection with post-Ordovician
tectonic events such as the opening of the South Atlan-
tic during the Karoo period along the western margin of
Namibia.
The formation and attenuation of the K-Ar systems has
been accompanied by disturbances of the whole-rock
Rb-Sr systems.
The whole-rock Rb-Sr data obtained for the granitic
samples and for the orthogenic amphibolites from the
farm MooirivieR160 in the southern part of the Moo-
irivier Complex plot on a reference line of 1100 + 58
Ma. As indicated by structural data, K-Ar dating of the
northern part of the Mooirivier Formation and the age
of the acid intrusive rocks of the region, these ages are
too low to represent the formation age of the Mooirivier
Complex. They might reflect a homogenisation phase of
the Rb-Sr systems in the analysed specimens which oc-
curred due to the intrusion of the Mokolian granites in
the area of MooirivieR160.
A higher degree of disturbance of the investigated Rb-Sr
isotopic systems has been observed in the northern part of
the Mooirivier Complex in comparison with the southern
part. This probably reflects the decreasing influence of the
Damara orogeny on the Rehoboth Basement Inlier towards
the south.
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5. NEUHOF FORMATION

5.1 INTRODUCTION

The outcrops of the Neuhof Formation in the Rehoboth
area have been included into the pre-Damara “Mixed Rocks”
and “Marienhof Series” and the “Pebbly grits, sandstones
and quartzites” of the Nama System on de Kock’s (1934)
map of the Western Rehoboth area. Later they were con-
sidered as part of the “Archacan Complex” and “Granite
and Gneiss” on the Geological Map of South West Africa
(1963) before they were grouped in the Kamasis Formation
by Schalk (1973). SACS (1980) united the rocks of the Ka-
masis Formation of the Rehoboth area with metamorphic
rocks occurring in the western Maltahdhe District along the
escarpment which can be traced beyond Helmeringhausen
in the south (Schalk, pers. comm., 1987), because of their
strong resemblance with them. Some of the southern most
representatives of today’s Neuhof Formation have been de-
scribed by Watters (1974) as “Nubib and Barby metarocks
of the Nama shear belt” of Sinclair age. This classification
is doubted by K. Schalk of the Geological Survey in Wind-
hoek (pers. comm., 1987).

The Neuhof Formation consists of a succession of meta-
morphosed acid and basic volcanic rocks and metasedi-
ments which, as a whole, are intruded by various young-
er granitoid magmas. The metasediments are composed
of interbedded very fine- to coarse-grained quartzites,
polimict conglomerates, mica schists, chlorite schists, bi-
otite-amphibole schists and calcitic to dolomitic, partly
diopside-bearing limestones. A major part of the succes-
sion is made up of fine-grained, partly porphyric acid vol-
canic rocks (Schalk, pers. comm., 1987), some of which
have preserved their primary textures. Fine-grained basic
lavas or tuffs consisting of uralitised pyroxene, plagioclase,
chlorite and opaque phases which in some cases show amy-
gdales, are intercalated with the aforementioned sedimen-
tary and acid volcanic rocks. The basic lavas have mostly
been altered to partly strongly foliated amphibolites.

The Neuhof Formation overlies the Mooirivier Complex
unconformably but seems to be closely associated with
this probably oldest Formation of the Rehoboth Basement
Inlier. The Neuhof Formation, similar in lithology to the
Elim Formation, is considered to be older than the Elim
Formation because of the locally higher degree of meta-
morphism (SACS, 1980) of the Neuhof Formation. This
argument seems to be rather weak to form the basis for the
stratigraphy of an entire area, as in many regions of the
world a higher degree of metamorphism does not neces-
sarily mean a higher age of the formation in question. No
contacts between the Neuhof and the Elim Formations are
known from the Rehoboth Basement Inlier. To the south-
west of Rehoboth the rocks of the Neuhof Formation are
unconformably overlain by the Marienhof Formation and
in the area of the Nubib mountains they are overlain by the
Barby Formation and tectonically bordered by unmetamor-
phosed rocks of the Sinclair Sequence. Granites mapped as
members of the Piksteel Intrusive Suite by the Geological
Survey in Windhoek intrude the Neuhof Formation in the

area southwest of Rehoboth and along the escarpment in
the western Maltahdhe district.

The Piksteel Intrusive Suite shows Rb-Sr isochron ages
ranging between 1057 Ma and 1725 Ma (Reid et al., 1988;
this study) in the western Rehoboth area, while Burger
and Coertze (1973-74, 1975-76) and Burger and Walraven
(1977-78) give U-Pb (*Pb/?%Pb) ages ranging between
986 Ma and 1784 Ma for members of the Piksteel Intru-
sive Suite. Discordia U-Pb ages of this study for several
plutons of the Piksteel Intrusive Suite are also within this
range of ages (see Chapter 8). The age of the Gamsberg
Granite Suite was determined by the U-Pb and Rb-Sr meth-
ods to be between 1079 Ma and 1222 Ma (Reid et al., 1988;
Seifert, 1986; Burger et al., 1973-74). The Nubib granite
which intrudes the Neuhof Formation in the western Mal-
tahohe district has yielded a Rb-Sr errochron age of 1104
Ma (Mailing, in prep.) and U-Pb (*Pb/**Pb) ages of 1350
+ 40 Ma and 1360 + 50 Ma (Rooikam granite) (Burger and
Coertze, 1973 and 1973-74), respectively.

The Barby Formation, which overlies the Neuhof Forma-
tion in the Maltahohe district, has yielded Rb-Sr ages of
1200 Ma, 1263 Ma and 1265 Ma (Watters, 1974; Mailing,
in prep., Kroener, 1975). U-Pb dating of a quartz porphyry
of the Barby Formation yielded a ?’Pb/?*Pb age of 1656 +
40 Ma (Burger and Walraven, 1977-78).

U-Pb age determinations (**’Pb/**Pb) of metamorphosed
acid lavas from the Neuhof Formation itself range between
594 + 10 Ma and 1784 =45 Ma (Burger and Coertze, 1975-
76 and Burger and Walraven, 1980).

5.2 SAMPLE COLLECTION AND DESCRIPTION

Five whole-rock samples of Neuhof amphibolites weigh-
ing 30 kg each were collected southwest of Rehoboth on
the farms Koichas 372 and Swartskaap 332 (Fig. 5.1). Two
whole-rock samples of Neuhof amphibolites and four sam-
ples of granitoid Neuhof rocks were collected on the farm
Neuhof 100 (Fig. 5.2).

The analysed amphibolites from Koichas, Swartskaap
and Neuhof are fine-grained massive rocks which contain
clefts filled with epidote minerals. They are composed of
40-70% greenish to bluish-green, partly altered amphib-
oles which are embedded in a mostly strongly suassuritised
plagioclase matrix. Apatite, sphene, biotite, garnet and
opaque minerals occur as accessories. Abundant secondary
minerals are epidote minerals, chlorite, sericite, calcite and
quartz.

The analysed granitoids from Neuhof are fine- to me-
dium-grained massive rocks which are penetrated by a
multitude of small shear zones and calcite =+ epidote-filled
clefts. Local kakiritisation phenomena are quite abundant
throughout the analysed samples. Original magmatic tex-
tures, however, have been partly preserved. According to
X-ray diffraction data the analysed granitoids are com-
posed of 10-33% quartz, 15-35% plagioclase and 30-55%
potassium feldspar. None of the analysed samples showed
more than I % by volume partly chloritised biotite. Acces-
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Figure 5.2: Sample localities on the farm Neuhof 100
sories are opaque minerals, sphene and zircon. The ana-
lysed Neuhof granitoids are similar in appearance to those
rocks which are considered by K. Schalk of the Geological
Survey in Windhoek (pers. comm., 1987) to be subvolcanic
granitic intrusions corresponding in composition to the acid
lavas of the Neuhof Formation.

5.3 RESULTS
5.3.1 Geochemistry

The analytical results are listed in Table 8 (see Appen-
dix). With the exception of KAW3054 all the analysed
Neuhof amphibolites are of orthogenic origin according to
the criteria of Froehlich (1960) (Fig. 5.3). In this diagram
it is evident that six out of seven analysed specimens plot
on an imaginary well-correlated line which thus might in-
dicate magmatic differentiation processes.
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Figare 5.3 Ni versus Cr diagram for the analysed Neuhof
amphibolites. Amphibolites with Cr contents = 150 ppm are
likely 1o be of orthogenic ongin (Froehlich, 1960)
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Figure 5.4: K1 versus R 2 classification diagram of De La Roche
er al, { 1980) modified by Sreckeisen (1981 ) for the analyscd
Meuhof amphibolites (R = 6Ca+2Mg+Al
K2 =45i-{1 INa+K)-2{Fe+Ti))

The analysed amphibolites plot entirely in the basalt field
of the R1 versus R2 diagram of De La Roche et al. (1980)
modified after Streckeisen (1981) (Fig. 5.4). With the ex-
ception of KAW3081 all the amphibolites are of tholeiitic
chemistry according to the Zr/P,O, versus TiO, diagram of
Winchester (1976) (Fig. 5.5). Bearing in mind the limita-
tions of tectonic discriminant diagrams as discussed by
Wilcox (1979), who states that only glassy or very fine-
grained samples should be analysed in order to permit a
determination of the liquid line of descent of a magma, the
data obtained were plotted onto the tectonic discriminant
ternary Ti/100-Zr-3*Y diagram of Pearce and Cann (1973)
(Fig. 5.6). The samples plot in the fields for Mid Ocean
Ridge Basalts and for Calc-Alkaline Basalts (Fig. 5.6). One
sample plots on the boundary between the fields for Within
Plate Basalts and Calc-Alkaline Basalts.

It has thus to be assumed that the analysed amphibolites
represent predominantly tholeiitic magmatism. The scatter
of data points in the tectonic discriminant diagram does not
allow attribution of a specific tectonic setting to the forma-
tion of the analysed amphibolites and thus leaves doubts
about the significance of such tectonic discriminant dia-
grams for metamorphic rocks.
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Figure 5.7: R1 versus R2 classification diagram of De Lz Roche
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Figure 58: Mol.% (NapO+K0+Ca0) versus mol.% AlO3
diagram for the analysed Neuhof granitoids

Two of the four analysed Neuhof granitoids plot in the
field for alkalic granites in the R1 versus R2 diagram of De
La Roche (1980) modified by Streckeisen (1981) (Fig. 5.7),
while one of the samples plots into the syenite field and
another plots into the field for alkalic syenites. This scatter
of the data points certainly has its cause in primary com-
positional differences of the analysed granitoids as can be
deduced from their highly variable contents of, on such a
scale, relatively immobile elements such as SiO, and Al,O,
(see Table 8; Appendix). Strong variations of the degree
of differentiation as observed in the four analysed grani-
toids are usually also accompanied by variations of the al-
kali contents. Such possible primary variations of the alkali
contents are also present in the analysed samples (Table 8;
Appendix) and are thus responsible for the observed spread
of the data points along the RI axis. According to the index
of Shand (1951) all the analysed granitoids are of peralu-
minous nature. Whether the analysed granitoids are of a
sedimentary or igneous origin is not clarified by the mol.%
(Na,0+K,0+Ca0) versus mol.% Al O, diagram (Fig. 5.8),
where two of the four specimens plot beyond a line repre-
senting an A/CNK ratio of 1.1, and two samples plot below
this line, which separates S-type magmas from I-type mag-
mas according to Chappell and White (1974). In the Nb+Y
versus Rb diagram of Pearce ef al. (1984) (Fig. 5.9) three
data points plot in the field for Within Plate Granites and
one point plots into the Volcanic Arc Granite field.

5.3.2 Rb-Sr analyses

The results of the Rb-Sr analyses are listed in Table 9
(see Appendix).

The analytical results of the amphibolites from Koichas
and Swartskaap do not form an isochron in the ¥Rb/*Sr
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versus ¥’Sr/%Sr diagram (Fig. 5.10). It is nonetheless pos-
sible to fit two reference lines through the scattered data
which, as a matter of fact, both represent not very reliable
two-point regression lines depending on KAW3052 in the
case of reference line A and on KAW3053 in the case of
reference line B. Reference line A, which connects the
samples KAW3050, KAW3051, KAW3052 and KAW3054
yields an age of 1122 Ma + 428 Ma with a low correla-
tion coefficient R of 0.853 and an intercept I at 8’Sr/*Sr =
0.7053 + (1.0009. Reference line B, which connects the
samples KAW3050, KAW3051 and KAW3054 yields an
age of 2569 Ma =+ 244 Ma with a good correlation coef-
ficient R of 0.991 and an intercept I at ¥’Sr/**Sr = 0.7018
+ 0.0007. A plot of the 1/%Sr ratios of the samples versus
their ¥’Sr/*Sr ratios (see inset in Fig. 5.10) shows a good
correlation of the data points of four out of five samples
(KAW3050-51 and KAW3053-54), thus indicating that
Sr mixing processes, such as the admixture of common
Sr from a source outside the analysed parts of the Neu-
hof Formation, may have occurred in the northern outcrop
area of the Neuhof Formation if the linear grouping of the
data points is not due to primary magmatic effects, such as
the fractional crystallisation of feldspar, a question which
could not be resolved on the basis of the present sample
material. A possible admixture of common Sr might have
occurred in relation with the intrusion of Gamsberg-type
granites in the area, and might also be responsible for the
formation of reference line A with its age of 1122 Ma. As
a Rb-Sr age of 2569 Ma is quite unlikely for rocks of the
Neuhof Formation based on Sm-Nd data on the Rehoboth
Inlier (see Chapter 1I), the steep slope of reference line B
and its corresponding age of 2569 Ma probably has to be
attributed to mixing processes and thus should be regarded
as geologically meaningless. It must be stated, however,
that the intercepts of both reference lines give reasonable
values of ¥Sr/*Sr = 0.7053 and 0.7018, respectively, which
also could be found in common basic magmas. This indi-
cates that the whole-rock ¥’Sr/*¢Sr ratios were not signifi-
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Figure 5.10: TR Sr versus Vs 5r diagram for the analysed
Meuhof amphibolites from the area 1o the southwest of Reho-
both (inset = 1/Sr versus 'S/ "5r diagram for the same
samples)

cantly changed during the observed homogenisation proc-
esses, which in turn confirms the orthogenic origin of the
analysed amphibolites.

A different pattern is shown by the analytical results of
the amphibolitic and granitoid samples from the farm Neu-
hof 100. With the exception of KAW3078 all the data points
plot on a highly correlated (R =0.99991) isochron yielding
an age of 1167 Ma + 9 Ma with an intercept I at ¥Sr/*Sr
=0.704 + 0.003 in the *Rb/*Sr versus *’Sr/*Sr diagram
(Fig. 5.11). This indicates a complete homogenisation of
the Sr systems of the analysed amphibolites and granitoids
at the obtained age of 1167 Ma. This homogenisation phase
probably should be attributed to the intrusion of Gamsberg-
type magmas into the Neuhof Formation. A homogenisation
and/or a mixing of the Sr systems of the analysed samples
may also be assumed based on the 1/%Sr versus ¥’Sr/*¢Sr
diagram (see inset of Fig. 5.11) if the formation of a linear
array by the granitoid samples in this diagram is not due to
primary fractional crystallisation, a possibility which could
not be ruled out given the present sample material. Also
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Figure 5.11: ¥R hfmSl VErsils "TSrthr diagram for the analysed
amphibolitic and granitoid specimens from Neuhof 100 (inset
= 1/Sr versus 5'r"t-;n'm"jrrajialg,mrn for the same samples). The
granitoid samples are represented by filled squares while the
amphibolites are represented by filled circles
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of note here is that the obtained intercept in the isochron
diagram at ¥’Sr/*Sr = 0.704 represents a low value which
would more likely be expected in a primary magmatic sys-
tem than in a system which suffered from the admixture of
Sr from common sources. It should thus be assumed that
the changes of the whole-rock #Sr/*Sr ratios by admix-
ing processes were of relatively small magnitude. Thus the
quite low initial *Sr/*Sr ratio clearly points at I-type ori-
gins for the analysed granitoids. This in turn would mean
that major-element based geochemical classification of the
analysed granitoids of Chapter 5.3.1, (which, for instance
indicates S-type origins for half of the analysed granitoids),
is doubtful due to the mobility of various elements (alkalis)
during post-formation alteration processes.

5.4 CONCLUSIONS

This chapter shows that most of the analysed amphibo-
lites of the Neuhof Formation are of orthogenic origin and
that their protoliths are best described as mostly tholeiitic
basalts, which, according to the classification scheme of
Pearce and Cann (1973), possibly formed in a mid ocean
ridge or volcanic arc tectonic setting. Although the mobil-
ity of various elements during the alteration has obscured
the origins of the analysed granitoids, it may be postulated
according to their low ¥’Sr/*Sr initial ratios that they repre-
sent I-type magmatism, which, according to the classifica-
tion of Pearce and Cann (1984), should have taken place
in within plate- and volcanic arc tectonic settings. Both at-
tempts to classify the analysed specimens by the methods
of Pearce et al. (1973, 1984) thus yielded confusing results

and point at the limitations of these classification schemes
due both to post-formation alteration and to primary effects
as discussed by Wilcox (1979).

The Rb-Sr whole-rock analyses have shown that all the
analysed Rb-Sr systems have been disturbed by post-genet-
ic homogenising processes. The observed small changes of
the initial *Sr/%Sr ratios of the analysed specimens during
homogenisation show that the analysed whole-rock sys-
tems were not affected by the admixture of large amounts
of highly radiogenic Sr from distant sources, but that their
Sr systems were homogenised “locally”. The homogenisa-
tion processes can be assumed to have taken place in rela-
tion with the intrusion of granitic (Gamsberg-type) mag-
mas, such as the Nubib granite, into the Neuhof Formation
between 1100 and 1200 Ma. They at least resulted in a
complete homogenisation of the Sr systems of the analysed
amphibolitic and granitoid samples from Neuhof 100.

The present study therefore cannot give evidence on the
formation age of the Neuhof Formation. It can, however,
be deduced from the present data that the results of other
workers in the area should be interpreted carefully before
a formation age can be assigned to the Neuhof Formation
based on radiometric age determinations, considering that
post-formation processes were able to completely reset the
Sr systems of parts of the Formation. The influence of these
homogenisation processes on other isotopic systems is best
shown by the high variance of the discordant U-Pb ages
obtained for the Neuhof acid lavas by Burger and Coertze
(1975-76) and Burger and Walraven (1980) which range
between 594 Ma and 1784 Ma.
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6.1 INTRODUCTION

Rocks of the Elim Formation were first described by De
Kock (1934) who included them with the “Mixed Rocks”
on his map of the Western Rehoboth area. Later De Waal
(1966) included them with the “Banded Granulite, Quartzite
and Schist” section of his Marienhof Formation before they
were separated from this formation by Schalk (1967) in or-
der to form the present Elim Formation. Brewitz (1974) gave
a detailed description of the occurrences of the Elim Forma-
tion in the vicinity of the former Kobos mine. He subdivided
the formation into an Elim1, Elim2 and Elim3 (Gaub Valley
Schists) Formation. This subdivision was not maintained by
SACS (1980) who followed Schalk’s (1967) proposals on
the extent of the present Elim Formation.

The base of the formation is nowhere exposed. The con-
tacts towards the overlying Marienhof Formation are always
tectonically disturbed. The Elim Formation was deformed
and metamorphosed under amphibolite facies conditions
(Brewitz, 1974) before it was intruded by the Alberta Com-
plex, members of the Weener and Piksteel Intrusive Suites,
members of the Gamsberg Granite Suite and various basic
and acid dykes. On the farms Naub 274 and Biesiespoort 275
it is also intruded by the Naub diorite which yielded a Rb-Sr
isochron age of 1725: + 74 Ma (Reid et al., 1988). Based on
this minimum age and on lithologic descriptions the Elim
Formation is regarded by geologists of the Geological Sur-
vey (Windhoek) as a probable correlate of the Khoabendus
Group of the Kamanjab Inlier (SACS, 1980). According to
De Waal (1966) and Brewitz (1974) the Elim Formation un-
derwent three different metamorphic phases. A first regional
metamorphism under almandine-amphibolite facies condi-
tions paralleled the tectogenesis of the Nauchas granites,
while the second regional metamorphism under greenschist
facies conditions was related to the Damara orogeny whose
convergent phase took place between 650 Ma and 420 Ma,
according to Miller (1983). A late post-Damaran tectonic
deformation and hydrothermal alteration of the formation
was regarded by these authors as a third major phase in the
area. This subdivision of the metamorphic history of the area
is untenable in the light of more recent radiometric age de-
terminations. Reid ef al. (1988) have shown that the Naub
diorite with a Rb-Sr isochron age of 1725 + 74 Ma and the
Alberta Complex with a Rb-Sr isochron age of 1440 + 25
Ma intrude an already deformed and metamorphosed Elim
Formation. Although the significance of the Naub isochron
is to some extent doubted by these authors (see below), it
can be said that the first regional metamorphism cannot be
correlated with the intrusion of the Nauchas granites, which,
as a part of the Gamsberg Granite Suite, did not intrude un-
til much later at 1079 £+ 25 Ma. In the northern part of the
Rehoboth Basement Inlier the Damara orogeny certainly
played an important role in the metamorphic history of the
Elim Formation as shown by K-Ar determinations of various
authors (Clifford, 1967; Weber et al., 1983; this study) which
have proved that in this area the K-Ar systems of biotites and

white micas were completely reset in relation to the Damara
orogeny.

The formation consists of a more than 3000-m-thick suc-
cession of low- to medium-grade metamorphic rocks which
is nowhere continuously exposed.

The major part of the formation is made up of quartzitic
rocks. They range in composition from sericitic quartzites to
magnetite-rich quartzites which partly grade into itabirites.
Primary sedimentary structures have been preserved in all
the quartzite varieties in spite of local polyphase metamor-
phism. Albite, microcline, amphiboles and epidote are abun-
dant accessory minerals within most of the quartzites.

Amphibolites of a wide range of compositional and tex-
tural varieties form the major portion of the remaining part
of the Elim Formation. Layers of massive fine- to coarse-
grained amphibolites are as abundant as schistous and
banded varieties partly interlayered with limestone bands.
The composition of the amphibolites ranges from chlorite-
epidote amphibolites and schists to garnet-bearing amphi-
bolites. The amphibolites partly grade into chlorite-epidote
greenschists. The Cu-Zn-Au mineralisation in the Kobos
area is associated with the amphibolites and greenschists of
the Elim Formation (Brewitz, 1974).

To the west of Rehoboth, calcareous rocks are prominent
features at several levels of the Elim Formation. They range
in composition from limestone to dolomite and ankerite and
contain abundant nodular chert inclusions. Accessory plagi-
oclase, (tremolitic) amphiboles, biotite and white micas are
present in most of the Elim marbles. The occurrence of py-
roxene- and garnet-bearing wollastonite fels, and diopside-
bearing carbonates was described by De Waal (1966) for
areas which are today included in the Elim Formation.

Phyllitic to quartzitic partly garnet-bearing mica schists of
sedimentary and partly of possible volcanic origin are often
intercalated within the mostly quartzitic and amphibolitic
succession.

6.2 SAMPLE COLLECTION AND DESCRIPTION

The sample localities of most of the samples collected are
shown on Figure 6.1 while the coordinates of all the sam-
ple localities are listed in Table 10 (see Appendix). Nineteen
whole-rock samples each weighing 30-50 kg of amphibolites
and greenschists were collected in various outcrops of the
Elim Formation throughout the Rehoboth Basement Inlier
(KAW3003-KAW3006, KAW3008-KAW3012, KAW3045-
KAW3049 and KAW3068-KAW3072). Whole-rock sam-
ples of three mica schists (KAW3014-KAW3016) were
collected on the farm Morgenroth 17 in the contact aure-
ole of the intrusion of a member of the Piksteel Intrusive
Suite (Geol. Survey of Namibia, unpubl. 1:250 000 map
2316 Rehoboth) while two other samples were collected
on the farms Kabiras 343 (KAW3013) and Witkrans 342
(KAW3017). Five other whole-rock samples of mica
schists were collected on Areb 76 (KAW3066, KAW3067,
KAW3073-KAW3075) close to the Areb shear zone. One
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Figure 6.1: Sample localities of the analysed Elim specimens.
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map; see Table 10 ( Appendix) for precise coordinates of the
analysed specimens)

whole-rock sample of an itabirite (KAW3002) and a biotite-
sericite schist (KAW3001) come from the farm Samkubis
516. Finally. two whole-rock samples of Elim marbles were
collected on Grauwater 341 (KAW3007) and on Areb 76
(KAW3065).

The massive and mostly fine-grained amphibolites from
Samkubis 516 (KAW3003- KAW3006) are composed of 50-
60% actinolitic hornblende, 35-40% mostly strongly saus-
suritised plagioclase, up to 15% quartz and accessory apa-
tite, opaque minerals, sphene, epidote minerals, chlorite and
calcite. All the samples are strongly folded and show a folia-
tion on a sub-millimetre scale. According to their appearance
in thin section they might very well be of orthogenic origin.
KAW3008-KAW3012 which come from the farm Kobos
321 are massive fine- to medium-grained amphibolites with
the exception of KAW3008, which represents a typical Elim
greenschist. Original small-scale folding and a narrow folia-
tion have been partly preserved in the otherwise mostly mas-
sive samples whose ortho- or paragenic origin cannot be de-
tected by thin section investigation alone. The amphibolites
consist of 50-60% partly chloritised actinolitic hornblendes,
which are embedded in a mostly very fine-grained matrix
consisting of epidote minerals, sphene, albite, sericite, quartz
and calcite, while the greenschist is composed of 47% actin-

olitic hornblende, 30% albite, 15% quartz, 3% epidote min-
erals, 5% chlorite and white mica and accessory sphene and
opaque minerals.

With the exceptions of KAW3045 which represents a
massive, fine-grained and strongly altered amphibolite and
KAW3047 representing a biotite schist. the samples from
Naub 274 (KAW3045-KAW3049) may be described as
greenschists which partly grade into hornblende garben-
schiefer. These fine- to medium-grained, strongly foliated
and partly altered schists are composed of 40-75% acti-oolit-
ic amphibole, 5-20% plagioclase, 5-25% chlorite, 7-20%
epidote minerals, 3-10% quartz and up to 3% opaque min-
erals and accessory sphene. The Naub samples either origi-
nate in tuffaceous volcanic layers or in entirely sedimentary
deposits.

Five samples of fine-grained, massive amphibolites
(KAW3068-3072) were collected near the Areb shear zone
on the farm Alberta 175. They derive from a part of the Elim
sequence which is interlayered on a decimetre scale with cal-
careous layers and might be of orthogenic (tuffaceous ?) as
well as of paragenic origin. A narrow foliation and small-scale
folds can be recognised in thin section. The amphibolites are
composed of 45-80% bluish-green to brownish amphiboles
which have been partly chloritised, 4-25% partly altered pla-
gioclase, 7-18% epidote minerals, up to 15% quartz, up to
3% sphene and accessory opaque minerals, apatite, biotite
and calcite.

The strongly foliated and folded, fine-grained mica schists
from the farm Morgenroth 17 (KAW3014-KAW3016) con-
sist of 25-50% quartz, 10-25% feldspar (albite), 25-45% mus-
covite, 3% chloritised biotite, 2% opaque minerals and ac-
cessory garnet and epidote minerals. The muscovite in these
samples certainly grew after the major deformation phase
which affected the rock. The mica schists from the farms
Kabiras 343 (KAW3013) and Witkrans 342 (KAW3017) are
similar in compostion. except for their lack of garnet. Sam-
ple KAW3017 is crosscut by several aplitic veinlets indicat-
ing that the major part of this outcrop of the Elim Formation
was affected by the intrusion of granitic material.

The two mica schists from Areb 76 (KAW3066 and
KAW3067) which were collected close to the Areb shear
zone, represent strongly sheared and partly mylonitised,
fine-to very fine-grained metagreywackes, showing a high
grade of alteration of their mineral content including the for-
mation of sericite. The other three mica schists from Areb
76 (KAW3073-KAW3075) have been much less affected by
the tectonic activity along the Areb shear zone. These fine-
grained and tightly folded mica schists show a narrow fo-
liation and are composed of 30-60% quartz, 3-10% albite,
12-30% muscovite/sericite, 3-30% chlorite, 4-5% epidote
minerals and accessory opaque minerals, sphene and opaque
minerals.

The fine-grained and narrowly foliated and folded itabirite
from the farm Samkubis 516 (KAW3002) is composed of
32% opaque minerals (mostly magnetite/hematite), 20%
actinolitic hornblende. 45% quartz, 3% epidote minerals
and accessory apatite, chlorite and sericite, while sample
KAW3001 from the same farm represents a typical biotite-
sericite schist of the Elim formation.
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6.1 INTRODUCTION

X-ray diffractometer analyses have shown that the medi-
um grained, massive marble from the farm Grauwater 341
(KAW3007) is composed of 72% dolomite and 23% calcite
while the fine-grained and strongly tectonised marble from
Areb 76 (KAW3065) is entirely dolomitic. Both marbles
contain small amounts of white micas, chlorite, quartz and
opaque minerals.

6.3 RESULTS
6.3.1 Geochemistry

All the results of the geochemical analyses are listed in
Table 10 (see Appendix). The corresponding Niggli values
are listed in Table 10A (see Appendix). Bearing in mind the
problems of the graphic analyses of geochemical diagrams
as discussed by Wilcox (1979), we nonetheless attempted
to obtain information on the origin of the analysed samples
using the various discriminant diagrams.

The Niggli mg values of all the analysed samples of the
Elim Formation were plotted versus the ¢ values in the c-
mg diagram of Leake (1964) (Fig. 6.2). The analysed mica
schists plot for the most part in and around the field for
pelites, while the analysed carbonates plot towards the up-
per right (dolomite) corner of the diagram. The amphib-
olitic samples plot between the areas typical for pelites and
carbonates but they do not lie on the general igneous trend
which is represented in the diagram by an arrow.

