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This study comprises a geological and geochemical
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 Tumes 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 regicns
totalling 180 km2 in size, was mapped in detail.

Most ef the area i: cevered by superficial deposits
which unconformably overlie basement rocks of the Nosib and
Swakop Groups. 1t 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 gypcreie formations. The Gemchok
calcrete formation unconformably overlies the Langer
Heinrich calcrete formation.

The general geclogy of the basement rocks in the
Langer Heinrich region only is discussed. The main litholo=
gical units present are the ELtusis, Chuog and Tinkas
Formations; remaining rock types are the Salem, Bloedkoppie,
Gawit and Horebis Granites and pegmatites. The Bloedkoppie
Granite, whnich shows cross-cutting features to the Tinkao
and Etusis Formetions, is the main granite found in the
area. Unusual weathering features are characteristic of
the Bloedkoppie Granmite, in which alvecles and tafoni are

developed.
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The general geclogy of the younger duricrust forma=
tions is discussed. These were deposited on a palaectopo=
graphic base of Post-Gondwana and Atrican erosion surface
age. The duricrust ceposits 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
1c clasnified 1n a similar manner into powder gypcrete, vuggy
gypcrete and consolidated gypcrete. Towards the west of the
area the propocrtion of gypsum with respect to calcite
increases, which seems to be a function of aridity.

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

The epigenetic dueposits in the Tumas River Valley
were classified into two types, the Tumas and Langer Heinrich
Types, with the former related to negative magnetic ancmalies
in the basement rocks. The geology of the anaerobi: basing
situated off the coast at Walvis Hay is discussed. Threne
contain diatomaceous mud.

Analytical methods were developed for the separation
of thorium, pretactinium and uranium from geological materiale

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

The occurrence of uranium in the region of study
follows a3 unigue geocchemical cycle, and the geochemistry at
each stags in the cycle wac examined. The first stage in
the uranium-gecchemical cycle was the basement rocks. The
rare~earth distribution between these rocks provided evidence
concerning their paragenesic, and indicated that the Gawib
and Bloedkoppie Granites were the result of pertial melting
of the Etucis Formeiion; alsao, that they are late-syntec=
tonic in age.

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

The third stage in the geochemical cycle of uranium
concerns its occusrence in the duricrust deposits. The
segregation of carno®ite at the Langer Heinrich was brought
abopt by upwarc diffusion of dissolved uranium caused by
501l suction, and was precipitated by the nurleation 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 mechtanism for the precipi=
tation of gypsum is propised which resulted mainly from

the precipitation of calcium sulphate brought in by onshkoze
fogs.

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

In the final stage of the geochemical cycle, the
geochemistry of uranium in seawater and the diatomacecus
muds 1s discussed. Organic matter was the main precipita=
ting agent of uranium from seawater, and its heterogeneous
dictribution is due to selective uptake by particular
organic compounds.

A classification system for the vranium deposits
near the Swakop River, based on gernetic relationships, is
proposed and descrioed in terms of the geochemical cycle
of uranium, the mode of transport and mode of deposition.
The relationships between the duricrust uranium deposits

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

Die studie dek 'n jeologiese en geochemiese ondersoek
van die uraanafsettings in die omgewing van die Swakoprivier
wat van die Langer Heinrich-gebergte in die coste tot aan die
einde van die Tumasrivier in die weste strek, asocok 'n deel
van die gebied tussen die Khan- en Swakoprivier. Die Langer
Heinrich-gebied wat die Bloedkoppievlakte, die Gawibrivier=
vallei en die omliggende gebiede behels, het 'n totale
oppervliakte van 180 km® en is in besonderhede gekarteer.

Die grootste gedeelte van die gebied word deur
oppervlakafsettings beslaan wat gezsteentes van die Nosib-
en Swakopgroep diskordant cordek. 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 cnders=
verdeel is. Die Gemsbok-kalkreetformasie ocordek die Langer
Heinrich-kalkreetformasie diskordant.

Slegs die algemene geologie van die bodemgesteentes
in die Langer Heinrich-gebied word bespreek. Die belangs=
rikste litoleogiese eenhede is die Etusig-, die Chuos- en
die Tinkasformasies. [Die ocorblywende rotstipes is die
Salem-, Bloedkoppie-, Gawib- en Horebisgraniete en -pegma=
tiete. Die Bloedkoppiegraniet wat intrusiewe verhoudings ten
opsigte van die Tinkas- en Etusisformasies vertoon, is die
belangrikste graniet wat in die gebied gevind word. Buitens
gewone verweringseienskappe is kenmerkend van die Bloed=
koppiegraniet waarin heuningkoekholtes en tafouni ontwikkel

is.
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Die algemene 7jeoleonie van die jonger hardebanks=
formasie word bespreek. lley 1. co paleoctopografiece vloe:
van ra=fiondwana- =r Afrila-e o ieoprervinksnderdon af esal .
Jie hardebankafsettings testa:r hoofsasklik uit silikas
toudende fluiviele klaniiece mate:iagel wat deur waulsiet,
karnctiet en/of gips e=inmekear geheg i5. Diie soreticos
variéteite van kalkreet kom in die Langer Heinrich vcor,
naamlik verkalkte brek.iekconylererate, hardebankkalbieet
en rolblokkalkreet., ipckreet word op diecelfae wyoce I
noneinralpskreet, krictalholtecinnkreet en mekoncglidecidde
Jipskreet ingedeel. Na die weste van die gebled «tyg die
verhouding van nips to® kalsiet wat 'n furl-le ven dorteld
skyn fe wees.

I die Gawibriviervalleil 15 twee tanes vir dis
piecipltering van kasiciet aevind, Die eer-ie tet op 'n
bale graoter sk -al o diz tweede ploasgeving en karnotint
is gelyktydig met die laaucte fase gepresipiteer. Die
presipltering ven karnotiet en die veorm van die ectsliogam
i5 hoofsaaklik deur die hooqgte en profiel van die qronrl=
watervlak bokant die bodemgecsteentes bepaal.

Die epigernctiere afettings in die Tumasriviervallel
is in t.ce qroepe ingedeel, noamlik cie Jumna- en die Lanar:
Heinrich-tipes. Eer=qencemde is aan die nenatiewe manneticos
anomalied in die vlcergosteente, verwant, [Die gecloniz ven
die amaBrobiese bekkens van die bus van Walvisbhaail word
bespreek., Hulle bevat diatomegslik,

Analitiese metodes vir die skeiding van torium,
protaktinium =i uraan il geologices rmateriaal 1o ontueikiel

waarin verskeie chromatografiese prosedures gebruik word,
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Die basiese tegnieke is na vereiste vir die selektiewe
skeiding en suiwering van uraan uit kalsiet gewysig en
aangepas. Alfaspektrometrie, neutronas-tiveringsanalise en
vertraagdeneutron~telling was die belangrikste tegnieke
wat gebruik is.

Die voorkems van uraan in die omgewing van di  studie
word tdeur 'n unieke geochemiese siklus bepaal en die gecchemie
is in elke stadium van die siklus ondersocek. Die eercte
stadium in die geochemiese siklus van uraan is die bodem=
gesteente. [ie verspreiding van seldsame aarde tussen die
gesteentes het bewyse aangaande hulle paragerese gelewer en
het ook aangeduil dat die Gawib- en Eloedkoppiegraniete die
gevolg is van gedeeltelike smelting van die BEtusisformasie,
en ock dat hulle laat-sintektonies in ocuderdom 1is.

Die tweede stadium in die neochemiese siklus van
uraan 15 die onderqrondse water. Voorspellings cor mineraal=
ewewig kon ult die chemiese samestelling van die water gemaak
word. Daar is gevind dat die uraanminerazle coddiet en
karnotiet die stabiele fases in die omgewing was. Uit
h prospekteercogpunt beskcu, is 30 dpb uraan as 'n anomalie
beskou, terwyl waardes laer as hierdie syfer as agtergrond
beskou is.

Die derde stadium in die geochemie van uraan hang
saam met sy voorkoms in die hardebonkafsettings., Die
afskeiding van karnotiet in die Langer Heinrich is die
gevolg van die opwaartce diffusie van opgeloste wraan deor
grondsuiging. Die uraan is hierna deur kernvorming van

die uranielkatiocon op montmorilloniet en daaropvolqgende
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kompleksvorming met vanadaatione gepresipiteer. Meganiomes
vir die vorming van kalkreet en gipskreet word bespreek,

'm Nuwe meganisme vir die presipitering van gips word aan
die hand nedoen. Dit het “ocfsaaklik uit die presipitering
van kalsiumsulfaat ontstaan wat deur mis van die kug af
ingebring is.

Die onewewig in isotoopsamestelling van die uraan toon
dat uraan nog steeds migreer, en dat die ouderdem van die
karnotietpresipitering 30 000 jaar is, indien 'n cop sicteem
vir die migrering van cracn aanvaar word,

In die fimale stadium van die gecchemiese Cikluo word
die gecchemie van uraan in seewater en 1n die diatome&slik
besprcek. UOrganiese materiausl was dle belangrikeie presioi=
teermiddel vsn uraan uit seewater, ©n oy onreélmatige vers
spreiding is aan zelektiewe oprame deur sekere organiece
verhindings toe te skrywe.

'n Indeling oup gauind var yenetiece verwantskappe wo:ig
vir die uraanafsettings naby die Swakoprivier vooragentel en
in terme van die ngeochemiese siklus van wraan, =n die
transport- en afsettingsmetode beskryf. Die verwantskappe
tussen die hardehank-en die ander uraanafsettings van Suvid-

Afrika word verqgelyk,
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T = tertiary en-nc, U = guarternary amire.
(Ahrland et al, 1973, p. 578).
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1. INTRODUCTICNM

This study covers the areas of the Gawib River
Valley, the Tumas 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 Tumas River crecss the pliain from east
to west.

Rainfall at Swakopmund over 35 years averages 18 mm
per year (Nagel, 1962) which increases to 150 mm further
inland (Smith, 1965, p. €}. Mcs* of the precipitation in
the Namib Desert is trom focgs bhlown inland from the ses,
and amounts to 130 mm per year (lagel, 1962).

In the Namib Desert there are essentially twn types
of uranium deposits that are associated with the rocks of
the Damara Orogen. The first o7 thase is the primary
"porphyry"-type mineralization (Armctrong, 1974) found in
granitic rocks closely associated wits the highest meta=
morphic grade. Deposits at REssing and Goniakontes ere
typical examples. The second type of deposit ccmprises the
epigenetic uranium occurrences which are found in the
duricrusts which form a superficial calcareous cover over

a large part 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 1973 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
cancessign 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 &nd 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),
Somalia (Dall'Aglio, 1974) and the Gobi Desert in China
(personal communication, Dr A, Clark, AAREC). 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 mein purpose of this investigation was to
determine the geockemical 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

CONFIDENTIAL



FIG1

Swakop
River
Gormakontes

SWAKOPMUND

Lange:r Hemarch

Gawib- ., 7
ARiver TR }'. .

Schiefer -

Gemini satellite photograph showing the areas inciuded within this study. Approximate scale
1:800 000 (Courtesy U S Information Service)



—— I

e esas Em N D

CONFIDENTIAL . 33

environment of superficial rocks and diatomaceous muds.

The work was concentrated mainly around the Langer
Heinrich uranium deposit, éé 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 M46/3/430;
Annual Prospecting Report, 1974, Prospecting Grant M46/3/433;
Annual Prospecting Report, 1974, Prospecting Grant M46/3/487.)

The Langer Heinrich area was mapped directly onto
aerial photographs at a scale of 1:36 000, 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 Jaceb (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. Ffour boreholes were drilled specifis=s
cally for this investigation and were numbered HJ1, HJZ,

J1 and AD1. Samples from borehole (5, not

specificelly drilled for this purpose, were also used.

