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ABSTRACT

Late Proterozoic‘sediments of the Doornpoort, Klein Aub and
Ghanzi Formations outcrop on the southern foreland of the Damaran
Orogenic Belt, and contain stratiform copper @ : ore deposits.
This thesis presents sedimentological, diagenetic and isotopic
studies of these sediments, defines the controls on copper
mineralization and presents a model for ore genesis. The above-
mentioned Formations are reclassified into the Doornpoort Formation,

which is divided into the Klein Aub, Dordabis, Eskadron and Lake

Ngami Members,

The Doornpoort sediments were deposited between c. 1,000 MYR
and ¢, 850 MYR age, unconformably on a mineralized basement which
yields Eburnian (2,000 + 200 MYR) and Kibaran (1,100 + 200 MYR) ages.
They consist of alluvial fan, lacustrine, aeolian, playa and mud
flat sediments, deposited in a semi-arid to arid climate. Four
types of alluvial fan complex are recognized and divided into two
morphological groups: 1) thick conglomeratic fans with rapid lateral
facies changes into aeolian, lacustrine and playa deposits, and 2)

thin laterally persistent complexes with intercalated mud flat and
lacustrine sediments, Fan complexes of differing morphological
type can be correlated using megasequences (10's to 100's m, thick-
ness of sediment), Thin, broad fans were probably formed by
regional uplift and unconfined sediment discharge, whereas thick,
narrow fan complexes were produced by localized uplift with

sediment discharge through stable, restricted feeder zones,

Despite the destructive mineralogical and textural effects of

Damaran deformation and associated lower greenschist facies meta-

morphism, a generalized diagenetic sequence is identified for the



formation of red and green Doornpoort sediments., Red sediments
formed in alkaline, oxidizing diagenetic conditions and contain
evidence of dissolution and replacement of detrital grains,

In situ alterations probably led to the release of various elements
into interstitial waters, which later recombined to form authigenic
minerals and overgrowths, A paragenetic sequence of authigenic
minerals is recognized in the aeolian Red Bed sandstones of the
Witvlei fan complex, parts of which can be identified in surrounding
fluviatile and playa sediments. Green sediments may contain copper

and iron sulphides, which are intergrown with diagenetic minerals in

the Witvlei playa sediments.,

Copper mineralization is restricted to reduced playa and
marginal lacustrine sediments, which are closely associated with
Red Bed deposits., Sedimentological evidence suggests that copper
distribution was determined by ground and surface water drainage
and then controlled by lacustrine palaeocurrents. Textural and
sulphur isotopic data indicates that copper was fixed in the

sediments during diagenesis, as sulphides, by the bacterial

reduction of groundwater sulphate, Both sedimentological and

isotopic data point to a basement origin for the copper and silver,

A model for ore genesis is proposed, involving the release of

copper and silver from mineralized basement rocks during Late
Proterozoic semi-arid to arid weathering and the traﬁsport of metals
in solution as copper sulphate, which on contact with neutral or
alkaline aqueous solutions, was converted to insoluble basic copper
carbonate and carried in suspension, Metalliferous waters

collected in topographically low areas on the alluvial fan surface,

in playas and lakes, Particulate basic carbonates were deposited

ii.



iii,

with the suspended sediment load and reworked by lacustrine

palaeocurrents, forming placer deposits. The metals were sub-

sequently fixed as sulphides during diegenesis,



iV

ACKNOWLEDGEMENTS

Firstly, I should like to thank Dr, H, Clemmey for initiating
and supervising this project with much gusto and enthusiasm, The

study was financed by N.E.R.C.,, whose contribution is gratefully

acknowledged,

Many thanks to all the mining companies in Namibia and
Botswana who kindly supplied information, access to prospect areas
and the chance to inspect drill core,for without their assistance,
this project would not have been possible!  Special tﬁénks to
Anglo-American (Namibia) for their logistic support in the field
and continual encouragement. Also, to General Mining for access
to the Klein Aub Mine, and United States Steel for information and
core material from the Lake Ngami'area, Botswana, Help from the
Geological Surveys of Namibia and Botswana is gratefully acknowl-
edged., Thanks to Mr. and Mrs. Rlckett of Witvlei, John and Alison
Hunter (United States Steel), Bruce and Lucile Fletcher (General
Mining), Roger Keys (Botswana Survey), Charles Pretorius (Anglo-
American), Hank Gewald (Anglo-American), and all personnel of the
Klein Aub Mine for their kind hospitality. farticular thanks to
all the mining company geologists who were responsible for much of

the ground work on which this thesis is based and for many sore(l)

heads in the morning.