More information on the origin of the analysed samples
is given by the c-100*mg-(al-alk) ternary diagram of Leake
(1964) (Fig. 6.3), where all but one (KAW3046) of the ana-
lysed amphibolitic samples plot on the general magmatic
trend, while the analysed mica schists and marbles plot ei-
ther along sedimentary trends or in areas typical of pelites
and dolomites.
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Figure 6.2: Niggli mg versus ¢ diagram for all the analysed
samples of the Elim Formation

Figure 6.4 (right): Ni versus Cr diagram for the analysed Elim
amphibolites. The different field limitations are according 1o
Walker ( 1960), Froehlich { 1960) and Kukley (1975)
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Figure 6.3: C-100*mg-{al-alk) temary diagram of Leake (1964}
for all the analysed samples of the Elim Formation

According to Figures 6.2 and 6.3 a magmatic origin must
be assumed for most of the amphibolitic samples. Their
Ni contents were plotted against their Cr contents in or-
der to confirm this assumption (Fig. 6.4). A comparison
of the classification criteria of various workers shows that
the inconsiderate use of this diagram may lead to incorrect
interpretations as none of the amphibolitic samples plots
into the field for ortho-amphibolites of Walker et al. (1960)
(Cr> 250 ppm; Ni > 200 ppm), while all the data points are
of orthogenic origin according to the criteria of Kukley ez
al. (1975) (Cr/Ni > 1). Three quarters of the samples are
of orthogenic origin according to Froehlich (1960), who
states that amphibolites having Cr > 150 ppm are of ortho-
genic origin while amphibolites with Cr < 20 ppm are of
paragenic origin. Nonetheless, it is of interest that sample
KAW3046, which plots far off the general igneous trend in
Figurel, would also have to be considered to be of igneous
origin according to the criteria of Froehlich (1 960) and
Kukley et al. (1975) in Figure 6.4.
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In spite of all the problems encountered in elucidating
the origin of the analysed amphibolites, we believe that the
major part of the Elim amphibolites is probably of partly
tuffaceous orthogenic origin. As most major elements may
be mobilised by metamorphic processes, only the relatively
stable elements TiO,, P,O,, Zr, Y and Nb were used to in-
vestigate the plate tectonic situation from which the ana-
lysed samples derived.

The data were plotted in the Zr/P,O, versus TiO, diagram
of Winchester (1976) where all but one (KAW3045) of
the samples plot in the field for tholeiitic rocks (Fig. 6.5).
Three data points representing amphibolites from Kobos
(KAW3010-KAW3012) could not be plotted as their Zr
content is below the XRF detection limit. However, exam-
ining the TiO, contents of these samples which are below
0.3% by weight it should be assumed that these three sam-
ples are also of tholeiitic nature.

The very low Nb contents of the analysed samples (with
one exception, KAW3045, yielding 19 ppm Nb) all fall be-
low the detection limit of II ppm and thus also point to a
tholeiitic origin of the amphibolites.

We then tried to plot all the amphibolites into the tectonic
discriminant Zr-Ti/100-Y *3 ternary diagram of Pearce and
Cann (1973) (Fig. 6.6). With the exceptions of the three
Kobos amphibolites which are poor in zircon, and a Naub
schist (KAW3048) whose Y content is below the detection
limit, the data points scatter into all the different areas as-
signed to various typical plate tectonic settings by Pearce
and Cann (1973). Therefore it is not possible to assume a
specific plate tectonic setting for the basic Elim rocks based
upon this classification diagram. The observed scatter of
data points can be interpreted in several ways:

- The Elim Formation is formed of rocks which derived
from different plate tectonic settings and therefore can-
not be interpreted by a simplistic model.

- It is composed of rocks whose original geochemical
patterns (including trace elements) have been strongly
altered by metamorphic processes.

Ti/100

Zr Ye3
= Amphibolites & Greenschists

Figure 6.6: Zr-Ti/100-Y*3 lematy diagram of Pearce and Cann
{197 3) for the analysed Elhm amphibolites. (A = Within Plate
Basalis; B = Island Arc Tholeiites; C = Mid Ocean Ridge
Basalts; D = Cale-Alkaline Basalts)

- The classification systems of Pearce and Cann (1973)
are not suitable for the type of rocks analysed as might
be suspected according to the considerations of Wilcox
(1979), who states that the liquid line of descent of any
kind of magma can only be reconstructed from mate-
rial which is glassy or sufficiently fine-grained to en-
sure that the analysed material is representative of its
parent liquid. Even if metamorphism did not affect the
trace element composition of the analysed specimens
these constraints have possibly not been fulfilled in the
magmatic parent material of the analysed metamorphic
rocks, thus preventing a tectonic classification accord-
ing to the model of Pearce and Cann (1973).

6.3.2 K-Ar analyses

The results of all the K-Ar analyses are listed in Table II
(see Appendix).

The analysed white micas from a contact aureole around
a small granitic intrusion assigned to the Piksteel Intrusive
Suite on Morgenroth, yielded individual K-Ar ages rang-
ing between 1062.3 + 10.6 Ma and 1142.3 + 11.4 Ma.
The youngest age was obtained for the sample which was
collected closest to the next surface outcrop of the intru-
sion, while the oldest age was obtained for a sample which
was collected 250 metres away from the contact. The white
micas from a sample which is crosscut by some aplitic
veinlets and which was collected in the centre of the area
covered by the Elim Formation on the farm Witkrans 342,
yielded an age of 1229.5 + 12.3 Ma. The content of ra-
diogenic *°Ar generally exceeds 99.6%. A major admixture
of non-radiogenic argon to the argon of the samples can
be ruled out when considering that the content of 3¢ Ar is
generally below 0.36* 10712 mol/g for these samples. It can
thus be assumed that the intruding granitic magmas in the
area were the source of energy leading to the formation of
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Figure 6.7: 1/7%Ar versus “ArAr diagram for the analysed
white micas and biotites of the Elim Formation from the farm
Areh (see text for discussion )

the analysed white micas from Morgenroth and possibly
also for the formation of the analysed white micas from
Witkrans. The effect of decreasing ages towards the intru-
sion in question may be assigned to the cooling history of
the granite body whose radius of energy (and hydrothermal
circulation), capable of keeping the K-Ar systems of white
micas open, must have been continuously diminishing with
time. Thus it should optimistically be assumed that the in-
dividual ages obtained of the analysed white micas of the
Morgenroth-Witkrans area only indicate a minimum age for
reaching the blocking temperature of the analysed minerals
due to the decreasing heat-producing energy of an intrusive
body, and are not due to a gain of radiogenic argon.

The individual ages of the five white mica samples and
the single biotite separate from the vicinity of the Areb
shear zone on the farm Areb range between 314.7 +3.3 Ma
and 781.7 £+ 7.8 Ma. All the analysed white micas yiclded a
radiogenic argon content exceeding 99.45% while the “°Ar
¢ content in the analysed biotite separate (KAW3067),
whose K-content of 20.6* 10 mol/g indicates some al-
teration (chloritisation ?), is only 94.38%. With the ex-
ception of the biotite sample KAW3067 which showed a
higher 3°*Ar content of 1.07*10-'2 mol/g (due possibly to the
aforementioned chloritisation processes), all the analysed
Areb mica separates showed *Ar contents below 0.25 *
102 mol/g thus indicating that no significant admixture
of non-radiogenic argon occurred. It is of interest that the
youngest ages of 314.7 Ma and 396.5 Ma were measured
on samples collected close to the Areb shear zone while all
the samples collected a few hundred metres away from the
shear zone (KAW3073-KAW3075) range between 727.9
Ma and 730.4 Ma. This age distribution clearly shows that
the analysed K-Ar systems of the samples collected close
to the Areb shear zone (KAW3066 and KAW3067) have
formed or have been opened and rejuvenated even after the
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Figure 6.8: K Ar versus YAr ™ Ar diagram for the analysed
white micas and bictites of the Elim Formation from the farm
Areh (sce fext for discussion)

Damara orogeny by tectonic processes along the Areb shear
zone, while the K-Ar systems of the more distant samples
were indeed affected (rejuvenated) but not completely reset
by the Damara orogeny and/or later processes. This state-
ment is also supported by the observation that the white
mica fraction of KAW3066, which was collected close to
the shear zone, consists entirely of sericitic micas while the
mica fraction of the samples KAW3073-KAW3075 is com-
posed of coexisting white micas and younger (sericitic) ag-
gregates.

The result of the graphic analysis of the K-Ar data of the
Areb samples shows that with the exception of KAW3066
the analysed Areb samples define a linear array with a high
correlation coefficient R of 0.996 and an intercept I of “°Ar/
®Ar = -7376 in the 1/*°Ar versus “Ar/**Ar diagram (Fig.
6.7). If the biotite separate KAW3067 is disregarded, the
regression line has a correlation coefficient of 0.995 and
an intercept 1 of “*Ar/*°Ar = -7875. The high correlation
of both regression lines indicates that mixing phenomena
might have affected the argon systems of the analysed sam-
ples, which is not surprising when considering the coexist-
ence of different generations of white micas and the fact
that the Areb shear zone must have been active during the
Damara orogeny (see e.g. Chapter 7). As in the “K/*°Ar
versus “Ar/°Ar diagram (Fig. 6.8), the Areb data points
form a linear array similar to that obtained for the 1/°Ar
versus “°Ar/*°Ar diagram with a similar intercept I of °Ar/
¥ Ar =-3640 and a correlation coefficient R 0f 0.997 (-2847
and 0.995, respectively, if KAW3067 is disregarded) it may
be assumed that the K contents of the samples were not
significantly affected by the suspected mixing processes.
Furthermore the highly negative intercepts of the regres-
sion lines in both diagrams point to a possible loss of ar-
gon. As a significant admixture of atmospheric argon can
be excluded, except fur KAW3067, due to the low contents
of 3Ar of the samples and because of the relative stability
of K in the samples, it should be taken into consideration
that the processes affecting the K-Ar system of the samples
are restricted to loss of “Ar _ and/or total argon and to
a gain of “Ar _ . It should therefore be assumed that the
samples in question were affected by exchange processes
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in such a way that the analysed minerals were percolated
by fluids which led to a loss of “’Ar _ and to the addition of
minor amounts of argon of atmospheric composition. This
fluid percolation may also have led to the partial chloritisa-
tion of the biotites of KAW3067 which was accompanied
by the admixture of larger amounts of atmospheric argon
with these biotites, which in turn caused the data point of
KAW3067 to plot close to the origin in the lower left corner
of Figure 2.4. The scatter of data points along the y-axis in
the Harper diagram (Fig. 6.9) strongly supports this sug-
gestion but it also shows that not all of the samples were
affected by similar and proportional exchange processes of
“Ar. Summarising the results obtained for the Areb sam-
ples, it can be said that if no gain of *’Ar _ occurred then
the individual ages of the samples represent minimum ages
for the closure of the analysed K-Ar systems.

The single individual age of 874.4 + 8.7 Ma obtained for
a biotite separate from a biotite schist on the farm Naub
(KAW3047), with radiogenic argon content of 99.56% cor-
responding to 0.21* 1072 mol/g *°Ar, shows that this area
was also affected by post-Mokolian rejuvenation process-
es. These processes, which probably also led to a partial
chloritisation of the analysed biotites as indicated by their
slightly lowered K content of 21.5*¥10® mol/gK, should
probably be connected with Damara-induced metamor-
phism, which in this area was obviously not strong enough
to reset the K-Ar system of the analysed biotite separate.

6.3.3 Rb-Sr analyses

The results of all the whole-rock Rb-Sr analyses are list-
ed in Table 12 (see Appendix).

In Figure 6.10 the ¥Rb/*Sr ratios of all the whole-rock
samples from Samkubis were plotted against their ¥Sr/*Sr
ratios. A reference line calculated through all the amphi-
bolitic samples (KAW3003-KAW3006) (R.L.I) yields an
age of 948 + 197 Ma with an intercept I of ’Sr/*¢Sr at 0.704
+ 0.001 and a low correlation coefficient R of 0.956. The
data point of an analysed biotite schist (KAW3001) plots
far off this reference line while the analysis of an itabirite
(KAW3002) plots in the vicinity of the line. A regression
line drawn through three of the data points representing am-
phibolitic samples (KAW3003, KAW3005 and KAW30006)
(R.L.2) yields an age of 396.2 + 10.6 Ma. Its correlation
coefficient R2 is 0.9996 and the intercept 12 is at ¥’Sr/*Sr
=0.70604 + 0.00004. The point representing the itabirite
sample (KAW3002) plots surprisingly well on this second
reference line. As neither reference line gives the age of a
major tectonic phase of the area it must be assumed that
they represent fluid reactions which affected the analysed
specimens. The older reference line, with an age of 948
Ma, might have formed during homogenisation processes
during the intrusion of magmas related to the Gamsberg
Granite Suite, and has probably been rejuvenated by post-
intrusive alteration processes. The age of the younger refer-
ence line of 396 Ma is even below the biotite cooling ages
of the Damara Orogen itself, for which an age of 420 Ma
is given by Miller (1983). Provided that the younger ref-
erence line has a geological meaning, this would indicate

that the samples which plot on reference line 2 have been
affected by post-Damaran alteration processes.

The Rb-Sr results obtained for the amphibolites from
Kobos are presented in Figure 6.11. The scattering of data
points is most striking and is best explained either by post-
genetic exchange processes affecting the analysed samples,
or possibly by primary compositional differences between
the analysed specimens, which to a certain degree is In-
dicated by the results of whole geochemistry (see Table
10, see Appendix)). A reference line calculated through all
the data points yields an age of 1174 Ma + 214 Ma with
a relatively low correlation coefficient R of 0.949 and an
intercept I at ¥Sr/*Sr = 0.7034 + 0.0008. A small-scale
isochron representing an age of 685 Ma + 7 Ma may be
calculated through the data points representing the samples
KAW3010-KAW3012 which have been collected within
a distance of a few hundred metres. Its correlation coef-
ficient is 0.9999 and its intercept is at ¥’Sr/*Sr = 0.70575
+ 0.00003. The age of 1174 Ma of the reference line rep-
resenting the total population might again indicate a ho-
mogenisation phase triggered by the intrusion of members
of the Gamsberg Granite Suite. The age of the small-scale
reference line of 685 Ma indicates that the Kobos area was
affected by post-Mokolian alteration processes probably
related to the Damara orogeny, and thus accounts for the
scatter of data points on an overall scale.

The ¥Rb/*Sr and ¥S1/*Sr ratios obtained for the ana-
lysed Elim Naub schists are presented in Figure 6.12 where
they have been plotted together with Rb-Sr data for the
Naub diorite which were taken from literature (Reid ef al.,
1988). The Elim schists do not plot on a well-defined refer-
ence line. Surprisingly they plot quite well on a reference
line representing an age of 1788 + 50 Ma with an inter-
cept [ of ¥Sr/%Sr = 0.7034 + 0.0003 which was calculated
through the data points of the Naub diorite and the Elim
schists. This result raises the suspicion that the reference
line obtained might be a mixing line. Such a suspicion is
disproved by the 1/Sr versus ¥St/*Sr diagram (Fig. 6.12)
where four of the Naub diorites plus the Elim biotite schist
and the remaining four Elim schists define two highly cor-
related (R = 0.995 and 0.722 respectively) mixing lines.
The occurrence of two lines showing two completely dif-
ferent trends on one hand denies the possibility of an overall
two-component mixture but on the other hand confirms that
the investigated rocks from the Naub area were affected by
various mixing processes. This in turn raises doubts about
the reliability of the Naub diorite isochron of Reid et al.
(1988) which was supposed to give a minimum age for the
Elim Formation and the Mooirivier Complex. Nonetheless
it is possible that the obtained reference line of 1788 Ma
dates a homogenisation phase of the intrusive Naub diorite
with the surrounding wall rocks of the Elim Formation and
thus still could provide a minimum age for the formation of
the Elim Formation.

With the exception of KAW3068, the data points of the
analysed amphibolites from Alberta plot within a fan of ref-
erence lines representing an age range of 548 Ma to 859 Ma,
with intercepts of between ¥’Sr/*Sr = 0.70635 and 0.70629,
respectively in the ¥Rb/*Sr versus *’Sr/*¢Sr-diagram (Fig.
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Figure 6.9: Harper (1970} K versus YArg diagram for the
analysed white micas and biotites of the Elim Formation from
the farm Areh
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Figure 6.11: *'Rb/**Sr versus *Se/*Sr isochron diagram for the
analysed Elim amphibolites from the farm Kobos

6.13). The 1/Sr versus ¥’Sr/*Sr diagram (see inset in Figure
6.13) shows that mixing processes might be the reason for
the relatively young ages obtained for the fan of reference
lines in the ¥Rb/*Sr versus ¥Sr/*°Sr diagram because of
the relatively high correlation of 0.919 of a regression line
calculated through the data points. As the reference age ob-

tained of the Alberta amphibolites does not date a major
geological event of the area it is a valid assumption that the
obtained range of ages of 548 Ma to 859 Ma is the result
of incomplete rejuvenation processes related to the Damara
orogeny and/or to later tectonic processes along the Areb
shear zone.

The analysed marbles from Grauwater and Areb yielded
present-day ¥’Sr/*6Sr-ratios of 0.70729 and 0.71436 respec-
tively. The initial ¥’Sr/%Sr ratios were then calculated for
an assumed maximum age of 1800 Ma by correcting the
present ¥Sr/*Sr ratios for the respective Rb contents of the
samples. After this correction, the initial whole-rock *Sr/
86Sr ratios of the Grauwater and Areb marbles are 0.70698
and 0.7108, respectively. As, according to Faure (1986), the
87Sr/36Sr ratio of sea water was always below 0.707 before
1000 Ma, it is apparent that the 8’Sr/*Sr ratios of the ana-
lysed marbles obtained represent mixing processes of pri-
mary carbonate material with later metamorphic fluids. The
composition of these fluids is not known but their ¥’Sr/*Sr
was certainly above 0.710 in the case of the Areb marble
and above 0.707 in the case of the Grauwater marble.

6.4 CONCLUSIONS

Because the respective isotope systems have been af-
fected by a multitude of post-genetic alteration processes,
K-Ar and Rb-Sr age determinations could not reveal the
age of formation of the analysed whole-rock samples and
mineral separates. Nevertheless it is possible to give possi-
ble minimum ages, ranging between 1062.3 + 10.6 Ma and
1229.5 +12.3 Ma, for the intrusion and cooling of granitic
magmas into the Elim Formation by the K-Ar results ob-
tained for white micas from the area of the farm Morgen-
roth 17, which were affected by contact metamorphism but
whose K-Ar isotopic system has not been reset by the later
Damara orogeny. The K-Ar analyses of separates of seric-
ites, white micas and biotites of mica schists from the farm
Areb 76 have shown that the Areb shear zone was probably
active as late as 315 Ma. This is in agreement with K-Ar
results obtained for biotites of the Mooirivier Formation
which have shown that their K-Ar systems were rejuvenat-
ed by post-Damaran tectonic activities which lasted at least
until 330 Ma and which possibly are related to the opening
of the South Atlantic (see Chapter 4). The cooling paths for
Damaran-related metamorphism in the Central to South-
ern Marginal Zones of the Damara Orogen as proposed by
Miller (1983), show that this area at present erosion levels
had increased temperature levels until Karoo peneplana-
tion started about 280 Ma before today. Although Miller’s
(1983) proposed temperature level of 150°C-250°C for this
time span, for the Southern Marginal Zone neighbouring
the Rehoboth Basement Inlier in the north, was below the
K-Ar blocking temperature of biotites and muscovites of
300°C + 50°C and 350°C + 50°C, respectively, it might
have facilitated the partial opening of K-Ar isotopic sys-
tems in tectonically active regions; the partial opening of
K-Ar systems along the Areb shear zone (possibly during
the opening of the South Atlantic) would be such an exam-
ple. Based on the K-Ar analyses of the Areb mica schists
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it can furthermore be said that the K-Ar systems of mica
separates from samples which were collected a few hun-
dred metres away from the Areb shear zone, although being
rejuvenated to apparent ages between 730 Ma and 782 Ma,
have neither completely been reset by the Damara orog-
eny nor by later tectonic processes. This is equally valid
for the K-Ar analysis of a biotite separate from a biotite
schist from the farm Naub 274, which yielded an age of
874 Ma. In order to give more evidence on the evolution
path of the K-Ar systems analysed, further work will have
to answer the questions concerning the availability of ex-
cess argon during the formation of other mineral phases,
such as quartz.

The results of the Rb-Sr analyses of 23 whole-rock sam-
ples have shown that the formation age of the Elim Forma-
tion is not datable by the Rb-Sr method. This is due to the
multitude of metamorphic and tectonic processes which af-
fected and partly opened the Rb-Sr isotopic systems of the
Formation after its deposition. Nonetheless it can be stated
that the Elim Formation as a whole was affected by homog-
enisation processes in relation to the intrusion of members
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analysed Elim amphibolites from the farm Albera. (Inset =
1/8r versus Wgp Mgy dizgram for the same samples)

of the Gamsberg Granite Suite, and by post-Mokolian alter-
ation processes. Some of these processes, in part or wholly,
have probably been strong enough to completely reset the
Rb-Sr systems of some of the analysed outcrops, indicated
for example by the Alberta amphibolites, but none of these
processes has been preserved in an unaffected way. A com-
parison of our data of the Elim Formation with data of the
Naub diorite (Reid ef al., 1988) shows that the Rb-Sr age
of this intrusion, which is supposed to give a minimum age
for the formation of the Elim Formation (SACS, 1980), is
doubtful as well, as four of the Naub samples seem to form
a mixing line in the 1/Sr versus ¥’Sr/*Sr diagram.

The intercepts of all the discussed reference lines range
between 8Sr/*Sr = 0.7034 and 0.7064. This indicates that
the observed homogenisation and mixing processes may
not have changed the original initial ¥Sr/*Sr ratios of the
analysed Rb-Sr systems by large orders of magnitude. This,
in turn, indicates that the participating Sr systems had ¥’Sr/
86Sr ratios similar to those of the educts, or that in the case
of a highly radiogenic participant the admixed amount of
such a component was low.
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7.1 INTRODUCTION

7. MARIENHOF AND BILLSTEIN FORMATIONS

7.1 INTRODUCTION
7.1.1 Marienhof Formation

The name “Marienhof Series” was first introduced
by De Kock (1934) for an assemblage- of metamorphic,
sedimentary and volcanic rocks which underlie the area
to the west of Rehoboth (Fig. 7.1). According to SACS
(1980), the Marienhof Formation is the lowermost unit of
the Rehoboth Sequence which comprises the Marienhof,
Billstein and Gaub Valley Formations. The Marienhof For-
mation is separated from the older Neuhof Formation by
a sedimen—tary unconfoollity (Schalk, 1987, pers. comm.)
and is in tum unconformably overlain by the Nueckopf and
Billstein Formations. Intrusion by the Piksteel Intrusive
Suite and the Gamsberg Granite Suite provides a minimum
age for this formation of about 1064 Ma (Seifert, 1986;
Mailing, 1978; Schalk, 1987, pers.comm.).

Outcrops of the present Marienhof Formation occur to
the west of Rehoboth between the farms Marienhof 577,
Aroams 315 and the town of Rehoboth. To the southwest of
Rehoboth, a narrow strip of the Marienhof Formation crops
out as far as the farm Auchas East 522. A large xenolith of
the Marienhof Formation occurs within the Piksteel Intru-
sive Suite on the farm Omdraai 210. Between the towns of
Rehoboth and Dordabis, rocks assigned to the Marienhof
Formation occur as a chain of inselbergs and as strongly
weathered schists below the Nueckopf Formation.

The Marienhof Formation with its estimated thickness of
up to 2000 m (SACS, 1980) consists of a series of white
and grey quartzites, sericite-quartzites, quartzitic conglom-
erates, phyllites and some minor amounts of acid and basic
volcanic rocks which have been metamorphosed under re-
gional greenschist facies conditions.

The very fine- to coarse-grained quartzitic rocks
may preserve original sedimentary structures and are
predomi—nantly composed of quartzitic rock fragments in
a very fine-grained quartzitic matrix. These rocks consist
of 95-99% recrystallised quartz, 0-3% albite, 1-3% white
mica and accessory magnetite, epidote, biotite and chlo-
rite. The metamorphic growth of white mica and biotite is
parallel to the penetrative schistosity which also parallels
the original bedding. The conglomerates consist mostly of
quartzitic components embedded in a fine-grained quartz
matrix. Granitic, acid volcanic, amphibolitic and phyllitic
compo—nents may be present. Greyish phyllites, up to sev-
eral hundred metres thick, are closely associated with the
quart—zitic rocks and represent the pelitic portion of the
Marienhof Formation. In contrast to the quartzites, these
phyllites are often strongly altered due to weathering and
therefore often form topographic depressions. They are
very fine-grained and are composed of 45-60% sericitic
white mica, 25-40% quartz, 2-9% albite, 1-2% chlorite,
2-7% magnetite-he—matite and accessory epidote. Chlori-
toid is a rare consti—tuent. Thin-section investigations by
the authors have shown that deformation of the phyllites is
complex and comprises at least three phases.

Layers of porphyritic rhyolite with a thickness of up to
several tens of metres are interbedded with the Marienhof
sedimentary sequence. Perthitic potassium feldspars are
embedded in a fine- to very fine-grained matrix consisting
of quartz, albite, biotite, chlorite, muscovite, magnetite and
scattered accessory epidote and zircon.

Basic magmatic rocks, now present as highly altered am-
phibolites, have also been found within the sedimentary se-
quence. They are composed of amphiboles (in the process
of alteration to chlorite and epidote), strongly saussuritised
plagioclase, sphene and magnetite.
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7.1.2 Billstein Formation

The Billstein Formation, which was established by a work-
ing group of SACS (1980), forms the middle section of the
aforementioned Rehoboth Sequence.

The Billstein Formation only occurs north of an imagi-
nary line drawn between the farms Aroams 315 in the west
and Opdam 284 in the northeast of the northern part of the
Rehoboth Basement Inlier (Fig. 7.2). The strata have been
intensely thrust-faulted and strongly folded to form several
nappe structures. This formation may attain a thickness of
1500 m (SACS, 1980) and either overlies the Marienhof
Formation unconformably or rests with a tectonic contact on
younger rocks of Namibian age. Rocks of the Damara Se-
quence of Namibian age unconformably overlie the Billstein
Formation.

The Billstein Formation consists of a series of quartzitic
conglomerates comprising quartzitic, granitic and basic rock
fragments, gritty quartzites, sericitic quartzites, partly gar-
net-bearing mica schists and sericitic phyllites which are
often also garnet-bearing. The phyllites may contain stau-
rolite (Schalk and Hoffmann, 1987, pers. comm.) in addi-
tion. Numerous layers of basic rocks and some of quartz por-
phyry are included in the sedimentary sequence. Since most
of the magmatic rocks within the Billstein Formation have
been altered to amphibole schists + biotite, amphibolites
and mica schists with a schistosity parallel to the bedding of
the surrounding sediments, it is not yet clear whether these
magmatic rocks represent syn-sedimentary lavas or post-
depositional sills. On the farm Kwakwas 251, the Billstein
succession has been intruded by reddish, fine-grained granite
of the Gamsberg Granite Suite (Schalk, 1987, pers.comm.),
thus indicating that its original deposition is of pre-late Sin-

clair age. According to our field and petrographic observa-
tions, the Billstein Formation underwent at least three major
phases of deformation.

7.2 SAMPLE COLLECTION AND
PREPARATION

Metamorphic conditions have never reached Rb-Sr block-
ing temperatures for white micas in the Marienhof and Bill-
stein Formations, as shown by the mineral parageneses of
these formations, and the country rock is mostly strongly al-
tered. Accordingly, the use of the K-Ar method was favoured
in order to date the last metamorphic event in the northern
part of the Rehoboth Basement Inlier. Large samples (30-50
kg each) of three Marienhof quartzites, five Marienhof phyl-
lites and a single rhyolite crosscutting the Marienhof Forma-
tion on the farm Marienhof were collected in the vicinity of
the Areb shear zone, whose main branches partly cut across
the sampled outcrops (Fig. 7.1). In addition, four samples
of garnet-bearing Billstein mica schists and one sample of a
sericitic Billstein quartzite with masses of about 50 kg each
were collected on the farm Kwakwas 251 (Fig. 7.1).

The samples were crushed and the white micas were sub-
sequently separated from the Marienhof quartzites and Bill-
stein quartzites and mica schists by the use of sieves, a dry
shaking table and magnetic separators. Biotite was separated
in the same way from Marienhof rhyolite. As the grain size
of the Marienhof phyllites ( < 100 p) was much too small to
use standard separation techniques for micas, an enrichment
of the sericitic white micas was attained by the multiple use
of Atterberg cylinders. The resulting separates of different
degrees of purity (as shown by their K content) were ana-
lysed separately in order to compare these results with the
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Figure 7.3: *ArAr versus “*K/ % Ar diagram for the 2-30 p
and 30-80 p fractions of the Marienhof phyllites

results obtained for the very finely ground whole-rock alig-
uots of the samples.

7.3 DISCUSSION OF THE ANALYTICAL
RESULTS

7.3.1 Marienhof Formation

The individual ages obtained for the 2-30 p and 30-80
p fractions of the analysed phyllites range between 496.5
+ 5.0 Ma and 523.8 = 7.2 Ma (Table 13, see Appendix). A
reference line calculated on the basis of the “*Ar/*Ar and
40K A®Ar ratios shows a correlation coefficient of 0.9991,
an intercept at **Ar/**Ar = 959.8 and yields an age of 500.6
+ 5.0 Ma (Fig. 7.3). However, a reference line in the “°Ar
Lamol/g versus *’Kmol/g diagram after Harper (1970) gives
an older age of 530.9: + 5.3 Ma with a correlation coef-
ficient of 0.991 (Fig. 7.4). The intercept of the reference
line in Figure 7.4 is slightly negative: 0.0297*10®mol*Ar
rad/g. The intercepts of the reference lines in the *°Ar/*°Ar
versus “K/*°Ar and “Ar _ mol/g versus “’Kmol/g diagrams,
which are slightly different from their theoretical values of
295.5 and 0 respectively, might be indicative of slight ar-
gon diffusion within the Marienhof phyllites.