The localities of all five boreholes are shown in Map 1.
The powder semples ere representative of every half-metre

in depth. With percussion drilling it was not possible to
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nbtain 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 were ocbtained
from the localities shown in Mag 1. Each sample number was
designated with the prefix LH,

Most of the water samples were chtained north of
the Swakop River. The lccalities are given in Fig. 41.
These samples were taken from existing farm boreholes by
the Department of Water Affairs in Wi-dhoek at the request
of the Atomic Energy Beard., OUnly two water samples, numbers
30 and 31, were obtizired from boreholes HJL and J1 respecs=
tively at the Langer Meinrich, cdue %tz tre lack of sult:ile
equipment,

Diatomacecus muds were obtainec from two cores,

SWA 30 ard 5WA 50, supplied by unien Cerp. Ltd. The
localities are =shown in fig., 15. Hzasrecentative samples
were prepared from approximately 5C0 mm secticns of core
SWA 30, and 1 000 mm secticns of core SWE GQ,

Thin sections were prepared from most samples.
Folished sections, impregnated with plastic, were made from
selected calcrete samples., Certzin whole-rock samples
were analyzed by X-rey diffracticn. Heavy minerals
were separated from calcretes anc basement rocks by heavy
media using tetrabromoetnzne (50 = 2,98) and the franz
Isodynamic Separator. All concenrtrations were analyzed
microscopically and by X-ray diffraction.

Approximately 50 calcrete camples from percussion

boreholes were submitted for multi-element determinations
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by emission spectrograpb.
for the analytical techniques used refer to Fart

II.
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PART 1: GENERAL GEOLOGY

3. REGIONAL GEOLOGY

Interest in the geology of the Damara Orogeric Relt
goes back to the end of the nineteenth century. Summarie:
of this work have been given by Smith (1965, p. 3) and
later by Hugo (1974, p. 1-6). Gevers, in the mid-ninetren-
thirties, was the first to complete a2 comprehensive study of
the regional geology of this area (Jaceb, 1974, p. 1). In
1969 and 1970 Jacob re-mepped the area in detail, thereby
contributing to e better understanding of the complex gecligy.
Recent discoveries of uranium mineralization led to
an upsurge in prospecting activities. Anglo American
Prospecting Lo. 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; Annusl Prospecting Report, 1974, Prospecting
Grent M46/3/433; Annual Prospecting Report, 1974, Prospecting
Grant M46/3/487).

3.1 Stratigraphy

The South African Committee for Stratigraphy (SACS)
drsughted 8 South Africen Code of Stratigraphic Terminology
and Nomenclature (1971). Based on the principles and

guidelines set out in the Code, recommendations concerninqg
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suitable informal, nomenclature are presented for the super=
ficial calcareous rocks which comprise large parts of the
Namib Desert. With regard to the rocks of the Damara orogen,
lithostratigraphic recommendations proposed by Kriner et al,
1974 (in Jacob, 1974, p. 4) are used.

The complete stratigraphic column is given in Table

Jacob (1974, p. 3) discussed the terminology used
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 Formation being preferred as
this is historically more appropriate (Hugo, 1974, p. 7).
The name is derived from the marble of this unit which 1is
mined in a quarry on the farm Karibib 54.

(Granite rocks are well developed throughout the
sequence below the Namib group, and particular types are
largely confined to certain lithological units. The meta=
morphic equivalent of the Nosib Group is the Red Granite
gneiss, and that of the Swakop Group is the Salem Granite.
Other granites occurring within the area, for example
alaskites, Bloedkoppie and Gawib Granites, are not confined
to any lithological sequence).

The superficial calcareous rocks lie unconformably
on the rocks of the Damara orogmn which cover large areas
of the Namib Desert, It is proposed that the term Namib
group be used to include all these rocks. Ffrom east to west
across the Namib Desert the calcareous rocks undergo

compositional changes., In the east they are mainly
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KHAN/SWAKOP AREA
GROUP | SUBGROUP FORMATION
GEMSBOK CALCRETE
o UNCONF ORMITY
5
<
= LANGER HEINRICH CALCRETE
AND
TUMAS GYPCRETE
MAJOR UNCONFORMITY
WITPOORT
AND
TINKAS
KHOMAS
KARIBIB
[0
o
4
s CHUOS
wn
UNCONFORMITY
HAKOS RBESSING
UNCONFORMITY
KHAN
o
8
= ETUSIS
MAJOR UNCOVFORMITY
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calcretes and in. the west largely gypcrete. Terms such as
the Langer Heinrich calcreze 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

Structdrally, 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 anticliporia 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 synclinal 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,

CONFIDENTTIAL



-3 G G OB G O O S S S S e S s s s e

CONF IDENTIAL : 42

1973, Prospecting. Grant M46/3/209).

Toens (1973) demonstrated that there are parallel
relationships between the structural grain, metamorphic
grade, magnetic susceptibility and radiocactivity 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 Swakop 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' pv 5)n
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4. THE GEOLOGY OF THE BASEMENT ROCKS

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, R&ssing, Karibib
and Witpoort Formations are absent. Consequently the
Chuos and Tinkas Formatiors follow unconformably on the
Etusis and Chuos Formatiors 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 .-vea

to the north.

4.1 Etusis Formation (Ns,; Q)

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

The rocks are 'psephitic anc psammitic' in character
(Jacob, 1974, p. 10) end are composed of feldspathic
quartzites and oligomictic conglomerate bands. The

thicknesses of the latter are mostly between 100 mm and
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200 mm, but do occur as thick as 15 m.

The pebbles are generally well rounded and are com=
posed mainly of quartz with lesser amounts of granite, peg=
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
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
guartzite, but has a greater proportion of magnetite and

zircon (ibid., p. 93).

4.2 Chuos Formation (DgB)

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
descriked 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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quartz veins are found.
Mineralogically, the matrix is composed of quartz,

plagioclase, microcline, biotite and muscovite.

4.3 Tinkas Formation (D,S)

The Tinkas Formation covers the largest area in the
region mapped. It forms the prominent Schieferberge 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. he thicknesses of the
bands vary, with the latter not exceeding about 1 m. On
outcrop, the calc-grancfels 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
generaily the major constituents. 0Other 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 ard correspond to the medium
and bigh 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, bioctite, K-feldspar
and cordierite. Minor minerals such as muscovite, sillimanite,
andalusite and garnet are commonly found. (ibid., p. 93,

Table 17). Biotite is responsible for the lepidoblastic

texture.

4.4 Salem Granite (Gng)

The Salem granite is located to the north-east of
the area. Good exposures, slthough 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 Salem 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 fFormation,

4,5 Bloedkoppie Granite (G,)

The Bloedkoppie Granite is the main granite found
in the area, and is situated south-sast 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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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
localities migmatization and partial granitization over
distances of a few tens of millimetres can be seen.
Xenoliths are well represented and those of the Tinkas
Formation are orientated towards the north-east. This
indicates that the Bloedkoppie Granite was implaced during
the period of regional deformation of the Damara QOrogen
and is therefore probably late-syntectonic in age. There is
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 harily 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 hnhas produced gorges in the Bloedkoppie
itself, 1In a north-westerly direction a second fracture
pattern has developed containing coarse-grained secretion
pegmatites. These pegmatites are pinkish in colour, with
biotite and tourmeline 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). 1t is a medium-grained, but locally coarse-
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grained, leucogranite with guart2, microcline, plagioclase
and biotite as the main constituents. Accessory minerals
such as zircon, apatite, allanite and ore are present. 1In
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
has graphic intergrowths.

It was virtually impossible.to cbtain 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
slabs cling to the steep slopes. Secondly, there is a
type of weathering that results in a spongy texture and is
referred ta as alveoles (Plate 4)., Thirdly, the development
of large caverns (Plate 5) termed tafoni are to be found.
Both alveales and tafeoni as found in other deserts of the
world have been described by previous authors, but they cccur
most freguently in the foggy coastal type to which the
Namib Desert belongs (Cooke and Warren, 1973, p. 58).

The shapes of the alveoles vary, but all have an

essentially rounded entrance and the direction of penetration
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PLATE 1 Bioedkoppie Granite dome viewed across the 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 rapdomly orientated. No preferential siting
of alveoles in the granite face is apparent, for they are
not necessarily located towards the direction of the
prevailing winds. 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 etiching agents,
Penetration into the granite is by mechanical means and
chemical reaction in microcracks along intergranular
boundaries at the point of weakness. Nc 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
x 50.
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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 directional aspect of the tafoni infers that
a8 weakness at a point in the granite was brought about and
aggravated by environmental factors suchAas 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 th= tafoni shows
that flaking and disintegration are taking place simultaneous=
ly, producing a constantly crumbling surface. Salt precipita=
tion betweean 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 analysis
of the s21t crust is given in Table 2.

Neither alveoles nor tafoni were found in the
quartzites and schists of the Etusis and Tinkas Formaticns
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 ANALYSIS OF THE SALT CRUST
ACCUMULATING IN A TAFONI ON THE BLOEDKOPPIE

Cation % Anion %
Ca 1,8 L™ 52,6
Mg 1,0 so: ” 2,9
Na 24,1 NO; 0,13
K o, 04 co;~ 0,58
4.6 Gawib Granite (G,)

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. MNo 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, out towards
the centre the composition becomes more granitic (Jaceb, 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. l
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4.7 Horebis Granite (Gs)

The Horebis Granite in outcrop is small and developed
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 cantact with the Gawib bGranite is
inferred, for in one locality they are separated by only
cne metre of soil.

It has amn unusual spotted éppearance 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
homogeneous 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 twao.
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S. GENERAL GEOLOGY OF THE YOUNGER FORMATIONS

In the area of study surficial deposits cover large
low-1lying 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 naturevof the clastics is
variable. Particles are bath rounded and apgular, with sizes
as small as 2 um 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 celcium sulphate (gypsum)

cement.
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Six varieties of calcrete have been reported fraom
Southern Africa (Netterberg, 1571, 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

— ey ey GEp @G OB

calcium carbonate content increases.with age.

“

Only three of the six calcrete varieties are re=
presented at the lLanger Heinrick, viz the calcified soil,
the hardpan calcrete and boulder calcrete. Ffor the purpose
of this discussion, however, the term calcified so0il is
replaced by a synonymous term, calcified breccis-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 ip 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 2 higher calcium

carbonate content. It forms a sheet-like layer over less

consolideted and developed calcrete. Boulder calcrete is
8 disintegrated and westhered variety of hardpan calcrete.
Four stages have been recognized in the formation

of calcrete horizons (Gile et al, 1966, p., 354) as follows: J
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Stage Carbonate Morpholcgy
1 Thin discontinuous pebble coatings.
Z 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-horizeon, is reached.

Finally a laminated zone, having a high CalCO, 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 &

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 bardpan calcrete in appearance.

The gypcretes of the Namib Desert are very extensive

and form & veneer over most of the calcretes ig the area

being investigated. 1t appears that towards the coast the

ratio between the gypsum and calcite contents of the

duricrusts increases as shown in Fig., 2. Thke vertical

scale gives the relative percentage of each component,

At Swakopmund, 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 prodominates.

o——— DNREE OF ARIRTY

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

GEMSBOK CALCRETE
FORMATION

-~ UNCONPORMITY
HARDPAN

-

LANGER MEINRICH CALCRETE
FORMATION

(a) (b)

Fig. 3: Schematic profiles through the superficial

duricrust deposits to the basement rocks at

(a) The Langer Heinrich area;

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

5.1 Geomorphology

Before describing the geology of the duricrust

' deposits to the basement rocks are given in Fig. 3.

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.

5.1.1 Palasegeamorphology

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. Ffollowing the separation
of Africa from Gondwanaland, continental margins were
warped downward by moncclinal flexing during early and mid-
Cretaceous, thereby initiating a cycle of Post-Gondwana
erocsion, 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 amd inward flanks of the axis. A new
erosion cycle began, lasting between early Senonian and late-
Oligocene and culminating in the African erosion surface.
During this time humid conditions prevailed.

By the end of the Miocere, epeirogenic uplift brought
about erosion of the African surface to produce the widely
distributed Post~African landscape. Ffinal 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 Quarternmary surface.
A feature of this last uplift wes doming along a central axis,

making the Namib Plain slightly convex.
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TABLE 3: CHRONOLOGICAL DEVELOPMENT OF THE NAMIB DESERT

QUARTERNARY HOLOCENE or RECENT
PLEISTOCENE

— -

PLICCENE
MIDCENE
OLIGOCENE
EQCENE

TERTIARY

DANIAN
SENONIAN

UPPER

TURONIAN
CENODNANIAN
ALBIAN
APTION
NEOCOMIAN

CRETACEQUS

MESOZQIC
LOWER

JURASSIC

— wEE. IS G GED) i iy GNE NN N e
CAINOZOIC

Gondwana erosion surface

Fragmentation of Gondwanaland - continental drift
Downwarping, marine transgression

Post-Gondwana erosian surface

Uplift

African ercsion surface, humid climate, formation of
initial Gawib and Tumas River Valleys.

