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ABSTRACT

This study comprises a geological and geochemical
investigation aof the uranium deposits in the region near
the Swakop River which extends from the Langer Heinrich
Mountain in the east to the end of the Tumas River in the
west, and part of the region between the Khan and Swakaop
Rivers. The Langer Heinrich area, which includes the Bloed=
koppie Flats, Gawib River Valley and surrounding regions
totalling 180 km2 in size, was mapped in detail.

Most of the area is covered by superficial deposits
which unconformably overlie basement rocks of the Nosib and
Swakop Groups. It is proposed that the informal term Namib
group be used to include all these rocks, which were further
subdivided into the chronostratigraphic Langer Heinrich
calcrete and Tumas gypcrete formations. The Gemsbok
calcrete formation unconformably overlies the Langer
Heinrich calcrete formation.

The general geology of the basement rocks in the
Langer Heinrich region only is discussed. The main lithelo=
gical units present are the Etusis, Chuas and Tinkas
Formations; remaining rock types are the Salem, Bloedkoppie,
Gawib and Horebis Granites and pegmatites. The Bloedkoppie
Granite, which shows cross-cutting features to the Tinkas
and Etusis Formations, is the main granite found in the
area. Unusual weathering features are characteristic of
the Bloedkoppie Granite, in which alveéles and tafoni are

developed.
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The general geology of the younger duricrust forma=
tions is discussed. These were deposited on a palaeotopo=
graphic base of Post-Gondwana and African erasion surface
age. The duricrust deposits consist mainly of siliceous
fluviatile clastic material that was cemented by calcite,
carnotite and/or gypsum. Three genetic varieties of calcrete
are representedlat the Langer Heinrich, viz calcified breccia-
conglomerate, hardpan calcrete and boulder calcrete. Gypcrete
is classified in a similar manner into powder gypcrete, vuggy
gypcrete and consolidated gypcrete. Towards the west of the
area the proportion of gypsum with respect ta calcite
increases, which seems to be a function of aridity.

In the Gawib River Valley two phases for the preci=
pitation of calcite were found, the first taking place on
a much larger scale than the secand and the precipitation
of carnotite being concurrent with the latter phase. The
precipitation of carnotite and the shape of the ore-body
were governed primarily by the height and profile of the
water-table above the basement rocks.

The epigenetic deposits in the Tumas River Valley
were classified into two types, the Tumas and Langer Heinrich
Types, with the former related to negative magnetic anocmalies
in the basement rocks. The geology of the anaerobic basins
situated off the coast at Walvis Bay is discussed. These
contain diatomaceous mud.

Analytical methods were developed for the separation
of thorium, protactinium and uranium from geological materials

using various chromatographic procedures. The basic techniques
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were modified and adapted as required for the selective
separation and purification of uranium from calcite. Alpha
spectrometry, neutran activation analysis and delayed neutron
counting were the main technigues used.

The occcurrence of uranium in the region of study
follows a unique geochemical cycle, and the geochemistry at
each stage in the cycle was examined. The first stage in
the uranium-geochemical cycle was the basement rocks. The
rare-earth distribution between these racks provided evidence
concerning their paragenesis, and indicated that the Gawib
and Bloedkoppie Granites were the result of partial melting
of the Etusis Formation; also, that they are late-syntec=
tonic in age.

The second stage in the geochemical cycle of uranium
was the subsurface water. Predictions regarding mineral
equilibria could be made from the chemical composition of
the water. It was found that the uramium minerals soddyite
and carnotite were the stable phases in this environment.
From the prospecting aspect, 30 ppb uranium were considered
anomalous, while values below this were regarded as back=
ground.

The third stage in the geochemical cycle of uranium
concerns its occurrence in the duricrust deposits. The
segregation of carnotite at the Langer Heinrich was brought
about by upward diffusion of dissolved uranium caused by
soil suctiaon, and was precipitated by th? nucleation of the
uranyl cation on montmorillonite, and subsequent complexing

with vanadate ions. Mechanisms for the formation of calcrete
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and gypcrete are discussed. A new mechanism for the precipi=
tation of gypsum is propased which sEEAdEs mainly from

the precipitation of calcium sulphate brought in by onshoze
fogs.

Isotopic disequilibrium measurements showed that
uranium is still migrating, and that the age of the carnc=
tite precipitation is 30 000 years, based on the open-system
model of uranium migration.

In the final stage of the geochemical cycle, the
geochemistry of uranium in seawater and the diatomaceous
muds is discussed. Organic matter was the main precipita=
ting agent of uranium from seawater, and its heterogeneous
distribution is due to selective uptake by particular
organic compounds.

A classification system for the uranium deposité
near the Swakop River, based aon genetic relationships, is
proposed and described in terms of the geochemical cycle
of uranium, the mode of transport and mode of deposition.
The relationships between the duricrust uranium deposits

and the other uranium deposits of South Africa are compared.
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SAMEVATTING

" Die studie dek 'n gjeologiese en geochemiese ondersoek
van die uraanafsettings in die omgewing van die Swakoprivier
wat van die Langer Heinrich-gebergte in die coste tot aan die
einde van die Tumasrivier in die weste strek, asook 'n deel
van die gebied tussen die Khan- en Swakoprivier. Die Langer
Heinrich-gebied wat die Bloedkoppievlakte, die Gawibriviers
vellel en die omliggende gebiede behels, 'het 'n totale
oppervlakte van 180 km® en is in besonderhede gekarteer.

Die grootste gedeelte van die gebied word deur
oppervlakafsettings beslaan wat gesteentes van die Nosib-
en Swakopgroep diskordant oordek. Daar word voorgestel dat
die informele term Namibgroep gebruik word om al dié soorte
gesteentes te omvat wat verder in die chronostratigrafiese
Langer Heinrich-kalkreet- en Tumas-gipskreetformasie onder=
verdeel is. Die Gemsbok-kalkreetformasie cordek die Langer
Heinrich-kalkreetformasie diskordant.

Slegs die algemene geologie van die bodemgesteentes
in die Langer Heinrich-gebied word bespreek. Die belang=
rikste litologiese eenhede is die Etusis-, die Chuos- en
die Tinkasformasies. Die corblywende rotstipes is die
Salem-, Bloedkoppie-, Gawib- en Horebisgraniete en -pegma=
tiete. Die Bloedkoppiegraniet wat intrusiewe verhoudings ten
opsigte van die Tinkas- en Etusisformasies vertoon, is die
belangrikste graniet wat in die gebied gevind word. Buiten=
gewaﬁe verweringseienskappe is kenmerkend van die Bloed=
koppiegraniet waarin heuningkoekholtes en tafoni ontwikkel

is.
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~ Die algemene geologie van die jonger hardebank=

gie word bespreek. Hulle is op palectopografiese vloer
P ma-Gondwana~- en Afrika-erosieoppervlakouderdom afgeset.
" hardebankafsettings bestaan hoofsaaklik uit silika=
ende fluviale klastiese materiaal wat deur kalsiet,
otiet en/of gips aanmekaar geheg is. Drie genetiese
ariéteite van kalkreet kom in die Langer Heinrich voor,
naamlik verkalkte breksiekonglomerate, hardebankkalkreet

en” rolblokkalkreet. Gipskreet word op dieselfde wyse in
‘ﬁmﬁﬁaxgipskreet, kristalholtegipskreet en gekonsolideerde
éﬁ@ﬁ%&ﬁet ingedeel. Na die weste van die gebied styg die
%Eihbmding van gips tot kalsiet wat 'm funksie vean dorheid
Skyn te wees.

pr

presipitering van kalsiet gevind. Die eerste het op 'n

In die Gawibriviervallei is twee fases vir die

‘%Eﬁé'gruter skaal as die tweede plaasgevind en karnotiet

is gelyktydig met die laaste fase gepresipiteer. Die

‘presipitering van karnotiet en die varm van die ertsliggaam

is hoofsaaklik deur die hoogte en profiel van die grond=

iatervlak bokant die bodemgesteentes bepaal.

LR Die epigenetiese afsettings in die Tumasriviervallei

‘in twee groepe ingedeel, naamlik die Tumas- en die Langer
Heinrich-tipes. Eersgencemde is aan die negatiewe magnetiese

‘anomalie& in die vloergesteentes verwant. Die geolaogie van
ie anagérobiese bekkens van die kus van Welvisbaai word

foespiceck. Hulle bevet diatomegslik.

PO Analitiese metodes vir die skeiding van torium,

;?Etak%inium en ‘uraan uit geologiese m;teriaal is ontwikkel

- waarin verskeie chromatografiese prosedures gebruik word.
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basiese tegnieke is na vereiste vir die selektiewe

&ing BN suiwering van uraan uit kalsiet gewysig en

pas. Alfaspektrometrie, neutronaktiveringsanalise en
vertraagdeneutron-telling was die belangrikste tegnieke
,@%ﬁ'gebruik is.

" Die voorkoms van uraan in die omgewing van die studie
word deur 'n unieke geochemiese siklus bepazl en die geachemie
is in elke stadium van die siklus ondersoek. Die eerste

s adium in die geochemiese siklus van uraan is die bodem=
@?EtEEHtE. Die verspreiding van seldsame aarde tussen die
@Esteentes het bewyse aangaande hulle paragenese gelewer en
@gﬁ ook aangedui dat die Gawib- en Bloedkoppiegraniete die
@Eyolg is van gedeeltelike smelting van die Etusisformasie,
@Ptﬂﬂk dat hulle laat-sintektonies in ouderdom is.

Die tweede stadium in die geochemiese siklus van

~ uraan is die ondergrondse water. Voorspellings oor mineraal=
Bwewig kon uit die chemiese samestelling van die water gemaak
ypmd. Daar is gevind dat die uraanminerale soddiet en
I%E:ndtiet die stabiele fases in die omgewing was. Uit
ghﬁpruspekteeroogpunt beskou, is 30 dpb uraan as 'n anaomalie
beskou, terwyl waardes laer as hierdie syfer as agtergrond
eskou is.

Die derde stadium in die geochemie van uraan hang
saam met sy voorkoms in die hardebankafsettings. Die
afskeiding van karnotiet in die Langer Heinrich is die
gevolg van die opwaartse diffusie van opgeloste uraan deur

grondsuiging. Die wraan is hierna deur kernverming van

die uranielkatioon op montmorilloniet en daaropvolgende
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.eksvorming met vanadaatione gepresipiteer. Meganismes

lie vorming van kalkreet en gipskreet word bespreek.

SMé“mEganismé vir die presipitering van gips word aan

hand gedoen. Dit het hoofsaaklik uit die presipitering
kalsiumsulfaat ontstaan wat deur mis van die kus af

bring is.

Die onewewig in isotoopsamestelling van die uraan toon
t uraan nog steeds migreer, en dat die ouderdom van die
notietpresipitering 30 000 jaar is, indien 'n oop sisteem

£ die migrering van uraan aanvaar word.

In die finale stadium van die geochemiese siklus word

spreek. Organiese materiasal was die belangrikste presipi=
niddel van uraan uit seewater, en sy onreElmatige ver=

lding is aan selektiewe opname deur sekere organiese
bindings toe te skrywe.

'n Indeling op grond van genetiese verwantskappe word
die urasanafsettings naby die Swakoprivier voorgestel en word
in terme van die geochemiese siklus van uraan, en die

tr nsport- en afsettingsmetode beskryf. Die verwantskappe
Ussen die hardebank-en die ander uraasnafsettings van Suid-

rika word vergelyk.

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

' CONFIDENTIAL . 10

CONTENTS
. Page
INTRODUCTION =
ACKNOWLEDGEMENTS cA
PART I - GENERAL GEOLOGY 3B
REGIONAL GEOLOGY 38
3.1 Stratigraphy 38
3.2 Regional Structure 41
THE GEOLOGY OF THE BASEMENT ROCKS 43
4.1 Etusis Formation (NS; Q) 43
4.2 Chuos Formation (DyG) 44
4.3 Tinkas Formation (D,S) 45
4.4 Salem Granite (GN;) 46
4.5 Bloedkoppie Granite (G;) 46
4.6 Gawib Granite (G,) 54
4.7 Horebis Granite (G ) c5
4.8 Pegmatites 55
GENERAL GEOLOGY OF THE YOUNGER FORMATIONS 56
5.1 Geomorphology 59
5.1.1 Palaeogecmorphology £0
5.1.2 Modern gecmorphology 62
5.2 Langer Heinrich Calcrete Formatiaon 65
5.3 Gemsbok Calcrete Formétion 78
5.4 Tumas Gypcrete.FDrmation 84
THE GEOLODGY OF THE URANIUM DEPOSITS 88
£.1 Deposits in the Gawib River Valley 88
6.2 Deposits in the Tumas River Valley 94

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 13

6.3 0Offshore Marine Deposits
6.4 Comparison Between the Langer Heinrich,
Yeelerrie and Wyoming Uranium

Deposits
PART II - ANALYTICAL METHODS

CHROMATOGRAPHIC SEPARATION, PURIFICATION

AND SOURCE PREPARATION OF THORIUM, PROTACTINIUM

AND URANIUM FROM GEOLOGICAL MATERIALS

7.1 Experimental Procedure for the Separation
of Thorium, Protactinium and Uranium from
Synthetic, and in Some Instances, Actusl
Samples

fi.2  Experimental Procedure for the Purification
of Thorium, Protactinium and Uranium fram
Synthetic, and in Some Instances, Actual
Samples

7.3 Source Preparation of Thorium, Protactinium
and Uranium from Synthetic Samples

7.4 Ehroﬁatographic Separation Scheme

NEUTRON ACTIVATION ANALYSIS OF THE BLOEDKOPPIE

AND GAWIB GRANITES AND THE ROCKS OF THE

TINKAS FORMATION

B.1 Experimental Procedure

DISSOLUTION AND ANALYSIS OF THE EPIGENETIC

FRACTION OF CALCRETE BY NEUTRON ﬁCTIVATIDN

ANALYSIS

9.1 Neutron Activation Analysis

CONFIDENTIAL

Page
9

1040

iEe) s

105

106

118

122

125
125

132

13%



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 1z

Page
CHROMATOGRAPHIC SEPARATION AND PURIFICATION
OF URANIUM FOR MASS SPECTROMETRIC ANALYSIS 141
- MISCELLANEOUS METHODS 145
11.1 Delayed Neutron Counting 145
11,2 X-Ray Diffraction Analysis 145
PART III - GEOCHEMISTRY 146
THE GEOCHEMISTRY OF THE BASEMENT ROCKS E 146
12.1 Amalytical Results St 146
12.2 Geochemistry of Uranium in Granitic Raock 146
12.3 Geochemistry of the Rare-Earth El%ﬁ@@ts
and Their Bearing on the Origin of*the
- Granitic Rocks 150
12.4 Summary 158
GECCHEMISTRY OF THE SUBSURFACE WATERS DF THE
NAMIB DESERT 35
13.1 Apalytical Results 160
13.2 Characteristics and Classification of the
Subsurface Waters 167
13.3 Factor Analysis EVET(
13.4 Geochemistry of Groups 1 and 2 Subsurface
Waters 179
13.5 Solution Geochemistry of Uranium,
Vanadium and Calcium 152
13.5.1 Uranium 182
13.5.2 Vanadium ) 198
185,38, Caleium 198

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

CONF IDENTIAL 13

Page
13.6 Source of Ions in Solutian 200
8. T Geochemistry of Other Metallic Elements
in’the Subsurface Waters 201
13.8 Summary 204
GEOCHEMISTRY OF THE DURICRUST DEPOSITS 206
. 14.1 Apalytical Results 208
14.2 General Chemistry of the Calcretes 213
14.3 Factor Analysis 214
14.4 Geochemistry of Individual Elements or 223
Groups of Elements
14.4.1 Tron 224
14.4.2 Alumina and silica 225
14.4.3 Potassium, sodium and magnesium 227
14.4.4 The rare-earth elements 230
14.4.5 Vanmadium and uranium Zéﬁ
14.4.6 Geochemical mobility of the 238
elements
14.5 Geochemistry and Origin of Calcrete 244
14.6 Geochemistry and Origin of Gypcrete 250
14.7 Isotopic Disequilibrium of Uranium 256
14.7.1 Isotopic equilibrium and dis=
equilibrium 25T
14.7.2 Geochronolagy 260
14.7.3 Mass spectrographic amalysis 263
14.8 Summary 264
GECCHEMISTRY OF THE DIATOMACEOUS MUDS 266
15.1 Geochemistry of the Muds, 267
15.2 Summary 276

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 14

CLASSIFICATION AND AGE RELATIONSHIPS
OF THE URANIUM DEPOSITS

SUMMARY AND CONCLUSIONS

REFERENCES

APPENDIX 1

APPENDIX 2

CONFIDENTIAL

302



University of Pretoria etd Hambleton-Jones B B 1976

CONF IDENTIAL i

LIST OF FIGURES

Page

Gemini satellite photograph showing the
areas included within this study. Appro=
ximate scale 1:800 000. (Courtesy, US
Information Service).

Ly
%]

A schematic relationship between gypsum

and calcium contents of the duricrusts

in the Namib Desert with respect to the

degree of aridity. 53

Schematic profiles through the super=
ficial duricrust deposits to the basement
rocks at
(g) The Langer Heinrich area;
(b) Von Stryks pit in the bed of the Tumas
River. The pit is only approximately
6 m deep and the geology below this
point is only inferred. Information
from seismic data tends to confirm
this. 71{Sese Fig. 7). 59

Geomorphological development of the sediments
in the Gawib River Valley.

{3 b
(&%)

A profile of gypsum accumulation in the
Langer Heinrich calcrete formation which
outcrops in the bed of the Gawib River. 79

Lithological descriptions of profiles

through the Gemsbok calcrete formatiaon.

For the site localities of the profiles

cefer to Map 1.

(a) Profile 1: Gemsbok calcrete formatiaon

) in the west.

(b) Profile 2: Gemsbok and Langer Heinrich
calcrete formations near the original
prespecting campsite.

(c) Profile 3: Gemsbok calcrete formation
in central part of the erosional fan=
glomerate. 80

A seismic profile down the 15° 1line of
longitude. (Courtesy, Anglo American
Prospecting Co. Ltd). BE

Profiles of the uranium ore-body in the
- Gawib River Valley as determined from the

radiometric logs of the percussicn borehole

powders. The outline of the ore-body

includes all those values above 0,1 kg

eU,0g/t or 100 ppm el,0g. 89

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 16

A cross section of the ore-body through
profile C which shows the relationships
between the ore-bedy, water-tahle and
basement rocks.

A portion of the Langer Heinrich calcrete
formation showing mineralization isapachs
interpolated from percussion borehole data.
Note position of profile C. (Compiled

from maps of General Mining and Finance

Eb. Ltd).

Seismic isopachs interpolated from seismic
refraction data of the same locality as in
Fig, 10. (Compiled from maps of General
Mining and Finance Co. Ltd).

Sketch of a radiocactive anomaly in the
gypcrete in the banks aof the Tumas River.

Airborne magnetic axes and aeroradiometric
anomalies for the area between the Swakop
River and the 23° 00! line of latitude.

Diagrammatic representation of a Tumas Type
uranium deposit. Epigenetic uranium in
gypcrete derived from a primary uranium
source in alaskites,

Four anaercbic basins on the continental

shelf which are filled with diatomaceous

mud .

(a) Basins in relaticn to depth of water.

(b) The distribution of uranium in the
basins.

Elution curves for thorium, protactinium and
uranium from strong base anion exchange resin
using Bio-Rad AGI-XB8 in the chloride form.

Absorption of elements by strong base anion
exchange resin in hydrochloric acid. (Kraus
ghid Nelsom, 1956, p. 118).

Elution curves for thorium, lanthanum and
europium from strong base anion exchange
resin using Bio-Rad AGI-XB in the chloride
form.

Absorption of elements by strong base anion
exchange resin in HC4-HF mixtures and HC4
enly. Thick lines give the distribution
coefficients in the absence of HF. Thin
lines give the distribution coefficients

in the presence of HF. (Nelsonm, Rush and
Keaus, 1960, p. 346).

CONFIDENTIAL

Fage

92

0
L)

o

O

98

105



B D N E‘_ I ﬁ'igrﬂjv-rf Tn?frt etd Hambleton-Jones B B 1976 1 7

Page

 QbSUrptiun of elements by strong base anion
exchange resin in nitric acid. (Buchanan
and Faris, 1960, p. 365). 114

giution curves for the rare earths and thorium
from strong base anion exchange resin using
Hio-Rad AGI-X8 in the nitrate form. 115

" Elution curves for iron, manganese, arsenic

and uranium using reversed phase liquid
chromatography with tributylphosphate as

the supporting substance and nitric acid

and distilled water as the mobile phases. 116

Extraction coefficients of thorium, protacti=

nium and uranium into amines at different
concentrations of hydrochloric acid.

P = primary amine, S = seccndary amine,

I = tertiary amine, U0 = quarternary amine.

iR riand et al, 1973, p. 578). ey

Elutien curves for zirconium, niobium,

Rafpnium and protactinium using reversed

phese ligquid chromatography with aliguat-336

8s the stationary phase, teflon as the

supporting substance and hydrochloric

acid as the mobile phase. 118

A drawing of the electroplatinmg cell used
for the preparation of sources of thorium,
protactinium and uranium. 118

Variation of alpha-particle activity of it

in relation to the thickness of the source,

expressed as weight of U per unit surface

area. 1206

Variation of alpha-particle activity of *7?°U
with electroplating time. 2

Alpha spectra for thorium, protactinium
and uranium isotopes. 122

Gamma-ray spectrum after a decay of nine

days for the analysis of lanthanum, barium,

Jlutetium and samarium in the Bloedkoppie

Granite. 122

Gamma-ray spectrum after a decay of 37

days for the analysis of eurcpium, cobalt,

tantalum, rubidium, samarium, terbium,

cesium, hafnium, protactinium (thorium)

and cerium in the Bloedkoppie Granite. 130

Gamma-ray spectrum for the analysis of

vanadium in the schists and granofelses
of the Tinkas Fmrmat}on. 130

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

iz
CONFIDENTIAL

Elution curves for zinc, europium, cobalt
and scandium using reversed phase liquid
chromatography with TBP as the stationary
phase, supported an Kel-F and 5,5M HNO,

as the mobile phase. The dashed line
shows the activity distribution on the
column and the unbroken lines the activity
distribution in the eluate.

Gamma-ray spectrum for the analysis of alumi=
nium and vanadium in the epigenetic calcite
fraction.

b Gamma-ray spectrum for the analysis of
dysprosium in the epigenetic calcite fraction.

Gamma-ray spectrum after four days' decay
fior the analysis of lanthanum, samarium,
ytterblum and- Tusetium an the epigepetic
calcite fraction.

Gamma-ray spectrum after 13 days' decay
iz et analysis of cerium, iren, cobalt,
sgandium and europium in the epigenetic
Eelller ve fractian.

Spectrum of 228U and 225U obtained from the
Mmess spectrometer.

Rare-earth abundances in the Etusis Formation
and banded gneiss divided by the rare-earth
abundances in chondrites, plotted against the
gtomic number.

Rare-earth abundances in the Tinkas Formation
and Salem Granite divided by the rare-earth
abundances in chondrites, plotted against the
atomic number.

Rare earth abundances in the Gawib and
Bloedkoppie Granites divided by the rare-
earth abundances in chkondrites, plotted
against the atomic number.

The area and localities of the boreholes
from which the subsurface water samples

ienel taken., Each sample pmint is designated
as follows: e.g. [12] (2)20 means that the
sample was taken from borehole number 20,
classified into Group 2, and contains

Schoeller dlagram, comparison of the ianic
distributions in subsurface waters of the
Namib Desert and seawater in terms of
Erlavalents per millipn dionic species.

CONFIDENTIAL

Page

139

140

142

152

154

154

159

168



C D N F I D E‘mverl tonf%erria etd Hambleton-Jones B B 1976 l 9

Page

ivity diagram for the system Naz 0-Al. O,

B.-Hz0 at 25 °C at unit activity of water

_lDU kPa. Adapted from Helgeson et al

969, p. 462). 3Subsurface water samples

and 31 from the Gawib River Valley fall

o the montmorillonite field. 169

Equilibriumplot for calcite or calcareous
rocks as a function of temperature with
kespect to the subsurface brines. pCa =

g (Ca®t) and pCO, = -log, {EDZame
minimum, maximum and meah® (X) for all
iter samples are plotted. (Values taken
m Table 19). Samples 30 and 31 from the
ib River Valley are also pleotted. The

ica as a function of temperature with
pespect to the subsurface brines. il il ,
= -log, , (H.$i0,). The minimum, maximum
@nd mean (X) for all water samples are
plotted. (Values taken from Table 19).
mples 30 and 31 from the Gawib River
lley are also plotted. The temperature
r the subsurface water was assumed to ke

°F . i7a

/ariation disgram of uranium plotted against
» carbonate. Four groups in the water samples
‘@re indicated. The dashed lines give the
' @pproximate group boundaries. 172

n
BAN G160t of the X- and Y-canonical variables
derived from a multivariate discriminant
@nalysis of the data from 31 subsurface
- water samples. (+ = mean). 173

?Mariation diagram of carbonate plotted against
BN Ea flon Groups 1 and 2 subsurface waters. 188

" Multivariate regression enalysis of uranium,
. carbopate and pH in the subsurface water
B semples from Group 1. 199

" Multivariate regression analysis of uranium,
carbonate and pH in the subsurface water
samples from Group 2. 191

eous equilibrium diagrams of the system
s—H,0-CO, at 25 °C and 100 kPa.
2C0; = lD‘
Ny = .10 :
pstetler and Garrels, 1962, p. 146-147). 194

CONFIDENTIAL~




University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 20

2 zone of weathering superimposed an an
—-pH diagram. It occupies an area in the
motite stability field.

ematic diagram showing the thickness of
ient above an ephemaral water-table (——)

iation diagram. of vanadium plotted against
luorine for the subsurface water samples
Groups 1 and 2.

iation diagram of calcium plotted against
m for the subsurface waters from Groups
2s

ge inm composition of carbonated water

ring equilibration with calcite at various

eratures in the presence (A) and in the

ce (B) of a vapour phase. (Ostle and
NS n. r175).

diation diagram of Al.0. plotted against
205 (correlation coefficient r = 0,87)

{+ = mean).

fesrelationship between magnesium and cal=
um in epigenetic calcite as demanstrated by
tting the ratio MgO0/Cal against MgO.

Epagenetic ealcite, lLangexr Heinrich.

= H12-3, o = HJ2-5, x = HJ2-13,

A= L£5-15).

Sediments from other parts of the world.

» = Belders Formation marble, US5A;

X = average, 11 025 limestaones from the
Russian Platform;

o = composite 40 North American shales.

fﬂﬂrrmann, 1970).

BES e meteorites.

EENEpiGgenetic calcite, Langer Heinrich area.
B = average, 11 025 limestones from the
Russian Platform.

(Herrmann, 1970).

ts of the fractionation funct;on | el 7
+ Lu against

sum of the rare earths;

{b) percentage iron oxide.

CONFIDENTIAL

Page

155

200

J

]
(%]

232



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL il

ation diagrams of rare-earth =lements
ed against percentage iron oxide.

its of the correlation coefficients. of
etium, dysprosium, samarium and
thanum sgainst the atomic number.

Variation diagram of uranium plotted
against dysprosium for both mineralized
and unmineralized calcretes.

Variation diagram of vanadium plotted
against dysprosium for both mineralized
and unmineralized calcretes.

adium for both mineralized and unminera=
ed calcretes.

chemical mobility of the elements in

supergene environment. (After Dasll'’

BeSe, 1972, p. 123).

=

NiflE geachemical mobility of the elements

in the epigenetic calcite of sample HJ2-5,

th respect to the Bloedkoppie Granite.

;EﬁIESEHtEd in terms of the removal index.
f

"geochemical mobility of the elements

the epigenetic calcite of sample HJ2-15,

W rcespect to the Bloedkoppie Granite.

'T@%mesﬁnted in terms of the removal index.

' Pore water pressure distribution in a

Bediment. (After Netterberg, 1971, p. 9).

" Diffusion model for the formation of

" carnotite in layers and concretions at
PN langer Heinrich. (After Berner, 1971,
R 103 ) .

BEIot of the factor scores of factor 3
liMeble 34) against carnotite mineralizatian
in terms of the concentration of uranium.
(Numbers zs in Table 30).

Jhe sulphur cycle in the diatomaceous
Eediments of the continental shelf, the
;lantic Ocean and the Namib Desert.

Schoeller diagram, comparisons of the ionic
distributions in sea- and fogwaters in terms

B0 f eguivelents per million ianic species.

A Fflow diagram of uranium and the accumula=
Jfamn of daughter isotopes in an open-system
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files through the diatomaceous mud for
‘.Ephorua pentoxide, molybdenum, vanadium,
anium and lass on ignition at 500 °C.
orehole SWA 30).

yfiles through the diatomaceous mud for
phosphorus pentoxide, molybdenum, vanadium,
Uranium and loss on ignition at 500 °C.
(Borehole SWA 50).

1‘.

Vlariation diagram of vanadium plotted against
uranium for the diatomaceous muds. Normalized
with, loss on ignition at 500 °C.

Vlariation diagram of molybdenum plotted
against uranium for the diatomaceous
muds. Normalized with loss on ignitiaon
B SA0:°C., :

A genetic classification for the Langer
Heinrich and Tumas Type uranium ore
deposits in terms of the geochemical
cycle and modes of transport and
deposition.

The relationships of the duricrust
Elepossats with respect to other types
of Wranium deposits inm terms of ore-
feirming processes.

Relationships between ages of host rock

amd the essociated uranium mineralizatiaon.
(2) Age of heost rock enclosing the uranium
mineralization.

(b) Age of wuranium mineralization.
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Heinrich. (Courtesy, Anglo American
Research Laboratories).

CONFIDENTIAL

Page

163

164

165

166

181

182

183

1BS5

208

209

210

2311



FEEMF E A |
S 1L University of Preforia-etd Hambleton-Jones B B 1976

n

Page
tial chemical analyses of the epigenetic
Faction of calcrete powders from percussion
fibzcholes at the Langer Heinrich. 21D
World average values for calcrete. (Goudie,
’IEIE, pt 45D)- 214
,Qggrslatian matrices of 13 samples of the
Bpigenetic fraction of the calcretes from
pite Langer Heinrich.
(&)  Untransformed data.
L [(b) Log-transformed data. 215
-
ﬁummaries of correlation matrices in Table
i,
(a) Untransformed data.
(b) Log-transformed data. 207
Varimax matrix of 13 samples of the
Epilgenetic fraction of the calcretes
from the Langer Heinrich. 218
Promex matrix of 13 samples of the
epigenetic fractiecn of the calcretes from
thc Langer Heinrich. 222
Correlation matrix of factors in the
promax matrix of Table 35. 222
Vienadium concentrations in the Tinkas
Formation. 238
Apnalyses of sea- and fogwaters (Courtesy,
ESIR) . 252
Fog precipitation, equivalent rainfall in
1958 - and actual mean rainfall at Swakopmund.
(Nagel, 1962, p. 57). 253
Precipitation of gypsum expressed as CaS0,
in tons/km®/maonth. 256
234|)/23%|] activity ratios for the duricrusts
gf the Langer Heinrich and Von Stryks pit. 259
=24 )/2%%|) activity ratioc for the Bloedkoppie
Granite. 260
Disequilibrium ages of uranium mineralization
by closed- and open-system models. 263
22r () /23" ) atom ratios in calcrete from the
Langer Heinrich and uranothorianite fraom
Phalaborwa. ¥ 264

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 26

concentration of some Elehents in
er (ppm). (Krauskopf, 1956, p. 3
icgre and Michard, 1974, p. 41).

nt concentrations in two ccres of
maceous muds.

tration factors, relative to seawater,
he elements in diatomaceous muds.

m concentrations of elements in
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LIST OF PLATES

aedkopple Granice dome viewed-across the
BEEkoppie "Flats from the Augawikberge,

I the Langer Heinrich Mountain in the
-ckgrnund te the noerth. "Granite outcrops

iR the middle foreground.

Seeretion pegmatite in the Bloedkoppie
11te with biotite crystallizing aslong
normal to the contacts.

J“ the feldspars. Crossed nicaols,
Tagnlflcatlmn x 50.

A:ﬁlveoles in 'the Bleedkoppie Granite.

Jafoni on the north-facing slope of the
Elmedkopple dome. Dimensicns are approxima=
%Ely 10°m high, 10" m deep and 30 'm wide.

Aerial photaograph showing the fanglomerate
'cﬁf the Gemshok calcrete formation in the
Gawib River Valley.

ﬁﬁverns and overhangs in the Gemsbok
ealcerete formation formed by deflationary
processes.

Stone pavement on the Gawib Flats composed
of angular to rounded guartz pebbles.

Heinrich celcrete formation orientated in
the direction of waterflow as shown by the
arraw.

Photomicrograph showing the pushing apart
'of detrital grains by calcite. D = detrital
gEain, C = calcite. Magnification x 50.

Photomicrograph showing how the pages of .a
biotite 'book' have been separated by the
precipitation of calcite between them.
Magnification x 50.

Photomicrograph illustrating a low degree
of calcification. The black areas are
pore spaces which frequently surround the
detrital grains. Separation of grains by
calcite precipitation is less extensive.
Crossed nicols, magnification x S50.
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tomicrograph showing rims of secaond

ration calcite surrounding detrital

ms., The black areas are carnotite

Bystels in a lighter calcite matrix.

Magnification x 50. 72

@) Electron photomicrograph of amorphous
Ernccite in calcrete. Magpification
1 000. 4

I Electron scatter photomicrograph of
uranium of the same area in Plate 14(a). 74

$4(c) Electron scatter photomicrograph of

vanadium of the same area in Plate 14(a). 74

(&) Electron photomicrogreph of platy

carnotite in calcrete. Magnification
b 000, 75

) Electron photomicrograph of platy
Earnotite in calcrete. Magnification
s Eiaialape

(&)

15(c) Electron scatter photomicrograph of

=l

n

branium of the same area in Plate 15(a).

Phetomicrograph showing the crystals=
lization of carnotite (black areas) B
around detrital fragments. r6

Hardpan calcrete overlying Bloedkoppie
Granite. 185

Photomicrograph of the hardpan calcrete. (Page 185
betrital grains are set in a semi-opagque bowund
ferrugenous calcite matrix. Transparent after
second generation calcite has filled pore page 76)
spaces and formed rims round the larger .
grains. Crossed nicols, magnification

x 50. 185

A cross-sectional view through the Gemsbok
calcrete formation in the western part of
the area.

(W]
AN ]

Laminated zone of calcrete in the Gemsbok
calcrete formation.

T
nJ

Stratified zone in the Gemsbok calcrete
formation.

m

Large boulders (up to 300 mm in diameter)
have been pushed apart by calcite
crystallization.

Cco
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1. INTRODUCTION

S‘stuﬁy covers the areas of the Gawib River

" Tumas River Valley, the Dorstrivier area and
atomaceous muds in the anaerobic basins on the conti=
f. The localities are shown on the Gemini
photograph (Fig. 1).

‘The main physical features are the Swakop, Khan and
givcanyons, the Husab, Witpoort, Langer Heinrich,

rge and Chuos Mountains, and the extensive flat
ihich form the Namib Plain. Ephemeral drainage

BUch as the Tumas River cross the plain from east

"Rainfall at Swakopmund over 35 years averages 18 mm
r (Nagel, 1962) which increases to 150 mm further
(Smith, 1965, p. 6). Most of the precipitation in
W@mib Desert is from fogs blown inland from the sea,
unts to 130 mm per year (Nagel, 1962).

BWiIn the Namib Desert there are essentiaglly two types
ium deposits -that are associated with the rocks of
arpatilrogen. ' The first of these is the primary
cy''-type mineralization (Armstrong, 1974) found in
ic rocks closely associated with the highest meta=

le grade. Deposits at Rossing and Goniakontes are

1 examples. The second type of deposit comprises the
etic uranium occurrences which are found in the
liricrusts which form a superficial calcareous cover OVET

ige’ part of the Namib Desert. A number of mining companies

.
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' engaged in prospecting programs embracing

es of mineralization.

ng 1970 and 197& the Geological Survey of Saouth
Jextook airborne magnetic and aeroradiometric surveys
east of Walvis Bay. The most promising radio=
alies were subsequently taken out under

by mining companies. To the north of the area,
ican Prospecting Co. Ltd .took the farms Dorst=

0 Nordenburg 76, Vlakteplaas 110 and part of

of 109. In 1974 they were granted three concessions

ostly within the Tumas River Valley. General

Uranium occurrences in calcrete have alsoc been

. from Yeelerrie in Western Australia (Langford, 1974),_
_ o r 2o A
a (Dall'Aglio, 1974) and the Gobi Desert in China

A
nal communication, Dr A. Clark, AAEC). The chances
jood that similar deposits will be discovered elsewhere,

leserts cover large areas of the earth's surface.

ete uranium deposits may be unigque to the Namib Desert,

The main purpose of this investigation was to
ermine the geochemical behaviour of uranium and other
ements, firstly in the primary environment of the basement

s, secondly in the hydrological environment characterizing
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~ N\ River
Goniakontes
UND i

G1 Gemini satellite photograph showing the areas included within this study. Approximate scale
1:800 000 (Courtesy U S Information Service)
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B
conment of superficial rocks and diatomaceous muds.

The work was concentrated mainly arcund the Langer
ch uranium deposit, as this was the first major
ery of its kind in Southern Africa. It was the only
mapped in detail for this investigation. The geology
the remaining areas was obtained from maps supplied by
| American Prospecting Co. Ltd in their annual prospecting
orts submitted to the Atomic Energy Board. (Annual
ecting Reports, 1972, 1973, Prospecting Grant M46/3/209;
mual Prospecting Report, 1974, Prospecting Grant M46/3/430;
phtal Prospecting Report, 1974, Prospecting Grant M46/3/433;
iiual Prospecting Report, 1974, Prospecting Grant M46/3/487.)
The Langer Heinrich area was mapped directly onto
pial photographs at a scale of 1:36 000, from which the
was transferred to 1:25 000 topographical maps (Map 1).
of the information regarding the basement rocks was
gmpiled from Jacob (1974).
Whole-rock, powder, diatomacecus mud and water
les were collected. At the Langer Heinrich, only
ice whole-rock samples of calcrete were taken, as no
Jrehole cores were available at that time. Powder samples
[ calcrete from the percussion drilling program were
ly available. Four boreholes were drilled specifi=
ly for this investigation and were numbered HJ1, HJ2,
1 and AD1. Samples from borehole C5, not
gfiscally drilled for this purpose, were also used.
fe localities of all five boreholes are shown in Map 1.

e powder samples are representative of every half-metre

i depth. With percussion drilling it was not possible to
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gisample from an exact depth, ana any analytical
therefore the mean for the half-metre it comprises.
id specimens of the basement rocks were obtained
localities shown in Map 1. Each sample number was
B8 with the prefix LH.
Most of the water samples were obtained north of
k P River. The localities are given in Fig. 41.
mples were taken from existing farm boreholes by
igtment of Water Affairs in Windhoek at the request
tomic Energy Board. Only two water samples, numbers
J, were obtained from boreholes HJl and Jl respec=
the Langer Heinrich, due teo the lack of suitable
Diatomaceous muds were obtained from two cores,
and SWA 50, supplied by Union Corp. Ltd. The
ies are shown in Fig. 15. Representative samples
epared from approximately 500 mm sections of core
IP8nd 1 000 mm sections of core SWA 50.

Thin sections were prepared from most samples.,
d sections, impregnated with plastic, were made from
calcrete samples. Certzin whole-rock samples
iEvanalyzed by X-ray diffraction. Heavy minerals
ghseparated from calcretes and basement rocks by heavy
gie Using tetrabromoethane (5G = 2,98) and the Franz
mic Separator. All concentrations were analyzed
scopically and by X-ray diffraction.
Approximately 50 calcrete camples from percussian

es were submitted for multi-element determinations
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spectrograph.

 the amalytical techniques used refer to Part
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RAL GEOLODGY

3. REGIONAL GEOLOGY

est in the geology of the Damara Orogeric Belt
the end of the nineteenth century. Summaries
'have bheen given by Smith (1965, p. 3) and

rﬁﬁéﬁ (1974, p. 1-6). Gevers, in the mid-nineteen-
was the first to complete a comprehensive study of

a8l geology of this area (Jacob, 1974, p. 1). In

B in prospecting activities. Anglo American

in the Dorstrivier area the mapping caonfirmed

Uf Jacob (Annual Prospecting Report, 1973,

fing Grant M46/3/209). To the south and west of

3's area, and mainly in the Tumas River Valley, the
ihuation of the lithological features was proved.
'Prospeéting Report, 1974, Prospecting Grant

130; Annual Pruspectiag Report, 1974, Prospecting
’ﬁ?h&6/3/433; Annual Prospecting Report, 1974, Prospecting

MAG/3/487).

Stratigraphy

®  The South African Committee for Stratigraphy (SACS)
hted a South African Code of Stratigraphic Terminology
ihd Nomenclature (1971). Based on the printiples and

;L lelines set out in the Code, recommendations concerning
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. Y.
pRllesert. With regard to the rocks of the Damara orogen,

1974, p. 4) are used.