Help from many members of this Department was very much
appreciated, particularly Mr, F.?. Johnson, the technicians in the
crushing and thin section labs, Mr. ¥. Buckley for chemical
assistance, Alan Grey for X.R.F. and squash tuition, Eric Condliffe

for teaching me to drive the electron-microprobe, and to all in the

age lab, Particular thanks to Dr, I, Kramers for supervising the



lead isotopic work and to the 'Damaran Lads': Kev, Jules, Alan

and COlino

sulphur, carbon and oxygen isotopic work was carried out in
Grey's Inn Road, London, with the Institute of Geological Sciences,
under the direction of Dr, M, Coleman and financed by N.E.R.C,
Help was received from Dr., R. Ixer and Dr. D. Vaughan of Aston
University during a short course on Ore Microscopy, also paid for

by N.E.R.C. The author is grateful to these gentlemen.

I should also like to acknowledge help and useful discussions
with X, Schalk, R, Miller, T, Ranson, J. Main, T. Tregoning,
Se Livera, R., Corrans, M, Leeder, M., Talbot, H., Elderfield,
M. Coward, R, Knipe, R, Cliff, J. Harwood, P. Turner,

C. Hawkesworth and R. Boud,

The arduous task of typing this tome was completed by

Miss B, Taylor.

Thanks to my parents for supporting me in this task.

SO0 O G000 0000



Vi,

CONTENTS

Pare

ABSTRACT o0 °0 o0 o0 o0 PP o0 o0 1
ACKNOWLEDGEMENTS .o .o e e .o e iv
CHAPTER I ~ INTRODUCTION .o .o .o .o .o )
PREFACE .o oo oo oo oo .o .o 1
PREVIOUS GEOLOGICAL WORK .. . . .o ., 3

AIMS OF THIS THESIS .o .o .o . .o 6
THESIS PLAN .. .o . .o .o oo .o [
LOGISTICS . .o .o o .o .o oo 8
INHERENT PROBLEMS .. .o e .o .o ve 9
CHAPTER II - GEOLOGICAL SETTING .o . .e .o 10
2.1 CGEOLOGICAL CONTEXT .. .o .o .o .o 10

2.2 AGE RELATIONS .o .o .o ‘e .o 10

2,3 STRUCTURE AND METAMORPHISM .. .o .o .o 16

2.4 DOORNPOORT, KLEIN AUB AND GHANZI FORMATIONS .o 19
Volcanics and Intrusives P oo P oo 19
Sediments oo o0 oe o0 o0 o0 21

2,5 STRATIFORM COPPER MINERALIZATION .. .o .o 22

2.6 BASEMENT ROCKS — MINERALIZATION .o .o .o 24
CHAPTER III - SEDIMENTOLOGY : FACIES ANALYSIS .o oo 26
3.1 FACIES 1 e o0 o X o0 e ) 26