Uplift

Post-African erosion surface - desert climate,
Langer Heirrich calcrete and Tumas gypcrete
fermations developed.

. Multi-cyclic uplifts

10. Quarternary erosion surface, Gemsbok calcrete
formatinn developed, Swakop and Khan River
canyons formed

et

=2 TN ] A WN
. “ e

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 palaeotopos |
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graphic base upoh which the sediments, as found today, were
deposited.

Fig. 4 illustrates diagrammaticaliy the geomorphological
development of the Gawib River Valley. Structural, erosional

and sedimentary features can be traced up to the present

time.

5.1.2 Modern geomorphology

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 of{ the Tinkas
watershed, deriving the bulk of its volume from the slopes of
the Augawibberge and the Langer Heinrieh Mountain. In the
west, the Gawib watershed feeds water into streams running
off the Schieferberge,

Mountainous terrain surrounds the Gawib River Valley.

The Langer Heinrich Mocuntain to the north has an altitude
of 1 052 m., The Schieferberge to the south are less
impressive, attaining heights of 820 m. The mountains are
in a youthful stage of erosion, characterized by steep -
sided valleys and gullies.

Fanglomerates are characteristic of desert environ=
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
Etusis Formation (Plate 6). Normally fanglomerates in

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

Initiation of the Langer Heinrich
calcrete formation in desert
conditions.

Precipitation of CaCQl4.

Uplift at end of Miocene.

Erosion of calcrete.

Continued precipitation of CaCO,.
Langer Heinrich calcrete formaticen
completed, but partially eroded.

Multicyclic uplifts in the Pleisto=
cene

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

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

This was contemporaneous with
erosion of Khan and Swakop River
canyons,

LANGER HEINRICH CALCRETE FORMATION

MANHUU
""{":lil':id 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 inithe Gawib River

Valley is caonsidered to have taken place by three processes:

(a) Erosion by the Gawib River when in flood.

(b) { osion by cross-cutting tributaries originating
from the Langer Heinrich Mountain.

(c) Mechanical rock-falls due to undercutting by wind

and water e%osion. Wind erosion has a tendency to

are preferentially eroded. The result is the

formaticn 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 bawib 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 B8). 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.

| l cause differential deflation where the softer parts

|
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5.2 Langer Heinrich Calcrete Formation

The calcretes of the Langer Heinrich calcrete
formation consist of the three types menfinned earlier.
Caelcified 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 2. The larger and flatter pebbles of schist and
gquartzite 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 Valiey.

PLATE 8 Stone pavement on the Gawib Flats composed of angular to rounded quartz pebbles.
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The pebb;es are preaominantly 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

Py ey pEme IS fEE

pebbles which show bedding planes and schistosity are the

least rounded, for example, the quartzites and schists of the

Bibaton s

Etusis and Tinkas Formations respectively. Quartz, granite
i‘ 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 toc sporadic to be of any significarnce.
Glennie (1970, p. 33) points out that roundness is rnot a
guaranteed criterion for indicating distance from source.

The mineralogizal components of the calcified
breccia-caonglomerate are mainly calcite, quartz and feldspar,
minor biotite and carnotite, with accessory rlay such as
montmorillenite and attapulgite. Dolomite is absent, which
agrees with the statement of Mackenzie and Bricker (1971,

p. 241) 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 allcgenic 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 2 mineral

which was precipitated from solution and is therefore esuthigenic.
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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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Montmorillonite and attapulgite represent weathering
producté. Attapulgite is found in those calcretes which have
a slight greenish colouration, and predominates locally towards
the west where the Gawib River turns northward. Montmeorillonite
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 sclutions 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
lenger in contact with one anocther 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 8@ horizontal direction, pseudo-anticlines and
synclines may develop (Goudie, 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 bow 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 2 000 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 ereas

are pore spaces, and the degree of separation of the grains
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is not as large as 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.
Calcrete 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 goré spaces., Plate 13 shows
rims of younger calcite surrounding the rock fragments.

i 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 opagque, 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 |

TONFIDENTIAL

AR —————




CONF IDENTIAL 71

PLATE 10 Photonicrograph showing thi ousiing mart of aetritai yioie oy o o0 ) derrital grains,
C = calcite. Magnification x 50.

PLATE 11 Photomicrograph showing how the pages of a biotite ‘book’ have been separated by the
precipitation of caicite between them. Magnification x 50.



cunb LDENTLAL 72

PLATE 12 Phui-micrograt: - W e e L Voo LW LTe pure spaces
witich fregquently oA e, Sy Lo a0 e v deT s pracipitation is
Jess mvtansive, Srostod o un L an Lot '

PLATE 13 Photomicrograph showing rims of second generation calcite surrounding detrital grains. The
black areas are carnotite crystals in 2 gt cabsite matrix. 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 crystailized 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 crystals=s
lized in origimnal pore spaces, is illustrated in Plate 16.
tangford (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 visitle
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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PLATE 14(a)

PLATE 14(b)

PLATE 14(c)

Electron
photomicrograph
of amorphous
carnotite in
calcrete.
Magnification x
1 000.

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

Electron scatter
photomicrograph
of vanadium of
the same area in
Plate 14({a).
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PLATE 15(a)

PLATE 15(b)

PLATE 15(c)

Electron
photomicrograph
of platy carnotite
in calcrete.
Magnification x
1 000.

Electron
photomicrograph
of platy carnotite
in calcrete.
Magnification x
3 000.

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 calcrete. 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 calciete 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 calecite. (The
p¥ESence of iron in the calcite was confirmed by gualitative
electron probe analysis). Compared with the calcified breccia-
conglomerate, the detrital grains in the hardpan calcrete
have a higher degree of separation, which suggests a greater
Cal0, content. This is substantiated by a higher (a0
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 mineralizatien, 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 cantained uranium in places (Table.ZB, 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. S is @ diagrammatic sketch of the
profile which was only about 1 m deep. Gypsum does, however,
extend to greater depths. Sample HJ1-1, from borehcle 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 Gemshok Calcrete Formation

In the Gawib River Valley the Gemsbok calcrete
formation is preserved in enclaves of the harder basement
of the Etusis and Tinkas fFormations, Further west it
forms the surface of the Gawib flats,

The Gemsbok calcrete forration 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 fhrough the Gemsbok calcrete formation are
seen in terraces in the erosional fanglomerates. A typical

view through the formation, but rot to the base,is illustrated

FONFIDENT AL
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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.

150-

T

e

Semi-consolidated gypcrete containing lenses of powder
gypcrete.

Consolidated gypcrete having similar texture as caicrete
from the Langer Heinrich calcrete formation. Gypsum
layers have been precipitated locally. Carnotite
associated only locally with gypcrete. Grades down into
calcrete of the Langer Heinrich calcite formation.

Fig. 5 A profile of gypsum accumulation in the
Langer Heinrich caicrete formation wkhich
outcrops in the bed of the Gawib River.
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Lithological descriptions o1 profiles through the Gemsbok calcrete formation. For the site
locslities refer to Map 1. .

: Gemsbok calcrete formation in the west vest.

(b) Profile 2 : Gemsbok and Langer Heinrich caicrete formations near the original prospecting

(c) Profile 3 : Gemsbok calcrete formation in central part of the erosional fangiomerate,
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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. €. The laminated (Plate 20) and stratified

(Plate 21) zones do not occur throughout the length of the

L ]

Gemsbck calcrete formation.

Broadly, the Gemsbok calcrete formation is a breccia-
conglomerate with similar lithologibal characteristics as the
Langer Heinrich calcrete formation. It is well cemented with
calcite and most pebbles are well pushed apart. Even larger
boulders (Plate 22) up to 300 mm in diameter have been
separated, which again testifies toc 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 directicn 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 clnost
been transformed into soil.

Stratification is found where pebbles communly 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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PLATE 21 Stratified zon» innties Gemstiok ealerewe fonmation

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 tyoce of sedimentation is related to
the velocity of the streem, and that at lower stream
velocities ripples may form at right angies to the direction
of flow. At higher velocities the ripples become larger and are
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. Archaeclogically this corresponds
to the Chelles-Acheul age, between 45 GOC and 500 000 years.

(Netterberg, 1969(a), p. 89).

5.4 Tumas Gypcrete Formation

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

Lithologically the rocks are similar in appeararce
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 &bout 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 cornsolidated 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 the 15° 00' line of longitude. The inter=
pretation is tentative and subject to revision, but has never=s
theless yielded a considerable amo.nt 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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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

tke Atomic Energy Board (personal communication),

pointed cut that some calcretes have a high degree of

consclidation and can maintain seismic velocities
similar to the basement rocks. By analogy this may
apply to the consoclidated gypcrete.

3720 -~ Basement rocks.

The seismic pattern derived seems to correspand 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 betweer 5 eanc 3C m thick. This
indicates a broad and shallow pre-alluvium topography which
is typical of early Tertiary erosiaon surfaces (Mabbutt, 1952,
p. 3F9). 1t 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 GEQLOGY OF THE URANIUM DEPDSITS

In this section the geological characteristics of
the actual mineralized areas of the uranium ore depositis

are discussed.

6.1 Deposits .n the Gawib River Valley

Percussior 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. Unfortunmately 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 al}! information obtained
concerned the upper porticns only. It is known, however,
that carnotite extends below the water-table,.

Initially a few conventional boreholes were drilled
but proved unsatisfactory due tec a very poor core reccvery.

A comparison of the CaC0, values of the powders from the
boreholes (Table 27) reveals the presence of as little as

2 to 9 per cent CatO,. This would account for the bad core
recovery. 1In places the calcrete is therefore only partially
consclidated 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. Ffig. B
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gives a selection of profilss drawn by General Mining and
Finance Corp. Ltd showing the configuration of the ore-body

at cut-off values of 100 ppm elU,0,.
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Fig. B: 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 elU,0,/t o1
100 ppm eU,04.

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 mineraliza=
tion, whereas adjacent boreholes did. In profile AA, ore was
still being found at the water-table in borehboles 2 and 3.

It is reascnable to assume that the uranium ore extends

below the water-table., As 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 segregas=
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 depicted

ouy oaun euIn DN DA

by profile C in Fig. 9 is exaggerated, it serves a useful
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Fig. 9: A cross section of the ore-body through
profile C which shows the relationships
between the ore-body, water-table &nd
basement rocks.
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purpose to illustrete certain aspects. Boreholes (1 and C8
were drilled to the water-table. The definition of the
water-table is rather arbitrary, as the site geclogist 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 wate:i-table is almost parallel to the contours
of the underlying basement rocks. Towards the north, the
depth of the water-table decreases significantly and grounds=
water is almost absent at borehole CB. Similarly, there is
a corresponding reduction in the thickness of the ore-body.
Therefore the shape and thickness of the ore-body seems tc
be governed in part by the height and profile of the water-
table asbove the basement rocks. Mineralization in boreholes
Cl and L5 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 fFig. 10 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 reocks 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 the 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 Turas 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
megnetic and aeroradiometric technigques have so far provided
the orly data.

Fig. 12 is a schematic repfesentation 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 el;0, were measured by
calibrated scintillometer. O0On 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 1t seems that the occurrence is very similar to that in
Von Stryk's pit, except that no mineralization could be
visually detected as it was too finely disseminated in the

host rock.

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

Axes of airborne maaretic anomalies and sercradiometric
anomalies south of the Swakop River, and including the Tumas

River Valley, are superimposea as in fig. 13. Only the
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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, thase 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 depasits in calcrete

and gypcrete having a8 direct relationship between
negative airborne magnetics and aerocradiametrics

(Fig. 13). This type of deposit is given the name
Tumas because of its .ide occurrence in the Tumas
River drainage syster. 5Such 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
Nemib group rocks. This hynothesis is based on the
findings of Cormer (1975) that the alaskites are
associated with negative magnetic anomalies. Super=
ficial radicactivity is a secondary uranium dispersion
halo which was precipitated by upwaicd migration of
mineralizing solutions., Ffig. 14 is a diagrammatic
sketch of the principles outlined above.