5
jhe complete stratigraphic column is given in Table
Jdacob (1974, p. 3) discussed the terminology used
rocks of the Damara orogen, and used the term Husab
on (ibid, p. 5). According to SACS this is no longer
Bie, the term Karibib Formation being preferred as
35 historically more appropriate (Hugo, 1974, p. 7).
€ is derived from the marble of this unit which is
8 in a quarry cn the farm Karibib 54.
IGranite rocks are well developed throughout the
[ence below the Namib group, and particular types are
¥ confined to certain lithological units. The meta=
m equ1va]§2%£wtvﬂoilb G?upwi.s ﬂfﬁﬁjdf'arfié.ziﬁﬁ 9”’7{‘:_ﬁ
(86, and that of the Swakop Group is the Salem’ Granite.
JEr granites occurring within the area, for example

‘tes, Bloedkoppie and Gawib Granites, are not confined
8ny lithological sequence).
The superficial calcareous rocks lie unconformably
- rocks of the Damara orogen which cover large areas
the Namib Desert. It is proposed that the term Namib
ip be used to include all these rocks. From gast to west
poss the Namib Desert the calcareocus rocks undergo

@positional changes. In the east they are mainly

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 40

TIGRAPHIC TERMINOLOGY FOR THE ROCKS IN
DAMARA OROGEN

KHAN/SWAKOP AREA

SUBGROUP FORMATION

GEMSBOK CALCRETE

H//UNCQNFQRW?{E

LANGER HEINRICH CALCRETE ;‘a*
AND wi
TUMAS GYPCRETE

MAJOR UNCONFORMITY

WITPOORT
AND ;
TINKAS A

N Al
KHOMAS \ i
KARIBIB o

Al
CHUOS H{f

UNCONFORMITY

HAKDS RGSSING

UNCONFORMITY

KHAN

ETUSIS

MAJOR UNCONFORMITY
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~and in.the west largely gypcrete. Terms such as

r Heinrich calcre:e formation and the Tumas gypcrete
‘are proposed to account for the compositiunal-

B8, although they are chronostratigraphically equivalent.
lames are derived from the Langer Heinrich Mountain

fie Tumas River respectively, as the rocks are well

ted in these areas.

The Gemsbok calcrete formation is lithologically

to the Langer Heinrich calcrete formation, but

hange in name is necessary due to the presence of an
ormity separating the two formations. The name

i5 derived from the name of a tributary of the

“River which enters it from the south, close to a

outcrop (Map 1).

1 @?qiunal Struecture

.Structﬁrally, the Damara orogen has been subjected
four episodes of deformation (Jacob, 1974, p. 34). The
ond phase was primarily responsible for the north-

ely structural direction, where anticlinoria and
inoria were formed with a wavelength approximating
Bl sbid., p. 38).

Nosib Group rocks and Red Granite gneiss outcrop
ainly 2s large dome structures, with the anticlines being
broader than the intervening synclinal structures.
the Dorstrivier area, plastic deformation of the rock
place because folding was the main structural element.

little faulting occurred (Arnual Prospecting Report,
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pecting. Grant M4AG/3/209).

(1973) demonstrated that there are parallel
ips between the structural grain, metamorphic
magnetic susceptibility and radicactivity of the

of the Damara orogen. Magnetic and radiometric

2 other hand, the Nosib Group rocks comprising the
Heinrich Mountain have a low metamorphic grade with
sponding magnetic or radiometric anomalies. Corner

5) completed a traverse up the Swakop River, where he

ced the radicdctivity and magnetic susceptibility of
ﬁﬁ(;mck types. He found that areas containing mineralizea
tes have associated negative magnetic anomalies which

be the result of remocbilization of rocks and intrusion

skites in a new, but changed, magnetic field (Corner,

' p. 5 ) 0
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4. THE GEOLOGY OF THE BASEMENT ROCKS

ined to those found in that area.

Stratigraphically, with respect to the rocks in the

kop area of the Damara orogen, the lithological

is incomplete, for the Khah, R&ssing, Karibib

gort Formations are absent. Consequently the

d Tinkas Formatiors follow unconformably aon the

ind Chuos Formatioms respectively. No limestane

gl of the Karibib Formation is developed. Jacob (1974,

% Fig. 1) schematically shows the relationship between
pibib and Tinkas Formations within the area he mapped.

ds, the limestone disappears gradually to give way

exclusively to the schists of the Tinkas Formation,

for localized development of thin limestone bands.

(1965, p. 22) reported similar findings in an area

H i
north.

Etusis Formation (Ns; Q)

e
) The Etusis Formation incorporates most of the

r Heinrich Mountain and two small outcrops in the

zites and oligomictic conglomerate bands. The

sses of the latter are mostly between 100 mm and

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL . A4

'5j$p-pqcur as thick as 15 m.

bbles are generally well rounded and are com=
of guartz with lesser amounts of granite, peg=
rémphihclite. Metamorphism has naot affected the

f‘ﬁgﬂﬂgignificant degree, but the pebbles in the

e do show some elongation. Bedding planes are

recognizable, especially where the caonglomerates

- guartzites are composed of quartz, microcline
lase with smaller amounts of biotite and
" Magnetite and zircon are the main accessory

I8 The matrix of the conglomerate is similar to the

ﬁhuas Formation (DzG)

-

-;ﬁe Chuos Formation is developed only at the foot
stern slopes of the Langer Heinrich Mountain. It
k type of uncertain origin and has been variously
ed as a tillite, tilloid or diamictite. No

ice has been found to regard the Chuos Formation as
”%ffﬁfinitely of glacial origin (ibid., p. 17).

p”ThE rock is essentially schistose, having a cleavage
dion parallel to the overlying schists of the Tinkas
tion. Metamorphism has elongated the pebbles parallel
 schistosity, giving the diamictite'the appearance

'augen gneiss'. Wuartz, quartzite and granite are

i@in constituents of the pebbles. Occasionally secretion
]
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are 'found.

eralogically, the matrix is composed of quartz,

% microcline, biotite and muscovite.

It forms the prominent Schieferberge in the
| the Augawibberge in the south-east.

7fé most striking feature of these rocks is their

and calc-granofels bands. The thicknesses of the

V, with the latter not exceeding about 1 m. On

the calc-granofels is more resistant to weathering

nds out as a low narrow ridge.

. Calc-granofels bands are 'massive and nan-foliated!'

jhere gneissic structures have developed in tight

aibid. ﬁ. 65). In hand-specimen, the rocks are

'ﬁ_gratic, sometimes greenish, fine-grained and extremely
Texturally they are either porphyroblastic or seriate

, p. 67). Quartz, plagioclase and diopside are

11y the major constituents. Other minerals such as

cline, hornblende, garnet, calcite and scapolite are ﬂﬂJ&o

P oM

[So0 present to a greater or lesser extent. mmJ’"Mfzﬁh;{th

The mineralogical assemblages of the pelitic schists

belong to the amphibolite facies ard ceorrespond to the medium

high grades of metamorphism. Within the area mapped, the

ts fall in the medium grade, as separation of the grades

P
found further to the north, at the 'beginning of anetexis
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isograd (ibid., pp. 92 and 129).

ﬂ#m rocks are fine-grained with lepidoblastic texture
%mpnsed of guartz, plagioclase, biotite, K-feldspar
erite. Minor minerals such as muscovite, sillimanite,
€ and garnet are commonly found. (ibid., p. 93,

,g?. Biotite is responsible far the lepidoblastic

" Salem Granite (Gng )

G

éThE Salem granite is located to the north-east of
. Good exposures, although very weathered, are
J'i@lthe Tinkas River.

y;lt is a porphyritic biotite granite, medium to
grained, and has a composition varying between
Eite and granite (ibid., p. 144, Fig. 54).
logically, the Salem Granite contains quartz,
ocline, plégiuclase and biotite. Phenocrysts consist
iBeline perthite.

d_Stratigraphically the Salem Granite occurs abaove
Sis Formatiaon in the zone normally occupied by the

Formation.

Bloedkoppie Granite (G, )

The Bloedkoppie Granite is the main granite found

Elarea, and is situated south-east of the Langer

ich Mountain. Its most striking physical feature is

:éﬁﬁominent whale-back dome, called the Blutkuppe by the

German pioneers. Smaller granite outcrops are found
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dcally in the Bloedkoppie Flats which extend eastwards

Intrusive features of the Bloedkoppie Granite are

ﬁH;usion temperatures are indicated, for there has been
{e alteration of the country rock, although in same
@lities migmatization and partial granitization over

of a few tens of millimetres can be seen.

are well represented and those of the Tinkas

are orientated towards the north-east. This

that the Bloedkoppie Granite was implaced during

le difference between the xenoliths of the Tinkas
-#msis Formations, for the latter show a greater degree
alteration, whereas the former are hardly affected except
the smaller rafts.

The north-east orientation of xenoliths is parallel

Y ﬁthr aplitic intrusions and fracture patterns, along

tites. These pegmatites are pinkish in colour, with
dtite and tourmaline crystals orientated at right angles
€he contacts (Plate 2). Both fracture patterns cross
other at angles varying between 30° and 70°.

4 The Bloedkoppie Granite is very similar to the

m Leucogranite, but is slightly more potassic (Jacob,

74, p. 145). It is a medium-grained, but locally coarse-

CONFIDENTIAL
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d, leucogranite with quartz, microcline, plagioclase
ite as the maiﬁ constituents. Accessory minerals
8\ zircon, apatite, allanite and ore are present. In
the quartz grains are slightly smokey. Grain sizes
ifeldspars vary locally up to 25 mm in longitudinal
Texturally the rock is hypidiomorphic granular and
jg8phic intergrowths.
It was virtually impossible to obtain a fresh sample
Bloedkoppie Granite pluton. Large sections of the
Lte were so weathered that individual grains had almost
ence. Even the freshest pieces aof granite had iron
o

ground biotite flakes, indicating that iron was gradually
ffIEieased from the crystal structure as a result of
ang. Plate 3 illustrates typical weathering in the
rs.
Unusual weathering features are developed aon the
ppie Granite, and three basic types emerge. The first
,liationlun both large and small scales, the former being
€ conspicuous on the Bloedkoppie dame, where large granite
pe cling to the steep slopes. Secondly, there is a
eRof weathering that fesults in & spongy texture and is
grred to as alveoles (Plate 4). Thirdly, the development
large caverns (Plate 5) termed tafoni qﬁé to be found.
i alveoles and tafoni as found in other deserts of the
gld have been described by previous authors, but they occur
it frequently in the foggy coastal type to which the
iib Desert belongs (Cooke and Warren, 1973, p. 58).
The shapes of the alveoles vary, but all have an

-;ally rounded entrance and the direction of penetration
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2 Secretion pegmatite in the Bloedkoppie Granite with biotite crystallizing along and normal to
‘the contacts.
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ile is rapdomly orientated. No preferential siting
in the granite face is apparent, for they are
eily located towards the direction of the

inds. Holes, in places, have completely eaten

granite. The entrance sizes vary between 30

On & much larger scale, tafoni have developed on the
T“ng slope of the Bloedkoppie. The size of these
between 2 to 10 m in height and 4 to 20 m in length,
h penetration of as much as 10 m. All have arch-
Entrances, with some flatter than others. Inner

2t are concave and irregular (Plate 5). The origin
”*glvecles and tafoni is puzzling, particularly with
®to the former. Granular disintegraticn, unevenly
pibuted on the rock surface, seems toc be the most

sable explanation for the formation of the alveoles.

of disintegration bear no obvious relationship to a
Bdirection that could carry sand particles or nuclei
joisture.

Onshore fogs commonly penetrate inland as far as the
BT Heinrich (about 100 km from Swakaopmund) and the
gsolved salts they bear act as chemical etching agents.
gtration into the granite is by mechanical means and

mical reaction in microcracks along intercranular

Mdaries at the point of weakness. No evidence of salt
I8ts is found in the alveoles, but these may have been

Bved by rainfall.
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notomicrograph showing weathering
50.

effects in the feldspars. Crossed nicols. Magnification
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veoles in the Bloedkoppie' Granite.

foni on the north-facing slope of the Bloedkoppie dome. Dimensions are approximately 10 m
high, 10 m deep and 30 m wide.
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A éirectibnal aspect of the tafoni infers that

at a point in the granite was brought about and

ted by environmental factors such.as differential

jtures and corrosive solutions. A north-facing slope

eespguthern hemisphere accumulates a greater amount of
ring the day than do southern slopes. This may have

icient to form a crack in the granite and thereby

a tafoni.

Examination of the inner faces of the tafoni shows

&ing and disintegration are taking place simultaneous=

'iﬁgcing a constantly crumbling surface. 5alt precipita=

ween the flakes is common. This indicates that the

\
g is caused by initial chemical reaction, probably

ion of feldspars, followed by differential volumetric

ision of crystallizing salts.
;;X-ray diffraction analysis reveals that the chief
11:1;.1131'1'[:5 of the salt crust are sodium chloride and saome

t hydrated salt (probably a hygroscopic type) of which
ftification was not possible. A partial chemical analysis
="":;-Sal‘lz crust is given in Table 2.
Neither alveoles neor tafoni were found in the
zites and schists of the Etusis and Tinkas Formatians

7e Gawib Granite, but they are locally developed in the

Granite. This observation therefore implies a
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o PARTIAL: CHEMICAL ANALYSIS OF THE SALT CRUST
- ACCUMULATING IN A TAFONI ON THE BLDEDKOPPIE

Cation A Anicon o
Ca 1,8 CL~ 52,6
Mg 1,0 502 /253
Na 24,1 NO, 013
K 0,04 COEE™ 0,58

N

Gawib Granite (Gg)

48
The Gawib Granite is situated in the south-western

Bf of the area. Structurally, it forms a pluton, with

:ve and cross-cutting relationships to the Tinkas

It appears to be a composite intrusion of

fibthe outer gneissic margin is older than the locally

phyritic interior. No large prominences are present

in the case‘of the Bloedkoppie Granmite, but the Gawib
e consists of rounded onion-foliated boulders of

82 m in diameter. The colour of weathered surfaces is

garthy brown.

The gneissic margins are granodioritic, but towards

Bcentre the composition becomes more granitic (Jaceb, 1974,

Quartz, plagioclase, microcline, biotite and

ende are the chief constituents, with epidote and
gne the main accessory minerals. Compared with the
gedkoppie Granite the amount of microcline is much less,

Breas the plagioclase and biotite contents are considerably
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oL

Horebis Granite (G

Horebis Granite in outcrop is small and developed
-k on the extreme west of the area. Contacts with
rock types are covered by sediments of the Gemsbok

ete formation, but contact with the Gawib Granite is

ied, for in one locality they are separated by only

pf soil.

MIt has an unusual spotted abpearance due to the

10 to 30 mm in diameter, of black tourmaline.

red and white varieties are found. Tesebura lly, 35t
Iitic and composed of quartz and microcline with

pplagioclase.

Pegmatites

Pegmatites cover most of those types described by
B (1974, p. 154). The oldest type are the syntectonic
lgeneous varieties developed in the regional foliation
;_ The bulk of pegmatites, however, belong to the

Erogeneous class, consisting of zoned and layered types,

Mlatter being the more abundant of the two.
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Bs ;ENERAL GECOLOGY OF THE YOUNGER FORMATIONS

e
In the area of study surficial deposits cover large

g areas such as the Gawib River Valley, Gawib Flats,
88 River Valley and certain areas of Dorstrivier. Basement

{ )
e

g are exposed as mountains, inselbergs andﬂcanyons through

iceous clastic material that has been cemented with

e and/or gypsum. The e e S e et e

@ble. Particles are both rounded and angular, with sizes
11 as 2 um in clays to boulders of several metres in

-

The terminology adopted was an attempt to incorporate

8 the definitions some of the features mentioned above.

Brals that have been precipitated from waters carrying

geolved ions in solutions. The nature of the precipitate

F 2 ) ; £ -
be calcium carbonate, calcium sulphate, silicon, .

—_—

-

A duricrust containing calcium sulphate (gypsum)
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Six varigties of calcrete have been reported from
qg.Africa (Netterberg, 1971, p. 2-6), viz.calcified
powder calcrete, nodular calcrete, honeycomb calcrete,
)an calcrete and boulder calcrete. The classification
ally genetic, each type representing a stage in the
lopment of calcrete (ibid., p. 8, Table 1). The sequence
jsentially a time-based function according to which the
WEJcérbonate content increases.with age.
' Only three of the six calcrete varieties are re=
~ﬁ{}d at the Langer Heinrich, viz the calcified soil,
ferdpan calcrete and boulder calcrete. For the purpose
his discussion, however, the term calcified soil is
aced by a synonymous term, calcified breccia-conglomerate.
ng to the Glossary of Geology (1972, p. 91),
-conglomerate is defined as 'a sedimentary rock
3isting of both angular and rounded particles' and this
'm%@Bs more precisely the nature of the clastic host
erial being dealt with in this study.

According to Netterberg (1971, p. 2-6), calcified

edpan calcrete is an older and better developed

Icified breccia-conglomerate, and has a higher calcium

S
arb

onate content. It forms a sheet-like layer over less
olidated and developed calcrete. Boulder calcrete is
disintegrated and weathered variety of hardpan calcrete.
\ Four stages have been recognized in the formation

f calcrete horizons (Gile et al, 1966, p. 354) as follows:
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" Larbonate Morpholcogy

Thin discontinuous pebble coatings.

Continuous pebble coatings.

Many interpebble fillings forming a plugged zone.
Laminated zone overlying plugged zone.
Discontinuous segregations form in the initial stages
€ium carbonate accumulations.: As calcium carbonate
itation proceeds, the zone becomes more continuous

e plugged stage, termed the k-horizon, is reached.
a laminated zone, having a high CaCOa content,
4:§iah the k-horizon.

Gypcrete can be classified in a similar manner as
5, and those represented are powder gypcrete, vuggy
and consolidated gypcrete. Powder gypcrete is a
gccumulation and is the youngest in the stages of

Beneath the ground surface vuggy gypcrete forms,

The gypcretes of the Namib Desert are very extensive
g form a veneer over most of the calcretes in the area

] investigated. It appears that towards the coast the
io between the gypsum and calcite contents of the

jficrusts increases as shown in Fig. 2. The vertical

0 Swakopmund, and this may apply to the whole of the
amib

ib Desert along the coast, the duricrusts consist mostly

figypcrete, but at the Langer Heinrich the gypsum veneer
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0y thin and the calcite prodominates.

SWAKOPMUND LANGER HEINRICH
100 4 -
GYPSUM
“h *
CALCITE
1] 100
~=——— DEGREE OF ARIDITY
Fig. 2: A schematic relationship between gypsum

and calcium contents of the duricrusts
in the Namib Desert with respect tao the
degree of aridity.

Schematic profiles through the superficial duricrust

8 to the basement rocks are given in Fig. 3.

T o] 7
GEMSBOK CALCRETE K
FORMATION se _|—soTTOM OF
;D' 717 von strvis AT
~— UNCONFORMITY 0.0 - “sm I-TUMAS GYPCRETE
~— HARDPAN I0=30TN 8 FORMATION
LANGER HEINRICH CALCRETE 2
FORMATION
[
e\ | ~_UNCONFORMITY  _|

+
[+ - t(f
= UNCOMFORMITY 4 \\ + 4 BASEMENT ROCKS

§ BASEMENT ROCKS
o) (b)

Fig. 3: Schematic profiles through the superficial

duricrust deposits to the basement rocks at

(a) The Langer Heinrich area;

(b) Von Stryks pit in the bed of the Tumas
River. The pit is only approximately
6 m deep and the geology below this
point is only inferred. Information
from seismic data tends to confirm
this. (See Figs 7).

Geomorphology

Before describing the gémlagy of the duricrust
j8its, it is necessary to consider briefly the geomorpholo=

8l sequence of events that culminated in the formation of
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nt-day landscape of the Namib Desert. Greater

§ is placed on the Gawib River and environs, as

Palaegeomorphology v
Vi I

The Namib Plain and the sediments comprising it are
gonsequence of successive erosion cycles (King, 1963;
955, p. 5-15; Gevers, 1942, p. 63; Truswell,

y p. 139-142) and the sequence of events is given in
Mological order in Table 3. Following the separation
fifrica from Gondwanaland, continental margins were

1% downward by monoclinal flexing during early and mid-
t@ceous, thereby initiating a cycle of Post-Gondwana

This was terminated by uplift in the late-

teceous, where the axis of greatest elevation was along
Bamarginal zones of the continent. Lesser uplift took

Ce on the outward and inward flanks of the axis. A new
gion cycle began, lasting between early Senonian and late-
fgocene and culminating in the African erosion surface.

“Q@ this time humid conditions prevailed.

By the end of the Miocene, epeirogenic uplift brought
it erosion of the African surface to produce the widely

tributed Post-African landscape. Final uplift in the

45 thought that this period of uplift was of a multicyclic
Erosion eventually produced the Quarternary surface.
fqéture of this last uplift was doming along a central axis,

g the Namib Plain slightly convex.

CONFIDENTIAL
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CHRONOLDGICAL DEVELOPMENT OF THE NAMIB DESERT

—3

" QUARTERNARY HOLOCENE or RECENT
PLEISTHCENE

B S, P

1o
Ly

8
| PLIOCENE }
MIOCENE
QERTIARY OLIGOCENE

I
I
w EOCENE 1

[ S

DANIAN
SENONIAN

UPPER

TURDONIAN
CENONANTAN
ALBIAN
APTION

NEOCOMIAN

CRETACEOUS

LOWER

JURASSIC

=

Gondwana erosion surface

Fragmentatlon of Gondwanaland - continental drift
‘]Dwnwarplng, marine transgressiaon

Post-Gondwana erosion surface

Uplift

African erosion surface, humid climate, formation of
“dpitial Gawib and Tumas River Valleys.

lip1ift

) Post-African erosion surface - desert climate,
Langer Heinrich calcrete and Tumas gypcrete

" formations developed.

Multi-cyclic uplifts

Quarternary erosion surface, Gemsbok calcrete
formation developed, Swakop and Khan River
canyons formed

" The gouging out of the pre-alluvial Gawib River
gy between the Langer Heinrich Mountain and the
ferberge is probably of Post-Gondwana and African

surface age. This was therefore the palaeotopo=
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Eebase upoh which the sediments, as found today, were
4 illustrates diagrammatically the geomorphological

nt of the Gawib River Valley. Structural, erosional

entary features can be traced up to the present

;thrn geomorphology

5)3 Gawib River drainage system is fed by tributaries
nating between the Tinkas watershed in the east and the
watershed in the west (Map 1). Most of the water that
ied through the Gawib River Valley drained off the Tinkas
d, deriving the bulk of its volume from the slopes of
#%éﬁibberge and the Langer Heinrich Mountain. In the

iy the Gawib watershed feeds water into streams running

. Schieferberge.

‘fﬂnuntaiﬁous terrain surrounds the Gawib River Valley.
fﬁﬁger Heinrich Mountain to the north has an altitude
052 m. The Schieferberge to the south are less

pessive, attaining heights of 820 m. The mountains are

1
¥

@wouthful stage of erosion, characterized by steep -
‘it@ﬁlleys and gullies.

> Fanglomerates are characteristic of desert enviraons
(King, 1963). In the Gawib River Valley a remnant
errace of the Gemsbok calcrete formation has been preserved
enclave of the more competent quartzites of the

flsis Formation (Plate 6). Normally fanglomerates in

gserts advance outward from the mountain fronts, but in this
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Deposition of continental breccisa
on African surface.

Initiation of the Langer Heinrich
calcrete formation in desert
conditions.

Precipitation of CaCO,.

Uplift at end of Miocene.

Erosion of calcrete.

Continued precipitation of CaCO,.
Lamger Heinrich calcrete formation
completed, but partially eroded.

Multicyclic uplifts in the Pleisto=
cene

Development of Gemsbok calcrete
formation unconformably on the
Langer Heinrich calcrete formation.

Continued Pleistocene uplift.
Present Gawib River channel formed,
filled with Recent alluvium.

This was contemporaneous with
erosion of Khan and Swakaop River
canyons.

Geomorphological development of .the

sediments in the Gawib River valley
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Vréﬁrely'an erosional type. Mabbutt (1952, p. 345)
26 similar terraces in the Ugab River Valley.
'%@mmtion'of the fanglomerate in-the Gawib Riwver

18 considered to have taken place by three processes:
psion by the Gawib River when in flood.

rosion by cross-cutting tributariesroriginating
from the Langer Heinrich Mountain.

Mechanical rock-falls due to undercutting by wind
and water eéusian. Wind erosion has a tendency to
cause differential deflation where the softer parts
are preferentially eroded. The result is the
formation of caverns and overhangs (Plate 7).
1@antinuatiun of the deflationary processes causes
‘the collapse of the overhangs and the development
of scree slopes. )
Stone pavements are found on the Gawib Flats in areas
e devoid of vegetation. They are surfaces which are

. oA A
ed by angular to round quartz pebbles of different

With diameters of up to 50 mm. The packing density of
)les is variable and it was observed that those areas
phigh packing densities contain pebbles that are rounder
8). This suggests that the denser the packing and
rounder the pebbles, the longer the stone pavement has
exposed to deflationary processes.

Stone pavements are formed after the removal of finer
al by wind and/or water action, leaving a pebble residue
g surface. Loose boulders lying on top of the Gemsbok
grete formation have been subjected to negligible

ing due to this phenomenon.
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Langer Heinrich Calcrete Formation

The calcretes of the Langer Heinrich calcrete
'TW}Imsist of the three types men£ioned garlier.
20 breccia-conglomerate forms the bulk of the
and only in the north-east does a remnant
crete unit remsin (Map 1). Boulder calcrete

rtant for it consists of loose boulders scattered

:uvium.

Ihe Langer Heinrich calcrete formation is a desert

.8 sediment which was deposited and cemented in

the Gawib River during the dry middle to late
(The term 'Wadi' as applied in this context W

gisame as that used by Glennie (1970, p. 29), which

ie smaller sand particles.

The calcified breccia-conglomerate is generally

im to coarse-grained with grain sizes between 0,5 and

The distribution of grain size in the outcrops is

i form, for in parts it is finer grained that in others.
iin sizes between 0,5 mm and 15 mm with an average of 2-3 mm

tute the finer-grained material.

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL

Stone pavement on the Gawib Flats composed of angular to rounded quartz pebbles.
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inding in the grains varies considerably and is
filargely on their composition and fabric. Those
h show bedding planes and schistosity are the
ied, for example, the quartzites and schists of the
Tinkas Formations respectively. Quartz, granite
.te pebbles have the highest degree of rounding.
rounded pebbles have probably been derived from
domerate bands in the Etusis Formation, as water and
y p. 33) points out that roundness is not a
ed criterion for indicating distance from source.

The mineralogical compaonents of the calcified

llonite and attapulgite. Dolomite is absent, which
with the statement of Mackenzie and Bricker (1971,
) that dolomite cements do not form in younger sediments.

gscopical and X-ray diffraction analyses of heavy

Bhe, zircon, apatite as allogenic minerals as well as
dte. This assemblage seems to be fairly general and
icates a provenance of pegmatites, Bloedkoppie Granite,
1§ts and granofels of the Tinkas Formation, and the
¥tzites of the Etusis Formation. Carnotite is a mineral

Ef was precipitated from solution and is therefore authigenic.
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Montmorillonite and attapulgite represent weathering

. Attapulgite is found in those calcretes which have

ght greenish colouration, and predohinates locally towards
I

=E$~where the Gawib River turns northward. Montmorillonite

8ely distributed and is found in the normal greyish

: Calcite and gypsum accumulation in the detrital

gial shows peculiar characteristics. The growth of

8ls from solutions results in the detrital fragments
gpushed apart. A stage is eventually reached where the
s are pushed apart to such an extent that they are no

2 in contact with one another and 'float' in a sea of
te or gypsum. The result is that there is an expansion
EhE ﬁediment as a whole. If this expansion is large

ﬁ‘in a horizontal direction, pseudo-anticlines and

lines may develop (Goudie, 1973, p. 61). Plate 10

‘ﬁhat there are no two detrital grains in contact.

In increase in age of the calcrete, the distance between
ins becomes larger. Plate 11 is particularly interes=
and demonstrates how the 'pages of a biotite book'

_Fn separated by calcite precipitating between them.
(1970, p. 42) reports that pressures resulting from
el growth may reach approximately 5 000 kPa. Such
Blres are sufficient to shatter rock fragments of which
fensile strength lies between 2 000 and 20 000 kPa.
Certain parts of the Langer Heinrich calcrete

@tion have @ lower degree of calcification than others

PBlate 12 illustrates such an example. The black areas

¥nore spaces, and the degree of separation of the grains
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large &s that illustrated in Plate 10. Typically,
Ferlocated mainly along surfaces of the detrital
IElt across calcite crystals to a lesser extent.
ath this open structure may be considered to be
cquifers which afford passageways to potentially
ng solutions.

W}Bcund generation of calcite precipitation has
Bin the filling of the Euré spaces. Plate 13 shows
founger calcite surrounding the rock fragments.
'ﬁﬁ,calciie matrix, and also contributing to the
s carnotite (black crystals in Plate 13) which
geed platy morphology. In other cases carnotite

;ﬁ;ﬂ no external crystal structure and it appeared as
grally amorphous mass.

In thin section, carnotite is almost opaque, having
fteen colour, whereas in polished section it is a
#llicent yellow.

Plates 14(a) to (c) and 15(a) to (c) are electron

fcentrated, the presence of which is confirmed by
Blectron scatter photographs of uranium and vanadium
i5tes 14(b) and (c) respectively. Carnotite with a

W structure is exhibited in Plates 15(a) and (b),

f@tter of which is an enlargement (x 3) of the former.
the corresponding distribution of carnotite amd uranium
?gies 15(a) and (c).

;‘Earnotite is thought to have precipitated in the

grete at about the same time as the second generation

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL 71

otomicrograph showing the pushing apart of detrital grains by calcite. D = detrital grains,
C= calcite. Magnification x 50.
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otomicrograph illustrating a low degree of calcification. The black areas are pore spaces
ich frequently surround the detrital grains. Separation of grains by calcite precipitation is
ss extensive. Crossed nicols. Magnification x 50.

Photomicrograph showing rims of second generation calcite surrounding detrital grains. The
black areas are carnotite crystals in a lighter calcite matrix. Magnification x 50.
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)t
-Jﬁaracteristically, carnotite surrounds the

[Mgrains in the same way as the second generation
"9s to a lesser extent crystallized as inclusians

& calcite crystals. Should it occur within the

fcrystals, which provided a more limited passageway
falizing solutions. The intimate association between
ments and carnotite, with the latter having crystal=
in original pore spaces, is illustrated in Plate 16.

(1974, p. 519) noted similar features in the

B8 Df calcite precipitation, with the first taking

Bn a much larger scale than the second. The latter
tendency to seal up the pore spaces, and an examina=
Plates 13 and 16 show that there is almost no visible
Space remaining. A notable feature of the uranium
falization is that it is monmominerallic, having only

lite present.

The hardpan capping of the Langer Heinrich calcrete
ion lies stratigraphically above 'the calcified breccia-
domerate, but is no longer found in contact with it.

% 17 shows the hardpan calcrete overlying the Bloedkoppie
ite. Remnant boulders, i.e. boulder calcrete, are found
ftered on the Bloedkoppie Flats. This suggests that the

nan calcrete at one stage covered at least an area to

Beast of the region mapped.
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ESillec &t r o n
photomicrograph
of amorphous
gcarnotite in
Ellcrete.
Magnification X
1000.

Electron  scatter
photomicrograph
of uranium of the
same area in Plate
14(a).

Electron scatter
photomicrograph
of vanadium of
the same area in
Plate 14(a).
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iomicrograph showing the crystallization of carnotite (black areas) around detrital
jments.
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Photomicrograph of the hardpan calcrete. Detrital grains are set in a semi-opaque.ferrugenous
cite matrix. Transparent second generation calcite has filled pore spaces and formed rims
round the larger grains. Crossed nicols. Magnification x 50.
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y from.the Bloedkoppie Flats and westward into the
r Valley the harcpan calcrete is not found at the
i between the Lange; Heinrich calc&ete and Gemsbok
€ formations. This may be an erosional feature,
AL:HS removed prior to the deposition of the latter.
.hﬁbutcrop, the hardpan calcrete is also a breccia-
ite, having pebbles as large as 200 mm but generally
g 20-30 mm in diameter. The matrix is a semi-opaque,
ied, brown-coloured ferrugenous calcite. (The
e of iron in the calcite was confirmed by qualitative
i probe analysis). Compared with the calcified breccia-
ate, the detrital grains in the hardpan calcrete
higher degree of separation, which suggests a greater
gontent. This is substantiated by a higher Cz0
it in the analysis (Table 28). Larger grains

higher degree of roundness than the smaller sand

. (Plate 18).
B second generation calcite which is not opaque. This

calcite were dissimilar, for the latter phase

ed no iron. It will be remembered that in the

ation took place, the last one concurrent with the

i

fite mineralization. Therefore this may provide evidence
fie conditions under which the cogenetit carnotite and

|

figeneration calcite formed were at variance with

86 f the primary epigenetic calcite.
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N

No- uranium mineralization was found in the hardpan,

fr calcrete lying in the alluvium of the Bloedkoppie
gontained uranium in places (Table.ZB, sample LH-24).
~¢‘E£cumulétions at the Langer Heinrich are included
-fhgéction because they are found to be mainly associated
e sediments of the Langer Heinrich calcrete formation.

¢
on about the gypcrete ‘was obtained from one cutting

BGawib River bed. Fig. 5 is a diagrammatic sketch of the
B which was only about 1 m deep. Gypsum does, however,
‘{Q greater depths. Sample HJ1-1l, from borehole HJ-1

[ in the same vicinity as the profile in Fig. 5, has

phiate content of 12 per cent at a depth of 0,5 m (Table 27).

ilphate tends to decrease with depth and reaches an average

poind value of between 0,01 and 0,02 per cent.

In the Gawib River Valley the Gemsbok calcrete

ation is preserved in enclaves of the harder basement

€ Etusis and Tinkas Formations. Further west it

5 the surface of the Gawib Flats.

‘The Gemsbok calcrete formation rests unconformably on
@nger Heinrich calcrete formation (Fig. 4(a)). Exposures
e contact are not very clear due to overlying scree and
jium. Northwest of the area mapped, very distinct

f8cts were found in a stream channel.

Profiles éhrough the Gemsbok calcrete formation are
in terraces in the erosiocnal fanglomerates. A typical

through the formation, but not to the base, is illustrated
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e powdery gypsum with interspersed pebbles. |t
s no consolidation and has a powdery texture.

-i' nsolidated gypcrete having similar texture as calcrete
from the Langer Heinrich calcrete formation. Gypsum
layers have been precipitated locally. Carnotite

‘associated only locally with gypcrete. Grades down into
calcrete of the Langer Heinrich calcite formation.

Fig. 5 A profile of gypsum accumulation in the
Langer Heinrich calcrete formation which
outcrops in the bed of the Gawib River.
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Scree, angular 1o rounded boulders of Etusis Formation,
up to 300 mm in diameter. Partially cemented with
calcite and gypsum.

3g
3s

Laminated zone of calcrete. Pebbies angular to rounded,
0 * 1020mm in dizmeter and cimented with calcite.
Laminations 10-20 mm thick. Tris zone is very hard and

300
mm 3
| forms the nose of the overhang.

Gravel zone of alternating reddish and whitish bands,
having pebbles sveraging sbout 20 mm in diameter,
Interstices filled with sand grains and caleite. Pebbles
fairly well rounded. Some large boulders occur which are
greater than 1m in diameter. Boulders and pebbles
consist mainly of quartzite with occasional schist and
granite 1 The whole i is
Bm hard.

Bands of stratification dip eastward but have the
tendancy to flatten out slightly. Pebble sizes up 1o
100 mm in diameter and composed of quartz, quartzite,
granite, pegmatite and schist. Imbrication of flatter
pebbles occurs locally. Schist and granite pebbles show a
high degree of weathering.

boulders.

500  Unconsolidated scree consisting of rounded to angular \
mm

Boulder beds with boulders up to 200 mm in diameter.
Angular to subrounded and set in a semi-consolidated
sandy gypsum

w
3

Boulders more sparse and similar to the above, O«
Stratification of boulders occurs. The matix & a i s
reddish-coloured soil cemented with calcite. Towards the st
1Op gypsum occurs. J
§m  Note: There is no laminated zone 3 d 9
. o
Po o= 1.
[¢] A
3 D,

GEMSBOK CALCRETE FORMATION

—‘H——UNCONFDRMITY

LANGER HEINRICH CALCRETE FORMATION

Texture similar to Gemsbok calcrete formation
immediately above but grey colcur. Carnotite occurs
locally,

;Eg Scree — unconsolidated boulders — some wall rounded,
]’“ others angular, about 600 mm in diamerter.

500 Laminated horizon found locally, having pebbles about
mm 75 mm in diameter set in 2 calcareous matrix,

Boulder beds, cemented with calcite, with & greater
concentration of boulders towards the top. Sizes vary
between 25 mm to 300 mm in diameter, with a mean of
2m sbout 100 mm. 80 % consist of quartzite of the E1usis
Formation and the remainder of granite, pegmatite and
schist. Imbrication of flatter pebbles and stratification
occur locally.

No definite break between this and the zone above, but
at about this lavel the sand matrix is more abundant
than the boulders. Sand grains are about 3-5mm in
diameter and are well cemented with calcite, making the
calerete  hard  and  indurated. Imbrication and
statification are noticed. The schist pebbles and boulders
are very weathered and partly decompased, causing iron
staining.

=

) / .'

Lithological descriptions of profiles through the Gemsbok calcrete formation. For the site
~ localities refer to Map 1.

(a) Profile 1 : Gemsbok calcrete formation in the west. vest.

(b) Profile 2 : Gemsbok and Langer Heinrich calcrete formations near the original prospecting
campsite.

(c) Profile 3 : Gemsbok calcrete formation in central part of the erosional fanglomerate.
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Minor differences between profiles in other
EhWere noted, but they were in general fairly
thological descriptions of three profiles are
f”%; 6. The laminated (Plate 20) and stratified

) Zzones do not occur throughout the length of the
crete formatiaon.

ly, the Gemsbok calcrete formation is a breccia-
8te with similar lithological characteristics as the
izich calcrete formation. It is well cemented with
g and most pebbles are well pushed apart. Even larger
8 (Plate 22) up to 300 mm in diameter have been

s Which again testifies to the high pressures

ich Mountain.

ge of weathering is so high that they have almost
nsformed into soil.

Stratification is found where pebbles commonly as

£ as 70 mm in diameter are aligned along bedding planes.

— Case for the stratification presented "in Plate 21,

s dip towards the east. This is roughly perpendicular

the direction of the stream channel. Glennie (1970,

-
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zone of calcrete in the Gemsbok calcrete formation.
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zone in the Gemsbok calcrete formation.

boulders (up to 300 mm in diameter) have been pushéd apart by calcite crystallization.

, CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL ' B4

Jtions that the tyoe of sedimentation is related to

 of the stream, and that at lower stream

At higher velocities the ripples become larger and are
e the same direction as above. For the example
late 21 the velocity must have been fairly high to
l the large ripples, several metres in wavelength,
j@Ve carried the heavy load of pebbles. Furthermore,
With a low water-to-sediment ratio is capable of
BElpeEbbles of greater size. (ibid., p. 29).
utt (1952) describes a terrace in the Ugab River
Which may be correlated with the Gemsbok calcrete
@S and dates it as lower to middle Pleistocene an
BENof artifacts. Archaeologically this corresponds
les-Acheul age, between 45 000 and 500 000 years.

B 1969(a), p. B89).

Tumas Gypcrete Formation

The Tumas gypcrete formation consists of the gypcretes
8 fumas River Valley.

*gfhologically the rocks are similar in appearance
B calcretes of the Langer Heinrich and Gemsbok calcrete
fions, but in this case the cement is composed mostly
gﬁ%1in the upper lsyers.
The three basic types of gypsum are the powder, vuggy
*fﬁlidated varieties. The powder gypcreta‘appears to

i . . E
inly a surface accumulation commonly associated with

1@pcreie which occurs just below the surface and

i
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Bemaximum depth of about 2 m. Vuggy gypcrete derives
from the cavernous structure it develops, which has
ce of microcaves due to the ?rystallizatian of
fiNg desert roses. Both powder and vuggy gypcrete
pure as they contain very little detrital

Larnotite has crystallized in patches and is not
@ietributed; it therefore appears to be epigenetic
=t to the gypsum.

fhe consolidated gypcrete lies below the vuggy gypsum,
5t exposures are seen in Von Stryks pit. It is an
g, well cemented and hard breccia-conglomerate. There
nce of desert roses, the disappearance of which is
iidation effect. Sporadic carnotite minerslization

i towards the top of the consolidated gypcrete, but

BN in VYon Stryks pit it vanishes.

Febbles are both angular and rounded. The latter

BE probably derived from thick conglomerate bands

5is Formation nearby. The largest pebbles found

0 mm but usually they were only about 10 mm in

Uy

The 'pushing apart' effect of the gypsum was

fig. 7 is a preliminary interpretation of a seismic
Ehdown the 15° 00' line of longitude. The inter=

j8h is tentative and subject to revision, but has never=
yielded a considerahle amount of useful data.

Four basic seismic velocities were detected and

geted as follows:

Inconsolidated sand and gravel, probably including

i1luvium and powder, and vuggy gypcrete.
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iLemented sands and gravels - consolidated gypcrete.
Ihis velocity has not been interpreted successively W
@& yet. Mr B. Corner, of the Geﬁlagy Division of

ithe Atomic Energy Board (personal communication),
pointed out that some calcretes have a high degree of
consolidation and can maintain seismic velocities
8imilar to the basement rocks. By analegy this may
apply to the consolidated gypcrete.