Since it was impossible to produce very pure mica sep-
arates due to the very small grain size of the phyllites, a
whole-rock aliquot of each phyllite was analysed in order
to determine the effects of impurity on the ages obtained
for the mineral separates. Ages determined for these whole-
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rock aliquots range between 489.6 : + 5.0 Ma and 504.6 :
+ 5.0 Ma and correspond surprisingly well with the data
from the mineral separates. This indicates that grinding did
not cause a significant loss of argon in the whole-rock al-
iquots of the Marienhof phyllite samples. In the “Ar/**Ar
versus 1/*°Ar diagram (Fig. 7.5) which contains all the data
obtained, the intercept of a linear regression line drawn
through the scattered data points is at “Ar/*°Ar = 9861.
This intercept, together with the high percentage of radio-
genic “°Ar (see Table 13 in Appendix), allows one to ex-
clude the possibility that the reference line in the “Ar/**Ar
versus “K/*Ar diagram represents an air mixture line.
Figure 7.6 shows the calculated reference line of 495.3 : +
5.0 Ma for all the phyllite fractions in the “°Ar/*°Ar versus
40K /SAr diagram. The correlation coefficient of the plotted
data is 0.999 and the intercept of the calculated reference
line is at *Ar/**Ar = 1065.7. The Harper *Ar,_ mol/g versus
4Kmol/g diagram (Fig. 7.7) for all the analysed phyllite
fractions shows a slightly older age for the reference line
of 532.8 + 5.3 Ma with a correlation coefficient of 0.995
and an intercept at *Ar _mol/g = -0335*10* which may
suggest a diffusive loss of argon. Individual sample ages
which have been recalculated to allow for this possible ar-
gon loss vary between 519.9 Ma and 547.6 Ma (Table 13,
see Appendix).

The individual ages for white micas from quartzites are
in agreement with the results obtained for the phyllites and
range from 506.4 + 5.1 Ma to 528.6 + 5.5 Ma (Table 13, see
Appendix). In addition to the results obtained for miner-
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als separated from metamorphosed sedimentary rocks, the
analysis of biotites from a Marienhof rhyolite yielded an
age of 516.6 £ 5.2 Ma (Table 13, see Appendix).

7.3.2 Billstein Formation

The individual white mica K-Ar ages obtained for the
Billstein Formation range from 504.8 + 5.2 Ma to 519.0
+ 5.5 Ma (Table 14, see Appendix). The calculated refer-
ence lines in diagrams of “Ar/*°Ar versus “K/*Ar (Fig.
7.8) and “Ar_mol/g versus mol*K/g (Fig. 7.9), yielding
ages of 512.9 + 5.1 Ma and approximately 481.3 =+ 4.8
Ma, respectively, reveal neither significant argon loss nor
significant argon inheritance for the measured white mica
separates. The intercept of the reference line in the “°Ar/
*Ar versus *“K/°Ar diagram (Fig. 7.8) of “*Ar/*Ar =282 is
slightly low when compared to the “°Ar/**Ar ratio of 295.5
of the atmosphere, which still lies within the analytical er-
ror of the measured value, due to the very small amount
of *Ar found in samples with less than 1 % of air-argon
contamination. The slightly positive intercept of the °Ar-
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L mol/g versus mol*K/g reference line at approximately
YAr_mol/g=0.05*10" is also not indicative of significant
inherited argon (Fig. 7.9), as slope and intercept of the ref-
erence line could not be determined with sufficient accu-
racy due to the small spread in the *“°K concentrations of the
individual samples.

7.4 CONCLUSIONS

The coherent age pattern shown by individual minerals
and whole-rock samples (489-532 Ma) from the Marienhof
Formation suggests that lower greenschist facies condi-
tions (i.e. 300°C =+ 50°C) were reached in the area between
the farm Marienhof 577 and the town of Rehoboth during
the Damara orogeny. The “Ar_/*K reference line age of
532.8 £ 5.3 Ma of the Marienhof phyllites and individual
mineral ages of 516.6 + 5.3 Ma for a biotite separated from
a Marienhof rhyolite, and 506.6 - 528.6;1: 5.5 Ma for white
micas from Marienhof quartzites, are in agreement with
the conclusions drawn by Clifford (1967) and Weber et al.
(1983) that folding and metamorphism reached the south-
ern margin of the Damara Orogen about 530 Ma ago. The
on-average somewhat younger individual ages of 489.6 -
523.8 + 7.2 Ma determined for the different size fractions
from the Marienhof phyllites may perhaps be explained
by minor loss of argon at temperatures below the blocking
temperatures consequent to later tectonic movements along
the Areb shear zone. This assumption is supported by a re-
calculation of the ages of these samples allowing for this
loss of radiogenic “Ar, after which their individual ages
range between 518.8 and 547.6 + 7.3 Ma and therefore are
also in agreement with the aforementioned conclusions.

The mineral ages of 504.8 - 519.0 + 5.5 Ma obtained
for the analysed white micas of the Billstein Formation fall
within the age range obtained for the Marienhof samples,
thus suggesting that the Billstein Formation underwent a
similar metamorphic overprint during the Damara orog-
eny.
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8.1 INTRODUCTION

8. PIKSTEEL INTRUSIVE SUITE

8.1 INTRODUCTION

The aim of this part of the study is to provide more infor-
mation on the age of emplacement and the geological history
of the Piksteel Intrusive Suite, in order to obtain minimum
ages for the formation of the metamorphic rocks of the Re-
hoboth Sequence and the older formations of the Rehoboth
Basement Inlier which are intruded by members of the Pik-
steel Intrusive Suite.

The granites of the Piksteel Intrusive Suite were first de-
scribed and established as a stratigraphic unit by De Waal
(1966) who separated the “Piksteel granodiorite” from De
Kock’s (1934) granite formation and included it into his Nau-
chas Granite Suite. Schalk (1967) found the Piksteel Grano-
diorite to be emplaced during a tectogenetic cycle earlier than
the younger part of De Waal’s (1966) Nauchas Granite Suite,
and consequently introduced the Piksteel granodiorite as an
independent stratigraphic unit while he placed the younger
granitoid intrusives into the Gamsberg Granite Suite. Radio-
metric age determinations by various earlier workers could
not provide final solutions to the problem of the age relation-
ships amongst the various granitic intrusions of the Rehoboth
Basement Inlier. U-Pb dating of single-zircon fractions of in-
dividual samples by Burger and Coertze (1973-74, 1975-76)
and Burger and Walraven (1977-78) yielded minimum ages
ranging between 986 Ma + 20 Ma and 1784 Ma + 45 Ma for
granites mapped as members of the Piksteel granodiorite on
the 1:1 000 000 map of Namibia (1980), while members of
the Gamsberg Granite Suite were dated by the same authors
as having formed between 1110 Ma = 30 Ma and 1178 Ma
+ 20 Ma. Whole rock Rb-Sr dating by Reid ef al. (1988) and
Seifert (1986) yielded isochron ages ranging between 1170
Ma + 29 Ma and 1725 Ma = 74 Ma for members of the Pik-
steel granodiorite, while the isochron ages of the Gamsberg
Granites range between 1079 Ma + 25 Ma and 1222 Ma + 43
Ma. K-Ar and “Ar/*Ar dating by Seifert (1986) and Burger
and Coertze (1975-76), respectively yielded ages ranging
between 384 Ma + 4 Ma and 875 Ma + 5 Ma, thus clearly
indicating rejuvenation processes of the K-Ar systems of
the analysed samples. Only the Biesiepoort granite of the
Gamsberg Suite yielded older ages of 1246 Ma + 39 Ma
(Burger and Coertze, 1973) and 1529 Ma + 5 Ma (Burger et
al., 1975-76), which were interpreted as either representing a
primary age of crystallisation or a total overprint.

SACS (1980) drew a number of conclusions from this age
scheme provided by several previous workers. It was as-
sumed that the Piksteel Intrusives were emplaced between
1600 Ma and 1800 Ma. As they are found to intrude the
Rehoboth Sequence, it was suggested that the Rehoboth Se-
quence must be older than 1784 Ma + 45 Ma. It was further-
more concluded that the members of the Gamsberg Granite
Suite intruded only much later, between 1079 Ma and 1246
Ma.

The geochemical investigations on the Rehoboth grani-
toids which are part of this study (see Chapter 3) could not

provide a tool to separate intrusives of the Piksteel Intrusive
Suite from members of the Gamsberg Granite Suite by
geochemical methods. According to these investigations
all the large bodies of granitoids of the Rehoboth Base-
ment Inlier derive from peraluminous, calc-alkaline melts.
The initial ¥’Sr/*Sr ratios, which range between 0.700 and
0.702 for the Gamsberg Granite Suite according to Seifert
(1986), suggest an origin of these granitoids in the lower-
most crust, while the results of Reid ef al. (1988), which
indicate initial ®’Sr/*Sr ratios of 0.707 to 0.713 (with one
exception of 0.704) tend to indicate upper-crustal origins
for these granitoids. The only currently available Sr data on
the Piksteel Intrusive Suite indicate initial *’Sr/*Sr ratios of
0.704 to 0.710 (Reid et al., 1988). An interpretation of the
genetic origins of these granitoids on the basis of Sr studies
is therefore not feasible.

8.2 SAMPLE COLLECTION AND DESCRIPTION

A total of 21 whole-rock samples weighing 30-100 kg
each were collected from three of the largest plutons as-
signed to the Piksteel Intrusive Suite on the 1:1 000 000
geological map of Namibia (1980). A schematic location
of the samples is shown in Figure 8.1 while the exact co-
ordinates of the sample localities are listed in Table 15 (see
Appendix). As most of the analysed samples show signs of
alteration of their primary mineral content (e.g. saussuri-
tisation of plagioclase), all the specimens have been clas-
sified according to the geochemical classification scheme
of De La Roche et al. (1980) modified after Streckeisen
(1981). (See Chapter 8.3.1).

The samples KAW3018-3023 and KAW3171 come from
the farm Borodino 179. KAW3024-3028 and KAW3163
were collected on Opetjie 357. Eight samples (KAW3029-
3033, KAW3174-3176) were collected on the farm Piksteel
209, the type locality of the Piksteel Intrusive Suite.

Damara Bagquence
Pre-Damara Basement
KAW3I018 Sampie

Figure X.1:
Naukluft Mappe Comples:
EAWIIT] = Borodaino pluten; K AW 3023-K AW MIE wnd
EAWIIAY = Opejic pluion; AW UI29-KAW 3T wud
EAN 1 TA-K AW | TG = Pikstec! pluwon)

Schemulic map ol somple loecalmites (NNC =
K AW MIR-KAWMIZY amd
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Figure 8.2: Ternary Qz-Ab-Or and An-Ab-Or diagrams for the analysed granitoids of the Piksteel Intrusive Suite for an assumed pH2O
of Tkh, (Squares = Borsdino pluton; circles = Opetjie pluton; mangles = Piksteel pluton). See text for explanation
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The samples from Borodino are fine- to medium-grained,
partly porphyritic granites (KAW3018-3023) and granodi-
orites (KAW3171). The fine-grained plagioclase is mostly
strongly saussuritised. The K-feldspar is often perthitic
and shows the typical cross-hatched patterns of microcline.
Quartz is mostly found completely recrystallised and shows
undulatory extinction. It often forms kakiritic to mylonitic
textures in which the other minerals are embedded. Biotite,
which has been partly chloritised, only comprises 0.5-3% by
volume of the mineral content of the analysed specimens.
Accessory minerals are zircon, apatite and opaque minerals.
Epidote minerals, sericite, chlorite and small amounts of Fe-
hydroxides are the products of alteration processes, such as
the saussuritisation of plagioclase and the partial chloritisa-
tion of biotite.

The samples from Opetjie are fine-to medium-grained
granites (KAW3024, KAW3025, KAW3027), granodior-
ites (KAW3028, KAW3163) and diorites (KAW3026). The
Opetjie granites are composed of strongly saussuritised pla-
gioclase, partly perthitic and cross-hatched K-felspar, undu-
lous quartz and up to 4% of partly chloritised biotite. The
high sphene content of up to I % by volume is most strik-
ing. Accessory primary and secondary minerals are chlo-
rite, zircon, apatite, epidote minerals, leucoxene and opaque
minerals. The mineralogical composition of the analysed
granodiorites is similar to that of the granites except for the
occurrence of amphiboles which have partly been altered
to aggregates of biotite, chlorite and epidote minerals. The
slightly foliated diorite specimen has a content of partly al-
tered amphiboles of about 20% by volume while biotite only
occurs as an accessory mineral.

Seven of the fine- to medium-grained samples from the
type-locality on the farm Piksteel 209 are of granitic com-
position (KAW3029. KAW3031-3033, KAW3174-3176)
while one sample (KAW3030) represents a granodiorite.
Plagioclase is mostly strongly saussuritised and the 1-3%
of biotite are often partly chloritised. Cross-hatched and
perthitic K-feldspars are frequent. Accessory primary and
secondary minerals are zircon, apatite, sericite, epidote min-
erals, sphene and opaque minerals.

8.3 DISCUSSION OF THE ANALYTICAL
RESULTS

8.3.1 Some additional geochemical considerations
regarding the Piksteel Intrusive Suite

As the basic geochemical properties of the peraluminous
Piksteel granitoids have already been outlined in Chapter 3
only a few additional aspects of the geochemistry are dis-
cussed in this chapter. The major- and trace-element analy-
ses of the Piksteel whole-rock samples, including some ad-
ditional analyses, are listed in Table 15 (see Appendix). The
values of the CIPW-normative mineral calculations are listed
in Table 15A (see Appendix).

All the whole-rock samples of the Piksteel Intrusive Suite
dealt with in this study are peraluminous, calc-alkaline gran-
itoids (see Chapter 3) and, with the exception of KAW3026
which is a diorite, have normative corundum between 0.32

Rb

cd

S v/

\

Sr

Ba

Figure 8.3: Temary Rb-Ba-Sr diagram of El Bouseily et al.
{1975} for the analysed granitoids, (Same symbols as in
Figure 8.2: Field A = diorites: B = quariz diorites and grano-
diorites: C = anomalous granites; D = normal graniies, E =
highly differentiared granites)

and 2.38% according to the CIPW-normative calculations
(Table 15A, see Appendix). The AlO,/CaO+Na,0+K,0O
(molecular percentage) ratios of the samples, again with
the exception of KAW3026 whose A/CNK ratio is 0.87,
range between 0.99 and 1.17 and thus plot closely around
the value of 1.1 which separates I-type granites from S-
type granites, according to Chappell and White (1974). A
classification of the analysed samples as derivates of either
S-type or I-type melts is not possible as major-element geo-
chemical properties similar to those observed may be found
in both kinds of magmas.

Slightly more information on the genesis of the analysed
samples may be deduced from ternary Qz-Ab-Or and An-
ADb-Or representations of the normative mineral contents
according to Winkler (1979), at pH,0 = 7 kb showing the
cotectic line and the isotherms on the cotectic planes (Fig.
8.2). With the exception of the dioritic KAW3026 all the
samples from Opetjie plot near the cotectic line in the Qz-
ADb-Or ternary diagram. The samples from Borodino and
Piksteel deviate away from the cotectic line into the area
of primary quartz. In the An-Ab-Or ternary diagram most
of the samples plot onto a trend which leads away from the
cotectic line into the area of primary quartz and plagioclase.
In summary it can be said that the analysed samples have
possibly been generated from cotectic melts. The general
trend leading away from the Or end member of both ternary
diagrams may either represent an original melt which was
relatively undersaturated in K O or indicate post-genetic
alteration processes of the country rock (e.g. sericitisation
of K-feldspar) which were not isochemical.

The ternary Rb-Ba-Sr diagram of El Bouseily et al. (
1975) supports the assumption that the analysed specimens
were partly affected by post-genetic alteration processes
‘which may have disturbed the original element distribu-
tion patterns (Fig. 8.3). All the data points either plot into
the field for anomalous granites which was selected by EI
Bouseily et al. (1975) “to cover types that suffered from
metasomatism” but which also could be occupied by gra-
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Figure 8.4: K20 versus Rb diagram for the analysed granitoids
of the Piksteel Intrusive Suite. (Same symbols as in Figure 8.2)

nitic samples which underwent metamorphism, or they plot
into the field for granodiorites and quartz diorites.

The data scatter in the K, O versus Rb diagram (Fig. 8.4)
neither confirms nor contradicts a post-genetic alteration of
the K O and Rb systems of the analysed specimens. It does
show that the Opetjie samples, because of their higher Rb
and K O contents, seem to be somewhat more differenti-
ated than the rest of the samples if the present position of
the samples is not due to a higher degree of alteration.

The Rb versus Sr diagram (Fig. 8.5) clearly shows a neg-
ative correlation of Sr and Rb contents of the samples of the
Opetjie and Borodino plutons while the data points of the
Piksteel pluton do not plot on a linear array. The fact that
such a correlation is still visible between mobile elements
such as Rb and Sr for most of the Opetjie and Borodino
samples indicates that alteration processes probably did not
affect the Rb and Sr ratios and concentrations of these sam-
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Figure B.5: Rb versus Sr diagram for the analysed graninoids of
the Piksteel Intrusive Suite, (Same symbols as in Figure 8.2)
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Figure 8.6: Ca() versus Sr diagram for the analysed granitoids
of the Pikstee! Intrusive Suite, (Same symbols as in Figune 8.2)

ples significantly. In addition it can again be seen that the
Opetjie samples tend to be Rb-enriched in comparison with
the samples from the other plutons, thus indicating a pos-
sibly higher degree of differentiation of the Opetjie pluton.

A high positive correlation of CaO and Sr among the ma-
jority of the Opetjie and Borodino samples can be observed
in the CaO versus Sr diagram (Fig. 8.6) while the data
points representing the samples from the Piksteel pluton
again scatter. This indicates that the concentrations of the
alkaline earths of the Opetjiec and Borodino plutons proba-
bly did not change significantly during post-genetic altera-
tion while the Sr and CaO contents of the Piksteel samples
may have been affected to a greater degree by post-genetic
alteration if the observed data scatter is not attributable to
improper mapping of the area.

Based on the geochemical observations it can be said
that the plutons of the Piksteel Intrusive Suite found on
Borodino and Piksteel either represent I-type magmas with
a certain deficiency of alkaline earths, or they might rep-
resent anatectic S-type magmas generated under cotectic
conditions from upper crustal parent material which has
been slightly depleted in K,O. The Opetjie granitoids could
also have been generated from both S- or I-type magmas
but their degree of differentiation was certainly higher than
that of the Piksteel and Borodino granitoids.

8.3.2 K-Ar analyses

The results of the K-Ar analyses of the biotite separates
from granitic and granodioritic (KAW3030) intrusions on
Borodino, Opetjie and Piksteel are listed in Table 16 (see
Appendix).

The individual ages of the Borodino biotites are 606.7
Ma + 6.8 Ma and 954 Ma + 8.5 Ma. The biotite separate
from an Opetjie granite yielded an age of 619.4 Ma + 8.0
Ma. The individual ages of the Piksteel biotites are 646.6
Ma + 6.5 Ma, 864.0 Ma + 8.7 Ma and 902.0 Ma + 9.9
Ma. The percentage of radiogenic °Ar in the analysed bi-
otite separates always ranges between 98.68% *’Ar_  and
99.28% *Ar,_ .

The current lowest whole-rock Rb-Sr age published for
the Gamsberg Granite Suite is at 1079 Ma + 25 Ma (Reid
et al., 1988), much higher than the obtained K-Ar ages and
yet the Gamsberg Granite Suite is supposedly younger than
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Figure 8.7: K versus PArng diagram for the analysed biotite
separates from some of the analysed granitoids of the Piksteel
Intrusive Suite

the Piksteel Intrusive Suite (SACS, 1980). Therefore it is
evident that these ages are too low to represent the forma-
tion ages of the analysed biotites.

The low *Ar contents of less than 0.54*10'? mol/g, re-
sulting in a high percentage of radiogenic argon, indicate
that no significant admixture of atmospheric argon with the
sample argon has occurred. A comparison of the K content
of the analysed samples, ranging between 20.06*10* mol
K/g and 24.03* 10 mol K/g, with that of average biotites
from literature (e.g. Deer et al., 1962), ranging between
26* 10®* mol K/g and 30* 10 mol K/g clearly shows that
the analysed biotites must have been partly altered (e.g.
chloritised). A partial chloritisation of biotite leads to a loss
of K and to a loss of argon. In optimal conditions, i.e. if a
complete loss of argon has occurred during the alteration of
the analysed biotites, it is thus only possible to date the al-
teration event with the K-Ar method on biotites. The large
scatter of ages obtained (606.7 Ma - 954.7 Ma) points more
towards a partial loss of argon during an alteration event
younger than 606.7 Ma than towards a complete loss of
argon at individual stages for each sample analysed.
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Figure 8.8: ].r'a'!'.ﬁr VETSUS mﬁr.n'k'ﬁr diagram for the analysed
biotite separates

The aforementioned assumptions are supported by the
YK versus “Ar_, diagram (Fig. 8.7) where a barely cor-
related regression line (R = 0.849) drawn through the scat-
tered data points yields a negative intercept at “Ar_ = -
3.585*10® mol/g and thus shows that argon must have been
lost in excess of the loss of K from the samples. A plot of
the 1/°Ar ratios of the analysed biotites versus their “°Ar/
Ar ratios (Fig. 8.8) shows that the assumptions discussed
above are not based upon mixing phenomena as the data
points clearly show an uncorrelated scatter.

In summary it can be said that the individual biotite
ages obtained for several intrusions of the Piksteel Intru-
sive Suite represent post-formation rejuvenation proc-
esses. These rejuvenating alteration processes must have
occurred between the intrusion of the Gamsberg Granite
Suite at about 1100 Ma and the present time and might pos-
sibly be related to the Damara orogeny. Furthermore it can
be said that Damaran-related metamorphism did not reach
the K-Ar blocking temperature of 300°C further south than
23°35’S and it can thus be confirmed that the K-Ar ages
of the Naukluft Nappe Complex of 478 Ma to 547Ma of
Ahrendt et al. (1977) do not represent in situ ages but rather
transported ages.

8.3.3 Rb-Sr analyses

The results of the 21 whole-rock Rb-Sr analyses of grani-
toids from Piksteel, Borodino and Opetjie are listed in Ta-
ble 17 (see Appendix).

The graphic presentation of the eight analysed samples
from Piksteel in the 87Rb/86Sr versus 87 St/86Sr isochron
diagram (Fig. 8.9) shows a certain scatter of data points.
Upon closer examination it is possible to subdivide the data
points and to calculate two well-correlated reference lines
through the two resulting data groups. The granodioritic
sample KAW3030 was disregarded for all calculations as it
plots far off the two proposed reference lines. The younger
reference line A, which was calculated through KAW3031,
KAW3032, KAW3174 and KAW3176 yields an age of
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Figure 8.9: TRbAOSr versus STSI;'MSr isochron diagram for the

whole-rock analyses of the granitoids of the Piksteel pluton
(inset= lfasﬁr YETSLS *Sn’ghSr diagram for the same samples)
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Figure 8.10: TRbSr versus V' SrSr isochron diagram for the
whole-rock analyses of the gramitoids of the Opetjic pluton
(inset=1/%¢ \-erﬁuserfH'Srdiﬂgram fior the same samples)

1057 Ma + 35 Ma with an intercept at *’Sr/*Sr = 0.7042
+ I and a high correlation coefficient of 0.999. An age of
1298 Ma =+ 92 Ma was obtained for reference line B which
was calculated through KAW3029, KAW3033, KAW3175
and again KAW3174. The correlation coefficient of line B
is somewhat lower with a value of 0.995. The calculated
initial ¥’Sr/*Sr ratio for the samples representing line B is
quite low with a value of 0.7029 + 4. Both reference ages
are within a range that would be expected for granites of
the Gamsberg Suite but they are much lower than would
be expected for granites of the Piksteel Intrusive Suite ac-
cording to the literature (e.g. SACS, 1980). Therefore the
suspicion arises that the obtained reference lines might rep-
resent much older material which has undergone homog-
enising and/or mixing processes in the course of its history.
The suspicion of an admixture of common Sr is not tenable
when considering that a diagram of the 1/%Sr ratios of the
samples versus their ’Sr/*Sr ratios (see inset in Fig. 8.9)
does not show a significant correlation of the data points,
and when considering the low initial ¥Sr/*Sr ratios of
0.7042 and 0.7029 for the calculated reference lines. Based
on the Rb-Sr data it can be concluded that the two obtained
reference lines probably represent homogenisation and re-
juvenation phases of the Rb-Sr system between 1050 Ma
and 1300 Ma which probably took place isochemically,
as the obtained initial ¥’Sr/*Sr ratios and the 1/%Sr versus
8S1/%Sr diagram do not indicate significant admixture of
foreign material with the analysed samples.

Two well-correlated reference lines may be calculated
through the data points, of the Opetjie pluton in the ¥Rb/
86Sr versus ¥Sr/*Sr isochron diagram (Fig. 8.10). Refer-
ence line A, calculated through all the data points, yields
an age of 1163.6 Ma + 61.4 Ma with a correlation coef-
ficient R of 0.994 and an intercept I at ¥Sr/*°Sr = 0.7056 =
0.00097, while reference line B, calculated through three of
the Opetjie data sets, yields an age of 878 Ma with a cor-
relation coefficient R 0f 0.999 and an intercept I at *’Sr/%Sr
= 0.7087 + 0.0004. The initial ¥’Sr/*Sr ratio of 0.7056 +
0.00097 of reference line A is somewhat higher than the in-
itial ratios obtained for the granitoids from Piksteel, while
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Figure 8.11: *TRb™Ssr versus *'S6"Sr isochron diagram for the
whole-rock analyses of the granioids of the Borodine pluton
{inset = I.-‘HE'SI VETSUS "FSI,”‘ESr diagram for the same samples).
Sample KAW3022 plots ouwtside the range of the diagram

the reference age A of 1164 Ma is lower than the age which
would be expected for a member of the Piksteel Intrusive
Suite. As the reference age A is within the known age range
for members of the Gamsberg Granite Suite (see above),
it possibly represents a reset age induced by the intrusion
of Gamsberg magmas in the area. Reference line B with
its “post-Gamsberg age” and its high initial of 0.7087 +
0.0004 shows that alteration processes affected the Opetjie
pluton after the end of the Gamsberg-related magmatism
in the area, resulting in a partial rejuvenation of the Rb-Sr
systems of several samples combined with an increase of
the initial *’Sr/*Sr ratios of the same samples. The age of
reference line B of 8§78 Ma possibly represents a partial re-
juvenation occurring in connection with the Damara orog-
eny. A plot of all the 1/%Sr ratios of the analysed Opetjie
samples versus their *Sr/*Sr ratios (see inset in Fig. 8.10)
shows, because of the fairly linear array of the data points,
that mixing phenomena may have occurred in the Opetjie
intrusives, which is not surprising regarding the considera-
tions mentioned above. It thus seems highly probable that
the obtained reference ages represent multiple rejuvenation
processes of locally variable intensity which occurred in
relation with the intrusion of members of the Gamsberg
Granite Suite and due to Damaran-related processes. This
would also explain the slightly increased *”St/*Sr initial ra-
tios of the Opetjie granitoids.

With the exception of KAW3022 and KAW3171, which
plot far off the calculated reference line (see discussion be-
low), all the Borodino samples plot on a well-correlated
reference line (R= 0.993) of 1489 Ma + 101 Ma in the
8Rb/3Sr versus *’Sr/*Sr isochron diagram (Fig. 8.11). The
intercept of the line is at a low value of ¥Sr/*Sr = 0.7023
+ 0.0003. Because of its reference age of 1489 Ma, which
is distinctly higher than the known ages of the Gamsberg
Granite Suite, the Borodino reference line would support
the theory of post-formation disturbances of the Rb-Sr sys-
tems of the other analysed members of the Piksteel Intrusive
Suite. This would, however, only be the case if the obtained
reference line does not represent a mixing line. The 1/%¢Sr
versus ¥Sr/*Sr diagram (see inset in Fig. 8.11) where, with
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Figure 8.12 (above and overleal): Hisiograms showing the frequency distribution of 20 000 ages and intercepis obdained by the
bootstrap method of Diaconis and Efron (1983) and Kalsbeek and Hansen (1989). The diagrams on the lefi show the age versus
frequency distribution while diagrams on the right show the initial *'Sr/*Sr versus frequency distribution. Indicated are 100
classes with marked upper and lower limits. Furthermore the 2.5 percentile, the 50 percentile and the 97.5 percentile are labelled,
A: Bootstrap analyses of all the Rb/Sr data obtained for the Piksteel , Opetjie and Borodino plutons (except KAW 3022, KAW 3030

and KAW3IIT1)

the exception of KAW3171, all the samples form a linear
array, can unfortunately not exclude the possibility of the
obtained reference line representing a mixing line. Further-
more, the very low initial ¥Sr/*Sr ratio of 0.7023, which
almost represents a Sr composition of mantle material,
might indicate that the obtained reference line represents
an isochron which was steepened by alteration processes
with participating fluids of low ¥’Sr/*Sr ratios. A two-point
isochron calculated through KAW3022 and KAW3171
yields a “Gamsberg age” of 1105 Ma with an initial *Sr/
$6Sr ratio of 0.7058, thus complicating the interpretation of
the Borodino data even more. The obtained Gamsberg age
might indicate either that parts of the Borodino pluton as
it is represented on the 1:1 000 000 map of Namibia have
been incorrectly assigned to the Piksteel Intrusive Suite
and in reality represent magmas of the Gamsberg Granite
Suite, or it again confirms the occurrence of local post-for-
mation alteration processes of locally variable magnitude,
which would locally have reset some Rb-Sr systems of the
Piksteel Intrusive Suite as late as about 1105 Ma ago. The
calculated initial ¥Sr/*Sr ratio of 0.7058, which is much
higher than that obtained for the rest of the samples, im-
plies either that the first possibility of a wrong classification
of certain outcrops is correct, or that not all of the pluton
was affected in the same way by fluids with extremely low
$7Sr/%Sr ratios.