1A ® @ . N ®® ® ¢ o0 9 ® 26

1B $ & Qe & @ ® e o 0 - ] 28

1c ¢ @ e 9 o ® 9@ o & o9 28

1D o0 o0 o0 de o0 T 31

1E e e ® ¢ o ® ® & & » ® @ 35



32 ALLUVIAL FAN SEDIMENTATION

3¢ FACIES 2

¢4 FACIES 3

SUMMARY

CHAPTER IV - SEDIMENTOLOGY

4.1 INTRODUCTION

34
5B
2C
3D

e®

s FACIES RELATIONS

4,2 FACIES ASSOCIATION A

4,3 FACIES ASSOCIATION B

4.4 FACIES ASSOCIATION C

4,5 FACIES ASSOCIATION D

4,6 CONCLUSIONS

4,7 ALLUVIAL FANS OF THE DOORNPOORT FORMATION

4ol
T Y

4,8 ORIGIN OF FAN COMPLEXES

4.9 SUMMARY

CHAPTER V - DIAGENESIS OF THE DOORNPOORT SEDIMENTS

General Discussion

5.1 RED BED DIAGENESIS o

Delol

512

Continental Red Beds

Doornpoort Red Beds

¢

Recognition of Sedimentary Cycles

e

R

e

¢e

28

59

41

41
47
48
60

T4

81

81

84

86

86

88

91

95

97

97

99

100

vii,

Pare



Viiil

Parc

a) Post-diapenetic features .o oo o6 100

b) Diagenetic features oo oo oo oo 104
Dissolution and Replacenment .o .o e 104
Authigenic Minerals oo .o .o .o 109
Paragenetic Sequence .o .o .o .o 124

502 NON-RED SEDIMENT DIAGENESIS .. .o . o 126
5.3 GROUNDWATER CHEMISTRY .o .o .e . 131
5.4 SUMMARY AND CONCLUSIONS oo .o oo .o 137
,C_HAP_,, TER _VI_ - ORE ! GENE_SIS _ 0@ o0 o o0 o0 139
6,1 DOORNPOORT COPPER MINERALIZATION .. oo o 139
6.1.1 Sedimentology and Mineralization .o .o 139
6.1.2 Ore Horizons and Copper/Iron Sulphides .. oo 145
6613 Mineral Zonation .. .o .o .e .o 159
6.2 w ©e oo oo o0 162
621 Sulphur Isotopes .. .o .o .o .o 163
SyStem&tiCS o s P o0 oo 163
Discussion of Results oo oo e oo 167

a) DOORNPOORT RESULTS .o e .o e 167

b) CHILEAN RESULTS .o .o .o .o 172

6.2.2 Lead ISOtOEeS o0 o0 o0 o0 o0 177
The relevance of Lead Isotopes * o °e oo LN

Lead and Ore Genesis oo .o . oo 1835

6.,2.3 Carborn and Oxygen Isotopes .o .o .o 183
6.3 MODEL FOR ORE GENESIS oo .o .o .o 187
6.3.1 Salient Features of the Doornpodrt Copper 187

Deposits oo oo oo oo oo o



663.2 Stratiform Copper/Red Bed Association .. -
6.3.3 Copper Transport in Aqueous Solutions .. oo
6e3¢4 Origin of the Doornpoort Copper Deposits oo

6.4 MINERALIZATION

IN RED BED/STRATIFORM ORE DEPOSITS

6.5 DOORNPOORT COPPER MINERALIZATION — CONCLUSIONS 4o

THESIS CONCLUSIONS P oo o6 oo oo r

APPENDICES: I oo oo oo oo oo oo

I, STRATIGRAPHY AND NOMENCLATURE oo oo oo

II, CHEMISTRY OF THE DOORNPOORT LAVAS oo oo

III, EXPERIMENTAL METHODS oo oo oo oo

BIBLIOGRAPHY oo oo oo oo oo oo oo
INSERTS:

GENERAL KEY TO LOGS.

I.G.S. Unpublished Report.

Page

188
189

191
197
199
202

205

205

214

218

228

iX.



CHAPTER 1

INTRODUCTION

PREFACE

Late Proterozoic sediments of the Doornpoort and Klein Aub
Formations outcrop along the Southern Margin of the Damaran Orogenic
Belt. They rest ungonformably on a Kibaran basement (1,100 MYR),
in an outcrop zone which extends from S.W. of Windhoek (Namibia) to
the Botswana/Zimbabwe border (Fig. 1.1), between longitudes 160 to
24°E and latitudes 18° to 24°S, a total area of about 115,000 square
kilometres., The sediments form a molassic sequence which contains
stratiform copper deposits. This thesis describes the sediment-

ology and diagenesis of the Doornpoort and Klein Aub sediments and

includes detailed studies of their copper ore deposits.

