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ABSTRACT 

This study comprises a geological and qeochemical 
investigation of 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 Turner River in the 
west, and part of the region between the Khan and Swakop 
Rivers. The Langer Heinrich area, which includes the Bloed= 
koppie Flats, Gawib River Valley and surrounding regions 

2 totalling 18D km in size, was mapped in detail. 

Most cf 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 intc 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 litholo= 
gical units present are the Etusis, Chuos and Tinkas 
Formations; remaining rock types are the Salem, Rloer.ikoppi e, 
Gawib and Hoiebis Granites and pegmatites. The Bloedkoppie 
Granite, which shows cross-cutting features to the Tinkas 
and Etusis Formations, is the main grani i r: found in the 
area. Unusual weathering features are characteristic of 
the Bloedkoppie Granite, in which alveoles and tafoni are 
developed. 
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The general gecloqy of the younger duricrust fortna= 
tions is discussed. These were deposited on a palaeotopo= 
graphic base of Post-Gondwana and African erosion 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 represented at the Langer Heinrich, viz calcified breccia-
conglomerate, hardpan calcrete and boulder calcrete. Gypcrete 
is classified in a similar manner into powder gypcrete, vugqy 
gypcrete and consolidated gypcrete. Towards the west of the 
area the proportion of gypsum with respect to calcite 
increases, which seems to be a function of aridity. 

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

The epi genetic Deposits in the Tumas River Valley 
were classified into two types, the Tumas and Langei Huinrich 
Types, with the former related to negative magnetic anomalies 
in the basement rocks. The geology of the anaerobic basins 
situated off the coast at Walvis Bay is discussed. These 
contain cliatomaceous mud. 

Analytical methods were developed for the separation 
of thorium, protactinium and uranium from geological materials 
using various chromatographic procedures. The basic techniques 

rniMr iriEMi I A. i.. 
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were modified and adapted as required for the selective 
separation and purification of uranium from calcite. Alpha 
spectrometry, neutron activation analysis and delayed neutron 
counting were the main techniques used. 

The occurrence of uranium in the region of study 
follows a unique geochemical cycle, and the geochemistry at 
each stags in the cycle was examined. The first stage in 
the uranium-geochemical cycle was the basement rocks. The 
rare-earth distribution between these rocks provided evidence 
concerning their paragenesis , and indicated that the Gawib 
and 31oedkoppie Granites were the result of partial melting 
of the Etucis formation; also, that they are late-syntec= 
tonic in age. 

The second stage in the geachemical cycle of uranium 
was the subsurfacs water. Predictions regarding mineral 
equilibria could be made from the chemical composition of 
the water. It was found that the uranium 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 neochemical 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 
soxl suction, and was precipitated by the nnr. leation 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 precioi 
tation of gypsum is proposed which resulted mainly from 
the precipitation of calcium sulphate brought in by onshore 
fogs. 

Isotopic disequilibrium measurements showed that 
uranium is still migrating, and that the age of the carno= 
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 deposits 
near the Swakop River, based on genetic relationships, is 
proposed and described in terms of the geochemicil 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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5AMEVATTING 

Die studie dek 'n geologiese en geochemiese ondersoek 
van die uraanafsettings in die omgewing van die Swakoprivier 
wat van die Langer Heinrich-gebergte in die ooste 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 Bioedkoppievlakte, die Gawibrivier= 
vallei en die omliggende gebiede behels, het *n totale 
•ppervlakte van 180 km2 en is in besonderhede gekarteer. 

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

51egs 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 oorblywende rotstipes is die 
Salem-, Bloedkoppie-, Gawib- en Horebisgraniete en -pegmo= 
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-
gewone verweringseienskappe is kenmerkend van die Bloed= 
koppiegraniet waarin heuningkoekholte3 en tafani ontwikkeJ 
is . 

r n r ; r ! ! - F ^ i l AL. 



Die alqemene qeolonie van die jonger hardebank= 

forna-if ..-joid besprud< . dnlli. i_ on caleatapcgrafiB:E vloc: 

van r i-fiondwana- ~r A f i i ' ;i-e : .:•• i eof r e r v Ilk adder dnc. .if ., P;-,̂  < . 

Hie hardebankafsettinqs testa r̂ hoof saakli k uit v,ilika = 

doudende íli.viale k lor-, t i e:: e niateiiael wat deur kalsiet, 

karnotiet en/of aipr, aanmekaar qeben i 3 . n : i e qeretie„e 

variëteite van kalkreet kom in die Lanqer Heinrich veer. 

naamlik verkalkte b r e k d i e k o n y l o m e r a t e , hai debankkalki ee t. 

or, : rIt,lo k kal kree t.. '.ipakreet woid op diecelfrie '<'yee lr. 

p ne i € r n i ps k re e t , V r i ;; t a 1 ho 11 e c i n-. k ree t. en nB kon e; o 1 i <:r: c T de 

qipskieet inqecieel. i\!a die wejte van die qebied r<tyc; die 

vei houd ing van < i i p 3 to*, kaLuiet wat 'n furd :le van d;,rrtid 

skyn t e wee'? . 

In die Ga^ibriviervaliei ir. twee ta.,e:, vir die 

pi E L ip i 'tri r; q nan k ji:,iet ní:\/i"d. Die eer'd-e ret cp ' n 

bale qrnttr sk -ai -i die tweedd plaadqevind en karrct ; r t 

is gelyktydiq met die- laa:;te fase q e p r e e i p i t e e r . Die 

predipiterinq van karnotiet en die verm van die eifdlidd !.:rr, 

is hoofsaaklik deux die huoqte en profiel van die nrond= 

watervlak bokant die bodemqeeteentes bepaal. 

Die epiqer.r. t ier.e a 1 :,c 11 i r, qn in die Tunnr>ri vie 1 val le i 

ÍL; in i..,je qroepe inqedool, naamlik r:ie Turn.-!--,- en die Lfinrc: 

Heinrich-tiper . t'erdqenoemrle id nan die neqatiewe mar.ne t io:.:C 

anomalieë in die vlee r q e d sen* e j verwanf, [Jie geclciuc v.,n 

die anaërobiesc bekkerid van die kur. van Wol vidbriai word 

henpreek. Hulle be vat rl i atnmeëdli k . 

Analitiese met ode:, vir die d k e i d m q van toriurn, 

protaktinium '311 nraan ait. qeoloqi r:;/: r'fdf;ri,-),il iz ontvi k k ri 

waarin vernkeie chi orna toqrnfdi ese croneriuren qebruik wn r d . 
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Die basiese tegniske is na vereiste vir die selektiewe 
skeiding en suiwering van uraan uit kalsiet gewysig en 
aangapas. Alf aspektrometrie , neutronrZ-tiveringsanalise en 
vertraagdeneutron-telling was die belangrikste tegnieke 
wat gebruik is. 

Die voarkcms van uraan in die omgewing van di studie 
word dnur 'n unieke geochemiese sikluF bepaal en die geochemie 
is in elke stadium van die siklus ondersoek. Die eerste 
stadium in die geochemiese siklus von uraan is die bodem-
gesteente. Die verspreiding van seldsame aarde tussen die 
gesteentes het bewyse aangaande hulle paragenese gelewer en 
het ook aangedui dot die Gawib- en Bloedkoppiegrnniete die 
gevolg is van gedeeltelike smelting van die Etusisfarmasie, 
en ook dat hulle laat-sintektnnies in ouderdom is. 

Die tweede stadium in die gcochemiese siklus van 
uraan is die ondergrondse water. Voorspeilinns oor mineraal= 
ewewig kon uit die chemiese samestelling van die water gemaak 
word. Dijar is gevind dot die u u jrimine ral e soddiet en 
karnotiet die stabiele fanes in die omgewing was. Hit 
Vi prospekteeroogpunt beskou, is 30 dpb uraan as 'n anomaiie 
beskou, terwyl waardes laer as hierdie syfer as agtergrund 
beskou is. 

Die derde stadium in die geochemie van uraan hang 
saam met sy voorkoms in die hmdebanka fse t. tings . Die 
afskeiding van karnotiet in die Lanqcr Hcinrich is die 
gevolg van die opwaartse diffusie von apqeloste uraan clunr 
grondsuiging. Die uraan is hierna deux kcrnvorming van 
die uranielkatioon op montmorLlloniet en Haaropvolgende 

C.flMFIDtMIAL 



kompleksvorming met vanadaatione gepresipiteer. Megan^mes 

vir die vorming van kalkreet en gipskreet word bespreek . 

'n Nuwe meganisme vir die presipitering van gips word aan 

die hand gedoen. Dit net 'ioof saaklik uit die presipi tering 

van kalsiumsulfaat ontstaan wat deur mis van die kus af 

ingebring is. 

Die onewewig in isotoopsamestelling van die uraan toon 

dat uraan nog steeds migreer, en dat die ouderdom van die 

karnotietpresipitering 3D ODD jaar is, indien 'n oop sisteem 

vir die migrering van u r a<•• n aanvaar ward. 

In die finale stadium van die geochemiese ciklus i-joid 

die geocremie van uraan in seewa+er en in cí i e diatomeëslik 

bespicek. Oxganiese materiaul was die belangrikste presioi= 

teermiddel van uraan uit L,eenatci , en ^y onreëlmatige \jer~ 

spreiding is aan seiektiewe opname deur sekere ornaniese 

verbindinns toe te skrywe. 

'n Indeling up g...».,,, d uun qtue t. x ese verwantskappe wore 

vir die uraanafsettings naby die Swakoprivier voorges t.el en , 

in terme van die geochemiese siklus van uraan, "n die 

transport- en af settingsme tocie beskryf. Die verwantskappe 

tusr.en die hardebank-en die nnrier urnanafset+jngs van Ouid-

Afrika word vergelyk. 
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from s t r o n g base anion e x c h a n g e resin using 
B i o - R a d A G I - X E in the n i t r a t e form. 

22 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. 

23 Extraction coefficients of thorium, protacti= 
niutr. and uranium into amines at different 
concentrations of hydrochloric acid. 
P = primary amine, 5 = secondary amine, 
T = tertiary amine, G = quarternary amine. 
(Ahriand et al, 1973, p. 578). 

24 E1 u t i o n curves for z i r c o n i u in , n i o b i u m , 
h a f n i u m and p r o t a c t i n i u m usin-i reversed 
phase iiqui:! r.t rcsru to ~ r -p" / ••!,:. it; a 11:;,.:: t - 33 • 
as the s ta t i ona ry ph as e , * e f 1 on a:: t he 
s u p p o r t i n g s u b s t a n c e and h y d r o c h l o r i c 
acici as the m o b i l e c h a s e . 

2 5 A d i a w i n g of the e l e c t r o p l a t i n g cell used 
for the p r e p a r a t ioi of so u r c e s of t h o r i u m , 
p r o t a c t i n i u m and u r a n i u m . 

2 6 V a r i a t i o n of a l p h a - p a r t i c l e a c t i v i t y of 3 , 8 i ! 
in r e l a t i o n to the th ic knees of the? s o u r c e , 
e\p "res' r 3d a:- weight of !; per unit: surface 
a i • e a . 

27 Variation of alpha-particle activity of p ~"" {' 
with e l e c t r o p l a t i n g t i m e . 

28 Alpha r.pectia for thorium, pro!.actinium 
anc uranism isotope-:;,. 

29 Gamma-ray spectrum alter a decay of nine 
days for the analysis o f lanthanum, harium, 
lutetium and samarium in the Hloedkoopie 
G r a n i t e . 

ju G a m m a - r a y s p e c t r u m a f t e r a d e c a y of 37 
days for the a n a l y s i s of e u r o p i u m , c o b a l t , 
t a n t a l u m , r u b i d i u m , s a m a r i u m , t e r b i u m , 
c e s i u m , h a f n i u m , p r o t a c t i n i u m ( t h o r i u m ) 
and c e r i u m in the B l o e d k o p p i e G r a n i t e . 

31 G a m m a - r a y spec tr urn for Ire a n a l y s i s of 
v a n a d i u m in the s c h i s t s and rjranof e lses 
of the T i n k a s F o r m a t i o n , 
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Fig. 3 7 Elution curves for zinc , europium, cobalt 
and scandium using reversed abase liquid 
c^rorratcgrac-ny wi ' h iP B as tne stationary 
phase, supported an Kel-F and 5,5M HM0 3 

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

Fig. 33 Gamma-ray spectrum for the analysis of alumi: 
niurn and vanadium in the epigenetic calcite 
r ráction . 

F i g . 34 G a m m a - r a y s p e c t r u m f o r t h e a n a l y s i s o f 
d y s p r o s i u m i n t h e e p i g e n e t i c c a l c i t e f r a c t i o n 

F i g . 35 G a m m a - r a y s p e c t r u m a f t e r f o u r d a y s ' d e c a y 
f o r t h e a n a 1y < o f l a n t f > a m a j 

y t t e r b i u m a n d i t i t e t i u m i n t h e e p i g e r . e ' 
c u 1 c i t e f r a c t i o n . 

F i q . 36 G a m m s - i a v ^ p e c t r ^ i a f t e r I 1 d a y s ' r.cc•:•••/ 
f o r t h e a n a l y s i s o f r: e r i u m , ; i o n , c. u b a l t , 

. a l , 
n J i u m u n a c . i r 
: i t e f r a c t i o n 

_^m a e n e 11 u 

F i q . 3 7 

F i g . 3b 

S p e c t r u m of * * 
m a s s s p e c t roTTiet-

a n " S3- Otj 

T.re Li 

• e d f x ( f-e 

R a r e - e a i t h .a b u r i;:.-:; •...- e •;, 
and banded gneiss cuiaed Dy the rare-earth 
abundance;, in chondrites, platted against the 
atomic r srrcer . 

Fig. 39 Pare-eflith abundances in the iinkas Formation 
and Galem Granite divided by tne rare-earth 
abundances in chondrit.es, plotted against the 
atomic number. 

Fig. 40 Rare-earth abundances in the Gawib and 
Dlcedkoppie Granites divided by the rare-
earth abundances in chondrites, plotted 
against the at̂ rr, is number. 

Fig. 41 The a r e a a r 
from w h i c h 
w e r e t a k e r >, 
as follows 
sample was 
classif i ed 
1.3 pph IJ. 

d localities of the: borer ales 
the s';hsu rfsre water samples 

Each sample point is designated 
e.g. [ i / ] ( '/. ) / 0 means that t h a 

taken from, borehole number ?0, 
i n t. o u ip 7 a nd r. u ri t a i n s 

F i g . 4 2 S c h o e l l e r d i a g r a m , c o m p a r i s o n of the ionic 
d i s t r i b u t i o n s in s u b s u r f a c e w a t e r s of the 
Namib Destrt and seawater in terms ot 
equivalents per million ionic species. 
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Fig. 43 Activity diagram for the system Na sD-Al,C ? 

-biC--n 2C at 25 " f at unit activity of vjater 
and 1DD kPa. Adapted from Helqcson et ei 
(ist n, p. á?.<:). j-jDEurface water samplt;, 
30 and 31 from the Gawib River Valley fall 
into the montmorilionite field. 

Fig. 44 Equilibrium plu: for calcite or calcareous 
reck;; as a function of temperature with 
resnect to the subsnrface brines. oua = 
-log, (Ca? + ) and pCC, = -logi ̂  (CO^" ) . 
The minimum, maximum and neah'J fx) 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 for the subsurface vvater was 
assumed to he ?V C. 

F i c;. 45 Equilibrium pint for quartz and amorphous 
silica as a function of temperature with 
"ess est to ise . b^urfase brines. ph.GiG.. 
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2 The zone of weathering superimposed on an 
Lh-pH diagram. It occupies an area in the 
carnotite stability field. 

1 achematic diagram showing the thickness of 
sediment above an ephemeral tvater-tabie (—) 
and the ieacning ability of water in relation 
to the time of rainfall ( ). 

4 Variation diagram of vanadium plotted against 
fluorine for the subsurface water samples 
from Groups 1 and 7. 

5 Variation diagram of calcium plotted against 
sodium for the subsurface waters from Groups 
1 and 7. 

6 Change in composition of carbonated .»ater 

cl-jinq e q u 11 a h r a 11 o n w 11 ; a 1 c i i e a' 
t e m p e r a t u r e 1 ' , i n t h e o r e s e n c e ( A ) a n d Ln t h e 

a b s e n c c ( Ï3 ) G f 
n.-. 11 H P " 

.e an: 

h' a r i a t i r r 

fe- n n ;corr'::atinr c^eificiei-t r - P , 8 V" i 
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• l - mean ) . 
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i:' -'- g a i n s t i; g L . 

Relative percentage- rare-earth concentration' 
in 
a i 

(b) 

; ' . = H i. - • * , c = h : : - r , x = L h : / - n , 

L = r t . - ] r - i . 
Sediments from! other, parts of t he world. 
• = Belders Forma ti n-' marble, !'5A; 
y - average, .11 Hi's limestones from the 

o - corner: 
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o = a v e r a g e , 11 0 . ? h 1 l i n e s t o n e ' s r r o r n t h e 

F < u s s i s n P l o t t e r n i , 
( H e n m a n n , 19 70 ) . 
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Yh + I n a g a i n ; ; '. 
f a ) s ". m o f + h p r •-! j - (' F: a r t h •, ; 
( b ) p e r c e n t a g e i r r " - r v i d r . 



Variation diagrams of rare-earth dements 
plotted against percentage iron oxide. 

Plots cf the conelation coefficients of 
lutetium, dysprosium, samarium and 
lanthanum aoainst the atomic number. 

(a Variation diagram of uranium plotted 
against dysprosium for both mineralized 
and '-.nmineralized calcretes. 

t'b) Variation diagram of vanadium plotted 
against dysprosium for both mineralized 
and unmineralized calcretes. 
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DI "t - i n in the 

PLATE 2 

PLATE 3 

PLATE 4 

PLATE 5 

PLATE 6 

PLATE 7 

PLATE B 
PLATE 9 

Bloedkoppie Gr̂ -iii..- JC-.~ i 

Bloedkoppis rI^ts i.j- : c 
with the Lanner Hc:: •. ,-i r *- ,1 

background to the nor1)-. Granite outcrops 
in the middle foreground. 
Secretion pegmatite jn 'he Blosai- .coia 
Granite with biolite c r /z i -•'- Liz ir -. ilong 
and normal to the contacts. 

effects Photomicrograph showing wsr>" 
in the feldspars. C:z.zi: = c 
magnification x bO. 

Alveoles in the Eloedkonri 
Tafoni on the north-facina siooe of the 
Bloedkoppie dome. Dimensions are aooroxima= 
tely 10 m high, 10 n --j;^ -_;..c J,; rr ,-.ide. 
Aerial photograph ĥo.-.'ing *'- a f agglomerate 
of the Gemsbok calcrcte formation in the 
Gawib River Valley. 
Caverns and overhangs in the Gemsbok 
calrrete formatior. fc.rmed by deflationary 
processes. 
Stone pavement on the Gawib Flats comoose;] 
of angular to rounded qjartz pebbles. 
Flatter pebbles in scnist in t.he Ganger 
Heinrich calcrete formation orientated in 
the direction of waterflow as shown by the 
arrow. 

PLATE 1G FnatoiTiicroqraph showing tt;a pushing apart 
of detrital graii .; uj C.JIC.ite. D = detiit&j 
grain, C = calcite. Mac/. I fi cat. ion y 50. 

PLATE 11 Photomicrograph showinq hnw the panes of a 
biot ite 'book' have been separated by the 
precipitation of calcite between them. 
Magnificat ion x 50. 

PLATE 12 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 5G. 

CONFIDENTIAL 



CC'i'iF IL'EMT I..:' 

PLATE 13 Photomicrograph showing rims of second 
generation calcite surrounding detrital 
grains. The black aieas are carnotite 
crystals in a iig.-.ter calcite matrix. 
Magnification x 50. 

PLATE 14(a) Electron photomicrcgraoh of amorphous 
carnotite in calcrete. i'lacr.if ication 
x 1 000. 

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

PLATE 14(c) Electron scatter photomicrograph of 
vanadium of the same area in Plate 14(a). 

PLATE 15(a) Electron photomicrograph of platy 
carnotite in calcrete. Magnification 
x 1 0G0. 

PLATE 15(b) Electron photomicrograph of platy 
carnotite in calr.rete. . i=gnif ication 
x 3 ODD. 

PLATE 15(c) Electron scatler Dhotc-ricrograph of 
uranium of the same area in Plate 15(a). 
Photomicrograph lowing the crystal = 
ligation of carncii'e 'tl'.irk areas) 
around detrital ' v3jment.s . 
Hardpan calcrete overlying Bloedkoppie 
Grani te. 
Photomicrograph of the hardpan calcrete. 
uetritai yi,iin;i djc set in a semi-opaque 
ferrugenous calcite matrix. Transparent 
second generation calcite has filled pore 
spaces and formed rims round the larger 
grains. C . ULised nicols, magnification 
x 50. 

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

Laminated zone of calcrete in the Gemsbok 
calcrete formation. 
Stratified zone in the Gomsbok calcrete 
formation. 
Large boulders (up to 30C mm in diameter) 
have been pushed apart by Cdlt-ite 
crystallization. 

PLATE 16 

PLATE 17 

PLATE 18 

PLATE 19 

PLATE 20 

PLATE 21 

PLATE 22 
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CCMF I D E L I N I T I A L 3D 

1. INTRODUCTION 

This study covers the areas of the Gawib River 
Valley, the Turaas River Valley, the Dorstrivier area and 
the diatomaceous muds in the anaerobic basins on the conti= 
nental shelf. The localities are shown on the Gemini 
Satellite photograph (Fig. 1). 

The main physical features are the Swakop, Khan and 
Kuiseb canyons, the Husab, Witpoort, Langer Heinrich, 
Schieferberge and Chuos Mountains, and the extensive flat 
regions which form the Namib Plain. Ephemeral drainage 
courses such as the Tunas River cress the plain from east 
to west. 

Rainfall at 5wakopmund over 35 years averages IB mm 
per year (Nagel, 1962) which increases to 150 mm further 
inland (Smith, 1965, p. 6). Most of the precipitation in 
the Namib Desert is from tags blown inland from the sea, 
and amounts to 13(1 mm per year (hagei, 1962). 

In the Namib Desert there are essentially t-n types 
of uranium deposits that are associated with the rocks of 
the Damara Orogen. The first of tnase is the primary 
"porphyry"-type mineralization (Armstrong, 1974) found in 
granitic rocks closely associated witn the highest met3= 
morphic grade. Deposits at Rcssing and Goniakontes ere 
typical examples. The second type of deposit comprises the 
epigenetic uranium occurrences which are found in the 
duricrusts which form a superficial calcareous cover over 
a large ptirt of the Namib Desert. A number of mining companies 
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are currently engaged in prospecting programs embracing 
these two types of mineralization. 

During 1970 and 1974 the Geological Survey of South 
Africa undertook airborne magnetic and aeroradiometric surveys 
of an area east of Walvis Bay. The most promising radio» 
metric anomalies were subsequently taken out under 
concession by mining companies. To the north of the area, 
Anglo American Prospecting Co. Ltd took the farms Dorst= 
rivier 15, Nordenburg 76, Vlakteplaas 110 and part of 
Bloemhof 109. In 1974 they were granted three concessions 
falling mostly within the Tumas River Valley. General 
Mining and Finance Corp. Ltd was granted the Gawib River 
Valley in the vicinity of the Langer Heinrich Mountain in 
1973. 

Uranium occurrences in calcrete have also been 
reported from Yeelerrie in Western Australia {Langford, 1974), 
5omalia (Dall'Aglio, 1974) and the Gobi Desert in China 
(personal communication, Dr A. Clark, AAEC). The chances 
are good that similar deposits will be discovered elsewhere, 
for deserts cover large areas of the earth's surface. 
Gypcrete uranium deposits may be unique to the Namib Desert, 
for as yet none have been reported from other parts of the 
world. 

The main purpose of this investigation was to 
determine the geochemical behaviour of uranium and other 
elements, firstly in the primary environment of the basement 
rocks, secondly in the hydrological environment characterizing 
the subsurface waters, and finally in the epigenetic 
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environment of superficial rocks and diatomaceous muds. 

I The work was concentrated mainly around the Langer 

I 
! 

Heinrich uranium deposit, as this was the first major 
discovery of its kind in Southern Africa. It was the only 
area mapped in detail for this investigation. The geology 
of the remaining areas was obtained from maps supplied by 
Anglo American Prospecting Co. Ltd in their annual prospecting 
reports submitted to the Atomic Energy Board. (Annual 
Prospecting Reports, 1972, 1973, Prospecting Grant M46/3/209; 
Annual Prospecting Report, 1974, Prospecting Grant M46/3/43Q; 
Annual Prospecting Report, 1974, Prospecting Grant M46/3/433; 
Annual Prospecting Report, 1974, Prospecting Grant M46/3/4B7.) 

The Langer Heinrich area was mapped directly onto 
aerial photographs at a scale of 1:36 ODD, from which the 
data was transferred to 1:25 000 topographical maps (Map 1). 
Some of the information regarding the basement rocks was 
compiled from Jacob (1974). 

Whole-rock, powder, diatomaceous mud and water 
samples were collected. At the Langer Heinrich, only 
surface whole-rock samples of calcrete were taken, as no 
borehole cores were available at that time. Powder samples 
of calcrete from the percussion drilling program were 
readily available. Four boreholes were drilled specific 
cally for this investigation and were numbered HJ1, HJ2, 
Jl and AD1. Samples from borehole C5, not 
specifically drilled for this purpose, were also used. 
The localities of all five boreholes are shown in Map 1. 
The powder samples are representative of every half-metre 
in depth. With percussion drilling it was not possible to 
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obtain a sample from an exact aepth, and any analytical 
value is therefore the mean for the half-metre it comprises. 

Hand specimens of the basement rocks w-ere obtained 
from the localities shown in Mao 1. Each sample number was 
designated with the prefix LH. 

Most of the water samples were obtained north of 
the 5wakop River. The localities are given in Fig. 41. 
These samples were taken from existing farm boreholes by 
the Department of Water Affairs in Windhoek at the request 
of the Atomic Energy Board. Only two water samples, numbers 
3D and 31, were obtained from boreholes HJ1 and Jl respec= 
tively at the Langer HeinricH, c!ue t~ t̂ e lack of suit^t-ie 
equipment. 

Diatomaceous muds were obtainec from two cores, 
SWA 30 and SWA 50, supplied by Union Corp. Ltd. The 
localities are shown in Fig. 15. Representative sample 
were prepared from approximately 500 mm sections of core 
SWA 30,and 1 000 mm sections of cL;e SWA sT. 

Thin sections were prepared from most samples. 
Polished sections, impregnated with plastic, were made from 
selected calcrete samples. Certain whole-rock samples 
were analyzed by X-ray diffraction. Heavy minerals 
were separated from calcretes and basement rocks by heavy 
media using tetrabromoetnane (SG ~ 2.981 and the Franz 
Isodynamic Separator. All concentrations were analyzed 
microscopically and by X-ray diffraction. 

Approximately 50 calcrete samples from percussion 
boreholes were submitted for multi-element determinations 
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by emission spectrograph. 

For the analytical techniques used refer to Part 

II. 
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PART I: GENERAL GEOLOGY 

3. REGIONAL GEOLOGY 

Interest in the geo:.ogy of the Damara Orogenic Belt 
goes back to the end of the nineteenth century. Summaries 
of this work have been given by Smith (1965, p. 3) and 
later by Hugo (1974, p. 1-6). Gevers, in the mid-ninetfien-
thirties, was the first to complete a comprehensive study nf 
the regional geology of this area (Jacob, 1974, p. 1). lr, 
1969 and 1970 Jacob re-mapped the area in detail, thereby 
contributing to a better understanding of the complex genlugy. 

Recent discoveries of uranium mineralization led to 
an upsurge in prospecting activities. Anglo American 
Prospecting Co. Ltd mapped the geology in its concession 
areas, and in the Dorstrivier area the mapping confirmed 
the work of Jacob (Annual Prospecting Report, 1973, 
Prcspecting Grant M46/3/209). To the south and west of 
Jacob's area, and mainly in the Tumas River Valley, the 
continuation of the lithological features was proved. 
(Annual Prospecting Report, 1974, Prospecting Grant 
M46/3/430; Annuel Prospecting Report, 1974, Prospecting 
Grant M46/3/433; Annual Prospecting Report, 1974, Prospecting 
Grant M46/3/4B7). 

3.1 Stratigraphy 

The South African Committee for Stratigraphy (SACS) 

draughted a South African Code of Stratigraphic Terminology 

and Nomenclature (1971). Based on the principles and 
guidelines set out in the Code, recommendations concerning 
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I 
suitable informal,nomenclature are presented for the super= 

J ficial calcareous rocks which comprise large parts of the I Namib Desert. With regard to the rocks of the Damara orogen 

lithostratigraphic recommendations proposed by Kroner et al. 
j 1974 (in Jacob, 1974, p. 4) are used. 

The complete stratigraphic column is given in Table 
I 1 . 

Jacob (1974, p. 3) discussed the terminology used 
j 

for the rocks of the Damara orogen, and used the term Husab 

( Formation (ibid, p. 5). According to SACS this is no longer 
acceptable, the term Karibib Fornation being preferred as 

| this is historically more appropriate (Hugo, 1974, p. 7). 
The name is derived from the marble of this unit which is 

I mined in a quarry on the farm Karibib 54. 
(Granite rocks are well developed throughout the 

i 
I sequence below the Namib group, and particular types are 
Í largely confined to certain lithological units. The meta= 

morphic equivalent of the Nosib Group is the Red Granite 
J gneiss, and that of the 5wakop Group is the Salem Granite. 
~ Other granites occurring within the area, for example 
* alaskites, Bloedkoppie and Gawib Granites, are not confined 
f to any lithological sequence). 

The superficial calcareous rocks lie unconformably 
I on the rocks of the Damara orocjan which cover large areas 

of the Namib Desert. It is proposed that the term Namib 
I group be used to include all these rocks. From east to west 
f across the Namib Desert the calcareous rocks undergo 

compositional changes. In the east they are mainly 
i 
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TABLE 1: STRATIGRAPHIC TERMINOLOGY FOR THE ROCKS IN 
THE DAMARA OROGEN 

KHAN/SWAKOP AREA 

GROUP 5UBGR0UP FORMATION 
N

A
M

IB
 

GEMSBOK CALCRETE 

N
A

M
IB

 UNCONFORMITY 

N
A

M
IB

 

LANGER HEINRICH CALCRETE 
AND 

TUMAS GYPCRETE 

MAJOR UNCONFORMITY 

5W
AK

0P
 

KHOMAS 

WITPOORT 
AND 

TINKA5 

5W
AK

0P
 

KHOMAS 
KARIBIB 

5W
AK

0P
 

KHOMAS 

CHUOS 

5W
AK

0P
 

UNCONFORMITY 

5W
AK

0P
 

HAK05 RoSSING 

UNCONFORMITY 

N
O

SI
B

 KHAN 

N
O

SI
B

 

ETUSIS 

MAJOR UNCOMFORMITY 
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calcretes and in. the west largely gypcrete. Terms such as 
the Langer Heinrich calcre-e formation and the Tumas gypcrete 
formation are proposed to account for the compositional 
changes, although they are chronostratigraphically equivalent 
Both names are derived from the Langer Heinrich Mountain 
and the Tumas River respectively, as the rocks are well 
represented in these areas. 

The Gemsbok celcrete formation is lithologically 
similar to the Langer Heinrich calcrete formation, but 
the change in name is necessary due to the presence of an 
unconformity separating the two formations. The name 
Gemsbok is derived from the name of a tributary of the 
Gawib River which enters it from the south, close to a 
typical outcrop (Map 1). 

3.2 Regional Structure 

Structurally, the Damara orogen has been subjected 
to four episodes of deformation (Jacob, 1974, p. 34). The 
second phase was primarily responsible for the north­
easterly structural direction, where anticlinoria and 
synclinoria were formed with a wavelength approximating 
10 km (ibid. , p. 38 ). 

Nosib Group rocks and Red Granite gneiss outcrop 
mainly as large dome structures, with the anticlines being 
much broader than the intervening 3ynclinal structures. 
In the Dorstrivier area, plastic deformation of the rock 
took place because folding was the main structural element. 
Very little faulting occurred (Annual Prospecting Report, 
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1973, Prospecting.Grant M46/3/209). 
Toens (1973) demonstrated that there are parallel 

relationships between the structural grain, metamorphic 
grade, magnetic susceptibility and radioactivity of the 
rocks of the Damara orogen. Magnetic and radiometric 
anomalies are intimately associated with high-grade 
metamorphism,particularly in rocks of the Nosib Group. 
On the other hand, the Nosib Group rocks comprising the 
Langer Heinrich Mountain have a low metamorphic grade with 
no corresponding magnetic or radiometric anomalies. Corner 
(1975) completed a traverse up the 5wakop River, where he 
measured the radioactivity and magnetic susceptibility of 
all the rock types. He found that areas containing mineralized 
alaskites have associated negative magnetic anomalies which 
may be the result of remobilization of rocks and intrusion 
of alaskites in a new,but changed, magnetic field (Corner, 
1975, p. 5). 
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4. THE GEOLOGY OF THE BA5EMENT RDCK5 

Only the Langer Heinrich region was mapped in detail 
(Map 1) and the description of the basement rocks is there= 
fore confined to those found in that area. 