EQSEment racks.

fie seismic pattern derived seems to correspond with
l8s observed in Von Stryks pit, with the exception
aéésement rocks were intersected in the latter due to
@8lowness. The length of the profile is B8 km, with a

g overburden of between 5 and 30 m thick. This

@ broad and shallow pre-alluvium topography which
of early Tertiary erosion surfaces (Mabbutt, 1952,
It is suggested that this profile may be fairly
tive of the palaesoctopography from the Gawib Flats

ftesent-day coastline.

Pl
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MHE GEGLOGY OF THE URANIUM DEPOSITS

[l this section the geoclogical characteristics of

8l mineralized areas of the uranium ore deposits

fEposits in the Gawib River Valley

FETCUSsion drilling has been the main technique used

@ting the ore-body. The resultant powders were

gmeter. Based on this information, the shape and

Thus, a complete assessment of the characteriss=

Bd the upper portions only. It is known, however,
wdtite.extends below the water-table.

Initially a few conventional boreholes were drilled
d unsatisfactory due to a very poor core recovery.
gison of the CaCO,; values of the powders from the
-ﬁ_(Table 27) reveals the presence of as little as

9er cent CaCO,. This would account for the bad core
In places the calcrete is therefore only partially

ed and has & structure similar to that shown in

Radiometric logs of the percussion borehole powders
e data for the construction of profiles depicting the

Py
8ize and general morphology of the ore-body. Fig. B
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tion of profilss drawn by General Mining and

el 777 |

7 8 a8

2 5
—1

T T e

4 5 5 L4 3 An
g an
7;77777?‘772223 - O

3 4 5 8

"

leHEEﬁT
geras i LEGEND

G1kg U50g/t{borehole proven)
m Probable depth extension (predicted)
Percussion drill-hole

Profiles of the uranium ore-bedy in the

Gawib River Valley as determined from the
radiometric logs of the percussion borehole
powders. The outline of the ore-body includes
8ll those walues above 0,1 kglelyfg/t or

100 ppm el,04.

firucturally, the ore-body has a tabular shape but
continuity. Boreholes 4 and 5, for example, in

88 AD and AB respectively, did not intersect mineraliza=
reas adjacent boreholes did. In profile AA, ore was
being found at the water-table in boreholes Z and 3.
Teasonable to assume that the uranium ore extends

the water-table. As a whole, the ore-body is undulatory

ved in profile AGA.
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U

are-body is not homogeneous for there is segrega=

?ﬁanium ore into layers or pockets. This discon=
ineralizatimn suggests a concretionary type of
xQUlaticn.

| 4

iough the vertical scale of the ore-body as depicted

:|.
in Fig. 9 is exaggerated, it serves a useful

CNiss)

! NORTH  CB
L T8,
B
c
c
e % =
1 G,
wcz —
7l -
1 @E”' T e
N —
’gn‘—eﬁo S\ T S
= 7 b ’
P4 s, (o3 4,
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\\ a #
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":\\ g AN
NN Interpolgted extension of ore-
g4 D & body -
— 3 ol \\“
AN §2 g - Z__ Shape of ore-body
id s
. 2y i N
Scales O EEL 7
horizontal '
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Fig. 9: A cross section of the ore-body through
profile C which shows the relationships
between the ore-body, water-table and
basement rocks.
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@ llustrate certain aspects. Boreholes Cl and CB
] to the water-table. The definition of the

BNy s rather arbitrary, as the site geologist regarded
B point where the emerging powder became damp. A fairs
ee of inaccuracy must therefore be involved.
he profile of the basement rocks, as revealed from

a, is undulating, having a 10 m high hump to the

Uneven floor lies the Langer Heinrich calcrete formas=
Which the water-table is almost parallel to the contours
Underlying basement rocks. Towards the north, the

gt the water-table decreases significantly and ground=
gghalmost absent at borehole CB. Similarly, there is
onding reduction in the thickness of the ore-body.

} the shape and thickness of the ore-body seems to

ed in part by the height and profile of the water-
g8ove the basement rocks. Mineralization in boreholes
LS was intersected at the water-table, and the

ﬁ bele it has been inferred. This assumption is
iated by comparing isopachs of the mineralization

@10 with the seismic contours of the basement in Fig.
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IEposits in the Tumras River Valley

flittle information was available concerning the
B8 characteristics of the epigenetic uranium ore
ih the Tumas River Valley, as no drilling work

ihdone. Surface outcrops, as well as airborne

fidactivity is confined to a reddish gypsum layer near
Yalues of 150 to 300 ppm elU;05 were measured by

| scintillometer. On top of the bank 2ll radio=
Wdisappeared. The surface gypsum is powdery and
ERpoorly developed desert roses. About 100 mm below
fface the gypsum becomes the consclidated variety,
fEems that the occurrence is very similar to that in

's pit, except that no mineralization could be

lyidetected as it was too finely disseminated in the

Anomaly
im

Tumas River

Fig. 12: Sketch of a radioactive anomaly in the
gypcrete in the banks of the Tumas River.

Axes of airborne magnetic anomalies and aeroradiometric
s sguth of the Swakop River, and including the Tumas

Yalley, are superimposed jﬁ? in Figes A3. Only thse
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gMetric gnomalies of epigenetic origin situated in
2 and gypcrete are shown. Most of the anomalies lie
ive magnetic axes. The remaiﬁder, those that
hatched, seem to be associated with drainage

)

IWo types of uranium deposits are therefore indicated

The Tumas Type - epigenetic deposits in calcrete

IUmas because of its wide occurrence in the Tumas
?iver drainage system. Such a relationship implies
?hat the source of the epigenetic uranium in the
bgypcrete was the basement rocks, probably of alaskitic
type, occurring beneath the superficial cover of the
Namib group rocks. This hypothesis is based on the
findings of Corner (1975) that the alaskites are
associated with negative magnetic anomalies. Super=
ficial radiocactivity is a secaondary uranium dispersion
'ihalo which was precipitated by upward migration of
ﬁineralizing solutions. Fig. 14 is a diagrammatic

sketch of the principles outlined above.

The Langer Heinrich Type - epigenetic deposits in

calcrete and gypcrete which are not related to
negative airborne magnetic anomalies. These deposits
are called the Langerx Heinrich’Type because the
largest known and best developed deposit is situated

gip that vicindty.
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DISPERSION HALO OF URANIUM
g,

GYPCRETE®,

BASEMENT BASEMENT
ROCKS ROCKS

‘ALASKITE!

- 14: Diagrammatic representation of a Tumas
type uranium depasit. Epigenetic uranium
in gypcrete derived from a primary
uranium source in alaskites.

lffshore Marine Deposits

e continental shelf off the coast at Swakopmund is
tely 100 km wide, upon which a series of basinms, filled
itomacecus muds, are situated.

plogical prospecting for uranium in the basins was
KEn by Preussag AG of Germany, and Union Corporation
-a%urpose behind their investigation was to determine
’453 muds of the basins contained economically viable
;Fposiﬁs. Mapping of the muds was done in both a

LJ& and vertical direction using bathaometric and

ic technigues. Investigations covered an area aof
itinental shelf between‘lgj ggY 5§ to 25°¢ 30' § and

p to 100 km from the coast (Meyer, 1973).

Bathometric profiles showed that the continental

a smooth gradual slope and lies between 50 and 150 m
the surface at distances of 10 and 70 km from the coast
ively. Meyer (ibid., p. 315) points out that there

800 be no relationship between the morphology of the

88nd the distribution of the diatomaceous mud. The muds

1
Be basins cover a total surface area of 19 000 km? and
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mum, depth of about 15 m.
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Four anaerocbic basins on the continental
shelf which are filled with diatomaceous

mud.
(a)
(b)

Basins in relation to depth of water.
The distribution of uranium in the
basins.

Four basins have been recognized (Fig. 15), the
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@ejust off Swakopmund. A protrusion situated

jpmund, normal to the strike of the basins, may be

Btionships indicate that it may have formed in the

iy Wwhile the subcontinent was at a higher elevation
lower sea-level. South of Walvis Bay a fault scarp
P8 occurs parallel to the coest. (Confidential files,
Brporation Ltd).

?ﬁﬁ mud is olive green in colour, with laminations
Blight colour variations. (Essentially it is composed
getal diatoms (genus Chaeloceras)(Calvert and Price,

), organic matter, terrigeneous constituents and

Constituent s Reference

Matter 19-40 Calvert and Price (1970,
genecus material 6-34 p. 594, Table 2)

77-93 Meyer (1973, p. 316)

. Below the diatomaceous mud a silty to sandy layer
lihd in places but at other localities there is a
8 shell layer containing remains of gastropods,
§branchs and sharks' teeth (Meyer, 1973, p. 316).
Palaeontological investigations date the muds to be

plocene age, but the lower fossil shell layer is late
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Relationships within the latter reveal glacial
n the level of the ocean, especially during the last
al of Eemian age., |

B8Tt and Currie (1960, p. 204) describe the mud as

to the absence of marine li%e near the bottom.
jBristically, the muds have a high hydrogen sulphide
Swhich has been responsible for the suffocating
Eeruptions from time to time. The origin of the azoic

been ascribed by them (ibid) to a deficiency in
8 Current. Conditions of this nature stimulate the

geSediment (Baturin, 1949, in Hard and Currie, 1960,

Comparison Between the Langer Heinrich, Yeelerrie
and Wyoming Uranium Deposits

Information concerning the Yeelerrie deposit was

B8 from Von Backstrém (1974), Dall'Aglio et al (1974)

W (1972) and Grutt (1972). There are some fundamental
[@rities between the ore deposits mentioned which are

hwhile enumerating. These are listed in Tables 5 and

Certain similarities between the Langer Heinrich and
uranium deposits are compared in Table 6. The major
8imilarity is, however, the nature of the diagenesis, for

former is 2@ celcrete occurrence whereas the latter is

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL

;@%hdstuqe with 1itsle caleite.

AL

Grutt (1972, b T4)

5 that the location of calcarecus concretions and

JUs cemented sandstones in relation to uranium

My be a possible exploration guide.

i have been reported in the USA,.

COMPARATIVE CRITERIA BETWEEN THE LANGER HEINRICH
AND YEELERRIE URANIUM DEPOSITS

Langer Heinrich
Uranium Deposit

Yeelerrie
Uranium Deposit

(a) Calcrete = of the

Langer Heinrich
calcrete forma=
tion - Miocene
to Pliocene

(b") Carnatite’ <
Recent, 30 000
years.

Desert

Desert fluviatile
breccia-conglomerate
deposited in Gawib
River, cemented with
a1l beE Y Erey ™ tn
brown in colour

Crystalline base=
ment, guartzites,
schists, granofels,
granites and
pegmatites

(a) Sediments
deposited on
unconformity -
African erosion
surface - [Cre=
taceous to
Textiary

CONFIDENTIAL

(a) Calcrete - Pliop=
cene to nearly
Pleistocene

(b) Carnoctite =
Pleistocene

Semi~-desert

Detrital quartz and
feldspar, clay and
calcite forming
low-level calcrete
deposits along major
drainage. Fine-
grained and
porcellaneous.

Grey to brown

colour

Basement raocks
composed of
granites and
greenstones.
Laterites

(a) Sediments
deposited on
unconformity -
Cretaceous to
Tertiary

As yet no such
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Langer Heinzrich
Uranium Deposit

Yeelerrie
Uranium Deposit

Epeiragenic up=
1iaftlinitiated
new erasiaon
cycle

Tabular and con=
czetrienazy;,
layers separated
in places by °
barren zones

(b) Uranium occurs as
fillings in pore
spaces surrouns=
ding detrital
grains

Yellow to greenish
carnotite

(a) Precipitated from
subsurface water
by tsailasdétion
and nucleation

(b) Source of

uranium and
vanadium in
basement rocks.
Vanadium mainly
from Tinkes
Formation

Uranium and
vanadium

Oxidizing

(b) Epeirogenic up=
1iafElinitiated
new erosion

cycle

Tabular, horizon=
tal layers

Uranium occurs
as irregular
fillings ~in
small fractures
and cavities

Yellow carnotite

(a) Precipitated from
surface water by
reduction in
partial pressure

of EDQ

Source of
uranium - granites.
Source of
vanadium -
rites

late=

Uranium and
vanadium

Oxidizing
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COMPARATIVE CRITERIA BETWEEN
AND WYOMING URANIUM DEPOSITS

THE LANGER HEINRICH

Langer Heinrich Wyoming Uranium

Uranium Deposit

Deposits

Fluviatile breccia-
conglomerate derived
from granite, quarts=
zite and schist.
Eemented by calcite.
1t cadciten coments 15
removed & similar
rock type as in
Wyoming remains.

The Langer Heinrich
calcrete formation is
a channel-type depo=
sit and it is not un=
likely that alluvial
fans radiated fram
the Langer Heinrich
Mountain during the
upper Tertiary.

The uparched areas
about the Gawib

River are the Langer
Heinrich Mountain and
the Schieferberge,
which are both struc=
tural orogenic featu=
res. Geomorphologi=
cally, the region has
been subjected to
successive uplifts.

Carnotite precipita=
ted along with the
second generation
calcite, possibly
brought about by
changing hydrodyna=
mic conditions.

Migration of mineras=
lization solutions is
controlled by perme=
ability of the host
rock. Those sections
with low calcite
content were the.best
passageways.

Fluviatile sandstones.
derived from granitic
raock, arkocsic to sub=
arkosic, medium-
grained to conglome=
ritie, angular and
poorly sorted. Limited
caldcite- cements

Sediments in the Gas
Hills, Wind River
Basin and West Shirley
Basin were deposited
in alluvial fans. In
the East Shirley Basin
sediments were deposi=
ted in channels and
flood basins.

Material was
derived from
uparched regions
and deposited in
adjoining inter=
mountain areas.

Fellowing depositian
of arkose, uplift
changed the hydrodyna=
mic conditions resul=
ting in the onset of
oxidizing conditions
and carnotite preci=
pitation.

Migration of minera=
lizing solutions is
controlled by perme=
ability within the
host rock.
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Also, it was the change in hydrodynamic condi=

:bruught about the precipitation of carnotite in
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ANALYTICAL METHODS

FDERAFHIC SEPARATION, PURIFICATION AND

REE PREPARATION OF THORIUM, PROTACTINIUM

D URANIUM FROM GEOLOGICAL MATERIALS

g isotopes of the elements thorium, protactinium
iitm are used for dating purposes and in particular
Stocene geochronology (Roshglt, 1970, p. 173).

es the necessary nuclear data of the respective
g5 Used in this study which are all long-lived and
gmitters. In alpha spectrometry the separation of
ments from geclogical materials and from each other
perequisite in applying this technique to age

flations because 2%Th and 23 peaks overlap and

glrces are regquired.

Analytical methods and procedures for the separation
lions have received considerable attention over the
Itee decades. Numerous technigues were developed
lominantly involved anion exchange and reversed
??Mid chromatography. The most satisfactory system

Bseparation of thorium, protactinium and uranium

lind to be anion exchange in the chloride form. Each

fRants, which therefore necessitated the use of
§ent purification processes to be applied to each

Thorium was selectively absorbed onte anion

@e resin in the nitrate form. Reversed phase liquid
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y was applied in different forms to both

Um and uranium.

ICLEAR DATA FOR NATURALLY OCCURRING ISOTOPES
THORIUM, PROTACTINIUM AND URANIUM

Half-1life a-Energy

Isotope (years)* (MeV )*

230Th B x 10% 4,68

' 231pg 3,25 x @po* 5,06
g 238 4,51 x 10° 4,20

F
E 235 7,1 x 108 4,40
B 2 34 2,47 x 105 A5 TF
(1968)

@ttempt was made to recover the elements quantita=
ugh. the various stages of separation. Known amounts
Ppic spikes for the respective elements were added

)

B8P to determine the chemical yields. Analysis of the

gd fractions was done by alpha spectrometry which

Experimental Procedure for the Separation of Thorium
Protactinium and Uranium from Synthetic, and in Some
dnstances, Actual Samples

Apion exchange chromatography, using 'strong base
8in the chloride form, is efficient in separating these

b8 due to the remarkably different adsorption charac=
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their anionic chloride complexes.
ion curves for the separation of thorium,

iim and uranium are given in Fig. 16 and were

oM the experimental procedures.

fe———— M HCl————f=—9M HCl+0,1 MHF —eu- 01MHCl~{

3 Pa u

X X
X
1 !
= 2 %
s |
oz
. o
- | X
i
o
x 1}

]
X
\ X

:J( ’\ ' X i \
X X Xm X X XXX XYk Xm X B e YK e

400

0 200
VOLUME ELUATE (cm3) —

g, 16: Elutien curves for thorium, protactinium
and uranium from strong base anion exchange
resin using Bio Rad AGI-X8 in the chloride
form.

£
‘éig. 17 summarizes the adsorption of the elements
:ﬁﬁent hydrochloric acid molarities, which are given
liction of the log of the distribution coefficient

@end Nelson, 1956, p. 118).
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_The elution curve for thorium was produced in the
fing manner. Thorium is not adsorbed throughout the
ydrochloric acid concentration range. This alsa

g8 to the alkali metals, alkaline earths, rare earths
Uther elements such as uranium, protactinium,

im, zirconium, hafnium and iron (III) are strongly

8t high molarities. A 9M hydrochleric acid

#6n containing thorium, lanthanum and Buropium was
gthrough the anion exchange resin column. Ten cm®

of the eluate were collected. Five ecm?® of each
rated with 0,01M EDTA and xylenol orange indicator
3,0 to 3,5 to determine the thorium concentration
W, 1959, p. 1201). A further 2 cm® of each portion
Blaporated to dryness in quartz tubes and the residue
§8ted for three hours in the hydraulic facility of
1-1.

After four days of decay the gamma spectrum of each
N was analyzed for thorium and the rare earths.

g data for the isotopes used are given in Table 8.
Bt ion data are presented in Fig. 18, from which it
gted that thorium and the rare earths were co-eluted.
Rapid elution of protactinium was accomplished with
rochloric acid - 0,1M hydrofluoric acid mixture.
tion, uranium IV and VI can also be separated in this

Oxidation of all the uranium ta the VI state was

(Kraus et al, 1956, p. 2694). The adsorption

Bteristics of elements from hydrechloric acid-
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UCLEAR DATA FOR RADIONUCLIDES PRODUCED
(' THERMAL NEUTRONS

Thermal R
= Isotopic Neutron Px_tay
Target AhundZnCE Activa= |Product | Half- B ﬁ‘
[sotope (%) bion Isotope life? iy 43
Cross mTESU§E
Section =
(Barn)!
2327h | 100 7,4 233pg |27 d 312
1 139) 5 99,9 9,6 40 a (40,22 h| 1 595
| .
e 47,8 3 100 te2En |42 y| 1 408
| 238y 99,3 2,73 | 2%Np | 2,35 d 277
°8Fg @,33 1,2 53Fe (45 d| 1 099
B4F e 5,82 2,8 S 1303 d B35
7Shs 100 4,5 T6As 126,85 h 559
&7 17,4 0,075 ¥5Zr |65 d 724
95Np (33 d 766
180 ¢ 35,2 12,8 1814f 42,5 d 482
4 0ce 88,5 0,54 142Ce |33 d 145

Chart of the Nuclides

Lederer et al

(1968)

‘Adams and Dams (1969)

-
:

m, zirconium,

hafnium,

rge distribution coefficients for hydrochloric
53

germanium and protactinium

@arities below four in hydrochloric acid-hydrofluoric

xtures.

In this work 9M hydrochloric acid - 0,1M

lupric acid mixture was used to elute protactinium

€ the distribution coefficient of protactinium in this
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RELATIVE PEAK HEIGHT —=

0 100
VOLUME ELUATE (cm3) =——s=

Fig. 1B:Elution curves for thorium,lanthanum and
europium from strong base anion exchange
resin using Bio-Rad AGI-XB in the
chloride form.

Bm is nearly zera. The elution curve for protactinium
216) was determined using the gamma-emitting 23%%a
(Table B). ‘A sharp separation from both thorium
Uranium is shown.

:}During the course of this investigation it was found
23Pa was completely lost during the separation process

s the spike 2?%Pa was recovered with good yield. The
i1
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#g. 19: Absorption of elements by strong base
" anion exchange resin in HC1-HF mixtures and
o HCL. only. . Thick 1ines, give, the, distribu=
: tion coefficients in the absence of HF.
1 Thin lines give the distribution coeffi=
cients in the presence of HF. (Nelson,
I Rush and Kraus, 1960, p. 346).

B the anomalous behaviour of 23!Pa and 23%¥a is

?due to both species being in different chemical
'%ince 233Pa is synthetically produced, it would be
$rm of an anionic chloride complex, whereas naturally
:é 231P3 may be in the form of a complex oxide species
:%ly oxidizing environment (Ahrland et al, 1973,

B o ensure that both isotopes were in identical
1jstates, the following procedure was adopted.

ite was separated by heavy media using TBE (1, 1, 2, 2,
fmnethane, SG = 2,96) and the Franz Isodynamic Mag=
;parator to remove magnetic impurities. The

itewas initially digested and fumed with concentrated

"' - - - - -
lloric acid. Successive fumings with concentrated
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Elution of uranium was accomplished using 0,1M

= acid. Iron (II1) was co-eluted and was a
Biitaminant in the separation of uranium from

8l materials. Two cms3 portions of each five cm®
Paction were evaporated to dryness in polythene
Bvand irradiated in the pneumatic facility of

Bfor 15 minutes. After a decay of one day the
was measured (Table 8), from which the uranium

-@?&ve was plotted (Fig. 16).

erimental Procedure for the Purification of
ibrium, Protactinium and Uranium from Synthetic,
jgnd in Some Instances, Actual Samples

In aqueous solutions of nitric acid, thorium forms
Ie hexanitrate anionic complex and is adsorbed on
base aﬁion exchange resin in the nitrate form.

=

f8 being co-adsorbed (Fig. 20)(Buchanan and Faris,

B 365). Selectivity of this method is good as

I can be separated from most elements, including
f

lo test the suitability of the method the following
[“ﬁ was followed. A granite sample was dissoclved
;ﬁﬁed onto an anion exchange resin column in the

form. Two cm3 portions of the eluted ten cm3

s were evaporated in quartz ampoules and irradiated

g}hydraulic facility for two hours. After a decay of
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fig. 20: Absorption of elements by strong base
anion exchange resim in nitric acid.
(Buchanan and Faris, 1960, p. 365).

the samples were counted. From the data, elution
}
or lanthanum, cerium and thorium were drawn (Fig. 21)

low 8 sharp separation between the rare earths and

'The purification of uranium inveolved the technique

Léad phase liquid chromatography having a stationary
f tributyl phosphate (TBP) supported by Kel-F powder
is polychlorotrifluorcethylene) (Hamlin et al, 1961).

it
Mwas selectively extracted into the TBP phase from a

®
ftric acid solution. Impurities such as iron (III)
jantitatively eluted with the nitric acid. Uranium was

with distilled water. To test the efficiency of the

tion, the isotopes 5%e, 5%Mn and 7fAs were used as
r
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Fig. 21: Elution curves for the rare earths and
thorium from strong base anion exchange
resin using Bioc-Rad AGI-XB in the nitrate
form.

These were produced by the irradiation of an iron

Ebile B). 75As was a contaminant and was therefore

§imultanesusly. Ten cm?® portions of the eluate were

760 were quantitatively eluted. As uranium ( *3%)
'fgamma emitter it would not be counted directly.
Bfractions of the eluted portions were evaporated in

Bfe capsules and irradiated for 15 minutes: After a
£

Bf one day the samples were counted. Elution curves
.

B 5ystem are shown in Fig. 22. A sharp separation
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gron and uranium was achieved.

L
{ = 5,5M HNO 5 -shs—— DISTILLED
: 3 o
3 59F.
5¢
| [ ok
' X
]
i I X
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0 100
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Fig. 22: FElution curves for iron, manganese,

arsenic and uranium using reversed

phase liquid chromatography with

tributylphosphate as the supporting

substance and nitric acid and distilled

water as the mobile phases.

(Frotactinium was purified using a modified versian

Bireversed phase liquid chromatographic method proposed

ski (1969) to separate thorium, protactinium and uranium.
Ernary amihe, aliquat-336, was used as the stationary

Bsupported on teflon powder, and the mobile phase was

:*¢rated hydrochloric acid. Fig. 23 shows the variations

gtraction coefficient of thorium, protactinium and

m with increasing concentrations of hydrochloric

B riand et al, L5973, p. S78).
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' METAL ION EXTRACTED
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CONCENTRATION OF ACID (M)

23: Extraction coefficients of thorium,
protactinium and uranium into amines at
different concentrations of hydrochleric
acid. P = primary amine, S = secondary
amine, T = tertiary amine, 0 = gquarternary
amine. (Ahrland et al, 1973, p. 578).

Both protactinium and uranium behave in a similar
Ehroughout the whole concentration range. Experimen=

this fact was substantiated here and showed that the

f Stronski must be viewed with caution. Therefore

Contaminants of protactinium were titanium, zirconium

BBrated, the following procedure was adopted. The
857y, 95Nb (a decay product of 9%%r), 18lHf and 23%a

3

8ed as tracers (Table 8). Five cm?® portions of eluate

2
Bunted on a gamma spectrometer. In concentrated
hloric acid protactinium was extracted.into the

8t-336 and sharp separation between protactinium and

Bhtaminants was achieved. A recovery of 96 per cent
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8lWas obtained and the remaining four per cent could

llted (Fig. 24).

’_CONC

e HCl —s=feo— 2M HCl—==)

«ACTIVITY OF 233Pu
ON THE COLUMN

RELATIVE PEAK HEIGHT——=
LS

0
VOLUME ELUATE (cm3) ==

Fig. 24:; Elution curves for zirconium, niobium,
hafnium and protactinium using reversed
phase liquid chromatography with aliquat-
336 as the stationary phase, teflon as the
supporting substance and hydrochloric acid
as the mobile phase.

Source Preparation of Thorium, Protactinium and
Uranium from Synthetic Samples.

Four basic requirements are necessary in preparing

g8 suitable for a-spectrometry. The source material
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t#ure as possible,

-%zgn ammonium chloride system (Mitchell, 1960). The
rgés dissolved in hydrochloric acid, taken up in
chloride and electroplated for about two hours at

- of 0,5 amps and about 8volts de. Due to excessive
-jéinhlems of the electrolyte at a high current, the
erage and longer electroplating time were chosen.
culating around the cell helped to dissipate the

fidrawing of the cell is shown in Fig. 25.

——r
W woos )
- [ ]
T E
L‘E =} GLASS LID
— GLASS ELECTROPLATING
L —T1 CELL
S g PERSPEX COOLING JACKET
WATER OUTLET
— PLATINUM ANODE

FROM
COOLING JACKET|

{ || TITANIUM DISC
/L | | ~Perspex BasE pLaTe

WATER INLET TO COOLING
———— JACKET

Fig. 25: A drawing of the electroplating cell used
for the preparation of sources of thorium,
protactinium and uranium.
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) @a-particles pass through the source material
BUffer an energy loss, giving rise to a tailing
the low energy side of a peak. This is caused

it being too thick. Variation of a-particle

g U/cm?® can be used. Values greater than this
relationship to diverge from linearity, which is
Hon of energy loss. The ideal situation, where there

gy loss, is given by the dashed line in Fig. 26.

x-'
i
]
]
]
]
2000 |- !
I
I
I
z I/
o i
(5] ’l/
z Ix
= i
Q
<
w 1000 =
-
o
= x
: /
1
k|
s X
~
V 1 i
0 500 1000

MNa Ul1.33cm2

‘Fig., 26: Variation of alpha-particle activity of
238 ) in relation to the thickness of the
source, expressed as weight of U per unit
surface area.

S As electroplating time was important to ensure 2 good

89 a8 plot of a-particle activity versus electroplating

showed the minimum time required for maximum deposition
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R =T ial - (Fig.727).
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ELECTROPLATING TIME (MINS)

Fig. 27: Variation of alpta-particle activity of
238 with electroplating time.

ctroplating uranium for 90 minutes the curve flattens

o further uranium is plated. To ensure maximum

A titanium disc was used as a backing for the souzrce
After plating, Dooley et al (1966, p. 1369) heated
isc for a few seconds in a gas flame before use. This
igue was found to be unsatisfactory as titanium reacts
Pwith oxygen and nitrogen, resulting in the formatian
ing over the deposit. Loss of a-particle energy
»mpér resolution of the a-spectrum resulted. Good

ES were obtained when the disc was heated on a hot

for two minutes (about 400 °C). Counting was done an
ctor system consisting of & surface barrier silicon
tor (Princeton Model PD-15-20-300) lncatéd in a vacuum
A Tennelec power supply, preamplifier, amplifier

8 biased amplifier were coupled to a Intertechnique 400
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il analyzer (Model SA 40B) for the spectral
* Data were recorded using an interlinked IBM
¢, and the processing was done manually by adding

the pulses. in each channel over the required MeV

'@ﬁical a-spectra for thorium, protactinium and

Nisotopes are shown in Fig. 28.

238y 234y

235,

2301

i

= - PARTICLE ENERG\‘ (MeY)

RELATIVE INTENSITY ——=

&0

Ifig. 28: Alpha spectra for thorium, protactinium
and uranium isotopes.

Chromatographic Separation Scheme

Two rock types, granite and calcrete, were analyzed
8 scheme. In the former only uranium was separated
fole-rock basis, whereas in the latter, carnotite
lectively separated by heavy media as deécribed in

N 7.1. Table 9 gives the detailed procedure for the
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igraphic separation of thorium, protactinium and
| from geoclogical materials.

Ihe preparation of purification of the spikes 229Th,
Bd 232 are given in Appendix 1. Calculations for
mination of the chemical yield for thorium,

ium and uranium are given in Appendix 2.
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TABLE 81 PROCECURE FOR THE CHROMATOGRAPHIC SEPARATION OF THORIUM
PROTACTINIUM AND LRANIUM FROM GEOLOGICAL MATERIALS

DIGESTION FROCEDURES

Granite

1 g sample, add 15 cm®

40% HF and 1 cm® conc.

HC10s, add *¥%U, digest
in pressure vessel for

Z h at 150 °C.

Evaporate to dryness,
fume residue with 5 cm?
conc. HC104 until dry.
(1)

Fume with & em® canc.
HC1.

Dissglve residus in
Z om® 8M HC1 when cool,

(1)

(2)

(1) Bio-Rad AGI-X8, 100-200

Carnotite

0,05 g, add 2 cm® 40%
HF, add 22°Th 243y and
fume. Repeat with 4 om®
HF.

Evaporate to dryness,
fume with B cm® conc.
HC104 until dry.

Fume with 6 cm® cenc.
HC1.

Dissolve residue in
2 cm® @M HC1 when cool.

mesh, 5 g.

(2) Pretrest with 30 om® 8M HC1.

[3) Loed ssmple onto column, elute with 200 cm® 9M HCl.

i,
Fe, Vi Zr, Hf (+ others)

em' 8M HC1 + 0,10 HF

BEluster Pa, Zr, Hf.

Column:

Eluate: U, Fe, V

PURIFICATION OF U

Eluater Th, RE's (+ others]

FURIFICATION OF Th 1 Evspnrata to dryness, add

U, V, Fe, Po.

Column: Po.

15 em® canc., HND3, fume,
dissolve residue in 5 cm?
BM HNOj .

S
Elute with 100 cm® D, 1M HC1 |ANION EXCHANGE (1] Bio-Rad AGI-X8, 100-200 '

mesh, 2 g.

[2) Pretreat with 20 om® 8M

HND3

(3] Loed semple onto column,
elute with 200 cm® ap
HNG;

(Discard)

HEVERSED PHASE REVERSED PHASE
LIL'IUID LIQUID
EHRDMTDGRAFHY CHROMATOGRAPHY
Eluate: Fe
(discerd)
N
ita column, Culumn

Column: Fa
e with B0 cm® 2M HC1

Eluste: Pe

ELECTROPLATE Pa

Frocedure as for Th,
except pH=3

u

Cluste with ac om® distilled water

Column

NOTES: 1% - When the term 'dry’

Eluete:

ELECTROPLATE U

Procedurs as for Th,
except pH=3,0

(4)

(5]

v
Eluste: RE's (+ others) Caolumn: Th

Eluete with 200 cm® 0,1M
HC1

Eluate: Th Column

ELECTROPLATE Th

Evaporate to dryness, add 2 em?® conc.
HC104, fume, add B cm® conc. HC1, fume.

Dissolve residue 0,5 cm® BM HC1, transfer
to electroplating cell with 5 cm® 2M
NHsC1.

Adjust pH=E,0.

Electroplate ontc titanium disc far 2
hours st 0,5 amps.

Add 0,5 cm® NHyOH to cell while s=lectro-
plating, remove disc, wash in weter, dry
on hot plate for § min,

appears in the text 1t means thet the

residue must not be baked but allowed to remsin slightly
meist. This stetemant epplies generally.

2* - Removes all traces of HF, which does not allow extraction
into Aliquat-338.

a* - Monitor sample at each stege for radiua;:tiuity as & guality

control,
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[TRON ACTIVATION ANALYSIS OF THE BLOEDKOPPIE

k-
D GAWIB GRANITES AND THE ROCKS DF THE

TINKAS FORMATION

Jon-destructive neutron activation analysis (NAA)
happlied to the‘analysis of a diverse range of rock
lth great success. Turkstra et al (1971) and Rasmussen
cuss the methods and techniques applicable to this
alysis. Certain elements are not easily measured
either due to their nuclear properties or the

ﬁréﬂg presence of a specific interfering activity.
quts of lower concentration and those with interfering
P2 greater sensitivity may be achieved from post-
$90n radiochemical separations (Morrison gt al, 1969).
:d%%rk only the non-destructive method was used for the
Bf the long-lived isotopes of trace elements in the

fes and for the short-lived isotope of vanadium in the

& Formation. The nuclear properties of the radio-

.

= o

and the energies of the photopeaks used in the

lination are given in Tables 8 and 10.

0f the elements analyzed, there were no interfering
ﬁ{ieactiuns - neither (n,p) nor (n,a) from fast neutrons.
filsof reactions that could occur were summarized by

Rl (1971, p. 116).

Experimental Procedure

A standard solution containing the elements listed in

g 10, and including lanthanum, thorium, cerium, hafnium and
! ]

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL ' 126

Ifrom Table 8 (with the exception of aluminium, vana=
'ﬁy%prosium) was prepared. Approximately 0,25 g were
weighed into quartz ampoules, dried under infra-

and sealed. About 0,2 g of each sample was

g of SAFARI-1. The neutron flux for this region of
fior is sbout 3 x 10'% n m™%s™'  at 20 MW with a

Ifatio of 60 for °%ao (1 333 keV) which is a

The higher the cadmium ratic, the lower the
2
fmal flux. Therefore, due to the presence of uranium

ition was used in order to minimize the possibility

“ - . - . . - - .
Bformation of interfering activities from fission products.

,icunting was done on the system available, a SG em®
‘ﬁﬁaxial detector coupled to a Canberra preamplifier.
aphlses were amplified by & Canberra amplifier, after
 the spectral analysis was done using an Intertechnique
jﬁltichannel analyzer., Data were accumulated on magnetic
qfing an Ampex TMZ, start-stop tape recorder. Thereafter
jeta were processed using Yule's (1968 smoothed first
fitive method, as modified by Brits (1975) to calculate
grated peak areas for the spectrum. The resolution
i system is 3 keV for the 1 333 keV ©°%Co peak and has a
bration of 0,55 keV/channel. The samples were counted
after a decay of nine days fo; the elements
barium, lutetium and samarium, and 37 days for

elements europium, cobalt, tantalum, rubidium, scandium,

cesium, hafnium, protactinium and cerium,
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s NUCLEAR DATA FOR RADIONUCLIDES PRODUCED BY
- THERMAL NEUTRONS

Thermal
Neut;ans vy-Ray
Boct| aniniancal  "Tion™T| Produes] weres | TR
(%) Cross- measured 3
Section? (keV)
(Barn)
R 100 0,24 28A1 2,31 m 1 779
1y 99,8 4,9 52y 3,76 m 1434
64Dy g 2 200 165Dy syt 95
525 26,7 210 1535y 47 h 103
176 | 2,6 2 100 kY 6,7 d 208
1305, 0,1 11 13155 12 d 496
Rb e 05T B6Rp 1857 1 077
100 i) 10T 12,4 d 879
e 100 13 465c 83,9 d 889
81T, 100 21 18275 115 d 1 224
330 100 29 134(Cg 2,05 y 796
.-c-'g 100 17 60Cpo 526 y 1173
Bh 7 48,9 0,47 e5zn  [245 d 1 115

(1969)

* Adams and Dams
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3 derived from Bloedkoppie Granite are shown in

and 36 for the two counting periocds, respectively.
the photopeaks used for the analysis of the

B8 in Tables 8 and 10 are essentially free from

ing peaks of other isotopes, with the exception of
1535m., 1%1Ce has a small interference peak from
E8145 keV, and 1!53m has an interference from the 100
relative intensity 23Np peak at 103 keV. Remaval
Be interferences was done by‘obtaining 8 pure spectrum
S%Fg and 239N\Np, from which the relative peak

ities of the various lines could be calculated.

[BB9 keV) has an T rrrre from '°MAg (885 keV),

g silver was not detected, it was discounted.
Approximately 0,2 g of sample from the schists and
felses of the Tinkas Formation were accurately weighed
ﬁlythene capsules. Irradiations were carried out in
peumatic facility of SAFAFI-1, which has & thermal
ﬁ}%flux'of about 2,9 x 10'® n m™2 g7' at 20 Mw,
adcadmium ratio of 33. Samples were irradiated for
Beonds , allowed to cool for three minutes, and counted
five minutes.

The greatest problem concerning the analysis of

lium is the high concentration of aluminium. Both

and °2V have very short half-lives, and therefore

um has to be counted in its presence. In Fig. 31

**\ peak lies almost on top of the 2°Al Compton edge,
'Qﬁy.reducing its sensitivity and consequently the

ection limit.
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COUNTS PER CHANNEL

= 3
b o
!

H,on

— —
o o

N (]
|

1
T “—PULSE PEAK
153 5m (103)

177) 4 (208)

———— 239 p (228)
239N (278) —175vyb (283

—1_23p,107y 1300
233pq (312

—51¢r(320)
175yp233p, (396)
233pg (415)

181H¢ (482)

7 L 475 L7cq (uag)

! 131 Ba(496)
—134¢gg 124gp (505)

_  Bheg7as)
140 4 (g15)

“65c (889)

160 1p (966)

86Rb(1077)
59Fe(1099)

__ Bgc 1821, 214g; (1920)
60co (1173}

18274 (1186)
182 14 (1222)
T L 18271q(1231)
59Fe (1292)
ﬁﬂcmsam
24 Na(1368)
: 152Eu[!t.07]
40k (1461)
, 1401 [ 1596)
_ § 24 Na ESCAPE PEAK (1733)
—PULSE PEAK

. 29: Gamma-ray spectrum after a decay of nine
days for the analysis of lanthanum, barium,
lutetium and samarium in the Bloedkoppie
Granite. -
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COUNTS PER CHANNEL
] = = =
L% (] v

~
; ! 5 PR |
A701m (86) 182 PULSE PEAK
e 18214 169y (110)

S
152g 154y (120)
“Ce 59Fe(1£51

[—233Fu150Tbl300)

233
1 ~2Bpaian

152 181, 233 ik
——— 152, Wiy, 2330, 1300

233
L Fa (398)
815 1482)
114
" 560)
: 13404 1248y (04)
152g, (778)
134 ¢5(796)
5L
— ‘Mgl 160
Tb(879)
e 160
__160q, ;22& 5]
Rb(1076)
_l[_sg‘msuuossl
| Fe(1099)
o
L8 182y, 214 14120)
60
C
0 (1173) 182 14 (1189)
Eu—_ﬂﬂ'{n[‘l??"
| 18274 (1258 59Fe (1291)
1 i 152, t1eom
L0y (461)
e
— PULSE PEAK

: Gamma-ray spectrum after a decay of 37
days for the analysis of europium, cobalt,
tantalum, rubidium, samarium, terbium,
cesium, hafnium, protactinium (thorium)
and cerium in the Bloedkoppie Granite.

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL

COUNTS PER CHANNEL
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~

ol

—2

———

=58 \n (1811)

of the Tinkas Formation.

CONFIDENTIAL

Mg (842)

—PULSE 'PEAK

——ANNILHILATION PEAK (511)

28\| DOUBLE ESCAPE PEAK (757)

— 52y (1434)

—28111779)

“‘LgCa DOUBLE ESCAPE PEAK (2061)
—BMn (2m3)
—PULSE PEAK
31: Gamma-ray spectrum for the analysis of

vanadium in the schists and granofelses
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<££550LUTIUN AND ANALYSIS OF THE EPIGENETIC

FRACTION OF CALCRETE BY NEUTRON

ACTIVATION ANALYSIS

The object of this analysis was to determine the
fibution of trace elements within the epigenetic calcite-
e fraction of the calcretes, which contain about

50 per cent CaCOs (Table 27).. Both calcite and

te are epigenetic minerals which were precipitated
@guecus solution. Aleong with these minerals, elements
BEE quantities were simultaneously precipitated.

es of the Langer Heinrich formation have, in places,
anium contents, in some instances-over 15 x 10° ppm
BWlittle as 20 ppm in others. WNeutron activatian

8is of samples with such high uranium concentration is
BET complicated due to the errors introduced from fission
s and crowding of the spectrum with anp peaks.