Various mining companies have undertaken extensive prospecting
in the region, in the hope that these sediments may contain
extensions of Zambian Copper belt mineralization., Problems of
poor exposure and rapid lateral sedimentary facies changes have led
to difficulties in correlation and exploration. Rock outcrop is
generally obscured by & veneer of Kalahari sand which reaches a
thickness of over 30 m, on the edge of the Kalahari Basin in N.W.
Botswana. However, low ridges and hills bring rocks close, or
onto the surface., Due to the lack of exposure much of the initial
prospecting was carried out using geobotanical techniques (Cole and
Le Roex, 1978). Sediment sampling and trenchingkare only useful
in areas where rock is close to the surface. Diamond drilling is

the most usable technique elsewhere.

Since exposure is generally poor in this region, specific areas

were chosen for detailed studies and connected by widespread
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reconnaissance work., Two areas were analysed in detail: firstly,
Klein Aub, where exposure is relatively good and there is a
producing copper mine and secondly, Witvlel, where exposure is poor
but drill core from several locations was made available by Anglo-

American and General Mining.

PREVIOUS GEOLOGICAL WORK

The first works of any geological significance along the
southern margin of the Damara Belt in Namibia were done by Gevers
(1934) in the Dordabis area, Handley (1965) around Klein Aub and
Anhaeusser and Button (1973) in the Witvlei area, The southefn
foreland was mapped by Schalk (1960, 1961, 1973) and Hedenberger
(1960, 1978) and summarized in Schalk (1970) and on the recently
published 1:1000,000 map of Namibia (1980). Schalk (1960, 1961,
1970) and Martin (1965) outlined the complex nature of the southern
foreland, which comprises of several different volcano-clastic
depositional cycles with intrusions 0f granites and granodiorites
of different ages; overlain unconformably by the Doornpoort and
Klein Aub Formations, and subsequently by the Nosib, Nama and

Karroo Groups (Fig. 1.2).

Copper mineralization of the Doornpoort and Klein Aub
Formations was first noted by Rimann (1915) and subsequently by
Martin (1965) and Holtz (1967), who suggested a syngenetic origin,
with the copper derived from mineralized basement., Anhaeusser
and Button (1972) and Toens (1975) described cupriferous sediments
from the Witvlei area, noticed the association of copper and coarse
sediment, and supported a syngenetic origin, Handley (1966) out-
lined the geology of the Klein Aub area, skilfully avoiding any

discussion of the mineralization, Toens (1975) was the first to
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report copper from the Ghanzi Formation of N.W. Botswana and
suggested a correlation between the Doornpoort, Klein Aub and Ghanzi
Formations., This correlation was confirmed by Cole and Le Roex
(1978), who outlined the importance of geobotany in exploration for

copper over the whole region,

The geology of the Lake Ngami area, N.W. Botswana, was outlined
by Passarge (1904), Boocock and Van Straten (1962) and mapped by
Thomas (1969). The Ghanzi sediments are exposed on the flanks of

the Kgwebe Porphyry, which lies in the core of a large domal fold.

Additional geological work by various mining companies has
contributed much useful information, which provided a broad base
for this thesis, and is contained within unpublished mining company
reports. The Witvlei area was initially prospected by Anglovaal
and subsequently by John Main of Anglo-American, Additional
prospecting by General Mining covered the farms Okasewa, Gemsbokkvlei
and Christiodore in addition to several farms North of Witvlei and
South of the Black Nossob river (e.g. Okasandu, Ottawa). General
Mining also own the Klein Aub Copper Mine and have drilled on the;

farm Kagas Noord,

Prospecting in N.W. Botswana was initially undertaken by a
consortium dominated by Anglovaal, but detailed studies by United
States Steel (EssexMinerals) under Doug Greig, led to the diséoveny

of mineralization in the lLake Ngami area,

Exploration activity has not been confined to the Doornpoort
and Klein Aub sediments themselves, several companies are at present

prospecting in pre-Doornpoort, basement rocks.