Up to this point it is not clear whether the Rb-Sr refer-
ence ages obtained for the granitoids of the Piksteel Suite
represent magmatic or post-genetic processes or an inter-
ference of both kinds of processes. For this reason all the
obtained Rb-Sr data were examined by the bootstrap meth-
od of Diaconis and Efron (1983) using a modified com-
puter programme of Kalsbeek and Hansen (1989) which
is based on the interpolation of random data points, in or-
der to get more statistical information on the nature of the
Rb-Sr system of the Piksteel Intrusive Suite. Graphic dis-
plays of the obtained statistical results are given in Figures
8.12A and 8.12B. The bootstrap frequency distribution of
20 000 calculated ages and initials of all the granitoids of

the Piksteel Intrusive Suite (except KAW3022, KAW3030
and KAW3171, which had to be disregarded for the calcu-
lation of the reference lines discussed above), shows dis-
tinct maxima at 1445 Ma and ¥’Sr/*Sr = 0.70254 respec-
tively, in a distribution pattern whose significant spectrum
ranges from 2.5 percentile values of 1335 Ma and ¥Sr/*¢Sr
= 0.70206 respectively, to 97.5 percentile values of 1605
Ma and ¥’Sr/*Sr = 0.70302 respectively (Fig. 8.12A). This
result suggests that the analysed plutons formed before
the intrusion of the Gamsberg Granite Suite from mag-
mas containing Sr of primitive (mantle) composition (low
87Sr/%6Sr values). This would, however, only be tenable if
the Rb-Sr systems of all the analysed samples had not been
severely affected by post-formation alteration processes.
This is certainly not the case, according to the above dis-
cussion of the obtained reference lines. Furthermore, the
maxima obtained for the bootstrap frequency distributions
of the ages and initials of the single plutons differ from the
calculated reference lines of the individual set of samples
from the same plutons. The bootstrap age and initial fre-
quency distribution of 20 000 samples calculated for the
Piksteel pluton (Fig. 8.12B) shows maxima at 1258 Ma and
0.70315 respectively, which plot between the ages of 1057
Ma and 1298 Ma, and the intercepts of *St/%Sr = 0.7043
and 0.7029 obtained for the two reference lines, which can
be calculated through the same data set based on graphic
analyses of the results. Some difference can also be seen
for the Opetjie pluton where the maxima of the bootstrap
calculations are at 898 Ma and 1363 Ma with correspond-
ing ¥’Sr/*Sr initials of 0.70873 and 0.70333 (Fig. 8.12B)
respectively, while the calculated reference lines show
ages of 878 Ma and 1164 Ma with initial ¥Sr/*Sr values
of 0.7087 and 0.7056 respectively. The comparison of the
results obtained for the Borodino pluton is ‘in good agree-
ment with the results obtained by the two methods yielding
ages of 1465 Ma and 1489 Ma respectively, and an identi-
cal ¥’Sr/*Sr initial of 0.7023.

The comparison of the results of the bootstrap analyses
with the results of the “ordinary” way of calculating iso-

49



8. PIKSTEEL INTRUSIVE SUITE

2000
Piksieal
max: 1258 Ma
1000 +
4] dip. T T T -
s m L] =
g @ g g 2
- - - o
[
Boroding
1500 4
max: 1465 Ma
10040 A
500
o S ¥
o w o
2 ~ 0 - Q
m ] - w0 =
[ - - - -
A
Opetile
max: B9B Ma
2000 - 1383 Ma
1000 -
o )JrLk\.-. L
m
I
. 4

< B00
B38 1
898 4
5848 4
1273 7
1363 4

=3300

[ Pikslael
max: 0.70315
2000 4
1000 4
' r— =
@ 0 =
a2 A s 3 2
= = M L
P o o (=] (=]
g b T A
i = ¢ o
Borgding
4000 4 max: 0.70235
2000 4
4
ﬂ ¥ LB
-
- g @e 3
o - od 1
=4 o ad (=]
= n
¥ o oo
.
T
6000 4  Opeljis
max: 0,FTOBTI
0.70333
4000 o
2000
o LA AN
e 1
o ™ DT m I —
a el oo = -
= aag8 =323 &
o) ~ ~ o~ Iy
L-T-1-1 --N-

Figure 8.12 (continued): B: Bootstrap results obtained for the individual plutons

chrons shows that other sample collections from the same
localities in the Piksteel, Opetjie and Borodino plutons
might well have yielded the similar ages and intercept’ of
the respective maxima of the distribution patterns, which
deviate slightly from the calculated reference lines and
which also could be readily interpreted as geologically sig-
nificant. As the obtained frequency distribution patterns are
quite symmetrical around the 50 percentile, and because
their maxima within certain limits correspond to the ages
obtained by the calculation of reference lines, the bootstrap
method cannot solve the problem of whether the obtained

older reference ages of the three analysed plutons represent
formation or reset ages.

8.3.4 U-Pb analyses

More information about the formation age of the ana-
lysed plutons is given by the results of the U-Pb analyses
which are listed in Table 18 (see Appendix).

The analysed three zircon separates of the samples
KAW3029, KAW3174 and KAW3176 from the farm Pik-
steel, yielded apparent 2’Pb/?Pb ages between 1299 Ma
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Figure 8.13: Concordia diagram of Wetherill (1956} for the
analysed zircon separates of granitoids of the Piksteel pluton

and 1421 Ma, while the apparent 2°Pb/?**U and *’Pb/>U
ages are much lower with scattering values ranging between
338 Ma and 826 Ma, with the 2%Pb/>**U ages always signifi-
cantly lower than the 2*’Pb/?*SU ages. This strong discordancy
is confirmed by the Concordia diagram of Wetherill (1956)
(Fig. 8.13) where the obtained results plot on a Discordia
intercepting the Concordia at 1511 Ma + 51 Ma and 98 Ma
+ 28 Ma. The data points on the lower third of the Discordia
clearly indicate that more than 50% of radiogenic lead must
have been lost from the analysed zircons. This observation
is not surprising considering that many of the individual zir-
cons of the first enrichments, which were later purified, of-
ten have inclusions of opaque minerals and frequently show
signs of alteration such as the occurrence of porous white
rims. A situation similar to that of the Wetherill diagram is
encountered when examining the Concordia diagram of Tera
and Wasserburg (1972), where the analysed zircons plot on
a Discordia whose upper and lower intercepts conform to
ages of approximately 1505 Ma + 69 Ma and 95 Ma + 34
Ma respectively (Fig. 8.14). Although the upper intercepts
of the Discordias in both diagrams of 1511 Ma and 1505 Ma
respectively, are subject to a large uncertainty due to strong
extrapolation of the data and the low 2*Pb/?*Pb ratios of the
analysed separates leading to large common corrections, they
are believed to represent minimum ages for the formation of
the analysed zircons. These minimum ages exceed the appar-
ent 2’Pb/?Pb ages by at least 84 Ma and they exceed all the

0.14
ff 15056 £ 69 Ma
o 01 AKAWI1T4=TE
] KAW3028nonmagnetic
&
&
£ 0.08
.
&
052 34 Ma
0.02 4
0 20 40 80
238 |, 208,

Figure 8.14: Concordia diagram of Tera and Wasserburg (1972)
for the analysed zircon separates of granitoids of the Pikstee]
pluton

Figure 8.15: Concordia diagram of Wetherill (1956) for the
analysed zircon separates from a diorite (KAW3026) and a
granite (KAW3024) of the Opetjie pluton

known Rb-Sr ages obtained for the pluton of the type locality
of the Piksteel Intrusive Suite (this report, Reid ez al., 1988)
by at least 200 Ma. Considering the observed massive loss
of radiogenic lead and the uncertainties of the extrapolation
of Discordias in the given order it has to be assumed that
the analysed members of the Piksteel Intrusive Suite on the
farm Piksteel are much older than the *’Pb/*Pb minimum
age of 1421 Ma obtained for KAW3174 and are probably
even older than the obtained Discordia ages of 1505 Ma and
1511 Ma. This indicates that the Rb-Sr systems of the ana-
lysed specimens must have been reset after the formation of
the Piksteel Intrusives. It is probable that the strong phase of
alteration, which led to the observed strong saussuritisation
of the analysed Piksteel samples and was capable of at least
partly resetting their whole-rock Rb-Sr system, might also
have been partly responsible for the observed severe loss
of lead from the analysed zircons. Nonetheless it has to be
borne in mind that the lower intercept ages of 98 Ma + 28 Ma
in the Wetherill diagram (1956) and 95 Ma = 34 Ma in the
diagram of Tera and Wasserburg (1972) are much lower than
the ages of intrusion of the Gamsberg Granite Suite and the
Damara orogeny, probably both responsible for the observed
rejuve-nation processes of the Rb-Sr systems of the analysed
samples between 1050 Ma and 1300 Ma and between 420
Ma and 850 Ma. As there is no known major tectonic event
from the Rehoboth Basement Inlier which could have reset
the U-Pb systems of the analysed zircons at about 100 Ma,
it can be assumed that the obtained lower intercepts are the
result of recent and/or diffusive loss of lead.

The three fractions of optically clear and euhedral zircons
of the dioritic KAW3026 yielded apparent 2’Pb/*Pb ages
ranging between 1667 Ma and 1739 Ma, with quite high
206ph/204Ph ratios ranging between 800 and 2800 thus result-
ing in relatively low corrections for common lead. The re-
spective 2°Pb/?8U and ’Pb/**U ages range between 1344
Ma and 1675 Ma. The two fractions of partly metamict zir-
cons from the granitic KAW3024 are more discordant with
their apparent 2’Pb/?%Pb ages of 1258 Ma and 1290 Ma re-
spectively, as well as their corresponding ***Pb/**8U and *’Pb/
25U ages which range between 841 Ma and 1009 Ma. The
graphic display of the obtained results for the Opetjie pluton
in the Wetherill diagram (1956) yields a Discordia with an
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Figure 8.16: Concordia diagram of Tera and Wasserburg (1972)
for the analysed zircon separates from a diorite and a granite
of the Opetjie pluton

upper intercept of 1782 Ma + 8 Ma and a lower intercept
of 578 Ma + 19 Ma (Fig. 8.15). According to their position
on the Discordia, the zircons from sample KAW3026 must
have lost between 15% and 40% of their radiogenic lead,
while the zircons from KAW3024 must have lost between
80% and 90% of their radiogenic lead. The results of the
Wetherill diagram are confirmed by the Concordia diagram
of Tera and Wasserburg (1972) where the data points plot on
a Discordia with an upper intercept of 1786 Ma + 11 Ma and
a lower intercept of 583 Ma + 13 Ma (Fig. 8.16). The follow-
ing conclusions can be drawn for the Opetjie pluton under
the assumption that a direct genetic relation between the di-
oritic sample KAW3026 and the granitic sample KAW3024
exists, which must be assumed according to field work and
the 1:1 000 000 geological map of Namibia (1980):
The analysed zircons define an upper intercept age of
1782 Ma, which can thus be interpreted as minimum
formation age for this member of the Piksteel Intrusive
Suite. This is supported by the apparent 2’Pb/2*Pb mini-
mum ages which are, in the case of KAW3026, not below
1667 Ma.
As the lower intercept of the Opetjie Discordia indicates
an age of 578 Ma, which is within the age range of the
Damara orogeny according to Miller (1983), it might
readily be interpreted as the age of episodic loss of radio-
genic lead from the analysed zircons during the Damara
orogeny. Such a suggestion would only be tenable if the
obtained zircon data represent a two-stage model, which
is clearly not the case if the Rb-Sr and K-Ar results which
were obtained for the same samples are taken into con-
sideration. The lower intercept age of the Opetjie Dis-
cordia may therefore not be interpreted by a two-stage
model and is thus geologically insignificant.
If, however, the analysed samples KAW3026 and
KAW3024 are not genetically directly related, it has to be
concluded that the Opetjic pluton of the Piksteel Intrusive
Suite is, in reality, a complex body consisting of old dioritic
material with a formation age of 1782 Ma and younger gra-
nitic material with a minimum age of 1258 Ma to 1290 Ma.
No solution to this problem is given by the Rb-Sr analyses
which have been discussed above, where the Opetjie sam-
ples plot on reference lines corresponding to ages of 1164
Ma and 878 Ma and show bootstrap ages of 1363 Ma and
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Figure 8.17: Concordia diagram of Wetherill (1956) for the
analysed zircon separates from several granitoids of the Bo-
rodino pluton

898 Ma respectively. Nontheless it can be deduced from the
Rb-Sr data that the analysed samples must have undergone
alteration processes which disturbed the analysed isotopic
systems between 1363 Ma and maximally, 878 Ma. These
alteration processes certainly could have affected the ana-
lysed zircons but were obviously not strong enough to reset
the U-Pb clock.

Four out of six analysed zircon fractions from the sam-
ples KAW3019, KAW3020, KAW3021 and KAW3023 of
the Borodino pluton of the Piksteel Intrusive Suite, plot on
a Discordia in the Wetherill Concordia diagram (1956) of
Figure 8.17. The upper intercept age of is 1364 Ma + 11
Ma while the lower intercept age is 63 Ma + 9 Ma. The
resulting Discordia of the same samples in the Concordia
diagram of Tera and Wasserburg (1972) yields an upper in-
tercept of 1 369 Ma =+ 8 Ma and a lower intercept of 65 Ma
+4 Ma (Fig. 8.18). The apparent >’Pb/?*Pb ages of the four
samples which plot onto the Oiscordias of both diagrams
range between 1288 Ma and 1317 Ma while those of the
two fractions which have been rejected due to their low
206Pb/2%4Pb ratios are 1133 Ma and 1265 Ma. The apparent
206Ph/238U and 2"Pb/>°U ages of the four samples which plot
on the Discordia, range between 410 Ma and 847 Ma, while
those of the remaining two fractions range between 227 Ma
and 752 Ma. The positions of all the data points in Figure
8.17 clearly indicate that the analysed zircon separates lost
at least 45% of their radiogenic lead content. The obtained
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Figure 8.18: Concordia diagram of Tera and Wasserburg ( 1972)
for the analysed zircon separates from several granitoids of
the Borodino pluton
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207pp/2Ph and Discordia ages give minimum ages for the
formation of the analysed zircons which clearly indicate that
they must have formed prior to the intrusion of the magmas
of the Gamsberg Granite Suite, and that the Borodino pluton
of the Piksteel Intrusive Suite probably has a minimum upper
(Discordia) age of 1364 Ma. This age of 1364 Ma, however,
is in conflict with the same samples’ much older whole-rock
Rb-Sr reference and bootstrap ages of 1489 Ma =+ 10 1.1 Ma
and 1465 Ma respectively (see above). In order to explain
this difference it should be assumed that post-formation al-
teration processes must have affected the U-Pb systems of
the analysed zircons and the whole-rock Rb-Sr systems in
such an extraordinary away that the rejuvenation of the U-
Pb zircon systems was stronger than that of the whole-rock
Rb-Sr systems. A possible explanation for the present situa-
tion is that sometime after 1364 Ma the Borodino pluton was
affected by hydrothermal alteration processes which caused
lead loss from the analysed zircons and altered the whole-
rock Rb-Sr system in such a way that the present isochrons
are somewhat steepened and now indicate a higher age. This
interpretation is supported by the very low initial Sr/*Sr
ratio of the Borodino reference line of 0.7023, which might
also indicate a steepening of this reference line.

8.4 CONCLUSIONS

The present study on the geochemical and isotopic proper-
ties of three plutons assigned to the Piksteel Intrusive Suite
has shown primarily that the analysed systems have been se-
verely affected by post-formation alteration processes. These
processes can be followed from thin-section investigation,
where most of the analysed samples show strong signs of
saussuritisation, to geochemical analyses, where elements
such as K O seem to have been mobilised on a scale exceed-
ing the size of the samples, to the analyses of various isotopic
systems, which all show signs of disturbance. Nevertheless,
it is possible to describe some of the characteristic properties
of the Piksteel Intrusive Suite “ad to evaluate some of the
stations in the course of the history of the analysed plutons.

All the analysed samples are peraluminous calc-alkaline
granitoids of granitic to dioritic composition. With the ex-
ception of one sample, all the specimens showed small
amounts of normative corundum and A/CNK values scatter-
ing around 1.1, the value which separates I-type from S-type
granites, according to Chappell and White (1974). The study
of the normative mineral contents has shown that the ana-
lysed granitoids possibly derive from cotectic melts which
have either been partly undersaturated in K,O or have been
affected by non-isochemical post-genetic alteration proc-
esses. Furthermore, it is of interest that the Opetjie pluton
shows a higher degree of differentiation in comparison with
the Borodino and Piksteel plutons. Further evaluation of
the K,O, CaO, Rb, Ba, and Sr relationships in the analysed
samples could neither confirm nor reject the occurrence of
the aforementioned post-genetic alteration processes, but
could show that such processes could not significantly have
changed the content of K,O, CaO, Rb and Sr in the majority
of the samples from the Borodino and Opetjie plutons. The
sum of the geochemical observations gives as many argu-

ments for an I-type origin of the analysed granitoids as it
does for an S-type origin, while the observed initial #Sr/*Sr
values of the analysed plutons of between 0.702 and 0.706,
if not the result of secondary alteration processes, rather in-
dicate I -type magmatism for the magmas of the Piksteel In-
trusive Suite.

Besides establishing several minimum ages, the U-Pb
method of dating could, due to the lack of concordant data,
indicate that all the analysed zircons from the three analysed
plutons must have suffered from severe loss of lead. The ob-
tained Discordia minimum ages of 1505 Ma + 69 Ma for
the Piksteel pluton, 1786 Ma + 11 Ma for the Opetjie pluton
and 1369 Ma + 8 Ma for the Borodino pluton, clearly show
that the members of the Piksteel Intrusive Suite formed a
long time before the intrusion of the Gamsberg Granite Suite
with its maximum Rb-Sr age of about 1250 Ma (Burger and
Coertze, 1973). The U-Pb minimum age of the Opetjie plu-
ton of 1786 + II Ma clearly gives a minimum age for the
formations of the Rehoboth Sequence, which is intruded by
this pluton. This minimum age, which is for the most part
defined by the dioritic sample KAW3026, is somewhat older
than the whole-rock Rb-Sr age of the Naub diorite of 1725
Ma + 74 Ma of Reid et al. (1988) which up to now defined
the minimum age of the Rehoboth Sequence.

The Rb-Sr method of dating shows, in combination with
the U-Pb method, that all the analysed plutons were affected
by post-formation alteration and homogenisation processes.
The obtained reference ages of 1057 Ma + 35 Ma and 1298
Ma =+ 92 Ma of the Piksteel pluton are in agreement with a
bootstrap age of 1258 Ma, while the reference ages of 1164
Ma and 878 Ma and the bootstrap ages of 1363 Ma and 898
Ma obtained for the Opetjie pluton are only partially con-
formable. The Rb-Sr ages of the Piksteel pluton are below
its respective U-Pb minimum ages, thus indicating the Rb-
Sr system of the Piksteel pluton being reset by hydrother-
mal processes contemporancous with the formation of the
Gamsberg Granite Suite, which is possibly also the major
reason for the loss of lead from the analysed zircons. It has to
be assumed that the intrusion and cooling of Gamsberg mag-
mas created hydrothermal fluid circulation, which caused
the observed disturbance of the analysed isotopic systems
of the Piksteel pluton. The Opetjie pluton was probably af-
fected by a multitude of alteration processes, some of which
might have occurred as early as 1363 Ma while the last al-
teration phase probably did not occur before 878 Ma. The
reference age of 1489 Ma + 101 Ma of the Borodino pluton
is in agreement with a bootstrap age of the same samples of
1465 Ma but is in conflict with U-Pb ages of 1369 Ma + 11
Ma. These diverging ages probably document the existence
of hydrothermal fluids with ¥St/*Sr ratios as low as 0.702,
which caused a steepening of the calculated reference line
and a simultaneous lowering of the relative initial *Sr/*Sr
ratios. Several samples which do not plot near the respective
reference lines and which partly indicate a “Gamsberg age”
might indicate that parts of the analysed plutons have been
improperly mapped. The results of the analyses of several
biotite separates from the three analysed plutons by the K-Ar
method, range between 646.6 Ma =+ 6.5 Ma and 954.7 Ma
+ 8.5 Ma. This indicates that alteration processes which,
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however, have not been strong enough to completely reset
the analysed K-Ar systems, must have occurred in the ana-
lysed plutons after the closure of the Rb-Sr systems of the
same samples. Such processes may best be related to the
Damara orogeny whose convergent phase ended about 420
Ma ago (Miller, 1983). In this context it is worth noting that
the Damaran-related metamorphism of the Rehoboth Base-
ment Inlier was not capable of completely resetting the K-

Ar systems of biotites further south than 23°35°S, which
means that temperatures of 300°C were not reached in the
southern part of the Inlier during the Damara orogeny. This
again confirms that the Damaran K-Ar ages obtained for the
Naukluft Nappe Complex by Ahrendt ef al. (1977), which
range between 478 Ma and 547 Ma, do not represent ages
which formed in situ but rather transported ages.
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9.1 INTRODUCTION

9. NUECKOPF FORMATION AND OTHER ACID VOLCANICS

9.1 INTRODUCTION

The aim of this chapter is to compare the geochemical
properties of acid volcanic dykes crosscutting the Marien-
hof Formation, the Weener and Piksteel Intrusive Suites
and the Gamsberg Granite Suite with those of the Nueck-
opf Formation, which represents the largest mass of acid
volcanic rocks occurring in the Rehoboth Basement area.
The obtained results are also compared with the geochemi-
cal data of the intrusive rocks of the respective formations.

Prior to SACS (1980) the Nueckopf volcanics were as-
signed to various other formations. De Kock (1934) de-
scribed them as “Quartz-Porphyries” on his map of the
western Rehoboth area, while Handley (1965) and Martin
(1965) included them in the Skumok Formation. De Waal
(1966) subdivided the “Quartz-Porphyries” of De Kock
(1934) and included them in his Sinclair Formation. Schalk
(1970) assigned them to his Grauwater Formation of which
they formed the lower part and which he described as
“Nueckopf Porphyry of the Grauwater Formation”.

The generally weakly metamorphosed volcanics of the
Nueckopf Formation overlie the intensely tectonised and
metamorphosed succession of rocks of the Gaub Valley,
Billstein, Marienhof, Elim and Neuhof Formations and the
Mooirivier Complex. They are partly intruded by members
of the Gamsberg Granite Suite which are believed to be
genetically associated with the acid Nueckopf volcanics,
according to SACS (1980).

Radiometric age determinations of Burger and Co-
ertze (1973,1973-74,1975-76) and Burger and Walraven
(1975—76) by the U-Pb method, yielded ages for the Nueck-
opf volcanics ranging between 932 + 50 Ma and 1232 + 30
Ma. An extremely high U-Pb age of 1770 + 35 Ma, which
is untenable considering the field relationships of the area
(the Nueckopf volcanics overlie members of the Gamsberg
Granite Suite with known ages which do not exceed 1246
Ma), was determined by Burger ef al. (1975-76) on a “Por-
phyry of the Nueckopf Member of the Grauwater Forma-
tion”. Some acid dykes on the farm Nauzerus yielded a Rb-
Srisochron age of 1030 Ma with a very high initial #”St/%Sr
ratio 0f 0.732 (Reid et al., 1988). According to U-Pb, Rb-Sr
and K-Ar age determinations by Reid ef al. (1988), Seifert
(1986), Burger and Coertze (1973,1973-74,1975-76) and
the authors, the age of the Gamsberg Granite Suite ranges
between 1079 + 25 Ma and 1246 Ma while the age of the
Piksteel intrusives ranges between 1057 Ma and 1786 =+
IT Ma. The initial ¥Sr/%Sr values of the Gamsberg Granite
Suite range between 0.700 and 0.708 while those of the
Piksteel intrusives range between 0.702 and 0.710 accord-
ing to Seifert (1986), Reid et al. (1988) and this study. Rb-
Sr dating of the Weener Intrusive Suite by Seifert (1986)
and Reid ef al. (1988) yielded ages between 1206 + 102
Ma and 1871 + 143 Ma with initial 8’Sr/*Sr ratios ranging
between 0.700 and 0.705.
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Figure 9.1: Map of sample localities of the analysed rhyvolites

9.2 SAMPLE COLLECTION AND DESCRIPTION

All the whole-rock samples of Nueckopf volcanics were
collected in areas assigned to the Nueckopf Formation
on Schalk’s unpublished 1:50 000 map of the Rehoboth
area. Six of the samples were collected on the farms Au-
chas 347 (KAW3164-KAW3166) and Stoffbakkies 346
(KAW3167-KAW3169) while one sample comes from an
outcrop of Nueckopf volcanics just south of Rehoboth Sta-
sie (KAW3177). The two whole-rock samples of rhyolites
from the Marienhof Formation were collected on the farm
Marienhof 577 (KAW3040 and KAW3041). One sample
of a “Gamsberg” rhyolite was collected on the farm Groen-
draai 367 (G30) while the “Piksteel” rhyolites were col-
lected on the farms Karikomasis 364 (P10), Dymoeb 517
(P7) and Groendraai 367 (P14). The “Weener” volcanics
come from the farms Namibgrens 154 (W5) and Naies 338
(W4). The sample localities are shown on Figure 9.1 and
the exact coordinates of all sample localities are listed in
Table 19 (see Appendix). The Rb-Sr whole-rock samples
each weighed 30 to 40 kg while the geochemistry whole-
rock samples weighed 3 to 5 kg.

The Nueckopf rhyolites are generally fine- to very fine-
grained, partly recrystallised rocks. Porphyritic potassic
feldspar, plagioclase and quartz up to 2 mm in diameter are
embedded in a fine-grained quartz-feldspar-sericite matrix.
Most of the samples show a narrow parallel texture. The
frequently occurring fissures are mostly filled with quartz
and calcite.

The volcanics from dykes crosscutting the Marienhof
formation are fine- to very fine-grained metarhyolites with
some relict porphyritic potassic feldspar up to 3 mm in di-
ameter and rare porphyritic plagioclase up to [ mm in diam-
eter. The completely recrystallised matrix, which shows a
narrow parallel texture, consists of quartz, feldspar, sericite,
biotite/chlorite, epidote minerals and accessory magnetite/
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Figure 9.2; Classification diagram of De La Roche e al. (1980)
for the analysed rhyolites (R1 = 6Ca+2Mg+Al
R2 = 45i-11(Na+K}-2(Fe+Ti})

hematite and zircon. The zircons from both samples are
heterogeneous in size, shape and colour. They often show
small inclusions of opaque minerals and are commonly sur-
rounded by white alteration rims. A K-Ar analysis of bi-
otites from sample KAW3041 yielded an age of 516.6 +
5.3 Ma (see Chapter 7) and is therefore representative of
the Damaran metamorphism which affected the Marienhof
samples.

The analysed “Gamsberg” and “Piksteel” volcanics
have a completely different appearance. They resemble
De Kock’s (1934) Quartz-Porphyry dykes, which he found
crosscutting several granites in his “southern belt of erup-
tive rocks” and which he classified as potash-rhyolites.
With the exception of a slight cataclasis they are practi-
cally undeformed and show only minor signs of alteration.
Porphyritic potassic feldspar up to one centimetre in diam-
eter, plagioclase, and quartz are embedded in a fine- to very
fine-grained matrix consisting of quartz, feldspar, sphene,
+ biotite, =+ sericite.

The two “Weener” volcanics are most similar in appear-
ance to the volcanics from the areas mapped as Piksteel
and Gamsberg Intrusives. They show a slightly higher mica
content and stronger signs of alteration.

9.3 DISCUSSION OF THE ANALYTICAL
RESULTS

9.3.1 Geochemistry

The results of all the geochemical analyses are listed in
Table 19 (see Appendix).

All the analysed specimens plot in the field for alkali
rhyolites in Streckeisen’s (1981) modified version of the
R1 versus R2 classification diagram for volcanic rocks
of De La Roche et al. (1980), where R1 = 4Si-2(Fe+ Ti)-
11 (Na+K) and R2 = Al+2Mg+6Ca (Fig. 9.2). This result
confirms the work of De Kock (1934), who classified the
“Quartz-Porphyries of the southern eruptive belt”, the ma-
jority of which are included in today’s Nueckopf Formation
as potash-rhyolites. With a K, O content 4.3% by weight, all
the analysed specimens would also be classified as high-K
rhyolites according to the classification scheme of Ewart
(1979).