Bfore it was found necessary to selectively remove

The method adopted for this was reversed phase

@ chromatography using TBP absorbed onto Kel-F, as

In order to ascertain whether there were significant
S of some trace elements during the separation procedure,
ive tracers of europium, cobalt, scandium and zinc

made for test purposes (Table 10).
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PROCEDURE FOR THE CHRCMATOGRAPHIC SEPARATION OF
URANIUM FROM CALLCRETES

Sample, 5-10 g

2M HC1
Fidser under
vacuum 2
Filtrate
Evaporate to 30 cm?d.
Make up to 50 cm® with
water
10 cm®

Evaporate until nearly
dry. Fume with conc.
HNO ;. Dissolve residue
in 10 cm® 5,5M HNO,

neutron Reversed phase liquid

] chromatography 10 g
Kel-F + 10 cm?®. TBP
in 5,5M HNO,4

Elute with 100 cm
5,5M HNO, _|

-

€: all other elements Column: uranium only

grate to dryness Elute uranium with
60 cm? deionized water,
discard

activation

Weight of sample used was dependent on the CaCO, content.
n -
80,45 mm Sartorius membrane filter, type SM12B, was used.
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njhe radigactive sample was dissolved in 5,5M HNOg,
*?mta the test columr and counted to measure the
gamma activity present. Ten cm?® fractions were
ely removed. After each fraction both the

idend the eluate were counted separately.

NV 152gy

.}
i
2t
©
S R
3 AN
w \-Ei- 4
Y ° 1 0
I
4
&
ey ‘ 60¢o \‘ g,
' \
\
05 fi X
\
e \ ‘a\ '\
!l l bolg N
A PP 033 e Bt
0 100
0 100

VOLUME ELU:iATE 55 MHNO4

(cmd)

===~ ACTIVITY ON COLUMN
—— ACTIVITY IN ELUATE

Wig. 32: Elution curves for zinmc, eurocpium, cobalt
and scandium using reversed phase liquid
chromatography with TBP as the stationary
phase, supported on Kel-F and 5,5M HNO4
as the mobile phase. The dashed line
shows the activity distribution on the
column and the unbroken lines the activity
distribution in the eluate.

' The results are plotted in Fig. 32 and show the
activity distribution of the nuclides on the

8nd in the eluate in terms of eluate voldime. After
3 of 5,5M HNOy , no nuclides were detected on the

’'br in the eluate. The conclusions were, firstly,

fhere was no retention of those elements on the column,
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/, that a very good separation from the uranium
d, thereby confirming data published by Hamlin

PRl 549);

Jeutron Activation Analysis

Ihe nuclear data concerning the elements determined

cite fraction are given in Tables B8 and 10. The

m

g?ytterbium, lutetium, cerium, scandium, cobalt and

s Interferences were similar to those described in

d down, were in a similar form. Calcium nitrate is
ic, which caused problems, especially when weighing
ples for the aluminium, vanadium and dysprosium

tions. Water was taken up rapidly, and it was found

ene capsules. Complete dryness could not be achieved

8 the relatively low melting point of polythene. A

hium, vanadium and dysprosium. As far as the remaining
were concerned, the samples were weighed into guartz
§les which could be heated to higher temperatures, thereby

gff the moisture.
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roximately 100 mg samples were used for all

8 %60 decay for one minute, and counted for five
Aluminium and vanadium were determined by this

Fig. 33 is a gamma spectrum of aluminium and

i from which both elements have good relative intensi=

A period of approximately two weeks was allowed to

B dfter which the same samples were reirradiated for
es. After a decay period of 70 toc 120 minutes the
Siwere counted for the analysis of dysprosium. (Fig. 34).

The second batch of samples weighed into quartz

SWwere irradiated in the C-position of the poolside

rvg%sible epithermal neutron flux contribution.
]
@s done to minimize the production of fission products

@ction process. The samples were counted after four
Br lanthanum, samarium, ytterbium and lutetium (Fig. 35)
2 Ily after 13 days for cerium, iron, scandium,

phand europium (Fig. 36).

2
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' COUNTS PER CHANNEL

. ‘Ol
zOI
0

-
o
~
|

= go‘

PULSE PEAK

— ANNILHILATION PEAK (511)

—_ 2841 DOUBLE ESCAPE PEAK (757)

2Tvg (844)

_ 28,1 ESCAPE PEAK (1267)

-24Ng (1368)
- — 52y (1434)
= ——— 251 11778)
— 56n (181)
“Sca DOUBLE ESCAPE PEAK (2061)
56Mn (2113)
~PULSE PEAK

33: Gamma-ray spectrum for the analysis of
aluminium and vanadium in the epigenetic
calcite~fraction.
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COUNTS PER CHANNEL

- —_

p—
o (=] (=]
w w

1 01

~
1

L PULSE PEAK'
e MBS Dy ©5)

—‘gsAu 1£412)

“ANNILIHATION PEAK {511)

274g (822)

Ala 1202

_ 2LpNg (1368)

_24Na DOUBLE ESCAPE (1732)

== SBMnngn)

“Sca DOUBLE ESCAPE PEAK

; —56Mn (2113)

PULSE PEAK

Gamma-ray spectrum for the analysis of

dysprosium in the epigenetic calcite
fractiaon. .
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COUNTS PER CHANNEL

s brec - - —
(=] o < (=] (=]
- [X] ~ v

——————lee—— .

lpuLse PEAK
1535m 1io3)
475¢ (16W

e (145)

—m,
Lu (208
N4 (320)

140 4 (329)
175y (396)

%0la “Tea “%e 1ua7)
—ANNIHILATION PEAK {511}

_ 187w (686)

140y 751)

__1401 o168 1, (g45)
S54Mn (835)
~t7s¢ (890)
59Fe (1099)
— 1827 ma1)
—60cq (1173)
“Tea Tse 29m

— 80 (1332)
24Na (1368)

42y 1528)

10y 4 (1585)
T“m DOUBLE ESCAPE PEAK (1732)
p— —PULSE PEAK

Gamma-ray spectrum after four days' decay
for the analysis of lanthanum, samarium,

ytterbium and lutetium in the epigenetic

cateite Trackion., ,
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COUNTS PER CHANNEL

:'_. c"-’ QU cl"- Ql.ﬂ
I | | 1 I
—— — PULSE PEAK
1536m 238400003

Wlce (145)

177141 208)
R
Np (228)

—152gy 20

— 175y (396)

ﬂs: "1:0%891

3heg 124 gy (504)

52e,(778)
465 (889)

—"60rp 966)

_59k¢ (1098)
£75¢(1120)

—GGCQ( 1173)

58 4700 475¢ (1295)

—60¢0 (1332)

152g, t1408)
—&0k (1431

uoLn (1885)

— —PULSE PEAK

Gamma-ray spectrum after 13 days' decay
for the analysis of cerium, iron, caobalt,
scandium and europium in the epigenetic
caelcite fraction.,
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& CHROMATOGRAPHIC SEPARATION AND PURIFICATION

BE URANTUM FOR MASS SPECTROMETRIC ANALYSIS

lThe technique employed for this purpose was a
fication of the existing methods used in this study to
izate and purify uranium (Table 9). Of prime importance

the high purity of the uranium, for it must be free of

dfganic compounds, cations and.anions (with the exception
itrate). The reason for this was the ultra sensitivity
Ezlass spectrometer to the presence of interfering

,rﬁ; which results in unstable performance. The end

it was a considerable reduction of the quality of the

cal data obtained.

#hree stages were required for the purification

re (Table 12). These are similar to those described
Leparation of uranium from thorium, alkalis, alkaline
earths and rare earths by anion exchange in the
chloride form.

‘Furification of uranium using tributyl phosphate in
rteversed phase liguid chromatography.

Removal of traces of tributyl phosphate by ashing and
» separation of phosphate using anion exchange in the
dchloride form.

Three samples were processed in this manner, two of
gete from the Langer Heinrich and one of uranothorianite
halaborwa.

The quality of the spectrum is dependent on two major

eters, the first being the correct functioning of the

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

CONF IDENTIAL ' 142

ictrometer, and the second the quality of the

ition. On the assumption that the first was of high
- any instrumental instability was therefore due to
lytical separation. A good spectrum capable of

g high precision is shown in Fig. 37.

e 235,

hdL\L du....uL- -JLL-\J...-L-.JHL

238 2°35

gin., 37: Spectrum of U and U obtained from

the mass spectrometer.
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PROCEDURE FOR THE CHROMATOGRAPHIC SEPARATION
OF URANIUM FROM CALCRETE, SUITABLE FOR MASS
SPECTROMETRIC ANALYSIS

Samplel:?

Anion’ exchange,
chlors de, fiorm

2: Th (+ others)
sl Column: U, Fe

Elute U with 0,1M-HCl, evapo=
rate, convert to nitrate form,
dissolve in 5,5M HNO; , load

onto column

Reversed phase liquid chroma=
tography using TBP absaorbed
on Kel-F3

Column: U

Elute with water, evaporate
to dryness

Fire the dried precipitate to
g00 °C for 2 K in muffle
furnace"

Dissolve black UBD in
a9M HC1

Anion exchange, chloride form

l.:? H PD
' g Column: U

Elute with 0,1M HC1l, evapo=
rate to dryness, convert to
nitrate and dissoclve in 3M
HNDO; , analyze on mass spec=
trometers

.,
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Horianite was dissolved in a mixture of concentrated
HC10,. Fumed with an excess of HC1l0s to ensure the
te oxidation of U** to U®*. Finally converted to the
e form by fuming with concentrated HCL.

i@ht of sample required was such that the concentra=
f uranium in the final solution was greater than
m® but less than 20 mg/cm?.

s stage all reagents used were of the highest
- The purity of water was equivalent to that
Pal by triple distillation.

m was fired to destroy the organic TBP. The
te remaining was converted to phosphoric acid and
d by anion exchange.

Aitric acid used for the final dissolution of the

m was fresh, such that no decomposition products
rites and dissolved NO, were present.
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11. MISCELLANEQOUS METHDDS

110 Delayed Neutron Counting

Delayed Neutron Counting is based on the emission of
neutrons from a few fission products after the irradiation
of 23% with neutrons in a reactor. Approximately 0,03 g
of sample was accurately weighed into polythene capsules and
sealed. The samples were irradiated in the pneumatic facility
for 40 seconds. After a decay of 20 seconds the samples were
counted for one minute.

The counting system used was designed and built by
the National Institute for Metallurgy. It consasts of a
ring of eight boron triflouride tubes mounted in a tank of
water. Pulses from the tubes pass through an amplifier and a
discriminator, and are finally counted.

The standards consisted of standard uranium ores
supplied by the Australian Atomic Energy Commission and The
Intermational Atomic Energy Agency. A standard calibration
graph was drawn and the counts versus Us Ogconcentration

plisitited.

LIS X-Ray Diffraction Analysis

X-ray diffraction was used for gqualitative mineralogi=
cal identification. All samples wesre ground down to pass
-325 mesh. Clay mineral identificafinn was done on approxima=
tely the 2 micron size fraction. A very dilute HC1l solution
was added to a slurry of this fraction in order to remove any

calcite present.
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12. THE GEOCHEMISTRY OF THE BASEMENT ROCKS

The basement rocks constituted the source of all the
epigenetic uranium mineralization in the duricrusts from the
Gawib River to the Tumas River and also the accumulations in
the diatomaceous muds off the coast in the Atlantic Ocean.
This, therefore, was the starting point of the geochemical
cycle of uranium for the region in-this study. A geochemical
analysis of certain aspects of same of the basement rocks was

very pertinent to this investigation, especially Frem the

pedint af view of their paragenesis. The rare-earth abundances

and trends were found to be useful as indicators of the

geochemical and evolutionary sequences.

12.1 Analytical Results

Partial chemical analyses and trace element concen=
trations in the Bloedkoppie and Gawib Granites are given in
Table 13. Analyses of other basement rock types form part
of a geochemical investigation (DAMJU Project) concerning
the uranium mineralization of the Damara Orogen, the report
of which is still in preparation. A list of the samples

used here is given in Table 14.

il Geochemistry of Uranium in Granitic Rocks

The mean uranium concentrations in the Bloedkoppie
and Gawib Granite are 18 ppm and 9 ppm respectively. The

Gawib Granite has a Th/U ratic of 3,5 which is very close
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PARTIAL CHEMICAL ANALYSIS AND TRACE ELEMENT CONCENTRATIONS IN THE

TABLE 13:
BLOEDKOPPIE AND GAWIB GRANITES
ELDEDKdF‘FIE GRANITE GAWIB GRANITE

% LH 4 EH 5 LH 6 LH B LH 10 LH 16 LH 43 HJ2-20 | HJ2-24 | HJ2-30 |HJ42-36 HJ2-39 LH 29 LH 30 LH 45
Sil, 74,9 TGt 72,0 19:43E 74,5 73,4 ik I | 69,5 70,3 7051 70,5 69,7 60,5 59,7 58,4
Tiﬂz 0,123 0,232 0,219 0,171 D,064 0,051 0,117 0,107 0,091 0,225 0,229 0,229 0,14 059 0,59
Al, 0y i 15 7% k7 d 13,13 Y3470 13,14 13,54 F35.58 13,04 14,21 13,80 L3516 13,68 13552 15,53 15,45 14,30
FeaD0y 1,38 . S AEST e 1523 1540 1,48 Ly 2T 1,13 2,08 1.96 1,689 5,70 5,69 6,26
MnO 0,03 0,06 0,063 0,038 0,056 0,06 0057 0,024 0,038 0,068 0,048 0,056 532 0,10 0,12
MgD 0,14 0,28 0,29 0,21 0,12 0,05 0,16 0,34 0,18 0,34 0,35 0,35 1,96 2,01 2,05
Cal 0,87 Ly2b L3 0,86 0,68 0,79 1,19 1,69 1,43 =585 1,49 1,38 5,79 451 By 4,94
Na, 0 2,78 340% 3,53 3,04 4,02 4,11 3,54 3,38 3,99 3,42 3,19 ;16 g.-35 3,28 23S
Ko0 Y34 4,91 4,30 Sy 2. 4,30 4,01 4,88 4,42 4,26 4,74 4,48 4,65 3,05 2,83 25,91
Ps05g 0,05 0,08 o,c8 0,113 0,04 0,03 0,04 0,17 0,18 0,312 0,13 0,09 0,27 0,25 0,24
pam
Ha 459 184 212 240 658 587 8B7T 1 D63 1003
Ce 1112 45 o 95 102 80 137 120 122
Co 2yl 2,9 1,6 2;2 350 ghs! 13 IS | i3
Cs 7,4 b B | 24,5 B,1 10,8 1353 % ) 1,8 2.0
Eu 153 0,5 0,3 1 1 X 254 2,2 2
HT % 553 T B f S 4,5 4,7 5,9 5,8 i ST
La 37 12 7 32 0 32 62 58
Li ar 63 857 36 60 133 56 3B a0 55 78 79 108 21 29
Ly 0,3 1,0 a,s 0,9 0,8 0.6 0,5 0.5 0.6
Rb 309 = ] 521 360 317 3z9 144 130 139.
Se 453 g1 8543 358 ST Hsh 12 12 156
Sm & 6 dq 13 ) 6 5 £ 4 10 10
Ta 1,1 5,9 A 2,9 4.1 d T4 1,6 1,1
Th 0,7 2l Bt 2,4 1,4 1.3 1,1 L3 1.4
Th 2Tl 35;8 18,0 52,0 23,0 18,9 20 13,2 15,4
u 24 12 14 20 14 21 21 18 15 14 20 10 5 15 [
Th/L 1,1 0,9 5.5 1,2 1,9 4 J
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TABLE 14: SAMPLES USED IN THE GEOCHEMICAL INTERPRETATION
OF THE RARE-EARTH ELEMENT DISTRIBUTIONS

Rock Type DJP Sample Nao.
Salem Granite 44, 489, BE, Ii4
Tinkas Farmation 98, 100
Banded gneiss 22, 24, 29. 80
Etusis Formation, ' 28, 2hy 29 34, 38, 34, 43

Analyst, Dr R.J.N. Brits - Chemistry Division, Atomic Energy
Board.

to the world average of 3,0. In the Bloedkoppie Granite,
on the other hand, the Th/U ratic varies between 0,59 and 2,6,
indicating an over-abundance of uranium. This is responsible
for the weak aeroradiometric anomaly associated with the
Bloedkoppie Granite. Uranium does not correlate with any other
element in Table 13. This is not entirely surprising when one
considers the high degree of weathering of the Bloedkoppie
Granite.

The common rock-forming minerals do not easily
accommodate uranium for it cannot substitute for any element
of its own size, e.g. calcium and sodium, as the balancing
of excess electrical charges is virtually insurmountable, and
more so if uranium occurs in the form of the uranyl catian,
UD§+. Consequently it is either concentrated in late magmatic
fluids or expelled from the magma chamber (Armstrong, 1974,
p. 628). In the first instance the'tendency will be to form
its own minerals such as uraninite, or to substitute in the CQ?

crystal lattices of accessory minerals. In granite rocks which

/
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k

contain low concentrations of uranium, e.g. the Blmedkuppie,L;Xv-
Granite, the uranium is dispersed as ionic or molecular
disseminations. These molecules are usually found in
crystal structures, adsorbed on crystal surfaces, in lattice
defects or in fluid inclusions. The tendency will therefore
be for uranium to be progressively concentrated within a
differentiated suite of igneous rocks.

The mode of transportation of uranium in a magma has
been the subject of several investigations. Poty gt al
(1974, p. 569) studied fluid inclusions in granites and
demonstrated a correlation between the uranium and carban
dioxide contents of the fluid. This suggested to them that
the uranium was transported as a uranyl carbonate complex.
Bhose et al (1974, p. 50) drew attention to the affinity of
uranium for the halogens and the subsequent removal of
volatile uranium hexafluoride in the Escaping gases.
FQrthermDrE the role of the uranium-halogen complex formation,]'?
rather than increasing oxygen fugacity, prevents the precipi= |
tation of uranium. Thermodynamically Kaspar and Hejl (1970,
p. 301) calculated that uraninite crystallizes at low oxygen
fugacities, that is,; a reducing atmosphere favours its
precipitation whereas an oxidizing atmosphere suppresses it.

Precipitation of uranium from a magma is nevertheless
still a partly unsolved problem. Poty et al (1974, p. 569)
suggest that precipitation is promoted by unmixing of the
uranyl carbonate complex from the solution. They further
state that the reduction of uranium.by the oxidation of iron
(II) to iron (III) is largely an inadequate mechanism to

precipitate uranium as the occurrence of hematite is not always
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associated with uranmium mineralization. In the Damara

orogen the correlation betwesen the aeroradiometrics and air-
borne magnetics suggests an.association of uranium with iron.
Many alaskites have a red hematitic halo which indicates a
relationship between uranium and iron. The faollowing
reaction might have been responsible for the precipitation

of uramium in this instance:

AFeell, e UELAERR), ~2HD 5N "ol BFe By + s 4BGE, 4 2H,0

magnetite uranyl dicarbonate - hematite uraninite
complex

Dissociation of magnetite and oxidation of the iron
(II) component took place within the framework of the redox
reaction. Complete dissociation of the uranyl dicarbaonate
complex took place by the acceptance of four electrons from
the decomposing magnetite.

Preliminary results of the DAMJU project indicate
that uranium was precipitated when the magmatic fluids were
very alkaline and in particular at the stage when potash
feldspar predominated over the sodium-rich feldspars at low

oxygen fugacity.

Lz Geochemistry of the Rare-FEarth Elements and Their
Bearing on the Origin of the Granitic Rocks

Before discussing the rare-earth element distributions
in the basement rocks, it is pertiment to briefly review the
geochemistry of the rare earths in granitic rocks (Taylor,

1965, p. 160; Haskin et al, 1566, p. 231; Philpotts and
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Schnetzler, 1968; Koljonen and Rosenberg, 1974).

In general, through the whole sequence of magmatic
differentiation, the rare earths concentrate in the more
acid phases and the lighter elements tend to become enriched
relative to the heavier ones. This is due to the lanthanide
contraction according to which the ionic radius decreases
with increasing atomic number and results in preferential
depletion of the smaller elements (gadolinium to lutetium)
in. the residual melt.

Normally the rare earths are trivalent, but depending
on the environmmental conditions, Ec* T and Crvid may exist.
The well-known europium anomaly is due to the preferential
inclusion of Eu?? in the Ca?’ sites of plagioclase feldspars.
It was found that during differentiation processes the crystal-
lization of approximately 15 per cent plagioclase feldspar
results in a 5 per cent depletion of europium in the
remaining melt. Continuing crystallization of plagioclase
will bring about larger europium anomalies in the residue.

Relationships between the rock types of the Damara
crogen were established by Jacch (1974) through field and
petrological evidence. An attempt was made here to see
whether the geochemical relationships of the rare earths
in the respective rock types fitted his postulates
concerning the origin of the Banded Gneiss, Salem, Gawib and
Bloedkoppie Granites. The problems to consider are, firstly,
the relationships between thé sedimentary rocks and their
ultrametamorphic equivalents, and secondly, the relationships
between the granites. The procedure adopted was to normalize

the rare-earth concentrations in the rocks with the correspon=
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ding concentrations of the rare-earth elements in chondritic
meteorites. This eliminated the odd-even effect as shown
asEigsi C 3B, 139 and®air

Jacob (1974, p. B6) considered that the banded gneisses
were derived from sediments characterizing the Khan and
Etusis Formations. The rare-earth trends in the Etusis

Formation and the banded gneiss are similar (Fig. 38).

[ x ETUSIS FORMATION
[_o BANDED GNEISS

3
7’__,.4—-—“.1|

WEIGHT RATIO. ROCK /CHONDRITE ————
Izm]

/

) s T U [ I Y T }
57 58 6163 65 67 69 T
LaCe SmEu Tb ¥b Lu

ATOMIC NUMBER

Fig. 38: Rare-earth abundances in the Etusis
Formation and banded gneiss divided
by the rare-earth abundances in chondrites,
plotted against atomic number.
Both rock types have positive europium anomalies, but the
banded gneiss has the greater relative EUropium enrichment
of the two suites. The trends agree with the postulate,
suggested by Jacob, that the origin of the banded gneiss was
due to metamorphic differentiation. The large positive euro=
pium anomaly of the banded gneiss resulted from a depletian

of the more volatile constituents of the Etusis Formatian,

leaving a more basic residue rich in plagioclase. Depletiaon
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of the lighter rare earths in this basic residue is typical
of a partial fractional melting process.

According to Jacob (1974, p. 167) the Salem Granite
was derived. from the Khamas Subgroup rocks 'on the high
temperature side of the anatexis-in-gneiss boundery', Crystalli=
zation of the Salem Granite anatectic melt by 'filter-press'
action resulted in the Bloedkoppie Granite forming from the
displaced acid residues. The Gawib Granite was late to
post-tectonie im Bge. (Jaceb, 1S7A np. 3E08&nd 167 ).

Smith (in Jacob, 1974, p. 30) considered the Gawib
Granite to be older than the Salem Granite due to the
intrusive relationships of the latter.

The rare-earth patterns of both the Tinkas Formation
and the Salem Granite are very similar (Fig. 39) which
suggests that the Salem Granite was derived from the former.
Both rock types are enriched in samarium, and Koljonen and
Rosenberg (1974, p. 254) report a similar anomaly in a granite
derived from a sediment. It appears that the rare earths are
essentially resistant to metamorphic and metasomatic processes
(ibid., p. 249) and conseguently their distributions in the
original rock and the derivitives remain very similar. The
close similarities (Fig. 39) indicate that the Salem Granite
was a product of complete melting of the Khomas Subgroup.
These trends confirm the findings of Jacob.

The rare-earth patterns for both the Bloedkoppie and
Gawib Granites (Fig. 40) show that both granites are depleted
in europiuﬁ, the degree of depletion in the former being

the most significant.
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L X SALEM GRANITE
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Rare-earth abundances in the Tinkas Formation
and Salem Granite divided by the rare-earth
abundances in chondrites, plotted against the
atomic numbezx.

e
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Rare-earth abundances in the Gawib and Bloed=
koppie Granites divided by the rare-earth
abundances in chondrites, plotted against the
atomic numbex.
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The patterns of the Bloedkoppie and Gawib Granites
are generally similar, implying that both are genetically
related and that the Bloedkoppie Granite is the most frac=
tionated of the two. It is evident that the rare-earth
distributions for these granites are similar to the trends
of the Etusis Formation and the banded gneiss. There is no
resemblance to the distributions in the Salem Granite
(Fag. 38},

It is considered, therefore, that as a result of partizl
melting of the Etusis Formation at depth, the resultant melt
fractionated into the acid Bloedkoppie Granite phase and the
more basic Gawib Granite phase. Both granites are more
differentiated than the parent rocks from the evidence of
the negative europium anomaly. This evidence and that of
the north-east orientation of the xenoliths in the Bloedkoppie
Granite tends to fall more in line with Smith's work and that
the Bloedkoppie and Gawib granites might well be of late
syntectonic age. The close proximity of the Etusis Formation
comprising the Langer Heinrich Mountain provided the source

material for these granites.

12,4 Summaxry

The banded gneiss was derived from the Etusis Forma=
tian by metam;rphic differentiation. The Salem Granite was
the product of complete melting of the Tinkas Formation, or
ﬁore broadly, the Khomas Subgroup. Finally, a magma derived
from partial melting of the Etusis Formation crystallized

into an acid Bloedkoppie Granite phase and a residual, but
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more basic, Gawib Granite phase. Both granites are therefore
late syitectonic in age., i THetsigpsficance behind ibhe
paragenesis of the Bloedkoppie Granite is that it was

derived from the Nosib Group rocks. Therefore the Nosib
Group was the initial source of the uranium in this later- :

forming granite which ultimately contributed to the supply/éﬂawﬁ

of the epigenetic uranium in the Gawib River Valley.
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13 GENCHEMISTRYSDEETRENSUESIIRFACE WATERS

O EhESNAMIBCDESERT

The geochemistry of the subsurface waters of the
Namib Desert was studied with two main objectives in mind.
Firstly, thel concentrasion en@ distributicn of urapium in
subsurface waters was investigated to determine whether it
reflected the likelihooed of urapium.mineralization in the
enclosing rocks. Secondly, an attempt was made to establish .
the underlying principles that govern the leaching and
migration of uranium in the arid envizomment of the Namib
Desert. Furthermore the subsurface waters form the second
phase in the geochemical cycle of uranium.
Gableman (1970, p. 326) defined certain characteristics
necessary for a fluid te form uranium cres. These are:
by Corrosiveness: It must be capable of alterimg rock
by leaching and zeplecemenit.
25 Penetrability: It must be capable of permeating
dense rocks impenetrable by fresh ground-waters.
G Cancentration: It must have a high concentration
of g lazge Variety of minezal Jiens and ‘minerslizers
in addition to the dominant uranium,vanadium, etc.
s Seiectiuity: Its chemical character must erable it
tefireaEE Ny tENsEnTadn e st mue ki ehienhdes 15 Enyviron=
MERGS.
Butler (1969, ﬁ. 85) and Gableman (1970, p. 325) are
B thnes apinEen  Ehiatthe laTe fluids'are meteoritic waters

having a high concentration of dissolved salts. Isotopic
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studies in natura} brines (Clayton et al, 1966, in Gableman,
1970) have confirmed both this and the fact that the total
salinity content was derived from the rocks through which
the water moved. Hellewig (1969) described the movement of
subsurface waters from the Namib Desert in genéral and
concluded that the concentration of the dissolved solids
increased towards the coast. This, he pointed out, is due
to the dissolution of subsurface marine salt deposits.

The mean annual rainfall in the Namib Desert is VETYy .
low and over a period of 35 years it is only 17,9 mm at
Swakopmund (Table 39). 0On the assumption that inland
figures are of the same order of magnitude, recharging of the
acquifers is a very slow process. In fact most of the rain
is more than likely to be removed from the surface by evapora=
tion before it has a chance to replenish the acquifers. GSo
the system being dealt with is one of partial stagnation.

The area from which samples 1 %o 29 were taken lies
between the Swakop River in the south and the Khan River in
the north (Fig. 41). Samples 30 and 31 were taken from
boreholes HJ-1 and J-1 respectively in the Gawib River
Valley (Map 1).

Geological mapping of the area was done by Jaceb (1974)
and the Anglo American Prospecting Co. Ltd. The latter was
concerned with the evaluation of uranium ore reserves over the
farms Dorstrivier 15, Nordenburg 76, Vlakteplaas 110 and
Bloemhof 109. (Annual.PrDSpecting Reportss 41972, 1973)
Prospecting Grant M46/3/209). Most of the concession held

by Anglo American Prospecting Co. Ltd. is covered by calcrete
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deposits, with the excepticn of the mountainous areas
Chucsberge) and the eroded southern portion of Dorstrivier.
Surface geochemical prospecting delineated several radioactive
anomalies with uranium contents above 15 ppm in calcrete on
the farms Bloemhof, Vlakteplaas and the northern part of
Dorstrivier. In the southern part of Dorstrivier the

anomaly is mainly on granite (Gn, ).

Uranium crystallized into the minerals carnotite
and soddyite, which are found together. Mineralization in
the calcretes on Bloemhof and Vlakteplaas is of low grade,
the highest value being 388 ppm Ua% . Generally the range
of values for U,0, lies between 5 ppm and 90 ppm, with most
of it concentrated within the upper 10 m of the calcrete.
Bedrock was intersected at depths between 6 m and 47 m.

The watershed of the Chuosberge dominates the main
drainage system of this area (Fig. 41). It runs approximately
north-east, separating rivers flowing southwards to the
Swakop River from those flowing northwards to the Khan
River. One minor watershed runs north-south through the
farm Nordenburg and influences only the southward flowing

TANIE TS,

ET L Analytical Results

Water samples numbers 1 to 31 were classified into
four gfoups and ‘are listed aniiiables. 15 ter 1B, Sfabilie 19

gives the means and range of values for all the samples.
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TABLE 15: CHEMICAL ANALYSES OF GROUP 1 SUBSURFACE WATERS FROM THE NAMIB DESERT

AYILNIAI ANDD

1 4 9 11 i 15 16 26 ) MEAN MINIMUM [MAXIMUM

pH 8,0 g 2 B, 7,8 8,3 s T 8,3 7,6 8,0 e 27
*CONDUCTIVITY 9 BOO 18 500 4 700 8 000 5 400 8 300 8 400 4 00O 12 800 8 B7B 4 700 18 500
*TDS (ppm) 7 695 15 285 3 415 5 D85 3 630 5 735 - 5 590 2. 870 10 840 6 6B3 2 870 15 285
Na (ppm) 1 360 3 480 544 870 560 1 120 1 265 ABB 1 760 e fhy 488 3 480
K (ppm) 50 340 26 50 44 66 112 16 94 69 16 340
Ca (ppm) 1 008 1 A38 460 672 6T T35 357 240 1 304 Tfiass! 240 1 638
Mg (ppm) 202 269 106 236 204 137 196 135 74 173 T4 269
U (ppb) 60 54 53 76 229 45 143 128 107 o 45 229
V (ppb) 58 79 26 13 4 57 54 10 65 a1 q 79
Sr (ppb) 6 725 il 219 2 783 3 534 2 B97 : 7 sy 5 819 3 100 1 395 4 958 395 11 219
Ba (ppb) 346 673 A7 198 160 229 589 462 488 365 T 673
S0y (ppm) 678 I 596 959 820 480 1 356 856 327 725 666 3z7 1 596
ND; (ppm) 165 127 5 2 a2 14 23 96 9 58 2 165
Si0, (ppm) 15 20 10 15 25 25 40 40 25 24 10 40
F (ppm) 1,8 2,4 a,5 15 0,6 0,9 TN 252 855 1,6 0,5 B
Cl1 (ppm) 3 475 7 700 1 205 2 550 1 330 2RHE5 2 400 910 1 600 2611 910 7 700
CO; (ppm) 54 60 27 72 204 48 132 135 90 91 27 204

* Conductivity units, mho.

=
* TD5 = Total dissolved solids. )

IvILN3IATANDD
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X Cnndur.t:‘ui‘ty units,
\

*

mho.

TDS = Total dissolved solids

TABLE 16: CHEMICAL ANALYSES OF GRODUP 2 SUBSURFACE WATERS FROM THE NAMIEB DESERT

2 3 L] & a 10 13 14 17 19 20 23 24 25 27 29 MEAN MIN. MAX.
pH 7.0 1,9 7,3 8,0 Ty T B,4 1,3 7kl Tel B,1 T3 9 7.8 8,0 7,5 T2 7,4 g 7.0 8,4
*CONDUCTIVITY 4, 880 3 100 5 300 6 100 4 550 400 300 o0 280 2 250 2 550 T 170 3 150 600 7 050 i0 0pg 5 Q086 250 10 00O
105 (ppm) 3545 2 355 3 765 4 875 3135 250 595 495 185 1 460 1 708 5 165 1 980 370 4 910 7 594 3 586 460 7 594
Na (ppm) 353 224 s08 55 a86 348 120 870 oo 298 30a B26 348 330 740 1 220 552 224 1 220
K (ppm) 10 6 45 35 15 a0 102 84 25 17 10 42 23 24 1D a0 16 [ 102
Ca (ppm) 624 397 489 638 521 158 556 441 248 118 198 651 200 290 715 651 432 118 735
Mg (ppm) 107 G4 129 197 97 159 184 169 irg 55 53 175 83 178 167 431 142 51 431
U (ppb) 15 (] 67 [ 51 53 (il:] 67 11 22 12 76 11 50 32 118 a3 [ 118
V' (ppb) 27 (4 an 5 11 11 28 <[] 31 a4 34 52 5 50 30 20 26 5 50
Sr (pphb] 2 634 2 746 3 BO3 A 397 3 0a7 B26 TB1 052 492 1 920 1 500 5 170 4 500 060 7. 500 23 260 4 B56 026 23 260
Ba (ppb) 245 122 169 210 182 56 168 171 144 ar 75 232 291 165 166 668 244 37 766
50, (ppm) 295 180 638 6508 425 469 20 617 197 192 245 61T 279 199 617 1 192 AH4 180 1 192
NO, (ppm) 150 6 80 131 T 8 a2 33 54 g 14 96 7 43 90 103 62 7 150
5i0, (ppm) ig 3o 30 15 o 40 25 25 40 40 40 25 15 25 40 10 16 15 40
F (ppm) 152 o,7 1,3 0,6 0,7 0,4 1,0 1,0 0,8 1,5 1,5 1,2 0,8 1,2 1,0 1,5 1,0 0,4 1,5
£l (ppm) 1 250 BOS 1 200 1 780 1 135 753 475 925 760 518 578 2 075 820 a1d 2 200 2 928 1376 518 2 925
ca, (ppm) 105 111 183 78 156 156 171 168 147 147 159 132 76 168 168 189 145 T8 189

IYILN3IQIINDID
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TABLE 17: CHEMIGAL ANALYSES OF GROUP 3 GUBSURFACE WATERS \.
FROM THE NAMIB DESERT '

7 il 30 MEAN MIN. MAX .

pH 7 T:5 T Tyl AL s
¥CONDUCTIVITY |2 700 |6 780 5 400 4 960 |2 700 6 78O
"TDS (ppm) AS el e 4 045 365560 |1 870 4 045
Na (ppm) 264 740 555' 520 264 740
K (ppm) 20 54 42 39 20 54
Ca (ppm) 229 Tfela 450 471 229 735
Mg (ppm) 94 161 7 81 T 161
U (ppb) 342 242 298 294 242 342
V (ppb) 16 5 18 13 5 18
Sr (ppb) 1550 838 4T q72 a4 1E 203 BRI {47872
Ba (ppb) 129 207 210 182 129 210
sg, (ppm) 223 |1 240 360 674 223 1 440
NO, (ppm) 52 48 2 34 2 52
Si0, (ppm) 40 25 10 N A L 40

F (ppm) 0,4 155 249 i3l 0,4 25
Cl (ppm) 515 |1 600 1 600 1 238 5,50 4 500
CO, (ppm) 95 105 68 89 68 105

* Conductivity wunits, mho.

* IDS = Total dissolved solids.
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TABLE 18: CHEMICAL ANALYSES OF GROUP 4 SUBSURFACE
WATERS FROM THE NAMIB DESERT
18 22 28 MEAN MIN. MA X
pH T 2 7,4 755 7,4 Ts 2 7.5
* CONDUCTIVITY|1 80O 830 138, |2 587 800 |3 B30
" TDS (ppm) 1 130 375 355 |1 620 130 |2 375
Na (ppm) 136 200 186 174 136 200
K (ppm) 7 i5 16 13 7 16
Ca (ppm) 187 397 182 2Eh 182 395
Mg (ppm) 47 145 49 B0 47 145
U (ppb) 14 16 8 12 B 15
V' (ppb) 3 6 10 6 3 10
S (pph ) LS4 392 480 2 48l 472 3 430
Ba (ppb) g 166 469 222 3l 469
s0, (ppm) 89 339 144 191 89 339
NO, (ppm) 4 21 23 16 4 23
$ig0, (ppm) 40 25 40 _ 35 25 40
F (ppm) B4 0,4 0,4 0,5 0,4 0,7
Cl (ppm) 340 903 345 529 340 903
CO, (ppm) 210 219 204 217 204 219

* Conductivity units, mho.

+

ks

= Total disselved solids.
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TABLE 19: MEANS-AND RANGE OF CONCENTRATIONS OF IONS IN
SUBSURFACE WATERS FROM THE NAMIB DESERTFRER
ALL 31 SAMPLES

MEAN MINIMUM MAXIMUM
pH T e i 82
*CONDUCTIVITY g 23 AL SN B S i
TTDS (ppm) 4 306 1 130 15 285
Na (ppm) T2 136 3 480
K (ppm) 49 6 340
Ca (ppm) 512 118 08658
Mg (ppm) 142 49 431
U (ppb) 81 6 342
V (ppb) 27 3 T
Sz (ppb) 5 754 826 A7y 2
Ba (pph) 2 3l T66
50, (ppm) 585 89 1 596
NO, (ppm) 54 2 165
Si0, (ppm) 28 10 40
F (ppm) il 52 0,4 5 4E
Cl (ppm) 1 639 340 7 700
CO, (ppm) 130 54 219
REondhetiviity units, mho;
i

RS E=

CONFIDENTIAL
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Analysis of samples 1 to 29 was dane by the Depart=
ment of Water Affairs in Wi-adhoek according to their routine
methods for water analysis. The analysis of the two samples
from the Gawib River and the analyses for strontium, barium,
vanadium and uranium for all samples were done at the
Atomic Energy Board. Conventional ataomic absorption flame
procedures were used for strontium and barium, whereas the
carbon rod method was used for vamadium. Uranium was
analyzed using the technique of delayed neutrom counting.

In Table 20 the concentrations of some trace
elements in subsurface waters are given which were analyzed
by Anglo American Corp. Ltd (Annual Prospecting Report (1973)
Prospecting Grant M46/3/209). There is no relationship
between the samples in Taeble 20 and those of Tables 15 to
0l
TABLE 20: TRACE ELEMENT ANALYSES OF SUBSURFACE WATERS FROM

THE NAMIB DESERT. (ANNUAL PROSPECTING REPORT
(1973) PROSPECTING GRANT M46/3/209

pph W1 [w2 W3 Wa W5 W6 | W7y |wB | X |MIN. | MAX.
U i (S S it eLuPRHEE S e ek | B | 25 136
Pb 34 | 45 |19 50 | ToulEe a0 {4z | 42 | ae 78
Cu AUuRR | UL Sl e R S SR Ll T R R ) 19
Ni Do 2 L e et s T el Bl o) 32
Ag T e ARt a 18 | 19 |24 5| 9| 14 4 24
Zn 220 S0l aA N E IR S e T T2 Mpeleen H e e - 5 ARE
Cu 2 3ol 4 i 2 3 2 4

¥ The mean value for Zn does not include the 1 000 ppb
value in sample W4.
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B2 Characteristics and Classification of the Subsurface
Waters

Very wide variations in the values were found for
some elements, for example potassium and uranium, where the
concentrations differ by factors of about 60. Variation in
the contents of carbonate and silica is less extreme and the
maximum values are only a factor four greater than the

Col it

minimum values. Sodium and potassium are the mast abundant

cations, followed by magnesium and potassium. The major
anions in order of abundance are chloride, sulphate and
carbonate. All the remaining ionic species are present only
in trace amounts.

A convenient way to describe the composition of
brines is their relationship to the composition of seawater.
Fig. 42 is a Schoeller diagram representing the ions in
solution in terms of their equivalents per million (Parker,
1969, p. 120). The comparisons between the concentrations
of calcium, magnesium, sodium, chloride, sulphate and
carbonate in seawater (Table 38) and the average values for
31 Namib Desert waters (Table 19) are shaown.

The total concentrations of the elements in.the
Namib Desert waters are in general lower with respect to
seawater. Calcium and carbonate are, however, relaﬁiuely
enriched, the former . being greater by a factor of
approximately four. Magnesium is depleted relative to its
neighbours, calcium and sodium, but this anomaly is not
observed in seawater. Reasons for this were expressed by

Bentor (1969, p. 84) who found that two mechanisms may apply
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— Fig. 42: Schoeller diagram, comparison of the ionic
distributions in subsurface waters of the
Namib Desert and seawater in terms of
equivalents per million ionic species.

in this situation. Firstly, magnesium is incorporated into
the calcite lattice, and secondly, magnesium may be exchanged
for a cation in montmorrilonite clay. The similarities
between the Namib Desert brine patterns and tﬁose Bl e e sk
brines in the WSA (Parker, 1969, p. 119) are very striking,
especially in their depletion of magnesium.