Stratigraphically, with respect to the rocks in the 
Khan/Swakop area of the Damara orogen, the lithological 
sequence is incomplete, for the Khan, Rossing, Karibib 
and Witpoort Formations are absent. Consequently the 
Chuos and Tinkas Formations follow unconformably on the 
Etusis and Chuos Formations respectively. No limestone 
typical of the Karibib Formation is developed. Jacob (1974, 
p. 14, Fig. 1) schematically shows the relationship between 
the Karibib and Tinkas Formations within the area he mapped. 
Eastwards, the limestone disappears gradually to give way 
almost exclusively to the schists of the Tinkas Formation, 
except for localized development of thin limestone bands. 
Smith (1965, p. 22) reported similar findings in an u-ea 
to the north. 

4.1 Etusis Formation (NSÍQ) 

The Etusis Formation incorporates most of the 
Langer Heinrich Mountain and two small outcrops in the 
east. 

The rocks are "psephitic ano psammitic' in character 
(Jacob, 1974, p. 10) and are composed of feldspathic 
qusrtzites and oligomictic conglomerate bands. The 
thicknesses of the latter are mostly between 100 mm and 

CONFIDENTIAL 



I 
I 

CONFIDENTIAL 44 

200 mm, but do occur as thick as 15 m. 

I The pebbles are generally well rounded and are com= 
posed mainly of quartz with lesser amounts of granite, peg= 

I matite and amphibolite. Metamorphism has not affected the 
• rocks to any significant degree, but the pebbles in the 

conglomerate do show some elongation. Bedding planes are 
I still easily recognizable, especially where the conglomerates 

are found. 

The quartzites are composed of quartz, microcline 
and plagioclase with smaller amounts of biotite and 
muscovite. Magnetite and zircon are the main accessory 
minerals. The matrix of the conglomerate is similar to the 
quartzite, but has a greater proportion of magnetite and 
zircon (ibid., p. 93). 

4.2 Chuos Formation (DgG ) 

The Chuos Formation is developed only at the foot 
of the western slopes of the Langer Heinrich Mountain. It 
is a rock type of uncertain origin and has been variously 

I described as a tillite, tilloid or diamictite. No 

evidence has been found to regard the Chuos Formation as 
being definitely of glacial origin (ibid.. p. 17). 

The rock is essentially schistose, having a cleavage 
direction parallel to the overlying schists of the Tinkas 
Formation. Metamorphism has elongated the pebbles parallel 
to the schistosity, giving the diamictite the appearance 
of an 'augen gneiss'. Quartz, quartzite and granite are 
the main constituents of the pebbles. Occasionally secretion 
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I 
quartz veins are found. 

• Mineralogically , the matrix is composed of quartz, 
plagioclase, microcline, biotite and muscovite. I 
4.3 Tinkas Formation (D4 5) 

The Tinkas Formation covers the largest area in the 
region mapped. It forms the prominent 5chieferberge in the 
south and the Augawibberge in the south-east. 

The most striking feature of these rocks is their 
banded appearance due to alternating fine-grained pelitic 
schists and calc-grancfels bands. Vhe thicknesses of the 
bands vary, with the latter not exceeding about 1 m. On 
outcrop, the calc-granofels is more resistant to weathering 
and stands out as a low narrow ridge. 

Calc-granofels bands are 'massive and non-foliated' 
except where gneissic structures have developed in tight 
folds (ibid., p. 65). In hand-specimen, the rocks are 
melanocratic, sometimes greenish, fine-grained and extremely 
hard. Texturally they are either porphyroblastic or seriate 
(ibid. , p. 67). Quartz, plagioclase and diopside are 
generally the major constituents. Other minerals such as 
microcline, hornblende, garnet, calcite and scapolite are 
also present to a greater or lesser extent. 

The mineralogical assemblages of the pelitic schists 
belong to the amphibolite facies and correspond to the medium 
and high grades of metamorphism. Within the area mapped, the 
schists fall in the medium grade, as separation of the grades 
is found further to the north, at the 'beginning of anetexis 
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in gneisses* isograd (ibid.,pp. 92 and 129). 

The rocks are fine-grained with lepidoblastic texture 
and are composed of quartz, plagioclase, biotite, K-feldspar 
and cordierite. Minor minerals such as muscovite, sillimanit 
andalusite and garnet are commonly found. (ibid., p. 93, 
Table 17). Biotite is responsible for the lepidoblastic 
texture. 

4.4 Salem Granite (Gna) 

The 5alem granite is located to the north-east of 
the area. Good exposures, although very weathered, are 
found in the Tinkas River. 

It is a porphyritic biotite granite, medium to 
coarse grained, and has a composition varying between 
granodiorite and granite (ibid. , p. 144, Fig. 54). 
Mineralogically, the 5alem Granite contains quartz, 
microcline, plagioclase and biotite. rhenocrysts consist 
of microcline perthite. 

Stratigraphically the Salem Granite occurs above 
the Etusis Formation in the zone normally occupied by the 
Tinkas Formation. 

4.5 Bloedkoppie Granite (G x) 

The Bloedkoppie Granite is the main granite found 
in the area, and is situated south-east of the Langer 
Heinrich Mountain. Its most striking physical feature is 
the prominent whale-back dome, called the Blutkuppe by the 
early German pioneers. Smaller granite outcrops are found 
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I 
sporadically in the Bloedkoppie Flats which extend eastwards 

| (Plate 1). 
_ Intrusive features of the Bloedkoppie Granite are 
• shown by cross-cutting relaticr.ships to the Tinkas Formation. 
• Low intrusion temperatures are indicated, for there has been 

little alteration of the country rock, although in some 
I localities migmatization and partial granitization over 

distances of a few tens of millimetres can be seen. 
I Xenoliths are well represented and those of the Tinkas 
I Formation are orientated towards the north-east. This 

indicates that the Bloedkoppie Granite was implaced during 
the period of regional deformation of the Damara Orogen 
and is therefore probably late-syntectonic in age. There is 

t a notable difference between the xenoliths of the Tinkas 
and Etusis Formations, for the latter show a greater degree 
of alteration, whereas the former are hardly affected except 
for the smaller rafts. 

The north-east orientation of xenoliths is parallel 
to younger aplitic intrusions and fracture patterns, along 
which deep weathering has produced gorges in the Bloedkoppie 
itself. In a north-westerly direction a second fracture 
pattern has developed containing coarse-grained secretion 
pegmatites. These pegmatites are pinkish in colour, with 
biotite and tourmaline crystals orientated at right angles 
to the contacts (Plate 2). Both fracture patterns cross 
each other at angles varying between 30° and 70°. 

The Bloedkoppie Granite is very similar to the 
Salem Leucogranite, but is slightly more potassic (Jacob, 
1974, p. 145). It is a medium-grained, but locally coarse-
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I 
grained, leucogranite with quart2, microcline, plagioclase 

I and biotite as the main constituents. Accessory minerals 
such as zircon, apatite, allanite and ore are present. In 

I places, the quartz grains are slightly smokey. Grain sizes 
* of the feldspars vary locally up to 25 mm in longitudinal 

section. Texturally the rock is hypidiomorphic granular and 
I has graphic intergrowths. 

It was virtually impossible to obtain a fresh sample 
from the Bloedkoppie Granite pluton. Large sections of the 
granite were so weathered that individual grains had almost 
no coherence. Even the freshest pieces of granite had iron 
rims around biotite flakes, indicating that iron was gradually 
being released from the crystal structure as a result of 
weathering. Plate 3 illustrates typical weathering in the 
feldspars. 

Unusual weathering features are developed on the 
Bloedkoppie Granite, and three basic types emerge. The first 
is exfoliation on both large and small scales, the former being 

' more conspicuous on the Bloedkoppie dome, where large granite 
i 

slabs cling to the steep slopes. Secondly, there is a 
I type of weathering that results in a spongy texture and is 
. referred to as alveoles (Plate 4). Thirdly, the development 
" of large caverns (Plate 5) termed tafoni are to be found. 
I Both alveoles and tafoni as found in other deserts of the 

world have been described by previous authors, but they occur 
I most frequently in the foggy coastal type to which the 

Namib Desert belongs (Cooke and Warren, 1973, p. 58). 
I The shapes of the alveoles vary, but all have an 
* essentially rounded entrance and the direction of penetration 
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PLATE I Bloedkoppie Granite dome viewed across ihe Bloedkoppie Flats from the Augawibberge, with 
the Langer Heinrich Mountain in the background to the north. Granite outcrops in the middle 
foreground. 

PLATE 2 Secretion pegmatite in the Bloedkoppie Granite with biotite crystallizing along and normal to 
the contacts. 
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of the hole is randomly orientated. No preferential siting 
of alveoles in the granite face is apparent, for they are 
not necessarily located towards the direction of the 
prevailing wind^. Holes, in places, have completely eaten 
through the granite. The entrance sizes vary between 30 
to 50 mm in diameter, and the holes penetrate up to 300 mm 
into the rock. 

On a much larger scale, tafoni have developed on the 
north-facing slope of the Bloedkoppie. The size of these 
varies between 2 to 10 m in height and 4 to 20 m in length, 
with a depth penetration of as much as 10 m. All have arch-
shaped entrances, with some flatter than others. Inner 
surfaces are concave and irregular (Plate 5). The origin 
of both alveoles and tafoni is puzzling, particularly with 
regard to the former. Granular disintegration, unevenly 
distributed on the rock surface, seems to be the most 
plausible explanation for the formation of the alveoles. 
Loci of disintegration bear no obvious relationship to a 
wind direction that could carry sand particles or nuclei 
of moisture. 

Onshore fogs commonly penetrate inland as far as the 
Langer Heinrich (about 100 km from Swakopmund) and the 
dissolved salts they bear act as chemical etching agents. 
Penetration into the granite is by mechanical means and 
chemical reaction in microcracks along intergranular 
boundaries at the point of weakness. Mc evidence of salt 
crusts is found in the alveoles, but these may have been 
removed by rainfall. 
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PLATE 3 Photomicrograph showing weathering effects in the feldspars. Crossed nicols. Magnification 
x50. 
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PLATE 4 Alveoles in the Bloedkoppie Granite. 

PLATE 5 Tafoni 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 directi'onal aspect of the tafoni infers that 
a weakness at a point in the granite was brought about and 
aggravated by environmental factors such as differential 
temperatures and corrosive solutions. A north-facing slope 
in the southern hemisphere accumulates a greater amount of 
heat during the day than do southern slopes. This may have 
been sufficient to form a crack in the granite and thereby 
initiate a tafoni. 

Examination of the inner faces of the tafoni shows 
that flaking and disintegration are taking place simultaneo 
ly, producing a constantly crumbling surface. 5alt precipi 
tion between the flakes is common. This indicates that the 
flaking is caused by initial chemical reaction, probably 
hydration of feldspars, followed by differential volumetric 
expansion of crystallizing salts. 

X-ray diffraction analysis reveals that the chief 
constituents of the salt crust are sodium chloride and some 
other hydrated salt (probably a hygroscopic type) of which 
identification was not possible. A partial chemical analys 
of the salt crust is given in Table 2. 

Neither alveoles nor tafoni were found in the 
quartzites and schists of the Etusis and Tinkas Formations 
or the Gawib Granite, but they are locally developed in the 
Salem Granite. This observation therefore implies a 
textural and possibly a compositional control of the 
respective rock types, thereby inhibiting or promoting the 
formation of alveoles or tafoni. 
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TABLE 2: PARTIAL' CHEMICAL ANALYSI5 OF THE SALT CRUST 
ACCUMULATING IN A TAFONI ON THE BLOEDKOPPIE 

C a t i o n % An ion % 

Ca 1.0 Cl' 52 ,6 

Mg 1,0 so?" 2,9 

Na 2 4 , 1 NO; 0,13 

K 0,04 cor 0,56 

4.6 Gawib Granite (G3 ) 
The Gawib Granite is situated in the south-western 

corner of the area. Structurally, it forms a pluton, with 
intrusive and cross-cutting relationships to the Tinkas 
Formations. It appears to be a composite intrusion of 
which the outer gneissic margin is older than the locally 
porphyritic interior. No large prominences are present 
as in the case of the Bloedkoppie Granite, but the Gawib 
Granite consists of rounded onion-foliated boulders of 
up to 2 m in diameter. The colour of weathered surfaces is 
an earthy brown . 

The gneissic margins are granodioritic, Jut towards 
the centre the composition becomes more granitic (Jacob, 1974, 

p. 147). 
Quartz, plagioclase, microcline, biotite and 

hornblende are the chief constituents, with epidote and 

sphene the main accessory minerals. Compared with the 

Bloedkoppie Granite the amount of microcline is much less, 

whereas the plagioclase and biotite contents are considerably 

greater. 
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4.7 Horebis Granite (G R) 

The Horebis Granite in outcrop is small and develope 
as a stock on the extreme west of the area. Contacts with 
other rock types are covered by sediments of the Gemsbok 
calcrete formation, but contact with the Gawib Granite is 
inferred, for in one locality they are separated by only 
one metre of soil. 

It has an unusual spotted appearance due to the 
clusters, 10 to 30 mm in diameter, of black tourmaline. 
Both red and white varieties are found. Texturally, it 
is aplitic and composed of quartz and microcline with 
minor plagioclase. 

4.8 Pegmatites 

Pegmatites cover most of those types described by 
Jacob (1974, p. 154). The oldest type are the syntectonic 
homoqeneous varieties developed in the regional foliation 
planes. The bulk of pegmatites, however, belong to the 
heterogeneous class, consisting of zoned and layered types, 
the latter being the more abundant of the two. 
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5. GENERAL GEOLOGY DF THE YOUNGER FORMATIONS 

In the area of study surficial deposits cover large 
low-lying areas such as the Gawib River Valley, Gawib Flats, 
Tumas River valley and certain areas of Dorstrivier. Basement 
rocks are exposed as mountains, inselbergs and canyons through 
this cover. The surficial deposits consist mainly of 
siliceous clastic material that has been cemented with 
calcite and/or gypsum. The nature of the elastics is 
variable. Particles are both rounded and angular, with sizes 
as small as 2 u.m in clays to boulders of several metres in 
diameter. 

The terminology adopted was an attempt to incorporate 
into the definitions some of the features mentioned above. 

Duricrust 

A general term for a rock formed in semi-arid and 
arid climates by the accumulation, in clastic materials, of 
minerals that have been precipitated from waters carrying 
dissolved ions in solutions. The nature of the precipitate 
can be calcium carbonate, calcium sulphate, silicon, 
aluminium,etc. 

Calcrete 

A duricrust containing calcium carbonate (calcite) 

cement. 

Gypcrete 

A duricrust containing calcium sulphate (gypsum) 

cement. 
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Six varieties of calcrete have been reported from 
Southern Africa (Netterberg, 1>71, p. 2-6), viz»calcified 
soil, powder calcrete, nodular calcrete, honeycomb calcrete, 
hardpan calcrete and boulder calcrete. The classification 
is basically genetic, each type representing a stage in the 
development of calcrete (ibid.. p. 8, Table 1). The sequence 
is essentially a time-based function according to which the 
calcium carbonate content increases with age. 

Only three of the six calcrete varieties are re= 
presented at the Langer Heinrich, viz the calcified soil, 
the hardpan calcrete and boulder calcrete. For the purpose 
of this discussion, however, the term calcified soil is 
replaced by a synonymous term, calcified breccia-conglomerate, 
According to the Glossary of Geology (1972, p. 91), 
breccia-conglomerate is defined as 'a sedimentary rock 
consisting of both angular and rounded particles' and this 
describes more precisely the nature of the clastic host 
material being dealt with in this study. 

According to Netterberg (1971, p. 2-6), calcified 
breccia-conglomerate represents the youngest variety of 
calcrete which in places is not well cemented, having 
calcium carbonate values between 10 and 50 per cent. 
Hardpan calcrete is an older and better developed 
calcified breccia-conglomerate, and has a higher calcium 
carbonate content. It forms a sheet-like layer over less 
consolidated and developed calcrete. Boulder calcrete is 
a disintegrated and weathered variety of hardpan calcrete. 

Four stages have been recognized in the formation 
of calcrete horizons (Gile et al. 1966, p. 354) as follows: 
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5taqe Carbonate Morphology 
1 Thin discontinuous pebble coatings. 
2 Continuous pebble coatings. 
3 Many interpebble fillings forming a plugged zone. 
4 Laminated zone overlying plugged zone. 

Discontinuous segregations form in the initial stages 
of calcium carbonate accumulations. As calcium carbonate 
precipitation proceeds, the zone becomes more continuous 
until the plugged stage, termed the k-horizon, is reached. 
Finally a laminated zone, having a high CaCD9 content, 
forms upon the k-horizon. 

Gypcrete can be classified in a similar manner as 
calcretes, and those represented are powder gypcrete, vuggy 
gypcrete and consolidated gypcrete. Powder gypcrete is a 
surface accumulation and is the youngest in the stages of 
development. Beneath the ground surface vuggy gypcrete forms, 
and consists of a zone of small interlocking desert roses. 
The oldest form is the consolidated gypcrete, which is 
similar to the hardpan calcrete in appearance. 

The gypcretes of the Namib Desert are very extensive 
and form a veneer over most of the calcretes iri the area 
being investigated. It appears that towards the coast the 
ratio between the gypsum and calcite contents of the 
duricrusts increases as shown in Fig. 2. The vertical 
scale gives the relative percentage of each component. 
At 5wakopmundf and this may apply to the whole of the 
Namib Desert along the coast, the duricrusts consist mostly 
of gypcrete, but at the Langer Heinrich the gypsum veneer 
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is very thin and the calcite predominates. 

Fig. 2: A schematic relationship between gypsum 
and calcium contents of the duricrusts 
in the Namib Desert with respect to the 
degree of aridity. 

Schematic profiles through the superficial duricrust 
deposits to the basement rocks are given in Fig. 3. 

GEMSBOK CMCRETE 
FORMATION 

- — UNCONFOIHMTY 
— -- MM0MN 

IANGE* MEtNJMCH CALCRETE 
FORMATION 

— UNCONFORMITY 

BASEMENT NOCKS 

(a ) 

TUMAS GtrCMElE 
FORMATION 

(b) 

Fig. 3: Schematic profiles through the superficial 
duricrust deposits to the basement rocks at 
(a) The Langer Heinrich area; 
(b) Von 5tryks 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 Fig. 7). 

5.1 Geomorpholoov 

Before describing the geology of the duricrust 
deposits, it is necessary to consider briefly the geomorpholo 
gical sequence of events that culminated in the formation of 
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the present-day landscape of the Namib Desert. Greater 
emphasis is placed on the Gawib River and environs, as 
that area was mapped in greater detail. 

I 
| t 5.1.1 Palaeqeomorpholoqy 

The Namib Plain and the sediments comprising it are 
the consequence of successive erosion cycles (King, 1963; 
Dixey, 1955, p. 5-15; Gevers, 1942, p. 63; Truswell, 
1971, p. 139-142) and the sequence of events is given in 
chronological order in Table 3. Following the separation 
of Africa from Gondwanaland, continental margins were 
warped downward by monoclinal flexing during early and mid-
Cretaceous, thereby initiating a cycle of Post-Gondwana 
erosion. This was terminated by uplift in the late-
Cretaceous, where the axis of greatest elevation was along 
the marginal zones of the continent. Lesser uplift took 
place on the outward and inward flanks of the axis. A new 
erosion cycle began, lasting between early Senonian and late-
Oligocene and culminating in the African erosion surface. 

1 During this time humid conditions prevailed. 
By the end of the Miocene, epeirogenic uplift brought 

I about erosion of the African surface to produce the widely 
distributed Post~African landscape. Final uplift in the 

' late Pliocene and early Quarternary tilted the margins outward. 
» It is thought that this period of uplift was of a multicyclic 

nature. Erosion eventually produced the Quarternary surface. 
A feature of this last uplift was doming along a central axis, 
making the Namib Plain slightly convex. 
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TABLE 3: CHRONOLOGICAL DEVELOPMENT OF THE NAMIB DE5ERT 

CA
IN

OZ
OI

C 
QUARTERNARY HOLOCENE or RECENT 

PLEI5TOCENE 
CA

IN
OZ

OI
C 

TERTIARY 
PLIOCENE 
MIOCENE 
OLIGOCENE 
EOCENE 

ME
50
Z0
IC
 

CR
ET

AC
E0

U5
 

UP
PE

R DANIAN 
5EN0NIAN 

ME
50
Z0
IC
 

CR
ET
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E0

U5
 

LO
WE

R 

TURONIAN 
CENONANIAN 
ALBIAN 
APTION 
NEOCOMIAN ME

50
Z0
IC
 

JURA55I C 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
B. 

9. 
10. 

Gondwana erosion surface 
Fragmentation of Gondwanaland - continental drift 
Downwarping, marine transgression 
Post-Gondwana erosion surface 
Uplift 
African erosion surface, humid climate, formation of 
initial Gawib and Tumas River Valleys. 
Uplift 
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 
Valley between the Langer Heinrich Mountain and the 
Schieferberge is probably of Post-Gondwana and African 
erosion surface age. This was therefore the paleeotopo» 
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I 

I 

I 

graphic base upon which the sediments, as found today, were 
deposited. 

Fig. 4 illustrates diagrammatically the geomorphologica 
development of the Gawib River Valley. Structural, erosional 
and sedimentary features can be traced up to the present 
time. 

5.1.2 Modern qeomorpholoqy 

The Gawib River drainage system is fed by tributaries 
originating between the Tinkas watershed in the east and the 
Gawib watershed in the west (Map 1). Most of the water that 
has flowed through the Gawib River Valley drained off the Tink 
watershed, deriving the bulk of its volume from the slopes of 
the Augawibberge and the Langer Heinrich Mountain. In the 

I west, the Gawib watershed feeds water into streams running 
_ off the Schieferberge. 
• Mountainous terrain surrounds the Gawib River Valley. 
I The Langer Heinrich Mountain to the north has an altitude 

of 1 052 m. The Schieferberge to the south are less 
I impressive, attaining heights of 82D m. The mountains are 

in a youthful stage of erosion, characterized by steep -
sided valleys and gullies. 

I Fanglomerates are characteristic of desert snviron= 

ments (King, 1963). In the Gawib River Valley a remnant 
terrace of the Gemsbok calcrete formation has been preserved 
in an enclave of the more competent quartzites of the 

I Etusis Formation (Plate 6). Normally fanglomerates in 
i deserts advance outward from the mountain fronts, but in this 
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1. Deposition of continental breccia 
on African surface. 

2. Initiation of the Langer Heinricb 
calcrete formation in desert 
conditions. 

3. Precipitation of CaCOs. 

1. Uplift at end of Miocene. 
2. Erosion of calcrete. 
3. Continued precipitation of CaCD,. 
4. Lan'ger Heinrich calcrete formation 

completed, but partially eroded. 

1. Multicyclic uplifts in the Pleisto= 
cene 

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

1. Continued Pleistocene uplift. 
2. Present Gawib River channel formed, 

filled with Recent alluvium. 
3. This was contemporaneous with 

erosion of Khan and Swakop River 
canyons. 

m » i . . -I .' ' 
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LANGER HEINRICH CALCRETE FORMATION 

GEMSBOK CALCRETE FORMATION 

Fig. 4: Geomorphological development of the 
sediments in the Gawib River valley 
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case it is purely an erosional type. Mabbutt (1952, p. 345) 
describes similar terraces in the Ugab River Valley. 

Formation of the fanglomerate in the Gawib River 
Valley is considered to have taken place by three processes: 
(a) Erosion by the Gawib River when in flood. 
(b) C osion by cross-cutting tributaries originating 

from the Langer Heinrich Mountain. 
(c) Mechanical rock-falls due tb undercutting by wind 

and water erosion. 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). 
Continuation 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 

that are devoid of vegetation. They are surfaces which are 
covered by angular to round quartz pebbles of different 
sizes with diameters of up to 50 mm. The packing density of 
the pebbles is variable and it was observed that those areas 
with high packing densities contain pebbles that are rounder 
(Plate 6). This suggests that the denser the packing and 
the rounder the pebbles, the longer the stone pavement has 
been exposed to deflationary processes. 

Stone pavements are formed after the removal of finer 
material by wind and/or water action, leaving a pebble residue 
on the surface. Loose boulders lying on top of the Gemsbok 
calcrete formation have been subjected to negligible 
cementing due to this phenomenon. 
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5.2 Lanqer Hejnrich Calcrete Formation 

The calcretes of the Langer Heinrich calcrete 
formation consist of the three types mentioned earlier. 
Calcified breccia-conglomerate forms the bulk of the 
formation and only in the north-east does a remnant 
hardpan calcrete unit remain (Map 1). Boulder calcrete 
is unimportant for it consists of loose boulders scattered 
in the alluvium. 

The Langer Heinrich calcrete formation is a desert 
fluviatile sediment which was deposited and cemented in 
wadis of the Gawib River during the dry middle to late 
Tertiary. (The term 'Wadi' as applied in this context 
is the same as that used by Glennie (1970, p. 29), which 
implies 'a form of fluviatile transport which is sporadic 
and abrupt' ). 

Evidence of deposition by water is shown in 
Plate 9. The larger and flatter pebbles of schist and 
quartzite are aligned in a westerly direction, suggesting 
a river flow parallel to the Gawib River today. Microscopic 
examination of orientated hand samples, taken from several 
localities along the Gawib River, showed no visual lineation 
of the smaller sand particles. 

The calcified breccia-conglomerate is generally 
medium to coarse-grained with grain sizes between 0,5 and 
45 mm. The distribution of grain size in the outcrops is 
not uniform, for in parts it is finer grained that in others. 
Grain sizes between 0,5 mm and 15 mm with an average of 2-3 mm 
constitute the finer-grained material. 
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PLATE 6 Aerial photograph showing the fanglomerate of the Gemsbok calcrete formation in the Gawib 

River Valley. 
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PLATE 7 Caverns and overhangs in the Gemsbok calcrete formation formed by deflationary processes. 

PLATE 8 Stone pavement on the Gawib Flats composed of angular to rounded quartz pebbles. 
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The pebbleb are predominantly quartzite with lesser 
amounts of granite, quartz (sometimes smokey), feldspar and 
schist. 

Rounding in the grains varies considerably and is 
dependent largely on their composition and fabric. Those 
pebbles which show bedding planes and schistosity are the 
least rounded, for example, the quartzites and schists of the 
Etusis and Tinkas Formations respectively. Quartz, granite 
and pegmatite pebbles have the highest degree of rounding. 
Most of the rounded pebbles have probably been derived from 
the conglomerate bands in the Etusis Formation, as water and 
river action is too sporadic to be of any significance. 
Glennie (1970, p. 33) points out that roundness is not a 
guaranteed criterion for indicating distance from source. 

The mineraiogiral components of the calcified 
breccia-conglomerate are mainly calcite, quartz and feldspar, 
minor biotite and carnotite, with accessory 'lay such as 
montmorillonite and attapulgite. Dolomite is absent, which 
agrees with the statement of Mackenzie and Bricker (1971, 
p. ?A1) that dolomite cements do not form in younger sediments. 
Microscopical and X-ray diffraction analyses of heavy 
mineral concentrates in several samples show the presence 
of diopside, hornblende, biotite, ore, garnet, tourmaline, 
sphene, zircon, apatite as allogenic minerals as well as 
carnotite. This assemblage seems to be fairly general and 
indicates a provenance of pegmatites, Bloedkoppie Granite, 
schists and granofels of the Tinkas Formation, and the 
quartzites of the Etusis Formation. Carnotite is a mineral 
which was precipitated from solution and is therefore authigenic, 
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PLATE 9 Flatter pebbles of schist in the Langer Heinrich calcrete formation orientated in the direction 
of waterflow as shown by the arrow. 
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MontmorHlonite and attapulgite represent weathering 
products. Attapulgite is found in those calcretes which have 
a slight greenish colouration, and predominates locally towards 
the west where the Gawib River turns northward. Montmorillonite 
is widely distributed and is found in the normal greyish 
calcrete. 

Calcite and gypsum accumulation in the detrital 
material shows peculiar characteristics. The growth of 
crystals from solutions results in the detrital fragments 
being pushed apart. A stage is eventually reached where the 
grains are pushed apart to such an extent that they are nc 
longer in contact with one another and 'float' in a sea of 
calcite or gypsum. The result is that there is an expansion 
of the sediment as a whole. If this expansion is large 
enough in a horizontal direction, pseudo-anticlines and 
synclines may develop (.Gioudie, 1973, p. 61). Plate 10 
shows that there are no two detrital grains in contact. 
With an increase in age of the calcrete, the distance between 
the grains becomes larger. Plate 11 is particularly interes= 
ting, and demonstrates how the 'pages of a biotite book' 
have been separated by calcite precipitating between them. 
Goudie (1970, p. 42) reports that pressures resulting from 
crystal growth may reach approximately 5 000 kPa. Such 
pressures are sufficient to shatter rock fragments of which 
the tensile strength lies between 2 0D0 and 20 000 kPa. 

Certain parts of the Langer Heinrich calcrete 
formation have a lower degree of calcification than others 
and Plate 12 illustrates such an example. The black areas 
are pore spaces, and the degree of separation of the grains 
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is not as large ás that illustrated in Plate 10. Typically, 
the pores are located mainly along surfaces of the detrital 
grains and cut across calcite crystals to a lesser extent. 
Calcreta with this open structure may be considered to be 
the main acquifers which afford passageways to potentially 
mineralizing solutions. 

A second generation of calcite precipitation has 
resulted in the filling of the pore spaces. Plate 13 shows 
rims of younger calcite surrounding the rock fragments. 
Within the calcite matrix, and also contributing to the 
cement, is carnotite (black crystals in Plate 13) which 
has a good platy morphology. In other cases carnotite 
exhibited no external crystal structure and it appeared as 
a generally amorphous mass. 

In thin section, carnotite is almost opaque, having 
a dark green colour, whereas in polished section it is a 
translucent yellow. 

Plates 14(a) to (c) and 15(a) to (c) are electron 
photomicrographs of carnotite mineralization in calcrete. 
Within the lower part of Plate 14(a) amorphous carnotite 
is concentrated, the presence of which is confirmed by 
the electron scatter photographs of uranium and vanadium 
in Plates 14(b) and (c) respectively. Carnotite with a 
platy structure is exhibited in Plates 15(a) and (b), 
the latter of which is an enlargement(x 3) of the former. 
Note the corresponding distribution of carnotite and uranium 
in Plates 15(a) and (c). 

Carnotite is thought to have precipitated in the 
calcrete at about the same time as the second generation 
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PLATE 10 Photomicrograph l o w i n g ÍIIÍJ ous ;iiin DH.T o f fte+rit=ïi 

C ~- caicitL'. Magnification x 30. 
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PLATE 11 Photomicrograph showing how the pages of a biotite 'book' have been separated by the 
precipitation of calcite between them. Magnification x 50. 
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PLATE 13 Photomicrograph showiny nms of second generation calcite surrounding detrital grains. The 
black iireas arc corruititn r.rvMrilr, in a Vjht<," c-••«.;Ítc mat'ix. Magnification x 50. 
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calcite. Characteristically, carnotite surrounds the 
detrital grains in the same way as the second generation 
calcite and is to a lesser extent crystallized as inclusions 
in single calcite crystals. Should it occur within the 
calcite matrix, some distance away from a detrital grain, it 
is often found on or close to boundaries of interlocking 
calcite crystals, which provided a more limited passageway 
to mineralizing solutions. The intimate association between 
rock fragments and carnotite, with the latter having crystal= 
lized in original pore spaces, is illustrated in Plate 16. 
Langford (1974, p. 519) noted similar features in the 
Yeelerrie uranium deposit of Western Australia. 

Therefore it is concluded that there are at least 
two ages of calcite precipitation, with the first taking 
place on a much larger scale than the second. The latter 
had the tendency to seal up the pore spaces, and an examina= 
tion of Plates 13 and 16 show that there is almost no visible 
pore space remaining. A notable feature of the uranium 
mineralization is that it is monominerallic, having only 
carnotite present. 

The hardpan capping of the Langer Heinrich calcrete 
formation lies stratigraphically above the calcified breccia-
conglomerate, but is no longer found in contact with it. 
Plate 17 shows the hardpan calcrete overlying the Bloedkoppie 
Granite. Remnant boulders, i.e. boulder calcrete, are found 
scattered on the Bloedkoppie Flats. This suggests that the 
hardpan calcrete at one stage covered at least an area to 
the east of the region mapped. 
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E l e c t r o n 
photomicrograph 
of amorphous 
carnot i te in 
c a I c r e t e . 
Magnification x 
1000. 

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

PLATE 14(c) Electron scatter 
photomicrograph 
of vanadium of 
the same area in 
Plate 14(a). 
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PLATE 15U) E l e c t r o n 
photomicrograph 
of piaty carnotite 
in ca lcre te . 
Magnification x 
1000. 

PLATE 15(b) E l e c t r o n 
photomicrograph 
of platy carnotite 
in c a I c r e t e . 
Magnification x 
3 000. 

PLATE 15(c) Electron scatter 
photomicrograph 
of uranium of the 
same area in Plate 
15(a). 
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PLATE 16 Photomicrograph showing the crystallization of carnotite (black areas) around detrital 
fragments. 
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PLATE 18 Photomicrograph of the hardpan calcrcte. Detrital grains are set in a semi opaque ferrugenous 
calcite 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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Away from.the Bloedkoppie Flats and westward into the 
Gawib River Valley the harcpan calcretes is not found at the 
contact between the Langer Heinrich calcrete and Gemsbok 
calcrete formations. This may be an erosional feature, 
since it was removed prior to the deposition of the latter. 

In outcrop, the hardpan calcrete is also a breccia-
conglomerate, having pebbles as large as 200 mm but generally 
averaging 20-30 mm in diameter. The matrix is a semi-opaque, 
fine-grained, brown-coloured ferrugenous calcite. (The 
presence of iron in the calcite was confirmed by qualitative 
electron probe analysis). Compared with the calcified brecci 
conglomerate, the detrital grains in the hardpan calcrete 
have a higher degree of separation, which suggests a greater 
CaC03 content. This is substantiated by a higher CaO 
content in the analysis (Table 28)- Larger grains 
have a higher degree of roundness than the smaller sand 
particles (Plate 18 ) . 