(b) The langer Heinrich Type - epigenetic deposits in

calcrete and gypcrete which are not related to
negative airborne magretic anomalies. These deposits
are called the Langer Heinrich lype 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
granium source in alaskites.
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Of fshore iMarine 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
uncertaken by Preussag AG of Germany, and Union Corporaticon
ttd. 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
horizantal and vertical direction using bathometric and
echographic technigues. Investigations covered an aree of
the continental shelf between 1P 00' S to 2% 30' S 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 ociatomaceous mud. The muds

in the basins cover 3 total surface area of 19 000 km? and
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have a maximum depth of about 15 m.
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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 of nranium in the
basins.

Four basins have been recognized (Fig. 15), the

largest of which lies between 21° (0' S and 24° 00' S, with
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its centre just off Swakopmind. A protrusion situatec

off Swakopmund, normal to the strike of the basins, may be
2n infilled channel scouvred out by the Swakop River.
Because it is filled with diatomaceous mud, the relative
age relationships indicate that it may have fecrmed 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 cosast. (Confidential files,
Union Corporation Ltd).

Tre mud is olive green in colour, with laminations
due to slight colour varistions. Essentially it is composed
of skeletal diatoms (genus Chaeloceras)(Calvert and Price,
1970, p. 594), orgaric matter, terrigenmeaus constituents and

water {Tahle 4).

TABLE 4: GENERAL COMPOSITION OF THE DIATOMACEQUS MUDS

Constituent % Reference
Orc2anic Matter 19-40 Calvert and Frice (197G,
Terrigencous raterial 6-34 p. 9594, Table Z)
Water 77-83 Meyer (1973, p. 216)

Below the diatomaceous mud a silty to sandy layer

was founa in places but at other localities there is 23

fossil shell layer containing remains of guo-tropods,

lamellibranchs and sharks' teeth (Mayer, 1973, p. 316},

Palaenntological investigations date the muds to be

of Holocenme age, but the lower fossil shell layer is late
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Fleistocene. Relationships within the latter reveal glacial
changes in the level of the ocean, especially during the last
interglacial of Eemian age. |

Hart and Currie (1960, p. 204) describe the mud as
azoic, due to the absence of marine life near the bottom,
Characteristically, the muds have a high hydrocgen 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 (ibidJ) 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 (Baturin, 1949, in Hard and Currie, 1960,

p. 204).

b.4 Comparison Hetween the Langer Heinrich, Yeelerrie
and Wyoming Uranium Deposits

Information concerning the Yeelerrie deposit was
derived from Von Backstrdm (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 langer 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

POMETLOENTTAL
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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.

deposits have been reported in the USA.

TABLE 5: COMPARATIVE URITERIA BETWEEN THE LANGER HEINRICH
AND YEELERRIE URANIUM DEPOSITS

Comparative
Criteria

Langer Heinrich
Urarnium Deposit

Yeelerrie
Uranium Deposit

Age

Climate

Host rock

Provenance

Stratigraphic
features

(a) Calcrete - of the
Langer Heinrich
calcrete forma=
tion - Miccene
to Pliccene

(b) Carnctite -
Recent, 30 0OLO
years.

Desert

Desert fluviatile
breccia-cnonglomerate
deposited in Gawib
River, cemented with
calcite. Orey to
brown in colour

Crystalline base=
ment, quartzites,
schists, gra—ofels,
granites and
pegmatites

(a) Sediments
deposited on
unconformity -
African erosion
surfacez - Cre=
taceous to
Tertiary

|
|

L T ST
|

(a) Calerete - Plio=
cene to nearly
Pleistocene

(b} Carnotite -
Pleistocene

Semi-desert

Detrital quartz and
feldspar, clay and
calcite forming
low-level calcrete
depos:its along major
drainage. Ffine-
grained and
porcellaneous.

Grey to brown

colour

Basement xrocks
composed of
granites and
greenstones,
Laterites

(a) Sediments
deposited on
unconformity -
Cretacecus to
Tertiary

As yet no such
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Comparative Langer Heinrich Yeelerrie
Criteria Urarnium Deposit Uranium Deposit

Deposit type

Mineraliza=
tion

Paragenesis

Associated
elements

Environment

(b) Epeirogenic up=
lift initiated
new erosion
cycle

(a) Tabular and cons=
cretionary,
layers separated
in places by
barren zones

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

Yellow to greenish
carnotite

(a) Precipitated from
subsurface water
by soil suction
and nucleation

(b) Source of
uranium and
vanadium in
basement rocks.
Vanadium mainly
from Tinkes
Formation

Uranium and
vanadium

Oxidizing

(b) Epeirogenic up=
lift initiated
new erosion
cycle

(a) Tabular, horizon=
tal layers

(b) Uranium occurs
as irregular
fillings in
small fractures
and cavities

Yellow carnctite

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

(b) Source of
uranium - granites.
Source of
vanadium - late=
rites

Uramnium and
vanadium

Oxidizing

CONFIDENTTAL




CONF IDENTIAL

TABLE 6: COMPARATIVE CRITERIA BETWEEN
AND WYOMING URANIUM DEPODSITS
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THE LANGEP HEINRICH

Comparative
Criteria

Langer Heinrich
Uranium Deposit

Wyoming Uranium
Deposits

Host rock

Depositiaonal
environment

Structural
and strati=
graphic
features

Hydrodynamic
environment

Transport=
ation

Fluviatile breccia-
conglomerate derived
from granite, quart=
zite and schist.
Cemented by calcite.
If calcite cement is
remecved a similar
rock type as in
Wyoming remains.

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

The uparched areas
about the Gawib

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

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

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

Fluviatile sandstones.
derived from granitic
rock, arkosic to sub=
arkosic, medium-
grained to conglome=
ritic, angular and
poorly sorted. Limited
calcite cement.

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

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

Following deposition
of arkose, uplift
changed the hydrodyna=
mic conditions resuls=
ting in the onset of
oxidizing conditions
and carnotite preci=
pitation.

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

ticns that brought about the precipitation of carnotite in

both instances.
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PART II: ANALYTICAL METHODS

7. CHROMATOGRAPHIC SEPARATION, PURIFICATION AND

SOURCE 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 (Resholt, 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 23Th and 23" peaks overlap and
thin sources are reqguired.

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 aniorn exchange and reversed
phase liquid chromatcgraphy. T1he 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 geolcgical materials was
found unsuitable for analysis due to the presence of
contaminants, which the::fore 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

FONFIDENTTAL
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chromatography was applied in different forms to both

protactinium and uranium.

TABLE 7: NUCLEAR DATA FOR NATURALLY DCCURRING ISOTOPES
OF YHORIUM, PROTACTINIUM AND URANIUM

Element Isotope r ?32;;;%Ee GIEZS§Ey
Th 230TH 8 x 10% 4,68
fa 231p4 3,25 x 10" 5,06

u 238 4,51 x 109 4,20
235 7,1 x 108 4,40
234y 2,47 x 105 4,77

* ederer et al (1968)

No attempt was made tr recover the elements quantita=
tively through the variocus 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 Thoriun
Protactinium and Uramium 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=
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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.

M HCL o OM HC1+0.1 MHF —edu QIMHCo]
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Fig. 16: Elution curves for thorium, protactinium
and uranium from strang base anion exchange
resin using Bio Rad AGI-X8 in the chloride
form.

Fig. 17 summarizes the adsorption of the elements
at different hydrochloric acid molarities, which are given
as a ‘unction of the log of the distribution coefficient

(Kraus and Nelson, 1956, p. 118).
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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 rarge. This also
applies to the alkali metals, alkaline earths, rare earths
etc. Other elements such as uranium, protactinium,
titanium, zircomium, hafnium and iren (III) are strongly
adsorbed at high molarities. A 9M hydrochloric acid
solution containing thorium, lanthanum and europium was
passed through the anion exchange resin coclumn. Ten cm?
portions of the eluate were collected. Five cm? of each
were titrated with 0,01M ELOTA and xylenol crange indicetor
at pH 3,0 to 3,5 to determine the thorium concentration
(Strelow, 1959, p. 1201). A further 2 cm® of each portion
was evaporated to dryress in Juariz tubes arnd the resicuce
irradiated for three hours in the hydraulic facility cf
SAFARI-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 givern in Table 8.
The elution data are presented in fig, 18, from which it
wads noted that thcrium and the rare earths were co-eluted.

Rapid elution of protactiniurm was accomplished with
a 9M hydrochloric acid - 0,1M™ hydrofluoric acid mixture.
In addition, uramnium IV and VI can also be separated in this
manner. 0Oxidation of all the uranium to :+ VI state was
essential prior to loading the sample solution onto the
column, (Kraus et _al, 1956, p. <£694). The adsorption
characteristics of elements from hydrochloric acid-

hydrofluoric acid mixtures are given in Fig. 19.

PR
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TABLE B8: NUCLEAR DATA FOR RADIONUCLIDES PRCDUCED
BY THERMAL NEUTRONS
Thermal y-Ray
- Neutron -
Isotopic . Fhoto-
flement Target AbundancelACFlvaz Product H?lf' peak
Isotope tion Isotope | life?
(%) c measured 3
TOSS (keV)
Section
(Barn)
Th 2321h | 100 7.4 233pa |27 4 312
La 139 5 59,9 9,6 W0 a 140,22 K| 1 595
Eu 1S1gy, 47,8 3 100 1526y |12 y| 1 408
u 238, 99,3 2,7 239\p 2,35 d 277
Fe Sére 0,33 1,2 59Fe (45 d| 1 099
Stre 5,82 2,6 S54Mn {303 d 835
As sps | 100 4,5 76As 26,5 h| 559
Zr 47r 17,4 0,075 9571 |65 d 724
ISNb |33 d 765
Hf 180 ¢ 35,2 12,6 1e1yf 42,5 d 482
Ce 1eoce 88,5 0,54 182Ce |33 d 145

1 Chart of the Nuclides

2

3

Lederer et al

Adams and

(196

Dams

(1968)

9)

Titanium, zirconium, hafnium, germanium and protactinium

have larje distribution coefficients for hydrochloric

acid molarities below four in hydrochloric acid-hydrofluoric

acid mix

tures.

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

hydrofluoric acid mixture was used to elute protactinium

because the distribution coefficient of protactinium in this

CONETDUY
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RELATIVE PEAK HEIGHY —e

0
VOLUME ELUATE (cm3) ——sm

fFig., 18:Elution curves for thorium,lanthanum and
europium from strong base anion exchange
resin using Bio-Rad AGI-XB in the
chloride form.
system is nearly zero. The elution curve for protactinium
(Fig. 16) was determined using the gamma-emitting 23%a
isotope (Table 8)., A sharp separation from both thorium
and uranium is shown.
During the course of this investigation it was found

that 2?Pa was completely lost during the separation process

whereas the spike 233%a was recovered with good yield., The

CONFTRENTTAL
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Fig. 19: Absorption of elements by strong base
anion exchange resin irn HC1-HF mixtures and
HC1l onmly. Thick lirmes 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, 1960, p. 346).
reason for the anomalous behaviour of 23Pa and 23%¥a is
probably due to both species being in different chemical
forms. Since 23%a is synthetically produced, it would be
in the form of an anionic chloride complex, whereas naturally
occurring 231Pa 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 folilowing procedure was adopted.
Carnotite was separated by heavy media using TBE (1, 1, 2, 2,
tetrabromoethane, SG = 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
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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 fraom
geoclogical materials. Two cm? portions of each five cm®
eluate fraction were evaporated to dryness in polythene
capsules and irradiated in the pneumatic facility cf
SAFARI-1 for 15 minutes. After a decay of one day the
239Np peak was measured (Table B8), from which the uranium

eluticn curve was plotted (Fig. 16).

7.2 Experimental Procc2ure for the ~Purification of
Thorium, Protactinium and Uranium from Synthetic,
and in Same Instances, Actual Samples

In aqueous sclutians of nitric acid, thorium forms
a stable hexanitrate anionic complex and is adscrbed 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,
1960, p. 365). Selectivity of this method is good as
thorium can be separated from most elements, including
anians.
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? portions of the eluted ten cm?
fractions were evaporated in quartz ampoules and irradiated

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

CONFINDMNTIAL
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Fig. 20: Absorption of elements by strorng base

3
anicn excharge resin nitric acid.

in 3
{Buchanen ard Faris, 1540, p. 329).

two days the samples were counted. from the data, elutian

1)

o

curves for lanthanum, cerium and thorium were drawn {fig.
which show a sharp separation between the rare earths and
thorium.