*In natural brines some elements in solution do not
normally exist in the purely ionic form, but as ion associa=
tions or coordination complexes. The major ions, for example
magnesium, form ien pairs, whereas the trace elements, for
example vanadium, form coordination complexes. Truesdell
and Jones (1969, p. 5B) point aut that magnesium is parti=

cularly susceptible to the formation of ion pairs, with

CONFIDENTIAL
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silica being a principal contributer, followed by carbonate
and sulphate. This feature may also account for the frac=
tionation of magnesium as shown in Fig. 42. Garrels and
Thompson (1962, p. 57) determined that for seawater 87 per
cent of the magnesium accurs as the free ion, 11 per cent
as the Mg-50, pair, and 1 per cent as the Mg-HCO, pair.
No value for the Mg-S5Si0, pair was listed. In solutions
supersaturated with silica, magnesium remains in solution,
bqt in the saturation field for amorphous silica, minerals
such as montmorillonite and attapulgite may develop.
Fig. 43 shows the positions of samples 30 and 31 fram the
Langer Heinrich plotted on an activity diagram. Both

G
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LOG A [Nas)/ A (H+)
~
I
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i X &
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2 - ‘| o
mmmwsmur—__~ ;r
tF
0 1 1 [ : . b
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Fig. 43: Activity diagram for the system Na, D-A1, O,

— Sl H A0 et RO B At ECthlty of’
water and 100 kPa. Adapted from Helgeson
et ad (1969, p.. 462). Subsurface weter
samples 30 and 31 from the Gawib River
Valley fall into the montmorillonite
field.

samples fall in the montmorillonite field and below the

level of amorphous silica saturation. Although this is a

sodium montmorillonite, it nevertheless demanstrates the

stability of montmorillonite in the calcretes of the

Gawib River Valley. Hess (1966, p. 306) points out that an

CONFIDENTIAL
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g ta vty diaéfam (Fig. 43) strictly only applies under

ideal conditions where all phases are stoichiometric and
activities are equivalent to concentrations. The subsurface
waters in the Namib Desert are certainly not ideal solutions
and caution must be exercised in the interpretation of
activity diagrams.

Mineral equilibria relationships for calcite and
silica, predicted from thermodynamic considerations (Kramer,
1969), are shown in Figs. 44 and 45. On the assumption that
the temperature of the subsurface waters in the Namib
Desert is 20 °C (the temperature was naot measured énd TE b
therefore likely that fluctuations will occur to either side
of this value) the values for samples 30 and 31, as well as
the minimum and maximum values givern in Table 19, have been
plotted on the diagrams. All values in Fig. 44 plot well

SATURATED WITH

CALCITE

pCae pCO3 ~—=

Fig. 44: Eguilibrium plot for calcite or calcareous
rocks as a function of temperature with
respect to the subsurface brines. pla=

—ngln(E32+) and pC0; = —loglo(Eﬂg V%
The minimum, maximum and mean (X) for all
water samples are plotted. (Values taken

from Table 19). Samples 30 and 31 from

the Gawib River Valley are also plotted.
The temperature Tor the subsurface water
was assumed to be 20 °C.

into the field saturated with calcite, indicating that the

waters are saturated with respect to calcite. This is to be
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expected in calcretes. The waters are therefore capable
of precipitating calcite so that the development of
calcrete is still in progress. In Fig. 45 the points tend

to cluster nearer to the equilibrium line for amorphous

N~ 30 QUARTZ

S

:Q\%gm
o S bl MES W |
V] 100

- 1 T I‘C

pH; Si0f —=
w

Fig. 45: Eguilibrium plot for guartz and amorphous
silica as a function of temperature with
respect to the subsurface brines. pHy,S510;
= -log,,(H,Si04). The minimum, maximum and
mean (X) for all water samples are plotted.
(Values taken from Table 19). Samples 30
and 31 from the Gawib River Valley are also
painEired The temperature for the subsurface
water was assumed to be 20 °C.

silica. Kaolinite was not found at the Langer Heinrich.
Kramer (1969, p. 48) points ocut that the quartz equilibrium
line actually representsthe kaolinite-potassium feldspar-
potassium mica equilibrium. All samples fall well below
this equilibrium line, indicating that these minerals are
unstable under the conditions prevailing in the Namib
Desert. The more stable montmorillonite is therefore the
coexisting phase present, which was confirmed by X-ray

gt racti ons:

The water samples were taken over a very large area

on both sides of the watershed of the Chuosberge and

dssociated with several different rock types. For this

reason they have very wide ranges in the abundances of their
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soluble species. Under these circumstances the probability
that the samples can be grouped is very likely. Grouping

was suggested from the correlation matrix of all 31 samples.
Generally it can be accepted that there is a fairly good degree
of correlation between uranium and carbonate, but in this
matrix almost zero correlation was found. A plot of these two

values (Fig. 46) showed that four groups possibly exist.

L00

/
200 oGROUPT A
/

U (ppb)
N,

S e
© :‘11 L A
v e * /GROUP L
AN S OO, [

’

200
i CO5(ppm|—=

Fig. 46: Variation diagram of uranium plotted against
carbonate. Ffour groups in the water samples
are indicated. The dashed lines give the
approximate group boundaries.

To test whether this classification had any merit,

a multivariate discriminant analysis in a stepwise manner
was performed using the computer program BMDO7M (Dixon,
1967), called DISC. At each step one variable was entered

into a set of discriminating variables, based on the Y

statistical F test. For each sample a mahalanohis distance

and a probability function were determined giving the
likelihood of the sample fitting within the specified
group. -Fimally a set of canonical variables was calculated
infeoxrder to repeesent: the distribution off the groups in a

two-dimensional way. Ffurthermore, in accordance with the
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F-tolerance limits set, elements were selected that could
best discriminate between the groups.

The variables used for the discrimination were pH,
total dissolved solids, sodium, potassium, calcium, magnesium,
uranium, vanadium, sulphate, fluorine, chlorine and carbonate.
F-values for inclusion and deletion were 2,1 and 2,0 respec=
tively, from which uranium, carbonate, sodium and sulphate

were the most discriminating functions for separating the

groups. C(Canonical variables calculated for each graup and
their respective means are plotted in Fig. 47. A very good
+4 T T !
GROUP & | GROUP 2 i GROUP1 : GROUP 3 .
r i i |
] I I
- i ° ! I =
i : t =
u IR ,’ 5 F] I } ®
m | . LR ) i
= e S e . i
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=l 1 14 3 i 15 |
1 1 .
= 1 i 1
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§ - | ; |
] = I I 1
> 1 i », 1
| | i
=5 b= 1 : :
L R BRI ) S S i S Ve e ey
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X - CANONICAL VARIABLE

Fig. 47: A plot of the X- and Y-canonical variables
derived from a multivariate discriminant
analysis of the data from 31 subsurface
water samples.(+ = mean).

x

separation of the four groups is shown. Group 3 has the
greatest variance. The probability that most samples will
fall within their specified groups is generally greater than

98 per cent (Table 21).
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TABLE 21: CLASSIFICATION DF THE SUBSURFACE WATERS INTOD GROUPS, USING MULTIVARIATE
DISCRIMINANT ANALYSIS, AND THE CALCULATED PROBABILITIES ASSOCIATED WITH
EACH SAMPLE -

IYILNIATANDD

GROUPING BASED ON DISCRIMINANT ANALYSIS OF CHEMICAL DATA
GROUP 1 GROUP 2 GROUP 3 GROUP 4
(1), @)y 5 31 1,0
. 4 o
T
a S5 5
o 12 1,0
i ish Ted
e R
o Sh R
[}
L
T
= g3 0,4 20 a0 ey 17 0,07
w [ 3 TR O Io S 20 0,20
[ 5 0,98 20 D.A80 Sy i
g e
] 10 1,0 25 0.99
= 180 A1t L 2Tkl BT
W 14 1,0 29 0.98
1
x
w T T
i - 240 1,0
. ST
= o
a w1
e (o )
(e} o
(8 L
(s
=1}
=
=
= 18 1,0
22 1.0
< 28 1.0
o
== |
(=}
o
w

(1) Sample number
(2) Probabilities
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Group 2 has four samples with probabilities belaw
98 per cent. OSample 23 has a 14 per cent chance of falling
into Group 1, whereas samples 17, 20 and 27 have 7 per cent,
20 per cent and 12 per cent chance respectively of falling
into Group 4. These low probabilities were disregarded due
to their high loadings associated with Group 2.

The question now arises: how are these four groups
distributed within the drainage patterns? Each borehole
(Fig. 41) is marked with the sample number, group number
(round brackets) and uranium concentration in ppb (sguare
brackets). There seems to be no uniformity in the distribu=
tion of the samples in their groups. Four boreholes situated
close to each other on the farm Bloemhof are presented by
Groups 1 and 2. In the north-eastern corner of Nordenburg
six boreholes, also clustered together, fall within Groups 1
and 3. Northwards, across the Chuosberge, Groups 2, 3 and 4
are found. Waters within the same drainage channels also
fall within different groups.

Unfortunately no information was available concerning
the depth of the borehole, the guality of the casing or the
frequency of the pumping, for these factors are important
in evaluating the mineralizing characteristics of the water.
The depth of the borehole and the quality and length of casing
will determine the depth from where the sample was cbtained.
Ultimately these parameters may account for the discrepancies
in the contents of the dissolved solids. A second possibility,
although unlikely, to account for éruup differences within
nearby borehaoles is that they may be fed from different

acquifers.
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A very close coherence was observed between the
uranium concentrations of the subsurface waters and the
surface uranium geochemical anomalies (Fig. 41). Certain
exceptions are the high values on Jakkalswater, Marmor and
in the south-eastern corner of Nordemnburg. Lack of informa=
tion concerning the uranium minerszlization within these
areas may account for this. North of the Chuosberge anly
one sample has a significant uranium concentration;
here again no information on mineralization was available
froam this area. It may therefore be inferred that there is
a reasonable probability that uranium mineralization may be
present in the Wolfkoppe area. Samples 13 and 28 occur within
mineralized areas but have low uranium concentrations. No
reason can be given for this feature which may be due to a
large number of causes, some of which were enumerated above.

A second classification, although very rough, has
therefore been established. Those waters with uranium
concentrations above 30 ppb are generally located within
zones of potentially high uranium concentration. Values
below this lewvel may be regarded as background. In the
USA 5 ppb uranium is background, whereas 10 ppb uranium is
anomalous (Butler, 1969, p. B5). C[Care must be exercised with
the interpretation of the uranium concentration in water
because, assuming that the values of samples 13 and 28 reflect
the actual situation, deviations from ideality can neverthe=
less occur. Two conditions may p;evail that could account

for anomalously high uranium values:
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(a) An uneconomical uranium source undergoing weathering.
For example, sample 29 with 118 pPpb uramium is
situated in Red Granite gneiss terrain. Figures
quoted by Anglo American Prospecting Co. Ltd gave
a mean of 14,5 ppm U,0, for the Red Granite gneiss
in the southern sector of Dorstrivier (Annual
Prospecting Report (1973) Prospecting Grant
MA6/3/209).

(b) Water was in contact with a potential uranium depaosit
at or below the water-table, for example, the calcrete
uranium deposits on the farm Bloemhof.

Therefore for waters in the Namib Desert the following
applies: Uranium concentrations of 30 ppb or more reflect a
potentially mineralized zone nearby. Uranium concentrations
less than 30 ppb generally do not indicate mineralization.
However, background uranium values do not necessarily mean
that potential mineralization is absent, and anomalous values
(greater than 30 ppb) do not necessarily imply a uranium

deposit below or nearby.

L} 3] Factor Analysis

Important parameters determining the distribution

of the elements in the hydrological environment have been

outlined by Spencer et al (1968, p. 981), viz:

(2) Compasition of the source rocks and the weathering
processes that act upon them.

(b) Nature of transporting processes and mechanisms of

deposition.
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They further pointed out that mechanisms involved in the
evolution of sediments usually occur under non-equilibrium
conditions, making interpretation of the analyses all that
more complicated. Furthermore it becomes increasingly more
difficult when a large number of variables are considered.
Twenty-five samples (Groups 1 and 2) were =Hpetilly A Eiel S fahee. dlr
variables, giving a total of 425 independent parameters
(Tebles 15 and 16). The technigque adopted was factor
analysis using the computer program GEO, a2 modified version
of that writtem by Cameron (1967).

The distribution of elements within a system is
controlled by a set of parameters. The classical method for
the interpretation of the results rested solely on Ehe applica=
tion of variation diagrams and the more elementary statistics
such as regression and means. Although these methods still
form the basis of interpretation, more scphisticated approaches
such as factor analysis were developed to be used in conjunctiaon
with them.

Factor analysis is capable of simultaneously deriving
relationships, both correlated and uncorrelated, between many
variables in a large number of samples. Herbosch (1974,

p. 367) states that 'in an unknown field the factor analysis
operates like a creative method of exploration of hypotheses'.

The steps involved in the factor analysis were the
following:

(&) Calculation of a correlatiogn matrix between the
variables using both normal and transformed data

and including the means and standard deviations.
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Calculation of eigeavalues from which the unrotated
factors were determined along with their corresponding
percentage variability to explain each factor.
Urthogonal rotation of the vectors yielding =
varimax matrix containing the number of factors as
specified by a minimum eigenvalue of 0,5.

Listing of the factors' scores which determine the
contribution of each sample to a factor in the vari=
max matrix.

Rotation of vectors forming obligue factors in the
promax matrix. Herbosch (1974) notes that natural
phenomena essentially follow the oblique rotation

as opposed to the orthogonal.

From the promax method, correlations between factors
are obtained. The number of rotations is determined
by the parameter of obliquity (KMIN).

The factor scores for the promax are finally
Cal:uiated.

Interpretations of the factor analysis data for the

water samples were based upon the varimax matrix only because

no further useful information could be derived from the

promax rotations inm this instance.

Dl e Geochemistry of Groups 1 and 2 Subsurface Waters
The waters were classified into four groups, the last
two containing only three samples each. Consequently Groups

3 and 4 were not included in the geochemical interpretations

by factor analysis.
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Although .the samples were classified into two main
groups, the geachemistry of each is very similar. Discussian
will initially be concerned with comparisons, and will
terminate with the geochemistry of some of the elements.

The means of the variables in Group 1 (Table 15)
are marginally and in some cases very much higher than
those for Group 2, e.g. sodium is 1 272 ppm and 552 ppm
respectively. For nitrate, silica .and carbonate the reverse
applies, B.g. carbonate is 91 pPpm and 145 ppm respectively.
Based upon log-transformed data, correlation matrices faor
Groups 1 and 2 are given in Table 22. TJable 23 cantains
summaries compiled from the matrices. Only those correlations
for the 99 per cent and 95 per cent confidence limits were
ipciluded 4in  Table 23.

Most variables correlate directly with the conduc=
tivity and total dissolved solids, and inversely with the pH.
One of the most noteworthy features is the correlation at
99 per cent confidence limit between uranium and carbonate
in both groups, which emphasizesrtheir close coherence.

In Group 2, uranium correlates with other variables, but at
the 95 per cent devel. Table 22 . shows that uranium correlates
marginally with other variables below the 95 per cent level.

Varimax matrices for Groups 1 and 2 are givenm in

Table 24.
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GROUP 1

TABLE 22:

CORRELATION MATRIX DOF 9 SAMPLES

University of Pretoria etd Hambleton-Jones B B 1976

CORRELATION MATRICES FOR LOG-TRANSFORMED DATA DF THE SUBSURFACE WATERS
FROM THE NAMIB DESERT FOR GROUPS 1 AND 2.

MEAN STD DEV | pH Cond | TDS Na K Ca Mg 5r Ba 50, NOy | si0, F 1 03
pH 0.901n oolo.s1o0-01| 1.o00|-0.829|-0.786|-0.818(-0.779|-0.658|-0.303| 0.189|-0.515|-0.452|-0.609(-0.471|-0.164|-0.330(-0.616]|-0.712| -0.130
tondal 0.3900 pi1lo.21i1p ool-o.829| 1.o00a| o.ge9| o0.984| 0.918| 0.903| 0.226|-0.356| 0.738| 0.411f D.578| 0.660| 0.114(-0.061| D.585| 0.854]|-0.171
105 | o.3760 o1lo.239p oo|-0.786| 0.989) 1.000| o0.981| o.8B3| 0.922| 0.138|-0.368| O.759| 0.360( 0.603| 0.618| 0.168(-0.077| 0.635| D.812|-0.200
Na 0.302p o1|o.2770 oo|-o.s18| o.984| o.981| 1.000| 0.928| 0.855| 0.229|-0.377| 0.797| 0.492| D.672( D.670| 0.201| 0.010( 0.619| .0.865(-0.183
K 0.178D 01|0.383p oo|-0.779| 0.918| D.88s| o0.928| 1.000| 0.714| 0.356|-0.203| 0.638| 0.507| D.563| 0.719| 0.141f 0.076| 0.398[ 0.841|-0.037
Ca 0.280D 01|0.280D 00|-0.656| 0.903| 0.922| 0.855| 0.714| 1.000| D.043|-D.565| 0.688| D.265| 0.299| 0.652| 0.007(-0.383| 0.463| 0.742|-0.440
Mg | o.2210 01|0.181D oo|-0.303| 0.226| 0.138| 0.229| 0.356| 0.043| 1.000| 0.017|-0.139| 0.717| 0.095( 0.180| 0.359(-D.020|-0.114f 0.629] 0.191
u 0.194D 01|0.240D ool 0.189|-0.356|-0.368]|-0.377|-0.203|-0.565| 0.017| 1.000|-0.624|-0.468| 0.070|-0.716| 0.211| 0.603| 0.008)-0.486( 0.929
v 0.145D 01|0.453D 00|-0.515| 0.738| 0.759| 0.797| 0.638| 0.688|-0.139|-0.624| 1.000| D.421| 0.559| 0.696| 0.0D7|-0.078( 0.487| D.614|-0.523
sr | o.362p o1|o,276D 00|-0.452| 0.411| 0.360| 0.492| 0.507| 0.265| 0.717|-0.468| 0.421| 1.000( 0.301| 0.565( 0.442| 0.004| 0.013| 0.777f-0.237
pa | o.2s500 oilo.z56p oo|-o.609| o.578| o.603| 0.672| 0.563| D.299| 0.095| 0.070| D.559( 0.301| 1.000( 0.079| 0.447| 0.580( 0.B73| 0.438| 0.270
5o, | 0.289D 01|D.211D 00|-0.471| 0.660( 0.618| 0.670| 0.719| 0.652| 0.180(-D.716| 0.696| 0.565| 0.079( 1.000|-0.255/-0.370(-0.065| 0.718]-0.634
N | o.141p 01l|0.683D oo|-0.164| 0.114| 0.168| 0.201| 0.141| 0.007| 0.359( D.211| 0.007| 0.442| ©0.447)|-0.255( 1.000| 0.357| 0.310| 0.248[ 0.353
sif, | 0:132p 01|0.199D 00|-0.330(-0.061|-0.077| 0.010| 0.076(-0.388(-0.020| 0.603(-0.078| 0.004( 0.580|-0.370( 0.357| 1.000| 0.407)-0.192) 0.768
F 0.1270 oo|o.2a4p oo|-0.616| 0.585| 0.635| 0.619 | 0.398| 0.463|-0.114| D.008| 0.487| 0.013| D.873|-0.065( 0.310( 0.407| 1.000| 0.320( 0.201
c1 0.333D 01|0.279D 00|-0.712| 0.852| 0.812| 0.865| 0.841| 0.742| 0.629|-0.486| 0.614| 0.777| 0.438| 0.718| 0.248(-0.192| 0.320( 1.000]-0.272
co, | 0:1890 01|0.270D 00|-0.130(-0.171(-0.200|-0.163 -0.037|-0.440| 0.191| 0.929(-0.523|-0.237| 0.270/-0.634( 0.353| 0.768/ 0.201(-0.272| 1.000

GROUP 2
CORRELATION MATRIX OF 16 SAMPLES

MEAN sTo DEV | pH | cend | TDS Na K ca Mg Sr Ba 50, NOs | Si0, c1 COs
oH | o.e8ap oo|o.214p-01] 1.000|-0.584|-0.567(-0.426|-0.067|-0.682(-0.344]|-0.339]|-0.475|-0.531|-0.634|-0.369|-0.620|-0.051|-0.503)-0,558} -0.327
tond| 0.3670 01|0.194D no|-o.5e4| 1.000| 0.993| D.934| o0.606| 0.858| 0.891| D.584| 0.159| 0.814| 0.675| 0.899| 0.614| 0.274( 0.124f 0.951) 0.232
705 | 0.351D o01|0.210D oo|-0.567| 0.993| 1.000| 0.906| 0.558| D.889| o.8es| 0.523| 0.109( 0.809| 0.669| 0.882( 0.676|-0.284| 0.107| 0.986| D.183
Na D.268D D1l0.231D o0|-0.426| 0.934| 0.906| 1.oo00) o0.740| 0.657| 0.855| 0.631| 0.233| 0.800| D.526| 0D.904| 0.352| 0.262| 0.219( 0.933| 0.297
K 0.1410 01lo.3&70 ool-0.087| o.606| 0.558| o.740| 1.0o00| o.185| 0.703| 0.656| 0.203( D.426| 0.122| 0.718(-0.037|-0.307| 0.030| 0.558| 0.314
Ca 0.2580 01|D,2530 00|-0.682| o.858| 0.889| D.657| 0.185| 1.000f 0.634| 0.279( 0.082| 0.698| 0.718| 0.651| D.880|-0.283( 0.101| 0.862( 0.029
Mg | 0.2090 01|0.222p oo|-0.344| 0.891| 0.885| 0.855( 0.703| 0.634| 1.000{ 0.618| 0.057| 0.712| 0.615| D.937| 0.433)|-0.275(-0.028| 0.862| 0.233
u 0.1470 01| 0.417D ool-o0.339| o.584| 0.523| D.631| D.656| 0.279| 0.618| 1.000| 0.520| 0.431| 0.239| 0.698( D.066( 0.163| D.265| 0O.516| O.749
v 0.131D 01|0.348D 00|-0.475| 0.159| 0.109| 0.233| 0.203| 0.052| 0.057| 0.520( 1.000| 0.042| ©0.036| 0.135( 0.100| 0.479| 0.695| 0.1D4| 0.695
s+ | o.355D o1|o.338D Oo|-0.531| 0.814| o.eoo| o.eoo| o.426| o.69a| 0.712| 0.431| 0.042| 1.000| O.778( O.716| 0.472(-0.388) 0.384| 0.836| D.119
pa . | 0.2260 01|0.247D no|-0.634| 0.675| 0.669| 0.526| 0.122| o.718| 0.615| D.239| 0.036| O.778| 1.000| D.559| 0.590|-0.338| 0.185| 0.685( 0.011
s0, | 0.262D 01[n.243D po|-0.369| 0.899| 0.882| D.904| 0.718| 0.651| 0.937| 0.698| 0.135| O.716f 0.559( 1.000( 0.383(-0.270f D.070| 0.863) 0.335
no% | 0.163D 01|0.445D oo|-b.620| 0.614| 0.676| 0.352(-0.037| 0.880| 0.433| 0.066| 0.100( 0.472| 0.590| 0.383] 1.000|-0.111f 0.128)| 0,601 -0.001
sid,| 0.146D 01[0.136D 00|-0.051|-0.274|-0.284 |-0.262|-0.307|-0.283|-0.275( 0.163| 0.479|-0.388(-0.338|-0.270(-0.111| 1.000) 0.1841-0.311) 0.659
F 2|-0.1s2p-01|0.152D oo|-p.503| 0.124| o.107| 0.219| o.030| o.101(-0.028| D.265| 0.695| 0.384( 0.185| 0.070| O.128| 0.184| 1.000f 0,105 0.381
c1 0.3080 01|0.238D 00|-0.558| 0.991| 0.986| D.933| 0.558| 0.862| 0.8A2| D.516| 0.104| 0.836| 0.685| D.863| 0.601|-0,311| 0.109( 1.000f 0.159
co, | 0.2150 01|0.121D 00(-0.327( 0.232| 0.1683| 0.297( D.314| 0.029| 0.233| 0.749| 0.6% | 0.119( 0.011| 0.335/-0.001( 0.659| 0.381) 0.159) 1.000
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TABLE 23(a): SUMMARY OF THE CORRELATION MATRIX (TABLE 22) y
FOR THE GROUP 1 SUBSURFACE WATER y
LOG- TRANSFORMATION
95% 95 % 99% 95 %
+ -
pH Eands Nal TDhS, K,EL
Conduct1va sy s ISR TeiN e S e ia, =61 |
TS5 bl M ] A= B V
Na s BV Gl Bass S0
K £ EasSar
Ca Vi e
Mg S
u CO
v = S0,
5 Bl
Ba e
<10 B4
NO 4
S35 B3
F
G
CO5
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TABLE 23(b): SUMMARY OF THE CORRELATION MATRIX (TABLE 22)
FOR THE GROUP 2 SUBSURFACE WATER

LOG TRANSFORMATION

99 % 95 % el 95 %
+ =
pH Ca Bialplal ot nts
Sy BiE,
N8 F . (B
Conductivity BTN 355 LR
Ea, "Mg,s Sk
By, SHSSRsE
RS W=l B2 e, il
Sies,, LBaSE
NO 5, EL
Na i BEE S ey, (LS s
Sr Sy s
K Mg 510l B8, SR
Ca SESIERS Mg
S0y, N,
(s
Mg Sxr, SOy CISEBa
U S SR Weyr 12
\V B GG
St Bal,c SHESAEY
Ba &l NG s
SO, Cl
NO @l
sid), co,
F
EiL
ca,
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VARIMAX MATRICES FOR GROUPS 1 AND 2 SUBSURFACE
WATERS

184

SUBSURFACE WATER ,FROM NAMIB DESERT GROUP 1

LOG TRANSFORMATION

VARIMAX MATRIX ACCOUNTING FOR 90,7 PER CENT OF TOTAL PROBLEM

VARIANCE
FACTOR il 2 3 4

SUM OF

SUUARES 7,036 3.474 2.464 2442
0.822 pH 0.842 5sd2d8 [ESED) i -0.245
0.588 COND -0.966 0.150 -0.109 [, 142
OhBES TDS -0.938 15119 -0.045 B) 5 2L e
§.992 Na -0.925 0.194 -0.161 0.269
358258 K -0.917 0.009 -0.278 0]k
0.877 Ca -0.847 0]k 0.045 -0.002
@5 9056 Mg -0.176 -0.186 -0.910 -0.145
B985 U 0.234 -0.932 055 L ElE B @50
0.890 V -0.632 0.58B2 0.065 0.384
0.960 ke -0.264 @383 -0.859 0.201
@922 Ba =[813 -0.155 -0.059 0./95
0.855 S, -0.638 0.575 -0.230 -0.255
af ekt NO, 0.054 -0.176 -0.533 0.643
S 5i0, 0.005 -0.657 -0.016 0.588
B, 885 £ -0.537 -0.122 8. 285 UL, 7235
0. 981 X -0.760 0.276 -0.569 0.058
0996 CO4 0.066 -0.972 -0.065 0.204

SUBSURFACE WATER FROM NAMIB DESERT GROUP 2

VARIMAX MATRIX ACCOUNTING FOR 89,7 PER CENT OF TOTAL PROBLEM

LOG TRANSFORMATION

VARIANCE
FACTOR 1 2 3 4

SUM BF

SQUARES 6.034 2.404 4.959 1, BA6
0.819 pH 0. 12201 UR21s -0.731 B.A76
B985 COND -0.750 -0.002 0.649 -0.042
0.981 TDS -0.705 0.024 Elshs -0.002
0.930 Na -0.869 0.012 0.386 -0.162
0. 873 K -0.921 -0.003 -0.144 -0.062
0.956 Ca -0.338 0.065 [.-58°5 0.008
0512 Mg -0.847 W RS 0.430 0.101
[WI8:5 U -0.745 -0.502 0.046 -0.205
0.848 v -0.123 -0.647 0.041 -0.642
0.866 Sz -0.5598 0.265 0. 556 -0.359
0.734 Ba -0.299 05227 UEY 38 -0.221
. 932 S0, -0.B882 -0.043 05 2iEh) 0f- (L
0.865 NO -0.027 -0.039 0.928 Bl (Tt
0.887 Siﬂ2 @314 -0.888 -0.093 -0.009
Bl ssiels F -0.007 -0.173 BRI s} -0.541
0.960 E.l -0.720 0.069 0.660 -0.038
00T CD3 -0.338 -0.857 -0.020 -0.260
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Factor 4:

Group 2
Factor 1:
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41 per cent of the variance. High negative loadings
on conductivity, total dissolved solids, sodium,
potassium, calcium and chloride and moderate
loadings on barium, vanadium and fluoride. High
positive loading on pH.

20 per cent of the variance. High negative loadings
on uranium, carbonate and silica. Moderate positive
loadings on vanadium and strontium.

15 per cent of the variance. High negative loadings
on magnesium and strontium and moderate loadings on
nitrate and chloride.

15 per cent of the variance. High positive loadings
on barium and fluoride and moderate loadings an

nitrate and silica.

36 per cent of the variance. High negative loadings
on conductivity, total dissolved solids, sodium,
potassium, magnesium, uranium, sulphate and
chloride, with a moderate loading on strontium.

14 per cent of the variance. High negative loadings
on silica and carbonate with moderate loadings on
uranium and vanadium.

29 per cent of the variance. High positive loadings
on conductivity, total dissolved solids, calcium,
barium, nitrate and chlo;ide, with a moderate

loading on strontium. High negative locading on

pH.
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Factor 4: 11 per cent of the variance. High negative loadings
on vanadium and fluoride.

The main difference between the two groups is that
in Group 1 the main constituents occur in factor S Whdeh
includes pH, whereas in Group 2 they are divided between
factors 1 and 3. Only the pH is totally located in facteor 3.
This all suggests that both groups have different sources
for their water. In factor 2 of Gzoup 1, uranium and silica
have moderate negative loadings and vanadium has a positive
loading. This suggests that due to high loadings of the same
sign of uranium and silica, a uranyl silicate in place of a
uranyl vanadate is likely to form in this system. In factor
2 of Group 2 moderately high negative loadings are associated
with uranium, vanadium and silica. Both uranyl vanadate and
uranyl silicate are the most probable stable phases. There=
fore it was possible to predict from the chemistry of the
subsurface waters which uranium minerals were most likely
to be found. X-ray diffraction analysis of the uranium ore
revealed that both carnotite (uranyl vanadate) and soddyite
(uranyl silicate) are found in close association. No
soddyite has so far heen identified at the Langer Heinrich
but is is predicted that soddyite can occur as a stable phase
because sample 31 was classified into Group 1 (Table 15).
pH 1is one of the controlling factors for the liberation of
the dissolved salts from the source rocks (Feth ebioal; 1964
and this would account for the different signs. The activity
of the H® ion is more vigorous for Group 1 as compared to

Group 2, implied by the percentage variances of the respective
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factors. Carbonic acid was virtually the only source of HT
ions formed by the reaction of carbon dioxide and water as
shown in the following equations at 25 °C and 100 kPa pressure

(Feth et al, 1964; Hostetler and Garrels, 1962).

;. s S e (sl
by COs = HE +aHEBZY K=t 3105538 (23,20
HCO; = HY + co3~ Kk = 1071032 (13,31

Therefore carbon dioxide enhances the reaction of water on
rocks by the liberation of HY. A direct manifestation of this
is the relationship between carbonate and silica in Fig. 48

where there is a systematic relationship between the two

® GROUP1
x GROUP 2
200 - By
B3 i
X
100 |- %
— e
P E o
— € ~
EL 50 — * e
o
o
U o
10 I (e
10 50
Si02(ppm)—_-
Fig. 4B: Variation diagram of carbonate plotted

against silica for Groups 1 and 2 sub=
surface waters.
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variables, Silica was obvisusly derived from the leaching
and dissolution of the rock forming minerals. The high
factor loadings with the same sign on silica and uranium

do suggest a common source. When compared with Group 2,

the higher reactivity of H' in Group 1 suggested that it
behaved to a greater extent more like an open system where
there is a constant replenishment of carbon dioxide from the
atmosphere. A further point which ‘added more weight to this
hypothesis was that the mean total dissolved solids for
Group 1 was greater than Group 2. By implication the bore=
holes representing Group 1 derive their water from shallower
depths than do those of Group 2. This would resolve the
situation found on Bloemhof, where boreholes of both groups
are within very close proximity of each other.

Szalay and Samsoni (1969) conducted a series of
experiments concerning the leachability of uranium from
powdered igneous rocks using 0,2 per cent saodium bicarbonate
solutions. Since these aspects are important in the under=
standing of uranium migration, a summary of their findings
B gavenl e Ees
L The solubility of uranium in granites is much

greater than in othexr types of igmeous rocks.

25 The concentration of uranium in the water is a
function of the amount of leachable uranium present

in the source rocks rather than the occurrence of a

hidden ore-body below.

Sl Water circulating through granite detritus attains an

EguIlipeiiin concentration of Uraniumiattes 2@ period
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of three to five hours. If the water is removed and

replaced by a fresh solution, a new but lower

equilibrium concentration is attained and indicates
that the amount of leachable uranium decreases.

If uranium is added to the initial soclution it will

asymptotically approach the original equilibrium

concentration after a period of time. A decrease

of uranium in solution can only be accounted for by

adsorption onto grain surfaces.

The reactivity of the HY ion in the leaching
ability of the subsurface water on rock detritus can be
described in terms of the carbonate content as shown by
eguations (1319, (13L2) =and®(18.3).  Therefere the uranivm
concentration must be considered in terms of the pH and
carbonate content.

A stepwise multivariate regression analysis was
performed on both groups individually by the computer program
BMDO2R (Dixon, 1967), called STEP. This program caomputes a
sequence of multiple linear regression equations in a step=
wise manner, with one variable being added at each steph..  The
variables, carbonate and pH were regressed in terms of
uranium, being the dependent variable. Log transformations
of carbonate and uranium only were done, as pH was already
8 log function. The following function was derived from the

data of Group 1 samples (Table 15).

log U = -0,71 + 0,9 log CO;” + 0,11 pH (13,4)
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The uranium values calculatzd in terms aof this equation are

plotted against the originel uramium values in Fig. 49.

All

points cluster very closely around the line of equal ratio,

which demonstrates that the solubility of uranium is

primarily controlled by carbonate concentration and pH.
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Multivariate regression

gnalysis of uramium,
subsurface water

analysis of

uranium, carbanate and pH in the
subsurface water samples from Group 2.

A similar equation was derived from the data of

Group 2 samples

(Tabiiat D6k
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log U = 2,8 + 2,5 log cuz' - 0,11 pH (13.5)

The plot of the computed values against the actual values
(Fig. 50) shows a marked scattering of points about the

equal ratio line. This implies that the uranium concentrations
in Group 2 were not purely a function of pH and carbonate
content, but that other influencing parameters acted upon

this group and that the group was in a partially closed system
with respect to carbon dioxide replenishment. Different
sources of the waters for both groups are inferred, for if
they were of the same source, equations (13.4) and (ilES )
would have had the same coefficients. Dall'Aglio e

(1974, p. 41) derived a similar type of equation for
conditions found in a part of the Italian Alps. Therefore
for each system an equation may be derived that is best

suited to it. The general application of one equation to
describe all systems with different concentrations of

uranium, carbonate and pH is therefore not possible.

fediss Solution Geochemistry of Uranium, Vanadium and
Calcium

1355.1  llranilum

At this stage some of the theoretical aspects of the
solubility of uranium in water will be studied.

Uranium in-the basement rccks of the Langer
Heinrich will oxidize from the (+IV) to the (+VI) state

to form the uranyl cation as follows,
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up, = uoz* + 2e (13.6)

In the presence of carbonate ions two stable uranyl

carbonate complexes will form at 25 °C and 100 kPa.

02T o+ PEERT 2820 = DL (EEEY, Fernia il & ) =205
[ V377
WO T 4 ADRES e UEL (CoL O ' R
2 T 2 g =
(13.8)

The uranyl dicarbonate complex (UDC)(equation 13.7) and the
uranyl tricarbonate complex (UTC)(equation 13.8) are the
soluble and stable ions in alkaline solution. The equili=
brium constants, K, demonstrate that the stability of the
uranyl carbonate complexes is greater at higher carbonate
cancentrations (Hostetler and Garrels, 1962). The partial

pressure of carbon dioxide (PED ) has a marked effect on the
2

stabilities of both UDC and UTC. At a higher P UDC is

EDZ’
converted ta UTE.

, 2— o
B, AR, ), -2H,0,~ + B0 = UD, (B0 4 = 2H D {13.9)

The stabilities of UDC and UTC are shown in Figs. 51(a) and

in terms of Eh, pH and P (Hostetler and Garrels, 1962,

EUZ-
p. 146-147). Comparing these figures, it is noted that the

fields of UDC and UTC are increased when PED = lD_l,
2

which happens at the expense of the-other phases. If the

P decreases to 10_3’8
Co,

in the reverse direction of equation (13,9) and its field

then all the UTC disproportionates

in Fig. 51(a) will disappear completely.
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Agueous egquilibrium diagrams of the system
U-0,-H,0-CO, at 25 °C and 100 kPa.

(a) ZCO, = 107
(b) ZCOJ = 10
(Hostetlger and Garrels,
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To make meaningful use of Eh-pH diagrams, the range
of values that should be considered must be within the limits
as determined by nature. The stability of aqueous solutions
is limited by the dissociation of water. According to
Hansuld (1966), these conditions seldom occur in nature
when determined from actual field measurements. Sato (1960)
took @ considerable number of Eh-pH readings from natural
waters of different sources and found that they occupied a
restricted area to which he referred as the zone of weathering.

This zone falls in the carnotite field in FAg g 52,

~
\\
: S0z
0.8+ WEATHERING
~.ENVIRONMENT
N ~
06 L~ IS CARNOTITEY N
Al = e UO,),(VO, )5 2H,0
A { N =
04} 2 =
Uil 4 )
w
3
02 o ~
= =
2 | B 5
= H
o DOES :
c- ___-H2 \\ ~
w -0,2} =
UO5 +V50,
-0.41
URANINITE: MONTROSEIT \
-0,6F U0y« VOOH
~
-08f >
-1,0 ] 1 1 ] i ]
D=2 A 6 8 10 12 1%
pH
Fig. 52: The zone of weathering superimposed an
an kEh-pH diagram. It occupies an ares

in the carnotite stability field.
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Uranyl ians are precipitated from solution after
disproportionation of the UDC complex (the reverse of equatian
13.7), by vanadate ions with the vanadium in the (+V) state
according to the following equation: .

+

2KT + 20027 + 2H,VOG + 3H, O = Ky (U0, hiMay ), -3H,0 + aHt

(L8 )

Consideration should now be given to the state of
the water-table under the Bloedkoppie Flats and the Gawib
River sediments, i.e. whether it is perennial or ephemeral.
Boreholes sunk into the sediments of the Gawib River Valley
revealed that there is a definite water-table that exists
all year round. Borehole HJ-2, located on the Bloedkoppie
Flats and drilled to a depth of 30 m, did not intersect water
at all. The upper 9 m were uranium-rich calcrete, which
indicates that water was once present but has now gone, and
the remainder was barren granite (Table 27). This would
suggest that the water in the Gawib River Valley is perennial,
whereas under the Bloedkoppie Flats it is ephemeral, forming
only after heavy rainfall.

Distinction must be made between the reactivities of
both ephemeral and perennial ground-water. The former,
within its lifespan, will be constantly replenished with air
and carbon dioxide from the atmosphere and overlying sediments
and would vigorously react with the minerals during the
period of contact. Perennial water, due to lack of recharge,
would not be as aggressive because of the exhaustion of its

supplies of carbeon dioxide.
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It is thgrefore CoRsidercdl that the rapdumn dn thEe
basement rocks was mobilized largely by ephemeral subsurface
water which had an increased supply of carbon dioxide.

The, implication 4s, foxt the successful dissoclutiaon
of uranium in large enough gquantities to form an ore-deposit
of the Langer Heinrich type, a partial dynamic system must
be postulated which is dependent on ephemeral water re=
plenishment. Under stagnant condit?uns no depasit of any
magnitude would form. An ephemeral water-table is one that
is constantly moving until it no longer exists or until the
residual water becomes stagnamnt. After heavy rainfall the
water percolates down to the deepest levels possible,
where a water-table will form and the level will rise if the
supply is of sufficient magnitude. Upaon cessation of the
supply the water-level will start to drop, largely by down-
gradient migration. The model is schematically drawn in

Fig. 53.

INCREASE

- TIME OF RAINFALL

tage 532 Schematic diageam showing the thackRess
of sediment above an ephemeral water-table
(—) and the leaching ability of water in
relation to the time of rainfall (----).
To = Time at which no water-table exists or the existing

Db sk Ela Ve e ik o 2 period aff me rainfall.

Sediment thickness above water-table at maximum and
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leaching apility pifsLHEN e at P Ren

T, = Time @&t which pain fTalls.

T, = Time at which maximum depth of water-table occurs,
i.e. sediment thickness above water—table is at a
minimum and leaching ability of water at a maximum.
This is followed by a cessation in water supply and a
reduction of leaching ability.

T, = Time at which the water-table ceases to exist or
becomes stagnant, i.e. sediment thickness above
water-table at maximum and leaching ability reduced to
zero. This is equivalent to T, for the next ephemeral
EVELER

If this cyclic model is compounded, sufficient uranium
will be leached and transported to its final place of
deposition, which may be a considerable distance fram the

SOuUrce.

13. 5.2 Mahadaim

The association of vanadium with fluorine in factor 4
of Groups 1 and 2 (Figes 954) hints that there as & relation=
ship between them. A fluoro-vanadate coordination complex
may pessibly form under these conditions. Griffith and
Wickins (1968) have reported the existence of a vanadium-

fluorine complex of the type (VO,F, )° .