Fractures and original pore spaces have been filled 
with a second generation calcite which is not opaque. This 
implies that the conditions for the precipitation of the two 
types of calcite were dissimilar, for the latter phase 
contained no iron. It will be remembered that in the 
calcareous breccia-conglomerate two similar phases of calcite 
precipitation took place, the last one concurrent with the 
carnotite mineralization. Therefore this may provide evidence 
that the conditions under which the cogenetic carnotite and 
second generation calcite formed were at variance with 
those of the primary epigenetic calcite. 
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No uranium mineralization was found in the hardpan, 
but boulder calcrete lying in the alluvium of the Bloedkoppie 
Flats contained uranium in places (Table 28, sample LH-24). 
Gypcrete accumulations at the Langer Heinrich are included 
in this section because they are found to be mainly associated 
with the sediments of the Langer Heinrich calcrete formation. 
Information about the gypcrete was obtained from one cutting 
in the Gawib River bed. Fig. 5 is a diagrammatic sketch of the 
profile which was only about 1 m deep. Gypsum does, however, 
extend to greater depths. Sample HJ1-1, from borehole HJ-1 
which is in the same vicinity as the profile in Fig. 5, has 
a sulphate content of 12 per cent at a depth of 0,5 m (Table 27). 
The sulphate tends to decrease with depth and reaches an average 
background value of between 0,01 and 0,02 per cent. 

5.3 Gemsbok Calcrete Formation 

In the Gawib River Valley the Gemsbok calcrete 
formation is preserved in enclaves of the harder basement 
of the Etusis and Tinkas Formations. Further west it 
forms the surface of the Gawib Flats. 

The Gemsbok calcrete fornation rests unconformably on 
the Langer Heinrich calcrete formation (Fig. 4(a)). Exposures 
of the contact are not very clear due to overlying scree and 
alluvium. Northwest of the area mapped, very distinct 
contacts were found in a stream channel. 

Profiles through the Gemsbok calcrete formation are 
seen in terraces in the erosional fanglomerates. A typical 
view through the formation, but not to the base,is illustrated 
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0 350 
mm + 
0 50 

150-200 

White powdery gypsum with interspersed pebbles. It 
shows no consolidation and has a powdery texture. 

Lamination zone of discontinuous layers of gypsum. 
Some layers are very pure gypsum. 

Semi-consolidated gypcrete containing lenses of powder 
gypcrete. 

Consolidated 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. 
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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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in Plate 19. Minor differences between profiles in other 
localities were noted, but they were in general fairly 
uniform. Lithological descriptions of three profiles are 
given in Fig. 6. The laminated (Plate 20) and stratified 
(Plate 21) zones do not occur throughout the length of the 
Gemsbc* caicrete formation. 

Broadly, the Gemsbok caicrete formation is a breccia-
conglomerate with similar lithological characteristics as the 
Langer Heinrich caicrete formation. It is well cemented with 
calcite and most pebbles are well pushed apart. Even larger 
boulders (Plate 22) up to 3DD mm in diameter have been 
separated, which again testifies to the high pressures 
involved during crystal growth of calcite. The upper layers 
of the boulder beds (Fig. 6(b)) have been partially cemented 
with gypsum, which may account for the absence of a laminated 
layer. 

Flatter pebbles of quartzite and schist are imbricated, 
indicating a general water direction away from the Langer 
Heinrich Mountain. 

Schist 'fragments are sometimes totally decomposed and 
only remnant outlines of the original pebbles still remain. 
The degree of weathering is so high that they have cjjiost 
been transformed into soil. 

Stratification is found where pebbles commcnly as 
large as 70 mm in diameter are aligned along bedding planes. 
In the case for the stratification presented in Plate 21, 
the beds dip towards the east. This is roughly perpendicular 
to the direction of the stream channel. Glennie (1970, 
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PI ATP 90 I nminatprl 7one of calcrete in the Gernsbok calcrete formation. 
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PLATE 22 Large boulders (up to 300 mm in diameter) have been pushed apart by calcite crystallization. 
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p. 30) mentions that the tyoe of sedimentation is related to 
the velocity of the stream, and that at lower stream 
velocities ripples may form at right angles to the direction 
of flow. At higher velocities the ripples become larger and 
arranged in the same direction as above. For the example 
shown in Plate 21 the velocity must have been fairly high to 
have formed the large ripples, several metres in wavelength, 
and to have carried the heavy load of pebbles. Furthermore, 
a slurry with a low water-to-sediment ratio is capable of 
supporting pebbles of greater size, (ibid. , p. 29). 

Mabbutt (1952) describes a terrace in the Ugab River 
Valley, which may be correlated with the Gemsbok calcrete 
formation, and dates it as lower to middle Pleistocene on 
the basis of artifacts. Archaeologically this corresponds 
to the Chelles-Acheul age, between 45 GOO and 500 ODD years. 
(Netterberg, 1969(a), p. 89). 

5.4 Tumas Gypcrete Formation 

The Tumas gypcrete formation consists of the gypcrete 
in the Tumas River Valley. 

Lithologically the rocks are similar in appearance 
to the calcretes of the Langer Heinrich and Gemsbok calcrete 
formations, but in this case the cement is ccmposed mostly 
of gypsum in the upper layers. 

The three basic types of gypsum are the powder, vuggy 
and consolidated varieties. The powder gypcrete appears to 
be mainly a surface accumulation commonly associated with 
vuggy gypcrete which occurs just below the surface and 
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attains a maximum- depth of about 2 m. Vuggy gypcrete derives 

its name from the cavernous structure it develops, which has 

the appearance of microcaves due to the crystallization of 

interlocking desert roses. Both powder and vuggy gypcrete 

are fairly pure as they contain very little detrital 

material. Carnotite has crystallized in patches and is not 

uniformly distributed; it therefore appears to be epigenetic 

with respect to the gypsum. 

The consolidated gypcrete lies below the vuggy gypsum, 

and the best exposures are seen in Von Stryks pit. It is an 

indurated, well cemented and hard breccia-conglomerate. There 

is no evidence of desert roses, the disappearance of which is 

a consolidation effect. Sporadic carnotite mineralization 

is found towards the top of the consolidated gypcrete, but 

lower down in Von Stryks pit it vanishes. 

Pebbles are both angular and rounded. The latter 

type were probably derived from thick conglomerate bands 

of the Etusis Formation nearby. The largest pebbles found 

were 200 mm but usually they were only about 10 mm in 

diameter. The 'pushing apart' effect of the gypsum was 

noticeable. 

Fig. 7 is a preliminary interpretation of a seismic 

profile down th» 15° 00' line of longitude. The inter= 

pretation is tentative and subject to revision, but has never» 

thele9s yielded a considerable amojnt of useful data. 

Four basic seismic velocities were detected and 

interpreted as follows: 

570- Unconsolidated sand and gravel, probably including 

alluvium and powder, and vuggy gypcrete. 
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Fig. 7: A seismic profile down the 15P line of 
longitude. (CourtesytAnglo American 
Prospecting Co. Ltd.) 
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1540 - Cemented,sands and gravels - consolidated gypcrete. 
2500 - This velocity has rot been interpreted successively 

as yet. Mr B. Corner, of the Geology Division of 
the Atomic Energy Board (personal communication), 
pointed out that some calcretes have a high degree of 
consolidation and can maintain seismic velocities 
similar to the basement rocks. By analogy this may 
apply to the consolidated gypcrete. 

3720 - Basement rocks. 

The seismic pattern derived seems to correspond with 
the facts as observed in Von Stryks pit, with the exception 
that no basement rocks were intersected in the latter due to 
its shallowness. The length of the profile is 8 km, with a 
gypcrete overburden of between 5 and 30 m thick. This 
indicates a broad and shallow pre-alluvium topography which 
is typical of early Tertiary erosion surfaces (Mabbutt, 195?, 
p. 3 r9). It is suggested that this profile may be fairly 
representative of the palaeotopography from the Gawib Flats 
to the present-day coastline. 
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6. THE GEOLOGY OF THE URANIUM DEPOSITS 

In this section the geological characteristics of 
the actual mineralized areas of the uranium ore deposits 
are discussed. 

6.1 Deposits in the Gawib River Valley 

Percussion drilling has been the main technique used 
in evaluating the ore-body. The resultant powders were 
radiometrically logged in the field using a calibrated 
scintillometer. Based on this information, the shape and 
nature of the ore-body was deduced. Unfortunately adequate 
sampling during percussion drilling is impossibe below the 
water-table. Thus, a complete assessment of the characteris= 
tics of the ore-body was limited and all information obtained 
concerned the upper portions only. It is known, however, 
that carnotite extends below the water-table. 

Initially a few conventional boreholes were drilled 
but proved unsatisfactory due to a very poor core recovery. 
A comparison of the CaC03 values of the powders from the 
boreholes (Table 27) reveals the presence of as little as 
2 to 9 per cent CaC0 3. This would account for the bad core 
recovery. In places the calcrete is therefore only partially 
consolidated and has a structure similar to that shown in 
Plate 12. 

Radiometric logs of the percussion borehole powders 
provided data for the construction of profiles depicting the 
shape, size and general morphology of the ore-body. Fig. 8 
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gives a selection of profil=s drawn by General Mining and 

Finance Corp. Ltd showing the configuration of the ore-body 

at cut-off values of 100 ppm eU 30 8. 
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Fig. 8: Profiles of the uranium ore-body in the 
Gawib River Valley as determined from the 
radiometric logs of the percussion borehole 
powders. The outline of the ore-body includes 
all those values above 0,1 kg eU 30 a/t or 
100 ppm eU 30 B. 

Structurally, the ore-body has a tabular shape but 

does lack continuity. Boreholes 4 and 5, for example, in 

profiles AD and AB respectively, did not intersect mrneraliza= 

tion, whereas adjacent boreholes did. In profile AA, ore was 

still being found at the water-table in boreholes 2 and 3. 

It is reasonable to assume that the uranium ore extends 

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

as observed in profile AGA. 
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The ore-body is not homogeneous for there is segrega= 
tion of the uranium ore into layers or pockets. This discon= 
tinuity of mineralization suggests a concretionary type of 
uranium accumulation. 

Although the vertical scale of the ore-body as depicte 
by profile C in Fig. 9 is exaggerated, it serves a useful 

NORTH C* 

"VILE C 

J tnttrpotottd txtffwen of ora-
-' body 

^ Shoot of art-body 

Fig. 9: A cross section of the ore-body through 
profile C which shows the relationships 
between the ore-body, water-table r.nd 
basement rocks. 
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purpose to illustrate certain aspects. Boreholes CI and C8 
were drilled to the water-table. The definition of the 
water-table is rather arbitrary, as the site geologist regarded 
it as the point where the emerging powder became damp. A fair= 
ly high degree of inaccuracy must therefore be involved. 

The profile of the basement rocks, as revealed from 
seismic data, is undulating, having a 10 m high hump to the 
south which rises to 25 m above the lowest point to the north. 
On this uneven floor lies the Langer Heinrich calcrete forma= 
tion in which the water-table is almost parallel to the contours 
of the underlying basement rocks. Towards the north, the 
depth of the water-table decreases significantly and ground= 
water is almost absent at borehole C8. Similarly, there is 
a corresponding reduction in the thickness of the ore-body. 
Therefore the shape and thickness of the ore-body seems to 
be governed in part by the height and profile of the water-
table above the basement rocks. Mineralization in borehole.':, 
CI and C5 was intersected at the water-table, and the 
extension below it has been inferred. This assumption is 
substantiated by comparing isopachs of the mineralization 
in Fig. ID with the seismic contours of the basement in Fig, 
11. (Fig. 10 indicates the locality of profile C while the 
locality of the area is given in Map 1.) Depressions in the 
basement rocks as shown by the seismic work correspond with 
thicker mineralized areas, particularly ir the area of 
profile C. 
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Fig. 10 A portion of the Langer Heinrich calcrete formation showing mineralization isopachs 
interpolated from percussion borehole data. Note position of profile C. (Compiled from maps of 
General Mining and Finance Co. Ltd.) 
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Fig. 11 Seismic isopachs interpolated from seismic refraction data ot th<> same locality as in Fig. 10. 
(Compiled from maps of General Mining and Finance Co. Ltd.) 
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6.2 Deposits in the Turras River Valley 

Very little information was available concerning the 

subsurface characteristics of the epigenetic uranium ore 

deposits in the Tumas River Valley, as no drilling work 

had been done. Surface outcrops, as well as airborne 

magnetic and aeroradiometric techniques have so far provided 

the only data. 

Fig. 12 is a schematic representation of a surface 

radiometric anomaly situated in the banks of the Tumas River. 

The radioactivity is confined to a reddish gypsum layer near 

the top. Values of 150 to 300 ppm e\J3Cti were measured by 

calibrated scintillometer. On top of the bank all radio= 

activity disappeared. The surface gypsum is powdery and 

contains poorly developed desert roses. About 100 mm below 

the surface the gypsum becomes the consolidated variety, 

and it seems that the occurrence is very similar to that in 

Von 5tryk's pit, except that no mineralization could be 

visually detected as it was too finely disseminated in the 

host rock . 

Turn» Riwr 

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

Axes of airborne magnetic anomalies and aeroradiometric 

anomalies south of the Swakop River, and including the Tumas 

River Valley, are superimposed as in Fig. 13. Only the 
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F i g . 13 Airborne magnetic axes and aeroradiometric 
anomalies for the area between the Swakop 
River and the 23 00' line of latitude. 
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aeroradiometric anomalies of epigenetic origin situated in 

calcrete and gypcrete are shown. Most of the anomalies lie 

above negative magnetic axes. The remainder, those that 

are cross-hatched, seem to be associated with drainage 

channels. 

Two types of uranium deposits are therefore indicated 

for this area. 

(a) The Tumas Type - epigenetic deposits in calcrete 

and gypcrete having a direct relationship between 

negative airborne magnetics and aeroradiometrics 

(Fig. 13). This type of deposit is given the name; 

Tumas because of its . ide occurrence in the Tumas 

River drainage systerr. 5uch a relationship implies 

that the source of the epigenetic uranium in the 

gypcrete 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 radioactivity is a secondary uranium dispersion 

halo which was precipitated by upwairl migration of 

mineralizing solutions. F i. tj. 1A is a diagrammatic 

sketch of the principles outlined above. 

(b) The Lanqer Heinrich Type - epigenetic deposits in 

calcrete and gypcrerte which are not related to 

negative airborne magnetic anomalies. These deposits 

are called the Langer Heinrich Type because the 

largest known and best developed deposit is situated 

in that vicinity. 
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Fig. 14: Diagrammatic representation of a Tumas 
type uranium deposit. Epigenetic uranium 
in gypcrete derived from a primary 
uranium source in alatAites. 

6.3 Offshore Marine Deposits 

The continental shelf off the coast at Swakopmund is 

approximately 100 km wide, upon which a series of basins, filled 

with diatomaceous muds, are situated. 

Geological prospecting for uranium in the basins was 

undertaken by Preussag AG of Germany, and Union Corporation 

Ltd. The purpose behind their investigation was to determine 

whether the muds of the basins contained economically viable 

uranium deposits. Mapping of the muds was done in both a 

horizontal and vertical direction using bathornetric and 

echographic techniques. Investigations covered an area of 

the continental shelf between 19° 00' 5 to 25° 30' 5 and 

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

Bathometric profiles showed that the continental 

shelf has a smooth gradual slope and lies between 50 and 150 m 

below the surface at distances of 10 and 70 km from the coast 

respectively. Meyer (ibid. , p. 315) points out that there 

seems to be no relationship between the morphology of the 

shelf and the distribution of the aiatomaceous mud. The muds 

in the basins cover 3 total surface area of 19 000 km2 and 
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have a maximum depth of about 15 
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Fig. 15 Four anaerobic basins on the continental 
shelf which are filled with diatomaceous 
mud. 
(a) Basins in relation to depth of water, 
(b) The distribution o f cranium in the 

b a s i n s . 

Four basins have been recognized (Fig. 15), the 
largest of which lies between 21° DO' 5 and 24° 00' 5, with 
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its centre just off Swakopmjnd. A protrusion situatet: 

off Swakopmund, normal to the strike of the basins, may be 

en infilled channel scoured out by the Swakop River. 

Because it is filled with diatomaceous mud, the relative 

age relationships indicate that it may have formed in the 

Tertiary, while the subcontinent was at a higher elevation 

ur at a lower sea-level. South of Walvis Bay a fault scarp 

structure occurs parallel to the coast. (Confidential files, 

Union Corporation Ltd). 

The mud is olive green in colour, with laminations 

due to slight colour variations. Essentially it is composed 

of skeletal diatoms (genus Chaeloceras)(Calvert and Price, 

1970, p. 594), organic matter, terrigeneous constituents and 

water (Table 4 ) . 

TABLE 4: GENERAL COMPOSITION OF THE DIATOMACEOUS MUD5 

Consti tuent % Reference 

Organic Matter 
Terriger)EOus material 

Water 

19-40 
6-34 

77-93 

Calvert and Price (1970, 
p. 594, Table 2) 

Meyer (1973, p. 316) 

Below the diatomaceous mud a siity to sandy layer 

was founo in places but at other localities there is a 

fossil shell layer containing remains of g;.>r tropods, 

lamellibrPnchs and sharks' teeth (Ksyer, 197?, p. 316). 

Palaeontological investigations date tha muds to be 

of Holocene age, but the lower fossil shell layer is late 
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Pleistocene. Relationships within the latter reveal glacial 

changes in the level of the ocean, especially during the last 

interglacial of Eetnian age. 

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

azoic, due to the absence of marine lift near the bottom. 

Characteristically, the muds have a high hydrogen sulphide 

content which has been responsible for the suffocating 

gaseous eruptions from time to time-. The origin of the azoic 

zone has been ascribed by them (ibid.) to a deficiency in 

the soluble oxygen content of the upwelled water of the 

Benguela Current. Conditions of this nature stimulate the 

activity of sulphate-reducing bacteria which have been found 

in the sediment (Eaturin, 1949, in Hard and Currie, I960, 

p. 204). 

b.4 Comparison Between the Lanqer HeinrJch, Yeelerrie 
and Wyoming Uranium Deposits 

Information concerning the Yeelerrie deposit was 

derived from Von Backstrom (1974), Dall'Aglio et al (1974) 

and Langford (1974), and that of Wyoming deposits from 

Rackley (1971) and Grutt (1972). There are some fundamental 

similarities between the ore deposits mentioned which are 

worthwhile enumerating. These are listed in Tables 5 and 

6. 

Certain similarities between the I.anger Heinrich and 

Wyoming uranium deposits are compared in Table 6. The major 

dissimilarity is, however, the nature of the diagenesis, for 

the former is a calcrete occurrence whereas the latter is 

r• f(;..;F H i m í AI 
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mainly a sandstone with little calcite. Grutt (1972, p. 74) 

mentions that the location of calcareous concretions and 

calcareous cemented sandstones in relation to uranium 

deposits may be a possible exploration guide. As yet no such 

deposits have been reported in the USA. 

TABLE 5: COMPARATIVE CRITERIA BETWEEN THE LANGER HEINRICH 
AND YEELERRIE URANIUM DEPD5IT5 

Comparative Langer Heinrich Yeelerrie 
Criteria Uranium Deposit Uranium Deposit 

Age (a) Calcrete - of the (a) Calcrete - Plio­
Langer Heinrich cene to nearly 
calcrete forma= 
tion - Miccene 
to Pliocene 

Pleistocene 

(b) Carnotite - (b) Carnotite -
Recent, 30 DUO 
years. 

Pleistocene 

Climate Desert Semi-desert 

Host rock Desert fluviatile Detrital quartz and 
breccia-conglomerate feldspar, clay and 
deposited in Gawib calcite forming 
River, cemented with low-level calcrete 
calcite. Grey to deposits along major 
brown in colour drainage. Fine­

grained and 
porcellaneous. 
Grey to brown 
colour 

Provenance Crystalline base= Basement rocks 
ment, quartzites, composed of 
schists, gra--ofels, granites and 
granites and greenstones. 
pegmatites Laterites 

Stratigraphic (a) Sediments (a) Sediments 
features deposited on deposited on 

unconformity - unconformity -
African erosion Cretaceous to 
surfaca - Cre­
taceous to 
Tertiary 

Tertiary 
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Comparative Larger Heinrich Yeelerrie 
Criteria Uranium Deposit Uranium Deposit 

(b) Epeirogenic up= (b) Epeiroc^enic up= 
lift initiated lift initiated 
new erosion new erosion 
cycle cycle 

Deposit type (a) Tabular and con = (a) Tabular, horizons 
cretionary, 
layers separated 
in places by 
barren zones 

tal layers 

(b) Uranium occurs as (b) Uranium occurs 
fillings in pore as irregular 
spaces surroun= fillings in 
ding detrital small fractures 
grains and cavities 

Mineraliza= Yellow to greenish Yellow carnotite 
tion carnotite 

Paragenesis (a) Precipitated from (a) Precipitated from 
subsurface water surface water by 
by soil suction reduction in 
and nucleation partial pressure 

of C0 2 

(b) Source of (b) Source of 
uranium and uranium - granites. 
vanadium in Source of 
basement rocks. vanadium - late= 
Vanadium mainly 
from Tinkas 
Formation 

rites 

Associated Uranium and Uranium and 
elements vanadium vanadium 

Environment Oxidizing Oxidizing 

CONFIDENT J A! 
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TABLE 6: COMPARATIVE CRITERIA BETWEEN THE LANGEP HEINRICH 

AND WYOMING URANIUM DEPOSITS 

Comparative Langer Heinrich Wyoming Uranium 
Criteria Uranium Deposit Deposits 

Host rock Fluviatile breccia- Fluviatile sandstones. 
conglomerate derived derived from granitic 
from granite, quart= rock, arkosic to sub= 
zite and schist. arkosic, medium-
Cemented by calcite. grained to conglome= 
If calcite cement is ritic, angular and 
removed a similar poorly sorted. Limited 
rocK type as in 
Wyoming remains. 

calcite cement. 

Depositional The Lancer Heinrich Sediments in the Gas 
environment calcrete formation is Hills, Wind River 

a channel-type depo= Basin and West Shirley 
sit and it is not un= Basin were deposited 
likely that alluvial in alluvial fans. In 
fans radiated from the East Shirley Basin 
the Langer Heinrich sediments were deposi= 
Mountain during the ted in channels and 
upper Tertiary. flood basins. 

Structural The uparched areas Material was 
and strati= about the Gawib derived from 
graphic River are the Langer uparched regions 
features Heinrich Mountain and and deposited in 

the 5chieferberge, adjoining inter= 
which are both struc= 
tural orogenic featu= 
res. Geomorphologi= 
cally, the region has 
been subjected to 
successive uplifts. 

mountain areas. 

Hydrodynamic Carnotite precipita= Following deposition 
environment ted along with the of arkose, uplift 

second generation changed the hydrodyna= 
calcite, possibly mic conditions resul­
brought about by ting in the onset of 
changing hydrodyna= oxidizing conditions 
mic conditions. and carnotite preci= 

pitation. 
Transport= Migration of minera= Migration of minera= 
ation lization solutions is lizing solutions is 

controlled by perme= controlled by perme= 
ability of the host ability within the 
rock. Those sections 
with low calcite 
content were the best 
passageways. 

host rock. 

fif.'Fii.i \; i A i_ 
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From the 'comparisons in Table 6 it is very clear 
that there are noticable similarities between the type of 
host rocks. The most outstanding and common feature is the 
necessity to have a continental breccia-conglomerate or 
poorly sorted sandstone-type rock formed in drainage 
channels which provide suitable passageways to mineralizing 
solutions. Also, it was the change in hydrodynamic condi= 
tions that brought about the precipitation of carnotite in 
both instances. 

CONFIDENTIAL 
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PART II: ANALYTICAL METHODS 

7. CHROMATOGRAPHIC SEPARATION. PURIFICATION AND 
50URCE PREPARATION OF THORIUM. PROTACTINIUM 

AND URANIUM FROM GEOLOGICAL MATERIALS 

The relative abundances of some of the naturally 
occurring isotopes of the elements thorium, protactinium 
and uranium are used for dating purposes and in particular 
in Pleistocene geochronology (Roshplt, 1970, p. 173). 
Table 7 gives the necessary nuclear data of the respective 
isotopes used in this study which are all long-lived and 
alpha emitters. In alpha spectrometry the separation of 
the elements from geological materials and from each other 
are a prerequisite in applying this technique to age 
determinations because 23iTh and 23**U peaks overlap and 
thin sources are required. 

Analytical methods and procedures for the separation 
of metal ions have received considerable attention over the 
past three decades. Numerous techniques were developed 
which predominantly involved anion exchange and reversed 
phase liquid chromatography. The most satisfactory system 
for the separation of thorium, protactinium and uranium 
was found to be anion exchange in the chloride form. Each 
separated fraction obtained from geological materials was 
found unsuitable for analysis due to the presence of 
contaminants, which theiafore necessitated the use of 
subsequent purification processes to be applied to each 
element. Thorium was selectively absorbed onto anion 
exchange resin in the nitrate form. Reversed phase liquid 

rONFIDENTlAL 
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chromatography was applied in different forms to both 

protactinium and uranium. 

TABLE 7: NUCLEAR DATA FOR NATURALLY OCCURRING ISOTOPES 
OF THORIUM, PROTACTINIUM AND URANIUM 

Element I s o t o p e 
H a l f - l i f e 
( y e a r s ) * 

a - E n e r g y 
(MeV)* 

Th 2 3 0 J h B x 10* 4 , 6 8 

Pa 2 3 i P a 3,25 x 101* 5 ,06 

U 2 3 8|J 4 , 5 1 x 10 9 4 , 2 0 

2 35L) 7 , 1 x 10 8 4 , 4 0 

2 ÏHJ 2 ,47 x 1 0 s 4 , 7 7 

*Lederer et al (1968) 

No attempt was made t<- recover the elements quantita = 

tively through the various stages of separation. Known amounts 

of isotopic spikes for the respective elements were added 

in order to determine the chemical yields. Analysis of the 

separated fractions was done by alpha spectrometry which 

required a source for each element to be prepared by 

electrodeposition. 

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

Anion exchange chromatography, using strong base 

resins in the chloride form, is efficient in separating these 

elements due to the remarkably different adsorption charac= 

row i;;[V :M 



CONFIDENTIAL 107 

teristics of their anionic chloride complexes. 

Elution curves for the separation of thorium, 

protactinium and uranium are given in Fig. 16 and were 

derived from the experimental procedures. 

3 h Th 

X 

I' 
3 

UJ 

-9MHCI-

LLA 

-9M HCI.O.JMHF—^-(UMHCI-| 

Ptt U 

x 

x-x-x-x-x-x-xx % 
200 

VOLUME ELUATE (cm3) . 

.xx-x-x-x-ix \xx-x-x 
100 

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

Fig. 17 summarizes the adsorption of the elements 

at different hydrochloric acid molarities, which are given 

as a function of the log of the distribution coefficient 

(Kraus and Nelson, 1956, p. 118). 
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fig. 17: Absorption of elements by strong base anion 
exchange resin in hydrochloric acid. 
(Kraus and Nelson, 1956, p. 116). 
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The elution curve for thorium was produced in the 

following manner. Thorium is not adsorbed throughout the 

total hydrochloric acid concentration range. This also 

applies to the alkali metals, alkaline earths, rare earths 

etc. Other elements such as uranium, protactinium, 

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

adsorbed at high molarities. A 9M hydrochloric acid 

solution containing thorium, lanthanum and europium was 

passed through the anion exchange resin column. Ten cm3 

portions of the eluate were collected. Five cm 3 of each 

were titrated with 0,D1M ED FA and xylenol orange indicator 

at phi 3,0 to 3,5 to determine the thorium concentration 

(Strelow, 1959, p. 1201). A further 2 cm3 of each portion 

was evaporated to dryness in quart/ tubes and the residue 

irradiated for three hours in the hydraulic facility cf 

5AFARI-1. 

After four days of decay the gamma spectrum of each 

fraction was analyzed for thorium and the rare earths. 

Nuclear data for the isotopes used are given in Table B. 

The elution data are presented in Fig. IB, from which it 

was noted that thcrium and the rare earths were co-eluted. 

Rapid elution of protact.jn.iur, was accomplished with 

a 9M hydrochloric acid - 0,1M hydrofluoric acid mixture. 

In addition, uranium IV and VI can also be separated in this 

manner. Oxidation of all the uranium to •.'-<• VI state wan 

essential prior to loading the sample solution onto tne 

column. (Kraus et al. 1956, p. 2 6 94 ) . The adsorption 

characteristics of elements from nydrochlonr. acid-

hydrofluoric acid mixtures are given in Fig. 19. 

G u f i; f :;' 
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TABLE B: NUCLEAR DATA FOR RADIONUCLIDES PRODUCED 
BY THERMAL NEUTRON 

110 

E l e m e n t T a r g e t 
I s o t o p e 

I s o t o p i c 
A b u n d a n c e 

(%) 

T h e r m a l 
N e u t r o n 
A c t i v a = 

t i o n 
C r o s s 
S e c t i o n 

( B a r n ) 1 

P r o d u c t 
I s o t o p e 

H a l f -
l i f e 2 

Y - R a y 
P h o t o -

p e a k 
m e a s u r e d 3 

( k e V ) 

Th 2 « T h 1 0 0 7 , 4 2 3 3 P a 2 7 d 312 

La 1 3 9 L a 9 9 , 9 9,6 J*°La 4 0 , 2 2 h 1 595 

Eu 1 5 1 E u 4 7 , 8 3 100 1 5 2 E U 12 y 1 408 

U 2 3 8 u 9 9 , 3 n 7 1 2 " l \ l p 2 , 3 5 d 2 77 

Fe 5 e F e 0 , 3 3 1 , 2 5 9 F e 45 d 1 099 

5 - F e 5 , 8 2 2 , 8 5 - M n 303 d 635 

As 7 5 A s 100 4 , 5 7 6 A s 2 6 , 5 h 559 

Zr 9 * Z r 1 7 , 4 0 , 0 7 5 9 5 Z r 

« N b 

65 d 

33 d 

724 

765 

Hf 180 H f 3 5 , 2 1 2 , 6 i s i H f 4 2 , 5 d 482 

Ce "°Ce 8 8 , 5 0 , 5 4 i - 2 C e 33 d 14 5 

1 Chart of the Nuclides 
2 Lederer et al (1968} 
3 Adams and Dams (1969) 

Titanium, zirconium, hafnium, germanium and protactinium 
have larie distribution coefficients for hydrochloric 
acid molarities below four in hydrochloric acid-hydrofluoric 
acid mixtures. In this work 9M hydrochloric acid - 0,1M 
hydrofluoric acid mixture was used to elute protactinium 
because the distribution coefficient of protactinium in this 

L L !'it- I II L . 
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x o 
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Fig. 18:Elution curves for thorium,lanthanum and 
europium from strong base anion exchange 
resin using Bio-Rad AGI-X8 in the 
chloride form. 

system is nearly zero. The elution curve for protactinium 
(Fig. 16) was determined using the gamma-emitting 2 3 3Pa 
isotope (Table 8). A sharp separation from both thorium 
and uranium is shown. 

During the course of this investigation it was found 
that 2 3 1Pa was completely lost during the separation process 
whereas the spike 2 3 3Pa was recovered with good yield. The 
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Fig. 19: Absorption of element? by strong base 
anion exchange resin in HC1-HF mixtures and 
HC1 only. Thick lines give the distribu= 
tion coefficients in the absence of HF. 
Thin lines give the distribution coeffi= 
cients in the presence of HF. (Nelson, 
Rush and Kraus, I960, p. 346). 

reason for the anomalous behaviour of 2 3 l P a and 2 3 3 P a is 

probably due to both species being in different chemical 

forms. Since 2 3 3 P a is synthetics]ly produced, it would be 

in the form of an anionic chloride complex, whereas naturally 

occurring 2 3 1 P a may be in the form of a complex oxide species 

in a highly oxidizing environment (Ahrland et al, 1973, 

p. 470). To ensure that both isotopes were in identical 

chemical states, the following procedure was adopted. 

Carnotite was separated by heavy nedia using TBE (1, 1, ?, 2, 

tetrabromoethane, 5G = 2,96) and the Franz Isodynamic Mag= 

netic Separator to remove magnetic impurities. The 

carnotite was initially digested and fumed with concentrated 

hydrofluoric acid. Successive fumings with concentrated 

tTlNF IDF."NT I Al 
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perchloric and hydrochloric acids respectively were 

subsequently required. 

Elution of uranium was accomplished using 0,1M 

hydrochloric acid. Iron (III) was co-eluted and was a 

major contaminant in the separation of uranium from 

geological materials. Two cms portions of each five cm 3 

eluate fraction were evaporated to dryness in polythene 

capsules and irradiated in the pneumatic facility cf 

5AFARI-1 for 15 minutes. After a decay of one day the 
2 3 9Mp peak was measured (Table 8 ) , from which the uranium 

elution curve was plotted (Fig. 16). 

7.2 Experimental Procedure for the Purification of 
Thorium, Protactinium and Uranium from Synthetic, 
and in Some Instances, Actual 5amples 

In aqueous solutions of nitric acid, thorium forms 

a stable hexanitrate anionic complex and is adsorbed on 

strong base anion exchange resin in the nitrate form. 

Adsorption is best in BM nitric acid with very few other 

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

I960, p. 365). Selectivity of this method is good as 

thorium can be separated from most elements, including 

anions. 