The purification of uranium involved the techrnique
of reversed phase liquid chromatography having 3 stationary
phase of tributyl phosphate (TBP)} c<upported by Kel-f powder
(Kel=F is polychlorotrifluoroethylene) (Hamlin gt al, 1961).
Uranium was selectively extracted into the TBP phase from a

5,5M nitric acid solution. Impurities such a2s iron (111)

r
| b
Nr=?
bl ]

L4
.(.l
™

R
P

ot

3
7
!
o1z

were quantitatively eluted with thes nitric acid. Uranium was

eluted with distilled water. To test the efficiency of the

separation, the isotopes %*%e, 5'Mn and 7fAs were used as
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Fig. 21: Elution curves for the rare earths and
thorium from strong hase anion exchange
resin using Fio-Rad AGI-XE in tke nitrate
form.

tracers. These were producea by the irradiation of an iron
foil (Table 8). 750~ was a cortaninant and was therefore
studied simultanesusly, Ten cm? portions of the eluate were
counted on a gamma spectrometer and in 5,5M nictric acid 5%e,
5%Mn and 7fAs were quantitatively eluted. As uranium ( 4%%)
is not a gamma emitter it would rmot be counted directly,

Two cm? fractions of the eluted portions were evaporated in
polythene capsules and irradiated four 15 minutes. After a

decay of one day the samples were counted., Elution curves

for the system are shown in fig. 22, A sharp separation

- UED G UNS W) Ul G G @D G G G & O v = T = —




CUNFIDENTTIAL : 116

between irorn and uranium wa: achieved,

5,5M HNO; -o4@—— DISTILED
i 3 e —

S9Fe
] ST

T6 s
X

RELATIVE PEAK HEIGHT

\
X
. \
\x [P i
0 100
VOLUME ELUATE (cm3) wemep-

(VR VIRV ¥]

Fig., 22: Elutior curves focr iren, mangarese,
arsenic and ucranium using reversed
phase liquid chromatography with
tributylphosphate as the supporting
substance ard nitric acid and distilled
water as the mehbile phases,
Protactinium was purified using a modified versian
of the reversed phase liguld chrumstographic method propesed
by Stronski (1969) to separate thorium, protactinium and uranium,
A guarternary amine, aliquat-33%, was uzed as the stationary
phase supported on teflon powder, and the mobile phase was
concentrated hydrochloric acid. fig., 23 shows the variations
in extraction coefficient of thorium, protactinium and

uranium with increasing concentrotions of hydrochloric

acid (Ahrland et _al, 1973, p. S78).
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METAL ION EXTRACTED

10000 S

™ uivy vivn | §

w PSTQ < 0,01 PSTQ <001 z

gg— 100 o

= w
32 i

xu »

i 'r 3

8 3

(1 0} YR SR e, i <

0 6 12 6 12 6
CONCENTRATION OF ACID (M)
Fig. 213 txtraction coefficiznts of thorium,

protactinium and uranium 1ntoc amirnes at
dgifferent corcer.r-ations of hydrochloric

acid. F = primary amine, S = secondary
amine, T = tertiary amine, U = quarternary
amine. (Ahrland =t al, 1%73, p. 578).

Both protactinium &rd uracium behave in a simidtar
manner throughout the whole concentretion range. Experimen=
tally this fact was substantiated here and shawed that the
method of 5Stromski must be viewed with cautior. Therefore
for the purification of protactinium by this ‘“echnigue no
uranium may be present in the iratial solutian,

Contaminants of protactinium were titamium, zirconium
and hafnium, and in crder to test whether these elements coulc
be separated, the following procedure was adopted. The
isotopes 9%5Zr, %5Nb (a decay product of 2%%r), 18IHf and 23%Fa
were used as tracers (Table 8). Ffive cm® portions of eluate
were counted on a gamma spectrameter., It concentrated
hydrochloric acid protactinium was extracted intoc the
aliquat-336 and sharp separation between protactinium and

the contaminants was achieved., A recovery of 96 per cent

CONFIRENTTAL
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23 . . -
for ?*%a was obtained and the remaining four per cent could

not be eluted (Fig. 24).

‘ -
CONC
o HCl — s 2 HCt —en]

«ACTVITY OF 233?0
ON THE COLUMN

RELATIVE PEAK HEIGHT
~

0 100
VOLUME ELUATE (cm3) =i

Fig, 24: Etlution curves for zirxconmium, niobium,
hatnium and protactinium using reversa
nbase liguid chraomatography with aliguat-
336 a~ the staticncery phase, teflon as the
supporting subotance and hydrochleric acid

as the mobile phase,

Source Preparation of Thorium, Protactinium and

Uranium from Synthetic Samales.

Four basic requirements are necessary in preparing

sources suitable for a-spectrocmetry. 1he source material

must be
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(a) 8s pure as possible,
(b) deposited in a small area on a disc,
(e) as thin as possible,
(d) evenly distributed.

The method adopted for the preparation of sources was
based on an ammonium chloride system (Mitchell, 1960). The
element was dissolved ir hydrochloric acid, taken up in
ammonium chloride and electroplated for about two hours at
a current of 0,5 amps and about 8volts de. Due tc excessive
heating problems of the electrolyte at a high current, the
low amperage and longer electroplating time were choser.
Water circulating around the cell helped to dissipate the

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

a1
c'»aeol;‘ E‘H MOTOR b

— )
th__%
5}4 - — GLASS LID
[E S = Cougt “‘é‘tﬁ ELECTROPLATING

[ . - | PERSPEX COOLING JACKEY
WATER DUTLET
. Pl

AOM - PLATINUM AMOUE
COOLING JACHET

4 - THANHS DISC
L) LL_ 1 PERSPEX BASE MATE

WATER IMLET TO COOLING
——— JACKE?

Fig., 25: A drawing of tre electroplating celi used
for the preparation of sources of thorium,
protactinium and uranium.
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When a-particlecs pass through the socurce material

they may suffer an erergy loss, giving rise toc a tailing

effect on the low energy side of a peak.

by the deposit being
activity in relation
in Fig. 26. For the

than 60 ug U/cm? can

This is caused
too thick. Variation of a-particle
to the thickness of the deposit is given
case of uranium,scurces with no more

be used. Values greater than this

cause the relationship to diverge from linearity, which is

a function of energy loss.

The ideal situation, where there

is no energy loss, is given by the dashed lirme in Fig.
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Fig., 26: Variation of alphe-particle activity of
238 in relatiorn to the thickness of the
source, expresced az weight of U per unit
surface area.

As electroplating time was important to ensure 2 good

yield, a plot of a-particle activity versus electroplating

time showed the minimum time required for maximum deposition
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of target material (Fig. 27).
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Fig. 27: Variation of alpta-particle activity of
238]) with electroplating time.
After electroplating uvranium for 90 minutes the curve flattenc
out and po further uranium is plated. To ensure maximum
cdzposition, a time of two hours was adopted.

A titanium disc was used as a backing for the scurce
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 erergy
and poorer resolution of the a-spectrum resulted. Good
results were obtained when the disc was heated on & hot
plate for two minutes (about 400 °C). Cournting 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 400

TR O
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multichannel analyzer (Model SA 40B) for the spectral
ai alysis. Data were reccrded using an interlinked IBM
typewriter, and the processing was dane manually by adding
together the pulses in each channel over the required MeV
range.

Typical q-spectra for thorium, protactinium and

uranium isotopes are shown in Fig. 28.

18, Ny,
T 8y
r
:
H 0m,
E 23p,
2
| j\.
Al L 1 11 il L i i
&0 45 $0
w-PARTICLE ENEAGY (MOY) -m—eeem
Fig. 28: Alpna spectre for thorium, protactinium

and uranium isctopes.

7.4 Chromatographic Separaticn Scheme

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
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chromatographic separation of thorium, protactinium and

uranium frem ceological materials.

The preparation of purificsation of the spikes
2333 and 2% are given in Appendix 1. Calculations
the determination of the chemical yield for thorium,

protactinium and uramium are given in Appendix 2.

22$Th'

fcr
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SAMPLE
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PRCCEDURE FOR THE CHROMATQGRAPHIC SEPARATION OF THORIUM

T INILE

INIUDY AND URANIUM FRG™ GEOLOGICAL

€1}

(3)

(4}

DIGESTION PROCEDURES

Cranite
1 g sample, acd 15 cm’
a0t HF and 1 cm® conc.
HC10a . ade ?°7U, dieest
in pressure vessel for
2 r at 156 *C.

Evapcrate to dryness,
fume residue with 6 cm’
corc. MC10¢ until cary.
(im]

Fume with 6 cm? conc.
HC1.

Dissplve residue in
2 cm’ 9M HC1 when cocl.

€2)

(3)

(4)

Carnctite

0.05 g. #dd 2 cm’ 40%
HF, add 12*Th 273 ena
fume. Repsat with 4 cm
HF.

Evaporate to dryness.
fume with 6 cm® conc.
HC104 until ary.

Fume with 6 cm® cone.
HCI1.

Dissolve resicue in
2 cm® 9™ MC1 when cool.

(1} Bio-Rad AGI-x8, 100-20C mesh, 5 g.

{2} Pretrest with 30 om?’ SM HC1,

(3] Load sarple onto column, elute witn 200 cm’ 9M MC1,

L 4

Column: LU, Pa, Fe, V¥, 2r, #f {+ otners]

Elute with 260 cm® M HCI + O,1M HF

€luate: #a, Ir, rf,

PURIFICATICN 7F Pa

Evaporate aluste ta Zry-
ness, &jc 4 cm’ cocnc,
HC1ls, fume, (*®)

Acc 6 em® corc. MC1, f.ra,

Olssclve resicdue in
2 cm® conc. MCI.

Ceiur: U

€luate:

b

RE

‘s (+ otners)

PURIFICATION OF Th (1] Evapcrate to dryness, add

» W, Fa, Fo,

15 cm? corc. MNDy, fure,
¢issolve residue in 5 cm’
81 HKD; .

Elute with 100 om? 7,710 Mol ‘ANIDN EXCHANGEI {1} Bia-Rad AGI-x8, 100-200

PURIFICATION OF

REVERSEQ PMASE
LIGUIO
CHROMATCGRAF HY

LIQUIC

REVERSED PHASE

CHROMA TS CRAPHY

2 g teflon, edd 100 mg '
Aliquat-336, mix, adg S cm’
conc. HMC1,

Lead slurry intc cclumn,
fiow rete 1 cm’/minuts.

Pretreat witn 20 om? conc.
HC1,

(3®) | gad sample onto
colum, slute with 57 cm?
conc., HCl.

L

Eluete: Ir, Hf Column: Pea

{discerd)

Column Eluat

{

Pa

Eluate: fg
{ciscard]

v
Column: LU

U

mesh, 2 g.

(2} Pratraat with 20 cm’ am
ISy

(3} Lcad sernle onto column,
glute witk 200 cm’ 8M
MOy .

Eluate:
(Otscard)

Eluate with 80 cm’ cistilled water

Column

Elute with 60 em? 2M HC1
|

(1} Procedurs as for Th,

axcept pH=3

T

(1 P
L}

NCTES:

Eluate: U

rocedure as for Th,
xcgpt pH=3,0

4®

(1

(2]

(3}

{4)

(5)

L
RE's (+ othars) Columm: Th

El.ate with 200 om’ G,1M
w1

Column

Evaporate to dryness, ead 2 om? conc,
HC1Ns, fume, add 6 cm’ conc, MC1, fume,

Cisscl.e residue G,5 cm’ 6M HC1, transfer
to electroplating cell with § cm® 2M
NHa (1,

ACjust pHeE,D,

Elactroplate onto titenium disc for 2
hours st 0.5 smps,

Add 0,5 om® Ny OM to cell while electro-
olating, remove disc, wesh in weter, dry
on hot plate for 5 min,

- When the term 'dry’ appears in the text {t meens that the

residue must not he haked but ellowed to remsin slightly
moist. This statement aspplies generally.