« All Voleanics
= Gamsberg

7 Piksteel
o Weenar

Peralkane

Cal MNaZCHi20

Figure 9.3: W% AlO3-CaO-{NaaxO+K20) temary diagram
after Shand (1927 and 1951) for the analysed rhyolites in
comparison with the fields for Gamsberg-, Piksteel- and
Weener-type magmas as determined in Chapier 3

In the CaO-Al,0,-(Na,0+K O) ternary diagram (Fig.
9.3), all the analysed samples plot in the field for pera-
luminous rocks, as their Al,O, content exceeds that of
(Na,0+K O+Ca0). They also plot well within the fields
representing the Gamsberg, Piksteel and Weener granitoids
according to the reconnaissance survey of this study (see
Chapter 3). It is noteworthy that all the rhyolites plot to-
wards the low-CaO end of the ternary diagram, thus indi-
cating their enrichment in Na, O+K O in comparison with
the Rehoboth granitoids. With the exception of the rhyolites
from dykes crosscutting the Marienhof Formation, the ana-
lysed rhyolites also plot in the same areas as the Piksteel,
Gamsberg and Weener Intrusives in the tectonic discrimi-
nant Nb+Y versus Rb diagram of Pearce ef al. (1984, Fig.
9.4). This indicates the close relationship of the analysed
rhyolites with the Piksteel, Gamsberg and Weener mag-
mas. The AFM ternary diagram (Fig. 9.5) gives a slight-
ly different picture. The analysed volcanics more or less
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Figure 9.4: Nb+Y versus Rb diagram afier Pearce e al. (1984)
for the analysed rhyolites in companson with the Gamsberg,
Piksteel and Weener magmas as determined in Chapter 3.
{xyn=-COLG = syn-Collision Granites; WPG = Within Plate
Granites; WAG = Volcanic Arc Granites; ORG = Ocean
Ridge granites)
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Figure 9.5: AFM temary diagram afier Kuno ([968) for the
analysed rhyolites in comparison with the magmatic evol-
ution trends of the Gamsberg-, Piksteel- and Weener-type
magmas as deseribed in Chaprer 3

form a continuation of the evolution trends of the Piksteel,
Gamsberg and Weener granitoid suites according to Chap-
ter 3. This higher degree of differentiation is also confirmed
by the mol.% (Na,0+K,O0+CaO) versus mol.% AL O, dia-
gram (Fig. 9.6), where it is shown that the analysed rhyo-
lites are generally enriched in (Na,0+K O+CaO) in com-
parison with the plutonic rocks of the Rehoboth Basement
Inlier. The A/CNK ratio in Figure 9.6 is generally below
1.1, thus indicating I-type magmatic origins for the ana-
lysed rhyolites after Chapell and White (1974). In Figure
9.7 the normalised element concentration patterns of the
analysed specimens and the average of the Gamsberg, Piks-
teel and Weener Intrusives are plotted in order of increasing
compatibility after Taylor and McLennan (1985). The ele-
ment concentrations are normalised with their respective
concentrations in the primitive mantle, after data from Jo-
chum et al. (1988). With the exception of Ba and Sr, which
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Figure 9.6: Mol% ALO: versus mol.9% (NasO+E-0+Caly
diagram showing ASCNK saturation values (mol %
K04+ MNax0+K20) after Chappell and White (1974) for the
analysed rhyolites in comparison with the fields of Gamsberg-,
Piksteel- and Weener-type magmas as described in Chapter 3.
i Same symbaols used as in Figure 10.2)
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Figure 9.7: Manile normalised element concentration pattems of
the rhyolites from the Rehoboth Basement Inlier in compari-
son with average crust and the average of Gamsberg-,
Piksteel- and Weener-type magmas after Chapter 5 (see ext
for explanation)

are slightly depleted, most of the elements of the analysed
rhyolites reflect a slightly more advanced stage of magmat-
ic evolution as is shown by an enrichment of Rb, Pb, Th,
K,O and Nb and a depletion of Na,O, TiO,, CaO, Fe,O,,
Co and MgO in comparison with the average values of the
Gamsberg, Piksteel and Weener magmas. The high K O/
Na,O ratios, the slightly negative correlation of K,O and
Na,O, and the constant K, O+Na,O contents with increasing
SiO, of the samples might indicate post-genetic K-metaso-
matic processes affecting the investigated rhyolites which
were similar to metasomatic processes described by Buletti
(1985) for the Southern Alps. This is supported by the work
of Behr et al. (1983) who described metasomatic alteration
processes in the Duruchaus Formation and related them to
pre-Damaran volcanics of the Rehoboth Basement Inlier.

From the present data it may be deduced that the ana-
lysed rhyolites represent highly evolved magmas which
developed and extruded in relation to the generation of the
large granitic bodies found throughout the Rehoboth Base-
ment Inlier, and that post-genetic metasomatic processes
may have affected the analysed rhyolites.

9.3.2 Rb-Sr analyses

The results of the Rb-Sr analyses of 7 Nueckopf rhyolites
are listed in Table 20 (see Appendix). With the exception of
KAW3166, which deviates towards higher ¥’Sr/*Sr ratios,
probably because of strong penetration by small calcite-
filled clefts, samples all plot on a reference line of 948.0 +
24.7 Ma in the ¥Rb/*¢Sr versus ¥Sr/*Sr isochron diagram
(Fig. 9.8). The reference line calculated after York (1969),
with equally weighted samples and no correlation of errors,
has an intercept I at ¥’Sr/*Srr = 0.7079 + 0.0051 and a cor-
relation coefficient R of 0.998. The age of 948 Ma broadly
coincides with U-Pb age determinations for the Nueckopf
Formation of Burger and Coertze (1973, 1973—74, 1975-
76) and Burger and Walraven (1975-76), who obtained
ages between 93 + 50 Ma and 1232 + 30 Ma for various
occurrences of Nueckopf volcanics in the Rehoboth Base-
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Figure 9.8: “Rb;MSr versus 51/ %Sr isochron diagram for the
analysed rhyolites from the Nueckopf Formation

ment Inlier. The obtained initial ’Sr/*Sr ratio of 0.7079 is
within the range of values (0.700 - 0.710) found for Piksteel
and Gamsberg Intrusives (Seifert, 1986; Reid et al., 1988;
this study), and is slightly higher than the initial values of
0.700 - 0.705 observed in the Weener Intrusive Suite (Seif-
ert, 1986; Reid et al., 1988), but falls well below the initial
value of 0.732 of the acid dykes of Nauzerus according to
Reid ef al. (1988). As shown in Chapter 9.3.1, metasomatic
processes may have affected the analysed rhyolites. It is
thus possible that the Rb-Sr systems of the rhyolitic rocks
of the Rehoboth Basement Inlier have been affected by such
processes which would also partly have changed the prop-
erties of the observed isochrons. Evidence for the existence
of such processes is given by the high initial 8’Sr/*Sr ratio
of 0.732 obtained by Reid ef al. (1988) for acid dykes from
the farm Nauzerus. .

A two-point isochron can be calculated with the Rb-Sr
results obtained for the rhyolites from the farm Marienhof
577 (Table 20, see Appendix). It yields an age of 8§13 Ma
and an intercept of 8’Sr/%Sr = 0.71705 and is therefore in
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Figure 9.9: Concordia diagram of Wetherill ( 1956) for the ana-
Iysed zircons from rhyolitic dykes crosscuiting the Manenhof
Formation (see text for explanation))

conflict with the results of the U-Pb analyses which are dis-
cussed below. The relatively high initial ¥Sr/*Sr ratio of
0.71705 and the low age may again be related to post-ge-
netic metasomatic processes affecting the Rb-Sr system of
the analysed specimens.

9.3.3 U-Pb analyses

The results of the analysed zircon fractions of KAW3040
and KAW3041 are listed in Table 21 (see Appendix). The
obtained apparent *Pb/?38U, 207Pb/**3U and 2’Pb/***Pb ages
are discordant and range between 746 Ma and 1107 Ma. In
the Concordia diagram of Wetherill (1956), the analysed
zircon fractions plot on a Discordia intercepting the Con-
cordia at 1210 + 8 Ma and 349 =+ 13 Ma (Fig. 9.9). The
sample points are located about halfway between the upper
and lower intercept of the Discordia with the Concordia
and therefore reflect about 40-60% loss of radiogenic lead
from the analysed zircons. The Concordia diagram of Tera
and Wasserburg (1972) confirms the results of the Weth-
erilll diagram, as the Discordia defined by the analysed
zircons intercepts the Concordia at 1210 + 7 Ma and 350
+ 12 Ma (Fig. 9.10). The upper intercept age of 1210 + 7
Ma, representing a minimum age for the formation of the
analysed zircons, is much higher than that of the two-point
Rb-Sr isochron discussed above. The lower intercept age
of 350 + 12 Ma is probably geologically meaningless, as
a continuous diffusive loss of lead must be assumed for
the analysed zircons. As indicated by biotites from sample
KAW3041 (see Chapter 7) yielding a K-Ar age of 516.6 +
5.3 Ma, the sample locality has been affected by Damaran
metamorphism. This event probably also affected the Rb-Sr
systems of the samples KAW3040 and KAW3041, result-
ing in the relatively low Rb-Sr age of 813 Ma. The U-Pb
system of the analysed zircons, although having suffered
from lead loss, still reflects the probable age of intrusion of
the studied rhyolitic dykes into the Marienhof Formation.
The U-Pb age of 1210 £ 7 Ma therefore gives a reliable
minimum age for the Marienhof Formation itself.
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Figure 9.10: Concordia diagram of Tera and Wasserburg ( 1972)
for the analysed #ircons from rhyolitic dykes crosscunting the
Manenhol Formation (see text for explanation)




9.4 CONCLUSIONS

9.4 CONCLUSIONS

All the analysed volcanic rocks from the Rehoboth Base-
ment Inlier are peraluminous high-K rhyolites. Although
they were sampled from different localities, formations and
tectonic settings, they all show similar geochemical prop-
erties. A close relationship to Gamsberg-, Weener- and es-
pecially Piksteel-type magmas may be deduced from their
element distribution patterns, although it seems that the
analysed rhyolites represent more evolved magmas of the
Gamsberg, Piksteel and Weener type, rather than magmas
of these types themselves. Post-genetic K-metasomatic
processes have to be considered for the analysed rhyolites
based on their high K O/Na O ratios. The Rb-Sr isochron
age of 948.0 + 24.7 Ma obtained for Nueckopf rhyolites
and the U-Pb age of 1210 = 7 Ma of zircons from rhyolitic
dykes crosscutting the Marienhof Formation, indicate that
the analysed volcanics formed in connection with the in-

trusion of plutons assigned to the Gamsberg, Piksteel and
Weener Suites, whose ages range between 1057 and 1871
+ 143 Ma, according to various authors. As, according to
SACS (1980), Seifert (1986) and this study, an age exceed-
ing a careful estimate of 1500 Ma must be assumed for the
Weener and Piksteel magmatism, it must be suggested that
the analysed dykes crosscutting the Marienhof Formation
formed in connection with the Gamsberg magmatism. The
same goes for the Nueckopf volcanics, whose relatively
high initial ¥St/*Sr ratio of 0.7079, if not the result of
metasomatic processes, at least clearly excludes a relation
of these volcanics with the Weener Intrusive Suite, whose
initial ¥’Sr/*Sr ratios of 0.700 to 0.705 are significantly
lower.

Furthermore, a minimum age of 1210 + 7 Ma for the
Marienhof Formation is also provided by the U-Pb re-
sults obtained for the zircons from dykes crosscutting the
Marienhof Formation.
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10. BASIC DYKES CROSSCUTTING THE REHOBOTH BASEMENT INLIER

10.1 INTRODUCTION

Basic igneous dykes crosscutting the Mokolian sequence
occur throughout the Rehoboth Basement Inlier. They are
generally weathered dark brown to black and are elongate
intrusive bodies up to several metres thick and a few me-
tres to several kilometres long. The contacts be-tween the
dykes and the country rock are mostly sharp and do not show
signs of strong alteration inferred by the intrusion of the ba-
sic magmas. The dykes themselves, although altered, seem
to be virtually unaffected by any kind of regional metamor-
phism. Two varieties of dykes may be recognised throughout
the area. One type comprises a very fine-grained, homogene-
ous and massive rock with almost no readily recognisable
phenocrysts, while the other, also comprised of fine-grained
and massive rock, is speckled with large, white, porphyritic
inclusions of up to several centimetres. As at first glance
the dykes often are more resistant to weathering and show
fewer signs of alteration than their host rocks, they seem to
be much younger than the surrounding country rock. The
majority of the basic dykes strike in a northeast-southwest
direction, which more or less parallels the strike of the Areb
shear zone of the Rehoboth Basement Inlier. The orienta-
tion of strike changes to a more north-northeast-south-south-
west direction towards the southwest of the area (i.e. in the
area of the farms Piksteel 209 and Solitaire 412).

Previous work on the basic dykes is scarce. It is impor-
tant to note that the basic dykes of this report should not be
confused with occurrences of other intrusive basic rocks in
the Rehoboth area which are related to the much older Al-
berta Complex according to Schalk (pers. comm., 1987), and
much younger Cretaceous to Tertiary intrusive alkali rocks
of the area between Windhoek and Rehoboth. This is sup-
ported by radiometric age determinations on some of the
aforementioned basic intrusives which have shown that the
age of the Alberta Complex is approximately 1442 Ma =+ 32
Ma (Reid et al., 1988), while an age of 32 Ma should be as-
sumed for the alkali rocks of the area between Windhoek and
Rehoboth based upon “’Ar/*?Ar dating of the Aris phonolite
by FM Consultants, London (Schalk, pers. comm., 1987).
Rb-Sr dating of some mafic dykes from the farm Nauzerus II
by Reid ef al. (1988) which these authors consider to be the
youngest intrusives of the Nauzerus area, yielded a whole-
rock isochron age of 1030 Ma + 185 Ma with an intercept at
87Sr/*6Sr = 0.7064.

10.2 SAMPLE COLLECTION AND
DESCRIPTION

Five whole-rock samples weighing 30 kg each were col-
lected from basic dykes in the western part of the Rehoboth
Basement Inlier (Fig. 10.1). The exact coordinates of the
sample localities are listed in Table 22 (see Appendix). All
of the sampled dykes were found to intrude either granitic
host rocks assigned to the Piksteel Intrusive Suite and to the
Gamsberg Granite Suite or, in one case (KAW3162), am-

100 km

u Windhoak

Mama Group
Damara Sequence

Pre-Damara Basement
KAW3161 Sample

Figure 1.1: Sample localities for the analysed basic dykes (see
Table 22 in the Appendix for coordinmes )

phibolites of the Elim Formation. Although all the samples
show some signs of alteration none of the analysed dykes
shows signs of foliation.

Sample KAW3161 is a fine-grained and massive aphyric
dyke which is composed of 40% plagioclase (labradorite),
37% pyroxene, 20% chlorite/white mica, 3% opaque min-
erals and accessory albite and epidote minerals. Plagioclase
and pyroxene form an inequigranular, holocrystalline tex-
ture with interstitial growth of the minerals. Chlorite, white
mica, albite and epidote minerals formed at the expense of
plagioclase and pyroxene. KAW3162 is a porphyritic basic
dyke with greenish-white, completely saussuritised plagi-
oclase up to 5 mm in diameter which is embedded in a very
fine-grained matrix. The matrix is composed of strongly
altered amphiboles, completely saussuritised plagioclase
and small amounts of opaque minerals and sphene. No
primary plagioclase is readily visible in both matrix and
porphyrites as these minerals have been completely trans-
formed into a very tine-grained texture consisting of epi-
dote minerals, chlorite, sericite and some albite. KAW3170
is a fine-grained dyke with hypidiomorphic to idiomorphic
plagioclase phenocrysts up to 5 mm in diameter embed-
ded in an interstitial matrix consisting of 40% plagioclase,
50% pyroxene, 5% chlorite/sericite, 2% epidote minerals
and 3% opaque minerals. Epidote minerals, chlorite, seric-
ite and albite occur as alteration products of plagioclase
and pyroxene. KAW3172 is another fine-grained, aphyric
dyke with an interstitial texture. It is composed of 55% lab-
radoritic, partly saussuritised plagioclase, 25% pyroxene,
5% opaque minerals and 15% alteration products such as
chlorite, sericite, albite, epidote minerals and calcite. Fi-
nally. KAW3173 is a fine- to medium-grained basic dyke
with subophitic texture. The rock is composed of 35% lab-
radoritic to bytownitic plagioclase which is partly strongly
saussuritised, 2% opaque minerals and 13% alteration prod-
ucts, such as epidote minerals, chlorite, albite and sericite.
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Figure 10.2: Mantle-normalised element concentration patterns
of the basic dykes from the Rehoboth Basement Inlier in
comparison with average crust (see text for explanation)

Because of the strong alteration of the amphiboles of
KAW3162 and the lack of other primary minerals which
could be dated by the Rb-Sr and K-Ar methods in all the
basic dykes, it was decided that only whole-rock analyses
of the collected sample material should be carried out.

10.3 DISCUSSION OF THE ANALYTICAL
RESULTS

10.3.1 Geochemistry

The results of the geochemical analyses are listed in Ta-
ble 22 and the results of the CIPW-normative calculations
are given in Table 22A (see Appendix).

All the analysed basic dykes fit into the “basalt sieve” of
Manson (1967) and all of them are of tholeiitic nature when
considering their FeO/MgO, Na,O, K,O and SiO, contents.
The tholeiitic chemistry of the analysed dykes is confirmed
by the calculation of CIPW-normative minerals (Table 22A,
Appendix) which shows that all the specimens have little
or no free quartz and have no or little normative olivine,
respectively. According to their normative mineral content
the analysed dykes would therefore plot in the vicinity of
the quartz saturation plane of the Di-Ne-Fo-Q basalt tetra-
hedron (after the normative classification of basalts of Yo-
der and Tilley, 1962). In Figure 10.2 the mantle-normalised
element concentration patterns of the analysed specimens
have been plotted in order of increasing incompatibility of
the elements (after Taylor and McLennan, 1985). The val-
ues for the primitive mantle used to normalise the analyti-
cal results of the basic dykes were taken from Jochum et al.
(1988). A comparison of the data of the basic dykes with
average continental crust, for which the data were taken
from Taylor and McLennan (1985), shows that the basic
dykes are somewhat depleted in Rb, Ba, KO, Sr and Na,O
while they are enriched in TiO,, Cu, CaO and Fe,O,. The
normalised contents of Nb, Zr, Y, AL,O,, SiO,, MgO and Ni
scatter around the average crustal composition. Bearing the
limitations of tectonic discriminant variation diagrams in
mind (e.g as discussed by Wilcox, 1979), we nonetheless

Tif100

Zr el

Figure 10.3: Ti/100-Zr-Y*3 ternary diagram of Pearce and Cann
{1973) for the analysed basic dykes. (Ficld A= Within Plate
Basalts; B = Island Arc Tholeiites; C = Mid Ocean Ridge
Basals; D = Cale-Alkaline Basalts)

tried to plot the obtained data onto the tectonic discriminant
ternary Ti/100-Zr-3*Y diagram of Pearce and Cann (1973)
(Fig. 10.3). With the exception of KAW3161, all the basic
dykes plot into the field for Within Plate Basalts, which is
not surprising, as all the analysed specimens stem from a
definitely continental environment.

Based on the discussion above it can be said that the ana-
lysed post-Gamsberg basic dykes of the Rehoboth Base-
ment Inlier represent tholeiitic magmatism generated and
intrusive in a continental tectonic environment under the
influence of dilatational processes parallel to the Areb shear
zone.

10.3.2 K-Ar results

The results of the whole-rock K-Ar analyses are listed in
Table 23 (see Appendix). The apparent individual ages of
the samples range between 540.8 Ma + 6.7 Ma and 1934.5
Ma £ 14.0 Ma. The content of “Ar_, of all the samples
ranges between 81.88% and 94.77% of the total argon con-
tent of the samples. This indicates that a certain amount
of non-radiogenic argon is present in the analysed K-Ar
systems. The low contents of **Ar in the samples (see Table
23, Appendix) show, however, that the low percentage of
radiogenic “°Ar of the samples is due to the low K contents
of the samples which, in combination with minor amounts
of inherited or admixed argon of atmospheric composition,
lead to such low “Ar_ percentages. A calculation of the
correlation coefficients of the **Ar_ and “K contents and
the “Ar/°Ar and “K/*°Ar ratios of the analysed samples
yields very low values which thus indicate that the ana-
lysed samples do not represent a common K-Ar system.

The two basic dykes represented by the samples
KAW3161 and KAW3170 yield K-Ar ages of 1290.3 Ma
+ 10 Ma and 1934Ma = 14.0 Ma, respectively. They intrude
the Kanaus and Borodino granite bodies whose U-Pb ages
of 1064 Ma + 20 Ma and 1369 Ma =+ § Ma respectively,
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Figure 10.4: “Rb/™Sr versus *'sr/ " diagram for the analysed
basic dykes

(Burger and Coertze, 1973-74; this study) are below the K-
Ar ages obtained for the intrusive dykes. It has thus to be
assumed that the whole-rock K-Ar ages of these two dykes
do not represent their formation ages. It is consequently
also evident that these samples have inherited a certain
argon over pressure which might have formed by contact
metamorphic reactions of K -feldspar and other K-bearing
phases of the wall rock during the intrusion of the basaltic
magmas into the granitic host material.

The ages of KAW3172 and KAW3173 of 789.1 Ma =+
8.8 Ma and 747.1 Ma + 7.1 Ma respectively, are somewhat
below the age of 821 Ma obtained for a Rb-Sr reference
line calculated through four of the analysed basic dykes,
which unfortunately do not include KAW3173 (see next
paragraph). The obtained K-Ar ages might thus indicate a
partial loss of argon from KAW3172 and KAW3173 rela-
tive to the Rb-Sr reference age due to post-formation al-
teration processes. They also indicate that Damaran-related
metamorphism, which is known to have affected the north-
ern part of the Rehoboth Basement Inlier until at least 490
Ma before today (see e.g. Chapter 7), was not capable of
resetting the whole-rock K-Ar systems of these two basic
dykes which were sampled south of 23°46’S.

The age of 588.9 Ma =+ 7.7 Ma of sample KAW3162,
which was collected at 23°33°S, was also not completely
reset by the Damara orogeny. If this sample did not inherit
argon over pressure, a possibility which has to be taken into
consideration as was shown for KAW3161 and KAW3170,
the age of 589 Ma might represent a minimum age for the
intrusion of the basic dykes.

10.3.3 Rb-Sr analyses

The results of the Rb-Sr analyses are listed in Table
24 (see Appendix). Dating of the basic dykes of the Re-
hoboth area proved to be more successful with the Rb-Sr
method than with the K-Ar method. With the exception of
KAW3173, which plots far off the other four data points
without obvious explanation, all the analysed samples plot
onto a well-correlated (R = 0.998) reference line represent-
ing an age of 821 : =33 Ma (Fig. 10.4). The intercept of this
line is at ¥’Sr/*Sr = 0.7042 + 0.0002. As a strong overprint
of the analysed dykes by Damaran-related metamorphism
is quite unlikely, based on the K-Ar data discussed above
and because other strong post-Mokolian alteration phases
are not known from the area, it should be assumed that the
obtained reference line gives a significant age for the intru-
sion of the analysed basic dykes.

10.4 CONCLUSIONS

This chapter shows that the basic dykes of the Rehoboth
Basement Inlier represent a basaltic magmatism with tho-
leiitic chemical properties, which was generated in a con-
tinental tectonic environment under a dilatational regime.
The total-rock K-Ar systems of the analysed specimens
could not give sufficient information on the formation age
of the basic dykes as all of them show either argon over
pressure or loss of argon. Nonetheless, it can be shown,
based on the K-Ar data, that Damaran-related metamor-
phism was not capable of resetting the K-Ar systems of
the analysed samples, all of which were collected south of
23°33’S. The well-correlated Rb-Sr reference line of 821
Ma + 33 Ma gives a reasonable age for the intrusion of the
analysed basic dykes, although it seems to be too young
in comparison with the age of the Nauzerus mafic dykes
of 1030 Ma + 185 Ma (Reid et al., 1988). A comparison
of the ¥Sr/*Sr intercept of this report with the intercept of
the isochron of Reid et al. (1988) shows that the Nauzerus
intercept of ¥Sr/%Sr = 0.7064 is considerably higher than
the intercept of ¥Sr/*Sr = 0.7042 of this study’s reference
line. It is thus possible that the Nauzerus mafic dykes do
not represent the same kind of magmatism which has been
dated in this paper.

The Rb-Sr age of 821 Ma + 33 Ma obtained in this study
might give a useful age indication for the occurrence of ini-
tial dilatational processes which led to the formation of the
Damara geosyncline. Such an assumption is supported by
the occurrence of basic dykes subparallel to the Areb shear
zone throughout the Rehoboth Basement Inlier, which
could only have fanned due to late- to post-Mokolian dila-
tational processes.
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11. SM-ND DATING OF THE REHOBOTH BASMENT INLIER AND ITS
IMPLICATIONS FOR THE REGIONAL GEOLOGY

11.1 INTRODUCTION

Nd-isotope studies carried out in South Africa and Zim-
babwe on both crustal and mantle rocks and on xenoliths
in kimberlites by various authors (e.g. Hawkesworth et
al., 1984; De Paolo and Wasserburg, 1976; Hamilton et
al., 1977 and 1979; Bor-ming Jahn ef al., 1982), yielded a
broad spectrum of Sm-Nd isochron and model ages ranging
between 2.5 and 3.6 Ga. The oldest Sm-Nd ages have been
determined in the Onverwacht greenstone belt, while Sm-
Nd ages between 2.5 Ga and 2.7 Ga were found in Zimba-
bwe for the Great Dyke and up to 3 Ga old for the members
of various greenstone belts which intrude basement rocks.
These old formations are interpreted as Archaean Transvaal
and Zimbabwe nucleii surrounded by mobile belts com-
posed of new and reworked crustal material (Hawkesworth,
1984) which consequently yield younger Sm-Nd ages. The
Transvaal and Zimbabwe nucleii are connected by the old
Limpopo Mobile Belt, whose maxi-mum U-Pb age is about
3.85 Ga for the Sand River Gneiss (Barton ef al., 1977 and
1978). During its evolution the Limpopo Belt was affected
by various events, among which the Eburnian event at ap-
proximately 2 Ga is one of the most important and best
known (Clifford et al., 1970; SACS, 1980). The rocks of
the Namaqua-Natal belt neighbouring the Archaean nucleii
to the west and south, yielded ages of 1.0 Ga - 1.4 Ga (Bar-
ton et al., 1981; Hawkesworth ef al., 1984).

The aim of these first Sm-Nd analyses in this area of
the Kalahari Craton, which were carried out in addition to
K-Ar, Rb-Sr, U-Pb and REE studies on the same samples
which have been discussed in the previous chapters, was to
provide crustal ages which were expected to give a maxi-
mum age for the formation of the continental crust of the
northwestern rim of the Kalahari Craton (Fig. 11.1), and
thus narrow the time span during which the volcano sedi-
mentary sequences and igneous complexes of the Rehoboth
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Figure 11.2: ""Sm/"*Nd versus "¥Nd/"¥*Nd isochron diagram
for all the analysed specimens from the Rehoboth Basemem
Inlier

Basement were initially formed. Moreover, it was expected
that the Sm- Nd isotope geochemistry would give informa-
tion on the evolutionary trends of the magmatic rocks of the
area, and would elucidate some of the genetic relationships
between the Damara Orogen and the Rehoboth Basement
Inlier.

A total of 35 samples was selected from various for-
mations and localities of the Basement Inlier in order to
achieve these goals. Five amphibolitic samples come from
the northernmost outcrop of the Neuhof Formation, while
a set of seven amphibolite samples was chosen from two
localities of the Elim Formation. These samples from vol-
cano sedimentary formations were selected in order to pro-
vide estimates of the crustal residence time of the material
which forms these formations. Another 19 samples were
taken from the Borodino, Piksteel and Opetjie plutons of
the Piksteel Intrusive Suite, which intrudes the Rehoboth
Sequence and has provided minimum ages for the Re-
hoboth Sequence and its underlying formations by other
dating techniques. Four samples of the abundant basic
dykes, which are found crosscutting all the Mokolian se-
ries of the Rehoboth Basement Inlier, were included in this
study as they represent the last pre-Karoo magmatic activi-
ties within the Rehoboth Inlier. The precise coordinates of
the sample localities are listed in Table 25 (see Appendix).

11.2 SM-ND ISOTOPE SYSTEMATICS

The results of the Sm-Nd analyses are listed in Table 25
(see Appendix). A graphic presentation of all the Sm-Nd
results is shown in Figure 11.2 where the '“’Sm/"*Nd ra-
tios of all the samples from various formations are plotted
against their "*Nd/"“Nd ratios. It is evident that 20 of the
35 data points form a linear array while the remaining 15
data sets plot above this linear trend. A reference line calcu-
lated through the linear array of 20 data sets yields an age of
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Figure 11.2: 'V'Sm/"*Nd versus "“Na/"¥Nd isochron diagram
for all the analysed specimens from the Rehoboth Basement

Inlier
2225 + 88 Ma with a correlation coefficient R of 0.986 and
an intercept I at "*Nd/'*Nd = 0.510080 =+ 0.000084. If the
samples KAW3027 and KAW3163 are disregarded, the best-
fit regression line calculated through the remaining 18 data
sets yields an age of 2287 + 117 Ma with a correlation coef-
ficient R 0f 0.979 and an intercept I at "*Nd/"*Nd = 0.51002

Figure 11.3 (below): A: Frequency distribution pattemns of
30 000 ages calculated by the bootstrap method of Disconis
and Efron (1983) for the 20 samples which plot on the
reference line in Figure 11.2
B: Frequency distribution of 30 000 intercepts calculated for
the same 20 samples
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Figure 11.4: 1/"Nd versus "V 'Nd/'**Nd diagram for all the
amalysed specimens, (KAW3I011 and KAW 3012 are outside
the range of the diagram)

+0.00012, which is within the error limits most similar to the
result obtained for the calculation of the 20 data sets. The fre-
quency distributions of 30 000 ages and intercepts of Figure
11.3A and 11.3A obtained by the bootstrap method for the 20
linear data sets show slightly skew distribution patterns with
distinct maxima at 2175 Ma and "*Nd/'*Nd = 0.510125
respectively. A comparison of both calculation techniques
shows that the results of the two methods are in good agree-
ment and thus might indicate a certain significance of the
obtained array of 20 data sets from various formations. The
skewness of the bootstrap frequency distribution indicates
that the analysed sample population is not normally distrib-
uted. It cannot be decided on the base of the present data
whether this should be attributed to abnormally distributed
sample collection or whether this skewness has a definite
geological significance. The 1/'*Nd versus '*Nd/"*Nd dia-
gram (Fig. 11.4) on which no linear patterns between the 35
samples could be found, nonetheless indicates that the cal-
culated regressions do not represent geologically meaning-
less two-component mixture lines.

It is of interest that the remaining 15 data sets which plot
above the calculated reference line of 2225 Ma do not form
a linear array, which could indicate another phase of crustal
generation in the Rehoboth Basement Inlier. The set of 15
data points is composed of all the samples from the Borodino
pluton, 3 out of 6 samples from the Opetjie pluton and 7 out
of 8 samples from the Piksteel pluton. This indicates either
that the majority of the whole-rock Sm-Nd systems of the
Piksteel Intrusive Suite were disturbed after the formation of
the continental crust of the Rehoboth Inlier (e.g. by crustal
reworking and mixing) or, if the measured isotopic proper-
ties represent the original properties of these samples, that
they derive from various sources different from those of the
20 samples forming a linear array.