To test the suitability of the method the following 

procedure was followed. A granite sample was dissolved 

and loaded onto an anion exchange resin column in the 

nitrate form. Two cm 3 portions of the eluted ten cm 3 

fractions were evaporated in quartz ampoules and irradiated 

in the hydraulic facility for two ho rs. After a decay of 

CTiNF IDEM: I A L 
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Fig. 20: Absorption of elements by strong base 
anion ex charge resin in nitric -"3cid. 
(Buchanan and Paris, I960, p. 2 6 5). 

two days the samples were counted. From the data, elution 

curves for lanthanum, cerium and thorium were drawn (Fig. 21) 

which show a sharp separation between the rare earths and 

thorium. 

The purification of uranium involved the technique 

of reversed phase liquid chromatography having a stationary 

phase of tributyl phosphate (TBP) supported by Kel-F powder 

(Kel-F is polychlorotrifluoroethylene ) (Hamlin et al, 1961). 

Uranium was selectively extracted into the TBP phase from a 

5,5M nitric acid solution. Impurities such as iron (III) 

were quantitatively eluted with the nitric acid. Uranium was 

eluted with distilled water. To test the efficiency of the 

separation, the isotopes 5 9Fe, 5"Mn and 7 6As were used as 

rnrjr mi MTI/H. 
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fig. 21: Elution curves for the rare earths and 
thorium from 'jtronq base anion exchange 
resin using Ei i a - R a d A GI - X 6 in the nitrate 
form. 

tracers. These were produced by the irradiation of an iron 

foil (Table 6). 7 5As was a contaminant and was therefore 

studied simultaneously. Ten cm 3 portions of the eluate were 

counted on a gamma spectrometer and in 5,5M nicric acid 5 9 F e f 

5 Yin and 7 6As were quantitatively eluted. As uranium ( * 3 8U) 

is not a gamma emitter it would not be counted directly. 

Two cm J fractions of the eluted portions were evaporated in 

polythene capsules and irradiated fur 15 minutes. After a 

decay of one day the sample:- were counted. Elution curves 

for the system are shown in Fin. 22. A sharp separation 
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between iron and uraniurr wa - achieved, 

• 5,5MHN03-

59F. 
"Mr, 

X 
o 
Ui 

z 

< 

-OISTIUED-
WATER 

V ».WM-
too 

VOLUME ELUATE (cm3) • 

Fig. 2 2: Elution c. 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. 

Protactinium was purified using a modified version 

of the reversed phase liquid chromatographic method proposed 

by Stronski (1969) to separate thorium, protactinium and uranium, 

A quarternary amine, aliquat-33í, war; used as the stationary 

phase supported on teflon powder, and the mobile phase was 

concentrated hydrochloric acid. Tig. 23 shows the variations 

in extraction coefficient of thorium, protactinium and 

uranium with increasing concentrations of hydrochloric 

acid (Ahrland et al. 1973, p. 57H). 
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Fig. 23 Extraction coefficients of thorium, 
protactinium and uranium into amines at 
different concentrations of hydrochloric 
acid. P = primary amine, 5 = secondary 
amine, T - tertiary amine, Q. = quarternary 
amine. (Ahrland et ai, 1973, p. 578). 

Doth protactinium ana uranium behave in a similar 

manner throughout the whole concentration range. Experiment 

tally this fact was substantiated here and showed that the 

method of StronsKi must be viewed with caution. Therefore 

for the purification of protactinium by this technique no 

uranium may be present in the initial solution. 

Contaminants of protactinium were titanium, zirconium 

and hafnium, and in crder to test whether those elements coulc-

be separated, the following procedure was adapted. The 

isotopes 9 5Zr, , 5Nb (a decay product of 9 5 Z r ) , 1 8 1Hf and 233Pa 

were used as tracers (Table 8). Five cm3 portions of eluate 

were counted on a gamma spectrometer. Ir concentrated 

hydrochloric acid protactinium was extracted into the 

aliquat-336 and sharp separation between protactinium and 

the contaminants was achieved. A recovery of 96 per cent 

;0NF J! ' i f l \ i T IA[ 
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for Pa was obtained and the remaining four per cent could 
not be eluted (Fig. 24). 

, CONC 
— HO — " 4 " — 2 M H C l - H 

3 -

X 

I 

2 2 a. 

ui 
a: 

INACTIVITY OF 2 3 3Pto 
ON THE COLUMN 

F i g . 24 

7.3 

0 100 
VOLUME ELUATE(cm3) — 

Elution curves for zirconium, niobium, 
hafnium and protactinium using reverssd 
pha^e liquid chromatography with aliquat-
3 3 6 a-; the c 1 aticnury phase, teflon as the 
supportinq r:••_:bv tante and hydrochlori c arid 
as the mobile-, phase. 

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

Four basic requirement';; are necessary in preparing 

sources suitable for a-spec trcme + ry . ihf. source material 

must be 
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(a) as pure as possible, 

(b) deposited in a small area on a disc, 

(c) as thin as possible, 

(d) evenly distributed. 

The method adopted for the preparation of sources was 

based on an ammonium chloride system (Mitchell, I960). The 

element was dissolved in hydrochloric acid, taken up in 

ammonium chloride and electroplated for about two hours at 

a current of 0,5 amps and about 8 volts dc. Due to excessive 

heating problems of the electrolyte at a high current, the 

low amperage and longer electroplating time were chosen. 

Water circulating around the cell helped to dissipate the 

heat. A drawing of the cell is shown in Fig. 25. 

GLASS LID 

«LASS ElECTKOfUHlNO 

f t » S F E X COOLtMO JACKET 

flAIMUU AMCC* 

WANHM OISC 

: nnn* BASE PLATE 

WATE» INLET TO C0O.DTO 
JACKET 

Fig. 25 A drawing of the electroplating cell used 
for the preparation of sources of thorium, 
protactinium and uranium. 
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When a-particles pass through the source material 

they may suffer an energy loss, giving rise to a tailing 

effect on the low energy side of a peak. This is caused 

by the deposit being too thick. Variation of a-particle 

activity in relation to the thickness of the deposit is given 

in Fig. 26. For the case of uranium,sources with no more 

than 60 (jg U/cm2 can be used. Values greater than this 

cause the relationship to diverge from linearity, which is 

a function of energy lass. The ideal situation, where there 

is no energy loss, is gi^en by the dashed line in Fig. ?c]. 

2000 -

2 

m 1000 -

I 

1000 

/u g (J/1.33cm' 

Fig. 26: Variation of alpha-particle activity of 
2 3 8 U in relation to the thickness of the 
source, expres?;ed ac weight of LI per unit 
surface area. 

As electroplating time wa^ important to ensure a good 

yield, a plot of a-particle activity versus electroplating 

time showed the minimum time required for maximum deposition 

CONFIDENTTAI 
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of t a r g e t m a t e r i a l ( F i g . 2 7 ) . 
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Fig. 27: Variation of alpha-particle activity of 
2 3 8 U with electroplating time. 

After electroplating uranium for 90 minutes the curve flatten: 

out and no further uranium is plated. To ensure maximum 

deposition, a time of two hours was adopted. 

A titanium disc was used as a backing for the source 

material. After plating, Dooley et al (1966, p. 1369) heated 

the disc for a few seconds in a gas flame before use. This 

technique was found to be unsatisfactory as titanium reacts 

easily with oxygen and nitrogen, resulting in the formation 

of a coating over the deposit. Loss of a-particle energy 

and poorer resolution of the a-spectrum resulted. Good 

results were obtained when the disc was heated on a hot 

plate for two minutes (about 400 °C). Counting was done on 

a detector system consisting of £ surface barrier silicon 

detector (Princeton Model PD-15-20-300) located in a vacuum 

chamber. A Tennelec power supply, preamplifier, amplifier 

and a biased amplifier were coupled to a Intertechnique 40D 

r r-r--,r ; \-s-\ • 
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II 

multichannel analyzer (Model SA 40B) for the spectral 

aialysis. Data were recorded using an interlinked IBM 

typewriter, and the processing was done manually by adding 

together the pulses in each channel over the required MeV 

range. 

Typical a-spectra for thorium, protactinium and 

uranium isotopes are shown in Fig. 28. 

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

II 
II 

7.4 Chromatographic Separation 5cheme 

Two rock types, granite and calcrete, were analyzed 

in this scheme. In the former only uranium was separated 

on a whole-rock basis, whereas in the latter, carnotite 

was selectively separated by heavy media as described in 

Section 7.1. Table 9 gives the detailed procedure for the 

CONFIDENTIAL 
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chromatographic separation of thorium, protactinium and 

uranium from geological materials. 

The preparation of purification of the spikes 2 2 , T h , 
3Pa and 2 3 2 U are given in Appendix 1. Calculations for 

the determination of the chemical yield for thorium, 

protactinium and uranium are given in Appendix 2. 
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TABLE 9 : PROCEDURE FOR THE CHROMATOGRAPHIC SEPARATION OF TMORIUfl 

PROTACTINIUM AND URANIUM FRO* GEOLOGICAL MATERIALS 

DIGESTION PROCEDURES 

| ANION EXCHANGE | 

(1) 1 i samel», add 15 cm' (1) 0.05 g. add 2 cm* 40* 

40t HF and 1 cm' cone 

HC1C. add 2 > 2 U . direst 

In pressure vaasal for 

2 h at 15G *C. 

(21 Evapcrate ta dryness, 

fupe residue with 6 cm3 

core. HC10» until dry. 

(31 Fume with 6 cm1 cone. 

HCl. 

(4) Dissolve residue In 

2 en1 9* HC1 when cool. 

. , . » ™ , 2 ' T h '"U 
fume. Repeat w i t h 4 cm 1 

(21 E v a p o r a t e to d r y n e s s . 
fume w i t h 6 cm* cone. 
HClOi u n t i l d r y . 

( 3 ) Fume w i t h 6 cm' cone. 
HC1. 

(4) Dissolve residue In 
2 cm' 9!" MCI when cool. 

( 1 ) B lo -Rad AGI -XB, 100-200 mesh. 5 g . 

(2 ) P r e t r e a t w i t h 30 cm' 9M M C I . 

Í3 Ï Load sample onto column, e l u t e w i t h 200 cm' 9m" HC1. 

I 
E l u a t e : Tr., «E*3 (* o t n e r s i 

E l u t e w i t h 200 ctr' 9Í" NCI - u . i r HF i PURIFICATION OF Th 
fc" r • • " • " ' 

E l u a t e ! pa, ir, r-f. 

X 1 
I PuHIFiCATlCN n* °a I Elute with 1CC cmJ n . T HCl [ ̂ NION EXCHANGE 

(1] Evaporate aiuate ta dry­
ness, «da 4 cm1 cene, 
HC10«. *une. £ 3 # ) 

C2J Add 6 o n 1 cone. h C l , f ' - r e , 

( 3 ) D i s s o l v e r e s i d u e in 
2 err' cone. H C l . 

1 Column: Pc. 

REVERSED PHASE 
LI0LID 
CHROMATOGRAPHY 

E l u a t e : U, Fe , ï 

(PURIFICATION OF ij r 

Evaporate t o d r y n e s s , add 
15 cm 1 cone. MNDj, fume, 
d i s s o l v e r e s i d u a I n 5 cm* 
6M HN0) . 

( 1 ) Bío-Rad A G I - X 6 , 100 -200 
mesh. 2 g . 

( 2 ! Pratreat with 20 cm' 8M 
M 1 I C 3 . 

[ 3 ] Lead 3 e r n l e onto column, 
e l u t c w i th 2Q0 cm ! en 
hT.Dj . 

REVERSED PHASE 
LIQUID 
CHROMATGGPAPhY 

( 1 ) 2 g t e f l o n , add 100 mg I 
A l i q u e t - 3 3 6 . m i x , add 5 cm' 
cone HCl. 

12) Load slurry intc column. 
flow rate 1 crr'/minute. 

(3) Pratreat with 20 cm3 cone. 
HCl a 

14) {!#) Load isfflpla onto 
colurm, «lu te with 50 err3 

cone HCl. 

-. A 4 

Eluate: Fe 
(discard) 

Eluate: RE's (• othars) 
(Discard) 

Column: 

E l - a t e w i t h 200 cm' G,1M 
H C : 

Column 

i 
Eluate with 80 cm' d is t i l l ed water 

I 

ELECTROPLATE Tn 

Eluete: Zr, Hf Column: Pa 
[discard) Elute with 60 cm' 2M HCl 

Column Eluate: Pa 

I ELECTROPLATE Pal 

(1) Procedure as 'or Th, 
except pH-3 

_L 
[ELECTROPLATE U] 

(1 ) Procedure as f o r T h , 
Bxcspt pH«3,0 

£1) Evapora te to d ryness , add 2 cm* cone. 
HC10* , fume, add 6 cm 1 cone , H C l , fume. 

( 2 ) D i s s o l v e res idue 0 ,5 cm' 6M H C l , t r a n s f e r 
t o e l e c t r o p l a t i n g c e l l w i t h 5 cm' 2PI 
NM4CI, 

! 3 ) Adjust p H ' 6 , 0 . 

(4) Electroplate onto titanium disc for 2 
hours at 0,5 amps, 

( 5 ) Add 0 . 5 cm 1 NHtOM t o c a l l « M i l e l e c t r o ­
p l a t i n g , remove d i s c , wash i n w a t e r , dry 
on hot p l a t e f o r 5 m i n , 

When the term ' d r y ' appears i n the t e x t I t means t h a t the 
r e s i d u e must not be baked but a l lowed to remain s l i g h t l y 
m o i s t . Th is s t a t e m e n t a p p l i e s g e n e r a l l y . 

Removes a l l t r a c e s of HP, which does not a l l o w e x t r a c t i o n 
Into Al lquet -336 . 

Monitor sample at each stage for radioactivity as a quality 

control. 
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6. NEUTRON ACTIVATION ANALY5I5 OF THE BLOEDKOPPIE 

AND GAWIB GRANITES AND THE ROCKS OF THE 

TINKA5 FORMATION 

Non-destructive neutron activation analysis (NAA) 

has been applied to the analysis of a diverse range of rock 

types with great success. Turkstra et al (1971) and Rasmussen 

(1973) discuss the methods and techniques applicable to this 

type of analysis. Certain elements are not easily measured 

using NAA either due to their nuclear properties or the 

overwhelming presence of a specific interfering activity. 

For elements of lower concentration and those with interfering 

isotopes, a greater sensitivity may be achieved from post-

irradiation radiochemical separations (Morrison et al, 1969). 

In this work only the non-destructive method was used for the 

analysis of the long-lived isotopes of trace elements in the 

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

Tinkas Formation. The nuclear properties of the radio­

nuclides and the energies of the photopeaks used in the 

determination are given in Tables 8 and 10. 

Of the elements analyzed, there were no interfering 

nuclear reactions - neither (n,p) nor (n,a) from fast neutrons, 

The type of reactions that could occur were summarized by 

Turkstra et al (1971, p. 116). 

B.1 Experimental Procedure 

A standard solution containing the elements listed in 

Table 10, and including lanthanum, thorium, cerium, hafnium and 

• f'f í U I Í : - . ' i A , . 
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europium from Table 8 (with the exception of aluminium, vana= 

dium and dysprosium) was prepared. Approximately 0,25 g were 

accurately weighed into quartz ampoules, dried under infra­

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

weighed out, sealed in the same manner and irradiated for 

six hours in the C-position of the poolside rack irradiation 

facility of SAFARI-1. The neutron flux for this region of 

the reactor is about 3 x ID l e n m _ 2 s - 1 at 20 MW with a 

cadmium ratio of 60 for 6 0Co (1 333 keV) which is a 

measure of the epithermal flux contribution to the total 

neutron flux. The higher the cadmium ratio, the lower the 

epithermal flux. Therefore, due to the presence of uranium 

the C-position was used in order to minimize the possibility 

of the formation of interfering activities from fission products 

Counting was done on the system available, a 50 cm 

Ge(Li) coaxial detector coupled to a Canberra preamplifier. 

Output pulses were amplified by a Canberra amplifier, after 

which the spectral analysis was done using an Intertechnique 

4 000 multichannel analyzer. Data were accumulated on magnetic 

tape using an Ampex TMZ, start-stop tape recorder. Thereafter 

the data were processed using Yule's (1968) smoothed first 

derivitive method, as modified by Brits (1975) to calculate 

the integrated peak areas for the spectrum. The resolution 

for the system is 3 keV for the 1 333 keV 6 0Co peak and has a 

calibration of 0,55 keV/channel. The samples were counted 

for 30 minutes after a decay of nine days for the elements 

lanthanum, barium, lutetium and samarium, and 37 days for 

the elements europium, cobalt, tantalum, rubidium, scandium, 

terbium, cesium, hafnium, protactinium and cerium. 

LCÍIF I IiFN r I A 
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TABL^ 10: NUCLEA'R DATA FOR RADIONUCLIDES PRODUCED BY 
THERMAL NEUTRONS 

T h e r m a l 
N e u t r o n s Y-Ray 

m
en

 
t T a r g e t 

I s o t o p e 

I s o t o p i c 
A b u n d a n c e ' 

A c t i \ / a = 
t i o n 

C r o s s -

P r o d u c t 
I s o t o p e 

H a l f -
l i f e 2 

P h o t o = 
p e a k 

m e a s u r e d 3 

0) S e c t i o n 1 ( k e V ) 
UJ ( B a r n ) 

Al 2 7 A 1 1 0 0 0 , 2 4 Z 8 A 1 2 , 3 1 m 1 779 

V Sly 9 9 , 8 4 , 9 5 2 V 3 7^ m 1 4 3 4 

Dy i«"Dy 2 8 , 2 2 200 ï 6 5 D y 2 , 3 2 h 95 

5m i 5 2 S m 2 6 , 7 210 » 5 3 S m 4 7 h 103 

Lu 1 7 6 L u 2 , 6 2 100 1 7 7 L u 6 , 7 d 208 

Ba 1 3 0 B a 0 , 1 11 i3 iBa 12 d 496 

Rb 8 5 R b 7 2 , 2 0 , 7 8 6 R b 1 8 , 7 d 1 077 

Tb 1 5 9 T b 1 0 0 22 i e o T b 7 2 , 1 d 879 

Sc * 5 S c 1 0 0 13 *«Sc 8 3 , 9 d 889 

Ta 1 8 l T a 1 0 0 21 » 8 2 T a 1 1 5 d 1 222 

Cs 1 3 3 C s 1 0 0 29 »3-Cs 2 , 0 5 y 796 

Co 5 9 C o 100 17 6°Co 526 y 1 173 

Zn 6 - Z n 4 8 , 9 0 , 4 7 65Zn 2 4 5 d 1 115 

1 Chart of the Nuclides 

2 Lederer et al (1968) 

3 Adams and Dams (1969) 

r.ONf I'jL'ii I A L. 



I 
I 
I 
I 
II 

CONFIDENT IA[ 128 

Spectra derived from Bloedkoppie Granite are shown in 

Figs. 29 and 30 for the two counting periods, respectively. 

All the photopeaks used for the analysis of the 

elements in Tables 8 and ID are essentially free from 

interfering peaks of other isotopes, with the exception of 
X l , 1Ce and 1 5 35m. , l , 1Ce has a small interference peak from 
5 9Fe at 145 keV, and 1 5 35m has an interference from the 10D 

per cent relative intensity 2 3 9Np peak at 103 keV. Removal 

of these interferences was done by obtaining a pure spectrum 

of both s 9Fe and 2 3 9 N p , from which the relative peak 

intensities of the various lines could be calculated. 

"65c (889 keV) has an interference from l l o m A g (BB5 keV), 

but as silver was not detected, it was discounted. 

Approximately 0,2 g of sample from the schists and 

granofelses of the Tinkas Formation were accurately weighed 

into polythene capsules. Irradiations were carried out in 

the pneumatic facility of SAFAFI-1, which has a thermal 

neutron flux of about 2,9 x 1C 1 8 n m" 2 s"1 at 2D MW , 

and a cadmium ratio of 33. Samples were irradiated for 

20 seconds, allowed to cool for three minutes, and counted 

for five minutes. 

The greatest problem concerning the analysis of 

vanadium is the high concentration of aluminium. Both 
2 ,A1 and S 2V have very short half-lives, and therefore 

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

the 5 2V peak lies almost on top of the 2 SA1 Compton edge, 

thereby reducing its sensitivity and consequently the 

detection limit. 

CONFIDENTIAL 
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COUNTS PER CHANNEL 
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1*2 To 11222) 

59F»(i292) 

8 - -PULSE PEAK 

Fig. 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 

PUtSE PEAK 
T « 2 T o 1 6 9 Y b M , 0 , 
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" ' T o (1221) 

59 Fe(129!) 

PULSE PEAK 

Fig, 30: Gamma-ray spt:ctrum 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. 
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COUNTS PER CHANNEL 
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Fig. 31: Gamma-ray spectrum for the analysis of 
vanadium in the schists and granofelses 
of the Tinkas Formation. 
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9. DISSOLUTION AND ANALYSIS OF THE EPIGENETIC 

FRACTION OF CALCRETE BY NEUTRON 
— ^ — ' • — • — — ^ — ^ — » ^ — " ^ ^ ^ — ^ ^ ^ ^ l l l l —I • • * — 

ACTIVATION ANALYSIS 

The object of this analysis was to determine the 

distribution of trace elements within the epigenetic calcite-

carnotite fraction of the calcretes, which contain about 

10 to 50 per cent CaC03 (Table 27).- Both calcite and 

carnotite are epigenetic minerals which were precipitated 

from aqueous solution. Along with these minerals, elements 

in trace quantities were simultaneously precipitated. 

Calcretes of the Langer Heinrich formation have, in places, 

high uranium contents, in some instances over 15 x 10 ppm 

and as little as 20 ppm in others. Neutron activation 

analysis of samples with such high uranium concentration is 

further complicated due to the errors introduced from fission 
2 39 

products and crowding of the spectrum with IMp peaks. 

Therefore it was found necessary to selectively remove 

uranium. The method adopted for this was reversed phase 

liquid chromatography using TBP absorbed onto Kel-F, as 

outlined in Table 11 and based on the method given in 

Table 9. 

In order to ascertain whether there were significant 

losses of some trace elements during the separation procedure, 

radioactive tracers of europium, cobalt, scandium and zinc 

were made for test purposes (Table 10). 
CONFIDENTIAL 
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TABLE 11: PROCEDURE FOR THE CHROMATOGRAPHIC SEPARATION OF 
URANIUM FROM CALCRETE5 

5ample, 5-10 g1 

2M HC1 
Filter under 

vacuum 2 

5iliceous 
residue 

10 cm-* 

Evaporate to 
dryness 

Uranium analysis by 
delayed neutron 
counting 

I 
Eluate: all other elements 

Evaporate to dryness 

Neutron activation 
analysis 

Filtrate 

Evaporate to 30 cm3. 
Make up to 50 cm3 with 
water 

Evaporate until nearly 
dry. Fume with LOHC, 
HNOj. Dissolve residue 
in 10 cm3 5,5M KN0, 

Reversed phase liquid 
chromatography 10 g 
Kel-F + 10 cm 3. TBP 
in 5,5M HN03 

Elute with 
5.5M HN0? 

100 cm 

Column: uranium only 

Elute uranium with 
60 cm3 deionized water, 
discard 

NOTES: 
1 The weight of sample used was dependent on the CaCO,, content. 
2 PVC, 0,45 mm Sartorius membrane filter, type SM12B, was used. 

roNrinEfMAi 
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The radioactive sample was dissolved in 5,5M HN0 3, 

loaded onto the test columr and counted to measure the 

initial gamma activity present. Ten cm' fractions were 

successively removed. After each fraction both the 

column and the eluate were counted separately. 

1.0 

am anti • 

Fig. 32: 

VOLUME ELUATE 5.SMHNO, 
(cm3) 

ACTIVITY ON COLUMN 

ACTIVITY IN ELUATE 

Elution curves for zinc, europium, .obalt 
and scandium using reversed phase liquid 
chromatography with TEP as the stationary 
phase, supported an Kel-F and 5,5M HIMD3 

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

The results are plotted in Fig. 32 and show the 

relative activity distribution of the nuclides on the 

column and in the eluate in terms of eluate volume. After 

100 cm 3 of 5,5M Hl\!03 , no nuclides were detected on the 

column or .in the eluate. The conclusions were, firstly, 

that there was no retention of those elements on the column, 
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and secondly, that a very gaod separation from the uranium 

was achieved, thereby confirming data published by Hamlin 

et al (1961, p. 1 549). 

I 

I 

9.1 Neutron Activation Analysis 

The nuclear data concerning the elements determined 

in the calcite fraction are given in Tables 8 and ID. The 

elements are aluminium, vanadium, dysprosium, lanthanum, 

samarium, ytterbium, lutetium, cerium, scandium, cobalt and 

europium. Interferences were similar to those described in 

Chapter 8. 

The following experimental procedures were adopted. 

A stock solution of calcium nitrate was prepared as a standard. 

To this, known amounts of the above elements were added. 

Calcium nitrate was used because the samples, when eventually 

evaporated down, were in a similar form. Calcium nitrate is 

hygroscopic, which caused problems, especially when weighing 

the samples for the aluminium, vanadium and dysprosium 

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

necessary to redry the samples before finally weighing. For 

the short-lived isotopes, the samples were weighed into 

polythene capsules. Complete dryness could not be achieved 

due to the relatively low melting point of polythene. A 

small analytical weighing error was therefore present for 

aluminium, vanadium and dysprosium. As far as the remaining 

elements were concerned, the samples were weighed into quartz 

ampoules which could be heated to higher temperatures, thereby 

driving off the moisture. 
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Approximately 100 mg samples were used for all 

determinations . 

Initially the polythene capsules were irradiated in 

the pneumatic facility of the reactor for two minutes, 

allowed to decay for one minute, and counted for five 

minutes. Aluminium and vanadium were determined by t^is 

method. Fig. 33 is a gamma spectrum of aluminium and 

vanadium from which both elements have good relative intensi= 

ties. A period of approximately two weeks was allowed to 

elapse, after which the same samples were reirradiated for 

ten minutes. After a decay period of 70 to 120 minutes the 

samples were counted for the analysis of dysprosium. (Fig. 34) 

The second batch of samples weighed into quartz 

ampoules were irradiated in the C-position of the poolside 

rack for eight hours in order to obtain a flux with the 

lowest possible epithermal neutron flux contribution. 

This was done to minimize the production of fission products 

from uranium that might not have been completely removed in 

the extraction process. The samples were counted after four 

days for lanthanum, samarium, ytterbium and lutetium (Fig. 35) 

and finally after 13 days for cerium, iron, scandium, 

cobalt and europium (Fig. 36). 

rc.'Nr i I;LNT I M 
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Fig. 33: Gamma-ray spectrum for the analysis of 
aluminium and vanadium in the epigenetic 
calcite fraction. 
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COUNTS PER CHANNEL 

5 
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M9 l»U) 

PULSE PEAK 

F i g . 34: Gamma-ray spectrum f o r the a n a l y s i s o f 
dysprosium i n the ep igene t i c c a l c i t e 
f r a c t i o n . 
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COUNTS PER CHANNEL 
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PULSE PEAK 

Fig. 35: Gamma-ray spectrum after four days' decay 
for the analysis of lanthanum, samarium, 
ytterbium and lutetium in the epigenetic 
calcite fraction. 
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Fig, 36: Gamma-ray spectrum after 13 days' decay 
for the analysis of cerium, iron, cobalt, 
scandium and europium in the epigenetic 
calcite fraction. 
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ID. CHROMATOGRAPHIC SEPARATION AND PURIFICATION 

OF URANIUM FOR MASS SPF.CTROMETRIC ANALYSIS 

The technique employpj for this purpose was a 

modification of the existing methods used in this study to 

separate and purify uranium (Table 9). Of prime importance 

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

all organic compounds, cations and anions (with the exception 

of nitrate). The reason for this was the ultra sensitivity 

of the mass spectrometer to the presence of interfering 

species, which results in unstable performance. The end 

result was a considerable reduction of the quality of the 

analytical data obtained. 

Three stages were required for the purification 

procedure (Table 12). These are similar to those described 

earlier. 

(a) Separation of uranium from thorium, alkalis, alkaline 

earths and rare earths by anion exchange in the 

chloride form. 

(b) Purification of uranium using tributyl phosphate in 

reversed phase liquid chromatography. 

(c) Removal of traces of tributyl phosphate by ashing and 

separation of phosphate using anion exchange in the 

chloride form. 

Three samples were processed in this manner, two of 

calcrete from the Langer Heinrich and one of uranothorianite 

from Phalaborwa. 

The quality of the spectrum is dependent on two major 

parameters, the first being the correct functioning of the 

r - p M f 1 i'f";' r 1.1 
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mass spectrometer, and the second the quality of the 

separation. On the assumption that the first was of high 

quality, any instrumental instability was therefore due to 

poor analytical separation. A good spectrum capable of 

giving high precision is shown in Fig. 37. 

2 » , I 
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Fig. 37: Spectrum of 2 3 8U and 2 3 5U obtained from 

the mass spectrometer. 
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TABLE 12: PROCEDURE FDR THE CHROMATOGRAPHIC SEPARATION 
OF URANIUM FROM CALCRETE, 5UITABLE FOR MAS5 
SPECTROMETRY ANALYSIS 

Sample1'2 

Anion exchange, 
chloride form 

1 
Eluate: Th (+ others) 
discard 

E1 u t e : F e 
discard) 

Eluate: H 3P0„ 

Column: U, Fe 

Elute U with 0,1M HC1, evapo= 
rate, convert to nitrate form, 
dissolve in 5,5M HN0 3 , load 
onto column 

Reversed phase liquid chroma= 
tography using TBP absorbed 
on Kel-F 3 

Column : U 

Elute with water, evaporate 
to dryness 

Fire the dried precipitate to 
800 °C for 2 h in muffle 
furnace1* 

Dissolve black U 0 in 
9M HC1 

Anion exchange, chloride form 

Columns U 

Elute with 0,1M HC1, evapo= 
rate to dryness, convert to 
nitrate and dissolve in 3M 
H N 0 3 , analyze on mass spec= 
trometer 5 

CCNF IHFNT IAL 
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1 Uranothorianite was dissolved in a mixture of concentrated 
HF and HClOt,. Fumed with an excess of HCID4 to ensure the 
complete oxidation of U % + to U 6 + . Finally converted to the 
chloride form by fuming with concentrated HC1. 

2 The weight of sample required was such that the concentra= 
tion of uranium in the final solution was greater than 
3 mg/cm3 but less than 20 mg/cm 3. 

3 At this stage all reagents used were of the highest 
purity. The purity of water was equivalent to that 
produced by triple distillation. 

*» Uranium was fired to destroy the organic TBP. The 
phosphate remaining was converted to phosphoric acid and 
removed by anion exchange. 

5 The nitric acid used for the final dissolution of the 
uranium was fresh, such that no decomposition products 
as nitrites and dissolved N0 2 were present. 
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11. MISCELLANEOUS METHODS 

11.1 Delayed Neutron Counting 

Delayed Neutron Counting is based on the emission of 

neutrons from a few fission products after the irradiation 

of 2 3 5U 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 consists of a 

ring of eight boron triflauride 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 

International Atomic Energy Agency. A standard calibration 

graph was drawn and the counts versus U30econcentration 

plotted. 

11.2 X-Ray Diffraction Analysis 

X-ray diffraction was used for qualitative mineralogi= 

cal identification. All samples wsre ground down to pass 

-325 mesh. Clay mineral identification was done on approxima= 

tely the 2 micron size fraction. A very dilute HC1 solution 

was added to a slurry of this fraction in order to remove any 

calcite present. 
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PART III: GEOCHEMISTRY 

12. THE GEOCHEMISTRY OF THE BASEMENT ROCKS 

146 

The basement rocks constituted the source of ail 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 some of the basement rocks was 

very pertinent to this investigation, especially from the 

point of 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 Bloedkcppie 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 Danara Orogen, the report 

of which is still in preparation, A list of the samples 

used here is given in Table 14. 

12.2 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 ratio of 3,5 which is very close 

CONFI LJENT I AL 
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TABLE 14: SAMPLE-S USED IN THE GEOCHEMICAL INTERPRETATION 
OF THE RARE-EARTH ELEMENT DISTRIBUTIONS 

Rock Type DJP Sample No. 

5alem Granite 44, 49, 50, 114 

Tinkas Formation 98, 100 

Banded gneiss 22, 24, 29, 80 

Etusis Formation, 25, 26, 29, 31, 33, 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 ratio varies between 0,9 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 cation, 

U0p . Consequently it is either concentrated in late magmatic 

fluids or expelled from the magma chamber (Armstrong, 1974, 

p. 62B). In the first instance the tendency will be to form 

its own minerals such as uraninite, or to substitute in the 

crystal lattices of accessory minerals. In granite rocks which 
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contain low concentrations of uranium, e.g. the Bloedkoppie 

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 et al 

(1974, p. 569) studied fluid inclusions in granites and 

demonstrated a correlation between the uranium and carbon 

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. 

Furthermore 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 

COMF1 PENT I Al. 
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associated with uranium mineralization. In the Damara 

orogen the correlation between 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 following 

reaction might have been responsible for the precipitation 

of uranium in this instance: 

4Fe 3Q, + U0 2(C0 3) 2-2H 2D 2" s 6Fe 20 3 + U0 2 + C0 2 + 2H 20 

magnetite uranyl dicarbonate hermatite 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 uranyi dicarbonate 

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. 

12.3 Geochemistry of the Rare-Earth Elements and Their 
Bearing on the Origin of the Granitic Rocks 

Before discussing the rare-earth element distribution: 

in the basement rocks, it is pertinent to briefly review the 

geochemistry of the rare earths in granitic rock.3 (Taylor, 

1965, p. 160; Haskin et al. 1966, p. 231; Philpotts and 
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Schnetzler, 1968; Kcljonen 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 

2 + k + 

on the environmental conditions, Eu and Ce may exist. 