2® - Removes ell traces of HF, which does not allow extrsction
intoc Aliqust-336,

L

control,

COMFIDENTIAL
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8. NEUTRON ACTIVATION ANALYSIS OF THE BLOEDKOPPIE

AND GAWIB GRANITES AND THE ROCKS GOF THE

TINKAS 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 ncot easily measured
using NAA either due to their nuclear properties or the
agverwhelming presence of a specific interfering activity.
For elements of lower concentration and those with interfering
isotopes, @ greater sensitivity may be achieved from post-
irradiation radiochemical separaticns (Morrisor 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,

0f the elements analyzed, there were no interfering

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

The type of reactions that could cccur were summarized by

Turkstra et al (1971, p., 116).

8.1 Experimental Procedure

A standard solution containing the elements listed in

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

|
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europium from Table 8 (with the exception of aluminium, vana=s
dium and dysprosium) was prepared. Approximately 0,25 g were
accurately weighed into guartz 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 10'® n m™2s”'  at 20 Md with a

cadmium ratio of 60 for $%o (1 333 keV) which is a

measure of the epithermal flux contribution toc the total

neutron flux. The higher the cadmium ratic, 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 preoducts.
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 multicharnel 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, a2s modified by Brits (197%) to calculate

the integrated peak areas for the spectrum., The resolution

for the system is 3 keV for the 1 333 keV ¢%5 peak and has &
calibration of 0,55 keV/channel, The samples were counted

for 30 minutes after a decay of nine days fnr the elements
lanthanum, barium, lutetium and samarium, and 37 days for .
the elements europium, cobalt, tantalum, rubidium, scandium,

terbium, cesium, hafnium, protactinium and cerium,

COMFTOEMNT T A
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TABLS 10: NUCLEAR DATA FOR RADIONUCLIDES PRODUCED BY
THERMAL NEUTRONS
Thermal
Neutrons y-Ray

Isotopic Activa= Photo=
T I;iigez Abundancel tion ?rgggc: ??%:; peak
£ P (%) Cross- sotop measured ?
B Section! (kev)
w (Barn)
Al 2] 100 0,24 28,1 2,31 1 779
Vv Sly 99,8 4,9 S2y 3,76 1 434
Dy 164Dy 28,2 2 200 165Dy 2,32 85
Sm 1525, 26,7 210 1535 47 103
Lu 176) 2,6 2 100 177 6,7 208
Ba 130g4 0,1 11 13184 12 496
Rb 85Rb 72,2 o,7 86Rp 18,7 1 077
Tb 1597Tp 100 22 160TH 72,1 879
Sc *55¢ 100 13 w65¢ 83,9 889
Ta 18174 100 21 18274 115 1 222
Cs 133Cg 100 29 134Cg 2,05 796
Co 59Co 100 17 60Cp 526 1173
Zn 6%7n 48,9 0,47 6570 245 1 115

! Chart of the Nuclides

2 Lederer et a8l (1968)

3 Adams and Dams (1969)
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Spectra derived from Bloedkoppie Granite are shown in
Figs. 25 and 36 for the two counting periods, respectively.
A1l the photopeaks used for the analysis of the
elements in Tables B8 and 10 are essentially free from
interfering peaks of other isotopes, with the exception of
181Ce and 153Sm, 1%1Ce has a small interference peak from
5%fe at 145 keV, and 153Sm has an interference from the 100
per cent relative intensity 23%Np peak at 103 keV. Removal
of these interferences was done by’obtaining a pure spectrum
of both 5%e and 2%¥MNp, from which the relative peak
intensities of the various lines could be calculated.
“¢65c (889 keV) has an interference from llomAg (B85 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. Irradiaticns were carried out in
the pneumatic facility of 5AFAFI-1, which has a thermal
neutron flux of about 2,9 x 10" nm™ 2 57 at 20 Mu,
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%1 and 3%V have very short half-lives, and therefore
vanadium has to be counted in its presence. In fig. 31
the °2v peak lies almost on top of the 2341 Compton edge,
thereby reducing its sensitivity and consequently the

detection limit.
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COUNTS PER CHANNEL
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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
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30: Gamma-ray spectrum after a decay of 37
days for the analysis of europium, cobalt,
tantalum, rubidium, samarium, terbium,
cesium, hafnium, protactinium (thorium)
and cerium in the Bloedkoppie Granite.
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COUNTS PER CHANNEL
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Gamma-ray spectrum for the analysis of
vanadium in the schists and granofelses
of the Tinkas fFormation.
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9. DISSCLUTIGN AND ANALYSIS OF THE EPIGENETIC

FRACTION OF CALCRETE BY NEUTRON

ACTIVATION ANALYSIS

The object of this analysis was to determine the
distribution of trace elements within the epigenetic calcite-
carnotite fractiom of the calcretes, which contain about
10 to 50 per cent CaCOs (Table 27).. Both calcite and
carnotite are epigenetic minerals which were precipitated
from aquecus 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 ir others. MNeutron activatiaon
analysis of samples with such high uranium concentration is
further complicated due to the errors introduced from fission
products and crowding of the spectrum with 239Np peaks.
Therefore it was found necessary to selectively remove
uranium, The method adopted for this was reversed phase
liquid chromatography using TEP 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 eureopium, cobalt, scandium and zinc

were made for test purposes (Table 10).
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TABLE 11: PROCEDURE FOR THE CHRCMATCOGRAPHIC SEPARATICN OF
URANIUM FROM CALrRETES

Sample, 5-10 g'

2M HC1
Filter under
vacuum 2
Siliceous Filtrate
residue
Evaporate to 30 cm?.
Make up to 50 ecm?® with
water
18 cm?
Svaporate to Evaporate until naarly
Tyness dry. Fume with conc.
HNO,., Dissolve residue
in 10 cm?® 5,5M HNO,
Uranium anelysis by
delayed neutron Reversed phase liquid
countirg chromatography 10 g
Kel-F + 10 cm?, TEP
in 5,5M HNO,
Elute with}100 ecm
5,5M HWNG, _}
r
Eluate: all other elements Column: uranium only
Evaporate to dryness Elute uranium with
60 cm? deionized water,
discard

Neutron activation
analysis

NOTES:

1 The weight of sample used was dependent on the CaC(, content.

2 PVC, 0,45 mm Sartorius membrane filter, type 5SM128, was used,

FONFIDEMTTAL



CONFIDENTIAL ' 134

The radigactive sample was dissolved in 5,5M HNO,,
loaded onto the test columr and counted to measure the
initial gamma activity present. Ten cm3 fractions were
successively removed. After each fraction both the
column and the eluate were counted separately.

1.0

RELATIVE PEAK HEIGHT —&

05

VOLUME ELUATE 5.5MHNO,
(cm3)

~e== ACTIVITY ON COLUMN
— ACTIVITY IN ELUATE

fFig. 32: Elution curves for zinc, eurcpium, .obalt
and scandium using reversed phase liguid
chrematography with TEP as the stationary
phese, supported or Kel-f and 5,5M HNO,
ac the mobile phase., The dashed line
shows the activity distribution on the
column and the urbroken lines the activity
distribution ir. the eluate.

The results are plotted in fig. 32 and show the
relative activity distribution of the nurlides on the
column and in the eluate in terms of eluate volume. After
100 cm?® of 5,5M HNO,, 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,

SORERE:

-~
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and secondly, that a very gaod separation from the uranium
was achieved, tnereby confirming data published by Hamlin

et al (1961, p. 1 549).

5.1 Neutron Activation Analysis

The nuclear data concerning the elements determined
in the calcite fraction are given in Tables B8 and 10. The
elements are aluminium, vanadium, aysprosium, 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. Lalcium 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 intc
polythene capsules. Complete dryness could not be achieved
due to the relatively low melting point of polythere., 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 gquartz
ampoules which could be heated to higher temperatures, thereby

driving off the moisture.

CONFTEDMT TA
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Approximately 100 my 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 gquartz
ampoules were irradiated in the C-positicn 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. 3€).

CUMPIRLNT AL



— eamms GEEA N s =EEN

(A®Y)
Y3EBNNN T13INNVYHID

CONFIDENTIAL ' 137

. COUNTS PER CHANNEL
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Fig.

33
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—S52% 130

—— 28
AL 11770)
— 58p f181)
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S6mn (213)
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Gamma-ray spectrum for tne analysis of
aluminium and vanadium in the epigenetic
calcite fraction,
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COUNTS PER CHANNEL
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Fig. 34: Gamma-ray spectrum for the analysis of

dysprosium in the epigenetic calcite
fraction.
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COUNTS PER CHANNEL
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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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COUNTS PER CHANNEL
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Gamma-ray spectrum after 13 days' decay
for the analysis of cerium, iron, cobalt,
scandium and suropium in the epigenetic
calcite fraction.
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10. CHROMATOGRAPHIC SEPARATION AND PURIFICATIGON

OF URANIUM FOR MASS SPECTROMETRIC ANALYSIS

The technique employr. for this purpose was a
madification nf 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 exceptiaon
of nitrate). The reason for this was the ultra sensitivity
of the mass spectrometer to the presence of interfering
species, which results in unstable perfermance. The end
result was a considerable reduction of the guality 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 thcrium, alkalis, alkalirne
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
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mass spectrometér, and the second the quality of the
separation. 0On the assumption that the first was of high
guality, any instrumental instability was therefore due to
poor analytical separation. A good spectrum capable of

giving high precision is shown in Fig. 37.

T TINY I Rn

RELATIVE INTENSITY

JLWL JUL JLJe Jub Jult Jut

Fig. 37: Spectrum of 238, ang 2%y obtained from

the mass spectrometer.
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ABLE 12: PROCEDURE FOR THE CHROMATOGRAPHIC SEPARATION
OF URANIUM FROM CALCRETE, SUITABLE FOR MASS
SPECTROMETRIC ANALYSIS

Samplels?

Anion exchange,
chloride form

|

Eluate: Th (+ others)
discard . Column: U, Fe

Elute U with 0,1M HC1l, evapo=
rate, convert to nitrate form,
dissolve in 5,5M HNO,, load

onto column

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

Elute: fe
(discard) Column: U

Elute with water, evaporate
to diyness

Fire the dried precipitate to
800 °C for 2 h in muffle
furnace®

lissolve black USD in
9M HC1

Anion exchange, chloride form

Eluate: H,PU~ Sl U
umn ¢

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

CONFITENTTAL



- o S GED BB GBS G G G ED - & &Gy G G» Gy o & = |

CONFIDENTIAL : 144

Uranothorianite was dissolved in a mixture of concentrated

HF and HC10,. Fumed with an excess of HC1l0g to ensure the

complete oxidation of U** to U®*. Finally converted to the
chloride form by fuming with concentrated HCl.

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

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 aniaon exchange.

The nitric acid used for the final dissoclution of the

uranium was fresh, such that no decomposition products
as nitrites and dissolved NO, were present.

CONFIDENTIAL
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. 11. MISCELLANECUS 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 2y 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 triflouride tubes mounted in a tank of
water. Pulses from the tubes pass through an amplifier and a
discriminator, and are finally counted.

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

plotted.

11.2 X-Ray Diffraction Analysis

X-ray diffraction was used for qualitative mineralogi=
cal identification. All samples w=re ground down to pass
-325 mesh. C(Clay mineral identification was done on approxima=
tely the 2 micron size fraction., A very dilute Hf1l 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

The basement rocks constituted the source of ail the
epigenetic uranium mineralization in the duricrusts from the
Gawib River to the Tumas River and alsoc the accumulations in
the diatomaceous muds off the coast in the Atlantic Dcean.
This, therefore, was the starting point of the geochemical
cycle of uvranium for the region in this study. A geochemical
analysis of certain aspects of saoame 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 indicatcrs cof the

geochemical and evoluticnary 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 investigaticn (DAMJU Project) concerning
the uranium mineralization of the Damara Crogen, the report
of which is still in preparaticon., A list of the camples

used here is given in Table 14.