A closer look at the individual results of the analysed for-
mations and intrusions shows several individual reference
lines which are helpful in interpreting the Sm-Nd characteris-

tics of the Rehoboth Basement Inlier. A reference line calcu-
lated through the data points of the Neuhof Formation (Fig.
11.5A) yields a reference age of 1821 Ma + 305 Ma with a
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Figure 11.5: A: 7 Sm/ d isochron diagram for the analysed amphibolites of the Neuhof Formation.
B: lsachron diagram for the analysed basic dykes.
C: lsochron diagram for the analysed amphibolites of the Elim Formation,

D: lsochron diagram for the analysed granitoids of the Borodino pluton of the Pikstee! Intrusive Suite.

143

E: I“Snlf'“”r] versus

Nd."luNd diagram for the analysed samples from the Opetjie pluton of the Piksteel Intresive Suite.

F: Isochron disgrum for the analysed samples from the Piksteel pluton of the Piksteel Intrusive Suite

low correlation coefficient R of 0.957 and an intercept I at
Nd/"Nd = 0.51038 + 0.00026. The reference line calcu-
lated for the basic dykes (Fig. 11.58) yields an age of 2574
Ma + 504 Ma with a low correlation coefficient R of 0.961
and an intercept I at "*Nd/'*Nd at 0.50973 +0.00055. The
amphibolites of the Elim Formation plot on a reference line
of 2006 Ma + 237 Ma with a correlation coefficient R of
0.965 and an intercept I at "*Nd/"*Nd = 0.51031 +0.00025
(Fig. 11.5C). A regression line calculated through the five

data points of the Borodino pluton, which plot above the
overall reference line of the 20 data sets discussed above,
yields an age of 230 [ Ma + 289 Ma with a correlation
coefficient R of 0.976 and an intercept I at '“*Nd/"*Nd =
0.51025 =+ 0.00018 (Fig. 11.5D). No reference line with
a correlation coefficient 0.7 can be fitted through the scat-
tered data of the Opetjie pluton (Fig. 11.5E). A reference
line calculated through the samples KAW3026. KAW3027
and KAW3163, which also plot on the overall regression
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Figure 11.6: Model age versus Epsilon Nd diagram for all the analysed specimens from the Rehoboth Basement Inlier {same symbaols

as in Figure 11.2)

line of the 20 data sets, yields a surprisingly low age of
1655 + 76 Ma with a correlation coefficient R of 0.999 and
an intercept [ at "*Nd/'"**Nd =0.51046 + 0.00005. The scat-
tering data of the Piksteel pluton also do not fit on a well-
correlated regression line (Fig. 11.5F) and it does not seem
to be possible to fit a reasonable small scale reference line
through any combination of the Piksteel data points.

11.3 RB-SR, U-PB AND K-AR ISOTOPE
SYSTEMATICS

The results of the Rb-Sr, U-Pb and K-Ar analyses of all
the samples dealt with in this text have been discussed in
great detail in the previous chapters. Tabular compilations
of the results which are relevant for the interpretation of the
Sm-Nd data, and for the discussion of the evolution models
of the Rehoboth Basement Inlier, are reproduced in Table
26 and Table 27 (see Appendix). The investigated U-Pb,
Rb-Sr and K-Ar systems all showed disturbances such as
the loss of argon from the analysed biotites, the loss of lead
from the analysed zircons and partial to complete resetting
of the whole-rock Rb-Sr systems by various post-formation
alteration processes. The ages in Table 26 determined by
these methods could thus not provide more than minimum
ages of limited significance for the analysed formations. In
Chapter 8 it was nonetheless possible to show that the Pik-
steel Intrusive Suite has a minimum age of approximately
1800 Ma, which thus also gives a minimum age for the
formation of the Rehoboth Sequence and its underlying
formations. A major phase of alteration must have affected

the Rb-Sr systems of the Piksteel Intrusive Suite in connec-
tion with the intrusion of the Gamsberg Granite Suite with
a known maximum age range of 1079 Ma - 1222 Ma (Reid
et al., 1988; Seifert, 1986 and Burger et al., 1973-74), as is
indicated by the Rb-Sr isochrons obtained for the members
of the Piksteel Intrusive Suite, which yielded ages ranging
between 1057 Ma and 1489 Ma (Chapter 8). In spite of the
strong disturbance of the Rb-Sr systems of the area, Reid et
al. (1988) give a doubtful estimate of approximately 2 Ga
for the maximum age of formation of the crustal protoliths
in the area, based on their Rb-Sr data. A later phase of al-
teration related to the Damara orogeny was the reason for
partial to complete rejuvenation of the K-Ar systems of the
formations of the Rehoboth Basement Inlier, depending on
their location in relation to the Damara Orogen (see previ-
ous chapters).

11.4 DISCUSSION
11.4.1 The Sm-Nd ages

The obtained isochron age of 2225 Ma + 88 Ma for a ref-
erence line calculated through 20 out of 35 data sets from
different formations could represent a reasonable age for
the formation of this part of the continental crust of southern
Africa, which today forms the northwestern rim of the Ka-
lahari Craton. This is supported by the bootstrap analysis of
the same data sets which yields a similar age of 2175 Ma +
330 Ma - 140 Ma. The reference lines which have been cal-
culated through the data sets representing one single forma-
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tion are in conflict with the overall isochron of 20 samples.
The reference ages of the Neuhof and Elim Formations are,
at 1821 Ma + 305 Ma and 2006 Ma + 237 Ma respectively,
too low in comparison with the overall reference age, while
the reference age of the basic dykes at 2574 Ma + 504 Ma
is higher than the age of the overall isochron. Nonetheless, it
is worthy of note that all these individual reference ages are
within the uncertainty range of the overall reference line, and
the suggested formation age of approximately 2.2 Ga of this
part of the Kalahari Craton thus still seems tenable.

The reference age of 2301 Ma =+ 289 Ma calculated for the
five samples of the Borodino pluton confirms the aforemen-
tioned formation age of the continental crust of the Rehoboth
area, but the fact that these samples all plot above the “overall
reference line” discussed above indicates a more radiogenic
Nd composition than was observed for the samples plotting
on the” overall reference line”. This, in turn, indicates the
possibility that not all the analysed formations derive from
the same magma source, or that some of the analysed Sm-Nd
systems suffered from alteration processes, occurring after
separation from a mantle source. The existence of alternative
magma sources in the upper mantle or later alteration proc-
esses is supported by the different initial '*Nd/"*Nd ratios of
the overall and the Borodino reference lines of 0.510080 =+
0.000084 and 0.51025 +0.00018, respectively. If, however,
the analysed Borodino specimens had been affected by alter-
ation processes severe enough to change the REE-patterns of
this pluton (during the intrusion of magmas of the Gamsberg
Granite Suite, for example), it follows that the Sm-Nd age
pattern of this pluton would also have been altered. As this
is not the case for the isochron age of the Borodino pluton,
nor for the individual model ages (see below) which plot in
a range between 1.8 Ga and 2.5 Ga, it may be concluded
that any occurrence of alteration processes, must have taken
place in the age range between 1.8 Ga and 2.5 Ga. As the
T o model ages of the Borodino samples range between
1.85 Ga and 1.93 Ga (see below) it may be concluded that
the present situation of the Nd composition of the Borodino
samples, being more radiogenic than the samples plotting
on the “overall reference line” mentioned above, is due to
primary magmatic properties (i.e. different magma sources)
rather than to hydrothermal fluid reaction processes.

The remaining 10 samples plot above the “overall refer-
ence line” of Figure 11.2 leading to more problems. With the
exception of KAW3026, KAW3027 and KAW3163 which
plot on a reference line of low 1655 + 76 Ma, which is in
conflict with the U-Pb data obtained for KAW3026 of 1786
Ma+ 11 Ma (see Chapter 8), no linear array is evident within
these 10 data sets. There may be several reasons for this. For
instance, on the basis of thin section and geochemical inves-
tigations of the analysed specimens, the possibility cannot be
ruled out that due to incorrect mapping of the area not all the
analysed specimens derive from the same pluton. However,
if all the samples come from the same pluton, it would have
to be assumed that the Sm-Nd systems of these samples have
been disturbed by syn- or post-magmatic processes in a such
a way that their crustal formation is no longer recorded.

11.4.2 The model ages

Under the assumption that crustal lithologies either de-
rive from an unfractionated chondritic uniform reservoir
(CHUR) or from a light REE-depleted mantle (DM) by
fractional crystallisation, Nd model ages have been calcu-
lated in two different ways (see e.g. De Paolo, 1988). These
model ages indicate the intercept of the *Nd/'*Nd ratio of
the analysed sample with the '*Nd/"*Nd evolution curve of
CHUR and DM, respectively, depending on the Sm-Nd frac-
tionation factor of the sample (see Appendix for calculation
formulas). These model ages should indicate approximately
the age of separation of the crustal protolith from its mantle
source. This, however, is only valid if the Sm/Nd ratio of
the analysed specimen has not been changed in the interim.
Unfortunately this condition is not entirely fulfilled for all
the analysed samples of the Rehoboth Basement Inlier, as
can be deduced from the discussion of the Sm-Nd data of the
Rehoboth granitoids and from the data obtained for the Rb-
Sr systems of the same samples, which show severe signs of
alteration (see previous chapters).

The results of both kinds of calculation, T(CHUR) and T(DM),
are listed in Table 28 (see Appendix). As discussed in many
recent papers (e.g. De Paolo, 1988; Smith ez al., 1989; Jacob-
sen, 1988), the upper mantle as source region of the crustal
rocks does not have the composition of CHUR but, through
the formation of continental lithosphere, has been depleted in
various elements such as the light REEs. The T chumy model
ages calculated for the analysed specimens, ranging between
171 Ma and 1733 Ma, seem to confirm this assumption, as
they are lower than the U-Pb minimum age of 1786 + 11 Ma
(see Chapter 10) which must be accepted for all the analysed
formations with the exception of the basic dykes, which in-
truded after the formation of the Gamsberg Granite Suite
(see Chapter 10). If the Sm-Nd systems have not been se-
verely disturbed by post-genetic alteration processes, an un-
feasible assumption for most of the analysed samples based
on the considerations of the previous chapters and on REE
patterns described for some Rehoboth granitoids (see Chap-
ter 3), these results mean that all the analysed specimens
derive from a depleted source region in the upper mantle.
The calculation of LI yields model ages ranging between
1663 and 2373 Ma. The fact that three granitoid samples and
one amphibolitic sample fall below the U-Pb minimum age
of 1786 Ma might indicate the occurrence of post-genetic
alteration processes affecting the Sm-Nd systems of some
of the analysed samples. The T model ages of the basic
dykes, ranging between 1769 Ma and 2184 Ma, indicate that
the material of these dykes separated from the mantle con-
temporaneously with the material of the Rehoboth Basement
Inlier, long before their intrusion and crystallisation as basic
dykes.

The relationships of the various model ages are best seen
in Figure 11.6, in which the model ages of the samples have
been plotted against their £, values at certain times during
their evolution. The g o values of the granitoid samples are
between -13.89 and -23.49, while those of the amphibolitic
samples and the basic dykes cover a wide range between -
15.49 and 7.67. At t=1800 the ¢ value of the depleted

Nd(1800)
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Figure 11.7: Plot of the age dependence of the SmyNd fraction-
ation factor for crusial rocks as published by De Paolo { 1988)
in comparison with the model age versus smmg relationships
ohserved in the Rehoboth Basement Inlier (same symbaols as
used in Figure 11.2)

mantle was approximately 6.2. Six of the 35 analysed sam-
ples have g, values greater than 6.2, while the rest of
the samples plot in a narrow range between 0.70 and 5.62.
The bulk of the analysed samples thus indicates that their
material probably separated from a depleted mantle source
sometime between 1800 Ma and 2400 Ma, which is in agree-
ment with the results obtained for various Sm-Nd reference
lines calculated through the same data sets (see above). This
implies that the rocks of the Rehoboth Basement Inlier for
the most part represent barely evolved primitive crust which
could not have undergone multiple cycles of reworking be-
tween its separation from DM and crystallisation in the ana-
lysed formations. Four of the six samples with &, > 6.2
are members of the Piksteel pluton, while the other two are
members of the basic dykes and the Elim Formation, respec-
tively. It is of interest that the four granitoids of the Piksteel
pluton not only have excessively high € 4(1500) values but they
also do not fit on any Sm-Nd isochron. It has thus to be as-
sumed that these four granitoids of the Piksteel pluton, and
possibly the Elim amphibolite and the basic dyke, which
also show increased Nd, ,, values, either represent material
which separated from a depleted mantle source region after
the bulk of the analysed samples, or their Sm-Nd system did
not preserve their initial properties due to syn- or post-genet-
ic alteration processes such as wall rock assimilation, mantle
crust interaction or metasomatic processes.

De Paolo (1988) argued that the slope of the evolution
curves in the age versus ¢, diagrams for continental crust
appears to be age-dependent. The preserved remnants of
Archaean crust should, accordingly, have lower Sm/Nd ra-
tios than crust of Proterozoic age and the crustal Sm/Nd ra-
tio should increase systematically with decreasing age. The
model ages of the analysed Rehoboth granitoids have been
plotted versus their ¢, values in Figure 11.7 in order to
compare the Sm-Nd evolution of the Rehoboth granitoids
with the results of De Paolo (1988). With the exception of
KAW3026 and KAW3030, the Rehoboth granitoids do not
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Figure 11.8: Epsilon Sryg versus Epsilon Ndyo; diagram for the
analysed specimens of the Rehoboth Basement Inlier (see ext
for explanation; same symbols as in Figure 11.2)

confirm De Paolo’s assumption of increasing Sm/Nd ratios
with decreasing age, but scatter far off the evolution line pro-
posed by De Paolo (1988). Moreover, the slope of a hypo-
thetical regression line calculated through the Rehoboth data
would be much steeper than the slope of De Paolo’s evolu-
tion curve. The conclusion which can be drawn from these
observations is that the magmatic sources of the Rehoboth
samples had different €, . values than the areas described
by De Paolo (1988), which in turn would mean if t = approx-
imately 2 Ga, the g, , value of derivates of crustal composi-
tion from the depleted mantle was variable on a global scale
between different areas of the depleted upper mantle. This
again would have to be explained by regional differences of
the chemical properties of the depleted mantle respective to
Sm and Nd which, in turn, would question the commonly
used global linear evolution curve of the depleted mantle.
The only other plausible explanation for the observed devia-
tions of the ¢, . values from the trend of De Paolo (1988),
is that the g, , values of the analysed Rehoboth granitoids
were changed from their original depleted mantle value by
processes such as wallrock interaction and fractional crystal-
lisation, shortly after the material separated from its mantle
source.

1143 ¢, -¢, studies

In search of traces of the early history of the Rehoboth
Basement Inlier the commonly used €, - €, analyses have
been affected despite the different formation ages of the ana-
lysed formations, and expected post-formation alteration of
the Sr-systems of the analysed samples (see above). The ¢,
and e values calculated for t = 0 and t = 1800 Ma and the
assumed minimum formation age of the analysed formations
according to Chapter 11.3 (except for the basic dykes), are
listed in Table 28 (see Appendix). In Figure 11.8 the €0,
values of the analysed samples have been plotted versus their

€va) values. All the granitoid samples fall in the area de-
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the analyvsed specimens of the Rehoboth Basement Inlier (see
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noted by De Paolo (1988), where continental crust of an
age between 1.8 Ga and 2.8 Ga would be expected to plot.
With the exception of KAW3024, KAW3025, KAW3027
and KAW3028 from the Opetjie pluton, which plot in the
area typical for Rb-rich upper crustal rocks, all the analysed
granitoids plot in the area for Rb-depleted lower crust. Due
to their higher ¢, . the analysed basic rocks plot in the
area of 0-Ga- to 1.8-Ga-old crust in the prolongation of the
oceanic basalt trend. The reason for plotting the analyses
of the basic rocks into this diagram together with the data
obtained for crustal rocks is to show that the degree of Rb-
Sr fractionation of both rock types must have been similar.
This confirms the assumption of the previous chapter that
most of the analysed specimens from the Rehoboth Base-
ment Inlier represent primitive crust deriving directly from
a depleted mantle source.

In Figure 11.9 the &\, values of all the analysed spec-
imens have been plotted versus their €, values. The
hypothetical age of 1.8 Ga was chosen because it at least
represents a minimum formation age for the analysed spec-
imens (except for the basic dykes) according to Chapter
10.3. The analysis of this diagram shows that all the ana-
lysed specimens have &, Vvalues in the range observed
for the mantle (De Paolo and Johnson, 1979), but that six
of the samples have &, higher than 6.2, the &, value of
DM at t = 1800 Ma(see Chapter 10.4.2 for discussion). The
majority of the &, values plot closely in and around the
mantle array once more indicating that these samples might
represent primitive crust derived directly from a source in
the upper mantle. The samples deviating towards the right
of the mantle array in Figure 11.9 (KAW3008, KAW3011,
KAW3026, KAW3030, KAW3050-KAW3054), i.e. to-
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analysed specimens of the Rehoboth Basement Inlier. The
dashed lines represent the possible range of * Sr/**Sr ratios in
the upper mantle at 1 = 1800 Ma according to Faure (1986).
i See text for explanation; same symbols as in Figure 11.2)

wards €150, values between 5 and 40, indicate that
these samples either have a higher crystal—lisation age
than 1800 Ma or their Sr isotopic system was disturbed
by the admixture of Sr with higher ¥’Sr/*Sr ratios. The
€500 Values of five granitoid samples from the Opetjie
and Piksteel plutons (KAW3024, KAW3025, KAW3027,
KAW3028, KAW3174), one amphibolite of the Elim For-
mation (KAW3005) and two basic dykes (KAW3161 and
KAW3162) are below -20 and thus clearly deviate from
the mantle array. This can be explained by considering that
either the crystallisation age of these samples is younger
than 1800 Ma, which is true for the basic dykes, or their
Sr system was disturbed by the admixture of Sr with ex-
tremely low ¥Sr/*Sr ratios. The former explanation for
the observed deviation towards low &, values of some
samples seems, with the exception of the basic dykes, quite
unlikely as is discussed above. It can thus be assumed that
these samples suffered from the admixture of Sr of a primi-
tive composition, which means that the Rb-Sr ages obtained
for these formations do not represent the formation age of
these Rb-Sr systems. Furthermore, the Sm-Nd systems of
all the analysed basic dykes still have preserved their origi-
nal properties (indicating their T(DM) age), while the Sr
systems of at least two of them must have been disturbed
during the course of their evolution.

Some of the questions arising with the above discussion

are clarified by plotting the *’Sr/**Sr ratios versus the
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Exa1800) values of the samples (Fig. 11.10). Assuming that
the Sr composition of most of the samples was not severe-
ly altered, (unlikely for most of the samples according to
Chapter 10.3), Figure 1 1.10 shows that at t =1800 the bulk
of the samples had *¥Sr/*Sr values ranging between 0.700
and 0.705. These values are, according to Faure (1986),
within the range of possible ¥’Sr/*Sr ratios calculated for
the upper mantle at t = 1800 (see dashed lines), and thus
would indicate a primitive source in the upper mantle for
the analysed specimens. The maximum ratio of 0.705 also
restricts to an absolute minimum the post-crystallisation
admixture of Sr with high *Sr/*Sr ratios to some of the
samples by alteration processes discussed above. Con-
versely this diagram shows that those samples which had
partly primordial ¥’Sr/*Sr ratios 0.700 in addition to

€500 Values below -20, ggﬁlot represent the product of
magmatic processes occurring 1800 Ma ago. The Sr sys-
tem of these samples must either have been disturbed by
post-formation admixture of Sr with relatively low 3’Sr/*¢Sr
ratios of around 0.700 to 0.704, which in a calculation of
SIS1/*Sr |4, Would result in primordial *’St/*Sr, , values,
or the samples would have to be significantly younger than
1800 Ma, a possibility which has already been ruled out for
all the samples save the basic dykes, which are known to

have intruded at t = 821 Ma.
11.4.4 Regional interpretation of the obtained results

The obtained isochron and model ages of the Rehoboth
Basement Inlier of 1.8 - 2.5 Ga are all below the ages ob-
tained for the formation of the Archaean nucleii of south-
ern Africa, indicating that the crust of the Rehoboth Base-
ment Inlier is of post-Archaean origin, the obtained ages
are significantly older than the Namaqua-Natal belt to the
south and west of the Archaean craton area of South Africa
and Zimbabwe, but their ages plot well within the range
expected for rocks formed during the Eburnian orogeny.
This indicates that after the formation of the Archacan
nucleii, crustal accretion continued in a belt between the
two nucleii of today’s Kalahari craton into the areas of the
Irumide Belt of Drysdall ef al. (1972) and the Limpopo
Belt of Clifford et al. (1970), whose Eburnian event also
includes the Rehoboth Basement Inlier. Only much after
this major episode did crustal accretion continue in the area
of the Namaqualand-Natal belt. McDermott (1986) and
Hawkesworth et al. (1983) obtained Tow model ages for
various granites of the Damara Orogen ranging between
1.1 Ga and 2.9 Ga, and T cury model ages of 1.0 Ga to 2.1
Ga for Damaran metasediments. This wide range of ages
indicates that the Damaran belt is composed of new crustal
material and of remobilised pre-existing crust which prob-
ably originally formed contemporaneously with the crust
of the Rehoboth Basement Inlier. The four T oM model ages
2.5 Ga: obtained by McDermott (1986) for some granitoids
and one orthogneiss of the Damara Orogen, indicate, how-
ever, that the Damara orogeny, to some extent possibly also
reworked crustal material which is significantly older than

the T ) model ages obtained for the Rehoboth Basement
Inlier. This would mean that in the central area of Namibia,
Archaean cratonic nucleii might have existed prior to the
formation of to day’s Rehoboth crust.

11.5 CONCLUSIONS

The present study of the Sm-Nd isotopic systems of the
Rehoboth Basement Inlier under consideration of Rb-Sr
and U-Pb data of the same area elucidates parts of the early
history of the Rehoboth Basement Inlier which could not
be unravelled until now by other radiometric dating tech-
niques. The agreement between a reference line represent-
ing an age of 2225 Ma which can be fitted through 20 out of
35 data sets, and a “bootstrap” age of 2175 Ma of the same
data sets, indicates that most of the Rehoboth crust formed
about 2.2 Ga ago. This also accounts for the analysed basic
dykes with a known intrusive age of 821 Ma which thus
represent reworked crustal or subcrustal material of the Re-
hoboth Basement Inlier itself. Barring mapping errors, if
the remaining 15 data sets deviate to positions above the
calculated reference line, they either represent a source of
material different from that of the isochron samples due to
mantle in homogeneity or they indicate alteration processes
(e.g. mixing processes due to crustal reworking) affect-
ing the Sm- Nd systems after the separation of a common
source in the upper mantle. Such irregularities of the Sm-Nd
systems are also supported by the slightly higher intercept
of a reference line calculated through the samples of the
Borodino pluton (1: '“Nd/*Nd = 0.51025) which all plot
above the overall reference line compared to the intercept
of the overall reference line (I: "*Nd/*Nd = 0.510080).

The model T, ages of 1663 Ma to 2373 Ma largely
confirm the conclusions drawn from the isochron observa-
tions mentioned above, having shown that with few excep-
tions, the analysed sample material separated from a de-
pleted mantle source between an assumed minimum age
of 1786 Ma (as given by the U-Pb age determinations of
Chapter 8) and 2373 Ma. The few younger model ages ei-
ther indicate inhomogeneities in the mantle source or post-
separation alteration processes of the Sm-Nd systems of
some of the samples.

The ¢, - €, studies show that the Rehoboth Basement
Inlier is composed of primitive crust which consolidated
shortly after the separation of its material from a depleted
mantle source, and that its Sr isotopic systems have been
severely disturbed by post-consolidation alteration proc-
esses.

The regional comparison of the obtained results shows
that the Rehoboth Basement Inlier forms part of a mobile
belt which adjoined the pre-existing Transvaal and Zimba-
bwe nucleii of the Kalahari Craton at about 2.25 Ga, which
would mean that the Rehoboth Basement Inlier represents
a continuation of the Eburnian event of the Limpopo Belt.
Furthermore, it can be said that the Damara Orogen, for the
most part, consists of reworked material equivalent in age
to the Rehoboth Basement Inlier.
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Thin-section analyses of the samples ‘collected throughout
the Rehoboth Basement Inlier have shown that most of them
were affected by post-formation alteration processes. This
may be deduced from the saussuritisation of plagioclase, the
partial chloritisation of biotite, the formation of chlorite and
epidote minerals from original amphiboles, the widespread
strong fracturing and partial mylonitisation of many rocks,
and the subsequent formation of veinlets consisting to a
large degree of quartz, calcite and epidote minerals. Great
care had to be taken in interpreting the obtained results of the
geochemical and isotopic analyses due to the occurrence of
alteration phenomena.

12.1 GEOCHEMISTRY
12.1.1 Granitoids

Major and trace element whole-rock geochemistry has per-
mitted classification of the analysed granitoids of the Weener
and Piksteel Intrusive Suites, the Gamsberg Granite Suite,
the Neuhof Formation and the Mooirivier Complex accord-
ing to the classification scheme of De La Roche (1980) and
Streckeisen (1981), in which a wide compositional range
from alkaline granites through granites, diorites, quartz
monzonites, tonalites and granodiorites to gabbros can be
observed. This large scatter indicates a certain mobility of
the alkalis during the widespread post-formation alteration
of the granitoids as is best seen according to the analyses of
the Neuhof granitoids, where two samples plot in the fields
for syenites and’ alkali syenites. According to the index of
Shand (1927), the analysed granitoids can be classified as
peraluminous intrusives. Generally the A/CNK values of the
analysed granitoids range between 0.9 and 1.4 with most of
the samples plotting between 1.0 and 1.2. The Weener grani-
toids show a strong tendency towards higher values, while
many of the Gamsberg and Piksteel samples plot at the lower
end of the observed range. As most of the data from the ana-
lysed plutons scatter around 1.1, which, according to Chap-
pell and White (1974), separates S-type granites (> 1.1) from
I-type granites « 1.1), it is not clear-cut whether granitic crust
of the Rehoboth Basement Inlier has been generated from
either S- or I-type magmatism. Nonetheless, it can be stated
that the overall degree of alumina saturation is high, and thus
would indicate upper crustal origins for most of the analysed
plutons. All the analysed granitoids plot on a calc-alkaline
trend on the AFM ternary diagram after Kuno (1968). As
calc-alkaline magmas are predominantly produced in con-
tinental-collision and continental- and island-arc tectonic
settings, as well as during post-orogenic magmatism, this
indicates the formation of the Rehoboth granitoids during
various stages of the development of tectonic settings along
active plate margins. This is confirmed by the frequently
dubious (according to the considerations of Wilcox, 1979)
tectonic discriminant Nb+Y versus Rb diagrams of Pearce
et al. (1984), where the majority of the analyses plot in the
field for volcanic-arc granites and where only a few excep-

tions plot in the fields for syn-collision granites and within-
plate granites. Most of the few data points plotting in the
fields for within-plate granites are samples assigned to the
Gamsberg Granite Suite, the youngest large-scale magmatic
event in the Rehoboth Basement Inlier. Consequently, they
might indicate a change of the plate tectonic style of the area
during Gamsberg magmatism from a collisional to a more
extensional tectonic regime.

Some doubts about an upper crustal and possible S-type
origin of several of the analysed granitoids may arise with
the study of the Rb-Sr and Sm-Nd isotope systematics of the
Rehoboth granitoids by various authors (Reid et al., 1988;
Seifert, 1986; this study). The initial *’Sr/*Sr ratios of the
Weener intrusives range between 0.700 and 0.705 (Seifert,
1986; Reid et al., 1988), while those of the granitoids of the
Mooirivier Complex and the Neuhof Formation are approxi-
mately 0.704. The intrusives of the Gamsberg Granite Suite
and the Piksteel Intrusive Suite cover a wide range of ini-
tial ¥Sr/%6Sr ratios from 0.700 to 0.708 and 0.702 to 0.709,
respectively (Seifert, 1986; Reid et al., 1988; this study).
These generally low to very low initial ratios are below the
Sr/*Sr ratio of today’s Uniform Reservoir of 0.7045 (De
Paolo, 1988). They indicate that in spite of post-formation
alteration and at least partial resetting of the Rb-Sr systems
of many of the analysed plutons, most of the material form-
ing the Rehoboth granitoids originally derives from a primi-
tive source in the upper mantle or in the lower crust. If the
analysed granitoids today do, in fact, represent S-type mate-
rial deriving from upper crustal origins, it can be said that
their source material consisted of material with primitive Sr
composition (low *Sr/*Sr ratios), low Rb-Sr ratios, and that
no significant amount of material with ¥Sr/*Sr and high Rb-
Sr ratios was admixed to this source material during later
processes of crustal reworking and alteration. This view is
conditionally supported by the ¢, and €, characteristics of
some granitoids of the Piksteel Intrusive Suite, which clearly
confirm a Rb-depleted source in the upper mantle for these
granitoids. The analyses of the Rare Earth Element (REE)
composition of several Piksteel and Gamsberg granitoids
have shown quite flat chondrite-normalised patterns in a
range which is typical for granitoid rocks. The patterns
decrease from chondrite-normalised La values of approxi-
mately 100, to chondrite-normalised Yb values of about 10.
Several samples showed slightly concave-up REE patterns
similar to those described for Namaqualand by McCarthy
and Kable (1978).

12.1.2 Amphibolites

The analyses of amphibolites from the metavolcano-sedi-
mentary Neuhof and Elim Formations and the Mooirivier
Complex have shown that most of the specimens are of or-
thogenic origin and most of the samples reflect tholeiitic
magmatism. No general plate tectonic environment could
be assigned to the analysed amphibolites according to the
classification schemes of Pearce et al. (1973), as they were
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found to plot in all the fields assigned to various plate tec-
tonic settings. It is not clear whether this variation indicates
the occurrence of diverse plate tectonic settings in one sin-
gle formation, or whether it represents the effects of post-
formation alteration of the analysed specimens. The initial
7S1/%Sr ratios of all the analysed sets of amphibolitic sam-
ples range between 0.702 and 0.706. These low values and
the corresponding low Rb-Sr fractionation factors confirm
the magmatic origin of the analysed samples, and also show
that post-formation alteration of the Rb-Sr systems through
metamorphism did not admix large amounts of highly ra-
diogenic common Sr. The ¢, and ¢, studies of some am-
phibolites of the Elim and Neuhof Formations also suggest
that these specimens derive from magmatic sources which
probably lie in the depleted upper mantle.