The well-known europium anomaly is due to the preferential 
2 "*" 2 + 

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 plagioclane 

will bring about larger europium anomalies in the residue. 

Relationships between the rock types of the Damara 

orogen were established by Jacob (1974) through field and 

petrological evidence. An attempt ii,as 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 the 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= 
r.c.ïjr I Í ; L ^ I A L 
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dinq concentrations of the rare—earth elements in chcndritic 

meteorites. This eliminated the odd-even effect as shown 

in Figs. 38, 39 and 40. 

Jacob (1974, p. 86) 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). 

> ETUSIS FODM1ION 

; • B*NKO omits 

.1 I I I I I 1 I I I 
57 » 6' 83 Í! «7 S» 71 
l o O SmEu Tb f b U 

ATOMC MJNflC* 

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. T u e large positive euro= 

pium anomaly of the banded gneiss resulted from a depletion 

of the more volatile constituentb of the Etusis Formation, 

leaving a more basic residue rich in plagioclase. Depletion 

'(.;Í:Í- • í i n r i A 



CDNf IDEIUIAL 153 

ation of the 5alem Granite anatectic melt by ' filter-press ' 

ction resulted in the Bloedkoppie Granite forming frorr, the 

isplaced acid residues. The Gawib Granite was late to 

ost-tectonic in age (Jacob, 1974, pp. 3D and 167). 

mith (in Jacob, 1974, p. 3D) considered the Gawib 

ranite to be older than the Salem Granite due to the 

ntrusive relationships of the latter. 

The rare-earth patterns of both the Tinkas Formation 

nd the Salem Granite are very similar (Fig. 3 9) which 

uggests that the Salem Granite was derived from the former, 

oth rock types are enriched in samarium, and Koljonen and 

osenberg (1974, p. 254) report a similar anomaly in a granite 

erived from a sediment. It appears that the rare earths are 

ssentially resistant to metamorphic and metasomatic processes 

ibid. , p. 249) and consequently their distributions in the 

i 
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Fig. 39: Rare-earth abundances in the Tinkas Formation 
and Salem Granite divided by the rare-earth 
abundances in chondrites, plotted against the 
atomic number. 
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Fig. 40: Rare-earth abundances in the Gawib and Bloed= 
koppie Granite:, divided by the rare-earth 
abundances in chondrites, plotted against the 
atomic number. 
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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 

(Fig. 39). 
It is considered, therefore, that as a result of partial 

melting of the Etusis Formation at depth, the resultant ir.elt 

fractionated into the acid Bloedkoppie Granite phase and the 

more basic Ga\A/ib Granite phase. Both granites are more 

differentiated than the parent roc'<s from the evidence of 

the negative europium anomaly. This evidence and that of 

the north-east orientation of the xencliths in the Eloedkoppie 

Granite tends to fall nore in line with Smith's work and that 

the Bloedkoppie and Gawib granites might well be cf late 

syntectonic age. The close proximity of the Etusis Formation 

comprising the Langer Heinrich Mountain provided the source 

material for these granites. 

12.4 Summary 

The banded gneiss was derived from the Etusis Forma= 

tion by metamorphic differentiation. The Salem Granite was 

the product of complete melting of the Tir-k^i Formation, or 

more broadly, the Khomas Subqroup. 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 b.i^ic, Rawib- Granite phane. Beth granites are therefore 

late syntectonic in age. ine significance behind the 

paragenesis of the Bloedkoppie Granite is that i >. 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 

of the epigenetic uranium in the Gawib River Valley. 
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U U U L . H L I U j i i t i u ! i t L j u j - J - J u n i M v_ L. w n • t_ t \ ^j 

OF THE NAMIB DESERT 

The geochemistry of the subsurface waters of the 

Namib Desert was studied with two main objectives in mind. 

Firstly, the concentration and distribution of uranium in 

subsurface waters was investigated to determine whether it 

reflected the likelihcod of uranium mineralization in the 

enclosing rocks. Secondly, an attempt was made to establish 

the underlying principles that govern the leaching and 

migration c t uranium i r a i id environment cf t^e U a m i b 

Desert. Furthermore the subsurface waters form the second 

phase in the geochemical cycle of uranium. 

Gableman (197C, p. ']?(•) aefined certain characteristics 

necessary for a fluid to form uranium ores. These are: 

' 1. Ccrrosiveness: It must be capable of aJtering icck 

by leachin] and replacement. 

2. Penetrability: It must be capable of permeating 

dense rocks impenetrable by fresh ground-waters. 

3. Concentration: It must have a high concentration 

of a large variety of mineral ions and min eralizers 

in addition to the dominant uranium,vanadium, etc. 

4. Selectivity: Its chemical character must enable it 

to react only to certain host rock chemical environ= 

ments.' 

Butler (1969, p. 85) and Gableman (1970, p. :i25) are 

of the opinion that the ore fluids are meteoritic waters 

having a high concentration of dissolved salts. Isotopic 
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studies in natural brines (Clayton et al t 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 general 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 very 

low and over a period of 35 years it is only 17,9 mm at 

Swakopmund (Table 39). On 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 evapcra= 

tion before it has a chance to replenish the acquifers. 5o 

the system being dealt with is one of partial stagnation. 

The area from which samples 1 to 29 were taken lie-

between the 5wakop River in the south and the Khan River in 

the north (Fig. 41). Samples 30 and 31 were taken from 

boreholes HJ-1 dnd J - J respectively in the Gawib River 

Valley (Map 1). 

Geological mapping of the area was done by Jacob (1974 

and the Anglo American Prospecting Co. Ltd. The latter was 

concerned with the evaluation of uranium ore reserves over the 

farms Dorstrivier 15, Mordenburg 76, Vlakteplaas 110 and 

Bloemhof 109. (Annual Prospecting Reports (1972, 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 exception 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 Bloemhcf, Vlakteplaas and the northern part of 

Dcrstrivier. 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 3B6 ppm U 0 . Generally the range 

of values for '._! D_ lies between 5 ppm and 90 ppm, with most 

of it concentrated within the. upper 10 m of the calcret.e. 

Bedrock was intersected at depth:; between (, m and £7 n:. 

The watershed of the Chuosberge dominates the main 

drainage system of this area (Fin. 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 

rivers . 

13.1 Analytical Results 

Water samples numbers 1 to 31 were classified into 

four groups and are listed in Tables 15 to 18. Table 19 

gives the means and range of values tor all the samples. 
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TABLE 17: CHEMICAL ANALYSES OF GROUP 3 SUB5URFACE WATERS 
FROM THE MAMIB DESERT 

7 21 30 MEAN MIN. MAX . 

pH 7,1 7,5 7,5 7,4 7,1 7,5 

•CONDUCTIVITY 2 700 6 780 5 400 4 960 2 700 6 780 

fTDS (ppm) 1 870 5 170 4 04 5 3 695 1 870 4 045 

Na (pprp) 264 740 555 520 264 740 

K (ppm) 20 54 42 39 20 54 

Ca (ppm) 229 735 450 471 229 735 

Mg (ppm) 94 161 77 31 77 161 

U (ppb) 342 242 298 294 242 342 

V (ppb) 16 Ln
 

18 13 5 18 

Sr (ppb) 1 550 838 47 772 16 203 838 4 7 772 

Ba (ppb) 129 207 210 18 2 129 210 

S0 l t (ppm) 223 1 440 360 674 223 1 440 

I\I03 (ppm) 52 48 2 34 2 52 

Si0 2 (ppm) 40 25 10 25 10 40 

F (ppm) 0,4 1,5 2,5 1,5 0,4 2,5 

CI (ppm) 515 1 600 1 600 1 238 5,5 1 600 

C0 3 (ppm) 95 105 6B 89 68 105 

* Conductivity units, mho. 

+ TDS = Total dissolved solids. 

r.'LïjFinn-;' i A•. 
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TABLE 18: CHEMICAL ANALYSES OF GROUF 4 SUBSURFACE 
WATERS FROM THE NAMIB DESERT 

18 22 28 MEAN MIN. MAX. 

pH 7,3 7,4 7,5 7,4 7,3 7,5 

* CONDUCTIVITY 1 800 3 830 2 130 2 587 1 800 3 830 
+ TD5 (ppm) 1 130 2 375 1 355 1 620 1 130 2 375 

l\la (ppm ) 136 200 186 174 136 200 

K (ppm) 7 15 16 13 7 16 

Ca (ppm) 187 397 182 255 182 395 

Mg (ppm ) 47 145 4 9 80 47 145 

U (ppb) 14 15 8 12 e 15 

V (ppb) 3 6 10 6 3 10 

5r (ppb) 1 4 72 2 3 92 3 43C 2 431 1 472 3 4 3D 

Ba (ppb) 31 166 4 69 222 31 4 69 

SO,, (ppm) 89 339 144 191 89 339 

f\l 0 3 (ppm) 4 21 23 16 4 2 3 

Si02 (ppm) 40 25 40 35 25 40 

F (pprr,) 0,7 0,4 0,4 0,5 0,4 •,7 

CI (ppm) 340 903 34 c; 529 340 903 

COj (ppm) 210 219 nC4 211 204 219 

* Conductivity units, mho. 

TDS = Total dissolved solids. 
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LE 19: HEAiSiS -AND RANGE Jf LQNCENTRAT IONS OF IONS IN 
SUBSURFACE WATERS FROM THE NAMIB DESERT FOR 
ALL 31 SAMPLES 

MEAN MINIMUM MAXIMUM 

pH 7,7 7,0 9,2 

•CONDUCTIVITY 5 933 1 800 18 500 
+TDS (ppm) 4 306 1 130 15 285 

Na (ppm) 721 136 3 480 

K (ppm) 49 6 340 

Ca (ppm) 512 11B 1 638 

Mg (ppm) 142 49 431 

U (ppb) Bl 6 342 

V (ppb) 27 3 79 

5r (ppb) 5 754 026 47 772 

Ba (ppb) 271 31 766 

50^ (ppm) 5B5 89 1 596 

N0 3 (ppm) 54 2 165 

5i0 2 (ppm) 28 10 40 

F (ppm) 1,2 0,4 3,5 

CI (ppm) 1 639 340 7 700 

C0 3 (ppm) 130 54 219 

* Conductivity units, mho. 

TD5 = Total dissolved solids. 

Í iV.f I f;F'irIA 
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Analysis of samples 1 to 29 was done by the Depart= 

ment of Water Af cairs in Windhoek 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 atomic absorption flame 

procedures were used for strontium and barium, whereas the 

carbon rod method was used for vanadium. Uranium was 

analyzed using the technique of delayed neutron 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 Table 2C and those of Tables 15 to 

16. 

TABLE 20: TRACE ELEMENT ANALYSES OF SUBSURFACE WATERS FROM 
THE NAMIB DESERT. (ANNUAL PROSPECTING REPORT 
(1973) PROSPECTING GRANT M46/3/209 

ppb Wl W2 W'} W4 W5 W6 W7 we X MIN. MAX. 

U 110 110 25 5 5 102 51 136 55 Bl 25 136 
Pb 34 4 5 19 50 7B 3B 31 43 42 19 76 
Cu 10 11 10 16 17 1L3 15 17 14 10 19 
Ni 22 29 11 23 32 19 15 22 22 11 32 
Ag 17 10 4 IB 19 24 9 9 14 4 24 
Zn 24 22 11 1 000 34 35 12 12 21* 11 1 000 
Cu 2 3 2 4 4 3 2 J 3 2 4 

* The mean value for Zn does not include the 1 000 ppb 
value in sample W4. 
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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 

minimum values. Sodium and potassium are the most 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 (fable 19) are shown. 

The total concentrations of the elements in the 

Namib Desert waters are in general lower with respect to 

seawater. Calcium and carbonate are, however, relatively 

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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in this situation. Firstly, magnesium is incorporated into 

the calcite lattice, and secondly, magnesium may be exchanned 

for a cation in montmorrilonite clay. The similarities 

between the Namib Desert brine patterns and those of certain 

brines in the USA (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 ion pairs, whereas the trace elements, for 

example vanadium, form coordination complexes. Truesdell 

and Jones (1969, p. 58) point out that magnesium is parti= 

cularly susceptible to the formation of ion pairs, with 

' r;: r : r I i/' h : 
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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 B7 per 

cent of the magnesium occurs as the free ion, 11 per cent 

as the Mg-50^ pair, and 1 per cent as the Mg-HC03 pair. 

No value for the Mg-5i02 pair was listed. In solutions 

supersaturated with silica, magnesium remains in solution, 

but in the saturation field for amorphous silica, minerals 

such as montmorillonite and attapulgite may develop. 

Fig. 43 shows the positions of samples 3D and 31 from the 

Langer Heinrich plotted on an activity diagram. Both 

Z i 
4 

ANALCIME I 

OffiBSITE 

QUARTZ SATURATION 

AMORPHOUS S l l 
SATURATION 

-» -5 -I 
U » AlH tSiO(> 

•1 

Fig. 43: Activity diagram for the system Na2 D-A12 D3 

-5i0 2-H 2 0 at 25 P L at unit activity of 
water and 10D kPa. Adapted from Helgeson 
et al (1969, p. 46k:). Subsurface water 
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 demonstrates the 

stability of montmorillonite in the calcretes of the 

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

new- irrfp IA ! 
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activity diagram. (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 frrm 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 not measured and it is 

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 given in Table 19, have been 

plotted on the diagrams. All values in Fig. 44 pint well 

UNSATURATE!) wrrn^ 
9 r - CALCITE 

1 7 

SATURATED WITH 
CALCITE 

Í 
0 t 

i"*>1 I L—J 
100 

T'C 

F i g . 44 Equilibrium plot for caicite or calcareous 
rocks as a function of temperature with 
respect to the subsurface brines. pCa= 
-log 1 0 (Ca z ) and pCÚ3 = -logiotCO* ). 
The minimum, maximum and mean (7.) 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 -"or 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 calcTetes. 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 

Fig. 45: Equilibrium plot for quartz and amorphous 
silica as: a function of temperature with 
respect to the subsurface brines. pH^SiO,, 
= -log j Q ( H ,,5i0 i,) . 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. Tee temperature for the subsurface 
water was assumed to be 20 °C. 

silica. Kaolinite was not found at the Langer Heinrich. 

Kramer (1969, p. 46) points uut that the quartz equilibrium 

line actually represents the 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 

diffraction. 

The water samples were taken over a very large area 

on both sides of the watershed of the Chuosberge and 

associated with several different rock types. For this 

reason they have very wide ranges in the abundances of their 

CONFIDENTIAL 
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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 i^ 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. 

F i g . 46 : 

400 r 

. 200 

GROUP 3 

. 'GROUP I 

, ' . * /GROUP Í 

200 
COjIppml—» 

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

To teat whether this classification had any merit, 

a multivariate discriminant analysis in a stepwise manner 

was performed using the computer program BMDD7M (Dixon, 

1967), called DISC. At each step one variable war, entered 

into a set of discriminating variables, based on the 

statistical F test. For each sample a mahalanobi^ distance 

and a probability function were determined giving the 

likelihood of the sample fitting within the specified 

group. Finally a set of canonical variables was calculated 

in order to represent the distribution of the groups in a 

two-dimensional way. Furthermore, 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 r e s p e c = 

tively, from which uranium, carbonate, sodium and sulphate 

were the most discriminating functions for separating the 

groups. Canonical variables calculated for each group and 

their respective means are plotted in Fig. 47. A very nocd 

• 4 
GROUP4 GROUP 2 GROUP! GROUP 3 • 

• * . * 
m •*. . ' • 
o • • < o • " • 
i • 
-i 

< * • U • z 
s < • u 
> 

-! 
1 1 1 1 1 1 1 

• 

1 1 1 L 1 l i l t i i 
-s 0 • 5 •to 

X-CANONICAL VARIABLE 

Fig. 47: A plot cf t h FJ X- and Y-canonical variables 
derived froM a multivariate discriminant 
analysis o' the data from 31 subsurface 
water samples.(+ = mean). 

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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Group 2 bas four sanples with probabilities below 

96 per cent. 5ampla 23 has a 14 per cent chance of falling 

into Group 1, whereas samples 17, 2D 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 (square 

brackets). There seems to be no uniformity in the aistribu= 

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 Ncrdenbu i •; 

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 aisc 

fall w;thin different groups. 

Unfortunately no information was available concerning 

the depth of the borehole, the quality of the casing or the 

frequency of the pumping, for these factors are important 

in evaluating the mineralizing characteristics of the water. 

The deptn of the borehole and the quality and length of casing 

will determine the depth from where the sample was obtained. 

Ultimately these parameters may account fui the discrepancies 

in tha contents of the dissolved solids. A second possibility, 

although unlikely, to account roi group difference:, within 

nearby boreholes 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 qeochemical anomalies (Fig. 41). Certain 

exceptions are the high values on Jakkalswater, Marmor and 

in the south-eastern corner of Nardenburg. Lack of informa= 

tion concerning the uranium mineralization within these 

areas may account for this. North of the Chuosberge only 

one sample has a significant uranium concentration; 

here again no information on mineralization was available 

from 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. IMc 

reason can be given for t r • is feature which may be u u e to . i 

large number of causes, some of w uich were enumerated acuvt:. 

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 level may be regarded as background. In the 

USA 5 ppb uranium is background, whereas ID ppb uranium is 

anomalous (Butler, 1969, p. 85). C^re pu.it he- exercised with, 

the interpretation of the uranium enncentratiou in water 

because, assuming that the values of samples 13 and 2b jtfiect 

the actual situation, deviations from identity can neverthe­

less occur. Two conditions may prevail that could account 

for anomalously high uranium values: 

rONFniFNTK'l 
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(a) An uneconomical uranium source undergoing weathering. 

For example, sample 29 with 118 ppb uranium is 

situated in Red Granite gneiss terrain. Figures 

quoted by Anglo American Prospecting Co. Ltd gave 

a mean of 14,5 ppm U 3 D 8 for the Red Granite gneis-; 

in the southern sector of Dorstrivier (Annual 

Prospecting Report (1973) Prospecting Grant 

M46/3/209). 

(b) Water was in contact with a potential uranium deposit 

at or below the water-taDle,for example, the caicrete 

uranium deposits on the farm Bioemhof. 

Therefore for waters in the Namib Desert the following 

appliet : Uranium concentrations uf 30 ppb or more reflect a 

potentially mineralised zone r.Farbv. ijran i\.r> co:" cen+rat :_ •-•' 

less than 30 ppb qenerally do not indicate mineralization. 

However, background uraniur valuRs do not necessarily near' 

that potential mineralization is absent, ami an emulous v > i i ,e::, 

(greater than 30 ppb) do not necessarily imply a uranium 

deposit below or nearby. 

13.3 F ac t o r Analysis 

Important parameters determining the distribution 

of the elements in the hydrological environment have been 

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

(a) Composition of the source rocks and the weathering 

processes that act upon them. 

(b) Nature of transporting processes and mechanisms of 

deposition. 

r;r:"ir i r r * : ! i ̂  
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They further poin'ted 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 mere 

difficult when a large number of variables are considered. 

Twenty-five samples (Groups 1 and 2) were analyzed for 17 

variables, giving a total of 425 independent parameters 

(Tables 15 and 16). The technique adopted was factor 

analysis using the computer program GEO, a modified version 

of that written by Cameron (19^7). 

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 the aoplic3-= 

tion of variation diaqrams and tne more elementary statistics 

such as regression and means. Although these methods s t .: i 1 

form the basis of interpretation, more sophisticated approaches 

such as factor analysis were developed to be used in conjunction 

with them. 

Factcr analysis is capable of simultnnen ,•- ly deri'. in-: 

relationships, both correlated and unr. or related , net we en many 

variables in a large number of samples. Herbosch (1974, 

p. 36 7) 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 : 

(a) Calculation of a correlation matrix between the 

variables using both normal arid transformed data 

and including the means and standard deviations. 
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Calculation of eige lvalues from which the unrotated 

factors were determined along with their correspondin 

percentage variability to explain each factor. 

Orthogonal rotation of the vectors yielding a 

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 uari-

max matri x. 

Rotation of vectors farming oblique factors in the 

promax matrix. Herbosch (1974) notes that natural 

phenomena essentially fellow the oblique rotation 

as opposed to the orthogonal. 

From the pretax method, correlations between factors 

are obtained. The number of rotations is deter mirier] 

by the parameter of obliquity (KMIIM). 

The factor scores for the promax are finally 

calculated. 

Interpretations of the factor analysis data for the 

samples were based upon the varimax matrix only because 

ther useful information could be derived from the 

rotations in this instance. 

Geochemistry of Groups 1 and ? Subsurface Waters 

The waters were classified into four groups, the last 

ntaining only three samples each. Consequently Groups 

4 were not included in the; geochemical interpretations 

tor analysis. 
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Although.the samples were classified into two main 

groups, the geochemistry of each is very similar. Discussion 

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, e.g. carbonate is 91 ppm and 145 ppm respectively. 

Based upon log-transformed data, correlation matrices for 

Groups 1 and 2 are giver: in Table 22. Table 2 5 contains 

summaries compiled from the matrices. Only those correlation;: 

for the 99 per cent and 95 per cent confidence limits were 

included in Table 23. 

Most variables correlate directly with the ccnduc= 

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 emphasizes their close coherence. 

In Group 2, uranium correlates with other variables, but at 

the 95 per cent level. T a b 1 e 22 '.hows that uranium correlates 

marginally with other variables below the 95 per cent level. 

Varimax matrices for Groups 1 and 2 are given in, 

Table 24. 

rn.'ir ; 
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TABLE 23(a): 

CONFIDENTIAL 

SUMMARY CF THE. CORRELATION MATRIX 
FOR THE GROUP 1 SUBSURFACE WATER 

is; 

TABLE 

LOG TRANSFORMATION 

^—^—————^-^—— 
99t 95 % 99$ 9 5 % 

+ -

pH Cond , Na TDS,K,C1 
Conductivity TDS, Na, K, Ca, Cl V 
TDS Na, K, Ca, Cl V 
Na K, Ca, V, Cl Ba, SO„ 
K Cl Ca, SO„ 
Ca V, Cl 
Mg Sr 
U CO 
V 5G„ 
Sr Cl 
Ba F 
SO„ Cl 
N0 3 

Si0 2 CG3 

F 
Cl 
C0 3 

fTi • r u n A 
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TABLE 23(b): 5UMMARY OF THE CORRELATION MATRIX (TABLE ??) 
FOR THE GROUP 2 SUBSURFACE WATER 

LOG TRANSFORMATION 

99 % 95 % 99 % 95 t 

+ -

pH Ca Cond, TD5, 
5r, Ba, 
NOs, F, Cl 

Conductivity TD5, Ma, 
Ca, Mq, Sr, 
Ba, SO,,, Cl 

K, U, NO 3 

TD5 Na, Ca, Mq, 
5r, Ba, 50, 
I\103, Cl 

K, U 

Na K, Ca, Mg, 
Sr, 50,, Cl 

u, Ba 
K Mg, Li, SO, Cl 
Ca Sr , Ba, 

50,, NO 3, 
Cl 

Mq 

Mg 5r, 50,, Cl '1, Ba 
U so,, c o 3 V, Cl 
V F, CO 3 

5r Ba, 50,, Cl 
Ba Cl NO 3< 5 0 -SO, Cl 
NO, 
SiO 

Cl NO, 
SiO CO 3 

F Cl 
CD 
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TABLE 24: VARIM.AX MATRICES FOR GROUPS 1 AMD 2 SUBSURFACE 

WATERS 
SUB5URFACE WATER.FROM NAMIE DESERT GROUP 1 

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

SUM OF 

FACTOR 1 2 3 4 

SUM OF 
SQUARES 7,036 3.474 2.464 2.442 
0.822 P H 0.842 0.120 0.197 -0.245 
0.988 COND -0.966 0.150 -0.109 0.142 
0.965 TDS -0.938 0.192 -0.045 0.217 
0.992 Na -0.925 0.194 -0.161 0.269 
0.923 K -0.917 O.0O9 -0.278 0.061 
0.B77 Ca -0.847 0.395 0.045 -0.002 
0.916 Mg -0.176 -0.186 -0.910 -0.145 
0.935 U 0.2 34 -0.932 0.100 0.051 
0.890 V -0.632 0.582 0.065 0.384 
0.960 Sr -0.264 0.333 -O.B59 0.201 
0.922 Ba -0.513 -0.155 -0.059 0.795 
0.855 50„ -0.638 0.575 -0.230 -0.255 
0.731 NO 3 0.054 -0.176 -0.533 0.643 
0.777 Si02 0.005 -0.657 -0.016 0.588 
0.885 F -0.537 -0.122 0.235 0.72 5 
0.981 CI -0.76 0 0.276 -0.56 9 0.0 58 
0.996 C0 3 0.066 -0.97? -0.069 D.2D4 

SUBSURFACE WATER FROM NAMIB DESERT GROUP 2 
LOG TRANSFORMATION 

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

SUM OF 

FACTOR 1 2 3 4 

SUM OF 
SQUARES 6 .034 2.404 4.959 1 . ft fj r. 
0.819 pH 0.111 0.216 -0.731 0.4 76 
0.985 COND -0.750 -0.002 0.649 -0.04? 
0.981 TDS -0.705 0.024 0.695 -0.00? 
0.930 Na -0.869 n.ai2 0.386 -0.16? 
0.873 K -0.921 -0.003 -0.144 -0.06? 
0.956 Ca -0.338 0.065 0.915 0.0 OR 
0.912 Mq -0.847 G.0D7 0.430 0. 1GL 
0.857 U -0.749 -0.502 0.046 -0.20 6 
0.848 V -0.123 -0.647 0.041 -0.64? 
0.866 5r -0.598 0.265 0.556 -0.359 
0.734 Ba -0.299 0.2? 7 0.738 -0.221 
0.932 5 0 , NO, 

sid, 
F 2 

-0.882 -O.04 3 0.309 0.01? 
0.865 

5 0 , NO, 
sid, 
F 2 

-0.027 -0.03 9 0.928 D.D31 
0.887 

5 0 , NO, 
sid, 
F 2 

0.301 -O.bBB -0.093 -0.009 
0.929 

5 0 , NO, 
sid, 
F 2 -0.007 -0.173 0.118 -0.941 

0.960 CI -0.720 0.069 0.660 -o.niB 
0.917 c o 3 

-0.338 -0.857 -0.020 -0.260 
C.ONF i ;][•;•„ • ; A ! 
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Group 1 

Factor 1 

Factor 2 

Factor 3 

Fact-r 4 

Group 2 

Factor 1 

Factor 2 

Factor 3 

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 en 

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 chloride, with a moderate 

loading on strontium. High negative loading on 

pH. 

,!,U 1 i;U:í i A: 
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II 
II 

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 1, which 

includes pH, whereas in Group 2 they are divided between 

factors 1 and 3. Only the pH is totally located in factor 3. 

This all suggests that both groups have different sources 

for their water. In factor 2 of GrGup 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 olace of a 

uranyl vanadate is likely tc form in this system. In factor 

2 of Group 2 moderately high negative loading- are associated 

with uranium, vanadium and silica. roth uranyl vanadate and 

uranyl silicate are the most probable stable phases. There­

fore it was possible to predict from the chemistry cf 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 been identified at the Langer Heinrich 

but is is predicted that scddyite can occur as a stahie phase 

because sample 31 was classified into Group 1 (Table lb). 

pH is one of the controlling factors for the liberation of 

the dissolved salts from the source rocks, ' Feth et al, 19f> '• ) 

and this would account for the different signs. The activity 

of the H ion in mare visorous for Group 1 as compared to 

Group 2, implied by the percentage variances of the respsct. ive 

r ' ' ' f I í i í ' í i /•: 
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factors. Carbonic acid was virtually the only source of H 
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). 

CCfe + H 20 r Hi C0 3 

-6,38 Hj CO, ss H + HCOj K = 10 
HCOj" s? H + + C0$~ K = 1 0 " 1 0 ' 3 1 

(13.1) 
(13.2) 
(13.3) 

Therefore carbon dioxide enhances the reaction of water on 
rocks by the liberation of H . A direct manifestation of this 
is the relationship between carbonate and silica in Fig. 48 
where there is a systematic relationship between the two 

200 
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10 50 
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Fig. 48: 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 
+here 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 5amsoni (1969) conducted a series of 
experiments concerning the leachability of uraniun from 
powdered igneous rocks using 0,2 per cent sodium bicarbonate 
solutions. 5ince these aspects are important in the under= 
standing of uranium migration, a summary of their findings 
is given here. 

1. The solubility of uraniuti in granites is much 
greater than in other types of igneous rocks. 

2. 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. 

3. Water circulating through granite detritus attains an 
equilibrium concentration of uranium after a period 

CONFIDENTIAL 
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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 solution 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 H ion in the leaching 

ability of the subsurface water on rock detritus can be 

described in terms of the carbonate content as shown by 

equations (13.1), (13.2) and (13.3). Therefore the uranium 

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 

BMD02R (Dixon, 1967), called STEP. This program computes a 

sequence of multiple linear regression equations in a step= 

wise manner, with one variable being added at each step. 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 

a log function. The following function was derived from the 

data of Group 1 samples (Table 15). 

log U • -0,71 + 0,9 log CO 2" + 0,11 pH (13,4) 

CONF 1 DEfi T I AL 
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The uranium values calculated in terms of this equation are 
plotted against the original uranium 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. 

I 
5 

J* 

/ 

/lot IUI * -<17>«M l«t KOjJ.O.npH 

'l£-
COMPUTCO in» tur-

Fig. 49: Multivariate regression analysis of uranium, 
carbonate and pH in the subsurface water 
samples from Group 1. 
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Fig. 50: Multivariate regression analysis of 
uranium, carbonate and pH in the 
subsurface water samples from Group 2. 

I 
A similar equation was derived from the data of 

Group 2 samples (Table 16). 
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log U « -r2,8 + 2,5 log CO 2" - 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 (13.5) 
would have had the same coefficients. Dall'Aglio et al 
(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. 

13.5 Solution Geochemistry of Uranium, Vanadium and 
Calcium 

13.5.1 Uranium 

At this stage some of the theoretical aspects of the 
solubility of uranium in water will be studied. 

Uranium in the basement recks of the Langer 
Heinrich will oxidize from the (+IV) to the (+VI) state 
to form the uranyl cation as follows, 
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UOj » UO§ + + 2e (13.6) 

In the presence of carbonate ions two stable uranyl 

carbonate complexes will form at 25 °C and 100 kPa. 

U0* + + 2C0|~ , 2H 20 * U0 2(C0 jJ^ZHjO 2" K = 10~ 2 0» 4 

(13.7) 
U0* + + 3CG*~ =•- U02(C0 )J" K = 1 0 " 2 4 ' 2 

(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 
concentrations (Hostetler and Garrels, 1962). The partial 
pressure of carbon dioxide (P r n ) has a marked effect on th 
stabilities of both UDC and UTC. At a higher P_Q , UDC is 

2 
c o n v e r t e d t o UTC. 

U O . ( C O , ) . ' 2 H 9 o ! " + CO, * L'O (CO ) * " + 2H 0 ( 1 3 . 9 ) 
Z 3 2 2 2 2 2 3 3 2 

The stabilities of UDC and UTC are shown in Figs. 51(a) and 
in terms of Eh, pH and P r n . (Hostetler and Garrels, 1962, 
p. 146-147). Comparing these figures, it is noted that the 
fields of UDC and UTC are increased when P C Q = 10" , 
which happens at the expense of the nther phases. If the 

~3 8 P r n decreases to 10 ' then all the UTC disproportionates 

in the reverse direction of equation (13,9) and its field 
in Fig. 51(a) will disappear completely. 
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51: Aqueous e q u i l i b r i u m diagrams of the system 
U - 0 2 - H - 0 - C 0 2 a t 25 °C and 100 kPa. 
(a) rco. * io"• 
(b) rco * I O " 1 

( H o s t e t l e r and G n r r e l s , 1962 , p . 1 4 6 - 1 4 7 ) . 
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To make meaningful jse 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 (I960) 
took a 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 weathsring, 
This zone falls in the carnotite field in Fig. 52. 

I A 1 1 1 Jjj £ J 
pH 

Fig. 52: The zone of weathering superimposed on 
an Eh-pH diagram. It occupies an area 
in the carnotite stability field. 
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Uranyi ions are precipitated from solution after 
disproportionation of the UDC complex (the reverse of equation 
13.7), by vanadate ions with the vanadium in the (+V) state 
according to the following equation: 

I 

e 

i 
D 
I! 
D 
1 
n 

2 K + + 2U0 2

! + + 2H 2 V0~ + 3H a 0 ^ K2 ( U0 2 ^(VO* ) 2 • 3H2C + 4 H + 

( 1 3 . 1 0 ) 

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 cf 30 m, did not intersect water 
at all. The upper 9 m were uranium-rich calcvete, 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 carbon dioxide. 
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It is therefore considered that the uranium in the 
basement rocks was mobilized largely by ephemeral subsurface 
water which had an increased supply of carbon dioxide. 

The implication is, for the successful dissolution 
of uranium in large enough quantities 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 conditions no deposit 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 stagnant. 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. Upon cessation of the 
supply the water-level will start to drop, largely by down-
gradient migration. The model is schematically drawn in 
Fig. 53. 

TtMC Of ffAMPALl 

Fig. 53: Schematic diagram showing the thickness 
of sediment above an ephemeral water-table 
(—) and the leaching ability of water in 
relation to the time of rainfall ( ). 