De



AIMS OF THIS THESIS

The prime aim of this work was to determine the genesis of
deposits of the Red Bed/stratiform copper association in the
Doornpoort and Klein Aub Formations, in the hope of increasing the
understanding of similar deposits throughout the world, Since
early workers suggested that the ores are of syngenetic origin and
that there is an association between mineralization and coarse
sediment, a sedimentological approach was adopted, The initial
aims were to describe the sedimentology of these sediments, paying
particular attention to mineralized areas, and to study the tex%ures
of the ore minerals. In order to do this it was necessary to
understand the effects of deformation and metamorphism and separate

them from the diagenetic and depositional textures and structures.

Sedimentological and textural studies suggested that the
distribution and concentration of copper was controlled by sedimen-
tary processes and that the copper was fixed as sulphides during
diagenesis, In addition, the results indicate that the copper,

and the sediments, were derived from basement rocks.

Several questions arose from these discoveries:

1) How was the copper released from the basement?
2) In what form was it transported?

3) How was it concentrated in the sediments?

4) Under what circumstances was the copper fixed

under diagenesis?

Sulphur, lead, carbon and oxygen isotopic studies were under-

taken to qualify the sedimentological and textural results and to
help try and answer these and other questions. Piecing all this

evidence together and with the help of work by Strakov (1970, III),



Rickard (1974) and others, a model outlining the origin of these
ore deposits was constructed, This thesis describes the evidence

and information leading to the formulation of this model,

THESIS PLAN

Chapters I and II introduce the study area and describe the
geological context of the Doornpoort and Klein Aub‘Formations, in
terms of their stratigraphy, structure and metamorphism, A brief
outline of‘some important aspects of the underlying basement rocks

is included,

Chapters III and IV describe the sedimentology of the deposits
across the whole of the southern foreland of the Damaran Orogenic
Belt, with particular reference to the Witvlei and Klein Aub areas.

As well as a detailed facies analysis (Chapter III), different
facies associations are delineated (Chapter IV) and the problems
of correlation of these sediments expounded, Palaeogeographic

reconstructions and sedimentation processes are discussed.

Chapter V outlines the diagenesis of the Doornpoort and Klein
Aub sediments and pays particular attention to Red Beds, which make
up approximately 80% of the deposits. The diagenesis of non-red
sediments is briefly described and their relationship to Red Beds

discussed.

A paragenetic sequence of authigenib minerals is recognized
in the aeolian sandstones of the Witvlei area., Parts of this
sequence are identified in the alluvial fan sediments of Witvlei and
Klein Aub, and also in the reduced playa deposits of the Witvlei fan

complex.



From the evidence presented, speculations are made concerning
the chemistry of interstitial solutions during the diagenesis of

both red and green sediments,

Chapter VI considers the problem of ore genesis and thus
contains the main conclusions of this thesis. Mineralized
horizons are discussed with reference to sedimentological,
textural and isotopic evidence. Sulphur, lead, carbon and oxygen
- isotopic evidence is presented and their implications on ore

genesis discussed,

A model, explaining the origin of these ore deposits, is
presented in the light of all the available evidence., The rel-

ationship between the genesis of the Doornpoort ores and that of

other Red Bed/CoPper mineral associations throughout the world, is

briefly discussed,

LOGISTICS

Fieldwork was carried out in the summers of 1978 (2% months)

and 1979 (6% months). Anglo-American and Leeds University kindly

provided landrovers, which enable the reconnaissance of vast land
areas, Information was gathered by the author from bush traverses
and field mapping, the logging of exploration drill core (approxi-
mately 2 =3 month's work) and underground mapping and logging
(about 1 month'a*work). Excursions were made into the field with
the following geologists: J, Barnes, H, Clemmey, R. Corrans,

M. Coward, K. Downing, C, Hawkesworth, H, Hedenberger, J. Main,

A, Marlow, R, Miller, T. Ranson, K, Schalk, A. Temmant and

R. Yaldwin,

8.