12.1.3 Acid volcanics

The comparison of acid volcanic dykes crosscutting the
Marienhof Formation, the Weener and Piksteel Intrusive
Suites and the Gamsberg Granite Suite with those of the
post-Gamsberg Nueckopf Formation, representing the larg-
est mass of volcanic rocks occurring in the Rehoboth Base-
ment Inlier, has shown that all the analysed acid volcanics
are peraluminous high-K rhyolites. The analysed volcan-
ics may be regarded as more evolved Gamsberg-, Piks-
teel- and Weener-type magmas according to their element
distribution patterns and their position in the AFM ternary
diagram. Except for one sample, all the A/CNK ratios are
below 1.1, thus indicating I -type sources for the analysed
volcanics. The observed initial #Sr/*Sr ratio of 0.708 lies
at the upper end of the range observed for magmas of the
Gamsberg Granite Suite and for the Piksteel Intrusive Suite
and thus might also corroborate a continuation of the trends
observed for these suites. In the tectonic discriminant Nb+
Y versus Rb diagram of Pearce ef al. (1984) most of the
volcanics plot into those areas of the fields for volcanic-arc
granites and for within-plate granites, which are also cov-
ered by the Gamsberg and Piksteel Intrusive Suites.

12.1.4 Basic dykes

The five analysed post-Gamsberg basic dykes crosscut-
ting the Rehoboth Basement Inlier are all of basaltic tho-
leiitic origin. According to the classification of Pearce et
al. (1973) they probably derive from a continental plate-
tectonic environment. Their low initial #Sr/*Sr ratios and
their €, values suggest an origin in the lower crust or in the
upper mantle where their melts were generated from much
older source material (see below) due to post-Mokolian
dilatational processes in the Rehoboth inlier.

12.1.5 Metasediments

The analyses of the partly garnetiferous biotite schists of
the Mooirivier Complex have shown a slight enrichment of
incompatible elements such as Rb, Ba, K, La, Ce, Nd and
Zr, while compatible elements such as Al, Ca, Sc, Fe, Mg
and Ni are slightly depleted. The initial 8’Sr/*¢Sr ratios of a
fan of isochrons calculated through the Rb-Sr results of the
Mooirivier schists yielded crustal upper and lower limits of

0.711 and 0.707 respectively, while a small-scale isochron
indicates the addition of Sr with an initial ratio exceeding
0.766.

The analysed mica schists and marbles of the Elim For-
mation were found by geochemical means to be typical
representatives of their species. The initial *’Sr/*¢Sr ratios
of two Elim marbles are 0.707 and 0.714 respectively,
clearly indicating the admixture of highly radiogenic Sr to
the analysed samples by metamorphic fluids, as according
to Faure (1986), the composition of Sr in sea water before
1000 Ma ago never exceeded a value of 0.707.

12.2 AGE DETERMINATIONS
12.2.1 Sm-Nd dating

The analyses of 35 whole-rock samples of the Piksteel
Intrusive Suite, the Elim and Neuhof Formations and basic
dykes by the Sm-Nd method have provided a sound insight
into the age of the crust of the Rehoboth Basement Inlier.
The T ;,,, model ages of all the samples range between 1.6
Ga and 2.4 Ga. A reference line fitted through 20 of the 35
data points yielded an age of 2.23 Ga, while reference lines
calculated through the individual sets of samples from dif-
ferent localities yielded ages between 1655 Ma and 2574
Ma. The fact that only 20 out of 35 analysed specimens plot
on a reference line, while the rest plot above this line, in-
dicates the occurrence of either post -separation alteration
processes (such as the reworking of crustal material), and/
or primary inhomogeneities of the source regions in the up-
per mantle. The Tow model ages of the basic dykes which
did not intrude before 850 Ma (see Rb-Sr data below) and
thus are much younger than the minimum age of the other
analysed specimens of approximately 1.8 Ga (see U-Pb
data below), range between 1.77 Ga and 2.10 Ga, while a
reference line calculated through their data points shows
an age of approximately 2.6 Ga. Four out of eight samples
from the Piksteel pluton of the Piksteel Intrusive Suite, an
amphibolite of the Elim Formation and a basic dyke, have
shown T~ model ages between 1.66 Ga and 1.79 Ga;
in the case of the Piksteel and Elim samples, these T om
model ages are below the assumed minimum formation age
of these formations of 1.8 Ga and thus indicate the occur-
rence post-formation (hydrothermal?) alteration processes
disturbing some of the analysed Sm-Nd systems.

In spite of a diversity of alteration features it can be pro-
posed that the Rehoboth crust formed during the early Pro-
terozoic between 1.8 Ga and 2.6 Ga by the separation of
material from a source in the depleted mantle and by sub-
sequent reworking of this material with the possible addi-
tion of new source material. Therefore it must be assumed
that the Rehoboth Basement Inlier is part of an accretion-
ary belt coeval with the younger events of the Limpopo
Province connecting the Archaean nucleii of the Kalahari
craton of South Africa and Zimbabwe. The comparison of
the results of this study with Sm-Nd data for the Damara
Orogen of other workers (McDermott, 1986; Hawkesworth
et al., 1983) strongly suggests that the Damara Orogen is
primarily composed of crustal material derived from sourc-
es which formed contemporaneously with the Rehoboth
Basement Inlier, but it also shows that crustal material

74



12.2 AGE DETERMINATIONS

older than the material of the Rehoboth Basement Inlier pos-
sibly existed in the area of the Damara Orogen.

12.2.2 U-Pb dating

A total of 19 zircon fractions from II samples of the Piks-
teel, Borodino and Opetjie plutons of the Piksteel Intrusive
Suite and two rhyolite dykes crosscutting the Marienhof
Formation, were analysed by the U-Pb method during the
course of this study. All the analysed zircon fractions are
characterised by loss of between 10% and more than 60%
radiogenic lead. This indicates the occurrence of post-forma-
tion processes capable of affecting the analysed zircons. The
zircon fractions of the rhyolite dykes showed a discordant
age of 110 Ma =+ 7 Ma which probably represents the age of
intrusion of the analysed dykes crosscutting the Marienhof
Formation, and which thus indicates that these dykes prob-
ably belong to the Gamsberg-related magmatism of the Re-
hoboth area.

The Discordias which were calculated through the zircon
data of the analysed plutons of the Piksteel Intrusive Suite
yielded minimum ages of 1786 Ma + 11 Ma for the Opetjie
pluton, 1506 Ma + 69 Ma for the Piksteel pluton and 1369
Ma + 8 Ma for the Borodino pluton. The minimum age of the
Opetjie pluton which intrudes the Elim Formation thus gives
a good minimum age for the Elim and older Formations of
the Rehoboth Basement Inlier. Moreover, such a minimum
can also be assumed for the members of the Rehoboth Se-
quence, which is intruded by several members of the Piksteel
Intrusive Suite. This Opetjic minimum age of approximately
1800 Ma also served as a lower limit for the considerations
based on Sm-Nd dating (see above). The highly discordant
minimum ages of the Piksteel and Borodino plutons of 1506
Ma and 1369 Ma respectively, in our view, do not represent
more than minimum ages reflecting a severe loss of lead
from the analysed zircons. Nonetheless these ages clearly
separate the members of the Piksteel Intrusive Suite from the
members of the Gamsberg Granite Suite which intruded the
Rehoboth area between 1.0 Ga and 1.2 Ga ago.

12.2.3 Rb-Sr dating

Whole-rock Rb-Sr analyses were carried out on five bi-
otite schists, four amphibolites and two granitoids of the
Mooirivier Complex, six amphibolites and four granitoids of
the Neuhof Formation, 21 amphibolites and two marbles of
the Elim Formation, 21 granitoids of the Piksteel Intrusive
Suite, seven Nueckopf volcanics, two acid rhyolitic dykes
and five basic dykes.

It has been shown that the southern part of the Mooirivi-
er Complex was intruded by late Mokolian granites with a
“Gamsberg” age of 1100 Ma, which were able to reset and
homogenise the whole-rock Rb-Sr systems of the analysed
specimens. The Rb-Sr systems of the analysed specimens
from the Spreetshoogte Pass area in the northern outcrop
area of the Mooirivier Complex were affected even after the
intrusion of late Mokolian Gamsberg-type granites by proc-
esses probably related to the Damara orogeny. This can be

shown by a small-scale reference line yielding an age of 634
Ma.

The analyses of the Neuhof samples showed an age pat-
tern which is similar to that of the Mooirivier Complex. The
southern outcrops of the Neuhof Formation were also in-
truded by Mokolian Gamsberg-type granitoids which were
capable of resetting the whole-rock Rb-Sr systems of the
analysed amphibolites and granitoids to an age of about 1167
Ma + 9 Ma. The samples from the northern outcrops of the
Neuhof Formation yielded a scatter of data corresponding to
reference lines of 1122 Ma and 2569 Ma. The younger refer-
ence line might be related to the intrusion of late Mokolian
Gamsberg-type granitoids in the area, while the older line,
whose age exceeds the Sm-Nd crustal age of the Neuhof
Formation (see above), certainly represents alteration proc-
esses affecting the analysed Rb-Sr systems.

None of the analysed sets of amphibolitic and green-
schist samples from various localities of the Elim Formation
showed satisfying results in terms of Rb-Sr isochrons. The
obtained ages for reference lines calculated through vari-
ous sections of the analysed sets of samples range between
396 Ma and 1174 Ma and thus indicate the occurrence of
post-Gamsberg, and at least partly, post-Damaran altera-
tion processes affecting the Rb-Sr systems of the analysed
specimens. The samples from the farm Naub plot well on a
reference line corresponding to an age of 1788 Ma with an
intercept at ¥Sr/*Sr = 0.7022 calculated through the data of
the Naub diorite intruding the Elim Formation on the same
farm (with a Rb-Sr age of 1725 Ma + 74 Ma; Reid et al.,
1988), and through the samples collected during this study.
This confirms to the minimum age of the Elim Formation at
approximately 1780 Ma as deduced from the U-Pb analyses
of the Opetjie pluton, and it also shows that homogenisation
between rocks of the Elim Formation and the intruding Naub
diorite has conceivably taken place.

Rb-Sr dating of several plutons of the Piksteel Intrusive
Suite has shown reference ages of 1298 Ma and 1057 Ma for
the Piksteel-type locality, 1 1M Ma and 878 Ma for the Opetjie
pluton and 1489 Ma for the Borodino pluton. All these refer-
ence ages are well below the assumed minimum age for the
members of the Piksteel Intrusive Suite of about 1.8 Ga, and
thus clearly indicate the occurrence of rejuvenation proc-
esses affecting these granitoids. The obtained reference ages
might be explained by the occurrence of Gamsberg-related
alteration and homogenisation processes while those of the
Opetjie pluton also indicate a later phase of alteration which
could possibly be related to the Damara orogeny. The refer-
ence age of the Borodino pluton of 1489 Ma, higher than the
U-Pb zircon age of 1369 Ma of the same samples, probably
reflects a partial reset of the analysed Rb-Sr system of this
pluton, in combination with a steepening of its isochron due
to alteration processes taking place after 1369 Ma.

The analyses of seven Nueckopf rhyolites yielded a refer-
ence age of 948 Ma + 25 Ma, which might very well repre-
sent the formation age of these volcanics which partly over-
lie members of the Gamsberg Granite Suite and thus could
not be affected by Gamsberg-related alteration. A two-point
isochron calculated through the data of two rhyolitic dykes
crosscutting the Marienhof Formation yielded an age of
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813 Ma with an intercept at a high ¥Sr/*Sr ratio of 0.717.
This age, which is in conflict with the U-Pb age of the sam-
ples of 1210 Ma and the comparatively high initial ratio,
indicates that the Rb-Sr system of these two samples must
have been disturbed after their formation.

The analyses of 5 basic dykes crosscutting the whole se-
quence of the Rehoboth Basement Inlier yielded a refer-
ence age of 821 Ma + 33 Ma for four of the five specimens.
This age probably represents late-to post-Mokolian dilata-
tional tectonic processes related to the early rifting stages
of the Damara system.

12.2.4 K-Ar dating

K-Ar age determinations were carried out on five biotite
separates from samples of the Mooirivier Complex collect-
ed in the Spreetshoogte Pass area, two biotite separates and
nine muscovite/sericite separates from various outcrops of
the Elim Formation, one biotite and 11 white mica/phyllite
concentrates and seven phyllite whole-rock aliquots from
samples collected within outcrops of the Marienhof For-
mation, five white mica separates from the Billstein For-
mation, six biotite concentrates of members of the Piksteel
Intrusive Suite and five whole-rock aliquots of basic dykes
crosscutting the Rehoboth Basement Inlier.

The obtained results have shown that formation ages are
no longer recorded by the analysed K-Ar systems and that
some radiogenic argon was lost from most of the separates
due, to alteration processes occurring after the closure of
the K-Ar systems. Nonetheless, this method has proved to
be very successful in analysing the younger history of the
Rehoboth Basement Inlier.

The analyses of the Marienhof and Billstein samples,
which were collected in the northern central part of the
Rehoboth Basement Inlier and along the central section of
the Areb shear zone, all yielded individual apparent ages
between 490 Ma and 529 Ma, thus indicating that the K-Ar
systems of biotites and white micas of the northern part of
the Rehoboth Basement Inlier were reset by the Damara
orogeny. The biotite separates of the Mooirivier samples,
which were collected in the vicinity of the western branch
of the Areb shear zone in the Spreetshoogte Pass area,
yielded ages ranging between 404 Ma and 545 Ma, thus
indicating Damaran as well as post-Damaran alteration
processes affected the analysed biotites. Samples collected
further towards the east yielded higher ages compared to
those collected further west. This might indicate alteration
processes influenced by the opening of the South Atlantic.
The apparent individual ages of biotites and white micas of
Elim samples collected on the farm Areb, in the central part
ofthe Areb shear zone, yielded individual apparent ages be-
tween 315 Ma and 397 Ma, while individual ages between
728 Ma and 782 Ma were observed for white mica concen-
trates collected a few hundred metres away from the shear
zone. This indicates that the Areb shear zone must have
been active after the Damara orogeny until at least 315 Ma
ago, and that these activities were restricted to the vicinity
of the shear zone, as the ages of the white micas collected
further away were not completely reset by the Damara

orogeny. A decrease of the influence of the Damara orogeny
could also be shown with the analyses of biotite separates
from Piksteel granitoids which yielded ages between 647 Ma
and 955 Ma, thus showing that post-Gamsberg rejuvenation
processes must have occurred, probably in connection with
the Damara orogeny, and at the same time indicating that
the Damaran-related metamorphism did not reach the biotite
K-Ar reset temperature of 300°C further south than 23°55°S.
This in turn indicates that Damaran K-Ar ages of 478 Ma to
547 Ma, which are reported for the Namib Naukluf Nappe
Complex to the south of the Rehoboth Basement Inlier by
Ahrendt et al. (1977) must represent transported ages. The
whole-rock K-Ar dating of the basic dykes did not show re-
sults which are consistent with the know ledge of the geol-
ogy of the area, due to the occurrence of argon exchange
processes such as loss and/or inheritance of argon of the ana-
lysed K-Ar systems.

12.3 DISCUSSION OF THE SIGNIFICANCE AND
LIMITATIONS OF THE APPLIED ISOTOPIC
DATING TECHNIQUES

With the exception of Seifert (1986), who was working in a
limited area, all the earlier workers who carried out radiomet-
ric age determinations in the Rehoboth area, such as Clifford
(1967), Burger et al. (1973, 1973-74,1975-76 aand b, 1977-
78 and 1980), Ahrendt et al. (1977) and Reid et al. (1988),
used only one method of dating for their respective studies
on relatively isolated areas within the Rehoboth Basement
Inlier. This prevented the recognition of the continuity of the
multitude of tectonic stages affecting the Rehoboth area, but
nonetheless led to the construction of a general framework
for the geological history of the Rehoboth Inlier. During this
study, more age determinations were carried out than had
previously been done. The application of various methods
of dating and geochemical investigations on the same rock
samples now enables us to provide a better insight into the
history of the Rehoboth Basement Inlier.

The combination of Sm- Nd and REE studies on various
granitoids and amphibolites has shown that the respective
systems have been relatively unaffected by the observed hy-
drothermal and up to low-grade metamorphic alteration of
the analysed specimens. The Sm-Nd method of dating was
thus capable of providing the oldest ages obtained during this
study. These first Sm- Nd ages of the Rehoboth area are con-
sidered to represent formation ages for the Rehoboth crust.
The use of the U-Pb method of dating on zircon populations
of members of the Piksteel Intrusive Suite has shown that
the late-Mokolian intrusion of the Gamsberg Granite Suite
and the Damara orogeny led to a severe loss of lead from
the analysed zircons. As the zircon populations of rhyolitic
dykes assigned to the Gamsberg Granite Suite and crosscut-
ting the Marienhof Formation have preserved a “Gamsberg
age” of 1210 Ma, it can be assumed that the alteration proc-
esses leading to the observed lead loss from the zircons of
samples of the Piksteel Intrusive Suite occurred in relation to
the intrusion of the Gamsberg Granite Suite, which also led
to the occurrence of a major hydrothermal alteration phase
in the Rehoboth Basement Inlier. The existence of such a
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hydrothermal alteration phase in relation to the intrusion
of the Gamsberg Granite Suite can be deduced from thin-
section investigations showing, for example, saussuritisa-
tion of plagioclase and partial chloritisation of biotite of
pre-Gamsberg lithologies throughout the Rehoboth Base-
ment Inlier, as is also shown by the Rb-Sr results of this
study. None of the pre-Gamsberg formations was datable
by the Rb-Sr method. Almost all the attempts at dating
pre-Gamsberg amphibolitic to granitoid lithologies by the
Rb-Sr method resulted either in “Gamsberg ages” ranging
between 1000 and 1250 Ma, or in ages ranging between the
age of the Gamsberg intrusive cycle and the assumed age
of the Piksteel Intrusive Suite. The fact that the Gamsberg
plutons themselves and the younger basic dykes are datable
by the Rb-Sr method (Seifert, 1986; Reid, 1988; this study)
shows that the Rb-Sr whole-rock systems of the rocks of
Rehoboth Basement Inlier were virtually unaffected in
post-Gamsberg times, although further alteration processes
must have affected the entire area as is shown by the K-Ar
data of this study. The K-Ar method of dating was a good
tool to investigate the influence of the Damara orogeny on
the Rehoboth Basement Inlier as it showed a complete re-
setting of the K-Ar systems of biotite and white micas in
the northern part of the inlier, while in the southern part
of the inlier only a rejuvenation of the K-Ar systems was
detectable, thus indicating a decreasing influence of the
pan-African Damara orogeny towards the south. A rejuve-
nation of the K-Ar ages of biotites and white mica/sericite
to values below 400 Ma could be observed along zones of
major tectonic lineaments, thus indicating tectonic activ-
ity in the area after the end of the Damara orogeny. It can
be concluded that the K-Ar systems of biotites and white
micas were much more sensitive to the alteration processes
occur-ring in the Rehoboth Basement Inlier compared to
whole-rock Rb-Sr systems and to U-Pb zircon systems,
which were affected by post-formation alteration proc-
esses in relation to the Gamsberg magmatism but which
have not, in any of the investigated areas, been reset by the
Damara orogeny. The whole-rock Sm-Nd systems of the
analysed specimens therefore represent the only isotopic
systems which remained virtually closed to the multitude
of alteration processes occurring in the Rehoboth area.

12.4 SHORT SUMMARY OF THE
GEOLOGICAL HISTORY OF THE REHOBOTH
BASEMENT INLIER

(BASED ON THE RESULTS OF THIS STUDY)
A combination of the results of the Sm-Nd and U-Pb anal-

yses has shown that the major part of the Rehoboth crust
must have formed during the early Proterozoic between 2.6

and 1.8 Ga as an accretionary belt extending the Archaean
nucleii of the Kalahari craton in a northwesterly direction, as
an equivalent of the younger parts of the South African and
Zimbabwean Limpopo Province. During the early stages
of this crustal evolution, the freshly formed crust must also
have been readily reworked by various stages of erosional,
metamorphic and anatectic processes, in order to be present
today as a metamorphosed volcano sedimentary sequence,
including the lithologies from the Mooirivier Complex at
its base to the Billstein Formation at its top. This theory of
an early reworking of the originally formed crust is sup-
ported by the occurrence of granitic pebbles and boulders
in various formations of the Rehoboth Sequence. The ma-
jority of the formations from the Mooirivier Complex to
the Billstein Formation originally had similar lithological
compositions, thus casting doubt on the present stratigraph-
ic classification according to SACS (1980), which is pri-
marily based on tectonic and metamorphic considerations.
During the Eburnian orogeny, between about 2.0 Ga and
1.8 Ga, the Rehoboth area was intruded by the calc-alkaline
members of the Weener and Piksteel Intrusive Suites, most
likely generated in a collisional tectonic environment. At
about 1.4 Ga, the Alberta Mafic Complex and related intru-
sives were emplaced in the northern parts of the Rehoboth
Basement Inlier. This was followed, between 1.25 and 1.0
Ga, by the intrusion of the members of the Gamsberg Gran-
ite Suite and related rhyolitic dykes, whose related hydro-
thermal activities led to the strong alteration of most of the
intruded rock sequence. At about 950 Ma the final stages of
the Gamsberg magmatism led to the extrusion of the high
potassium rhyolites of the Nueckopf Formation. About 130
Ma later, at approximately 820 Ma, the whole area of the
Rehoboth Basement Inlier was then intruded by swarms of
basic dykes in a diverging tectonic regime parallelling the
direction of the Areb shear zone.

The compressional phase of the Damara orogeny to the
north of the Rehoboth Basement Inlier led to metamorphic
conditions (300°C) in the northern part of the inlier capa-
ble of resetting the K-Ar systems of biotites and white mi-
cas, while south of 23°55/S they were not strong enough
to completely reset the K-Ar systems of biotites. The Re-
hoboth Basement Inlier must therefore have been overrid-
den by nappes of the Damara Orogen as may be deduced
from the Damaran ages of micas from the Namib Naukluft
Nappe Complex. After the Damara orogeny the Rehoboth
Inlier was affected by the break-up of Gondwana, resulting
in the opening of the South Atlantic and the reactivation of
the Areb shear zone, as evidenced by the partial rejuvena-
tion of biotite and white mica separates from samples of
the Mooirivier Complex and the Elim Formation collected
along the Areb shear zone, which currently yield apparent
ages of 315 Ma to 427 Ma.
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APPENDIX
ANALYTICAL TECHNIQUES

1. SAMPLE PREPARATION

Crushing of all the samples was camied out in Windhock by means of a jaw crusher. Grinding, sieving. splitting,
separation by Wilfley table and separation by heavy liquids was done at the laboratory of the Geological Survey in Windhoek
as well as at the University of Berne. Thin sections of all the whole-rock samples collected for age determinations were
produced by technicians of the Geological Survey, while the thin sections of the geochemisiry samples were produced by
Mr Huber at the University of Berne. Final mineral separation using sieves, a dry shaking table, Atterberg cylinders, a
buoyancy tube, a Frantz magnetic separator, various other magnetic separators and heavy liquids, was camied out in Bene.,
All the whole-rock aliguots were ground in Beme for at least 18 hours under alcohol in a Retsch agate mill afier they were
ground for several seconds in a tungsten carbide mill, Powder and glass pills of all the geochemistry samples were produced
in Berne for the analyses of trace and major elements by X-ray fluorescence spectrometry from an aliquot of the samples
which was ground for several minutes in a tungsten carbide mill. An aliquot of the geochemistry split of every whole-rock
sample was also used for the characterisation of the modal composition of the specimens by X-ray diffractometry on various
Philips X-ray diffractometers.

1. WHOLE-ROCK ANALYSES

Ten major and 21 trace elements in whole-rock aliquots were determined on Philips PW 1400 and PW 450 X-ray
fluorescence spectrometers at the University of Fribourg and at the Eidgencessische Landwinschafiliche Forschungsanstalt
Licbefeld in Bemne, Switzerand, respectively. Loss on ignition was determined by heating of an aliquot of each sample for
two hours at 1150°C.

An estimate of the analytical error (which depends on the clement species) on the X-ray fluorescence data is as follows:
S04 0.5 wi%, 10+ 0.2 wt%, | £0.05 wi, 1000 ppm + 5 5, 100 ppm £ 20% and 10 ppm £ 50%.

Dietection limits in ppm for the analysed trace elements are: Nb 11, Zr23, ¥ 5, 5r 16, Rb 14, Th 13, Pb 16, Ga 5. Zn 18,
Cu9, Ni12,Col Cr26, V26, Ced6, Nd 26, Ba40, La 44, 5¢ 7, U 31, 8 216. (Ediror: High detection limits attributed 10
statistical methods of Reusser, 1987).

For the analysis of the Rare Earth Element (La, Ce, Nd, Sm, Eu, Th, ¥band Ta) and Hf concentrations of various selected
samples a pulverised aliquot of each sample was irradiated with thermal neutrons in the SAPHIR research reactor of the
Paul Scherrer Institute in Wuerenlingen, Switzerland, for 5 1o 15 hours. The REE concentrations were then subsequently
determined by the measurement of the gamma-ray emission of the activated elements in question by the use of Ge (Li)
semiconductor diodes by Dr 1. Kraehenbuehl of the Laboratory for Radiochemistry of the Institute for Anorganic, Analytic
and Physicalic Chemistry of the University of Berne, Switzerland.

2.1 K-AR METHOD

An aliquot of each sample was dissolved in a mixture of hydrofluoric and perchloric acid before it was diluted in 0.1 n
hydrochloric acid for the determination of its potassium conlent, subsequently determined twice on an Ingold
flame-photometer with a reproducibility of £ 1%. In the case of the whole-rack analyses of five basic dykes (see Chapter
8), the K contents were determined on an “lon Instruments” solid source thermanisation mass spectrometer by the isotope
dilution method (according to Jaeger, 1979) using a 'K spike. The argon of all the K-Ar samples was extracted and purified
from another (undissolved) aliguot of each sample in a Pyrex line constructed by M. Flisch (1982, 19861 before it was
analysed by the isotope dilution method according to Kirsten (1966) and Dalrymple and Lanphere (1969 ona VG MM1200
vacuum mass spectrometer operated in static mode. Highly enriched M Ar (Schumacher, 1975) served as spike for the
calibration of the measurements. Mass discrimination, air comection and blank correction were calculated on a PDP11
system programmed by B. Siegenthaler. The following constants were used for the calculation of the K-Ar resulis:

Potassium: AYK = 5,543 * 1071% Viotal K decay constant)
%K= 0,581 # 107 '%3 (YK >*Ca decay constant)
{Steiger and Jacger, 1977)
Isotopic ratios:  KA'K = 13.8567
O ATK = 0001734
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Argon; AL Arumosphere = 295.5
3 AT/ Araimosphere = 0.1869
(Steiger and Jaeger, 1977)

2.2 RB-SR METHOD

The analyses of Rb and Sr followed the method of Jaeger (1979). Aliguots of about 0.4 grams of all the whole-rock
samples were dissolved in a mixiure of hydrofluoric and perchloric acid before they were diluted in 2.5 n hydrochloric acid.
Highly pure ™Sr and ¥'Rb spike was then added 10 a portion of these dissolved whole-rock aliquots. Srwas subsequently
separated from the other elements by the use of cation exchange columns. The obtained elemental Sr was then loaded on
single Ta-filamenis with nitric acid before it was measured on @ VG-Sector thermal jonisation mass spectrometer,
Fractionation corrections and concentrations of Sr were calculated on line with an [BM XT personal compuier,

After loading with sulphuric acid on triple Ta-Re-Ta-filaments Rb was measured directly on an lon Instruments AVCO
solid source mass spectrometer controlled by a PDPL] computer.

Only the two sigma errors of the individual measurements on the determinations of the *’Sr/%Sr ratios are listed in the
tabular listing of the results and a total error of £ 0.01% of the obtained values must be assumed for these ratios, The oblained
8TRbM0Sr ratios have an estimated total error of + 1%.

The following constants were used for data reduction and the calculation of ages:

Rubidium: AFRb = 1,42 * 107" 2 " (Steiger and Jaeger, 1977)
SIRBATRD = 2.59265

Strontivm: BogrM8gr = 01194
g8 = .056584

Uniform Reservoir (UR): *7St/™Sr0, = 0,7045
TR by™0G ey = 0.0827
(De Paolo, 1988)

HET."%Sraqﬂ = S?Sr.r'%ﬂmm - H?RWST;{HF{EJ‘S’“T- 1)
(% denotes sample, CHUR or DM; T denotes any time in the past - see also Sm-Nd method).

23 U-PB METHOD

Dr L. Schaltegger kindly introduced us to the U-Pb technique of dating.

Approximately 1 to 5 r%ul'hand-pickcd zircons were washed in nitric and hydrochloric acid before they were directly
spiked with a highly pure *“Pb% U mixed spike, They were then dissolved in PTFE-bombs according to the method of
Krogh at a temperature of approximately 215 °C. Element separation was carmied out following the procedure of Krogh
(1973 using several ion exchange columns, In a second batch of samples, lead was purified using a rechnigue based on
HBr-chemistry. Elemental Pb was loaded with phosphoric acid and silica gel on single Re filaments while elemental U was
loaded with HNO3 (2% ) and silica gel on mriple Re-filaments. Both U and Ph were then measured on a VG Sector thermal
ionisation mass specirometer. The obtained data were then processed by the use of a computer programme written in
collaboration with Dr Schaltegger during this study.