T c = Time at which no water-table exists or the existing 
water is stagnant, i.e. a period of no rainfall. 
Sediment thickness above water-table at maximum and 
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leaching ability of the water at zero. 
Tj = Time at which rain falls. 
T 2 = 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 maximu-n. 
This is followed by a cessation in water supply and a 
reduction of leaching ability. 

T 3 = 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 0 for the next ephemeral 
cycle . 

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 from the 
source. 

13.5.2 Vanadium 

The association of vanadium with fluorine in factor 4 
of Groups 1 and 2 (Fig. 54) hints that there is a relation= 
ship between them. A fluoro-vanadate coordination complex 
may possibly form under these conditions. Griffith and 
Wickins (1968) have reported the existence of a vanadium-
fluorine complex of the type (V02 FH ) 

13.5.3 Calcium 

The solubility of calcium in aqueous solutions is 
enhanced by the concentration of the alkali metals. 

rru;F ; PR:'' I .<"' 
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Fig. 54: Variation diagram of vanadium plotted 
against fluorine for the subsurface water 
samples from Groups 1 and 2. 

(IMetterberg, 1969(b), p. 230). Fig. 55 is a plot of calcium 
against sodium which shows a positive relationship between 
the two elements and confirms Netterberg's findings. This 
relationship is important with regard to the precipitation 
of calcite from the subsurface waters, for the higher the 
concentration of the alkali metals the greater the solubility 
of calcium and therefore the inhibition to some degree of the 
precipitation of calcite. Furthermore IMetterberg (1971, p. 9) 
has the following to say with regard to the sclubility of 
calcium carbonate in natural waters. 

'... an increase in water content, C02 content, and 
pressure and a decrease in temperature favour the 
solution of carbonate, while an increase in 
temperature and a decrease in water content, C0 2 

content,and pressure favour the precipitation of 
carbonate.' 

Fig. 56 reveals that water with a vapour phase has a 
higher calcium concentration than water with no vapour phase. 
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Fig. 55: 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 bj the precipitation of calcite. 
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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. 
(Dstle and Ball, 1973, p. 175). 

13.6 Source of Ions in Solution 

Soluble contents of the subsurface waters of the 

Namib Desert were derived from several sources. 
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Feth et a-1 (1964, p. 41) outlined the reaction of 

carbon dioxide and water on andesine feldspar: 

6N 8 ( V 8 6 Ca 0 f J, Al 1 > 33 5i 2 f 6 6 Oe + 6CO2 + 18H 20 -
3Na 0 f S 6 A l i ) 6 S Si^,, D 1 0 (DH^ + 2Ca 2 + + 2Na + + 6H% 5i0% + ÓHCOj" 

(13,11) 
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 source of ions are the 
fogs. Analyses of the fogs are given in Table 38 and the 
salt crust from the Langer Hei.irich in Table 2. 

13.7 Geochemistry of Other Metallic Elements in the 
5ubsurface 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 Co. 
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 available. 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 (1956) 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 the metal species in 
solution will be similar. Below is a list of the most 
likely species that may occur in solution. 

Element Ionic 5pecies 

U U0 2(C0 3) 2-2H 20 2~ 
Pb PbCl +, Pb2 + 

Cu Cu , CuCl 

Ni Mi 2 + 

Ag AgClj 
7 7 2 + 
In Zn 
Co CoCl + 

Table 25 gives the correlation coefficients of the 
samples. Significant correlations at the 95 per cent confi= 
dence limits are found between lead, nickel and cobalt. 
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 per 
cent of the total variability. Factor 1 with 44 per cent of 
the variability has high positive loadings 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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TABLE 25: CORRELATION MATRIX OF THE LOG TRANSFORMED DATA OF TRACE 
ELEMENT CONCENTRATIONS IN THE SUBSURFACE WATERS OF THE 
IMAMIB DE5ERT 

TRACE ELEMENTS IN SWA WATER LOG TRANSFORMATION 
CORRELATION MATRIX OF B SAMPLE5 

MEAN STD DEV U Pb Cu Ni Ag Zn CO 

u 
Pb 
Cu 
Ni 
Ag 
Zn 
CO 

0.185D 01 
0.159D 01 
0,115D 01 
0.131D 01 
O.IOBD 01 
Ú.150D 01 
0.442D 00 

0.247D 00 
0.177D 00 
0.113C 00 
0.150D DO 
0.253D 00 
0.639D 00 
0.128D 00 

1.000 
0.47B 
0.028 
0.560 
0.4 04 

-0.077 
0.011 

0.478 
1.000 
0.561 
0.921 
0.694 
0.424 
0.B54 

0.028 
G.561 
1.000 
0.275 
0.541 
0.293 
0.628 

0.560 
0.921 
0.275 
1.000 
0.648 
0.329 
0.724 

0.4 04 
0.6 94 
0.541 
0.648 
1.000 
0.531 
0.560 

-0.077 
0.424 
0.293 
0.3Z9 
0.531 
1.000 
0.642 

0.011 
0.854 
0.628 
0.724 
0.560 
0.642 
1.000 
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Satisfactory interpretations of the results at this 

stage are not possible until further research is done in this 

d:rection. 

13.8 5ummary 

The study of the distribution of ionic species in the 

subsurface watersof the Namib Desert provided an insight into 

the physico-chemical processes involved during epigenesis 

of the calcretes. The waters have a high degree of calcite 

saturation, implying that the formation of calcrete is still 

taking place. Montmorillonite and not kaolinite is the stabl 

clay. Only Groups 1 and 2 were used in the geochemical 

interpretations, as too few samples were available from Group 

3 and 4. It was possible to predict from the chemistries of 

6roups 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 Groups 1 and 2. The straight 

line plots of the equations demonstrated the dependency of th 

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 

solution. 
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From the prospecting aspect, uranium concentrations 
of 3D ppb or more reflect potential mineralization nearby. 
Uranium concentrations lesr than 30 ppb generally do not 
indicate mineralization. However, background uranium values 
do not necessarily mean that mineralization is absent and 
values gieater than 30 ppb do not necessarily imply a 
uranium deposit in the vicinity. 

Soluble contents of the waters were derived from, 
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 DURICRU5T DEPOSITS 

It was observed that carnotite and calcite are 
intimately associated in the calcrete. The question 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. 

14.1 Analytical Results 

Most of the analytical work for this section was done 
on samples of calcrete powder obtained from boreholes of 
percussion drilling at the Langer Heinrich. Tables 26 and 27 
are the results of partial whole-rock analyses of the 
powdered calcrete. Atomic absorption was used for the 
analyses in Table 26. In Table 27 the following analytical 
methods were used: uranium - delayed neutron counting; 
carbon dioxide (for CaC03 ) - Leco gas absorption; and 
sulphate-photometry. Partial whole-rock chemical analysis 
for the hardpan of the Langer Heinrich formation is given in 
Table 28. Analysis was by atomic absorption and delayed 
neutron counting. 

5emi-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 



CONFIDENTIAL 207 

I 
I 
B 

n 

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 on 
the weight of the whole rock. The value for the detritus was 
nearly the difference in weight between the whole-rock sample 
initially used and the residue after leaching and filtration. 

The major elements including 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 neutron 
activation analysis. 
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TABLE 27: URANIUM, CARBONATE AND SULPHATE ANALYSES QF CALCRETE POWDERS FROM PERCUSSION 
BOREHOLES AT THE LANGER HEINRICH 

o 
o 
5? 
T! M 
© 
w 
-i H > r 

Dept^i Si*} l o r e h o l e H.ll P o r t h o l e HJ2 t o r e h o l e J l Borehole C5 Borehole AD1 

C , 5 ( 1 1 * 

L'tppwO C a C 0 , ( 5 t ) • SO, ( * ) U(ppm) C a C Q , ( * ) 5 0 , ( 4 ) U(opm) C a C C ' , ! * l 5 0 , ( « I U(ppm) CaCO,!*) SO,1«) U(ppm) C.C0,(*l 5 0 , ( » ) 

C , 5 ( 1 1 * 122 2 1 , 6 1 2 , 2 2 1 ,2 0 , 0 1 13 1 2 . 4 0 . 0 1 120 6 . 8 2 . 6 
l . c ( 2 ) 03 2 5 . 5 1 . 7 6 - . _ 34 I I . 6 a,oi 3 t 5 30,9 0,14 . . -1 .5 (3> 36 2 0 . 5 D . 7 4 l b 3 , 4 0 , 0 1 49 U . 7 0,01 - - - - - -2 . 0 ( 4 ) 4 0 2 0 . 2 0 , 3 8 30 1 7 , a 0 , 0 1 " 3 10,f i 0.01 - - - 37 1 ,4 0,02 
2 . 5 1 5 ) 19 4 1 , 8 0 , 1 4 2 1 2 0 , 8 c o l 74 1 1 . 3 0,01 73 40,2 0,(14 - - -3 . C ( 6 ) . - , 1 2 5 0 4 T . 7 D . 0 3 74 1 i . l 0,01 - _ - . . . 3 . 5 ( 7 ) - - - - , _ 16 3 1 3 , * 0,34 . _ - . . _ 4 . 0 18» 13 4 8 , 2 0 , 1 9 1 8 9 0 2 4 , 1 0 , 0 1 244 ir , ,4 0,23 - - - 53 19.8 0,02 
4 . 5 ( 9 ) - - - - , . 10b f,. 5 0,48 . - - , • -5 , 0 H O ) - - - 530 2 ? , 6 C . 0 1 2 30 I S , - 0,02 366 31.9 0,03 . . -5 , 5 H I ) - - - 5? 12,-J 0 , 2 4 944 1 7 . 9 0,01 4 3 4 36.5 0,02 - - -6,CI ( 1 2 ) 15 4 6 . 1 1 . 2 6 - . - (,75 . "6 ,4 0,01 Hi 27.2 0,02 178 2 , 9 0,02 
6 . 5 ( 1 3 1 * - - 9 3 5 1 2 , 9 0 , 0 2 260 U . 4 0,02 4 0 5 2 5 , Í 0,02 . . -7 , 0 ( 1 « ) - - - 7 5 ? 1 2 . 9 c m 65 S". i 0,01 567 18,6 0,01 - - -7 . b ( I S ) - - . 4 1 3 4 1 . 6 0 , 0 2 1'S 2 . 1 0,02 B7D 19,8 0,03 47 16 ,1 0,01 
B.D ( H I 
8 . 5 Í 1 7 I 

8 4 5 . 3 0 , 0 4 4 6 0 25 ,3 0,03 80 
1 15B 

24 ,0 
30,1 

0 ,01 
0 ,01 

B.D ( H I 
8 . 5 Í 1 7 I 

8 4 5 . 3 0 , 0 4 
. _ _ f ">> ST CONTACT 

4 6 0 25 ,3 0,03 80 
1 15B 

24 ,0 
30,1 

0 ,01 
0 ,01 

9 , 0 ( I B ) 
9 , 5 U 9 > 

1 0 , 0 ( 2 0 ) 
- - - 1 142 '/.? i j . 0 1 520 33,0 0,02 200 

220 
264 

33.9 
36,2 
29.9 

0,02 
0 ,01 
0.02 

9 , 0 ( I B ) 
9 , 5 U 9 > 

1 0 , 0 ( 2 0 ) 2 3 9 , 4 0 , 0 1 GRANITE CONTACT . . . 
200 
220 
264 

33.9 
36,2 
29.9 

0,02 
0 ,01 
0.02 

1 0 . 5 ( 5 1 ) - - - - - . 114 26,7 0,02 
1 1 , 0 ( J ? ) - - - - - - 70 22.5 0,03 
1 1 . 5 1 2 3 ) - - . - - - - - -1 2 , 0 ( ? 4 ) 46 3 B . 0 0 , 0 2 354 23.B 0 ,01 . - -1 2 . 5 ( 2 5 ) • - - . , -' 10 14 ,1 0,02 
1 3 . 0 ( 2 6 ) - - 382 20.2 0 ,01 . - . a s . 5 f ? 7 ) - • - - - - . . . 1 4 , 0 ( 2 8 1 142 3 7 . 6 0 , 0 1 70 18,5 0 ,01 73 3 . 1 0,01 
1 4 . 5 ( ? 9 ! - - - - . - 2 2 0 15,5 0,02 
1 5 , 0 ( 3 0 ) - - - - - - 7 4 0 35,2 0,03 
1 5 . 5 ( 3 1 ) . - - - . . 62 34 ,1 0,24 
1 6 . 0 ( 3 2 ) 
1 6 , 5 ( 3 3 1 
1 7 , 0 ( 3 4 1 

30 2 6 . 1 0 , 0 1 442 17,0 0 ,01 123 21,2 0.02 1 6 . 0 ( 3 2 ) 
1 6 , 5 ( 3 3 1 
1 7 , 0 ( 3 4 1 . . _ . _ _ 
1 7 . 5 ( 3 5 ) . . . . . * 1 8 . C 1 3 6 ) 2 9 0 25 ,3 0,03 18 15,6 0 ,01 
I B , 5 ( 3 7 ) 
1 9 . 0 <3« ) 
I B , 5 ( 3 7 ) 
1 9 . 0 <3« ) . . _ 
1 9 , 5 ( 3 9 ) . . . 2 0 . 0 1 4 0 ) 42 14,5 0,02 
2 0 , 5 ( 4 1 ) . „ . 2 1 , 0 ( 4 2 ) . - -2 1 . 5 ( 4 3 ) , • * 2 2 . 0 1 4 4 ) 20 19.8 0,02 
2 2 . 5 ( 4 5 ) . . . 2 3 . 0 ( 4 0 ) . . . 2 3 , 5 ( 4 7 ) - - -
2 4 , 0 ( 4 8 ) 67 2 . 3 0,02 
2 4 , 5 ( 4 9 ) _ „ _ 2 5 , 0 ( 5 0 ) « C a C 0 | c o n t e n t c a l c u l a ' . i - a f r o n iOt . . „ 
2 5 . 5 ( 5 1 ) v a l u e s . . . . 2 4 , t ! ( 5 2 ) Number i n b r « c h i t s r e f e r s t o t h e 4 8 15,6 0,02 
2 6 , 5 ( 5 3 ) s a m p l e n u w b e r , i . e . 0 , 5 ( I t f o r - . . 2 7 . 0 ( 5 4 ) b o r e h o l e H j l m e a n s s a m p l e H J 1 - 1 . . . 2 7 . 5 ( 5 5 ) f r o m a d e p t h o f 0 , 5 m. . m m 2 8 . 0 ( 5 6 ) 4 0 10,9 0,02 
2 » . 5 ( 5 7 ) - - . 2 9 . 0 ( 5 6 ) * . . 2 9 . 5 1 5 9 ) 42 8 , 9 0,02 

1 
g 
H 
> 
r 

s 
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TABLE 28: PARTTAL WHOLE-ROCK CHEMICAL ANALYSES OF THE 
HARDPAN CALCRETE OF THE LANGER HEINRICH 
L LCRETE FORMATION 

* LH 7 LH 24 

5 i 0 2 3 2 , 9 3 2 , 6 

TÍO2 0 , 1 5 0 , 1 6 

Al 2 0 3 4 , 7 4 5 , 2 7 

Fej 0 3 0 , 9 4 0 , 8 1 

MnO 0 , 0 2 0 , 0 2 

MgO 0 , 6 4 1 ,46 

CaO 2 9 , 8 6 3 1 , 3 

l\la 20 0 , 9 1 1 ,04 

K 2 0 2 , 1 8 1 ,84 

P r 0 5 0 , 1 1 0 , 0 9 

ppm 

Li 7 10 

U - 4 8 1 

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 carnotite. 
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TABLE 2 9 : S E M I Q U A N T I T A T I V E SPECTROGRAPHIC ANALYSES FOR TRACE ELEMENTS IN 
THE CALCRETE POWDERS FROM PERCUSSION BOREHOLES AT THE LANGER 
HEINRICH (COURTESY, ANGLO AMERICAN RESEARCH LABORATORIES) 

PARTS PER MILLION 1 
SAMPLE NUMBER SAMPLE NUMBER 

Bi Pb Zn Sb Sn Y Be Mo Nb Cu Ni Lê Ag Co V 

C-5 5 <1,0 15 <10 <50 <5 <10 <0,1 <5 <1D0 60 15 <100 <0,1 <1C 8C 
10 40 10 5 15 15 15 0,2 20C 
13 
14 
15 
16 
16 

20 
15 
15 
10 
25 

10 
<10 

10 

<S 100 
20 
20 

<10 
10 

10 
8 

10 
20 
15 

20 
25 
20 
15 
10 

<0,1 

0,1 

10 
<10 

250 
300 
400 
15D 
200 

26 10 <10 30 30 40 <0,1 15 200 
28 10 <10 30 25 40 <0,1 10 200 
36 30 10 15 30 25 0.1 25 200 

HJ-1 1 
2 
3 

<10 
20 
25 

<10 <10 15 
8 
5 

<10 0,6 

<0,1 
<10 150 

BO 
70 

4 20 10 5 25 0,1 30 3D 5̂ ICC 
5 30 <10 5 15 <0,1 25 25 <10 3DD 

HJ-2 6 
8 

20 
25 

15 <5 <10 20 
15 

3D 

25 
15 
10 

3DC 
5CC 

10 5 20 50 0,1 25 25 10 3GC 
13 <1,0 30 5 10 <0,1 25 20 10 40C 
IS 
IB 

20 

20 
10 <5 <10 

10 
10 

25 

<10 
25 

0,1 -rlO ICO 
150 

J-l 2 

4 
10 

15 

<5 
<5 

10 
15 

<0,1 
<0,1 

25 
25 

15 
20 

200 
80 

6 25 10 5 60 0,1 20 30 15 15C 
8 10 <10 <5 15 0,8 15 15 <10 200 
10 25 8 20 <0,1 5 30 60 10 150 
12 
14 

15 
10 

<5 15 
15 

<5 25 

2D 

40 
25 

15 

ID 

2CC 
ICC 

AD-1 8 
12 
16 

20 
15 
15 

10 
<10 
15 

<10 
15 
20 1,5 

15 
20 
15 

<10 
40 
10 

<10 ICC 
2CC 
ICC 

17 
18 
19 
20 
25 
26 
29 

3C 
20 
10 
25 
15 
25 
25 

25 
<10 
15 

•clC 

5 

15 
<10 
20 
<10 
15 

<13 
10 

<0,1 

<C,1 

25 
15 
2D 
10 
20 
15 
20 

40 
15 
ID 

<10 
20 
10 
15 

20 
<-lD 

6CC 
ICC 
15 2 
IDC 
100 
70 

200 

30 10 15 <5 20 ?C 1C 10 2 50 
31 * 40 10 <5 10 20 20 <10 ICO 
32 30 10 5 25 0,1 25 60 3D 2CD 
48 1 25 <10 5 30 <0,1 1 40 25 20 150 
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14.2 General Chemistry of the Calcretes 

* This section deals briefly with the general chemistry 
of the calcrete of the Langer Heinrich as represented by powders 
from the percussion boreholes (Tables 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 detrital fraction, and calcium 
oxide the cement. Of the minor 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 nf the Lanqer Heinrich are dissimilar. 

It would seem that Goudie's estimates, obtained from 
values in the literature, may be biased towards the calcrete 
types with higher CaC03 contents, i.e. hardpan and powder 
calcretes. All the analyses in Table 26 compare well with 
Netterberg's (1969(b), p. Ill) 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 on a whole-
rock basis could be applied to regional exploration in 
calcretes to assist in the location of potential target 
areas of uranium mineralization. From the elements analyzed, 
vanadium has the highest variability and concentrations due 
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to the presence of carnotite. There is no other significant 
element that can be used as a tracer for uranium. Many 
ele'ments have concentrations below their detection limits, b 
data of this type are nevertheless useful because they 
provide an upper limit to their concentration in calcrete. 

TABLE 31: WORLD AVERAGE VALUES FOR CALCRETE 
(Goudie, 1972, p. 450) 

Element % 

CaO 42,6 
Si02 12,3 
A1 20 3 2,1 
Fe 20 3 2,0 
MgO 3,1 
CaC03 79,3 

14.3 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. 

riwmE p'MAi 



CORRELATION MATRICES OF Tf 
OF THE CALCRETES FROM THE 
(a) UNTRANSFORMED DATA 
(b, LCG-TRAN5FCRMED DATA 

IRTEEN SAMPLES OF 
LANGER HEINR10H 

'HE EPIGENEUC FRACTION 

(al CORRELATION MATRIX Oi 13 SAMPLES NO TRANSFORMATION 

s>c, 

MEAN STD DEV S i D , Al F e MgO CaO N a , 0 s o Pa Ce Co Dy Eu I a Lu Pb Sc Sm 5r u \J Yb 

s>c, Q . 1 B 9 : 0 1 0 . 1 0 7 D 0 1 1 . 0 0 0 0 . 2 2 0 0 . 4 7 1 - 0 . 0 7 1 - 0 . 4 8 2 0 . 1 1 0 0 . 2 04 - C . 2 50 0 . 4 56 0 . 1 5 2 0 . 4 0 7 0 . 4 ^ 2 0 . 4 8 4 0 . 4 0 7 - 0 . 0 0 7 0 . 7 6 3 0 . 4 2 3 - 0 . 1 9 0 - 0 . 1 9 6 - 0 . 1 6 5 0 . 5 8 2 
A l ' 0 . 3 1 3 D U l C . 1 5 1 D 0 1 0 . 2 2 0 1 . 0 0 0 C . B 6 8 0 . 1 0 9 - 0 . 7 9 6 0 . 3 6 8 0 . 9 3 5 0 . 5 8 2 0 . 6 6 ! . • . 6 9 7 0 . 4 3 6 P . 67 7 n.ai.- C . 6 5 3 0 . 5 2 C 0 . 5 8 2 0 . 9 0 8 0 . 2 8 6 - 0 . 0 2 0 0 . 1 5 3 0 . 7 5 5 
F e O . J ^ I D 0 1 0 . 1 S 2 D 0 1 0 . 4 7 1 0 . 8 6 B l . O O C 0 . 0 2 4 - 0 . 7 1 6 0 . 2 1 1 C . S 6 7 0 . 3 B 4 0 . 9 1 : : : . 7 0 9 r . . .i 4 B 0 . 7 7 i C . á n í 0 . 6 2 0 0 . 1 5 3 0 . 5 9 2 0 . 8 7 5 0 . 4 4 5 - 0 . 1 6 2 - 0 . 0 1 4 0 . 7 0 2 
WgC 0 . 2 3 8 D 0 1 0 . 2 7 3 D 0 1 - 0 . 0 7 1 0 . 1 0 9 0 . 0 2 4 1 . 0 0 0 - 0 . 2 5 2 0 . 6 1 9 C . 1 5 9 0 . 1 7 2 I . 0 1 0 r : . - 9, ' - 0 . ? 5 9 2 . 0 4 1 - 0 . 0 04 - C . 1 3 5 0 . D B 6 D . D 3 6 • 0 . 1 1 5 - 0 . 1 1 9 - 0 . 2 7 2 - 0 . 2 4 0 - 0 . 1 7 2 
CaC 0 . 4 5 0 D 0 2 0 . 2 1 6 D 0 1 - 0 . 4 8 2 - 0 . 7 9 6 - 0 . 7 1 6 - 0 . 2 5 2 1 . 0 0 0 - 0 . 4 B 0 - 0 . 7 7 9 - 0 . 2 3 4 - ' 1 . 6 8 5 - C . 4 0 9 - 0 . 4 ^ 9 - P . ' 8 2 - r > . s . 9 - U . 5 2 4 - 0 . 5 0 0 - 0 . 7 6 4 • 0 . 6 9 6 - 0 . 0 B 5 - 0 . 0 5 2 - 0 . 1 6 1 - 0 . 7 2 8 
N a , C C . 6 7 7 D 0 0 0 . 3 3 2 D 0 0 0 . 1 1 0 C . 3 6 6 0 . 2 1 1 0 . 6 1 9 - 0 . 4 8 0 1 . 0 0 0 0 . 4 5 1 0 . 4 4 6 ' \ ? i l C . 4 6* C . 3 9 1 0 . 4 9 4 C 2 1 3 C . 2 2 6 0 . 6 7 7 0 . 4 1 1 0 . 2 3 9 0 . 1 3 2 0 . 1 3 6 0 . 2 56 0 . 4 1 5 
< , C D . 1 3 5 D 0 1 0 . 5 9 2 D 0 0 0 . 2 0 4 0 . 9 3 5 0 . 6 8 7 0 . 1 5 9 - 0 . 7 7 9 0 . 4 5 1 1 . 0 0 0 0 . 5 7 3 ''."' C 5 " . 5 9 2 0 . 4 8 9 0 . B 9 5 0 . 7 1 5 D . 7 1 2 C .7CC 0 . 6 2 8 0 . 8 6 3 C . C 2 4 0 . 1 2 3 0 . 2 7 8 0 . 7 6 1 
P a D . 2 1 6 D 0 3 0 . 2 4 6 D 0 3 - 0 . 2 5 0 0 . 5 8 2 0 . 3 8 4 D . 1 7 2 - 0 . 2 3 4 0 . 4 4 5 0 . 5 7 3 l . O O C C..'. ;4 •-" . 6 5 6 0 . 1 4 6 0 . 4 9 1 C . - 3 " 0 . 3 9 7 C . 6 06 C . 2 1 8 0 . 5 1 5 0 . 2 3 5 - 0 . 1 2 2 0 . 0 5 8 0 . 3 1 1 

: • C . 2 8 B D 0 2 0 . 1 T 3 D 0 2 0 . 4 5 6 0 . 8 8 0 0 . 9 1 5 0 . 0 1 0 - 0 . 6 B 5 0 . 3 1 5 o.7es 0 . 5 7 4 i.cirt C . B 0 8 0 . 5 7 7 0 . 9 1 1 L . 9 ; : : 0 . 7 3 4 (1. "J B 6 0 . 7 2 4 0 . 9 5 6 0 . 2 9 9 - 0 . 1 1 3 0 . 0 7 1 0 . B 1 1 
Co 0 . 1 1 6 0 0 2 0 . 7 7 9 D 0 1 0 . 1 5 2 C . 6 9 7 0 . 7 C 9 0 . 0 9 7 - 0 . 4 0 9 0 . 4 8 6 0 . 5 9 2 C . 8 5 8 c.aaa I .I .BO 0 . 3 3 9 C - , 7 1 0 . 7 5 5 0 . 5 2 Í 0 . 4 6 2 0 . 1 6 9 0 . 7 2 1 0 . 4 0 1 - 0 . 1 3 5 0 . 0 5 9 0 . 5 4 6 
Oy 0 . 1 6 9 D 0 1 0 . 1 C 3 D 0 1 0 . 4 0 7 0 . 4 3 6 0 . 4 4 8 - 0 . 2 5 9 - 0 . 4 5 9 0 . 3 9 1 0 . 4 6 9 0 . 1 4 6 0 . 5 7 7 P . 3 9 9 l . C O O o. ;i9 0 . 5 0 1 0 . 6 5 7 0 . 4 B 1 0 . 6 0 1 0 . 6 3 9 0 . 2 1 9 0 . 6 2 B 0 . 7 2 4 0 . 7 8 3 
Eu G . 5 B S D 0 0 0 . 3 O 8 D 0 0 0 . 4 7 2 0 . 8 7 I 0 , 7 7 6 C . 0 4 1 - 0 . 7 B 2 0 . 4 9 4 0 . 6 9 5 0 . 4 9 1 0 . 9 1 1 0 . 6 - 1 0 . 7 1 9 1 . 0 0 0 0 . B 4 B 0 . 8 1 7 0 . 6 4 2 0 . 6 0 3 0 . 9 3 5 0 . 1 4 4 0 . 1 2 2 0 . 2 9 5 0 . 9 3 2 
La 0 . 1 9 5 0 0 2 0 . 1 1 9 D 0 2 0 . 4 8 4 D . B 1 2 0 . 8 6 6 - D . 0 0 4 - 0 . 6 2 9 0 . 2 1 3 0 . 7 1 5 0 . 5 3 7 0 . 9 7 0 0 . 7 6 5 0 . 5 0 1 C . 6 4 8 1 . 0 0 0 0 . 6 B 4 0 . 2 6 6 0 . 7 0 1 0 . 9 1 7 0 0 . 2 1 0 - 0 . 1 8 B - D . 0 1 7 0 , 7 7 0 
Lu 0 . 1 5 2 D 0 0 0 . 7 7 4 D - 0 1 0 . 4 0 7 0 . 6 5 8 0 . 6 2 0 - 0 . 1 3 5 - 0 . 5 2 4 0 . 2 2 6 0 . 7 1 2 0 . 3 9 7 0 . 7 5 4 C . 5 2 5 3 . 6 5 " * 0 . 8 1 7 C . 6 o 4 1 . 0 0 ' 0 . 4 8 1 0 . 5 6 1 0 . 7 9 6 0 . 1 6 9 0 . 1 5 0 0 . 2 6 2 0 . 7 5 B 
Pb 0 . 9 7 7 D 0 1 0 . 6 0 6 D 0 1 - 0 . 0 0 7 0 . 5 2 0 0 . 1 5 3 0 . 0 8 6 - 0 . 5 0 0 0 . 6 7 7 0 . 7 0 D C . 6 0Í. 0 . 3 8 6 0 . 4 6 2 0 . 4 B 1 0 . 6 4 2 0 . 2 3 6 0 . 4 8 1 1 . 0 0 0 0 . 5 0 1 0 . 4 4 9 - 0 . 0 7 5 0 . 3 0 8 0 . 4 3 8 0 . 5 9 3 
Sc 0 . 2 4 9 0 0 1 G . 1 4 9 D 0 1 0 . 7 6 3 0 . 5 8 2 0 . 5 9 2 0 . 0 3 6 - 0 . 7 5 4 0 . 4 1 1 0 . 6 2 8 0 . 2 1 8 0 . 7 2 4 0 . 4 6 9 0 . 6 0 1 0 . 8 0 3 0 . 7 0 1 0 . 5 6 1 0 . 5 0 1 1 . 0 0 0 0 . 7 0 4 - 0 . 2 0 7 - 0 . 0 2 5 D . 0 R 8 0 . 7 7 7 
S T 0 . 4 9 2 C 0 1 0 . 3 1 2 D 0 1 0 . 4 2 3 0 . 9 0 8 0 . 6 7 5 - 0 . 1 1 5 - 0 . 6 9 6 0 . 2 3 9 0 . 8 6 3 0 . 5 1 5 0 . 9 5 6 0 . 7 2 1 0 . 6 3 9 D . S 3 5 0 . 9 1 7 D . 7 9 8 0 . 4 4 9 0 . 7 0 4 1 . 0 0 0 0 . 1 9 6 0 . 0 7 9 0 . 2 4 4 0 . 6 5 6 
S r 0 . 1 S B D 0 3 0 . 1 0 4 D 0 3 - 0 . 1 9 0 C . 2 B 8 0 . 4 4 5 - 0 . 1 1 9 - 0 . 0 B 5 0 . 1 3 2 0 . 0 2 4 C . 2 3 5 C . 2 9 9 0 . 4 0 1 0 . 2 1 9 0 . 1 4 4 0 . 2 1 0 0 . 1 6 9 - C . D 7 5 - 0 . 2 0 7 0 . 1 9 6 1 . 0 0 0 0 . 0 0 6 0 . 0 9 7 0 . 1 6 7 
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(bl CORRELATION MATRIX OF 13 SAMPLES LOG, TRANSFORMATION 

MEAN STD DEV S i O , A l MgC CaO Na K - 0 Ba Ce Co Cy La Lu Pb Sc 

» 1 * 
F B 

MgO 
CaO 
Na,C 
KJ 
Ce 
Co 
Dy 
Eu 
La 
Lu 
Pb 
Sc 
Si» 
S r 
0 
V 
v b 

C . 1 S 7 D 0 0 
0 . 4 4 7 D 0 0 
0 . 3 B 2 D DO 
0 . 2 0 3 D 0 0 
0 . 1 6 S D 0 1 

• 0 . 2 1 9 D 0 0 
C . 9 0 C D - G 1 
C . 2 1 3 D 0 1 
0 . 1 3 9 D 0 1 
0 . 9 6 5 D DC 
0 . 1 6 6 D 0 0 

• 0 . 2 9 0 D 0 0 
0 . 1 2 2 D 0 1 

• 0 . 8 8 8 D 0 0 
0 . 9 2 7 0 0 0 
C . 3 3 1 D 0 0 
0 . 6 1 3 D 0 0 
0 . 2 0 9 D 0 1 
0 . 2 6 9 C 0 1 
D . 2 3 7 D 0 1 
•C.269D-01 

D5BD 00 
G.217D 00 
0.225D 00 
0.377D 00 
0.211D-E1 
0.22CD 00 
0.193D DO 
0.416D 00 
0.251D 00 
0.319D 00 
.231D 00 
.236D 00 
.247D 00 
.2850 00 
.231D 00 
.2460 00 
.2740 00 
.4440 OD 
.7300 00 
.351D 00 

0.26TD 00 

1 . 0 0 0 
0 . 0 3 0 
0 . 2 3 4 

- 0 . 0 8 6 
- 0 . 3 9 7 
0 . 2 3 5 
0 . 0 6 7 

- 0 . 1 7 6 
0 . 2 1 6 
0 . 1 8 3 
0 . 4 4 B 
0 . 3 1 7 
0 . 2 6 2 
0 . 1 6 7 
0 . 0 2 0 
0 . 6 2 5 
0 . 2 0 4 

- 0 . 2 5 1 
- 0 . 1 3 9 
- 0 . 2 2 B 
0 . 4 3 7 

0 . 0 3 0 
1 . 0 0 0 
C . 9 1 5 
0 . 3 2 5 

. 0 . 7 7 5 
0 . 4 9 7 
0 . 9 3 6 
0 . 7 2 4 
0 . 8 3 9 
0 . 7 1 4 
0 . 4 8 3 
0 . 8 2 3 
0 . 7 3 8 
0 . 5 9 6 
0 . 5 8 2 
0 . 4 7 2 
0 . 8 6 4 
C . 5 1 0 