12.2 Geochemistry of Uranium in 0Granitic Rocks

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

Gawib Granite has a Th/U ratic of 3,5 which is very close

CONFIUENTIAL
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TABLE 14: SAMPLES USED IN THE GEOCHEMICAL INTERPRETATION
OF THE RARE-EARTH ELEMENT DISTRIBUTIiONS

Rock Type DJP Sample No.
Salem 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. 1In 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,
UD;+. Consequently it is either concentrated in late magmatic
fluids or expelled from the magma chamber (Armstrong, 1974,

p. 628)., In the first instance the tendency will be to form
its own minerals such as uraniniie, or to substitute in the

crystal lattices of accessory minerals, 1In granite rocks which
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cantain 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
gemonstrated a correlation between the uramium 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. S0) drew attention to the affinity of ‘
uranium for the iialogens and the subseguent 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=s
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
(I1) to iron (III) is largely an inadequate mechanism to

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

orogen the correlation betw=en 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:

4Fea0, + UB,(CO,3)2:2H,0% = 6Fe,0, + UD; + CO; + 2H,C

magnetite wuranyl dicarbonate hermatite uraninite
complex

Disso~iation of magnetite and oxidation of the iragn
(IT1) component took place within the framework of the redox
reaction. Complete dissouciation of the uranyl 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 Grapitic Rocks

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

1965, p. 160; Haskin et al, 1966, p. 231; Philpotts and
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Schretzler, 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 becaome enriched
relative to the heavier ones. This is due to the lanthanide
contraction according to which the ionic radius decreases
with increasing atomic number and results in preferential
depletion of the smaller elements (gadolinium to lutetium)
in the residual melt,

Normally the rare earths are trivalent, but depending
on the envirommental conditions, Eu®? and ce*? may exist.
The well-known europium anomaly is due to the preferential
inclusion of Eu?™ in the Ca?’ sites of plagioclase feldspars.
It was found that during differentiation processes the crystal-
lization of approximately 15 per cent plagicclase feldspar
results in a 5 per cent depletion of europium in the
remaining melt. Contiruing crystallization of plagioclase
will bring about larger europium anomalies in the residue.

Relationships hetween the rock types of the Damara
orogen were established by Jaccb (1974) through field arnd
petrological evidence. An attempt was made here to see
whether the gecchemical relationships of the rare earths
in the respective rock types fitted his postulates
concerning the originm of the Banded Gneiss, Salem, Gawib and
Bloedkoppie Granites. The problems toc 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=
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ding concentrations of the rare-earth elementc in chondritic
metecrites. This eliminated the odd-even effect as shown
in Figs. 38, 39 and 40.

Jacob (1974, p. B6) considered that the banded gneisses
were derived from sediments characterizing the Khan and

Etusis Formations. The rare-earth trends in the Etusis

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

w

£
- ETUSIS FOMMATION
[« sancED ameiss

-]

WEIGHT RATIO. ROCK /CHONDRITE oo
3
o
T T YYYI T 111”//,17

N

A

57 5% & 63 45 67 & T
teCr SmEu 1o ™l
ATOMIC MMWBER

Fig., 38: Rere-earth abundances in the Etusis
Formaticn and banded gneiss divided
by the rare-earth abundances in chondrites,
plotted againzt atomic number.
Both rock types have positive europium ancmalies, but the
banded gneiss has the greater relative eurcpium 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-e large positive euro=

pium anomaly of the banded gneiss resulted from a depletion

of the more voplatile constituents of the Etusis fFormstion,

leaving a more basic residue rich in plagioclase. Depletion
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of the lighter rare earths in this basic residue is typical
of 2 partial fractional melting process.

According to Jacob (1974, p. 167) the Salem Granite
was derived from the Khomas Subgroup rocks 'on the high
temperature side of the anatexis-in-greiss boundery'. Crystallis
zation of the Salem Granite anatectic melt by 'filter-press'
action resulted in the Bloedkoppie Granite forming from the
displaced acid residues. The Gawivaranite was late to
post-tectonic in age (Jacob, 1974, pp. 30 and 167).

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

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

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

the most significant.
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Fig. 39: Rare-earth abundances in the Tinkas Formation
and Salem Granite divided by the rare-earth
abundances in chendrites, plotted against the
atomic number.
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The patterns of the Bloedkoppie and Gawib Grarites
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 Focrmaticn at depth, the resultant mwelt
fractionated into the acid Blcedkoppie Granite phase and the
more basic Gawib Granite phase. Both granites are more
differentiated than the parent rocks from the evidence of
the negative eurcpium ancomaly. Thic evidence and that of
the north-east orientation of the xencliths in the Bloedkoppie
Granite tends to fall more in line with Smith's work and that
the Ploedkoppie and Sawib granites might well be cf late
syntectonic age. The close proximity of the Etusis Formation
comprising the lLanger Heinrich Mountain provided the source

material for these granites.

12.4 Summary

The banded gneiss was derived from the Etusis Forma=
tion by metamérphic differentiation., The Salem Gramite was
the product of complete melting of the Tirk<s Formation, or
mﬁre broadly, the Khomas Subgroup., Finally, a manma derived
from partial melting of the Etusis Formition crystallized

intoc an acid Bloedkoppie Gramite phase and a residual, but
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more basic, hawib Granite phace, Bgth 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 reccks. Therefore the Nosib
Group was the initial source of the uranium in this later-
forming grarite which ultimately contributed to the supply

of the epigenetic uranium in the Gawib River Valley.
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Or 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 uramium mineralizaticn in the
enclosing rocks. Secondly, an attempt was made tc establish
the underlying principles that govern the leaching and
migraticn ct urazniur in the aric environment cf the Namib
Desert. Furthermore the subsurface waters form the second
phase in the gecchemical cycle of uwranium,
Gableman (1970, p. 37f) aefined certain characterictics
necessary fcr a fluid tc form uranium cres. These are:
1. Ccrrosiveness: It must be capable of altering rock
by leachinj and replacement,
2. Penmetrability: It must be capable of permeating
dense rocks impenetrable by fresh ground-waters.
3. Concentration: [t must have a high corcentratiorn
of a large variety of mineral ions and mineralizers
in addition to the dominant uranium,vanadium, etc.
4, Selectivity: 1Its chemical character must erable 1t
to react only to certain host rock chemical environ=
ments.'
Butler (1969, p. 85) ard Gableman (1970, p. 1325) are
of the opinion that the ore fluids are meteoritic waters

having a high concentraticn of dissolved salts. Isotopic
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studies in natural brinres (Clayton et al, 1966, in Gableman,
1970) bave 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 dissclved solids
increased towards the coast. This, he pointed ocut, 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 3%9). 0On the a=surption thet 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 tharn likely to be removed from the surface ty evapcra=
tion before it has a chance to replenish the acquifers. So
the system being dealt with is one of partial stagnation.

The area from which ramples 1 to 29 were taken lie-
between the Swakop River in the south and the Khan River in
the north (Fig. 41). Samples 30 and 31 were taken from
boreholes HJ-1 and J-1 respectively in the Gawib FRiver
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, Nordenburg 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. Lid. is covered by calcrete
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deposits, with the excepticn of the mountainous areas
(Chucsbergel ard the eroded southern portion of Dorstrivier.
Surface gecchemical prospecting delineated severeal radiocactive
ancmalies with uranium contents above 15 ppm in calcrete aon
the farms Bloemhof, Vlakteplaas and the northern part of
Docrstrivier. In the southern part of Dorstrivier the

anomaly is mainly on granite (Gn ).

Lranium crystallized into the minerals carnotite

and scddyite, which are fourd tcgether. Minrralization in
the calcretes on Blcemhof and Vlakteplaas is of low grade,
the highest value being 28& ppm UatL. cenerally thza ranne
of values for 4,0, lies between 5 ppm and 50 ppm, with most
of it corcentrated within the upper 10 m of the calcrete,
Bedrock was intersectea at depths between & m and 47 .

The watershed of the Chucsberge dominates the muin
drairage system of this area (fiag. 41). It runs approximately
north-east, separating rivers flcwing southwarads to the
Swakop River from those flowing northwards to the Khan (
Fiver. 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 nlassified into

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

gives the means and range of velues tor all the samples.
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TABLE 17: CHEMICAL ANALYSE> OF GROUF 3 SUBSURFACE WATERS
FROM THE NAMIB DESERT

7 21 30 MEAN MIN. MAX .

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

[CONDUCTIVITY 2 700 & 780 5 400 4 960 2 700 & 780

*1DS (ppm) 1870 (5170 | 4045 | 3695 |1870 | 4 o4s
Na (ppm), 264 740 8955 520 264 740
K {(ppm) 20 54 42 39 20 54
Ca {ppm) 229 735 450 471 229 735
Mg (ppm) 94 161 77 81 77 161

342 242 298 294 242 342
V (ppb) 16 5 18 13 5 18
Sr (ppb) 1 550 838 {47 772 |16 203 gag |47 772
Ba (pphb) 129 207 210 182 129 210
so, (ppm) 223 |1 440 360 674 223 1 440
NG, (ppm) 52 48 2 34 2 P
5i0, (ppm) 40 25 10 25 10 40
F (ppm) 0,4 1,5 2,5 1,5 0,4 2,5
C1 (ppm) 515 {1 600 1 600 1 238 5,5 1 600
co, (ppm) 95 105 68 89 68 105

* Conductivity units, mho.

* DS = Total dissolved solids.
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* Conductivity units, mho.

* TDS = Total dissolved solids.

|
]
TAELE 18: CHEMICAL ANALYSES OF GROUF 4 SUBSURFACE
WATERS FROM THE NAMIB DESERT
]
' 18 22 28 MEAN MIN. MAX .
II pH 7,3 7,4 7,5 7,4 7,3 7,5
* CONDUCTIVITY|1l 800 |3 830 |2 130 |z s87 |1 800 |3 830
' * 1DS (ppm) 1130 |2 375 |1 355 |1 620 |1 130 |2 375
l Na (ppm) 135 200 186 174 136 200
K (ppm) 7 15 16 13 7 16
l Ca (ppm) 187 397 1862 255 182 95
Mg (ppm) 47 145 49 80 47 145
l' U (ppb) 14 15 B 12 & 15
V (ppb) 3 6 10 6 3 10
' Sr (ppb) 1 472 2 392 3 430 2 431 1 472 3 43C
' Ba (ppb) 31 166 469 222 31 449
5o, (ppm) 89 339 144 191 89 339
' NGy, (ppm) 4 21 23 16 4 27
si0, (ppm) 40 25 40 35 25 40
' F (ppm) o,7 0,4 0,4 0,5 0,4 0,1
l Cl (ppm) 340 903 34 529 340 903
Co, (ppm) 210 219 oh4 211 204 219
!
!
|
|
I
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LE 19: WMEANS-AND RANGE JF CONCENTRATIONS 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 b 340
Ca (ppm) 512 118 1 €38
Mg (ppm) 142 49 431
U (ppb) 81 6 342
V {ppb) 27 3 79
St (ppb) 5 752 826 47 772
Ba (ppb) 271 31 766
50, (ppm) 585 89 1 596
ND, {ppm) 54 2 165
$i0, (ppm) 28 10 40

Fo(ppm) 1,2 C,4 3,5
Cl (ppm) 1 639 340 7 700
€o, (ppm) 130 54 219

* Conductivity units, mho.

TDS = Total dissolved solids.
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Analysis of samples 1 to 29 was done by the Depart=
ment of Water Af‘airs in Wi-adhoek according to their routine
methods for water analysis. The analysis of the two samples
frem the Gawib River and the analyses for strontium, barium,
vanadium and uranium for all samples were done at the
Atamic Ermergy Board. Conventional atomic absorption flame
procedures were used for strontium and barium, whereas the
carbon red method was used for vanadium. Uranium was
analyzed using the technigue of delayed neutron counting.

In Table 20 the concentrations of some trace
elements in subsurface waters are given which were analyzed
by Angloc American Corp. Ltd (Arnnual Prospecting Report (1973)
Prospecting Grant M46/3/209). There is no relationship
between the samples in Table 20 and those of Tables 15 tc
18.