The following constants and commaon-Pb ratios afer the two-stage model of Stacey and Kramers { 1975) were used for
the U-Pb calculations:

Uranium: AU =0,155125 * 107%!
AP0 = 0.98485 * 107!
(Steiger and Jaeger, 1977)
2BUASY = 1/137.88

Lead: Common Pb ratios after Stacey and Kramers (1973)

for t = 1210 Ma {acid volcanics)
206pp2M4ph = 16,692
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PR = 15,466
W8ppy2Mph = 36,358

for 1 = 1370 Ma (Boradine pluton)
26phy X Mph = 16.396

207 phy206ph = 15.427
208pp2Mph = 36.047

for 1= 1510 Ma (Piksieel pluion)
Woppy2Mph = 16.132

207 ppy206pp = 15.386
W8py2Mpp = 35,773

for t = 1780 Ma (Opetjic pluton)
W0ppy2Hph = 15,605
WTpp2%ph = 15,291
W8ppyXMpp = 35,239

Six Pb-analyses of the NBS 983 isotopic standard yielded the following isotope ratios and one sigma analytical errors:

Woph2Hph . 27105+ 28.6
WTpp2MHph ;192,99 +1.92
MephAMph . 32064022
Wph2%ph . 007121 +0.00007

Four U-analyses of the U900 isotopic standard vielded a 2 U2 U ratio of 10,384 + 0,008,
The double determination of the Nam-1 zircon showed a reproducibility of 0.65% for the “™Phy>**U ratios and 0.3%
for the 27Pb/2 U ratios of 0,3%,

24 SM-ND METHGOD

The adaptation and set-up of the Sm-Nd method at the KAW Laboratory in Beme in coflaboration with Dr M. Flisch
and 0. Krebs formed an important pan of this study. The method used in Beme follows the classical "alpha-HIBA”™
technique. [t is presently undergoing refinement and improvement at our laboratory.

Whole-rock aliquots of a weight of (0.4 to 3 grams ground to a very fine grain size, were dissolved in open crucibles in
a 20:1 mixture of hydrofluoric and perchloric acid before being diluted in 2.5 n hydrochlone acid. A mixed spike composed
of "%m and "**Nd was then added to an aliquot of the resulting solution for the determination of the Sm and Nd
concentrations, while another aliquot remained unspiked for the precise determination of the Nd isotopic ratios. The REEs
wene subseguently separated from both aliguots by cation exchange columns operated with 2.5 nomal and 6 normal
hydrochloric acid. Sm and Nd were isolated by a second cation exchange column operated with alpha-hydroxiisobutyrc
acid (alpha-HIBA). Elementary Sm and Nd were loaded on single and triple Re filaments respectively. before they were
measured on a VG-Sector thermal ionisation mass spectrometer. The concentrations of Sm and Nd were determined using
five static collectors while the isotopic compaosition of Nd was determined by dynamic measurements of the various masses
on five collectors. The "“Nd/"™¥Nd ratios were comected for fractionation to '*Nd/'**Nd = 0.72190 before they were
renormalised to "*2Nd/"™Nd = 1.141827.

The mean "*Nd/'*Nd ratio of eight measurements of the international La Jolla Nd isotopic standard normalised 1o
HONA/ NG = 0.72190 was 0511839, Several of the samples were determined twice in order o st reproducibility. In
such cases the better of the two resulis was included in the text. The resulis discussed in Chapier |2 represent all the analysed
specimens, i.e. none of the obtained sample points was omitted.

All the results obtained were caleulated using a computer programme written denng this stedy by Ul Ziegler. The
following constants and formulae were used for all calculations:

Samarium;: A78m: 6.54 * 107 %!
1995 my 75m = 0.92160
1305my1475m = 0.49213
(Wasserburg er al., 1981)
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Neodymium: 1 MING/ NG = 1.141827
SNG/1 NG = 0,348417
146Ng/ N d = 0.721900
{Wasserburg er al., 1981)

Chondritic mantle (CHUR): 14TSmy' ¥ Nd g, = 0.1967
3N/ HNd gy = 0.51264
{De Paolo, 1988)

Depleted mantle (DM): 1978 m " Nd gy = 0.2136
199N/ 1 M Ndgy = 0.51315
{De Paolo, 1988)

(3NN N ampieior = PN\ Nderuri)
(147 5m \]ﬂmdmmrrlﬂll ~ 147 5m \J“Hdc'ﬁum_ﬂ}}

Towor = ;_Sm* In {1+

Id_"lNd\'.IM _ 143 lﬂ#hrd
A (2 Sm N Nelsample oy = "™ Sm N Ndpagioy)

("475m \"*Nedampieq0) — '*"Sm N “Ndcyurio)

Bsm\nd = N —

("ONd\' S Ndyery) = (NN Ny - T Sm N # (25T - 1)

(X denotes sample, CHUR or DM; T = any time T in the past: T = (0) = today)

Epsilon Nd and Epsilon Srare derivations in pans per 10* from chondritic Nd and Sr, respectively, at the ime T (Epsilon
MNdqy = Epsilon Nd today ).

3. DATA PROCESSING

The VG MM 1200 vacuum mass spectrometer and the lon Instruments solid source mass spectrometer are controlled
by a FDPI1 computer programmed by K. Siegenthaler while the measurements on the VG Sector mass spectromeler are
controlled by an [BM XT personal computer using a software package of VG lsotopes UK Lid. All duta evaluation
programmes used during this study, either written or adapied by the authors, perform on an Oliveni M24 SP personal
computer. Linear regressions were calculated according to York (1969) with no correlation of errors, and equal weighing
of all data points. In order to determine the precision of the obtzined slope and intercept values of the best-fit lines according
to the method of York (1969), some of the Rb-Sr and Sm-Nd datasets were tested by the bootstrap method of Diaconis and
Efron (1983) using a computer programme of Kalsheek and Hansen (1986 which was modified by the authors, The term
“reference line” used in this text refers 1o a line fitted through the obtained data sets by the statistical methods discussed
above with the consequence that error estimates are attributed to the resulting reference ages and intercepts. Constants used
are those of Steiger and Jacger (1977) and of Wasserburg er af. (1981) (see above). The Lotus Symphony and Microsoft
Word programmes were utilised for data management and word processing, respectively,
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Gamsberg Granite Suite,
{No data recorded where
concentration of trace
element is below detection
limit)

Detection limits:

Nbll Zr23 Y5 Srl6
U3l Ebi4 Thi3 Pb 16
Gad Zn I8 Cu® Nii12
Cold Cr26 V26 Ce df
MNd 26 Badd Ladd Sc7
5216

87



APPENDIX : TABLES

=1 & ] 5 =1 [+ [+3} =4 =] 1] [+
Grapwaber  dpbwiass  Apkwhams  dskitass  deidems  lonces Braktos  echar lmis Gorgmecth Mosgmanth
Table 1 BT A T D EPwNCE WOVEHCE BT TN DPMONRE IMRCHCT IPWIS
I.Eﬂﬂtll'lliﬂﬂ T NI ST AT 1Y ST JESEITE T R Il RECE Wt
L] . n.n n.I wu .5 el Te.24 LN Lo BB
L] ik (%] oLm LX) LR %] 0K o on (X
ne jr AT nn [P ] 1154 134§ . nw 131 nw L]
15 LI LK 1.5 (¥ L4 Lk ] na (] F]
(1] T (X1 0. am 0. 0.8 L] LK -] 0.
" L% (K] oy (3] (X1 0.5 L] 0.3 (B LR
158 L8] L5 L3 L] 1.4 L B3 1.4 o LX)
14 L ] LE 1.4 L o 13 (5] LN im
Sl 5 M e 5.4 L] ] e (] L5 1M
(8] a0k a0 - 8.t 0.1 .08 LT ] oA (-] o.t¢
(%] (2] (X i o 4.4 (W (X (XH [ %] (R
LN L X . - [ ] .0 w4k Sk i wn L
1] u i "
-1 ua 1 h13] i1 ] 1 (1] L] fo] 1]
A &5 Hi i H # 1 L] 15 o
an 1 i} 1M &l 1% ) H W ] L3
(] ] ] -] 154 o] ] L L 155
5] n n k]
u » ] 1 2] it} =
1] L] [} 1 (4] " i m n i I*
4] &1 n n ] L] n [
4] n u1
i L u o) k] m m L] <] 24 1
n W n "
= i 141 18 5] 1%
E1] 1 # n nw
1] H £ -] 2] 5 = m ] 18] 1m
- 115 b ] [ ] [ ]
1 1 T w
i H- |28 iR ] L} et ] 184 ity sE @ e
oE m =, -} -+ 1 =] = M ar 211

marpershh Beirin Caanki Skl Blberta Nesiigress  Risoess Epactun Gomllachsy Coslinches  lolchis

ITWNTE DN IENYE DNNIET NTITWT AR DTS LTS RIS IPMOECE et
WAOWT WITMTE 6T 1R WM WO DECETT IR e A CE WO

& Bl 5 M ne% M e i 5.0 8T B
0.8 M [¥] .80 0. en %] o a0 084 aat
TR} 148 ns %] 1T 1w 151 (Y] [HEC] [EN -] FEE]
[ LM (K] 18 (] (K] in LR Lo LIk LIl
0.0 0.od ¥ ] 0.m 0. LT] X 0.8 m 0.0 wm
1T 1.8 B 0. [N [ & BN L3 LE- ] 1o a7
Lo LY oM n] [X] 15 (%] LB 1] (3] ER ] (8]
ER] L L (R ] 1.5 1 %] LI 1 1% im
18T Lu W .l 1] (&1 (K] [B1] 5.0 LX) im
0. (BT X [ 5] 0.0 o X ] o o T (A7)
1.0t 1.% o 1.4 0.83 o U on v o T
N w.E na Wm " Wi LR LB H WM. WAl i
¥ 18 1% % 13
ol L1} im i m ] I 0 H L] HH o]
[ 1 ] n bl b ] L] i 1T L] "
[ [ LIS nn j1] ] 14k 1] 16k 157]
- 1] [17] It I 1l L] -] s 152 ]
i1 %
] 1 n n
L] 1 It 1] o 5 18 1] ] L] I8
] E 11 5l b 2] -1} k] ] »
n ™ W i 188 0] 57 H] ] o 1]
o i L] u ™
1w n 1 n (5] k2] L] it ]
o ] i Ll
n% 17 LT ] un m ur n 134 w
1m 11 - b1 e [+ ]
L] ] 1 15 L]
i nn f] T i3] bR | 1828 B " i1 L]

88



APPENDIX : TABLES

Table 1
{continued)
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Table 2 (pages 90 and
91): Major and trace
element analyses of the
Piksteel Intrusive Suite.

(Mo data recorded where
concentration of trace
element is below detection
limit)

Detection limits:
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Table 2
{continued)
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Table 3: Major and
trace element analyses of
the Weener Intrusive
Suite. {No data recorded
where concentration of
trace element is below
detection limit)

Detection Limits:
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Ce 46 Nd 26 Ba 40
Ladd Sc7 S216

Table 4: Analytical
results of 12 REE
amalyses tincleding Ta
and HIY of selected
Rehobimb granitoids,

Sum sum of the
analysed REE. nuios are
chondrite-normalised
{xee lexl for explanation)
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Table 6: tabulation of the K-Ar results obtained for the analysed Mooirivier biotites from the
Spreetshoogte Pass area. (Age corr. = Individual ages comected for the loss of " Argy determined
on the basis of the Harper diagram of Figure 5.7)
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L
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Table 7: Tabular listing of the Rb-5r results obtained for the analysed whole-rock samples
from the Mooirivier Complex
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Table 8: Tabular listing of the results of the mujor and trace element analyses of
amphibolitic and granitoid rocks from the Neuhof Formation. {No data recorded where
concentration of trace element is below detection limit)

Detection Limits:
Nbil Zr23 Y5 Sri6 U31 Rb 14 Th13 Pb 16 Ga5 Zn 18 Cu9 Nil2 Co3 Cr2e
W26 Cedb Nd26 Badl La#d Sc7 5216
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sample ™ 5 Bor®bsr o T TR Bb/Se
KW pos ppm 2 Sigma 2 Sigma

3050 2305 4823 0w 2 0.142 ! 0.040
3051 2B.55 40T _44 0. 70765 11 0. 160 2 0,055
3052 .67 43666 0.70680 2 0.07 i 0.024
3053 19 %03 070 ' 0.272 3 0.00
3054 031 M9.65  0.70069 ' 0,182 2 0.063
078 .07 A0S 073849 2 \.060 18 0.641
1077 250,68 16,36 1.53210 z 4044 a8 15,81
1078 163,22 M0 1.20922 2 41,79 a8 16.03
WTH 223.05 47.593 092614 5 1380 L] a4, 670
3060 40.11 331,52 n.71imz 2 0.¥50 3 0.1
3081 I8 WS 072687 2 1109 12 0.410

Table 9: Tabular listing of the Rb-Sr results obtained for the Neuhof Formation
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Table 10 (pages 95 and 96): Tabular listing of the results of the major and trace element analyses of the
Elim samples, {No data recorded where concentration of trace element is below detection limit)

Detection Limits:
Nbll Zr23 ¥5 Sr16 U3l Rbi4 Thi13 Poleé Gas5 Zn 18 Cu9 Ni12 Co3 Cr26 V26 Cedd
Nd26 Bad0 Ladd Sc7 5216
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Sample kb 5 Blor B e BonBhsr 4 Rb/Sr
KAW . pom pom 2 Siom ? Sigms

3050 2315 4873 0.70728 2 0.142 1 0.049
3051 .55 4B7.44 070765 1 0. 160 2 0.05%
3052 1067 436 .66 @, F0G0D L1 .07 1 0.029
3053 392 0.3 071009 ! 0.272 3 0.098
3054 .13 44069 070869 ! 0.182 2 0.063
0% .07 4BS.14 071649 2 1,060 i 0641
3077 258,68 1636 1,53210 2 1948 49 15.81
2078 46322 Mmoo 121922 2 18.79 1 16.03
1073 223,05 7.3 0.9%614 5 1300 i 4,670
3000 40,11 W.ee 0.2 2 0.350 3 0.121
1081 ML M5.72 0.72687 2 1109 12 0.410

Table 9: Tabular listing of the Rb-Sr results obtained for the Neuhof Formation
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Table 10 (pages 95 and 96): Tabular listing of the results of the major and trace element analyses of the
Elim samples. (No data recorded where concentration of trace element is below detection limit)

Detection Limits:
Noll Zr23 Y5 Sr16 U3l Rpi4 Th13 Phl6 Gas Zn 18 Cu9 Mi12 Co3 Cr26 V26 Cedb

MNd26 Ba40 Lad44 5c7 5216
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Table 10A: Niggli values of the analysed specimens from the Elim Formation

il 40 40 %
Zample ul‘. ﬁr”u ""‘rad Ar . Ao Error
KA sty w0t : 0" Pmally  Ma Ma
014 Huscovite 23.4307 1,069 99.73 0. 1825 1062.3 106
60=135 mesh

3015 Mukcovike 2559678 2.15% 977 01708 10538 10.5
B-270 mash

3096 Muscovite 25,9670 2.405 60 0.3316 1142.3 1.4
3007 Muscovite 25,6484 2647 99,65 o.3175 12295 12.3
60-325 mesh

47 Diotite 21,4906 1.405 19, 56 0.209% B74.a 0.7
> 100 mosh

3066 Sericite 20,6250 0.4120 0, 64 0.05132 a7 13
3067 Bilotite 20,6250 0513 .38 I.07Ea A%, 5 4.3
ED-90 mash

3073 Muscovite 22 .5054 .27 LL 0.06631 7017 7.0
100- 180 mesh

374 Muscovite 19 6400 1.0805 .60 o.9217 763.5 1.9
103- 160 mezh .
0754 Huscovite 23,5000 1.228 9,45 0.2329 727.9 1.5
100-270 mash

307/5b Muscovite 23,5000 1.204 L3 0, 0ma T304 B2
10270 e zh

Table 11: Tabulation of the K-Ar results obtained for the analysed mineral separates of the Elim Formation
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in‘ #I:Ih 4 iﬂ""hd 1‘*!’ .nﬂnl'

Samplo _8 _;' _i T LG Errar
KA 107 Tmalfg L T T “107  maliy Ar He Ha
1055 wWhite Micas 22, 475544 0.783338 T7.73 0. 0Te0TE I0g3ka  H17.0 I
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Tahle 14;: Tabulation of K-Ar results obtained for the Billsy .0 Formation
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Table 15 (pages 92 and 100); Tabular listing of the major and trace element concentrations of
the analysed granitoids of the Piksieel Intrusive Suite, (Mo data recorded where concentration of
trace element is below detection limit)

Detection Limits:
Nbll Zr22 YS Srl6 U3l Rb14 ThiI3 Pb 16 GuS Zn 18 Cu9 Co3d Cr26 V26 Cedb
Nd 26 Bad40 Lad4 Sc7 5216
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Table 15 continued
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Table 15A: CIPW-normative mineral contents of the analysed Piksteel granitoids. CIPW-Norm
{recalculation of oxides to 100% volatile-free. Fe(n/Fe( according 1o Le Maitre { 1976))
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Sample mﬁ l“ljll-rr_ad l"':I.I".I‘rm=| aﬁ'ﬂ.r' e Errar
AN il 0fmie 1 10 misg  wa Ma
Boroding
3021 22 6546 1656 59,25 0.4239 954.7 8.5
Biotite
= 100 mesh
3023 20,7444 0. BED 09 .68 0.395% 6067 B6.8
Biotite
= 270 mesh
Opetjie
024 221706 0.9523 4B, 37 0.5363 Gi19.4 a.0
Blotite
> 100 mesh
Piksteal
3029 £2.9030 D. 1460 9922 03951 a6 .0 8.7
Biotite
= 160 mosh
3030 24.027% 1.634 w28 0. 2026 902.0 9.9
biotite
= 100 mesh
3032 20.0579 0, 9062 28.75 0. 3502 GG .6 6.5
Blotite
100-180 mash
Table 16: Results of the K-Ar analyses of the Piksteel biotite separates
Sampla &b 5 B, B6s, o= B gy BB - Rl /5r
L pon P 2 Sigma 2 Sigma
Boroding
3058 69,94 e 22 0.0 I 026 3 B.090
g 2.4 Bi2.28 o.marm ] 0,258 3 0.089
3020 B2 100907 0. 70632 i 0.196 2z 0.068
o 54 56 1051 .90 0. 70582 z 0.1518 2 0,052
a2z 166,42 133.84 0, 76305 i 3.617 E ] 1.243
3023 62.29 90910 0. 70655 2 0.198 2 0,065
un a7 .65 573.07 0. 965 i o241 2 0.0m3
Opatjie
3024 164,65 30414 0.73155 1 1.570 16 0.541
3025 175,56 219.50 0.735M 1 1.822 i 0.620
3026 71.80 756 .65 0.Mz08 30 0.275 3 0,095
3027 5016 wn 0.7176& | 0.700 7 0.242
028 131,30 5.1 0.M923 k| 0,853 9 0.795
1141 55 36 B19.64 0.70747 1 0.195 2 0.068
Piksteel
2% 6461 BS54 &1 a. e 2 o.219 2 0.0M
M 70.55 4314 0.70764 1" 0.120 1 0,095
k)] 68,29 .M 0.70883 5 0.265 3 [ 1]
Wz 58.M Tz g2 070788 i 0,242 2 0,084
033 58.33 E28.90 0.707%6 I 0. 268 3 0091
m T2.ma 584,24 0, 062 2 0.3 . ] o.174
N5 56,47 RE1.TT 0.70745 4 0.2 i 0.087
11 51.59 EE3. 75 070781 1 0,225 z p.ore

Table 17: Results of the Piksteel whole-rock Rb-Sr analyses
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Table 18: Tabular listing of the results of the U-Pb analyses of the Piksteel zircon

separates
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Table 19: Major and trace element concentration of the analysed rhyolitic samples from the Rehoboth
Basement Inlier. (No data recorded where concentration of trace element is below detection limit)

Detection Limits: Nb 11 Zr23 Sril6 U311 Rb 14 Th 13 Pb 16 Ga5 Nn 18 Cu9 Nil2 Co3
Cr26 V26 Cedb Nd26 Bad0 Lad Sc7 5216
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5

Sl BB e e e Y T B/ 5
KA prm P 7 Sigma 2 Sigea

o [ =] 74,80 0.75554 F .13 13 1.140
3041 .17 245,10 o.72108 1 0.416 4 0.143
ILG4 170.79 61.95 0.82721 2 8,440 B4 2,006
1LE5 177.89 35,47 0.91631 a 14000 140 5,005
66 100,16 120,34 075757 1 2.05% Fi 0.982
16T 163,44 0679 0. 76410 1 4.913 19 1.589
3168 181.74 0918 0. 70540 1 5.941 55 Z.030
1169 193.05 3 0.79303 1 6,092 G5 2,362
nm 152,01 14.2% 1. 14200 4z 32.273 123 10. 700

Table 20: Tabulation of the Rb-Sr results obtained for the analysed volcanics from the Nueckopf Formation
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Table 21: Tabulation of the U-Pb results obained for zircons from rhyolitic dykes crosscuiting the Manenhof
Formation  (see overleaf for Table 22)

40 k3

Sample 3 “'p.r“d lm'“rqd Ar fge Error
kAW v0fm01sg 107 %misn 1 210 Pmolfe Ma Ha
361 1.6201 0.1774 87,40 0, BES0 1290.3 0.0
362 2.2810 0. 08357 A1.88 0.6264 5408 6.7
ki) 0, 0B6E3 0, 1749 44,77 0.3273 1934.5 1.0
nrz 1.1324 006513 81,34 0.a401 i a8
N7 1,8A52 0,104 B87.20 05041 7. 7.1

Table 23: Tabular listing of the results of the whole-rock K-Ar analyses of the basic dykes

sample b sr 87, sy e Bt 3Bsr o- Rb/Sr
KAW pom e 2 Sigma 2 Signa

1161 32,30 178.73 0.71052 ? 0.535 5 0.185
3162 30.34 198,93 0.70937 ? .48t 4 0.133
R ] 9.7 171,49 070634 4 0,163 F 0047
nr 11.53 27402 0. 10552 1 0,122 1 0.042
3173 22.30 190.01 0.70689 1 0.340 3 0.117

Table 24: Tabular listing of the results of the Rb-Sr whole-rock snalyses of the basic dykes
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Sample Lt H sl BN [ELtIP LRGITY Sampla ERMHIE] DAOAZ EANIITO KNEIZ DAMDIT
Fomstiom =5 Eis L H s H Bil i A% wan wl
T r iR 1.4 1.5 L%
Fan Lnntare Lol Dorodion Mamskorabis Namskorabig ALz B M ISTE 1S40 165
Felll} 15 48 I s La
Coard, ik i L T LT Fed L nw L K o

T WD IR RCIOTT IR Wl ais 0.8 an [- B ] 0.8
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Ka] |- b 1.8 L7 . 141
nm 6.5 .51 wn .9 810 Lk} .55 0.8 = ] [ 0.3
Tm 1.7 im iar 1.0 0% ] [ B 03 =B & (-} 0.4
LN I6.m 1.8 15,80 5.5 8.1
F 1. 15.1 LN -] 13.78 .M
L] 0.14 0.5 an B o.e S HnA Lot o o W
] Al 5.7 1.08 1.m LR
=] 10.53 1000 1.1 1. L H
L1k 1.0 1.75 LTS LTS 1L.M @ [} ia 1 1.1¥ [ %4
L] 0.5 0.& 0.2 0.3 0.5 ar 30 .06 1.5% 2.1 Lla
5 i 0.5 el 0. oM ah 406 1517 MW 1505 1M
Lol 1. Im L H) 1] LR n EE e .y n: »ma
L2 -] ] -} 3 1]
le -] ] [} ] 1]
oL ] 160. & b 14 1.8 100 100.8% c -] ] -] 1 ] 1]
L L] L] 9 1] ]
ai R B B a3
divg En i B 1.5 .1
Trice alessnty In il dim L1 LE ] LAl m 5.
difs L5 a8 38 am 1]
L1} 1 L] .87 IT M KSa 5%
b | L] ] k] il lyen H.19 LG R . R 1 -
¥ 4 £ m b} 1 e 1.4 .M LN T ] T.48
=] 165 i <] 168 Wt " L] 1oy ] a ] o
L} alfn LW ] n o ]
1] 2 ] m olfa 1.13 /] o a ]
n L L3 1 (N | L] AT 1.8
4] L ] 1] o [} -]
= -] K] H n 1 il in L P 181 1.8
o L] 138 L] (k] n ap o.a =N} [ s ] 0.4 [ ]
o m nh 1 " L3}
LI} L o] n 153 1% m s s
o f ] o0  Ioood boOG) 100 jmounl
= | 1% 1M (L] -] 1
¥ B 44 En e e
1=3 E.1. e 9.9 41y 9.4 &0
= DI, (LI TR XTI & T
B 10 L1 e ] s 1 o Fleg TL.el MHE  El R e
LA
= ] m 7.3 im 1 n.es
E iR MK HH B8 HE %NM
N 1124 nm 1 L[ 1300
Detection limite:
W] B2 15 Seld W0 Ml4 THI3 Palb 048 2a8 O
WilD Cad CrIs V26 Cebl NdIE Be80 Lot 5T 5214
Table 22: Tabular listing of the Table 22A: CIPW-normative mineral
major and trace element contents of content of the analysed basic dykes.
the analysed basic dykes CIPW-norm (recalculation of oxides to
100% volatile-free, FeaOyFeQaccording to
Irvine and Baragar (1971))
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‘Tahle 25: Tabular listing of the results of the Sm-Nd analyses

sewple  Tpn/S0y.  B7g Bog, e ""'Sr.-"“srE i

KA

3003 0.200 Q. 707170 k-3 0.701917

3005 0.3%  _ 0.70em2 65 D.597972

3006 0,157 a.707170 1 0.702077

3008 0.059 0.704335 20,7028

3009 0,083 0. 704037 M 0.9

30m .18 0. T00s0T 76 0.702833

a2 0.263 0. 708339 M 070150 Table 26 (left):

304 0,261 0.707983 13 0.M24a Tabular listing of the Rb-Sr
019 0,258 0.700736 16 0.70056 data of the analysed
3020 0,198 0. 706222 " 0.701257 samples.

oz 0.151 0. 705622 &  nmhe Klg ﬁﬁs o= i

3023 0.198 0. 706549 15 07017 ("'S1"Sno) = measured
3024 1.570 0.731508 12 0.690893 Ing howy: _
3025 1.822 0.726838 9 D.68ATTY St"Sr = ywon) = ratio at
1026 0.275 0.712078 I 0, 704567 L= IR0 Ma)

067 0.700 0. 717656 9 0699543

028 0,853 0, 795233 27 D.EBTH4E

0ea 0.21% 0.707121 17 0701458

3030 0.120 0, 707636 W0 0704541

3031 0,265 0.708130 3 0.701281

3032 0,242 0707877 21 0.701620

30331 0.288 0. 700esT 4 0. 70010

050 0,142 0. 707284 @2 0.70355

3084 0. 169 0,707647 141 0703250

s 0,071 0. 706797 37 D.TOM967

053 D.2v2 O.7118859 (8] 4. 704838

3054 0,182 ., T0BERE iz 0.703965

3181 0.535 0. 710521 M 0.588669

362 0841 0709371 21 0.8a79es

3163 0.1%5 0.7 166 0 0.702109

aiTa 0. 164 0. 706340 1B 0.7z,

nre 0122 0. 705521 10 0.702363

3T 0.358 0.700619 19 0.700351

" 0.251 0,707847 17 0.700957

N 0.225 0. 707611 12 0.7017E8
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111 Tadd [ -4
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bEL ] LR 2]
LiE ] 0 Ll
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e 10T S L LLh1) 158 o 0§
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Samle Toun  Tow M Mpwes ST 5 (1800)
kM "y Ma Table 27 (above):
Radiometric ages obtained for the
same samples by various other
3003 1254 2171 - 5,48 .19 3790 - 6.1 tel::hniqms
005 1217 2002 -10.05 613 51.83 - 6246
3006 1304 2226 =171 2.82 7.90 - 4.0
3008 976 2165 - 4.37 1.1 - 2.3 .62
Mo 1382 Fat =10.73 .28 = &.57 - B.58
3001 - 2351 .67 5.62 42 68 §.75
iLH] 643 1685 - 1.52 714 L4.45 = 11,79
30 1508 1930 -0.83 4.08 49 58 - 15.88
019 1332 1851 215,41 548 45,53 - 18,55
3020 1401 18IS -17.83 5.07 566 - 15.69 Table 28 (left):
st a8 oY M. Bm e Thlnaficn o o (oset s s
Mbi  GEiE e -19-z| !‘“ it -ts!‘as Epsilon Nd and Epsilon Sr values
WIS M43 1802 1632 48l 016,25 - 193,46 obtained for the analysed samples of
026 o 2239 JB16 0.7 107,57 .1 the Rehoboth Basement Inlier
a7 (hri ] 2135 -2d.% 0.95 185 78 - 40.10
3028 1431 1902 1755 4,67 209,13 . 70,22
iy ] 1282 1750 =15.48 §.33 7.0 - 12.82
1030 148 2079 -13.89 234 44,51 .07
on 1400 1858 =18.30 5.4 51.53 - 5.1
3032 1258 1745 =16.02 [ 47,53 - 10.52
un 1458 1913 =17.91 i 49.07 - 1821
3050 1581 2157 =14, 67 2.0% 1.5 = 17.64
51 1802 2155 -15.49 1.93 &4 67 i2.82
52 1530 2240 =11-12 1,98 12,60 37.13
3053 1637 2218 =14, E5 1.48 104,88 5,26
054 1687 2285 -0 0,88 5942 22.69
161 - 1628 0.82 6.0 85.48 ar.m
162 a3 1768 - 207 6.0 69,14 - 62,83
163 ar 2104 =23.45 V.28 n.ar - 31.58
nre m 2042 - 0.53 5.08 26+ 12 - . 3.67
nre 1344 2184 - B.54 2.50 1449 b.1a
7 1422 1889 1761 8,72 12 66 - 28.59
s 1168 1677 -14.85  &.0 41.83 PRER
nre 1153 1663 -14.53 B.24 44,16 - an
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