L3530 B T ium

The solubility of calcium in aqueous solutions 1is

enhanced by the concentration of the alkali metals.
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Fig. 54: Variation diagram of vanadium plotted

ggainst fluorimne for the subsurface water
samples from Bzoups 1 and. 2.
(Netterberg,: 186G . w2300 | fig-$55 d= & plet of caleitm
against sodium which shows & positive relationship between
the two elements and confirms Netterberg's findings. This
relationship is important with regard to the precipitation
of ecalecite from the subsurface waters, for the higher the
concentration of the alkali metals the gfeater the solubility
of calcium and therefaore the inhibition to some degree of the
precipitation of calcite. Furthermore Netterberg (1971, p. 9)
has the following to say with regard to the sclubility of
calcium carbonate in nmatural waters.

Yese @n increase in water content, GO, content, and

2
preésure and a decrease in temperature favour the
solution of carbonate, while an increase in
temperature and a decrease in water content, CO,
content,and pressure favour the precipitation of
carbenate. '

Fig. 56 reveals that water with a vapour phase has a

higher calcium concentration than water with no vapour phase.
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o GROUP 1 .
x GROUF 2 .
103 .
= ®
l = x bos il e
-— f— X x
E % X
..?.‘ B é o .
g [= x
= x
- XX
x
x
102 1 T I T | 1=8
102 103
Na (ppm)—e

Fig. 53: Variation diagram of calcium plotted
against sodium for the subsurface waters
from Groups 1 and 2.
This suggests that the greater the distance of a point above
the water-table in a sediment (i.e. closer to the surface),
the lower the partial pressure of carbon dioxide and water

vapour content. The result is a lowering of the calcium

concentration in the water by the precipitation of calcite.

200

Ca (ppm)—s=
=
(=]

1074 aa0t 103 102 10!
PARTIAL PRESSURE OF COz —o=
Fig. 56: Change in composition of carbonated water
during equilibration with calcite at
various temperatures in the presence (A)
and in the absence (B) of a vapour phase.
(Ostle and Ball, 1973, p. 175).

1585 Source of Ions in Soclution

Soluble contents of the subsurface waters of the

Namib Desert were derived from several sources.
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i ke CERIS G e Y outlined the reaction of

carbon dioxide and water on andesine feldspaxr:

6Nages Cag,s Alyss Sizee 08 + 6C0, + 1BH20 —
NG 6 Al yge Siygy O (OH) + 2Ca®" 4 2Na® + 6H, 5i0, + 6HCO]
(f0.354509
From this reaction a multitude of ions (and montmorillonite)
are formed. Disintegration of feldspar therefore probably
constitutes the main source of these ions. Carbon dioxide,
needed to initiate the reaction, is mainly of atmospheric
origin. A small amount of chloride, sulphate, nitrate and
fluoride have been derived from the weathering of biotite and
amphiboles.
The second most important scurce of ions are the
fogs. Analyses of the fogs are given in Table 3B and the

salt crust from the Langer Heinrich in Table 2.

LEE[S i Geochemistry of Other Metallic Elements in the
Subsurface Waters

Table 20 lists the results of analyses on eight
samples of subsurface water taken from boreholes on the
Dorstrivier concession of Anglo American Prospecting Ca.

Ltd. Unfortunately these boreholes do not coincide with
those listed in Tables 15 to 18. Therefore a comprehensive
geochemical analysis cannot be done because no values for the
major constituents are avsilable. Nevertheless it may be
useful to see how the elements behave in saline water and

especially their relationship, if any, to uranium.
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Krauskopf.(l956) considered the type of ionic species
in solution for some of the elements in seawater. As we are.
dealing in this case with a brine, although somewhat different
from seawater, it is accepted that thé metal species in
solution will be similar. Below is a list of the most

likely species that may occur in solution.

Element Jonic Species

U HERYED R )220 .0
Phb PbC1t, Pb2™

Cu Eu2 ", Cubi®

Ni Ni 2t

Ag AgCl,

Zn zn?*

Co CDle

Table 25 gives the correlation coefficients of the
samples. Significant correlations at the 95 PET CERt cohin=
dence limits are found between leadySnaelce N and cobal te
Correlations slightly below the 95 per cent level occur
between lead and silver, nickel and silver, and zinc and
cobalt. No significant correlation between uranium and any
element is found.

The varimax matrix of the factor analysis after log
transformation yields two factors which account for 78 piem
cent of the total variability. Fac=zor 1 with 44 per cent of
the variability has high positive logdings on lead, copper,
silver, zinc and cobalt. Factor 2, with the remaining 34
per cent variability, has high negative loadings on uranium,

lead and nickel and to a lesser extent silver.
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Satisfactory interp:etaticns of the results at this
stage are not possible until further research is dome in this

darEE Tt atn .

gl s 5ummary

The study of the distribution of ionic species in the
subsurface watersof the Namib Desert provided an insight into
the physico-chemical processes inuoived during epigenesis
of the calcretes. The waters have a high degree of calcite
saturation, implying that the formation of Ealore te s st
taking place. Montmorillonite and not kaolinite is the stable
clay. Only Groups 1 and 2 were used in the geochemical
interpretations, as too few samples were available from Groups
3 and 4. It was possible to predict from the chemistries of
Groups 1 and 2 which uranium minerals were most likely to be
found. Group 1 had soddyite (uranyl silicate) as the stable
phase and Group 2 had both soddyite and carnotite (uranyl
vanadate) as the stable phases. X-ray diffraction analysis
confirmed the presence of these coexisting minerals.

The uranium distribution was described in terms of
pH and carbonate content by multivariate regression analysis,
and equations were derived from Grodpsyl and 2. . The strabtghic
line plots of the equations demonstrated the dependency of the
uranium concentration of the pH and the concentration of
carbonate in the water. The solution geochemistry of
uranium, vanadium and calcium is discussed which included
the mechanisms of dissolution and transport of the ions in

soplution.
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From the'prospecting aspect, uranium concentrations
of 30 ppb or more reflect potential mineralization nearby.
Uranium concentrations less than 30 ppb generally do not
indicate mineralization. However, béckground uranium values
do not necessarily mean that mineralization is absent and
values greater than 30 ppb do not necessarily imply a
uranium deposit in the vicinity.

Soluble contents of the waters were derived fram,
firstly, the reaction between carbon dioxide and feldspars,

and secondly, the dissolved contents of the onshore fogs.
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14. GEOCHEMISTRY OF THE DURICRUST DEPOSITS

It was observed that carpotite and calcite are
intimately associated in the calcrete. The guestion now
arises: what were the controlling factors, from the geochemical
standpoint, that resulted in the precipitation of these
minerals and all the associated epigenetic major and trace
elements? This chapter therefore deals with the factors which
influenced the dissolution, transportation and precipitation

of elements in duricrust deposits.

1L el Analytical Results

Most of the anmalytical work for this section was done
on samples of calcrete powder obtained from borehales of
percussion drilling at the Langer Heinrich. Tables?26 and 27
are the results of partial whole-rock analyses of the
powdered calcrete. Atomic zbsorption was used for the

analyses in Table 26. In Table 27 the following analytical

methods were used: uranium - delayed neutron counting;
carbon dioxide (for CaCO,) - Leco gas absorption; and
sulphate-photometry. Partial whole-rock chemical analysis

for the hardpan of the Langer Heinrich formation is gaviemn &R
Table 28. Analysis was by atomic absorption and delayed
neutron counting.
Semi-quantitative spectrographic analysis for trace
elements in the calcrete powder is'given in Table 29.
Partial chemical analyses of the epigenetic fractions

of calcrete powders are given in Table 30. The calcrete was
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leached with dilute hydrochloric acid from which the detrital
residue was filtered off. The filtrate was evaporated to dry=
ness and it was upon this dried portion that the analyses were
performed. All calculations were therefore based on the weight
of sample taken from the dried acid soluble fraction and not an
the weight of the whole rock. The value for the detritus was f?
nearly the difference in weight between the whole-rock sample b
—_—

initially used and the residue after leaching and filtration.

The major elements inclﬁding barium and strontium were
analyzed by conventional flame atomic absorption, lead and
vanadium by atomic absorption using the carbon rod technique,
and uranium by delayed neutron counting. The remaining

trace elements were determined by non-destructive neutraon

activation analysis.
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TABLE 26:

FARTIAL WHOLE-ROCK CHEMICAL ANALYSES OF CALCRETE POWDERS FROM PCACUSSTON BOREWOLES AT THE LANGER HEINAICH

Horehals HJZ Borshale J1 Borshole H11 Borshole C5 Borchole ADL

q | WZ2-6 | HI2-8 | HJ2-10| HIZ-13|H12208 (HU2-18| J1-4 |J1-6 |11-10 }01-11 (J1-12 |JI-T4QHJ1-1 [H1-2|#J1-3) Hal-afE5-5 |£5-10 | €5-12 |£5-13 | c5<i4: |cs-15  |es-18 [c5-22 |c5-26 |cs-28 |c5-38 |Api-g |avi-12|Api-16 |ADi-17}api-19}api-zo|ani-2s|an1-za| anx-29{An1-a0|AD1-31|Ani=33]| An1-ss

(3)* [T} 151 (6,51 (7.5} (9) (2} | 31 | (5} (5,6} (8} (7) | to,a) | (1) |12,5)] €23 |(2;51] (5) 161 | 16.5) i) [17.:5) i9) (12) (133 | (1a) | €a8) | {2y (5) (8] 18,5) (9,5)) (10} [(12.5)( (24) |(24,5)] @15y |58 (16 | (24)

540y 40,8 55,0 | 58,3 | 64,1 | 44,4 | 65,7 | 64,0 |63,0 | 56,6 | 60,4 | 50,5 |60,0 | 43,7 53,8 |60,4 |51,2 la2,5 | s0,8 | s4.0 | 54,3 L{ ) 51,5 | 49,8 | 58,2 | 59,2 | 59,3 | 56,24 | s9,1 | 101 55,7 | 52,1 | 48,9 | 52,2 | 60,8 | 68,1 | 60,4 | 45,3 | 47,1 | 54,3 66,4
Tily 0,14 0,140 0,16 0.8 0,02 0,23 o,28) 0,220 o,26) 0,19 0,21} 0,30 0,13| 0,34 0,22 0,39 0,23| o©,37| 0,23 0,31 o098 o8| v,20| 0,22 ov.as 0,9| 0,47 0.4] 0,20 0,24) 0,02 0,03 o000 0.22| 6,03 0,3 o002 0.1 0,30 0.2
Ay liy Tv60 9,63 9.89| in,60( ®,17| 10,92 8,700 9,52 0,08 9,08| 9,07/11,07f 5,54 0,01 8,9%[10.60 7.56] e,13] 7.98] 7v.e3) e.sa| ao,79) 7,880 91| 9,46] 9,00 e.98] a.ev] 10,46 o0 1, 1,94 73| 10,a0| aogee| 9,09 Ten| rora| eses| aa,un)
Frg Oy 1,33 1,80 1,77 1,87| 1,38] 2,17| 2,07 1,76 2,46) 2,01 1,99f 2,96| 0,92| 0,95 o,86] 4,28 1.40] 1,28 4.63] 200 2.62| 3,38 1,29 0,97 aem| 20| 3.e8) 1.26] 1,98 137, wm| a,32 rood| o233 aema) a2 a2 2,87
Mn0 o,02 .02 0,04 0,044 o0,02] 0,05 0,04 0,08 0,060 0,07 0,08 0,11 0,02| 0,03f 0,03 o068 o0.02] 0,03 0,04 0,03 0.4 0,04 0,02l 0,02 o,08| o.,07] o.02] 0,03 0,07 o,03 0,02 0,03 0,03 o,09| 0,03 0,03 0,03 0,03 0,19 0,29
Mall 0,81 0,75 o.50 ‘0,09 0,73] o.91 0,99 2,08 2,82 1,02| 1,04f 2,46] 2,56| 1,20| o,88| 2,65 0,90 n,e0] ©,79] 1,23 63| zas| s.m| o.e2| 7| 3.37| 100 3,48 2,42 2240 2,11 1,95 1,26 1,46 1,16) 2,00 1,200 o,88) .38 1,32
ca0 24,1 13,02| 12,480 7,20 23,08| 5,55 8,32] 9,33 10,09 v,8| 15.19) 6.23) 16,08[1a,05) 12,00 12, 78] 21,58 18,83 a3.58| 13,06]  6e0| 11,3] 17,26) 12.21| 10.se| 1o,n6| 1as00] sl 2] s as0s 19,63| 16,68 .50 2,39 9,6 20,16 15,100 12,600 2,30
Hayll 1,46 1,50 1,83] 1,34| 1,48 1.600 1,64 1,5 1,90 1,64] 1,77 1,88 2,0 | 2,a3| zj24| 2,20 1,74 1y9¢| 1.6 1,57 a,e7| 1.e2| 1,54 1,98 y.zm| 1.ea| 1,73 1,m1] 1,69 1,56 1,43 1,29} 1,48 1,85) Z,20] 1,68 1,280 141 1,39 1,77
Ky D 2,23 3,24 3,00 1,20| 2,64 3,84) 3,05 2,771| 302 2,76 2,99} 3,64] 1,92| 2,95| 3,40 3.24| 1,95| 2,40 =z.63| z,23| z.50| =z.69| 2.28| 2.8a| 1,78 2,30] 2,75 =,18] 3,09 3,21 2.1 2,68 2,84 3,65 3,88 3,400 2,38 2,68 2,81 4,02
Pa0y o,o08 0,11 o,13| o,14]| 0,12 0,39 0,13] o,32| 0,18 0,10 0,18 0,18 0,09 0,12 0,10/ 0,15 0,07 0,08 o,08] 0,08 G.07 o.07| ©o,08| o,08| 0,17| n,3s| 0,10| 0,14 0,18 oy311] 0,11} o,a0) o,11| w©,a8| 0,33 0,02 0,100 o©,10] 0,35 0,27
P
Li 29 23 v 39 24 s |ie |27 a4 29 28 (30 [0y (37 (3¢ |s2 |37 16 1 22 29 38 17 18 4 34 18 (758|342 181 158 |1z |10 [1as  |124 L4 64 124 86
u 12500 fiwor s sz Jaa [ 3 |; fz30 |ess fers [es |12z [es |56 a0 |13 |ae6 |ear [ans 590 néy  s19 354 |ae2 7 |29 53 |1 79 158|221 268 10 13 |20 |7e2 123 67

* The figure in brockets raf

depth in mntres.
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TABLE 27: URANIUM, CARBONATE AND SULPHATE ANALYSES OF CALCRETE POWDERS FROM PERCUSSION

BOREHOLES AT THE LANGER HEINRICH

Depth

Borehole™ J1

Borehole C&

Borehole ADl

TVIINHITANOD

NN O OUOEDN~ OO 0S5 L QNN O

[
ouonouUuoUmoUonouUuaguongUuonoUuanotnomaun

b
S

b
[0 S B

16,5

-
-~
wo

R DG Fr b et
oowwoo
ownwowmaouwo

Y
—
n

N D N
[RENEN]
ouo

23,5

24,0
24,5
25,0
25,5
26,0
26,5
27,0

20,0
28,5
29,0
29,5

CaCo, (%)

50, (%)

CaCO (%)

CaCo, (%)

=

L L L GO N RS I RN T N R AR bt et bt et et bt et et et e AD OO ) O 1 B LD N

12,4
11,6
By
10,6
11,3
13 )
€3
10,4
6,5
15,6
17,59
26,4
11,4
9,1
2,1

0,01
0,01
0,01
0,01
0,01
0,01
0,34
0,23
0,48
0,02
0,01
0,01
0,02
0,01
0,02

Borehole HJ1 Borehole HJ2
caco, (%)* |50, (%) |U(ppm)’ | caco,(%) [ s0,(%)
21,8 12,2 2 ¥ 0,01
2045 1,76 - - -
20,5 0,74 16 9,4 0,01
20,2 0,38 3a 17,8 0,01
43,8 0,14 21 28,8 0,01
= 5 1 250 40,7 0,03
48,2 0,19 1 B8O 24,1 0,01
= - 530 22,6 0,01
- - 52 12,9 0,24
46,1 1,26 - - -
= = 935 12,9 0,02
- - 757 12,9 a,01
- - 413 Al,6 0,02
45,3 0,04 - - -
= = 1 142 9,2 0,01
39,4 0,01 GRANTTE CONTACT

38,0 0,02
7,6 0;01
26,1 0,01

U5 L) N 0 00~ O U1 5% L T et CIAD 00 —f T L) B Lo N ot [ e ot et ot s oty

Bu Dn £ B B Do B B LW LD LD LI LI

CONAUAWNFOUED NMUNBWNEOODO
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Y

CaCOy content calculated from CO,
values.

Number in brackets refers to the
gample number, i.e. 0,5 (1) for
borehole HJ1 means sample HJ1-1
from a depth of 0,5 m.

+

SCHIST CONTACT

25,3

33,0
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TABLE 28: PARTIAL WHOLE-RACK CHEMICAL ANALYSES OF THE

HARDPAN CALCRETE OF THE LANGER HEINRICH

CALCRETE FORMATION

% e LH 24
510, iz,9 32,6
Ti0, 0,15 0,16
Al, O 4,74 B 2
Fe, 0, 0,94 0,81
MnO 0,02 0,02
MgO 0,84 1,46
Cal 29,86 31,3
Na, O 0,91 1,04
K, O 2,18 1,84
P50 s 518 0,09
ppm
Li i 10
U = 481

LH 7: Sample taken from the main body of hardpan

overlying the Bloedkoppie Granite.

LH 24: Hardpan of the boulder calcrete type

located on the Bloedkoppie Flats -

contains carnoctite.
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TABLE 25: SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSES FOR TRACE ELEMENTS IN
THE CALCRETE POWDERS FROM PERCUSSION BOREHDLES AT THE LANGER
HEINRICH (COURTESY, ANGLO AMERICAN RESEARCH LABORATORIES)
PARTS PER MILLION
SAMPLE NUMBER
Bi Pb | zn | sb | sn| ¥ Be | Mo| NB cu| Ni La | Ag Co | W
C-5 5 <1,0 | 15 |<ID |<50 |<5 [<10 (<O,1 |<5 |<i;oo | eo| 15 | <100 |<0,1 | <ia| &0
10 40| 1o 5 | 15 15| 15 g,2 200
13 20 1 i1a <5 | 100 10| 20 <0,1 10250
14 15 | <10 20 gl 25 <10| 300
15 15 20 10| 20 400
16 10 <10 20| 1s 150
18 25 | 1o 10 15| 10 0,1 200
26 10 |<1o a0 3o| 4o =0 15| 200
28 10 [<10 30 25| 4o <0,1 10|zoo
36 3o | 1o 15 30| 25 0,1 25| 200
Hl-1 1 <10 |<1io <10 15 |<10 0,6 | <l0|1s0
2 20 8 <0,1 80
3 25 5 7
4 el | i 5 | 25 | 0,1 ag| 3o 15| 100
5 30 |<1o S N 5| 25 <10| 300
H-2 3 20 | 15 <5 |<1o 20| 3o 15|3og
8 25 15| 25 10| 500
10 5 20 50 | 0,1 25| 25 10| 3o0
13 <13 28 5 | 10 [<0,1 25| 20 10|400
15 20 | 1o <5 |<1m 10 <10 0,1 | <1o0|1oo
18 20 10 25| 25 150
J=s 2 10 <5 | 10 |<0,1 25| 15 200
4 15 <5 | 15 |<0,1 25| 20 BO
3 25 | 10 5 | 60 | o,1 20| 3o 15|150
8 10 |<10 <5 | 15 | 0,8 15| 15 <10|zco
10 25 aa 2ol en | %G 30| 60 10150
12 15 <5 5 <5 25| 4o 15|20
14 10 5 20| 25 10|100
AD-1 8 20 | 10 <10 15 |<10 <10(100
12 15 |<1o 15 20| 40 200
16 “18 |oas 20 | 1,5 15| 10 100
17 a0 | 2s 15 [<0,1 25| 40 20|600
18 20 |<10 <10 15| 15 <10| 100
19 10 | 15 20 20| 10 150
20 25 | <im0 <10 10 |<10 100
25 5 15 [<0,1 20| 2o 100
28 25 <13 15| 10 70
29 25 5 | 10 20| 15 200
30 ag | as <5 | 2o 20| 10 100|250
31 . 4D | 10 <5 3 20| 20 <10|100
iz 3o | 1o 5 | 25 | 0,2 25| &0 ag|zoo
48 1 25 | <10 5 | 30 |<0,1 | 1 40| 25 20150
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TABLE 30: PARTIAL CHEMICAL ANALYSES OF THE EPIGENETIC FRACTION OF CALCRETE

PERCUSS5TON BOREHOLES AT THE LANGER HEINRICH

FOWDERS FROM

1 2 3 4 5 6 7 8 9 10 i 12 13
%

HJ2-3 |HJ2=5 | HJ2-1D HJ2=-13 HJ2-15| AD1-8 | AD1-17 AD1-25| AD1-30 | J1-6 J1-11 £5-15 £5-24
5i0, 4,3 2,9 2.8 1,9 1 S| B 2053 0,5 0,8 1,4 ik 1] 0,8
Al, D, 5,8 1,3 2,6 4,0 1es 2,6 1,8 5,4 1,6 4,0 2,6 4,6 2,8
Fe, O, 6,6 g 1,9 2,9 151 2,3 15 3,3 a3 4,5 2,9 345 2,3
MgO el 0,7 0,9 L5 0,6 10,5 3,6 4,8 1,6 1,6 il -1l 1,8 0,5
CaD 40,7 | 47,4 44,4 42,1 47,4 44,5 44,8 43,5 46,5 44,1 47,9 44,5 46,7
Na, O 0,6 0,5 0,8 1,2 0,3 1.3 0,5 1,0 0,3 0,7 0,8 0,5 0,3
K, D 22 0,7 1,4 1,9 0,6 12 0,9 2,4 0,8 Al viat 2,0 1,2
Detritus 87,8 | 70,2 17,4 85,9 59,6 77,48 69,3 83,8 63,7 84,2 80,5 T D 75,9
ppm
Ha 249 a7 116 217 51 117 a7 902 B2 311 511 113 51
Ce 72 18 20 ar 17 21 9 a7 13 34 a7 34 16
Ca 21 9 8 13 3 9 5 25 3 19 23 8 5
Dy 3 1 2 a 1 B 1 1 s 1 3 2 1
Eu Tl 0,4 0,6 1,0 0,3 0,5 0,2 0,9 o,3 0,5 0,6 0,8 0,3
La 51 12 15 20 18 13 9 3z 7 21 25 23 8
Lu 83 0,1 0,2 0,2 0,05 0,1 0,03 0,2 0,2 0,1 0,2 0,2 o,1
Pb T 2L 22 4 a 5 22 6 6 9 9 6
Sc 6 35 2,8 4,6 1,4 2,2 2,0 353 0,8 s LG Py 1,2
Sm 12 3 4 7 2 2 2 8 2 5 6 B 3
Sr 180 9 111 206 166 164 25 110 194 419 281 148 177
i 83 53 1 412 3 904 385 123 2 375 44 1 332 85 2 527 2 571 1 043
v 147 55 297 896 138 96 458 190 276 130 610 580 230
Yi 2.2 0,8 1,6 2,0 0,8 a,7 0,3 sty 0,4 1yl 56 | 1,5 0,5
Ratio
u/ v 0,56 | 0,96 4,75 4,36 2,97 1,28 5,19 0,23 4,83 0,6 4,14 4,43 4,53

Note:

(1) The results of the analyses are calculated on the basis of CaCls
only and not on the whole rock. (5ee text).

(2) The depth of the borehole in metres is obtained by dividing
the last figure of the sample number by 2.
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i General Chemistry oi the Calcretes

b

This section deals briefly with the general chemistry
of the calcrete of the Langer—Heinrich as represented by powders
from the percussion boreholes (Tableé 26 and 27) and the
analysis of the hardpan (Table 28).

Perusal of the data of Table 26 reveals that the
main constituents are silica, alumina and calcium oxide. The
first two form part of the detritai fraction, and calcium
oxide the cement. Of the miner constituents, the oxides
of potassium, sodium, iron and magnesium form the next most
abundant group of elements. Minor amounts of oxides of
titanium, manganese and phosphorus were found. The only
trace elements determined were lithium and uranium.

Comparing these results with the world average values
(Table 31) as given by Goudie (1972) it is evident that the
calcretes of the Langer Heinrich are dissimilar;

It would seem that Goudie's estimates, aobtained from
values in the literature, may be biased towards the calcrete
types with higher CaCD0,; contents, i.e. hardpan and powder
calcretes. All the analyses in Table 26 compare well with
Netterberg's (1969(b), p. 111) calcified sands, which he
regards as fairly immature calcrete.

The purpose of the analyses in Table 29 was to
determine whether rapid trace element analyses an a whole-
rock basis could be applied to regional exploration in
galecrzetes S Eaassist an Shes loeabion "o potentiad Sarget
areas of uranium mineralization. From the elements analyzed,

vanadium has the highest variability and concentrations due

CONFIDENTIAL
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to the presence qf carnatite. There is no other significant
element that can be used as a tracer for uranium. Many
elements have concentrations below their detection limits, but
data of this type are nevertheless useful because they

provide an upper limit to their concentration in calcrete.

EATEMESas WORLD AVERAGE VALUES FOR CALCRETE
(Goudie, 1972, p. 450)

Element %
Cal 42,6
5i0, 2
Al, O, 2,1
FEZD3 2o
MgO 4l L
CaCO, 79,8
1253 Factor Analysis

Factor analysis was applied to the data in Table 30.
Only chemical analyses were treated in this manner.
Mineralogical proportions were ignored because the
element distributions are primarily controlled by the
absence or presence of minerals or discrete phases. Correct
interpretation of the factors will therefore yield the
precipitation history of the epigenetic minerals and the

related processes.
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(a) CORRELATION MATRIX OF 13 SAMPLES

TABLE 32:

CORRELATION MATRICES OF THIRTEEN SAMPLES OF THE EPIGENETIC FRACTION
OF THE CALCRETES FROM THE LANGER HEINRICH

(a) UNTRANSFORMED DATA

(b) LOG-TRANSFORMED DATA

NO TRANSFORMATION

MEAN 57D DEV | sio, Al Fe | Moo | cen | Na,n | k0 Pa Ce Ca Dy Eu La Lu Ph Sc Sm Sr i v b
5i0, | 0.1890 O1 | 0.1070 01f 1.000 | 0.220| 0.471|-0.071|-0.482| 0.120| 0.204|-0.250| 0.456| 0.152 0.407| 0.472| 0.484| 0.407|-0.007] 0.743) 0.423 |-0.190|-0.19¢)-0.185] 0.582
Al 0.313D 01 |0.151D 01| 0.220 | 1.000( O.B68| 0.109|-0.796| 0.368| 0.935| 0.582| o.sea| 0.697| o.436 0.B877} 0.812] 0.553] 0.520| 0.582) 0.908 | 0.286|-0.020| 0.153| 0.755
Fe | 0.274D 01 |0.152D 01| 0.471 | 0.868| 1.000| 0.024|-0,716| 0.211) 0.687| 0.384| 0.915| 0.708| n.aas| 0.776| 0.868| 0.620] 0.153| 0.393|0.875 | O.448|-0.162|-0.014| 0702
MgD | 0.238D 01 |0.273D 01)<0.071 | 0,109| 0.024| 1.000|-0.252| 0.619| 0.159( 0.172| 0.010| 0.097|-0.259| 0.041|-0.004|-0.135| 0.086| 0.036R0.115 |-0.118|-0.273|-0.240|-0.172
Cab | 0.450D 02 (0.216D O1f-0.462 |-0.796(-0.716|-0.252| 1.000(-0.480(-0.779|-0.234 [-0.685|-0.409| -0-259| -0, 782| -0 629 |-0.524| -0.500| -0, 754 0,506 |-0.085|-0.082|-0.161|-0.728
Na, 0| 0.677D 00 |0.3320 00 0.110 | 0.368| 0.211| 0.619(-0.480( 1.000| 0.451| o0.445| 0.316| 0.486| 0.391' 0.404| 0.213| 0.226| 0.677| 0.411)0.239 | 0.132| 0.136| 0.258| 0.415
Ky0 | D.135D 01 |0.592D DO| 0.204 | 0.935| 0.667( 0.159(-0.779| 0.451| 1.000| 0.573| o.%es| o.592| olaes| o.ees| o.715| 0.712| o.700| o.628|0.663 | o.02a| o.12a| oi278| oi761
Ba. | 0.216D 03 |0.246D 03f-0.250 | 0.5682( 0.384| 0.172|-0.234( 0.445| 0.573| 1.000| 0.574| 0.658) 0.148| 0.402| 0.537| 0i397| 0l608| 0.218|0.515 | Di235|-0.122| 0.088| 0,311
Ce | 0.288D 02 (0.173D 02 0.456 | 0.B80| 0,915 0.010(-0.665( 0.316| 0.785( 0.574| 1.000| 0.808| 0.577| 0.911| 0.970| 0.754| 0.386| 0.724|0.956 | 0.299|-0.113| 0.071| 0.811
Co | 0.116D 02 (0.779D D1f D.152 | 0.697| 0.709| 0.097|-0.409( p.486| 0.592| o.8s8| o.ece| 1.000| 0.399| o.671| o0.755| 0i825| D.262| D.4653|0.721 | D.401|-0.135| 0,055 0,548
Dy | 0.169D 01 [0.103D O1f 0.407 | 0.436| 0.448|-0.259|-0.453| 0.391 0.489| 0.148| 0.577| 0.399| 1.000| 0.719| 0.501| 0.657| 0.481| 0.601|0.639 | 0.219) 0.428| 0.724| 0,783
Eu | 0.5850 00 |0,308D DOf 0.472 | O.B77( 0.776| 0.041|-0.782| 0.454| 0.89s| 0.291| 0.911| 0.471| o.719| 1.000| o.e48| o.817| 0.642| 0.803|0.935 | 0.144| 6.122| 0.295| o.932
La | 0.195D 02 (0,119D 02| 0,484 | 0.B12| 0.866|-0.004|-0.629| D.213| 0.715| 0.537 0.970| 0.755| 0.501| b.sas|{ 1.o000| o.684| p.286| o.701|0.917 |oo.210|-0188|-0.017| o770
Lu | 0.152D 0D |0.774D-D1| 0.407 | 0.658( 0.620(-0,135|-0,524| D.226| 0.712| 0.397| 0.754| 0.525| G.657| 0.817| 0.684| 1.000| o.481| D.s&1|a.798 | 0.169| o.150| 0.262| o.7s8
Pb | 0.977D OL |6,6D6D 01f-0.007 | 0.520( 0,153 0.086]-0.500| D.677| 0.700| 0.606| 0.386| 0.462| 0.461| 0.642| 0.286| 0.481 1.000| D.501|0,449 |-0.075| oi308| o.438| 0 593
Sc | 0.249D 01 |0,149D 01| 0.763 | 0.582| 0.592| 0.036|-0.754| 0.411| 0.628 0.216| 0.724( 0.469| 0.601| 0.e03| 0.701| 0.561| D,s01| 1,000|0.704 |-0.207|-0;025| oinse| 0.777
Sm | 0.492D 01 10.312D OLf 0.423 | 0.90B| 0.675(-0.115|-0.696( 0.239 0.863| 0.515( 0.956| 0.721| 0.639| 0,935 0.917| 0.798| 0.449| 0.704| 2.000 | 0i196| 0.079| 0i244| o 656
Sr [ 0.168D D3 (0.104D 03(-0.190 | 0.288( 0.445|-0.119(-0.085| 0,132| 0.024| 0.235| 0.299| 0.401| 0.215| 0.144| 0.210| 0.169|-0.075|-0.207|0 196 | 1.000| o006 oio97| o 187
U 0.123D 04 | D.127D 04| -0.156 |-0.020|-0,162(-0.272(-0.052| 0,136 0.123(-0.122|-0.113|-0.135( 0.628( 0.122|-0.186| 0.150| 0.308|-0.025|0.079 |no.dos| 1.0o0| ol97s| o 167
v 0.3160 03 | D.2500 03| -0.185 | 0.153|-0.014(-0.240(-0.161( 0.258 0.276( 0.058| 0.072| 0.059| 0.724| 0.295|-0.017| o.262| o.43e| oiosé|o.244 | o.o57| 0i97s| 1.000| 0,330
Yb | 0.110D 01 |0.5990 00| 0,582 [ 0.755( O.702(-0.172|-0.728| 0.415| 0.761| 0.311| 0.811| o.548| o.783| 0.932| o.770| 0.758| 0.593| o.777l0 656 | oi1s7| o.187| 0 330| 1080

(b) CORRELATION MATRIX OF 13 SAMPLES LOG TRANSFORMATION

MEAN 5TD DEV | Sin, A1 Fe | Mo | can | wa,0 [ k.0 Ba Ce to Cy B La Lu Ph 5c sm Sx uo| v Yb
730, ( 0.1510.00 0.258D 00f 1.000 | 0.030f 0,234)-0.085)-0.897) 0.235| 0.067(-0.176 0.216] 0.163| 0.448] 0.317| 0.262] 0.167( 0.020] 0625 5204 |-0.550 |5, 195 |-0.228 | o o
AL | 5:4aIb Do 19.217D Dol 0.030 | 1.000f 0,915 0.325)-0.775| 0.497| 0.936| 0.724 | 0.839| 0.714| 0483 0.823| 0:738| n:596| 01sz| o.472] O:204[-0-2511-0.137)-0.228| 0.437
heo | S:352h oo 10.2230 D) 0,234 | B.915) 1.000) 0,263)-0.700f 0,439 0.791( 0.696| 0.874| 0.614] 0:s01| 0.782( 0.7€3| 0.560| o.382| o.azef D-52)10.510)°0.138) 0.270) 0.704
ReG | 3020 o |0.a77D OU1-0.085 | D.ges| O.263) 1.O0)50.444) 0 571 O.36s| 6,381 0.149| 0292 0,148] 0i1s5) uilen|-oiourl ool o snalS-RE3 (KRS AT A0 25T | U100) €670
na0y|.0:3650 D1 |0-2uiD-0Lf-D.497 |-0.775-0.700)-0.444] 1.000)-0.517)~0.780(-0.426 -0.608|-0:491|-0.457(-0.834| -0.577 |~0.407) 5. 510 -a.7a1| 0-033), §-928-0-275 -0.063 -0, 062
ka0 [3:-anaD 00 |0-2200 OO} 0.235 | O.497) 0.455| 0.571)-0,517( 1,000| 0.585| 0.645| 0,506 0.715| 0.409) 0.627| ai451( 6328) 0.728| 0,601} "g-523|=0+219] D.172-0.144)-0.594
Ka" | 5:3055751 |3:393D oo) 0.067 | 0.936/ 0,791 0.365)-0.780) 0.585| 1,000 0.683 | 0.754| 0.648| 0.544| nigsa| 0.625| 0.666| 0.7a] oisysl O-a300-3411=0-15€| 01201 0.531
Ce | 3:2130 01 |0-418D DO|-0.176 | 0.724| 0.696| 0,351|-0.426| 0.645 0.653| 1.000| 0.804| 0:867| 0.410| 0;727| 0.731( 0.605( 0.639) Di33s| §:536| 0:323|-0.030 sk | b
to | 5:3i3b oL [o-251D 0O} 0.246 | 0.839| 0.874 | 0.149/-0.608/ 0.506( 0.754| 0.804) 1.000| 0.84D| 0.609| 0;932| 0.927| 0.722| 0.543| 0.584) g 72%| 2:432|-0-234/ D.207) 0.605
by | 3:3820 o0 [o-3190 G0} O.183 |l 0.71a) 0.814f D.2521-0.491 0.715) D.648| 0.867) 0.840] 1.doo| o.467| 0ivez| ai772| 0i523| 0.5e0| m,50e) 0ea23| O:4d7-0-321 [ 0.067) 0.870
2y |.5:3660 20 |0-2310 00} 0.448 | 0.483 0.501|-0.1481-0.457( 0,409) 0.544/ 0.410| 0.609] 0.467| 1.000f 0.707| D.562| 0l623| o.521| @isaaf B-753 0:212)-0.3721 0.031) 0.673
ty  |78:230D 00 |0.2360 OO} 0.317 | D.823) 0.782) D.195)-0.694| 0.627) 0.844| 0.727 | 0.932} 0.762| 0.707( 1.000| 0.538| 0.807| 0.743 oigse| D:C3L) 0.315) 0.431 0.609) 0.727
e (| ipeaceb DT Di2 st 00| i0-26c 0. 7amfi0es| 016370 877 |0, 51 f bieas | negan |6 o7 0. 772 | oioe2|| . da] inoe| ‘o' s1s| usaea|niagal FC- 20| O30 | FREAB XL O TT2 (0I5 1
Lu |=0-886D 00 10.2850 00) 0.167 | D.596| 0.580)-0.001)-0.407) 0.328| 0.666| 0.605 | 0.722| 0.521| 0.623( 0.807| 0.515| 1,000 0i63s| 0:331) O-852 0-324-0.334) 0.040 ) 0.6
Eo | g-227D 00 0.231D 08f 0.020 | D.502| 0.382) 0.212|-0.510) 0.726| 0.749| 0.639 | 0.543| 0.56n 0521 0:743f 0:422| Dl635| 3.oDn| o.5o1| O-723f O-4141-0.015) 0.215 | 0. 700
cc | 93310 00 0.246D DOJ 0.625 | 0.472( D.478) 0.202|-0.711f 0.601) 0.575( 0.33a) 0.584| 0.598| 0.523| 0.692( 0.623| 0l3aa nisoy| yiopof 0-806 O-118/ 0.041) 0.364) 0.651
gn | 8.5130 00 10.274D 00f 0.204 | 0.864 | D.863| 0.033)-0.629) 0,410 0.636f 0.726 | 0.821| 0.793| 0.691| 0.900| 0.852| 0.723| G:606) 0.595] §:325|-0-261 1-0.321 |-0.070 | 0.672
Sr 0,209D D1 |0D.444D DO|-0D.251 0.510) 0,457 | 0.028(-0.219| 0.141| 0.323| 0.499| 0.447 0.219] 0.315] 0.347| 0,324 0.414| D,116]|-D.261 [].3[19 ]lDEIEI 0-176 U’jl'} n"!:‘lﬁ
U 0.269D 01 |0.7300 00f-0.139 [-0.1381-0.257|-0.279) 0,172|-0.156/-0.030|-0.234 |-0.321(-0.372( 0.431)-0.181|-0.334|-0.035( 0.041-0.321f ©.309) 1.0001 0.176]0.315) 0.335
v 0.2470 DL 10.331D 001-0.228 | 0.270/ 0,105 -0,063-0.144| 0.128] 0,356/ 0:207| 0,067 0.031 0.609| 0.179| 0,040/ 0:215| 0.364|-0.070(~5-100| 8-1761 1.000 1 0.875 1-0.140
Yo [f0-2690-01 [0.267D 00| 0.437 | 0.704| 0.679|-0.062/-0.594| 0.531| 0.689| 0.605 | 0.870] 0.673| 0.727| 0:531| 0.839| 0.700| 0.651| 0,672 5:235 | 0-315) 0.675 | 1.000 ) 0.142
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Table 32' gives the correlation matrices for hoth
nDrTal and log-transformed data. Summaries of the two correla=
tion matrices for the data below the diagomal are given in
Table 33. For thirteen samples the 99 per cent and 95
per cent confidence limits are + 0,7 and + 0,56 respectively.
Those elements with an asterisk denote the ones which are not
correspondingly represented in either Table 32(a) or 32(b).

For example, sodium in the normal umtransformed data shows

no significant correlation with the elements barium,

guropium, lanthanum and scandium as is found for the log-
transformed data. In general though, most elements are
correspondingly represented, but for those that are not, others
act as synonyms, e.g. the rare-earth elements behave as a
coherent group and therefore the correlation of one of the
elements infers the presence of the others. As there is

no significant deviation from normality the normal untrans=
formed data were used in the facter analysis.

In the varimax factor matrix (Table 34) six coherent
factors account for 94,1 per cent of the total variance of all
the major and trace elements.' The percentage contribution of
each factor is calculated by dividing the sum of squares within
each factor by the total sum of sguares multiplied by the
percentage variance, e.g. variance for factor 1 = (8,6/19,8)

x 94,1 = 40,9 % (See Table 34 for the wvalues above).

The loading of each element in all the factors gives
the fraction of variance of every =lement that is explained
by che vfaeikiorst i g hS Toadingstof a érmup of elements within
a factor specify a covariant pehaviour of those elements,

e.g. -alumina, iron oxide, potassium oxide, cerium, etc. in

factor 1.
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TABLE 33: SUMMARIES OF CORRELATION MATRICES IN TABLE 32
(a) UNTRANSFDRMED DATA
(b) LOG-TRANSFORMED DATA

(a) (b)

99 % 95 % 99 % 95 % 99 % 95 % 59 % 95 %
+ + - - + + - d
5i0y Sc Yh* 510, So

AL, 0, [Fe,0,, K0, Ce Cal AL,0; |Fe,0,, K0, Lu, Pb* cap

Eoq 50 et Ba, EE, Lol
La, Sm, Yb
Fey Oy Ce;. 1Ca, Eu K,0, Lu, Sc* Cal Fe, 0, K,0; Ce, Co, Cal
La, Sm, Yb Euy, Lay Luy =
Sm,; Yb
Mg0 Na 0 Mg0 Na, 0
Cal Ks O3 EUy: Scy Ce, La; Sm Cal KID, Sc Ce, Eu, La, Sm
Yo*
] . Co®: P U *

Wl £ % Elements NOT corrsleted Nap O SoLTiREE g:. Euj-Lay * Elements NOT correlated with
with the element in the element in question for
question for the log- the untransformed data.