INHERENT PRCLLEMS

Poor and non-continuous rock exposﬁre hampered the precise
description of sedimentary facies and the construction of facies
maps. In several areas the rock outcrop was inadequate to enable
facies identification or mapping (e.g. Lake l'gami area). Although
drill core sections were available in the itvlei, Klein Aub,
Kagas Noord and Lake Ngami areas, inforrztion was often insufficient
to deduce specific sedimentary facies. In addition, the selective
nature of mine development and exploration drilling gives a biased
sedimentary picture.

Intense Damaran deformation and associated metamorphism
obliterated many sedimentary and diagenetic structures, reducing
the amount of useful rock.
Other liodels

Concepts which relate the genesis of stratiform orebodies to
processes such as basinal brines, scavenging of sedimentary piles,
and volcanogenic activity are acknowledged in the text and the list
of references (Annels 1974,1979 a & b; Binda 1975; Brown 1971,1974
Garliék 1972; Raybould 1278; Renfro 1974k:Rose 1976. etc.). A
general review of these, however, would have required more exhaustive
treatment than is warranted in view of the objectives of this
thesis outlined on p.6 and by the title - that is, to place the
occurrence of a group of specific Cu-Ag ores within their sedimentary

and diagenetic framework.



CHAPTER II

GEOLOGICAL SETTING
2.1 GEOLOGICAL CONTEXT

On the southern margin of the Damaran Orogenic Belt, the
Doornpoort and Klein Aub Formation sediments form part of the
northern arm of the Rehoboth Magmatic Arc (Watters, 1974, 1976):
itself located on the N.W. margin of the Kalahari Craton (Clifford,
1970; Toens, 1975) (Fig. 2.1). The Magmatic Arc consists of
several volcano-clastic depositional cycles and intrusive plutonic
rocks of pre-Pan-African (pre-Damaran, 600‘¢_200-MYR) age (Martin,
1965: Schalk, 1970), estimated at between 1,350 to 900 MYR by
Watters (1976). The rocks are bounded to the North by overthrust
Damaran metasediments and metavolcanics, and to the South by cover
rocks of the Nosib, Name and Karroo Groups. The geology of the
Rehoboth Arc is complex and at present the lithostratigraphic
correlation and nomenclature are confused (Fig. 2,2) (Appendix I).
A classification was attempted by Schalk, presented on geological

maps 2316D, 23178, 2317C and 2317D, and summarized in Schalk (1970).

This classification is used here and summarized in Figure 2.2.

Copper mineralization is reported from plutonic and volcano-clastic

rocks of each depositional cycle.

The Doornpoort and Klein Aub Formations form the last cycle of
sedimentation of the Rehoboth Magmatic Arc., They lie unconformably

on underlying rocks and are directly overlain by rocks of the Nosib,

Nama and Karroo Groups.,
2.2 AGE RELATIONS

All rocks below the basal unconformity of the Doornpoort

Formation are considered as basement, Ages from this basement

10.
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STRATIGRAPHY OF THE SOUTHERN MARGIN OF THE

DAMARAN OROGENIC BELT fGENERALIZED!

(unconformity)

PAN<AFRICAN NAMA
OROGENY GROUP

(600 + 200 MYR)

DAMARAN BLAUBECKER FORMATION

GROUP P

NOSIB FORMATION
P g N N
c850

KLEIN AUB FORMATION

DOORNPOORT FORMATION

DORDABIS
GROUP
KIBARAN GRAUWATER FORMATION
OROGENY
(1100 + 200 MYR) UBIB OR NUCKOPF
FORMATION
./'\-—-V—_"/\—"\—
?1600 BILLSTEIN FORMATION
DORDABIS FORMATION
REHOBOTH
GROUP GAUB VALLEY FORMATION
MARIENHOF FORMATION
c1900
EBURNIAN ELIM FORMATION

OROGENY

(2000 + 200 MYR) CHAMASIS FORMATION

Fig, 2.2: A generalized stratigraphic sequence for the
Southern Margin of the Damaran Orogenic Belt
taken from Schalk (1970) and the South Afri-
can Committee for Stratigraphy (Geological
Survey, 1979). See Appendix I for further
details.
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range between 1,900 to 900 MYR.,