• 0 . 1 3 8 
C . 2 7 0 
0 . 7 0 4 

D . 2 3 4 
0 . 9 1 5 
1 . 0 0 0 
0 . 2 6 3 

- 0 . 7 0 0 

0 . B 7 4 
0 . B 1 4 
0 . 5 0 1 
0 . 7 8 2 
0 . 7 6 3 
0 . 5 8 0 
0 , 3 8 2 
0 , 4 7 6 
0 . 8 6 3 
0 . 4 5 7 

• 0 , 2 5 7 
0 , 1 0 5 
0 , 6 7 9 

- 0 . 0 8 5 
0 . 3 2 5 
0 . 2 6 3 
1 . 0 0 0 

. 0 . 4 4 4 
0 . 5 7 1 
0 . 3 6 5 
0 . 3 5 1 
0 . 1 4 9 
0 . 2 9 2 

- 0 . 1 4 B 
0 . 1 9 5 
0 . 1 6 3 

• 0 . O O 1 
0 . 2 1 2 
0 . 2 0 2 
0 . 0 3 3 
0 . 0 2 8 

• 0 . 2 7 9 
. 0 . 0 6 3 
• 0 . 0 6 2 

- 0 . 6 5 7 
- 0 . 7 7 5 
• 0 . 7 D 0 
- 0 . 4 4 4 

1 . 0 0 0 
- 0 . 5 1 7 
- 0 . 7 8 C 
- 0 . 4 2 6 

. 6 0 8 

. 4 9 1 

. 4 5 7 

. 6 9 4 
. 5 7 7 
. 4 0 7 
. 5 1 0 

- 0 . 7 1 1 
- 0 . 6 2 9 
- 0 . 2 1 9 
0 . 1 7 2 

- 0 . 1 4 4 
- 0 . 5 9 4 

0 . 2 3 5 
0 . 4 9 7 
0 . 4 5 9 -
0 . 5 7 1 

- 0 . 5 1 7 
1 . 0 0 0 
0 . 5 5 5 
0 . 6 4 5 
0 . 5 0 6 
0 . 7 1 5 
C . 4 0 9 

. 2 7 
, 4 5 1 
.328 

T2B 
, 6 0 1 
. 4 1 0 
, 1 4 1 
1 5 6 
12B 

0.531 

0 . 0 6 7 
0 . 9 3 6 
0 . 7 9 1 
0 . 3 6 5 

- 0 . 7 8 0 
0 . 5 5 5 
1 . 0 0 0 
0 . 6 5 3 
0 . 7 5 4 
0 . 6 4 8 
0 . 5 4 4 
0 . 8 4 4 
0 . 6 4 5 
0 . 6 6 6 
0 . 7 4 9 
0 . 5 7 5 
0 . 8 3 6 
0 . 3 2 3 

- 0 . 0 3 0 
0 . 3 5 8 
0 . 6 8 9 

- D . 1 7 6 
0 . 7 2 4 
0 . 6 9 6 
0 . 3 5 1 

- 0 . 4 2 6 
0 . 6 4 5 
0 . 6 5 3 
1 . 0 0 0 
0 . B 0 4 
0 . 6 6 7 
0 . 4 1 0 
0 . 7 2 7 
0 . 7 3 1 

605 
639 
336 
726 
499 
234 
707 

0 . 2 1 6 
0 . 8 3 9 
0 , 8 7 4 
0 . 1 4 9 

• 0 . 6 0 8 
0 . 5 0 6 
Q . 7 5 4 
0 . B 0 4 
1 . 0 0 0 
0 . 8 4 0 
0 . 6 0 9 
0 . 9 3 2 
0 . 9 2 7 
0 . 7 2 2 
0 . 5 4 3 
0 . 5 6 4 
0 . 9 2 1 
0 . 4 4 7 

- 0 . 3 2 1 
0 . 0 6 7 
: . B 7 0 

0. 183 
0.714 
D.614 
0.292 

- 0 . 4 9 1 
0 . 7 1 5 
0 . 6 4 8 
0 . 8 6 7 
0 . 8 4 0 
i . G O O 
0 . 4 6 7 
0 . 7 6 2 
0 . 7 7 2 
0 . 5 2 1 
0 . 5 6 0 
0 . 5 9 8 
0 . 7 9 3 
0 . 2 1 9 
-0.372 
0.031 
0.673 

0.448 
0.4B3 
a . 5 0 1 

- 0 . 1 4 8 
- E . 4 5 7 
0 . 4 09 
0 . 5 4 4 
C . 4 1 0 
0 . 6 D 9 
C . 4 6 7 
l . O C O 
0 . 7 0 7 
D . 5 6 2 
0 . 6 2 3 
D . 5 2 1 
0 . 5 2 3 
0 . 6 9 1 
0 . 3 1 5 
0 . 4 3 1 
0 . 6 0 9 
0 . 7 2 7 

c . 3 1 7 
0 . 8 2 3 
0 . 7 8 2 
0 . 1 9 5 

- 0 . 6 9 4 
Q . 6 2 7 
0 . 8 4 4 
0 . 7 2 7 
0.<<32 
0 . 7 6 2 
0 . 7 0 7 
1 . 0 0 0 
0 . B 3 B 
0 . 8 0 7 
0 . 7 4 3 
0 . 6 92 
0 . 9 0 0 
0 . 3 4 7 

• 0 . 1 8 1 
0 . 1 7 9 
U . 9 3 1 

0 . 2 6 2 
0 . 7 3 6 
C . 7 6 3 
0 . 1 6 6 
0 . 5 7 7 
0 . 4 5 1 
C . 6 4 5 
0 . 7 3 1 
0 . 9 2 7 
C . 7 7 2 
0 . 5 6 2 
0 . 0 3 6 
1 . 0 0 0 
0 . 5 1 5 
0 . 4 2 2 
0 . 6 2 3 
0 . 8 5 2 
0 . 3 2 4 
0 . 3 3 4 
0 . 0 4 0 

0 . B 3 9 

0 . 1 6 7 
0 . 5 9 6 
0 , 5 8 0 
0 . 0 0 1 
0 . 4 0 7 
Q . 3 2 B 
0 . 6 6 6 
0 . 6 0 5 
0 . 7 2 2 
0 . 5 2 1 
0 . 6 2 3 
0 . 8 C 7 
0 . 5 1 5 
1 . 0 0 0 
0 . 6 3 6 
0 . 3 3 1 
0 . 7 2 3 
0 . 4 1 4 
0 . 0 1 5 
0 . 2 1 5 
0 . 7 0 0 

0 . 0 2 D 
D . 5 8 2 
0 . 3 8 2 
0 . 2 1 2 

- 0 . 5 1 0 
0 . 7 2 8 
0 . 7 4 9 
0 . 6 3 9 
0 . 5 4 3 
0 . 5 B O 
D . 5 2 1 
0 . 7 4 3 
0 . 4 2 2 
0 . 6 3 6 
1 . 0 0 0 
0 . 5 9 1 
0 . 6 0 6 
0 . 1 1 6 
D . 0 4 1 
0 . 3 6 4 
0 . 6 5 1 

0 . 6 2 5 
0 . 4 7 2 
0 . 4 7 9 
0 . 2 0 2 

- 0 . 7 1 1 
0 . 6 0 1 
0 . 5 7 5 
0 . 3 3 B 
0 . 5 D 4 
0 . 5 9 B 
0 . 5 2 3 
0 . 6 9 2 
0 . 6 2 3 

. 3 3 1 
0.591 
,000 
.595 
,261 
,321 
.070 

.204 

.864 

.'63 

.033 

.629 

.410 

.636 

.726 

.921 

.793 

.691 

.900 
0.852 
0.723 
D.606 
0.595 
l.OOD 
0.309 

-0.10D 
0.295 
0.845 

-0.251 
0.510 
0.457 
0.02B 

-0.219 
0.141 
.323 
.499 
.447 
.219 
.315 
.347 
.324 
.414 
.116 
.261 
.309 

1.000 
0.176 
0.315 
0.335 

0.139 
0.138 
0.257 
0.279 
0.172 
0.156 
0.030 
0,234 
0.321 
0.372 

431 
181 
3 34 
015 
041 
321 
100 
176 

1.000 
0.875 
0.140 

. 0 . 2 2 R 
0 . 2 7 0 
0 . 1 0 5 

• 0 . 0 6 3 
• 0 . 1 4 4 
0 . 1 2 8 
0 . 3 5 8 
D . 2 0 7 
0 . 0 6 7 
D . 0 3 1 
0 . 6 0 9 
0 . 179 
0 . 0 4 0 
0 . 2 1 5 
0 . 3 6 4 

• 0 . 0 7 0 
0 . 2 9 5 
0 . 3 1 5 
0 . 8 7 5 
1 . 0 0 0 
0 . 1 4 2 
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Table 32* gives the correlation matrices for both 
normal and log-transformed data. Summaries of the two correla= 
tion matrices for the data below the diagonal 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 untransformed data shows 
no significant correlation with the elements barium, 
europium, 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 factor 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 squares multiplied by the 
percentage vf3riance, e.g. variance for factor 1 = (B»6/19,8) 
x 94,1 « 40,9 % (See Table 34 for the values above). 

The loading of each elemen- in all the factors gives 
the fraction of variance of every slement that is explained 
by the factors. High loadings of a group of elements within 
a factor specify a covariant behaviour of those elements, 
e.g. alumina, iron oxide, potassium oxide, cerium, etc. in 

factor 1. 
CniMF I D E N T T A L 



I 
I 

CONFIDENTIAL 217 

V 

• 

5 

3 

i 

Is 
5.5 • 

U - 5 S S 

• 

• 

5!! =: ss 

* 
* 

3 i" si 

i 

»£ 

£ 

. J i 

i 

s J x i Ë 

3 \ * 
O 0 -O 

» * . ; >• 

- a £ 

u 

J J 

i 
** 

- -J 

° £ 

i 
11 = 

.a £ 

O ':- 'JJ 

? * ';" ~„ Í t. 
-' [ : f u 

a a: a: 

ji tr i 

E 
T * J" .n t r 

i * E 
• t . 

E 
• t . 

X - * l * l 

Srt i," : T ° - t 
•i ir 

£ l J C i * V 
Cí\ 

:'i Js IN .í> 

rilS ^, 

5í O 
V i CL 

i n 

+ -" o 

X , 
C-J 

f •J 
C? 

• 
Í 

:, £ 

if 
c' E 5x, .c * e 

*. 
u t 

w •*,'. 
w > 

• ' 

- J n jn i i J l • , - . 

o 
3S 

"* . ° i J? li, 
t 

•S .:', -; j? J-' XI ? 

_y it : a. m 

'.'' u 
u _•• r. 

* J F. •n fc •; r , ;' £ _J -. 

- j •r £ >' / ? 
(0 <t< r, ,.' J « í' £ F 

CONFIDENTIAL 



IV I INIQIJNQj 

in 

a n o o o o a a a o a a a o a a a o o a a c c : 
^O^O^OSOVO\OaO-JVOVOVOVD^OVOVDVDaB03VDVDV03 
( - - 'CT\CT\N)CDusOHro->i- j t i )~«icDa)ajvDvD—jm^irn • 
a \ a i u i c n r o o \ v o £ » a a 3 C J v o a 3 r \ j i \ j v o a i o j u J L J ( j i u i " r ' 

- < < ( r o n L n o T T ) r " r " m c 3 n r ) a a ^ : z n 2 " r i > c n 
cr H 3 n r c o i c i c o ii D I M t i i i i a O H M ' 

a » • o a 

F
A

C
T

O
R

 

i i 
a a o a a o a o a o a o a o o o o o a o o a j 

M 
Lnvot» i^ i \ jKJLr iD feuiwin-jaaitnaoaiuiuio 

M 

i i i i i i i i i i i i i 
o o o o o o a o o o o a o o o o o o o o o c j 

(V U \ 0 « J O M O ^ N H W > I O O O W N H W H O H H 
f\j —j —. jaJCJO\Lnt»uJu) t - ' - jUJOsocrs i \ ) - j rv ;Ln( j i t - ' 
D U l - l P U l \ ) - > I M - J O \ O H v X ) t - i U U 1 - 4 H N J ' J h ' 0 \ 

(V 

1 I I 1 1 1 1 1 1 1 1 
• o o o o o o o o o o o o a a a o a a o D i -

u 
H H O \ D O W H U O \ U t > O O M H M H V O U ( M - ' W 
I J I I \ O Ï I D O \ - . j s x 3 C S 5 - 4 a ) J ^ ( - ' M 3 t j N c r \ a ) L n » - ' O í » a 3 

u 

I I I I I i I i I i i I i I i I I I i 
o a o o o o o o o a a o o o o o a o a o a o j 

& H O D O M H U l l \ ) N I \ ) H O \ u a ) M ! ' H D a i - ' W U 

H I - ' V O a i U U U ^ t > H I - ' - 4 M h ' U I \ ) U ( J O - > I C M t l 

& 

1 1 1 1 I I I 
a a o o a o a o a a o o o o a a a a o a a i — U l 
o o o v o o N ) c j o i - ' o » - u ) i \ ) o i - ' o a o u a o * * 
( J U M IM OVO\ ( J H & H - > l u O I X I V O - ~ | ( M ^ a ) O D V O ^ I 

U l 

I I I I l i i i i i i I I 
• o o o o o o o o o o o o a a o o o o o a i v j 

a \ 
ST» CT\ — J U ( S U I U i a \ V O I - l Q ) U ' > I U U 1 U H I \ J V ) - > l - < I O \ 
C M S V O U v A t C I ^ & M u U N H H m M t V J O H H U a ) 

a \ 

l tfI lN3QIJN03 



CONFIDENTIAL 219 

Opposite.signs indicate opposing covariances between 
the variables, e.g. alumina and calcium oxide. 

Factor 1: Lithjfication 

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 c3-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 l f 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 a coherent variable with 
uranium and vanadium, this implies that the precipitation 
of carnotitf 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; Ion Exchange Properities and Formation of Clays 

Clays associated with the calcrete are of the 
montmorillonite-smectite varieties. High factor loadings 
on both sodium and magnesium suggest an ion exchange mechanism: 

+ 2 + 

possibly two Na ions are exchanged for each Mg ion within 
the structural lattice of the authigenic clays. 

Another important mechanism that can also account for 
this relationship is the formation of montmorillonite in situ 
by the reaction of magnesium ions on plagioclase feldspar.?. 

Factor 4; Substitution in Calcite Lattice 

Barium, cobalt and lead are capable of substituting 
in the calcite lattice. High factor loadings on these 
elements suggest that this has happened in this case. 
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Factor 5; Substitution in Calcite Lattice 

* This factor has the lowest variance, signifying its 
lack of importance. Strontium substitutes for calcium in the 
calcite lattice. It seems likely that strontium behaves 
differently from barium, cobalt and lead during substitution, 
and therefore has its own factor. 

Factor 6; 5ilica 

Silica and scandium have high factor loadings. 
Scandium also occurs in factor 1 and therefore factor 6 
suggests that a certain amount of silica was released from 
biotite in the detrital material or from the clays during 
postdiagenetic leaching. 

Factor analysis of thr raw data provided pointers 
concerning 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 montmorillonite. 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 obliquity (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 EPIGENETIC FRACTION OF THE 

CALCRETES FROM THE LANGER HEINRICH 

PROMAX OBLIQUE REFERENCE 5TRUCTURE MATRIX KMIN = 5 
NO TRANSFORMATION 

FACTOR 1 2 3 4 5 6 

5 i 0 2 0 .032 0 . 2 6 1 - 0 . 0 0 8 0 . 3 0 0 0 . 1 1 3 - 0 . 8 3 7 
Al 0 .728 - 0 . 0 2 3 -0 .0 Ó 4 - 0 . 0 3 4 0 .04 6 0 . 2 2 7 
Fe 0 .612 0 .122 - 0 . 0 2 9 0 .112 0 . 3 1 9 - 0 . 0 5 9 
MgO 0 . 0 2 8 0 . 2 3 5 - 0 . 8 7 0 0 . 0 5 5 0 . 0 4 7 0 . 0 6 1 
CaO - 0 . 5 9 0 0 . 1 0 0 0 . 3 4 8 - 0 . 2 9 3 0 . 0 3 3 0 . 0 9 8 
Na,0 - 0 . 1 8 5 - 0 . 1 3 6 - 0 . 7 4 7 - 0 . 2 4 6 0 . 1 5 3 - 0 . 1 6 ? 
K,C 0 . 6 6 3 - 0 . 1 2 2 - 0 . 0 6 7 - 0 . 0 8 5 - 0 . 2 1 5 0 . 2 1 7 
Ba 0 . 1 1 3 0 .200 0 . 0 0 1 - 0 . 7 8 5 - 0 . 0 0 3 0 . 3 3 9 
Ce 0 .492 0 . 1 3 7 0 . 0 6 4 - 0 . 1 5 1 0 . 1 2 1 - 0 . 1 1 3 

" Co 0 .126 0 .212 - 0 . 0 3 7 - 0 . 5 7 7 0 . 2 4 6 0 . 0 0 1 
Dy 0 .048 - 0 . 5 7 5 0 . 0 7 8 0 . 0 3 3 0 .1B4 - 0 . 3 1 3 
Eu 0 0 . 4 6 1 - 0 . 1 0 3 - 0 . 0 3 3 - 0 . 0 8 4 - 0 . 0 4 7 - 0 . 1 3 9 
La 0 .482 0 . 2 3 3 0 . 1 2 6 - 0 . 1 4 7 0 . 0 5 5 - 0 . 1 4 9 
Lu 0 .375 - 0 . 1 2 0 0 . 2 2 1 - 0 . 1 2 4 - 0 . 0 4 8 - 0 . 1 0 4 
Pb 0 .047 - 0 . 2 6 1 - 0 . 1 4 2 - 0 . 4 5 3 - 0 . 3 1 8 0 . 0 7 9 
5c 0 .204 0 . 1 1 7 - 0 . 0 6 8 0 .010 - 0 . 2 7 6 ' - 0 . 5 4 8 
Sm 0 .598 - 0 . 0 4 2 0 . 1 8 7 - 0 . 0 7 8 - 0 . 0 0 5 - 0 . 0 1 2 
Sr 0 .075 - 0 . 1 7 7 - 0 . 1 1 0 - 0 . 0 3 4 0 . 9 0 1 0 . 1 9 6 
U - 0 . 0 2 3 - 0 . 9 5 7 0 . 0 8 8 0 .179 0 . 0 6 0 0 .176 
V 0 . 0 3 1 - 0 . 9 3 1 0 . 0 6 3 0 .070 0 . 1 0 3 0 . 1 9 7 
Yb 0 .340 - 0 . 1 8 1 0 . 0 5 8 - 0 . 0 0 4 0 . 0 0 5 - 0 . 2 9 6 

TABLE 36: CORRELATION MATRIX OF FACT0R5 IM THE PROMAX MATRIX OF TABLE 35 

CORRELATIONS BETWEEN PROMAX PRIMARY FACTORS KMIN = 5 
NO TRANSFORMATION 

FACTOR 1 2 3 4 5 6 

1 1.000 - 0 . 3 2 4 - 0 . 2 0 5 - 0 . 6 4 5 0 . 1 5 5 - 0 . 6 6 1 
2 - 0 . 3 2 4 1 .000 0 . 1 5 3 0 .450 0 . 1 2 4 0 . 4 3 1 
3 - 0 . 2 0 5 0 . 1 5 3 1 .000 0 .276 0 . 2 5 0 0 . 0 9 9 
4 - 0 . 6 4 5 0 .460 0 .276 1.000 - 0 . 1 1 4 0 . 5 3 0 
5 0 .155 0 .124 0 . 2 5 0 - 0 . 1 1 4 1 .000 - 0 . 1 0 1 
6 - 0 . 6 6 1 0 . 4 3 1 0 . 0 9 9 0 .530 - 0 . 1 0 1 1.000 
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Table 35 'gives the promax matrix and Table 36 the 
correlation 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 accentuating 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 is 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 lattice. Factors 1 and 6 are positively correlated 
which indicates that silica, alumina, iron oxide, etc. have 
a common source. 

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. 

14.4.1 Iron 

Iron is distributed throughout the Gemsbok and Langer 
Heinrich 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 iron lies in the alteration and 
decomposition of iron-bearing minerals such as biotite and 
hornblende from the Tinkas Formation and Bloedkoppie 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 alteration of these femic 
minerals results in the formation of authigenic montmorillonite, 
iron oxides and calcite. The release of iron is controlled 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 precipitation of 
iron (III) in the hydroxide form takes place. Those sediments 
with a greater proportion of iron (II) will be drab as opposed 
to the red colouration of the oxidized iron (III). There are 
three main forms of iron oxide pigment present in red beds 
(ibid., p. 360): 
(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 5pencer et al 
(1969, p. 991) concluded that the ferric hydroxides occur in 
the finer 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 
of 1,1 per cent (Table 30). 5ample HJ2-3 was taken at a 
depth of 1,5 m which indicates that very strong oxidizing 
conditions occur near the surface, thereby precipitating thp 
iron in the red hydroxide form. 

14.4.2 Alumina and silica 

The main source of these species in the calcrete is the 
decomposition of hydrolysis of the feldspars, chiefly microrline 
and albite. Thermodynamics predicts (Helgeson et al, 1969, 
p. 463) that the following reaction will take place during 
the hydrolysis of coexisting albite and microcline. 

KAl5i,0a + NaAlSi 30 8 + 16H20 - 2A1(0H)~ + K + + Na + + 6H %5iO % 

(14.1) 
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This equation therefore accounts for tetrahydroxo-aluminate 
(III) and silicic acid which can be precipitated from subsur= 
face 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 in water (Morey et al. 1964, p. 1995). Due to this 
low solubility, the silica released is quickly precipitated 
and will establish the following equilibrium conditions, 
(ibid., p. 2001): 

5iO , . n. ., + nH,0 ^ SiO, , , (14.2; «(amorphous solid) * 2(aq) 

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 
rate. Fig. 57 is a plot of Al 0 versus Fe D 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-aluminate (III). Ions of 
this type are capable of co-precipitating metals, viz. the 
rare earths in alkaline solutions. 
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Fig. 57: Variation diagram of A1 20 3 plotted against 
Fe 20 9 (correlation coefficient r = 0,87) 
for the epigenetic fraction of the calcrete 
(+ = 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 (I960). 

High correlation coefficients of potassium with the 
alumina, iron (III) oxide and rare earths are observed in 
Table 32(a). Potassium is probably involved largely with 
the ion exchange properties of the montmorillonite. 

Consideration must now be given to the origin of 
montmorillonite clay. Montmorillonite is an authigenic 
mineral, having largely been formed in situ by the reaction 
uf magnesium with albitic feldspar. The flow-rate of subs 
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 at the Langer Heinrich, a slow 
reaction between hydrated alumina, silica and certain cations 
takes place. The reaction can be considered in the following 
manner: 

Mg 2 + + 3NaA15i30e + 4H 20 - 2Na 0 > 5 Al ̂  Mg ̂ , Si„0 1 0(0H) 2 

+ 2Na + + H„5i0„ (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 question 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, 
tropical climates the slow reaction given above cannot take 
place due to the removal of all reaction cations in solution, 
leaving a residue of hydrated alumina, eventually farming 
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 farm where the HCO 
content ?pproaches 100 ppm. 

Magnesium is freely interchangeable with calcium in 
calcite, and should the substitution proceed, the mineral 
dolomite will form. Table 30 shows that the magnesium oxide 
content is generally low, but one sample (ADl-8) 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 CaO. The ratio MgO/CaO 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 MgO/CaO against MgO. 

This indicates that there is a relationship of some sort 
between magnesium and calcium, but there has not been a 
systematic linear substitution of these elements with respect 
to each other. In other words magnesium in calcite also 
occurs in another form, e.g. clay. Wieder and Yaalon 
(1974, p. 11B) found that an increase in calcium (i.e. calcite) 
was accompanied by a decrease in aluminium, magnesium and ion 
(i.e. clay). Electron probe studies 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. 58. 

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 
(III) hydroxides which were adsorbed on montmorillonite, as 
demonstrated by the relationships in factor 1. 5imilar 
conclusions were reached by Roaldset (1973) who found that 
the rare earths were adsorbed under neutral and moderately 
alkaline conditions onto clay minerals, but at a lower pH 
desorption took place. 

The relative abundances of the rare earths in calcret 
of the Langer Heinrich, and sediments from other parts of the 
world, plotted as percentages of the total rare-earth 
concentrations, are shown in Fig. 59. Clearly the 
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 total content. 
Cerium is the most abundant element whereas europium 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. Fig. 60 is a plot 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. 

(• = HJ2-3, o = HJ2-5, x = HJ2-13, 
A = C5-15). 

(b) 5ediments from other parts of the world. 
• = Belders Formation marble, USA; 
x = average, 11 025 limestones from the 

Russian Platform; 
o = composite 40 North American shales. 

(Herrmann, 1970). 

Fractionation between the lighter and heavier elements has 
taken place. The limestones from the Russian Platform have 
a rare-earth pattern very similar to those of the calcites 
from the Langer Heinrich. A more diagnostic approach in 
studying the fractionation patterns of the rare earths is to 
divide the concentrations of the light rare-earth by the 
heavy rare-earth concentrations. The function used here 
was (La + Ce)/(Yb + Lu) which was a modification of the 
function used by Balashow et al (1964, p. 951). The 
relationships between this ratio and total rare-earth content 
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and between this ratio and percentage Fe 2 0 3 

Fig. 61, where the overall trend appears to 

linear. 

Fig. 60: Distribution patterns of rare earths, 
normalized to the abundances in 20 chondr 
tic meteorites. 
x = epigenetic calcite, Langer Heinrich a 
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 

of pH, thereby assisting the separation of the species. 
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Pig. 61: Plots of the fractionation function 
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, 
Normally rare earths are characteristically trivalent. Eu 2 

k + and Ce can occur under reducing and oxidizing conditions 
respectively. The desert environment of the Langer 
Heinrich is oxidizing, which will discount the occurrence 
of Eu . Cerium (IV) behaves 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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Correlation coefficients between the rare earths and 
FejOj (Fig. 62) and between rare earths and A1,0 S (Table 
32(a)) are high, except for dysprosium. It is very clear 
that co-precipitation with the hydrolyzate elements has taken 
place. The low correlation coefficient of dysprosium with 
respect to Fe, Gj and the other rare earths (Figs. 62 and 62, 
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 Fig. 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 rsla= 
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 presence 
of montmorillonite and the precipitated hydroxides of iron 
and aluminium. 
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Fig. 63: Plots of the correlation coefficients of 
lutetium, dysprosium, samarium and lanthanum 
against the atr'nic 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 calc-rete 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 
oxidation state, (+V). In igneous and metamorphic rocks, 
the latter of which includes the schists and granofelses of 
the Tinkas Formation, the (+III) oxidation state of vanadium 
is the most predominant. The source of the vandium is con= 
sidered to be the Tinkas Formation because it contains a 
high concentration of vanadium (Table 37). Vanadium 
concentrations in the Bloedkoppie Granite are below the 
5 ppm detection limit of neutron activation analysis and 
therefore cannot be regarded as a significant source. 

Carnotite, with the formula K, (UO, ) (VD4 ),.2H,C, 
has a U/V ratio of 4,67. The U/V ratios (Table 30) have 
a fairly wide scatter but can be divided into two groups, 
the mineralized and unmineralized calcretes respectively. 
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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 TINKA5 
FORMATION 

Sample No. V (ppm) 

LH 21 128 
LH 40 70 
LH 41 44 
LH 42 100 
DJP 98 115 
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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V (ppm)-

Fig. 65: Variation diagrams of uranium plotted 
against vanadium for both mineralized 
and unmineralized calcretes. 

epigenetic processes in general. Dall'Aglio (1972) 
considered this subject in some detail 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 geochemical 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. 

MOBILITY 

L 0 G f <W9WT IN S E P I A S 1 
IAMOUNT IN HYDROSPHERE] 

Fig. 66: Geochemical mobility of the elements in 
the supergene environment. (After Dall' 
Aglio, 1972, p. 123). 

The mobility of uranium i9 restricted by two 
conditions: 
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(a) The manner in which it is present in the source rocks, 
e.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. 

(b) The epigenetic precipitation of insoluble minerals, 
in this case, carnotite. 

Ronov et al (1967, p. 7) attempted to quantify these 
concepts in terms of the removal index, p. 

" S a ^ 

! 

I 

Cp = concentration of an element in the parent rock, 
viz. Bloedkoppie Granite (Table 15). Although 
more than one rock type is represented at the 
Langer Heinrich, the Bloedkoppie Granite was 
selected for the parent rock because its major 
element composition lies between that of the 
rocks of the Etusis and Tinkas Formations (Table 
14). 

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 negative. If it is positive the element is 
depleted in the calcrete, but when it is negative it is 
enriched in the calcrete. Graphically this is represented 
in Figs. 67 and 68. In both cases calcium, uranium, magnesium 
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and cobalt have accumulated in the calcrete and all the other 

elements are relatively depleted with respect to the Bloed= 

koppie Granite. 5ample 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. 68) 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. 

• iO r HJJ-5 

D01HKM M 
. CAICKTE 

ACCUMUUnON 
M CMCMTt 

Fig. 67: The geochemical mobility of the elements 
in the epigenetic calcite of sample HJ2-5, 
with respect to the Bloedkoppie Granite. 
Represented in terms of the removal index. 
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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. 
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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 inorganic 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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14.5 Geochemistry and Origin of Calcrete 

Uranium deposits and especially carnotite mineraliza= 
tion in desert, duricrust-type host rocks cannot really be re= 
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 origin 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 thp 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 process 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 distribution of this pressure 
above and below the water-table. Below the water-table the 
pores are saturated with water ana 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 tension forces, that is, 
the degree of pore saturation decreases upwards. The slope 
of line A is the suction gradient, pF, which Netterberg 
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defines as the negative log of the pore water pressure, 

Fig. 69: Pore water pressure distribution in a 
sediment. (After Netterberg, 1971, p. 9 

At constant temperature, a decrease in the pore wate 
pressure, that is, upward movement of water, will correspond 
to a decrease in the P r n 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 principle 
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 Í9 placed on the volume of the sediment, that is 
a small volume is initially required because large lateral 
variations in water composition are known to occur (Tables 
15-18). Assume that the chemical composition of the water 
remains laterally constant, especially in uranium, vanadium 
and carbon dioxide at a specific depth. Based on this syste 
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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 r n . 

CDs 
During the formation of calcrete a decrease in P_ n will 

LUa 
cause calcite to precipitate. When precipitation commences, 
concentration gradients develop and the cycle repeats itself. 
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 long 
periods, monomineralic layers and possibly concretions may 
develop. Diagramstically this process is represented in 
Fig. 70. 

Cuv-
Ci 

do 

di 
ACu\ 

UPWARD 
DIFFUSION 

Fig. 70: Diffusion model for the formation of 
carnotite in layers and concretions at 
the Langer Heinrich. (After Berner, 1971, 
p. 103). 
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C = concentration of UCC and vanadium in solution 
uv 

d = depth of sediment 
d. - d., = depth of sediment where the suction gradient is 

sufficiently high for dissociation of the UDC 
complex 

d = depth where carnotite first appears at the sediment/ 
watei interface 

d„ = depth where all uranium and vanadium have been 
precipitated 

C. = initial concentration of uranium and vanadium in solution l 
C = a qenerali2ed curve showinq the chanqe in C with uv 3 ^ uv 

depth . 
The system will operate in the following way. Below 

a depth of d the one-dimensional system has an initial 
concertration of uranium, vanadium and carbon dioxide in solu = 
tion, C.. Upward diffusion of the ions continues until the 
depth d, is reached where the process of soil suction becomes 
operative. The uranyl dicarbonate complex will disproportionate 
according to equation (13.8) and carnotite will precipitate 
by the reaction in equation (13.10). With an increasing 
suction gradient and decreasing depth, the concentration 
of the elements in solution will follow the idealized path 
C until the depth d„ is reached where all the uranium and uv ^ 0 
vanadium will be consumed. 

The system described is by no means so simple, as 
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 solution. In adjacent portions of the host rocks the 
conditions could be favourable and carnotite will be precipi= 
tated, resulting in disjointing. 

The presence of montmorillonite and its association 
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 a 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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71: 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 3D). 

5olids 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 supersaturation (necessary for precipitation) 
is low, i.e. precipitation from unsaturated solutions is 
possible (Berner, 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 miri-Tertiary. 
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Carnotite, on the other hand, formed much later. 

The origin of the calcium in the calcrete is due tn 
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 critical values at that time, 
thereby allowing carnotite to precipitate. Further it is 
noted that piuvials 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. 

14.6 Geochemistry and Origin of Gypcrete 

The distribution of the gypcrete is schematically 
represented in Fig. 2. The main geochemical problem con= 
cerning the gypsum is that of its origin. 