K; O Ce, Eu, ‘La, Lu, Fb transformed data K0 fe,. Euy il Ba¥ Co¥ Lu,

5m, Yb BFh, Sm Yh Confidence limits at
Confidence limits at n =13
Ba Ca Ce, La, Pb sty Ha Ce, Ca, Eu} Lu, Pb, YB¥ 5 e
La, Sm* )
99 % =& 0,7 [ 95 % = x 0,56
55 % = % 0,56
Ce Edy - Ew, iLE, Dy Ce Co, Eu, La, Dy Se
Lu, Se, S5m, Luy, Sm, Yb
b
Co La, Sm Eu Co Eu, Lay ‘Sm Pb%: S5ci Yb*
By SRl AR 1.4 Dy Eu, Yb La% Lu, Sm,
Sm, V. Yh
Eu B e Pb Eu La, Lu, Pb, Sc
Sm, Yh Smy \Yb
La s hes S Eme La Sm, Yh Ery 05
Yh

Lu Sm, Yb Sc* Lu Sm, Yh PB*

Py Yb Pb Scy SmY Yb

Sc Smy, Yb Sc Sm, Yb

Sm Yb Sm Yh

St Sx

U Vv u v

IVILN3ITI4NDD
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TABLE 34

VARIMAX MATRIX ACCOUNTING

VARIMAX MATRIX OF THIRTEEN SAMPLES
CALCRETES FROM THE LANGER HEINRICH

FOR 94, 1 RER CENT

DS FHESERTGEENERL EB-FRACT LUN JEE THE

OF TOTAL PROBLEM VARIANCE
NO TRANSFORMATION

SUM OF
SQUARES
o]
.9843
ale
.B892
«895
+289
+3 82
.982
.978
kst
«9id
.978
g2l
o (L4
.899
936
s 82
ol
« 960
« J68
il

EHEE ERERE E) R EEENENER B EN SIS EHENE S E)

FACTOR 1 2 3 4 5 6
B.606 5)C 5928 2o 368 1.472 2.268
510, ([Bissliaie) URLE L 0.014 0.226 -0.099 -0.873
Al IESIoRa -0.053 -0.160 = Wi 9 0.088 0.071
Fe 0.881 0.122 -0.031 -0.030 0.380 -0.191
MgO 0.009 BJE -0.895 -0.003 -0.049 0.120
Cal -0.801 05 127 0.418 -0.113 0.068 i) &k
Na, O Qs -0.265 -0.816 -0.412 ) (a5 -0.232
Ko, 0O 0.888 -0.203 -0.216 -0.253 —{0f; akehs) 0.058
Ba 0.400 0.061 -0.129 -0.861 0.083 (A Zsil
Ce 0.878 0.039 0.001 -0.302 O 2L =121
Co L8538 WRIOITL -0.104 -0.697 0.336 -0.132
Dy 0.428 =-0.710 0.048 -0.141 0.172 -0.483
Eu 0 855 -0.236 -0.137 -0.271 -0.014 -0.313
La 0.846 () Ak 0.068 -0.274 0.147 -0.291
Lu D5 1O -0.241 WAldS -0.259 DR@2 -0.264
Pb 0.356 -0.457 -0.317 -0.593 -0.330 -0.051
Sie 0.623 -0.062 -0.156 -0.133 -0.260 -0.659
om 0.927 -0.133 Bl He)0) -0.233 0.068 -0.189
Bre 0.168 -0.081 0.006 -0.098 0.929 B )
U -0.040 =S SE 0.060 0.089 -0.021 03079
V 0.099 -0.973 0.016 -0.051 0.036 0.068
Yb R n) -0.320 -0.013 -0.181 0.034 -0.466
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Opposite,signs indicate opposing covariances between

the variables, e.g. alumine and calcium aoxide.

B

factenl 1 Lithification

Factor 1 has the highest variability explained and
therefore is statistically the most significant. Positive
loadings are given for alumina, iron oxide, potassium oxide,
cerium, europium, lanthanum, lutetium, samarium, ytterbium
and scandium. On the negative side calcium oxide is found.
Essentially this factor is one where the rare earths, alumina
and iron oxide are leached and then co-precipitated, for they
occur as a coherent group. Opposing this process was the
epigenetic introduction of calcium which precipitated as
calcite, thereby cementing the breccia. The overall abundance
of calcite is so great that it acts as a diluting medium for
the first-mentioned groups.

Owing to the limited solubility of the rare earths,
scandium, aluminium and iron in weekly alkaline environments
(Table 19), they are precipitated as hydroxides and are
adsorbed onto clays (Roaldset, 1967). This last point is
particularly important and will be dealt with further when
the geochemistry of the individual and groups of elements is

discussed.

Factor 2: Carnotite Precipitation

Both uranium and vanadium are rated with the highest
negative loadings, followed by a slightly lower loading on

dysprosium. Uranium and vanadium behave coherently with the
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precipitation of.carnotite from solution. Interpretation of
the relation with dysprosium is more subtle. Factor loadings
on‘dysprosium are distributed between factors 1, 2 and 6.
Although in the first and last cases the loadings are fairly
low, attention must nevertheless be focused on them. The
effect produced is referred to here as the dysprosium anomaly.
Dysprosium would be expected to behave in a coherent
manner with the other rare earths and be associated with
factor 1. However, as it forms & coherent variable with
uranium and vanadium, this implies that the precipitation
of carnotite may be related to the presence of clays or

hydrated oxides of iron or aluminium which formed the

nucleating seed upon which the uranyl ion became attached.

Factor 3: Ioan Exchange Properities and Formation of Clays

Clays associated with the calcrete are of the
montmorilleonite-smectite varieties. High factor loadings
on both sodium and magnesium suggest an ion exchange mechanism:
possibly two Na® ions are exchanged for each Mg2+ ion within
the structural lattice of the authigenic clays.

Another important mechanism that can also account for

this relationship is the formation of montmeorillonite in situ

by the reaction of magnesium ions on plagioclase feldspars.

EEichEeltg b Substitution in Calcite lLattice

Barium, cobalt and lead are capable of substituting
1n the calieitbe Tattice.  High faeter loadings on these

elements suggest that this has happened in this case.
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Factor 5: Substitution in Calcite Lattice 1?

bl

This factor has the lowest variance, signifying its
lack of impartapce. Strontium substitutes for calcium in the
calcite lattice. It seems likely that strontium behaves
differently from barium, cobalt and lead during substitutiaon,

and therefore has its own factor.

Factor 6: Silica

Silica and scandium have high factor loadings.
Seandium also occurs in factor 1 and therefore factor £
suggests that a certain amount of silica was released from
biotite in the detrital material or from the clays during
postdiagenetic leaching.

Factor anmalysis of the raw data provided pointers
cancerning the nature and mechanisms which were involved
during the formation of the calcrete. The calcite and
carnotite were precipitated as independent phases within the
pore spaces of the detrital material from mineralized sub=
surface waters. Simultaneously iron, aluminium and the rare
earths were leached from the detrital material and co-precipi=
tated as hydroxides on mentmorillonite. The influence of
clay on the precipitation of carnotite was noted.

Following the orthogonal varimax matrix, the vectors
were rotated, from which the promax matrix was computed for
up to five degrees of obligquity (KMIN = 5). This process
simplifies the interpretation of the problem and allows
correlations between the factors to be obtained, which was

not possible from the varimax method.
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TABLE 35: PROMAX MATRIX OF THIRTEEN SAMPLES OF THE EFIGENETIC FRACTION OF THE

CALCRETES FROM THE LANGER HEINRICH

FPROMAX DBLIQUE REFERENCE STRUCTURE MATRIX KMIN = §
3 NO TRANSFORMATION

FACTOR 1 2 3 4 3] &
Si02 D.032 D.261 -0.008 0.300 02333 -0.837
Al . 0.728B -0.023 -0.064 -0.034 0.046 0.227
Fe 0.612 {3522 =05029 0.112 0.319 =[35059
MgO 0.028 0.235 -0.870 0.055 0.047 0.061
Cal -0.5590 0.100 0.348 -0.293 0.033 0.098
Na, D -0.185 0,136 -0.747 -0.246 B; 153 -0.167
K, O 0.663 -0.122 -0.067 -0.085 =0, 218 0.217
Ba B, 113 0.200 0.001 -0.785 -0.003 0. 3389
Ce 0.492 DL T 0.064 -0.151 0 bzl -0.113

Co 0.126 02 1.2 -0. 037 =05 0.246 0.001
Dy 0.048 =0.;575 0.078 [.033 0.184 =0.313
Eu 00.461 -0.,103 -0.033 -0.084 -0.047 -0.1359
La 0.482 0.233 0.128 -0.147 BLR55 -0.149
Lu LIS -0.120 Bjrzhell -0, 124 -0.048 -0.104
Pb D.047 -0.261 -0.142 =0.453 =05 318 0.079
Se D.204 BfElEl -0.068 0.010 -0.276° -0.548
Sm 0.598 -0.042 0.187 -0.078 -0.005 =0, 012
S5 0.075 =0.177 -0.110 -0.034 0.501 0.196
u -0.023 =SB h 0.088 B 0.D060 0.176
V 0.031 -0,831 0.063 0.070 [5Sine 0. 197
Yb D.340 -0.181 0.058 -0.004 0.005 -0.296

TABLE 36: CORRELATION MATRIX OF FACTORS IN THE PROMAX MATRIX OF TABLE 35

CORRELATIONS BETWEEN PROMAX PRIMARY FACTORS KMIN = 5

NO TRANSFORMATION

FACTOR 1 2 3 4 5 6
il 1.080 Rz -0.205 -0.645 OL-1.55 -0.661
2 -0.324 1.000 0.153 0.450 0.124 2]l
3 -0.205 B aliage) 1.000 0.276 0.250 B.O99
4 -D.645 0.460 0.276 1.000 =0, 114 0.530
5 0,155 0.124 0. 2508 =@ 1.000 -0.101
6 -0.661 0.431 0.0889 0.530 -0.101 1.000
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Table 35 °gives the promax matrix and Table 36 the
ca{relation matrix between the promax factors. Essentially,
the six factors remain as they were for the varimax but with
successive rotations some of the weaker factor loadings are
eliminated, thereby accentuatiﬁg the stronger ones. However,
with too many rotations the loadings on the variables become
insignificant which results in much stronger correlations
between the factors. This situation then becomes meaningless.
An optimum number of rotations must be selected so that the
interpretation remains relevant. At KMIN 5, loadings on all
the rare earths with the exception of samarium are low. Here
again 1is a case where interpretation must allow for synonyms,
and samarium is regarded as being representative of the other
rare earths.

Factors 1 and 4 are negatively correlated (Table 36)
which suggests barium, cobalt and lead substitute in the
calcite lattiee. Factors 1 and 6 are positively correlated
which indicates that silica, alumina, iron oxide, etc. have

d common SOUTrCce.

14.4 Geochemistry of Individual Elements or Groups of
Elements

Factor analysis has broadly established the nature of
the mechanisms involved during the lithification of the
breccia-conglomerate to produce a hard, indurated calcrete.
Limited detail was provided concerning the actual mechanisms
involved in the six factors and the geochemical parameters
controlling the distribution of the elements. The geochemistry

of individual and groups of elements is discussed with the
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possible implications for the development of calcrete

duricrust deposits.

(S

Sk AR A et

Iron is distributed throughout the Gemsbok and Langer
Heinrzich calcrete formations. The colour of the pigmentation
varies from yellowish-brown to red, implying that there are
different degrees of oxidation of the iron.

The source of the iren lies in the alteration and
decomposition of iron-bearing minerals such as biotite and
hornblende from the Tinkas Formation and Blcoedkoppie Granite.
Haloes of red staining surrounding biotite crystals have been
clearly observed in the Bloedkoppie Granite. Similar phenomena
have been reported by Walker (1967) from the deserts of
Colorado, where the halo is composed of minute euhedral
grains of hematite. Complete altération B ‘these femic
minerals results in the formation of authigenic montmorillanite,
iron oxides and calcite. The release of iron is caontrolled by
the Eh and pH of the water acting upon the mineral.

Depending on the oxidation potential, either soluble
iron (II) is released to solution or in situ precipitatian of
iron (III) in the hydroxide form takes place. Thase sediments
with a greater proportion of iron (II) will be drab as opposed
ta the red colouration of the oxidized dron (III). There axe
three main forms of iron oxide pigment present in red beds
(Ehigd. .y pl 360 e
(a) yellowish to reddish-yellow, amorphous ferric hydrate,

(b) amorphous red ferric hydrate,
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(c) crystallized red hematite.

The conversion from the amorphous to the crystalline states
. !

is a time-dependent factor.

Iron is closely associated with the interstitial

clays. Walker (ibid.) notes the existence of an iron-rich
montmorillonite in red beds. Similarly Spencer et al

(1969, p. 991) concluded that the ferric hydroxides eccur in
the finmer fraction of some marine sediments.

Ferric hydroxide precipitates at a pH above 3,0 and
acts as a good scavenger for the transition metals and the
rare earths.

The iron contents of the acid-soluble fraction of the
samples have a maximum value of 6,6 per cent and a low value
aifft 1, pex cent (Tabler GG NSample HUZ-B8 ywas teken at a
depth of 1,5 m which indicates that very strong oxidizing
conditions occur near the surface, thereby precipitating the

iron in the red hydroxide form.

144,22 Alumina and. sildaca

The main source of these species in the calcrete is the
decomposition of hydrolysis af the feldspars, chiefly microcline
and albite. Thermodynamics predicts (Helgeson B at 15N
p. 463) that the following reaction will take place during

the hydrolysis of coexisting albite and microcline.

KA1Si,0, + NaAlSi O, + 16H,0 ~ 2A1(0H); + k¥ + Na® + 6H sSig,

(AR RIS
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This equation therefore accaounts for tetrahydroxo-aluminate
(IIT) and silicic acid which can be precipitated from subsur=
fa;e waters in moderately alkaline conditions. Sodium and
potassium ions are likewise liberated in this reaction.
Amorphous silica in the form of silicic acid, formed
in equation (14.1), has a solubility of 100 to 140 ppm at
25/ °C inl water (Morey « etlial, Wl Ser S 0gs) .« Due ol this
low solubility, the silica released is quickly precipitated
and will establish the following equilibrium EambIEIons),
(Soid . tn. 2001):
5i0

+ nH,0 = 5i0, (14.2)

2 (amorphous solid) (ag

Mackenzie and Garrels (1965, p. 57) reported that
some montmorillonites can release up to 21 ppm silica to
seawater after six months, with the residue consisting of
hydrated alumina. This indicates a preferential removal of
silica with respect to alumina. Although the subsurface
water at the Langer Heinrich is not as saline as seawater,
a reaction would nevertheless occur at possibly a reduced
e e UE eSS T A e e ip ok Roif Al,0, versus Fe,0, and shows a
good correlation (correlation coefficient = 0,87) between
both oxides. It is suggested therefore that through the
decomposition of minerals such as the feldspars and the
iron-rich montmorillonite as described by Walker (1967),
silicic acid is dissolved, leaving a residue of hydrated
iron (III) ions and tetrahydroxo-alpminate GRS SR -
this type are capable of co-precipitating metals, viz. the

rare earths in alkaline solutions.
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Fig. 57: Variation diagram of Al, 0, plotted against

Fe,0, (correlation coefficient r = 0,87)
for the epigenetic fraction of the calcretes.
(+ = mean).

14.4.3 Potassium, sodium and magnesium

These elements are generally involved in reactions
and ion exchange processes in the clays of the calcrete.
Factor analysis demonstrated this clearly and is corroborated
by Graf (1960).

High correlation coefficients of potassium with the
alumina, iron (III) oxide and rare earths are observed in
Table 32(a). Potassium is probably inveolved largely with
the ion exchange properties of the montmorillonite.

Lonsideration must now be given to the origin of
montmorillonite clay. Montmorillonite is an authigenic
mineral, having largely been formed in situ by the reaction
of magnesium with albitic feldspar. The flow-rate of sub=
surface water is an important factor (Berner, 1971, p. 173).

Under almost stagnant conditions, which would be expected
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in the subsurface water a2t the Langer Heinrich, a slow
reaction between hydrated alumina, silica and certain cations
takes place. The reaction can be considered in the following

manner:

Be R

Mg s 5140,

Mgé" + 3N=AlSE 4H.0 - 2N A
g + a i : + 5 80,5 ll,5 ;

+ 2Na® + H,Si0, (14.3)

The reactants, magnesium ions, albite and water combine to
form the montmorillonite, releasing sodium ions and silicic
acid to the aqueous phases.

The guestion why there is no kaolinite present at the
Langer Heinrich may arise. According to Berner (ibid.) the
formation of kaolinite is related to high flow-rates of sub=
surface water in regions of greater rainfall. In humid,
trdpical climates the slow reaction given above cannat take
place due to the removal of all reaction cations in solution,
leaving a residue of hydrated alumina, eventually forming
bauxites. Bicarbonate ions in solution are one of the chief
agents in weathering and Garrels (in Berner, 1971, p. 175)
has shown that montmorillonite can only form where the HEUg
content approaches 100 ppm.

Magnesium is freely interchangeable with calcium in
calcite, and sEDuld the substitution proceed, the mineral
dolomite will form. Table 30 shows that the magnesium oxide
content is generally low, but one sample (AD1-B) has 10,8 per
cent. Dolomite obviously has not formed, but in the latter

case it might be referred to as a magnesian calcite. In
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Table 32(a) MgO has an insignificant correlation coefficient
with Ca0. The ratio MgO/Cad versus percentage MgO gives a

parabolic curve (Fig. 58).
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Fig. 58: The relationship between magnesium and

calcium in epigenetic calcite as demonstrated
by plotting the ratio MgO0/Cal against MgO.

This indicates that there is & relationship of some sort
between magnesium and calcium, but there has not been a \

systematic linear substitution of these elements with respect P N
(

il 7
\

to each other. In other words magnesium in calcite also >
W

occurs in another form, e.g. clay. Wieder and Yaalon
(1974, p. 118) found that an increase in calcium (i.e. calcite)
was accompanied by a decrease in aluminium, magnesium and iron
(i.e. clay). Electron probe studieé by them revealed that
these three elements were displaced to the fringes of
crystallizing calcite. This situation would alter the
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distribution of magnesium in the calcite, creating the

relationship illustrated in Fig. 5B8.

x

14.4.4 The rare-earth elements

The distribution of the rare earths in the epigenetic
calcite is governed by the scavenging of aluminium and iron
(IIT) hydroxides which were adsorbed on montmorillonite, as
demonstrated by the relationships in TiaE D R S imE e 5
conclusions were reached by Roaldset (1973) who found that
the rare earths were adsorbed under neutrel and moderately
alkaline conditions onto clay minerals, but at a lower pH
dgsorption took place.

The relative abundances of the rare earths in calcretes
of the Langer Heinrich, and sediments from other parts of the
world, plotted as percentages of the total rare-earth
concentrations, are shown in Falgl -BG. GENesriythe
percentage abundances in both figures are very similar,

The lighter rare earths, that is, lanthanum and cerium,
are by far the most abundant elements and collectively
comprise between 70 to 90 per cent of the totzl content.
Cerium is the most abundant element whereas Buropium and
lutetium are the least abundant.

Normalizing the rare-earth abundances to a composite
of twenty chondritic meteorites, the relative distribution
of the elements can be studied. F:ig. 60 is a plat of some
of the epigenetic calcite samples and limestones from the
Russian Platform. The most striking feature is the uni=

formity of distribution of the rare-earth patterns.
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Fig. 59: Relative percentage rare-earth concentrations

in

(a) Epigenetic calcite, Langer Heinrich.
(= HUR R o = HI2=5, o = HJ2-13,
A = £5-15).
(b) Sediments from other parts of the world.
- = Belders Formation marble, USA;
x = average, 1l 025 limestones from the
Russian Platform;
o = composite40 North American shales.
(Herrmann, 1970).

Fractionation between the lighter
taken place. The limestones from
d rare-earth pattern very similar
from the Langer Heinrich. A more
studying the fractionation patter
divide the concentrations of the

heavy rare-earth concentrations.

was (La + Ce)/(Yb + Lu) which was
function used by Balashow et al (

relationships between this ratio

CONFIDENTIAL

and heavier elements has
the Russian Platform have
to those of the calcites
diagnostic approach in
ns of the rare earths is to
light rare-earth by the

The function used here

a. modification of the
skt s

951). The

and total rare-earth content



CONFIDENTIAL ' 232

and between this ratio and percentage Fe, 0, are shown in
Fig. 61, where the overall trend appears to be positive and

linear.
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©

Fig. 60: Distribution patterns of rare earths,
rnormalized to the abundances in 20 chondri=
tic meteorites.

xi = epigenetic calcite, Lapger Heimrich area.

o = average, 11 025 limestones from the

Russian Platform.
(Herrmann, 1970).
An increase in total rare-earth and iron contents
is accompanied by an increase in the fractionation between
the light and heavy rare earths. The implication was that
the heavier rare earths were preferentially removed in
solution to an amount of approximately 10 per cent.
Ronov et al (1967, p. 2) considered the possible

mechanisms that cause the fractionation of the rare earths
in nature. Basicity of the hydroxides decreases with
increasing atomic number as would be expected because the
ionic radii decreases due to the lanthanide contraction.

This enables hydrolysis to take place at differing values

ef pH, thersby assisting the separstiop of the species.
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50

La+Ce
YhbeLu

l | '} '} i
0 100
ZREE [ppm] —=

(a)

L ] ']

61l(a)

La+Ce
Ybe Lu =

61(b)

Bl GasaNS R gt s n it e f rEctian=talon RlnEEaan
La + Ce/Yb + Lu against
(a) sum of the rare earths;
(b) percentage iron oxide.

A change in the oxidation state is a second causative factor.
Normallyszare: earths are chazacteristically trivalent. Eu2™
and Ce*" can occur under reducing and oxidizing conditions
respectively. “he desexrt environment of The Lamgen

Heinrich is oxidizing, which will discount the occurrence

of Eu2+. Cerium (IV) bhehaves in a similar way to the

heavier rare earths as its ionic radii decreases, thereby

acquiring a stronger tendency to hydrolize and fractionate.
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Fig. 62: Variation diagrams of rare-earth elements
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Correlation coefficients between the rare earths and
Fe,0, (Fig. 62) and between rare earths and Al,0, (Table
32(a)) are high, except for dysprosium. It is very clear APl
that co-precipitation with the hydrulyzate elemenfs has taken\
place. The low correlation cmef%icient of dyéprosium with
respect to Fe, 0; and the other rare earths (Figs. 62 and 63,
and Table 32(a)) and its significant loading in factor 2
(Table 34) indicates that it behaved in an anomalous manner.

A plot of the correlation coefficients (Table 32(a))
against the rare-earth atomic numbers in Pig. 63 shows a
very distinct dysprosium anomaly. In all the diagrams dysprosium
seems to have a closer coherence to the heavier rare earths.
No explanation can be given to account for this feature and
it has not been recorded in the literature. The close rela=
tionship between uranium and vanadium with dysprosium in
factor 2 (Table 34) is significant, for it suggests that
the uranium mineralization may be linked with the PIEBSENCE
of mantmorillonite and the precipitated hydroxides of iraon

and aluminium.
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Fig. 63: Plots of the correlation coefficients of
lutetium, dysprosium, samarium and lanthanum
against the atomic number.
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Figs. 64(a) and (b) are plots of uranium and vanadium
respectively against dysprosium. Very distinct trends are
observed. In both cases almost linear relationships were
found in the carnotite-bearing calcretes as opposed to the
unmineralized calcretes which plot much lower on the scale.

The distribution and fractionation patterns of the
rare earths in the calcretes provide pointers to the
chemical processes that resulted in their formation.
Obviously the formation of calcrete was not purely the pre=
cipitation of calcite from solution, but was accompanied by a

host of syn- and post-lithification processes.

14.4.5 Vanadium and uranium

The ore deposit of the Langer Heinrich is typified
by the presence of vanadium in the highest possible
axidation state, (+V). In igneous and metamorphic rocks,
the latter of which includes the schists and granofelses of
the Tinkas Formation, the (+III) oxidation state af wvanadium
is the most predominant. The source of the vandium is con=
sidered to be the Tinkas Formation because it contains a
hiéh concentration of vanadium (Table 37). Vanadium
eEEnEERtratiaRs SR ERe  Bloedkoppile Grandte ‘axe below sthe
S ppm netection Linit of nedtron astivation apaidysis| arnd
therefore cannot be regarded as a significant source.

Carnotite, with the formula Kg (UG, ) (V04 ),.2H,0,
has a U/V ratio of 4,67. The U/V ratios (Table 30) have
al fadrlvawide S seatter  BUt canpsneNdaVfaded iRt twel gralps,

thermineradized "and Unmineealbazedcalereire st rTespective Ly ..
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(a) Variation diagram of uranium plotted

against dysprosium for both mineralized
and unmineralized calcretes.

(b) Variation diagram of vanadium plotted

against dysprosium for both mineralized
and unmineralized calcretes.
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TABLE 37: VANADIUM CONCENTRATION IN THE TINKAS

FORMATION
Sample No. V. (ppm)
LR 20 ~u 28
LH 40 70
L) edal 44
[EH A ;UD
DJP 98 HEIE5
DJP 100 96

The former has values similar to the theoretical, whereas

in the latter the ratio is much lower, indicating a relative
enrichment of vanadium. A plot of uranium against vanadium

is given in Fig. 65, where both groups are seen to define
their own fields. The mineralized calcretes display a good
correlation between uranium and vanadium, whereas unmineralized

calcretes have variable ratios.

14.4.6 Geochemical mobility of the elements

Epigenetic deposits such as those found at the
Langer Heinrich resulted from the supergene migration
and precipitation of elements from the subsurface waters.
Oxidizing conditions and a moderately alkaline environment
are prerequisites which are typical of the climatic conditions
in the Namib Desert. In order to gain a fuller understanding
of the mechanisms involved it is.necessary to devote some

time to the geochemical mobility of elements during
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Fig. 65: Variation diagrams of uranium plotted
against vanadium for both mineralized
and unmineralized calcretes.

epigenetic processes in general. Dall'Aglic (1972)
considered this subject in some detzil and applied the
fundamental concepts to studies of epigenetic uranium
mineralization in Italy.

In relation to their chemical characteristics,
elements will respond according to the prevailing conditions
and therefore the geochemical balance in nature is governed
by their geﬁchemical behaviour. Broadly, the geochemical
balance is a function of the distribution in igneous rocks,
sediments and the hydrosphere. Accordingly the elements

can be grouped into those which have low, medium and high
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mobilities.

Fig. 66 is a measure of the geochemical mobility of
the elements where the concentration within the rocks was
normalized to the abundances in the hydrosphere. It was
noted that when assessing the mobility of uranium and
vanadium under desert conditions, they become highly mobile
by oxidation and the formation of complexes, and therefore
should be classed with group III. - The reason for this is
that the mobility of ionic complexes under supergene condi=
tions is independent of the geochemistry of the element

existing by itself.

< | 7T
X oz I/ )
Q |w Fe
o |x Si
oz % 6 7 Col, 1
3] MY/ MOBILITY
Im P/ Ga
8 Q I Zn
< 3:- ; ,(U'?'J SR IE UM
: MEDI
2 = As.FA T/ MOBILITY
= s 2 I —fcak
IS Mg
| j /
o0 al
SR o T~
S HIGH MOBILITY
(e
O
o
=S
0 2 L 6
AMOUNT IN SEDIMENTS |
k AMOUNT IN HYDROSPHERE|
Fig. 66: Geochemical mobility of the elements in

the supergene environment. (After Dall'
Al e, HL.9TP0 i 2808

The mobility of uranium is restricted by two

conditions:
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The manner in which it is present in the source rocks,
B.g. if it is accommodated in a zircon crystal,

which is resistant to weathering, there will be a
minimal release of uranium. Alternatively if it is
uraninite or molecules dispersed on crystal surfaces
it will be more susceptible to solution.

The epigenetic precipitation of insoluble minerals,

in this case, carnotite.

Ranov et al (1967, p. 7) attempted to guantify these

concepts in terms of the removal index, p.

Cp - Cs
e Cs
Cp = concentration of an element in the pETERE ek,

viz. Bloedkoppie Granite (Table 13). Although
more than one rock type is represented at the
Langer Heinrich, the Bloedkappie Granite was
selected for the parent rock because its major
element composition lies between that of the

rocks of the Etusis and Tinkas Faormations (Table

1498
Cs = concentration of the same element in the sediment,
viz., the epigenetic calcite (Table 30).

The sign of the removal index, p, may either be

positive or
depleted in
enriched in

inmn Figs. A7

negative. If it is positive the element is
the calcrete, but when it is negative it is
the calcrete. Graphically this is represented

and 6B8. In both cases calcium, uranium, magnesium
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and cobalt have eccumulated in the calcrete and all the other
elements are relatively depleted with respect to the Blaoed=
koppie Granite. Sample HJ2<5 (Fig. 67) has a close associa=
tion between iron, scandium and the rare earths with the
exception of cerium, which is depleted to a greater extent.
This was not found for sample HJ2-15 (Fig. 6B) as cerium
occurs well within the rare-earth clustering. Similarly
there is a discrepancy in the behaviour of lutetium, where

the reverse is found in the respective samples.

10~ H12 -5

DEPLETION IN
CALCRETE

-
(]

REMOVAL INDEX , p

ACCUMULATION
IN CALCRETE

Fig. 67: The geochemical meobility of the elements
in ‘the ‘epigepetic calcite of sample HJ2-5,
with respect to the Bloedkoppie Granite.
Represented in terms of the removal index.
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«15- HJ2-15

DEPLETICN IN
Lu CALCRETES

REMOVAL INDEX. p
o

dﬂ ACCUMULATION
IN CALCRETE

‘Fig. 68: The geochemical mobility of the elements
in the epigenetic calcite of sample HJ2-15,
with respect to the Bloedkoppie Granite.
Represented in terms of the removal index.
The discrepant behaviour of cerium and lutetium in
both samples can be accounted for by their depth of burial,
for they were obtained from 2,5 and 7,5 m respectively
(Table 27). Near the surface powerful oxidizing conditions
prevailed which were sufficient to partially oxidize cerium
from the (+III) to the (+IV) state. Lower down in the
succession these conditions were not as severe. The stability
of the lutetium iporganic complexes were greater lower down,
enabling a greater fractionation to have taken place.
The elements sodium, barium and potassium were very

mobile and would be expected to be relatively depleted in

the calcretes.
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LA Geochemistry and Origin of Calcrete

Uranium deposits and especially carnotite mineraliza=
tion in desert, duricrust-type host rocks cannot really be res=
garded as unique for it was not the calcareous cement which
was the main factor in their development, but the physico-
chemical relationships that were common to the precipitation
of both calcite and carnotite.

An assessment of the DrigiH of the ore-body of the
Langer Heinrich requires that all the components comprising
the host rock be accounted for in the model. Sediments
provided the passageways through which the subsurface waters
migrated and also the precipitation sites for the calcite and
carnotite. The mechanism for the precipitation of the calcite
is by analogy extended to the formation of the carnotite.

Netterberg (1969, p. 237, 1971, p. 9) described the
origin of calcrete as being due to the precess of soil suction
by which calcium carbonate is precipitated in a porous sedi=
ment above the water-table. Water in the pore spaces of a
sediment exerts a force called the pore water pressure.

Line A, Fig. 69, gives the distributien of this pressure
above and below the water-table. Below the water-table the
pores are saturated with water and the pore water pressure
is greater than one atmosphere due to the hydrostatic head.
Above the water-table the pore water pressure decreases to
become less than one atmosphere and eventually zero due

to capilliary action and surface temnsdicn forces, that is,
the degree of pore saturation decreases upwards. The slope

ef Line A is. the suetion gradient, pF, which Netterberg
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defines as the negative log of the pore water pressure.

PORE WATER PRESSURE [Q)

NEGATIVE pF POSITIVE
e o —_—

JAM  GROUND SURFACE

DEPTH

Q>1ATM BELOW
WATER TABLE

Fig. 69: Pore water pressure distribution in a
sediment. (After Netterberg, 1971, p. 9).

At constant temperature, a decrease in the pore water
pressure, that is, upward movement of water, will correspond
to a decrease in the PCDQ in equilibrium with the water,
causing the precipitation of calcium carbonate. Therefore
line A is a function of the solubility of calcium carbonate.
Fig. 8 shows that the ore deposit has a layered structure.
On a more localized scale the carnotite has precipitated in
the form of concretions. Based on these facts the principles
around which this discussion will centre is that the segrega=
tion of carnotite resulted from a transport process, mainly
upward diffusion caused by soil suction. Upward diffusion
of elements in ground-water is brought about by the change
in composition of the soluble components with depth. A
restriction is placed on the volume of the sediment, that is,
a small vnluﬁe is initially required because large lateral
variations in water composition are known to cccur (Tables
15-18). Assume that the chemical composition of the water
remains laterélly constant, especially in uranium, vanadium
and carbon dioxide at a specific depth. Based on this system

CONFIDENTIAL



CONFIDENTIAL : 246

the vertical concentration gradients are dominant and a one-
dimensional model may therefore apply. A mathematical treat=
ment of such a system has been presented by Berner (1971, p.
25). |

Vertical diffusion is a response to a chemical

gradient which in this case is due to a change in the P

B[S
During the formation of calcrete = decrease in PCD will
2
cause calcite to precipitate. When precipitation cCommeENnces,

concentration gradients develop and the cycle repeats IGselsf.
By analogy the precipitation of carnotite will follow the same
pattern. If the detrital material is stable and upward
diffusion is allowed to continue uninhibited over lang
periods, monomineralic layers and possibly concretions may
develop. Diagramatically this process is represented in

350 g BT

[ e —— — — — —

UPWARD
d DIFFUSION

Fig. 70: Diffusion model for -the formation of
carnotite in layers and concretions at
the Langer Heinrich. (After Berner, 1971,
c Lyl BGIRIEN
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C = concentration of UDC and vanadium in solution
d = depth of sediment
d, - do = depth of sediment where the suction gradient is

i §
sufficiently high for dissociation of the UDC

complex
dl = depth where carnotite first appears at the sediment/
water interface
dD = depth where all uranium and vanadium have been
precipitated
Ei = initial concentration of uranium and vanadium in solutimn/ ///’
E>Euv = '3 generalized curve showing the change in Euv with ;5;i£>

depth.

The system will operate in the following way. Below
B EiERiEh et dl the one-dimensional system has an initial
concentration of uranium, vanadium and carbon dioxide in solu=
LA, Ei. Upward diffusion of the ions continues until the
depth dl is reached where the process of soil suction becomes
operative. The uranyl dicarbonate complex will disproportionate
dccording to equation (13.8) and carnotite will precipitate
by the reaction inm equation (13.10). With an increasing
suction gradient and decreasing depth, the concentration
of the elements in solution will follow the idealized path é/

C>Euu until the depth dy is reached where all thg uranium and A

vanadium will be consumed.

The system described is by no means so simple, &s
the mineralization is disjointed and occurs as possible

concretionary-type accumulations (Fig: 9). Two mechanisms

can be invoked to account for these phenomena.
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The composition of *the subsurface water is variable
(Tables 15-18) over relatively short distances in which units
of the one-dimensional system are closely stacked together to
form a multidimensional model. Soil suction applied to such
systems will lead to variations in the amount of carnotite
precipitated because the composition of the water varies in=
discriminately in a lateral direction. If the activities of
the potassium, uranyl and vanadate ions do not reach that
required for carnotite to precipitate, the ions will remain
in solutian. In adjacent portions of the host rocks the
conditions could be favourable and carnotite will be pREEipi=
tated, resulting in disjointing.

The presence of montmorillonite and its assaociation
with uranium mineralization was inferred from factors 2 and
3 in Table 30. Fig. 71 shows the variation of the factor
scores of factor 3, with the carnotite concentration (plotted
as U ppm). The mineralized calcrete has a scatter of points
about the plotted line, whereas the unmineralized calcretes
do not follow the same relationship. It is therefore
postulated that crystallization of carnotite was related
to the presence of montmorillonite, causing @ concretionary-
type of uranium accumulation.

The causative factor for the formation of concretions
is the heterogeneous nucleation, after dissociation of UDC
by soil suction,.of uranyl and vanadate molecules by

montmorillonite which act as pre-existing seed crystals.
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FACTOR SCORES OF FACTOR 3

Fig. 7l: A plot of the factor scores of factor 3
(Table 34) against carnotite mineralization
in terms of the concentration of uranium.
(Numbers as in Table 30).
Solids have a certain amount of excess free energy at the °
surface, which is the main thermodynamic feature of nucleation.
Because of the abundance of grain surfaces available on the
clay per unit volume of pore solution, heterogeneous nucleation
is promoted, and supersaturatiocn (necessary for precipitation)
is low, i.e. precipitation from unsaturated solutions is
pessaible (Berper, 1971, p. 95).

Finally there is the question of the differences in
age relationship between the initial precipitation of calcite
and that of carnotite, which is associated with the rims of
the second generation calcite. From the geomorphological

point of view the calcrete started to form in the mid-Tertiary.
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Carnotite, on the other hand, formed much later.

The origin of the calcium in the calcrete is due to
weathering of calcium-bearing minerals. Decomposition of
feldspars is fairly rapid and widespread in desert environ=
ments. If this was the case for the Langer Heinrich at that
period, why was uranium not mobilized and precipitated?

The answer to this question must partly remain unsolved, but
it can be stated that the activities of uranium, vanadium and
potassium only reached their ecritical values at that time,
thereby allowing carnotite to precipitate. Further it is
noted that pluvials and interpluvials were characteristic of
the Pleistocene (Netterberg, 1969(a)). With the onset of
these climatic phases the subsurface water became sufficiently
oxidizing and corrosive to leach and transport the uranium
from the source rocks to finally precipitate it epigenetically

in the calcrete.

S Geochemistry and Origin of Gypcrete

The distribution of the gypcrete is schematically
represented in Fig. 2. The main geochemical problem can=
cerning the gypsum is that of its origin.

Martin (1963) proposed that the origin of gypsum was
due to the reaction of sulphuric acid, formed from hydragen
sulphide by oxidation, on the calcite in calcrete. The
hydrogen sulphide was derived from the gas emanations aof the
anaerobic basins on the continental "shelf. He discounted
the possibility of gypsum precipitation from ground-water an

the basis that thereaction products would not be continued to
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the surface.

It would appear that this interpretation cencerning
the origin of the gypsum is for the most part unlikely for
it is very difficult to conceive that the anaerobic basins
would be capable of having produced such large volumes of
hydrogen sulphide. A new mechanism is therfore proposed based
on sulphate precipitation by onshore fogs. Analyses of
seawater and precipitated fog are gavieEnl SRt abile 38,

Fog precipitation with the equivalent rainfall in
1958 and the actual mean rainfall at Swakopmund over 35 years
is given in Table 39. The interpretation of the results,
@s calculated from values of both Tables, must be viewed with
some caution because of the lapse of the time between the
samples in Table 38 and the fog precipitation figures of
Table 39. As these are the only figures available, no

alternative solution could be found.
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TABLE 38: ANALYSES OF SEAWATER AND FOGWATER (COURTESY CSIR)

25E= lireg 1 | Feg 2 | Fag 3. | Fog4

pH T 1o o 7,6 7,6 8,1
*Conductivity 43000 (13600 |1 900 |1 240 1 760
TDS (ppm) (180 °C){37562 9860 |1 290 795 1S
Na (ppm) 10900 2580 308 2iLa) 290

K (ppm) 71 100 17 6 26
S0 (ppmy) ( 2683 1158 174 88 el
(NO5) as N (ppm) Trace

N B g r e 1231 7,0 3,4 9,6
Si0p (ppm) 2 T, 5 7,5 7,5 7,5
F (ppm) 0,9 8,8 e, H ), A T
Cl (ppm) 19690 4598 502 gjipk 412
»CO, (ppm) ¥ 5 63 32 23 67
Ca (ppm) L] 2.9 49 36 40
Mg (ppm) 1281 AT a5 19 46
NHy; (ppm) ND Trace Trace |Trace Trace
PO, (ppm) Trace - - - -

Sr (ppm) 3 = - £ =

B (ppm) B - - - -

Seawater: Collected September, 1974, from beach between
Walvis Bay and Swakopmund.

Fog o : Collected July 1966, Walvis Bay

Fog 2 : Collected 4 September, 1966, Rooibank

Fog '3 : Collected 13 August, 1966, Rooibank

Fog 4 : Collected from Gobabeb, analyzed 13 September 1966.

All analyses done by National Institute of Water Research,
Windhoek.

Results of Fog 1 to 4 are by courtesy of the Transvaal Museum.

XN EeREUETE AR UINasE S s M,

- TDS = Total dissolved solids.
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TABLE 39: FOG PRECIPITATION, EQUIVALENT RAINFALL IN 1958
AND ACTUAL MEAN RAINFALL AT SWAKOPMUND
(NAGEL,. 1962," 5. %51)
ANNUA L
FOG EQUIVALENT MEAN
MONTH PRECIPITATION RAINFALL RAINFALL
IN 1958 IN 1958 OVER 35
CLITRES) (mm) YEARS
(mm)
JANUARY iz i) ik 18] 1L~ E)
FEBRUARY 15N P2 236
MARCH 29,3 A5 5ed
APRIL 69,0 10,6 1,9
JUNE 11PN 1752 0,2
afef g 1S 2471 A3
AUGUST tEibeles 22,0 (0,7
SEPTEMBER 52,6 8,1 CLs
OCTOBER 27 4557 Bl
NOVEMBER 3i2ena 558 150
DECEMBER Il 4,7 LG T
TOTAL/YEAR 8458 il B 47552
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Within the confines of the anaercbic basins on the
continental shelf, the ocean water and the desert stretching
to the Langer Heinrich, sulphur follows a definite cycle
((Fag. 720 (H25)E is formed in the diatomaceous muds,

which contain the sulphate-reducing desulfovibrio bacteria.