The oldest basement age of 1,900 MYR was recorded using lead
isotopes from a galena-~bearing vein complex on the farm Marienhof
(N, of Klein Aub, Fig;6.1), analysed by Nicolaysen and reported in
Martin (1965, p.13). This age is‘confirmed by lead isotopic
evidence presented in this thesis (Chapter VI). Pyrite from. the
Kobos volcanogenic massive sulphide mine, North of Klein Aub,
yielded a model lead/lead age of 1,90011,301MYR.(Fig. 6.28). In
addition, strontium and neodymium data from the central zone of
the Damaran Orogenic Belt, suggest a similar age (2,000'MYR), |
which is interpreted by Hawkésworth, Kramers and Miller (1981) as

indicating an early crustal-forming event,

Ages of 2,000 £ 200 MIR are attributed to the Eburnian tecto-
genetic event and are evident from many parts of the African
Craton (Kroner, 1977). Presumably, in this region, rocks of
Eburnian age formed basement rocks, onto which the volcano-clastic

sequences of the Rehoboth Magmatic Arc were deposited.

Additional dates from the granitic and volcanic rocks of the
basement indicate a series of events between 1,100 MYR and 900 MIR,
corresponding to the deposition of the volcano-clastic deposits
and the intrusion of plutonic rocks of the Rehoboth Magmatic Arc.
Schalk'(1970) reports an age of 1,132':,75MYR.(analysis: Yan Niekerk,
U/Pb on zircon) from granitic rocks on the farm Kunineib %78, and
Hugo and Schalk (1971-2) ages from acid lavas and granites from
basement, North of Klein Aub (Fig. 2.3), all falling between 1,100
and 900 MIR's, Harding and Snelliﬁg (1972) dated the Kgwebe
Porphyry of the lLake Ngami area, using whole rock:Rh/Sr and produced

an age of 906 + 36 MYIR's, This represents the youngest age

15,
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obtained from Doornpoort basement rocks.

Many of these ages from the southern margin are provisional
dates, calculated from one sample of zircon, determined by uranium/
lead and lead/lead ratios. They must therefore be considered of

limited use as precise age indicators,

Ahrendt gi_g;_(1978) present an age of about 1,160 MYIR's, using
X/Ar methods on muscovite from just South of the Nauklupf Mountains.
Considering this age, along with those reported by Schalk (1970),
Hugo and Schalk (1971-2) and Harding and Snelling (1972), it appears
that basement rocks of this area were affected by the Kibaran |
Orogenic Event (1,100 + 200 MYR) (see Cahen, 1970; Kroner, 1977).
De Villiers and Simpson (1974) correlated these ages with dates and
structures from southern Zambia and suggested the existence of a

laterally continuous belt - the Rehoboth - Irumide belt (1,100 + 200

MYR' S) (Fig. 203) .

The Doornpoort sediments lie unconformably on this Eburnian
and Kibaran basement. As yet, no direct ages have been obtained
from the Doornpoort or Klein Aub Formations, However, they are
overlain by sediments of the Nosib Group which, according to
Kroner (pers. comm. in Hawkesworth et al, 1981), were deposited
prior to the Matchless Amphibolite (dated at 765 + 35 MYR using
the Rb/Sr Whole Rock method )whichis contained within the Nosib
sediments, Nosib sedimentation istgenerally considered to have
been between 850 and 750 MYR (Hawkesworth et al, 1981). The
Nosib Group was subsequently overlain by the Nama Group, which was
deposited between 719 + 28 MYR and 530 MYR (see Germs, 1972;

Ahrendt et al, 1978).
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Sediments of the Doornpoort and Klein Aub Formations were
probably deposited between 1,000 and 850 MYR, during the later

stages of the Kibaran orogeny (Summary, Fig. 2.3).