Martin (1963) proposed that the origin of gypsum war, 
due to the reaction of sulphuric acid, formed from hydrogen 
sulphide by oxidation, on the calcite in calcrete. The 
hydrogen sulphide was derived from the gas emanations of the 
anaerobic basins on the continental shelf. He discounted 
the possibility of gypsum precipitation from ground-water on 
the basis that thereaction products would not be continued to 
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the surface. 
It would appear that this interpretation concerning 

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 given in Table 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, 
as 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) 

Sea= 
water Fog 1 Fog 2 Fog 3 Fog 4 

pH 7,6 7,3 7,6 7,6 8,1 
••Conductivity 43000 13600 1 900 1 240 1 760 
+TDS (ppm) (180 °C) 37562 9860 1 290 795 1 175 
Na (ppm) 10900 2580 308 213 290 
K (ppm) 71 100 11 6 26 
S0 4 (ppm) 2683 1158 174 88 221 
(N0 3) as N (ppm) 
(NO?) as N (ppm) 

Trace 
ND 12,3 7,0 3,4 9,6 

Si0s(ppm) 2 7,5 7,5 7,5 7,5 
F (ppm) 0,9 8,8 1,9 0,4 1,7 
Cl (ppm) 19690 4598 502 371 412 
FCOg (ppm) 75 63 32 2 3 67 
Ca (ppm) 118 292 49 36 40 
Mg (ppm) 1281 217 35 19 46 
NH,(ppm ) ND Trace Trace Trace Trace 
PO,(ppm) Trace - - - -
5r (ppm) 5 - - - -
B (ppm) 5 • 

Seawater: Collected September, 1974, from beach between 
Walvis Bay and Swakopmund. 

Fog 1 : 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. 

* Conductivity units, mho. 
+ TDS = Total dissolved solids. 
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TABLE 39: FOG PRECIPITATION, EQUIVALENT RAINFALL IN 195B 
AIVD ACTUAL MEAN RAINFALL AT 5WAK0PMUND 
(NAGEL, 1962, p. 57) 

MONTH 
FOG 

PRECIPITATION 
IN 1958 
(LITRES) 

EQUIVALENT 
RAINFALL 
IN 1958 

(mm) 

ANNUAL 
MEAM 

RAINFALL 
OVER 35 
YEARS 
(mm) 

JANUARY 12,0 1,8 1,9 
FEBRUARY 14,0 2,2 2,6 
MARCH 29,1 4,5 5,3 
APRIL 69,0 10,6 1,9 
MAY 167,5 25,7 0,7 
JUNE 112,0 17,2 0,2 
JULY 156,3 24,1 0,3 
AUGUST 143,3 22,0 0,7 
SEPTEMBER 52,6 8,1 D,7 
OCTOBER 27,0 4,2 0,9 
NOVEMBER 32,3 5,0 1,0 
DECEMBER 30,7 4,7 1,7 
TOTAL/YEAR 845,8 130,1 17,9 
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Within the confines of the anaerobic basins on the 
continental shelf, the ocean water and the desert stretching 
to the Langer Heinrich, sulphur follows a definite cycle 
(Fig. 72). (H25) is formed in the diatomaceous muds, 

a 
wh ich c o n t a i n the s u l p h a t e - r e d u c i n g d e s u l f o v / i b r i o b a c t e r i a . 

FOG 

ONSHORE 
win — 

SEA LEVEL 

Swakopmund\ Langer Hmrkh 

H^5«2O 2*(S0 i' 1 

OXIDATION 

V «A 
DIATOMACEOUS 

Fig. 72: The sulphur cycle in the diatomaceous 
sediments of the continental shelf, 
the Atlantic Ocean and the Namib 
Desert. 

Upon being released to the seawater, having its own initial 
sulphate content, (504 ) n , part of it is oxidized to sulphate 
(504 ) R , thereby contributing in a small measure to the total 
sulphate content of the sea. The remainder is released to the 

atmosphere as (H aS)_. A very small amount of sulphate {50^ 
D 

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 ths formation of fogs 
which can be blown up to about 100 km inland. The sulphur 
balance in the fogwater will be meae up of the following 
components: 

R 
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JSO?" = (50»~) B + (SO*") 0 + (50|") R + (H aS) 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 (50^ ) r 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 month. 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 CaS04 ) pre= 
cipitated per year is calculated as 53 tons per 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 IMamib 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 on a Schoeller diagram 
(Fig. 73) using the technique described by Parker (1969, p. 120). 
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TABLE 40: PRECIPITATION OF GYPSUM EXPRE55ED A5 CaS04 

IN TONS/kmVMONTH 

Month 
Equivalent 
rainfall 
1958 (mm) 

CaSOfl (tons/km3/month) 
Month 

Equivalent 
rainfall 
1958 (mm) Fog 1 Fog 2 Fog 3 Fog 4 

July 
August 
September 

23,1 
22,0 

8,1 

39,6 

2,0 
2,7 

2,6 

The plot of the seawater follows the same trend and dimensions 
as the seawater in other parts of the world (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 tf- - ocean and 
diluted to some extent by water vapour from evaporation. 

14 . 7 Isotonic Disequilibrium of Uranium 

This section deals with the state of equilibrium 
between the respective uranium isotopes 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 deviation nf 3 per cent 
was obtained for each peak area. 
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Fig. 73: 5choeller diagram, comparisons of the 
ionic distributions in sea- and fogwaters 
in terms of equivalents per million 
ionic species. 

14.7.1 Isotopic equilibrium and disequilibrium 

Equilibrium between the isotopes of a particular 

decay series is reached when all the da ;gh'er products decay 

at the same rate as they are being produced by their 

respective parents. This means that if equilibrium is to be 

reached, the activity ratio of the daughter product to that 
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of its parent must be constant. If this value deviates from 
the theoretical constant then a condition of disequilibrium 
has been 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 2 3 8 U , a large amount of 
energy is released in the form of a-particles having an 
energy of about 4,2 MeV. From the conservation of 
momentum, the recoil energy imparted to the nucleus (now 
2311-Th) is simply 

4,2 Mass of Qf-particle 
2 3 h 

Mass of Th nucleus 
«s 0,07 MeV (14.5) 

The bond energy of most uranium compounds is less 
than 10 eV, therefore the transformed nucleus escapes from 
chemical bonding. Two mechanisms based on this concept have 
been suggested to account for the U disequilibrium. 

(a) 23I*U 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 0-decay, thereby converting it in situ to the 
hexavalent form. 
The difference between the two mechanisms is that in 

the first case the 23"U is subjected to selective exposure, 
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making it more susceptible to oxidation. In the second case 
the 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 2 3 I ,U/ 2 3 8U activity ratio is given for 
various duricrust samples from the Langer Heinrich and Von 
Stryk's pit. Equilibrium in most cases has not been completely 
established, but the deviations from unity are small. Only 
sample HJ2-13 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: 2 3 " U / 2 3 8 U ACTIVITY RATIOS FOR THE DURICRUST5 OF 
THE LANGER HEINRICH AND VON STRYK'S PIT 

Sample No. 2 3 - u / 2 3 8 u 

HJ2-3 1,05 
HJ2-5 1,00 
HJ2-8 1,03 
HJ2-10 1,03 
HJ2-13 0,96 
AD1-1 1,01 
AD1-4 1,03 
AD1-17 1,13 
C5-15 1,02 
Von S t r y k ' s p i t 1,01 

The Bloedkoppie Granite has partially contributed to 
the supply of uranium to the duricrusts. From the 2 3 I ,IJ/ 2 3 U 
activity ratio in the granites (Table 42), both precipitation 
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and leaching of uranium is indicated, 

23«.,,/ 238 TABLE 42: *"u/"'U ACTIVITY RATIO FOR THE BLOEDKOPPIE GRANITE 

SAMPLE 2 3 V 2 3 ' u 

LH16 

HJ2-36 

1,09 

0 ,86 

Sample HJ2-36 was a powder from a percussion borehole, 
taken from a depth of 27 m and equivalent to 18 m penetration 
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 2 3 l ,U/ 2 3 8U activity ratio is indicative 
of conditions where uranium is still circulating. Some of 
the uranium in this sample was precipitated after migration 
from elsewhere. 

14.7.2 Geochronoloqy 

Disequilibrium has most widely been applied to the 
field of Pleistocene geochronology (Rosholt, 1970). Two 
models were developed that described and apply the principles 
of isotopic fractionation, which are the closed and open 
systems (Rosholt, 1967; Szabo and Rosholt, 1969). 

Nomenclature 

2 *°Th/ 2 3"*U = activity ratio of the isotopes 2 3 0Th and 
2 3"U,etc. 
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"2 3 0 

231 

230 

= decay constant for 2 ï 0Th (9,2 x ID - 6) 

= decay constant for 2 3 lPa (2,1 x ID - 5) 

= decay constant for 23kU (2,8 x 10~ 6 ) 

= time (age of sample, years) 

The Closed System 

In defining the closed system the assumption is made 

2 30 

that all the . Th is 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 

the system. When disequilibrium of 23I*U is taken into account 

the age of the samples, t, can be related to the ratio of 
2 3 0 

Th a c t i v i t y p roduced i n t e r n a l l y t o t h e observed a c t i v i t y 

o f 2 3 I , U as f o l l o w s (Szabo and R o s h o l t , 1969, p . 3 2 5 4 ) . 
2 3 0 Th 

2 3 1 , 

t~-

2 38 

2 3i* 

> 2 3 0 " X 2 3 4 * ' 

H1-
] 

e " X 2 3 D t + 1,435 t 2 3 6 i 

2 3<ti 

( 1 4 . 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 2 3 1Pa and 2 3 0Th 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 Pa and Th 

accumulated. 

JH„ 

[»*,••] 

BS U f J * ^ 

• " p . 

SYMBOLS 

Up uMNUM run 
Up URANIUM IN PORE MTER 
ul URANIUM LEACHED 

| 3 3 l u [ISOTOPE IN ORE BODY 

M 

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): 

A = B [k3-ki kc " 
+ c 

k«k. 
— ' B 

K 4 * ~* 
CT» (14.7) 

where A » 

B =. 

C = 

k, = 
kP = 

2 3 0Th/ 2 3*U 
2 3 ,Pa/ 2 3"u 
2 3 1 P a / 2 3 8 U 
e-^34 1 

l-e" X234 t 

l-é" X230 t 
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k. = l-e" X231 t 

ks = 1,435 [l-e~ X230~ X234 t] 

The open-system model is considered to be superior to 
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 30 000 years. 

TABLE 43: DISEQUILIBRIUM AGES OF URANIUM MINERALIZATION EY 
CLOSED AND 0PEN-5Y5TLM MODELS 

Sample 
2 3 0 T h / 
2 3 H U 

2 3 1 P a / 
2 3 - u 

2 3 'Pa / 
2 3 8 u 

2 3 8 U / 
2 3 * u 

Age (yea rs ) 

Sample 
2 3 0 T h / 
2 3 H U 

2 3 1 P a / 
2 3 - u 

2 3 'Pa / 
2 3 8 u 

2 3 8 U / 
2 3 * u 

Closed Open 

HJ2-10 

HJ2-13 

0,43 

0 .45 0 ,93 0 ,96 

0 ,97 62000+2000 

6 5000+2000 30000+1000 

14.7.3 Mass spectroqraphic analysis 

The 2 3 5 U / 2 , 8 U ratio was determined in certain calcrete 
samples from the Langer Heinrich and one sample of uranothoria= 
nite from Phalaborwa, the latter being used as the standard 
reference (Table 44). 
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TABLE 44: 2 Í 5U/ 2 Ï^J ATOM RATIOS IN CALCRETE FROM THE LANGER 
HEINRICH AND URANDTHORIANITE FROM PHALABORWA 

Sample 
2 3 5 u / n , b 
(Atom %) 

HJ2-8 0,007268 

HJ2-13 0,007261 

AD1-17 0,007247 

C5-15* 0,007257 

Uranothorianite 0,007272 

Relative to the uranothorianite, the calcretes are approximately 

2 per cent depleted in 2 3 5 U . 

14.8 5ummary 

Factor analysis of the raw data provided pointers 

concerning the nature and mechanisms which were involved 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 implications 

for the development of calcrete duricrust deposits. 

Calcite precipitated in the calcrete by the process 

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 fogs. 

The isotope ratio U/ U for the duricrusts and 
Bloedkoppie revealed that equilibrium had not been completely 
established and that the uranium is still migrating. Age 
determinations of the uranium mineralization using the prin= 
ciples of isotopic disequilibrium based on the closed-system and 
open-system models, were 63 000 years and 30 000 years 
respectively. 
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15. GEOCHEMISTRY OF THE DIATOMACEOUS MUDS 

The diatomaceous muds in the anaerobic basins cf the 
continental shelf are the final 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 source that the 
element, were apd still are being derived. 

The abundances of metal ions in seawater are determined 
by the solubilities of their respective compounds. Concentra= 
tions of certain elements in seawater, relevant to this 
discussion, are given in Table 45. 

TABLE 45: THE CONCENTRATIONS OF SOME ELEMENTS IN SEAWATER. 
(KRAUSKOPF, 1956, p. 3, ALLEGRE AND MICHARD, 1974, 
p. 41) 

Element Concentration (ppm) 

P 0,07 

Mo 0,014 

V 0,002 

U 0,003 

According to the calculated solubility products of 
elements in seawater, Krauskopf (1956, p. 9) reported that norma 
aerated seawater is undersaturated with respect to rare metals. 
In passing it is worthwhile to note that the oceans contain 
uranium resources equivalent to 4 000 times the total world 
reserves at 10 dollars per pound (Barnes and Ruzicka, 1972, 
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p. 162). 

It is from the seav^ater 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 function 
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. 

15.1 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 distribution 
of the diatomaceous 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 DIATOMACECUS MUDS 
5WA 3C 

DEPTH (m) 0-0,05 0.05-0.OB 0,08-0.12 0.12-0,IB 0,18-0.23 0.23-0,28 0,26-0,33 0,33-0,38 0,36-0,43 0.43-0,48 MEAN 

P ? Or ( *) 0,66 D.33 1.51 0,27 0.24 0,22 0.25 0,23 0,81 3,66 0,80 
Mo (ppm) 26 32 23 31 26 29 39 39 33 2 2 30 
V (ppm) 70 54 50 43 48 31 38 40 48 22 44 
U (ppm) 17 16 22 2.B 37 18 21 27 40 37 26 
LOI (*)* 22.4 20.0 18,1 17.1 16.7 16,1 15.6 17,5 22,0 17,6 18,3 

5WA 50 

DEPTH (m) 0-0,1 0.1-0,2 0.2-0,3 0,3-0,4 0,4-0,5 0,5-0,6 0,6-0,66 0,6 6-0,72 MEAN 

P»0« (*) 0,34 0.3 0,3 0.27 0,58 0,25 0,3 0,42 0,35 
Mo (ppm) 24 26 25 19 2B 24 23 16 23 
V (ppm) 30 59 56 74 43 71 65 20 52 
U (ppm) 14 21 16 24 43 «3 25 18 26 

LOI (*)• 16,6 17.3 15,4 13,4 13,8 15,8 14,0 8,4 14,3 

* LOI » 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 diatomaceous muds with respect to the 
seawater. Vanadium has the highest C f 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 factor. 

TABLE 47: C0NOENTRATION FACTORS, RELATIVE TO SEAWATER, FOR 
THE ELEMENT5 IN THE DIATOMACEOUS MUDS 

Sample Element Concentration 
Factor, Cf 

SWA 30 Mo 2,1 x 10 s 

V 2,2 x 10" 

U 6,7 x 10 3 

5WA 50 Mo 1,6 x 10 3 

V 2,6 x 10* 

U 8,7 x 10 3 

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 9ulphide 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 
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organic compounds only. 

Figs. 75 and 76 show the depth profiles of phosphorus 
pentoxide, molybdenum, vanadium, uranium and loss on ignition 
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 LOT. (loss on ignition) 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 L0I 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 L01, uranium, vanadium, and to a 
lesser degree, molybdenum. All variables with the exception 
of phosphorus pentoxide decrease below 0,4 m. ThE log of 
the core revealed that below 0,3B m a shelly zone was found 
and the high phosphate content is mostly due to the presence 
of skeletons. Baturin et al (1971) report similar findings. 

The patterns of core sample SWA 50 (Fig. 76) show tha 
both uranium and the organic matter (L0I) are very similar, 
which again emphasizes the role that organic matter plays 
in the precipitation of uranium. For the upper 0,25 m, 
molybdenum end vanadium have similar tendencies, but below, 
their trends diverge from that of L0I until 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 in phosphorus pentoxide and detrital matter. 
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SWkM 

"ig. 75: Profiles through the diatomaceous mud for 
phosphorus pentoxide, molybdenum, vanadium, 
uranium and loss on ignition at 500 °C. 
(Borehole 5WA 30) 
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Fig. 76: Profiles through the diatomaceous mud for 
phosphorus pentoxide, molybdenum, vanadium, 
uranium and loss on ignition at 500 °C. 
(Borehole 5WA 50). 
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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 al (1974) 

report that phosphate in the form of apatite co-precipitated 

uranium. 

A generalized equation for the decomposition of 

average marine organic matter by bacterial sulphate 

reduction is given in equation (15.1) (Ben-Yaakov, 1973, p. 88 

•^2 ( C H 2 Q ) 1 0 6 (NH, ) 1 6 H 3 P D 4 + SD«~ -» CD 2 + HCO~ + HS~ + H SD + 

if NH 3. + ^ H,P0 4 15.1 

Before organic complexing of the uranium can take place, it 

must first be reduced from the hexavalent to the quadravalent 

state. This is accomplished by the powerful reductant H5 . 

The mechanism for uranium reduction is given in equation 

(15.2). It is likely that the UD S would be in an amorphous 

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 

5WA 50 implies that an organic reaction took place. 

2H5" + í\JDs(ZD3)t'2H?Dr~ - H 2 5 + 5 s ~ + U0 3+ 2C0>~ + 2H 50 

(15.2) 
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Normalizing the concentrations of molybdenum, vanadium 
and uranium with LOI reveals that there is a closer relations 
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 comp'ounds, 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 SWA 50 

L6I Soft 3 

LOISOTC 

Fig. 77: Variation diagram of vanadium plotted 
against uranium for the diatomaceous 
muds. Normalized with loss on ignition at 
500 °C. 

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. 

3 r« swk» 
x SWKSO 

LOtKWC 

• * -

LOiMxrc 

F"ig. 78: Variation diagram of molybdenum plotted 
against uranium 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 heterogenetics in the trace 
element distribution patterns. Results (Rona, 1974) for 
similar anaerobic sediments of the Black Sea show a closer 
relationship between mnlybdenum 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) reports that there is a weak direct 
relationship between uranium and phosphate. Figs. 75 and 76 
give no indication 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 opposite river mouths, past and present 
(Fig. 15). South of Walvis Bay the highest concentrations lie 
off old choked river mouths of the original Tsondab and 
5ossus 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, 5wakop, Omaruru, Ugab, Unjab and Hoanib River 
mouths. 

In the future, the diatomaceous muds may become an 
economic 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 DIAT0MACEDU5 
MUDS (CALVERT AND PRICE, 1970, p. 594) 

ELEMENT CONCENTRATION (ppm) 

Cu 
Ni 
Pb 
Zn 

129 
455 
32 
337 

Add to this list uranium, vanadium and molybdenum, and it 

certainly becomes more attractive, especially when conoiderinq 

the fact that all of these elements are directly associated 
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with the organic,and possibly the phosphatR, fractions. 
The selective dissolution of the organic matter and separation 
of the metals from the inorganic fraction would provide a 
significant concentrating factor. 

15.2 Summary 

Seawater is undersaturated with respect to rare 
metals, whereas in the diatomaceous muds some elements are 
significantly concentrated. The mechanisms for enriching 
certain elements in the mud were considered. The distribution 
cf uranium, vanadium 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 metals such as copper, nickel, lead and zinc are also 
present in significant concentrations. 
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16. CLASSIFICATION AND AGE RELATIONSHIPS 
OF THE URANIUN1 DEPOSITS 

The report released by the OECD (1973) concerning 
the resources, production by and demand for uranium by 
developed and underdeveloped countries, concluded that the 
rate of new discoveries must total 2,3 x 10 tons U,0 8 

per year until 1990. This means that the total potential 
reserves must increase by 2,5 x 10 tons U30p over this 
period. In basic terms, a further twenty-five deposits 
with the potential of the Langer Heinrich (10 tons U 30 5) 
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 
favo^rability 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 yielded a classification which would improve the 
efficiency of the location of prospective target areas. This 
type of regional evaluation is useful in quickly 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. 
(d) 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 
a 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 Tunas 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 author this part of his classification 
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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Complexing 
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Complexing 
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halo above 
source rocks 
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Fig 79 A genetic c lass i f ica t ion 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 sourLe. 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 
gypcretesof the Tumas River Valley. 

This may be sufficient ground to further subdivide 
the deposits in terms of host rock and type, although possib 
inadvisable with re 
(a) Stratiform 
(b) Stratiform 
(c) Dispersion 

Generally a 
in the broader sens 
considering the dur 
Heinrich and Tumas 

The affilia 
types of uranium de 
in Fig. 80, which h 
cation proposed by 
in fact a behaviour 
of uranium through 
and low temperature 
resulting in its ub 
space. 

The relatio 
mineralization foun 
deposits are given 
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metallotectonic classification is importan 
e, but it does not find application when 
icrust deposits of the Yeelerrie, Langer 
Types on a local scale. 

tions of the duricrust deposits to other 
posits in Southern Africa are illustrated 
as been adapted from the genetic classifi» 
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al account of the crustal characteristics 
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s and pressures) and magmatic processes 
iquitous distribution througnout time and 

nships between ages of host rock and the 

d in them for the Southern African uranium 
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I 
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Fig. 80: The relationships of the duricrust deposits 
with respect to other types of uranium 
deposits in terms of are-forming processes. 

Fig 81; Relationships between ages of host rock and 
the associated uranium mineralization. 
(a) Age of host rock enclosing the uranium 

mineralization 
(b) Age of uranium mineralization. 
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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 mineralizat 
is Quarternary, which indicates their epigenetic character. 
The relative quantity of uranium in the Karoo 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. 81 a 
the tectonic or petrogenetic processes that acted upon or 
formed the uranium deposits may yield fundamental informati 
concerning classification and favourability criteria of th 
uranium mineralization and genetic history. 
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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 axe late-syntectonic in age. 

The significance behind the origin of the Bloedkoppie Granite 

is that is was derived by partial melting from the Nosib Group 

rocks. Therefore the Nosib Groups was the initial source of 

the uranium in this later-forming granite which ultimately 

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 

involved during the epigenesis of the calcretes* From the data 

it was possible to infer which mineralogical phases were stable 

in the environment of the Namib Desert. The waters have a 

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-ra^ diffraction analysis. 

The distribution of uranium in the subsurface water 
is controlled by the pH and carbonate content, with uranium 
principally in the form of the soluble uranyl dicarbonate 
complex. Dissociation 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 2 30 ppb - potential uranium mineralization nearby 

but anomalous values do not necessarily imply a deposit. 
(b) U<30 ppb - no uranium mineralization indicated but low 

background values do not necessarily mean the absence 
of a deposit. 

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 uranium 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 more closely. 

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 ag 
and the heterogenecus distribution of uranium, molybdenum 
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 2 2 , T h , 2 3 3P« 
AND 2 32, 

229 fh (7.3 x 10 3 y) 

This is not a naturally occurring radioactive isotope 
and is therefore a very convenient one to use. All the other 
thorium isotopes are either found naturally or their half-
lives are too short to be used. The 2 2 9Th spike obtained 
from Harwell in the UK was not pure for it also contained 
2 2 8 T h , which is naturally occurring. Fortunately this did not 
interfere with the determinations as 2 2 8Th 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 
calculation. 

Before 2 2 9Th could be calibrated it was purified j.n the 
usual manner to remove any daughter products that had grown in. 
(For example 2 2"Ra and "°Rn from 2 2 8Th, and 2 2 5Ac from 22»Th). 
Calibration was done on the same day as purification, otherwise 
the calibrated value woLld also include the a-activities of 
the daughters. Experimentation showed that 2 2 l ,Ra could be 
detected after six hours. 

233 Pa (27.4 d) 

2 3 3Pa 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 facility (the method of purification was similar 
to that used in Table 9). Purification of the 2 S 3Pa was 
necessary to remove all 2 3 2Th remaining. The method used 
was exactly the same as for the general purification of 
protactinium. A milking procedure was used whenever 2 3 3Pa 
was required. A new sample had to be prepared after two 
weeks because of the relatively short half-life of 2 3 3 P a 
and the production of 2 3 3 U . About 70 p.1 of the 2 3 3Pa 
solution was added to the sample and exactly the same 
volume evaporated to dryness on a separate disc. The 
V-count of this disc was used as the initial 2 3 3 P a activity, 
to which the yield correction was normalized. 

232 U (71,7 v) 

2 3 2 L) 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 done 
after the 2 3 2 U had been purified using anion exchange in 
the chloride form (Table 9) from which 2 2 $Th and 2 2 6Ra 
daughters were removed. 
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APPENDIX 2 

CALCULATIONS FOR THE DETERMINATION O r CHEMICAL YIELD FDR 
THORIUM, PROTACTINIUM AND URANIUM ISOTOPES 

Nomenclature: 

Th (Ao) - actual activity of 2 3 0 

230 m

 J 

A_„ - measured activity of 2 3* U 
2 3<» J 

(Ao) - actual activity of 2 3 1 P a in standard 
231 J 

STD A. - measured activity of 2 3 1Pa in standard 
2 31 
c 
A - measured activity of 2 3 1Pa in sample 
231 J r 

X - decay constant of 2 3 E ,I (9,76 x 10" 1 0) 
2 35 3 ' 
X - decay constant of 2 3 8 U (1,54 x I D - 1 0 ) 
2 38 J ' 

(\l - number of atoms of 5U 
2 35 

M - number of atoms of 2 8U 
2 38 

E - efficiency of a detector (i.e. geometry) 
E - efficiency of v detector (i.e. geometry) 
Y - chemical yield 
Activity values are given per unit counting time, 

per unit weight. In this work the values were usually given 
as counts per hour per gram. The actual activity of the 
spike was corrected for weight, as the calibrated activity 
was quoted as counts per second per gram in the cases of 
2 2 , T h and 2 3 2 U only. 

Uranium; 

<A°W « C - V Y ( 1 ) 
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(AofeS2 = A? S 2 .E .Y (2) 

As uranium only was involved, the chemical yield (Y) and geo= 
metry (E ) was constant for both 2,*iJ and *'\l respectively. 
The same applies to 2 S , U . 

(Ao) 2 3 % A™ 3% 
Í A°) 2 Í, A m 

(3) 
2 32 
m A . (Ao)^ 

<A°>23., •• U > 
M 2 3 2 

«;• - i i , A i A a 3 , - < A ° > 2 3 2 

Similarly (Ao) 2 3 e = - (5) 
A 2 32 

2 3H 2 36 
The U/ U ratio is derived from equations (4) and (5) 
Thorium 

The thorium spike was a mixture of 2 2 , Th and 228Th, 

A correct ion must be applied to remove the 2 2 Th activity 

contribution. 

(A°>T0TAL - ( A ° U + ( A ° 2 2 . ( 6 ) 

<A°U - C ' Ea' Y ( 7 ) 

(A°>229 - * , V E a- Y (B) 

( A ° > 2 2 . 
A m 

M 2 2 S 

Am 

W 2 2 » 

. R ( 9 ) 

(Ao) 2 2 | = R ( A ° ) 2 2 , ( 1 0 ) 

( A o ) T 0 T A L = ( A o ) 2 2 9 + R ( A 0 ) 2 2 . = { A o ) , „ ( 1 + R ) 

(11) 
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(Ao) 
229 

(Ao) TOTAL 
(1 + R) 

(Ao) TOTAL 
1 + A' 

(12) 
228 

229 

The value of (1 + R) should be constant for the spike solution, 
Using the samemethod of calculation, the activity of i J 0Th 
is determined as follows: 

(Ao) 2 30 
A"' .(Ao) 
230 '229 

A m 
(13) 

The 2 3 0 T h / 2 3 , * U r a t i o i s d e r i v e d f r om e q u a t i o n s (4 ) and ( 1 3 ) . 

Protactinium 

The calculation of the 2 3 1Pa/ 2 3 l ,U ratio is slightly 
more complicated because búth isotopes come from different 
decay chains, the 2 3 5U and 2 3 8U chains respectively. 

Pa: (Ao) 

U: 

5TD 
231 = (Ao) 5TD 

235 
X . N 
23S 235 

, A n l5TD 5TD 
= ( A 0 ) 2 3 8 " *238 • M 231 

r n S T D r i S T D 

r(,A°!»»i \hiL iLuii 

(14) 

(15) 

(16) 

Relationships in equation (16) were determined from a standard 

uranothorianite sample from Phalaborwa which was in radioactive 

equilibrium. The atom ratio ( N
2 3 5/ N

2 3,) i s determined by mass 

spectrometer. 
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(*o)?I? . A ^ D . Y l . E a 

( A o ) 5 T D - A S T D Y 1 E I H O ; 2 J J - A 2 J i . Y .L y 

(a-spectrometer5 (17) 

(Y-spectrometer) (18) 

.STD 
* 2 3 I { A 0 ) 2 3 1 . 

Y 

A S 

"2 31 " <*>£, Y 1 

.STD 
A 2 3 3 ^ 0 ) 2

5 3 T 3 D . Y 

A 5 

* 2 S 3 < A °>2 S 33 
Y 1 

bine equations (19) and (20), 

.STD .STD ,. .STD ,. .5TD 

íilL-íill. =

 ( A 0 ) 2 3 ! . ( A 0 ) 2 3 3 

A 2 5 3 , A 2 5 33 " <A°>Í„ l*°\\, 

( A o ) 5 T D = A S T D . Y » .E 
2 3<» 2 3k a 

< A°VU - A L - Y " - E a 

A STD , . .STD 
A 2 3% < A °>23., Y " 

A 2 5 „ "(*•£* ' Y " 

( A n V 5 T D - A 5 T D Y 1 1 E 
{AOfc J 2 » «232 « T ' ^ 

( A o ) S = A S . Y M , . E „ 
2 32 2 32 0. 

(19) 

(20) 

122) 

[rr-spectrometer) (23) 

( 24 ) 

(a-spectrometer) (25) 
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4 
(Ao) 

« • • * • • • • • • 

(Ao) 

5TD 
2 92 

2 3 2 

, 1 1 1 

,»» 
( 2 6 ) 

Combine equations (24) and (26) 

.STD 
2 3 « 

23% 

ASTD 
2 3 2 

AS 
2 3 2 

(Ao) 5TD 
2 3 » 

(Ao) 
23H 

(Ao) 5TD 
JJ3-

( A o r 
2 32 

( 27 ) 

Now 

^ 2 3 1 

2 3H 

5 
2 3 1 

sTïï 
231 

,5TD 
*231 
,STD 
' 2 3 % 

,5TD 
X 2 3% 

^2 3«» 

(28) 

Substitute equations (16), (22) and (27) into (28) 

S 
2 3 1 

s 
231» 

STD 

p23S N 2 3s1 {*°\ 

, . ,STD 

(Ao) 
2 3 2 

>STD 
7 3» 

5 
'2 3«. 

,STD 

2 3 2 

2 32 STD 
2 3 3 

5 
2 3 3 

: A 0 ) 
STD 
2 3 1 

(Ao) 
2 3 1 

; A O ) 
STD 
2 3 3 

(Ao) 2 3 3 
( 2 9 ) 

2 3 1 

2 3«. 

Pa i n sample (30) 

CONFIDENTIAL 



S E C T I O N 1 i I GEOLOGICAL MAP 01 

i22*«raJ o 

J 



OF THE LANGER HEINRICH AND ENVII 

i SECTION 2 | 



h 

ENVIRONMENTS, SWA !"STCTION 3 - > 



t lMRFCAL « U V E U 

GEMSMK CALCRETE FORMATION 

^^HARO PANJ ( ^ j ^ H E | N R | C H C A L C R g T B P O R H ^ J ^ 

- d PEGMATITE; APUTE; QUARTZ VEIN~| 

POST SftMAKOP 
HOREBIS GRANITE _ J 

?1U GAWIB BRAOTE 

&MAKOP "i. 
^ i | BWEDKOPWE GRANITE J 

K * 3 * 

USUI 

WTAMORPHIC 

a ^«•'"'^^l-gjogtói»..».- f&ftí*™. 
«ws «mm™ J « » « J " " " » «"OWfcSlBjft, 

| » c | ETUSIS FORMATION ^ N O S B GROUP 

*£. J-» STREAMS AND DRAINAGE CHANNELS 
• • • c ROAD 

* * * WATERSHED 

N ^ TRACE OF GEOLOGICAL FROFILE 

m$ TRWONOMETRICAL BEACON WITH HBGKT M 
M* METCRES 
V X \ BEDDING INCLINED, VERTICAL, INVERTED 





( S E C T I O N 6 | 

3000 MttWS 
TRUE N 

4 
MAG N 



I 
i 

> 
ft • 
V, 

4 

4 • 
Ko. , * - > 

#'*. 4 • 
. ' , ' 4 G . 

k 4 

t 

»1 * 

I 
I 

4 • 
IUDEDKOPPC) t^«* 

4' 

IS» 2*00' 

I SECTION 7 I 

• ' i 



i^ STREAMS AND DRAINAGE CHANNELS 
» « » « ROAD 

* * WATERSHED 
€ * N # TRACE OF GEOL06CAL PROFILE 

^ TRK30NOMETR1CAL BEACON WITH HB6HT W 

V X * BEUDMG MCUNEO. VERTICAL. INVERTED 
-<$£' DRECTON OF SCHISTOSTY 

' -~v UTH0L06ICAL BOUNDARES 

LOCALITY OF F0S WAND 11 (SEE TEXT) 
LOCALITY OF PROFILE-IN PIG tWttc . 
•AMPLE LOCALITY 

•F»SW 
LHi 

SFCTIONS 
HORIZONTAL: 1:» 000 
VERTICAL : NOT TO SCALE 

0 ® 

! • 

© ® 

I SECTION 8 | 