ONSHORE —— /-7 ) g b
wi = = 4y
C iso‘ -(so!. b.(sol.z)o.(sol. jR.(st)B

\_/\-‘ B f—/ =

Swukopmund Langer Heinrich
SEA LEVEL GYPS
SEA WATER ;
P DlATOMACEOUS

Fig. 72: The sulphur cycle in the diateomaceaus
sediments of the continental shelf,
the Atlantic Ocean and the Namib
Desert.
Upon being released to the seawater, having its own ipitial
sulphate content, (SDE_)D, part of it is oxidized to sulphate
(SDE_)B, thereby contributing in a small measure to the total
sulphate content of the sea. The remainder is released to the

atmosphere as (HzS) A very small amount of sulphate (502—)9

B
is contributed by ephemeral drainage such as the Swakop River.
Onshore winds pick up water nuclei from the seawater
(not just water from evaporation, as this will not contain
significant dissolved solids) causing the formation of fogs
which can be blown up to about 100 km inland. The sulphur
balance in the fogwater will be made up of the following

components:
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ZSD-?;' = (soi')B + (50?{)D + (SGE‘JR + (HES)B (14.4)

The initial seawater sulphate will more than likely constitute
the greater part of the total amount in equation (14.4).
Condensation or precipitation of the fogwater in the desert

takes place and the sulphate is precipitated as gypsum. A
certain amount of sulphate (5[]2_)E is contributed to this

gypsum from the ground-water. A study of the sulphur

isotopes within each unit of this system would be the only way in
which to confirm or disprove this theory. As this is not current=
ly possible, evaluation of the amount of the sulphate precipita=
ted from the fogs can be calculated from the data in Tables 38
and 39, The months in which the fogs were collected is matched
to the fog precipitation, as equivalent rainfall, for the
corresponding manth. Calcium sulphate precipitated per km?

per month is tabulated below (Table 40). Assume that by
averaging the sulphate contents of the fogs in Table 38, a

mean value is obtained. The amount of gypsum (as CaS0.) pre=
cipitated per year is calculated as 53 tons PEE km®*. However
rough these estimates may be, they nevertheless serve to show
that there is a considerable amount of gypsum that has been,

and is being, precipitated anually in the Namib Desert.

A check should be made concerning the relationship of
the composition of the fogwater to that of the seawater from
which it was derived. For comparison, the composition of the
seawater and fogwater are plotted aon a Schoeller diagram

(Fig. 73) using the technique described by Parker (1969, p. 120).
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TABLE 4@ PREEIPlTAT;DN NESEHERS NS ERRESS ENEAS S E e SHy
IN TONS/km=/MONTH
2
e CaS0. (tons/km® /month)
Month rainfall
1958 (mm) Fia/gied FieliT) 2 Fogttd Fog 4
July 2 il i E
August 2700 2y T
September B L 2 .11 PINE

The plot of the seawater follows the same trend and dimensions
as the seawater in other parts of the werld (ibid., p. 117).
Trends for all the fogwaters follow very similar patterns
with the exception of magnesium, which shows only a slight
relative depletion with respect to the seawater. This
.confirms that the fogs were derived from seawater and were
taken bodily as nuclei from the surface of the ocean and
diluted to some extent by water vapour from evaporation.

EA T Isotopic Disequilibrium of Uranium

This section deals with the state of equilibrium
between the respective uranium isotaopes and other daughter
products.

Chemical separation procedures for thorium, protac=
tinium and uranium are given in Chapter 7. Sources were

counted until a maximum standard deviatiem of 3 per cent

was obtained for each peak area.
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Isotopic equilibrium and disequilibrium

Equilibrium between the isotopes of a particular
decay series is reached when all the daughter products decay

at the same rate as they are being produced by their

respective parents.

reached, the activity ratio of the daughter product to that

This means that if eguilibrium is to be
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of its parent must be constant. If this value deviates from
the theoretical chnstant then a condition of disequilibrium
masvbeen created.

In the geological environment the equilibrium can
be disturbed by some or other event during which uranium is
removed from its place of origin and redeposited elsewhere.

Accompanying the decay of 238, a large amount of
energy is released in the form of a-particles having an
energy of about A,Z MeV. From the conservation of
momentum, the recoil energy imparted to the nucleus (now

FAT R ds simply

WESS of o-particle ]
Wass S nucleuﬂ

o ~ 0,07 MeV (14.5)
The bond energy of most uramium compounds is less

than 10 eV, therefore the transformed nucleus escapes from

chemical bonding. Two mechanisms based on this concept have

23% ) disequilibrium.

been suggested to account for the

(ian) 23%) is relocated, after recoil, into crystal defects
and microcracks where it becomes more accessible to
oxidation and subsequent removal in solution as the
uranyl ion (Cherdyntsev et al, 1964).

(b) Rosholt et al (1965, 1966) suggested that as a
result of recoil, breaking of chemical bonds takes
place, accompanied by stripping of outer electrons
by B-decay, thereby converting it in situ to the
hexavalent form.

The difference between the two mechanisms is that in

the first case the 23%*% is subjected to selective exposure,
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making it more susceptible to oxidation. In the second case
the 2°*U from its inception is in the hexavalent state and
therefore does not require the need of external environmental
oxidizing conditions.

Kolodny and Kaplan (1970) found in their study of
phosphorites that case (a) was the most likely mechanism to
account for the disequilibrium in the uranium isotopes.

In Table 41 the 23*U/ #3°fU activity ratio is given for
various duricrust samples from the Langer Heinrich and Van
Stryk's pit. Equilibrium in most cases has not been completely
established, but the deviations from unity are small. Only
sample HJZ2-13 falls below one. Generally, uranium is still
migrating and being deposited with the exception of HJ2-13

where some in situ leaching has taken place.

TABLE 41: 23%/238) ACTIVITY RATIOS FOR THE DURICRUSTS OF
THE LANGER HEINRICH AND VON STRYK!'S PIT

Sample No. 2B L2820
HJZ2-3 i, 05
HJ2-5 1,00
HJ2-8 i, 3
HJZ2-10 q:,/03
HJ2-13 a,96
ADl1-1 1,81
AD1-4 : 1,03
AD1-1T7 105
C5-15 1,02
Von Stryk's pit Ik 5Bl

The Bloedkoppie Granite has.partially contributed to
the supply of uranium to the duricrusts. From the 234/ 238

activity ratioc in the granites (Table 42), both precipitation

CONFIDENTIAL



CONFIDENTIAL ' 260

and leaching of uranium is indicated.

TABLE 42: 2°%y/ 238 ACTIVITY RATIO FOR THE BLOEDKOPPIE GRANITE

SAMPLE 2R 2
LH16 1,09
HJ2-36 0,86

Sample HJ2-36 was a powder from a percussion borehole,
taken fraom a depth of 27 m and equivalent to 18 m penetratiaon
into the granite. Even at this depth uranium is still being
leached by subsurface waters. LH16 is an outcrop sample of
granite and the high *°*U/?23%U activity ratio is indicative
of cqnditians where uranium is still circulating. Some of
the uranium in this sample was precipitated after migration

from elsewhere.

14.7.2 Geochronology

Disequilibrium has most widely been applied to the
field of Pleistocene geochronology (Rosholt, 1970). Two
models were developed that describgg“and apply the principles p

of isotopic fractionation, which are the closed and open

systems (Rosholt, 1967; Szabo and Rosholt, 1969).

Nomenclature

230Th/ 284 = activity ratioc of the isotopes 2%°Th and

AL S e
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Ayoq = decay constant for 2°%'Th (9,2 x 10°%)
ISR = decay constant far 2%%a (2,1 x 107 )
st = idecay ‘copstant for 23 (2,8 168°)
t = time (age of sample, years)

The Closed System

In defining the closed system the assumption is made
thiat alil-the 8 Hrhiie produced by the decay of uranium isotopes
that were taken up by the specimen when it was formed. No

uranium and thorium were subsequently added or removed from

234

the system. When disequilibrium of U is taken into account

the age of the samples, t, can be related to the ratio of
230

Th activity produced internally to the observed activity

of 2**U as follows (Szabo and Rasholt, 1969, p. 3254).

230 238 238
ik = U [1-e”k230t} e [ th UJ
23’-FU 23‘+U 234U

E-e‘*zao'K234 q (14.6)

The Open System

Isotopic work on shells revealed that more uranium
was available to the specimen than was actually assimilated
(Rosholt, 1967, p. 299). The 23!Pa and 23°Th content was
contributed by both the assimilated uranium and the mobile
uranium which was not retained. An open-system model takes
these problems into account and the concepts can be applied
in general to the migration and occurrences of uranium in

natural material. Fig. 74 represents the migration and decay
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of uranium and the paths through which the 23*'Pa and 23%°Th

accumulated.

238, 238
Ur Up

Ur
[23°Th,:=u] [23°th=0:|
235, > 235, - 25y
SYMBOLS
[23‘&,::0] Up  URANUM FLUX [z:"PuL:D]

Up URANIUM IN PORE WATER
U, URANIUM LEACHED

@ISOTOPE IN ORE BODY

Fig. 74: A flow diagram of uranium and the accumula=
tion of daughter isotopes in an open-system
model. :

Mathematically the system can be described by the following

equations (Szabo and Rosholt, 1969, p. 3255):

[ks-klkg} [ks ka ke
B s g P B WL (14,7

where AR R T A e

x>
1l

(2T = 231Pa/ 2314U

G 231F’a/238U

kihe erioma®
o R
S L

CONFIDENTIAL




CONFIDENTIAL 263
(e e Aot
kg = 1,435 [1-e”*2307%234%,

The open-system model is considered to be sldpErdion &
the closed-system model as most samples from the natural en=
vironment are unlikely to yield to the rigid conditions
required by the latter. Furthermore it tries to incorporate
a material balance of incoming and.outgoing uranium.

Table 43 gives the ages of the uranium mineralization
in the calcretes of the Langer Heinrich. The discrepancy
between the ages of the closed and open systems clearly

indicates that the ore-body was subjected to an open system.

Therefore the ore-body has a minimum age of 30 00O years.

TABLE 43: DISEQUILIBRIUM AGES OF URANIUM MINERALIZATION BY
CLOSED AND OPEN-SYSTEM MODELS
Age (years)
4 A 2801, |231p,/ [231p,/ 238/
amp 234 234 238 234
Closed Open
HJ2-10( 0,43 - - [ 62000+2000 -
HJ2=13] 0.45 el iy o - 65000+2000 |30000+1000
14.7.3 Mass spectrographic amalysis

The

235,/ 238) ratip was determined in certain calcrete

samples from the Langer Heinrich and one sample of uranothoria=

nite from Phalaborwa,

reference

(Table 44).
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TABLE 44: 239/ 2%8 aATOM RATIOS IN CALCRETE FROM THE LANGER
HEINRICH AND URANOTHORIANITE FROM PHALABORWA

Sample Zi:gé;igg
HJ2-8 0,007268
HJ2-13 0} (et
AD1-17 0,007247
CE=ilg 0,007257
Uranothorianite 0,007272

Relative to the uranothorianite, the calcretes are appraximately

2 per cent depleted im 23505

14 .8 summaxry

Factor analysis of the raw data provided pointers
concerning the nature and mechanisms which were invaolved during
the formation of calcrete. Calcite and carnotite were
precipitated as independent phases within the pore spaces of
the detrital material from mineralized subsurface waters.
Limited detail was provided concerning the actual mechanisms
involved and therefore the geochemistry of individual and
groups of elements was discussed with the possible implicatigns
for the development of calcrete duricrust deposits.

Calcite precipitated in ths calcrete by the pracess
of soil suction. By analogy, the segregation of carnotite
resulted from a transport process, mainly upward diffusion
caused by soil suction, and was precipitated by the nucleation
of the uranyl ion on montmorillonite.
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A new mechanism is proposed for the origin of gypcrete
in the Namib Desert, which is based on the precipitation of
calcium sulphate from onshore fags.

SRy e G e e e T R

The isotope ratio
Bloedkoppie revealed that equilibrium had not been completely
established and that the uranium is still migrating. Age
determinatians of the uranium mineralization using the prin=
ciples of isotopic disequilibrium bgsed on the clmsed—system and

open-system models, were 63 000 years and 30 000 years

EESHEE EIEATNE
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15. GEOCHEMISTRY OF THE DIATOMACEDUS MUDS

The diatomaceous muds in the anaerohic basins of the
continental shelf are the fipal stage of the geochemical cycle
of uranium. A discussion on the geochemistry of the muds would
be incomplete without mention of the behaviour of trace elements
in the ocean water, because it is from this seUTree ‘that the
elements were amd still are being derived.

The abundances of metal ions in seawater are determi%ed
by the solubilities of their respective compounds. EonceEntra=
tions of certain elements in Sseawater, relevant to this
discussion, are given in Tahble 45.

TABLE 45: THE CONCENTRATIONS OF SOME ELEMENTS IN SEAWATER.
(KRAUSKOPF, 1956, p. 3, ALLEGRE AND MICHARD, 1974,

rite LA
Element Concentration (ppm)
P 0,07
Mo 0,014
V 0,002
U 0,003

According to the calculated siediihida ey nradlicts | df
elements in seawater, Krauskopf (1956, p. 9) reported that normal
aerated seawater is undersaturated with respect to rare metals.
In passing it is worthwhile to pote .that the oceans contain
uranium resources eguivalent to 4 000 times the total world

reserves at 10 dollars per pound (Barnes and Ruzicka, 1972,
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T il SR

It is from the seawater that the diatomaceous muds
derived their high concentrations of certain elements. The
problem to be considered concerns the mechanisms involved
that were responsible for concentrating elements from a
source that is now known to be undersaturated. It is clear
that a mechanism based purely upon a solubility functiaon
is entirely improbable.

The core samples analyzed in this investigation were
taken from the Walvis Bay Basin (Fig. 15) and the results

are given in Table 46.

I A Geochemistry of the Muds

The diatomaceous muds off South West Africa were the
subject of four major trace element investigations (Calvert
and Price, 1970; Baturin et al, 1971; Meyer, 1973; \Veeh
et al, 1974) and the three most recent studies were primarily
concerned with the distribution of uranium.

Generally it has been shown that the distributiaon
of the diatomaceocus muds is governed by upwelling currents,
creating a situation favourable for reducing conditions.

The presence of hydrogen sulphide is a manifestation of
such a system.

Using the mean concentrations of elements in Table 46
and comparing these with the concentrations of the elements
in seawater (Table 45), a concentration factor for the elements

in the muds was calculated (Table 47).
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TABLE 46: ELEMENT CONCENTRATIONS IN TWO CORES OF DIATOMACEOUS MUDS
SWA 30
DEPTH (m) |O0O-0,05 |O,05-0,08 |O,08-0,12 | O,12-0,18|0,18-0,23 |0,23-0,28 |O,28-0,33 |0,33-0,38 |0,3B-0,43 |0,43-0,48 | MEAN
Po0s (%) 0,66 0,33 1,51 B2 0,24 0,22 0,25 0,23 0,B1 3,66 0,80
Mo (ppm) 26 32 23 31 26 29 39 39 33 22 o
V. (ppm) 70 54 50 43 48 31 3B a0 48 22 a4
U (ppm) L 16 22 28 a7 18 21 27 an 37, 26
[EOTE B 22,4 20,0 Bl 1751 16,7 16,1 /555 s 2251 17,6 18,3
SWA 50
DERTH (m) |0-0,1 |0,1-0,2 njEzieqal ) 0,3-0,4 0,4=0,5 0,5-0,6 0,6-0,66 | 0,66-0,72( MEAN
Pals (%) 0,34 0,3 0,3 0,27 0,58 0,25 0,3 0,42 0,35
Mo (ppm) 24 26 25 19 28 24 23 16 23
V (ppm) 30 59 56 74 43 71 65 20 52
U (ppm) 14 21 16 24 43 43 25 18 26
LOI (%)* 16,6 1748 15,4 13,4 13,8 15,8 14,0 a,4 14,3
* L0l = Loss on ignition at 500 °C. This is regarded as being equivalent to the total

organic matter concentration.

Very Little CaCO; was present and was ignored.
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It is clear that there is an enormous degree of concentration
of the elements in the diataomaceous ﬁuds with respect to the
seawater. Vanadium has the highest Ef value being more than
a factor 10 greater than molybdenum and more than a factor

2 greater than uranium. Molybdenum has the lowest concentra=

tion Tactor.

TABLE 47: CONCENTRATIDN FACTORS, RELATIVE TO SEAWATER, FOR
THE ELEMENTS IN THE DIATOMACEQUS MUDS

SWA 30 Mo 2,4 x 102
v Zisel g
U BO b 165
SWA 50 Mo 06 50 10°
V o A L1
U BT 37 lD3

Krauskopf (1956) studied the removal of certain elements
from seawater and concluded that sulphide precipitation of
vanadium and molybdenum was unlikely, but that chemical
reaction with organic compounds appeared to be the most
likely mechanism. Kaplan (1974), reviewing the precipitating
mechanism for uranium, also pointed out that sulphide had
little or no effect in removing it from seawater. Furthermore
not all sediments rich in organic matter contain high uranium

concentrations, and he suggested a selective uptake by certain

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL , 270

organic compounds only.

Figs. 75 and 76 show the depth profiles of phosphorus
pentoxide, molybdenum, vanadium, uranium and loss on ignitiaon
at 500 °C. The latter function is a measure of the total
organic matter content. Comparison of the profiles for
sample SWA 30 (Fig. 75) shows that there is a partial
measure of coherence between some of the variables. Both
vanadium and LOI (loss on ignitian) follow the same pattern,
with the exception of the value of 0,2 m, where the vanadium
increases slightly. A similar increase in uranium occurs at
the same depth, but in this case the increase is gradual and
therefore uranium and LOI do not correlate above 0,25 m.
Correspondingly, no significant change in molybdenum or
phosphorus pentoxide is noted. Below 0,25 m a good
coherence is seen between LOI, uranium, vanadium, and to a
lesser degree, molybdenum. All variables with the exceptiaon
of phosphorus pentoxide decrease below 0,4 m. The lag of
the core revealed that below 0,38 m a shelly zone was found
and the high phosphate content is mostly due to the presence
o'ff ‘skeletons. Baturin et al (1971) report similar findings.

The patterns of core sample SWA 50 (Fig. 76) show that
both uranium and the organic matter (LOI) are very similar,
which again emphasizes the role that organic matter plays
dipithe precinitation of lixenilm:. Forlthe uppexr O, 250 mn,
molybdenum and vanadium have similar tendencies, but below,
their tremnds diverge from that of LOI wuntil 0,55 m, where a
reconvergence of trend patterns reappears. At about 0,63 m
the amount of organic matter decreases in accordance with an

increase. inl phosphorus = pentexide and detrital matter.
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It can be stated that it does appear that the organic
material is the chief precipitatory medium for these metallic
elements. Diverging patterns in places suggest that there
are more than one possible mechanism controlling the precipi=
tation of uranium, vanadium and molybdenum. Veeh et NS4
report that phosphate in the form of apatite co-precipitated
uranium.

A generalized eguation for the decompositiaon of
average marine organic matter by bacterial sulphate
reduction is given in equation (15.1) (Ben-Yaakov, 1973, B. BBi.
i

£y (CHa0), i (MRS v HEREse & SUZH = C05 4 HEDS 4+ HE™ + HoD s

%% NHa, + 2= HyPO, (15.1)

Befaore organic complexing of the uranium can take Bl E R
must first be reduced fram the hexavalent to the quadravalent
state. This is accomplished by the powerful reductant HS™.
The mechanism for uranium reduction is given in eguation
(156.2). It is likely that the UO; would be in an amerphous
form absorbed onto or reacted with an organic molecule.
Vanadium and molybdenum are not precipitated as sulphides

due to their relatively high solubility. The only mechanism
that remains is complex formation with an organic compound,
and the close coherence of both elements with LOI in sample

SWA 50 implies that an organic reaction took places

2HEE G i, (CHSete2 0P e 5= =y ins 4 (G027 & 2h 0

Ml al)

CONFIDENTIAL




University of Pretoria etd Hambleton-Jones B B 1976

CONFIDENTIAL ' 573

Normalizing the conmcentrations of molybdenum, vanadium
and uranium with LOI reveals that there is & closer relation=
ship between uranium and vanadium than between uranium and
molybdenum (Figs. 77 and 78). The nature of the controlling
precipitating mechanism for molybdenum and vanadium does not
appear to be the same. Kaplan's remark (1974) that the
concentration of uranium may be controlled by certain classes
of organic compounds, may also apply to vanadium and molybde=
num. Vanadium, however, seems to be more closely associated

with those compounds that precipitate uranium.

® SWA 30 X
X SWA 50
5 [
% X
X
X
v . X
[orsooc 3 i
= L]
e
L] X
L]
L]
[ L ]
X
L]
1 | J
0 2 4
u
LOI 500°C
Fig. 77: Variation diagram of vanadium plotted

against uranium for the diatomaceous
muds. Normalized with loss on ignition at
I T B
Nissenbaum and Kaplan (1972, p. 570) suggested that
marine organic matter is mostly the' product of degraded

plankton. The process of degradation takes place as a

sequence of transformations in a sediment and is given as
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follows, (1) Degraded cellular material — (2) water soluble
complexes containing amino acids and carbohydrates = (3)

fulvic acids - (4) humic acids - (5) kerogen.

s SWA30
X SWAS0
[ ]
Mo ®
LOI 500°C |- e b
L ] L)
o X X .
X L ° X
L] X L ]
[ ]
1 1 J
0 2 '3
e
LOI 500°C

Fig. 78: Variation diagram of molybdenum plotted
against uramnium for the diatomaceous muds.
Normalized with loss on ignition at 500 °C.
The adsorption of vanadium and molybdenum may occur
at different stages within the degradation sequence. Through=
out the basin the nature of the degradation need not necessa=
rily follow exactly the same path due to some or other cause
and this would give rise to heterogeneties in the trace
element distribution patterns. Results (Rona, 1974) for
similar anaerubic sediments of the Black Sea show a closer
relationship between molybdenum and vanadium than do the
sediments in this study. Again this may be a case where
slight modifications in the organic degradation chain would
co-precipitate both molybdenum and vanadium in the Black Sea
in a sympathetic manner.
Meyer (1973) reparts that there is a weak direct
relationship between uranium and phosphate. Figs. 75 and 76

give no indicatieon that this is the case for the two cores

under study here.
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The highest uranium concentrations in the submarine
basins are situated epposite river mouths, past and present
(Fig. 18). South of Walvis Bay the highest concentrations lie
off old choked river mouths of the original Tsondab and
Sossus Rivers respectively. It is certain that beneath the
shifting sand dunes, water still flows, as the dunes are
broken and disorientated in the region of ground-water flow
(Fig. 1). These choked river valleys may be possible target
areas for uranium exploration. From Walvis Bay northwards,
the highest uranium concentrations lie opposite the
Kuiseb, Swakop, Omaruru, Ugab, Unjab and Hoanib River
mouths.

In the future, the diatomaceous muds may become an
Bconomic mining proposition, not only from the uranium aspect,
but from the aspect of other metals as well (Table 48).

TABLE 48: MAXIMUM CONCENTRATIONS OF ELEMENTS IN DIATOMACEQOUS
MUDS (CALVERT AND PRICE, 1970, P50 )

ELEMENT CONCENTRATION (ppm)
Cu 129
Ni A5
Pb 32
Zn 337

Add to this list uranium, vanadium and molybdenum, and it
certainly becomes more attractive, especially when considering

the fact that all of these elements are directly associated
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with the organic, and possitly the phosphate, fractions.
The selective dissolution of the orgarnic matter and separation
of the metals from the inorganic fraction would provide a

significant concentrating factor.

S a2 Summarcy

Seawater is undersaturated with respect to rare
metals, whereas.in the diatomaceoué muds some elements are
significantly concentrated. The mechanisms for enriching
certain elements in the mud were considered. The distribution
of uranium, vapadium and molybdenum in the muds is hetero=
geneous and it was suggested that the presence of organic
matter was the main precipitating agent and that there was
selective uptake of these metals by particular organic
compounds.

Uranium is concentrated in the muds which are
situated opposite river mouths, past and present, e.g. the
Swakop River. The economic potential of the muds was discussed,
as other metalé such as copper, nickel, lead and zinc are also

present in significant concentrations.
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16. CLASSIFICATIDN AND AGE RELATIONSHIPS
OF THE URANIUM DEPDSITS

The report released by the DECD (1973) concerning

£
the resources, productioq/bg and demand for uranium by

developed and underdeveloped countries, concluded that %he
rate of new discoveries must total 2,3 x 10° tons U 8
per year until 1990. This means that the total poten{ial
TESErves must iécrease By 25 5 10° tons UaDs over this
period. In basic terms, a further twenty-five deposits
with the potential of the Langer Heinrich (10° tons U,0.)
must be discovered over the next fifteen years. As a result
greater orientation problems will be encountered during
exploration for the hidden uranium ore deposits.

The establishment of a classification system of
uraniferous ore bodies would group them in accordance with

>,

favourability criteria based on genetic sequences and mode :
of occurrence. Recognition of the parameters controlling
the development of the uranium deposits in the Tumas River
Valley has yielaed a classification which would impraove the
efficiency of the location of prospective target areas. This
type of regional evaluation is useful in gquickly eliminating
unlikely zones, and thereby saving time and expenditure.

Numerous types of classification of uranium deposits
have been proposed. Ruzicka (1971) summarized the classifica=
tions of Russian, East European and Canadian deposits. A

general classification embracing world deposits has been

proposed by Barnes and Ruzicka (1972) and Ziegler (1974).
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There appear to be four essential themes that run

through the various classification systems:

(a) Morphological relationships to host rocks.
(b) Genetic associations.

(c) Metallotectonic controls.

(i ) Element associations.

Barnes and Ruzicka (1972) developed a genetic classi=
fication in terms of the geochemical cycle and modes of
transport and deposition. Although this may be suitable for
a8 global approach, certain disadvantages arise when viewed
from the more localized aspects, for they do not consider the
morphological manifestation of the ore-bodies. Fig. 79 is
an attempt to include these features. If treated in the broader
aspects, both the Langer Heinrich and Tumas Types would be
typical duricrust deposits.. There are, however, some
essential differences, such as the magnetic anomalies
associated with the Tumas Type. The common features are the
mode of introduction into geochemical cycle, the mode of
deposition and,. partially, the mode of transport.

Ziegler (1974) differentiates the world uranium
ore-bodies in terms of metallotectonics and therefore
classifies the Yeelerrie and Namib Desert epigenetic calcrete
deposits into different types. The Yeelerrie deposit is
related to a stable continental crust, whereas those in the
Namib Desert are associated with an ancient mobile belt.

In the opinion of the auther this part of his classificatiaon
falls down, for it is essentially a problem of the availability

of uranium and the type of host rock in which it is deposited.
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Fig 79 A genetic classification for the Langer Heinrich and Tumas Type uranium ore deposits in terms of the geochemical
cycle and modes of transport and deposition.
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Firstly, the uranium for both the Langer Heinrich and
Yeelerrie deposits was basically derived from a low-grade
granitic source. Secondly, the host rock is very similar
when the Langer Heinrich deposit itself is considered,
but dissimilar for the Langer Heinrich Type deposits in the
gypcretes of the Tumas River Valley.

This may be sufficient ground to further subdivide
the deposits in_terms of host rock and type, although possibly

inadvisable with regard to (a) and (b) below:

({2 Stratiform deposits in calcrete.
(b) Stratiform deposits in gypcrete.
(=) Dispersion halo in gypcrete.

Generally a metallotectonic classification is important
in the broader sense, but it does not find application when
considering the duricrust deposits of the Yeelerrie, Langer
Heinrich and Tumas Types on a local scale.

The affiliations of the duricrust deposits to other
types of uranium deposits in Southern Africa are illustrated
in Fig. 80, which has been adapted from the genetic classifi=
cation proposed by Barnes and Ruzicka (1972). This system is
in fact a behavioural account of the crustal characteristics
of uranium tHrough the mechanical, chemical (at both high
and low temperatures and pressures) and magmatic processes
resulting in its ubiquitous distribution throughout time and
space.

The relationships between ages of host rock and the
mineralization found in them for the Southern African uranium

cerRmEaicsiarel g TVER M Eatgls B
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South African

Ore forming l
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Fig. B0: The relationships of the duricrust deposits
with respect to other types of uranium
deposits in terms of ore-forming processes.
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Fig Bl: Relationships between ages of host rock and
the associated uranium mineralization.
(a) Age of host rock enclosing the uranium
mineralization
(b) Age of uranium mineralizatiaon.
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A comparison between (a) and (b) of the Figure
reveals that some uranium deposits are syngenetic, whereas
the others are epigenetic. The age of the duricrust of the
Namib Plain is mid-Tertiary, whereas the age of mineralization
is Quarternary, which indicates their epigenetic character.
The 'xelative gqiantity of Uranium in the Kares is at this
stage uncertain and therefore the peak height does not
represent any .magnitude of ore reserve.

A knowledge of the relationships given in Fig. Bl and
the tectonic or petrogenetic processes that acted upon or
formed the uranium deposits may yield fundamental information
concerning classification and favourability criteria of the

uranium mineralization and genetic histozry.
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17. . SUMMARY AND -CONCLUSIONS

In the region near the Swakop River a geochemical cycle
of uranium was established which comprises the distribution of
uranium in three stages, the basement rocks, the subsurface
waters and the sites of accumulation. Through all these
stages the geological and geochemical aspects of uranium
mineralization were investigated in order to determine the
geochemical factors that controlled the formation of epigenetic
deposits in the Namib Desert.

Paragenetic relationships between the basement rocks
were established from rare-earth element distributions. The
Bloedkoppie and Gawib Granites are late-syntectonic in age.
ae significanee) behind’ the oxrigin of the Bloedképpie Granite
is that is was derived by partial melting from the Nosib Group

rocks. Therefore the Nosib Groups was the initial source of f
f > &

the uranium in this later-forming granite which ultimately fﬁ}“

contributed to the supply of the epigenetic uranium in the
Gawib River Valley.

Uranium was leached from the source rocks by the
corrosive action of saline subsurface waters. The geochemistry
of these waters provided an insight into the chemical processes
invelved during the epigenesis of the calcretes. Fram the data
it was possible to infer which mineralogical phases were stahle
in the epvirenment ot sthe Mamib Desext. The waters havela
high degree of calcite saturation, indicating that the
formation of calcrete is still in.progress. Montmorillonite

and not kaolinite is the stable clay mineral. It was predicted
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that both soddyite and carnotite would coexist in calcrete
and this was confirmed by X-ray diffraction analysis.

The distribution of uranium in the subsurface water
is controlled by the pH and carbonate content, with uranium
prineipally in the form of the soiuble uranyl dicarbonate
complex. Disseciation of the UDC by soil suction and
nucleation of the uranyl ion on montmorillonite were the
main controlling mechanisms involved in the precipitation
of carnotite and soddyite.

Using the concentration of uranium in the subsurface
water for prospecting purposes the following criteria were
found to apply:

(a) U = 30 ppb - potential uranium mineralization nearby
but anomalous values do nat necessarily imply a deposit.

(b) U<30 ppb - no uranium mineralization indicated but low
background values do not necessarily mean the absence

Dif el derpesHt

Uranium is still circulating in the duricrusts and
source rocks,.as isotopic equilibrium between uranium and its
daughter products has not been completely established. The
isotopic ages were given for the uramnium mineralization in the
Gawib River Valley. For the closed-system and open-system
models ages of 63 000 years and 30 000 years respectively
were obtained. The discrepancy in ages is again indicative
of migrating uranium which seems to obey the open-system
model mere closeldy.

The final stages of the geochemical cycle of uranium
comprise the Atlantic Ocean and the diatomaceous muds on the

continental shelf. The ocean water is undersaturated in
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uranium (mean U = 0,003 ppm) and other elements, whereas
the diatomaceous muds are enriched in those elements (mean
U = 26 ppm). Organic matter was the main precipitating agent
and the heterogeneous distribution of uranium, molybdenum and
vanadium is due to the selective uptake of these elements
by particular organic compounds.

A classification system was proposed that would
provide guidelines concerning favourability criteria for

uranium mineralization in this region.
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APPENDIX 1

PREPARATION AND PURIFICATION OF THE SPIKES 22°ThH, 233pg

AND . 2824

225 Tl (7 52 i e v )

This is not a paturally occurring radioactive isotope
and is therefore a very convenient one toc use. All the other
thorium isotopes are either found naturally or their half-
lives are too short to be used. The 22°Th spike obtained
from Harwell in the UK was not pure for it also contained
2 Tin, WhiTHESE naturally eccurring. Fortunately this did not
interfere with the determinations as 228Th was not being sought.
A correction nevertheless had to be applied to the total
a-activity of the spike so as to eliminate it from the
ealEllll ast1nn.

Before 22°Th could be calibrated it was purified in the
usual manner to remove any daughter products that had grown in.
(For example 228 and 220Rn From 228ThH, and 225Ac fram 229 Th).
Calibration was done on the same day as purification, otherwise
the calibrated value would alsoc include the a-activities of
the daughters. Experimentation showed that 22%Ra could be

detected after six hours.

22 pal (27l d)

23%p5 was a synthetically prepared radioactive isotope
and was produced by irradiating about 10 mg of purified

reagent-grade thorium nitrate for 20 minutes in the
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pneumatic faciliﬁy (the method of purification was similar
to that used in Table 9). Purification of the 22%3ps was
necessary to remove all 232Th remaining. The method used
was exactly the same as for the general purification of
protactinium. A milking procedure was used whenever 233pa
was required. A new sample had to be prepared after two
weeks because of the relatively short half-1ife of 233 pa
and the production of 233(. About 70 ut of the 233ps
solution was added to the sample and exactly the same
volume evaporated to dryness on a SEparate ddsel ke
y-count of this disc was used as the initial 233 Pa activity,

to which the yield correction was normalized.

232U (71’-(' V)

232 ) does not occur naturally. It is, however,
useful because it is mono-energetic and does not have other
uranium isotope contaminants. The radiochemical centre,
Amersham, UK, were the suppliers. Calibration was daone
after the 23%2U had been purified using anion exchange in
the chloride form (Table 9) from which 228Th and 226Rg

daughters were removed.
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APPENDIX 2

CALCULATIONS FOR THE DETERMINATION OF CHEMICAL YIELD .FOR

THORIUM, PRODTACTINIUM AND URANIUM ISOTDPES

Nomenclature:

(Aa) =" Factuel aetayity of 22 7h
m 3 e ¥ 234
NI - measured activity of 1

STD Shah,, 231 3
(AU)231 - actual activity of Pa in standard
ASLD - measured activity of 2%3®!Pa in standard
Afu - measured activity of 2°%Pa in sample
Kzas ~ decay constant of 235U (9,76 x 10” )
X o - decay constant of 2°°U (1,54 x 10719)
Nzas - number of atoms of 2%°U
N - number of atoms of 2%y
238
Ea - efficiency of a detector (i.e. geometry)
EY - efficiency of vy detector (i.e. geometry)
if - chemical yield

Activity values are given per unit colinting time,
per unit weight. In this work the values were usually given
8s counts per hour per gram. The actual activity of the
spike was corrected for weight, as the calibrated activity
was guoted as counts per second per gram in the cases of

Z290h and 222U gndy.

Uranium:

(Ao),q, = A oau o’
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(F\D)zgz = Arzn32.Eq.Y (2)

As uranium only was invalved, the chemical yield (Y) and geo=

metry (Ea) was constant for both 23*U and Esilrespectively.

The same applies to 238U,
m
Ao )z ay Azan (3)
(Ao) = pm
234 Al
m
A (Ao)
2 34 232
(Ao), 4, = K (4)
232
m
A SRR
Similarly (AD)238 o = (5)
m
A
232
234 | 238
The U/ U ratio is derived from equations (4) and (5).

Thorium

The thorium spike was a mixture of 229Th and 228Th,
A correction must be applied to remove the 2287Th activity

contribution.

(AD}TDTAL 3 (AD£29 3 (Aoéza 5]

(Bol & = Az”‘“ . By Y (7)

(Bokog i = Bopo - FE o ¥ (8)

AB),e [ Ag;s i (9)

(Ao, ,e oM %

229

(Aol = R(Ro) (10)

(AO)TUTAL = (Ao)225 $ H(Au)229 = (Ao}229 (o1 L)
; (¢ )
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(Ao) E (Ao)rgrar
229 iy (1 + R)
(Ao)
AL
] 10T o)
ik =n :
228
m
229

The value of (1 + R) should be constant for the spike solution.
Using the samemethod of calculation, the getivaty of 220%Th

is determined as follows:

AT L e
(A 230 . 229 (13)
Arag

The ?#30ThH/ 28801 vatip detderived: Foom equations (4) and (13).

Protactinium

The calculation af the 23%Pa/23%| ratig is slightly
more complicated because both isctopes come from different

decay chains, the 235U and 228 chains respectively.

STD:

Pa: (Ag) = (Ao) = ] 5 M (14)
231 235 235 235

i (AD)ELP = (AD)EIE = X23s - N 53 (15)
SHRD Sl

(AD)zal k. 1235 : Nzas (16

(Ao )y Mg sta

Relationships in equation (16) were determined from a standard
uranothorianite sample from Phalaborwa which was in radipactive

equilibrium. The atom ratio {Nzas/Nzéa) is determined by mass

spectrometers.
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S0 SIhD

Pa: (Au)231 = A231.Y1.EQ
‘ (o-spectrometer) (17)
(AD)Szu = A2531 il B
STD STD .,
(Ao)zaa % Azsa'Y ‘Ey
(y-spectrometer) (158
S S
(AD)233 = Azaa'Y'Ev
ASTD G EID
231
Aysy (AD)231 Y
ASTD A sl v
233
EoRE S (20)
Arss (Ao)zaa Y
Combine equations (19) and (20),
ST D iSH STD STD
A231 ,Azsa (AO)231 .(Ao)zaa
3 5 = S S (22)
A i (Ao), 4, (Ao)ss
U ( )STD " ASTD_Y“.E
- 23k . 231 o
(p-spectrometer) (23)
5 5 11
(Ao), g, = gt - Ea
S STD
AZLP (Ao)zsu Ve
S = S 11 b24)
Az sy {Ao)zau Y
TD SInD
(ADL%Z =S it U
(a-spectrometer) 25
(ARo) S e
232 232
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ST SinD
A232 (Ac)232 y111
5 5 (26)
A (Ao) 11
232 232

Combine equations (24) and (26)

gSTB. . L 5TD (Ao)STD (AO)STD
234 232 = 234 232 (27)
A- a8 (Ao)> [Ae)D
234, 232 234 232
Now
S 5 STD STD
A231 |l!!‘231 A231 A23h (28)
S B B S Tt A e
A23ll Azal A231+ A23'+

Substitute eguations (16), (22) and (27) into (28)

S0
S5T0 STD STD
S [k235 ST ety A2 (Ao)%ss
Ass b Aosig N, se Acéiu Afaz (An)iss
A STD 57D 5TD =5
234 (Ao o A on (AD)231
S S ’ 5
(el s Ajas (AS) 51,
231
= Ea in sample (30)
234

CONFIDENTIAL



University of Pretoria etd Hambleton-Jones B B 1976

GEMSBOK CALCRETE FORMATION

] & e

Y ou e ey i et ey
o R SR e

= - P ;1 " T e o Wy

CE T L D W ‘ P

RSt ) S T B
5o L ? . ) =

E’ HARD FMJ LANGER HEINRICH CALCRE

PEGMATITE, APLITE, QUARTZ VEIN

e LR

B wgy "l

POST

."l'_l'l .

HOREBIS GRANITE

GAWIEB GRANITE

5 SWA
461 % BLOEDKOPPIE GRANITE

“D.5| TINKAS FORMATION KHOMAS

4 sUB GRoup | SWAK(
.52¢| CHUOS FORMATION

NsiQ| ETUSIS FORMATION ] NOSIE

4

i" i

="~ .= STREAMS AND DRAINAGE
=== ROAD
=33  WATERSHED

E}\® TRACE OF GEOLOGICAL |

I

% x % BEDDING INCLINED VERT
== DIRECTION OF SCHISTOS

T LITHOLOGICAL BOUNDARI

LOCALITY OF FIGS 10 ANC

«FIG 6{a) LOCALITY OF PROFILE IN
e LH4L SAMPLE LOCALITY

SECTIONS

SCALES
HORIZONTAL : 1:25 000
VERTICAL : NOT TO SCALE

A " -‘;l:{‘h_"l.l\fﬁ.
} ‘ r 'I-f“. "?--rrilr_z_:.:—‘-ﬂ

s PO FOVIAT AN Y
f{}é ;:’SH‘ILJ“ —— : A
[ ~\ l""*' -t R-..\;.,.-xf

t lf‘ N W .I';- ‘i“.‘gl

]
“f...?":f 2N “:-:iw}?.-l.:‘:j}' A
e Sy e S f’\r:}"'l
1 ™ R S AL BN
‘f‘;‘;’ﬂ'.“ kf |"h:;f—‘\_\r“& f }!‘:‘I}r

e - = -

e L L - gk =
g e, e R L e ey S )

e TR e -

T -P'-_'-*-"-r R~ h-l_; T ;:d-‘_ =
m - e —

—y;