2.3 STRUCTURE AND METAMORPHISM

All pre-Karroo Group rocks on the southern margin have been
affected by late stage Damaran deformation and metamorphism.  The
geology is dominated by N.E. trending anticlines, synclines and
domal folds, and N.E. striking thrusts and faults (Fig. 2.4).

Two phases of deformation are evident,

At Lake Ngami, intense isoclinal folding, pressure solution
and cleavage are associated with tight dome and basin folds,
Sediments of the Ghanzi Formation (Lake Ngami Member - this thesis)
outcrop on the flanks of the Kgwebe Porphyry, which is exposed in
the core of a large domal fold., Due to the intensity of deforma-
tion, many of the primary sedimen;ary and = diagenetic textures
of these rocks have been obliterated. It is because of this, and
the appalling rock exposure in the area, that no detailed sediment-

ological and diagenetic study was undertaken,

In the Witvlel area basement rocks of the Marienhof Formation
are exposed in the core of a domal fold (Fig. 4.6). Although the

rocks of this area are clearly deformed, the folding is more open

and the effects of cleavage and pressure solution entirely localized

to fold hinges. Sedimentary and diagenetic features of these

sediments are therefore often preserved,

The Dordabis area illustrates f1 folds being refolded by later
f2 phases forming broad, open structures. Further complications

arise from frequent faulting and thrusting (Fig. 4.10).

16,
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Around Klein Aub and in the Kagas Noord and Witkop areas the
structure is dominated by three major fold axes which trend towards
the N.E. (Fig. 2.4)., Numerous minor folds and localized dis-
locations are associated with these axes, best recognized in finer
rock units., At the Klein Aub Mine a strong penetrative cleavage
is associated with the Lepel anticline and related folds (Fig. 2.4).
This cleavage destrd&s sedimentary structures in conglomerates
(Fig. 3.4), sandstones and shales, remobilizes and reorientates
copper and iron minerals (Fig. 6.13) and breaks down diagenetic
textures, Cleavage is most intense in the fold hinges of minor

and major folds. Domal folds are recognized in the Klein Aub area

(Fig. 4.2).

Lower Greenschist facies metamorphism affects the sediments of
the Klein Aub and Kagas Noord areas, At the Klein Aub Mine, meta-
morphic chlorite and muscovite form in the cleavage (Fig. 5.3), and
in fine sediments, chlorite is intergrown with copper sulphides and
haematite. Epidote forms in red sediment, either in the cleavage or
around detrital grains and diagenetic pseudomorphs (Fig. 5.3).

Talc occurs in carbonate-rich horizons,

This metamorphic event was dated by'Ahrendt,gj_gl_(1978) at
530 + 10 MYR, using K/Ar techniques on micas from the Klein Aub
Mine., They considered this age to represent the final metamorphic
and deformational event on the southern margin of the Damara Belt.
Lead isotopic work, outlined in this thesis (Chaptér VI), produced
& lead/lead isochron from whole rock and trace lead in sulphides
from the mineralized horizons, giving an age of 493 + 57-60 MYR,
This is interpreted as a metamorphic age and coincides with the

date suggested by Ahrendt et al (1978) for the emplacement of the
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Nauklupf nappes, situated 30 km. S.W. of Klein Aub. The dates

presented here are summarized in Figure 2.3.

The ‘:ahffect of metamorphism and the intensity of deformation are
variable across the southern margin, hardly surprising when
considering its strike length. This has enabled diagenetic and
sedimentary studies on relatively undeformed and unmetamorphosed
sediments (from'Witvlei) to be compared with more deformed, meta-
morphosed sediments of Klein Aub., DMore detailed affects of

deformation and metamorphism on red and non-red sediments are

presented in Chapters V and VI,

2,4 DOORNPOORT, KLEIN AUB AND GHANZI FORMATIONS

Sediments and the small volume of volcanics of the Doornpoort,
Klein Aub and Ghanzi Formations extend from a few kilometres West
of Klein Aub up into the Lake Ngami area of N.W. Botswana, They
rest unconformably on basement rocks. Exposure of the unconformity
is rare but was observed on the farm Diergaards Audb 454, 8 km,., East
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