TABLE 20: TRACE ELEMENT ANALYSES OF SUBSURFACE WATERS FRCM

THE NAMIB DESERT. (ANNUAL PROSPECTING REPORT
(1573) PROSPECTING GRANT M46/3/209

ppb [w1 |w2 w3 we {ws w6 | w7 [we | X [MIN. | mAx.
U 110 | 110 |25 c5 1102 |51 |136 |55 | 81| 25 136
Pb 34 | 45 |19 so | 78 {38 | 31 |43 | 42| 19 78
Cu 10| 11 {10 16 | 17 {15 | 15 f17 | 14| 1C 19
Ni 22 | 29 |11 23| 32 |19 | 15 |22 22| 11 32
Ag 17| 10| 4 18 | 19 |24 9 (9] 14 4 24
Zn 24 | 22 {11 1 o000 | 34 |35 | 12 [12 | 21% 11 |1 00O
Cu 2 3l 2 4 A 2 | 3 2 4

* The mean value for Zrn does not include the 1 ODOD ppb
value in sample W4,
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13.2 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. Veriation 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 tc 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 millicn (Parker,
1969, p. 120). The comparisons between the concentrations
of calcium, magnesium, sodium, chloride, sulphate and
carbonate in seawater (Table 38) and the average values for
31 Namib Desert waters (Table 19) are shown.

The total concentrationcs of the elements in the
Namib Desert waters are in general lower with respect to
seawater. [alcium 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. Reascns for this were expressed by

Bentor (1969, p. 84) who found that two mechanisms may apply
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in this situation. Ffirstly, magnesium is incorporated into

the calcite lattice, and secondly, magnesium may be exchanged

for a cation in montmorrilonite clay. The similarities

between the Namib Desert brine patterns and those of certain

brines in the USA (Parker, 1969, p. 119) are very striking,

especially imn 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
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silica being a principal contributer, followed by carbonate
and sulphate. This featur= may also account for the fracs
tionation of magnesium as shown in Fig. 4Z2. 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-HCO, pair.

No value for the Mg-5i0, 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 develcp.

Fig. 43 shows the positicns of samples 30 and 21 from the
Langer Heinrich plotted con an activity diagram. EBoth

9

GIBBSITE

QUARTZ SATURATION —-T

LOG AtNa«l/ AN}
-~
¥

2
AMORPHOUS  SiLICA
SATURATION i
]
o ‘ l 'e
7 -4

-5 -&

LOG AlH, SiOg)

fig. 43: Ahctivity diagram for the system Na, 0-Al,C,
=510, -H, 0 at 25 “C at unit activity of
water and 100 kPa. Adapted from Helgeson
et al (1969, p. 46¢). Subsurface water
samples 30 and 31 from the Gawib River
Valley fall intc the montmorillonite
field.

samples fall in the montmorillonite field and belaow the

level of amorphous silica saturation. Although this is a

sodium montmorilleormite, 1t nevertheless demonstrates the

stability of montmorilleonite in the calcretes of the

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

COMEIDENTTA!
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activity diagram (Fig. 43) strictly only applies under

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

Mineral equilibria relationships for calcite and
silica, predicted frcm thermodynamic considerations (Kramer,
1969), are shown in Figs. 44 and 45. On the assumptior that
the temperature of the subsurface waters in the Namib
Desert is 20 °C (the temperature was not measured and it is
therefcre likely that fluctuations will occur to either side
of this value) the values for samples 30 and 31, as well ag
the minimum and maximum values given in Jable 19, have been
plotted on the diagrams. All values in Fig. 44 plot well
| e
m

= CALCITE

~)

R

pCas pCOy —>
R

- MiN
2
s My
o 1 100
T°C

Fig. 44: Eguilibrium plot for calcite or calcareous
rocks as a function of temperature with
respect to+the subsurface brines.z_pCaz
-log,, (Ca?”) and pC0s = ~-lagio(CD3 ).

The minimum, maximum and mean (%) 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

PO T OLR T T
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expected in calcretes. The waters are therefore capable
o¥ precipitating calcite s that the development of
calcrete is still in progress. In Fig. 45 the points tend

to cluster nearer to the equilibrium lime for amocrphous

pH, §i0; ~—=

Fig. 45: Etgquilibrium plot for quartz and amorphous
silica as a functicn of temperature with
respect to the subaurface brines. pH, 510,
= -log,,(H,510,). 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
plctted, ire *temperature for the subscrface
water was assumed to be 20 °C,
silica. Kaolinite was not found at the Langer Heinrich.
Kramer (1969, p. 46) poinrts unt that the guartz equilibrium
line actually representsthe kaolinite-potassium feldspar-
potassium mica equilibrium. All samples fall well below
this equilibrium line, indicating that these minerals are
unstable under the conditions prevailing in the Namib
Desert. The more stable montmorillonite is therefore the
coexisting phase present, which was confirmed by X-ray
diffraction.
The water samples were taken over @ 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 correlaticn was found. A plot of these two

values (fig. 46) showed that four groups possibly exist.
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[ d
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Fig. 46: Variation diagram of uranium plotted acainst
carbonate. Four groups in the water samples
are indicated, The dashed lines give the
approximate group boundaries.

To test whether this classification had any merit,

a multivariate discriminant analysis in a stepwise manner
was performed using the computer program BMDOTM (Dixen,
1967), called DISC. At each step one variable was erntered
into a set of discriminating variables, based on the
statistical F test. For each sample a mahalanobic distance
and a probability function were determined giving the
likelibood 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 fcr inclusion and deletiorn were 2,1 and 2,0 respec=
tively, from which uranium, carbonate, sodium and sulphate
were the most discriminating functiens for separating the
groups. C(anonical variables calculated for each group and

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

o4

Y T T
GROUP ¢ ! GROUP 2 ! GROUP1 : GROUP 3 .
- ! :
(] 3 ]
- ] . 1 1 *
[ : : } .
Ye 4 '
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& oF ' .o .'o: [ ° :
« i
> ) . [ )
o - 1 L4 1 . :
< 1 1 ‘e H
v L ! ! '
z i l :
g - : : )
b i ] * '
; | ' 1 1
> 1 | 4 1
' ] 1
s ; :
[ L St | S T 1 . l:l L1 i jiL
5 0 5 B

X - CANONICAL VARIABLE

Fig. 47: A plot cf thr X- and Y-canonical variables
derived from a multivariate discriminant
analysis of 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 1s generally greater than

98 per cent (Table 21).
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Group 2 has four sanples with probabilities below
98 per cent. Sampl=z 23 has a 14 per cent chance of falling
into Group 1, whereas samples 17, 20 and 27 have 7 per cent,
20 per cent and 12 per cent chance respectively of falling
into Group 4. These low probabilities were disregarded due
to their high loadings associated with Group 2.

The guestion now arises: how are these four groups
distributed within the drainage patterns? Each borehole
(Fig. 41) is marked with the sample number, group rumber
(round brackets) and uranium concentration in ppb (sguare
brackets). There seems to be ro cniformity in the cistribu=
tion of the samples in their groups. Ffour boreholes situated
close to each other on thke farm Bloemhof are presentec by
Grouns 1 and 2. In the rorth-eastern correr of Novderbits;
six borehcles, alsc clustered together, fall within Groups 1
and 3, Northwards, across *the Chuosberge, Groups 2, 2 ard 4
are fournd. Waters within the same drainage channels alsc
fall within different groups.

Unfortunately no information was available concerning
the depth of the borehole, the guality of the casing cr the
frequency of the pumping, for these factors are important
in evaluating the mineralizing characteristics of the water.
The deptn of the beorehole and the guality and length of casing
will determine the depth from where the sample was obtained.

Ultimately these parameters may account fur the discrepancies

in thz contents of the dissclved solids. A second possibility,

although unlikely, to account ror group differences 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 geochemical anomalies (Fig. 41). Certain
exceptions are the high values on Jakkalswater, Marmor and
in the south-eastern corner of Nordenburg. Lack of informas
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 agzin no information on mineralization was available
from this area. It may therefore be inferred that there is
a reasanable probability that uranium minerelizaticn may bLe

nresent in the Wolfkoppe area. Samples 13 and 2B occcur within

mineralized areas but bave low uranium concentrations. No
reason can be given for trin feature which may be oue to o
large number of causes, some of which were enumerated acove,

A second classification, altbhough very rough, has
therefore been established. Those vaters with uranium
concentrations above 30 ppb are germerally located withir
zones of potertially high uranium concerntration. Values
below this level may be regarded as background. In the
USA & ppb uranium is background, whereas 10 ppb uranium i
anomalous (Butler, 1969, p. B89). Care must be exerrised with
the interpretation of the uranium concentratio: in water
because, asszuming theat the values of samples 13 and 26 1eflect
the actual situation, ceviations from idesality can neverthes=
less occur. Two conditions may prevail that could account

or anomalous 1 uraniuvm values:
f 1 ly high r 1

FCOMFTIDENTTA
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(a) An uneconomical uranium source undergoing weathering.
Ffor 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 14,3 ppm U,04 for the Red Granite gneiss
in the southern sector of Dorstrivier (Annual
Prospecting Report (1973) Prospecting Grant
M46/3/209).

(b) Water was in contact with a potential uranium depesit
at or below the water-tables, fcr example, the calcrete
uranium deposits on the farm Zlcemrhof.

Therefore for waters in the Namib Desert the follcwirng
applier: Uranium concentrations of 30 ppb or more reflect a
poteritially mineralized zone rearby. franiun corcentrati oo
less than 30 ppb generally do not indicate mineralizaticr.
However, background uraniur values do not necessarily mean

that potential mineralizaticrn ic bsent, and arcomclows val,

[}

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

deposit below or nearby.

13.3 Factor Analysis

Important parameters determining the distribution
of the elements in the hydrological environment have been
outlined by Spencer et al (1968, p. 981), viz:

(a) Composition of the source rocks and the weathering

processes that act upon them.

(b) Nature of transporting proces=es and mechanisms af

deposition,

—
r—
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They further pointed out that mechanisms involved in the
evolution of sediments usually occcur under non-equilibrium
conditions, making interpretation of the analyses all thet

more complicated. Furthermore it becomes increasingly mcre
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 technigue adopted was factor

analysis using the computer prograem GEC, & medified version

of that written by Carmeron {1947},

The distribution of elements within a system 1is
controlled by a set of parameters. The classical method for
the interpretation of the res:lts rested solely or the applica=
ticn of variaticn diaqrams anc tne more elemerntary statistics
such as regression and means. Althouh these rmethords otil]

form the basis of interpretaticn, more scphisticated approachnes

such ac factor analysis were developed to be used in conjunction
with them,.
Factcr analysis is capable of simultaneoncly deri.ing

relationships, both correlated and uncorrelated, between many

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

p. 367) states that 'in an unknown field the factor analynis

operates like a creative method of exploration of hypotheses'.
The steps involved in the factor analysis were the

following:

(a) Calculation of a correlatisn matrix between the

variables using both normal and transformed data

and including the means and ctandard deviations,
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(b) Calculation cf eigeivalues from which the unrotated
factors were deterrined along with their corresponding
percentage variability to explain each factor.

(c) Urthogonal rotation of the vectors yielding a
varimax matrix caontaining the number of factors as
specified by a minimum eigenvalue of G,5.

(d) Listing of the factors' scores which determine the
contribution of each sample to a factor in the varis
max matrix.

(e) Rotation of vectors forming oblique factors in the
promax matrix. Herbosch (1974) notes that natural
phenaomena essentially fcllow the oblique rotation
as opposed to the orthcgonal.

{(f) From the prcmax meithcd, correlations between faclors
are cbtained. The number of rotations is determired
by the parameter of obliquity (KMIN).

(g) The factor scores for the promex are firnally
calculated,

Interpretations of the factor anmalysis data for the
water samples were based upon the varimax matrix only because
no further useful information could be derived from the
promax rotations in this instance.

13.4 Leochemistry of Groups 1 and 7 Subsurface Waters

The waters were classified into four groups, the last
two containing only three samples esch, [(onsequcntly Groups
3 and 4 were not included in thke geochemical irnterpretations

by factor analysis.

RS H
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Although .the samples were classified into two main
groups, the gecchemistry of each is very similar. [Oiscussion
will initially be ccncerned with comparisons, and will
terminate with the geochemistry of same of the elements.

The means of the variables in Group 1 (Table 1%)
are marginally and in some cases very much higher than
those for Group £, 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 27, Table 2 contalinrs
summarie; compiled from the matrices. Only those ccrrelaticns
for the 9% per cent anag 95 per cent confidernce limits were
included in Table 73.

Most variables correlate directly with the cenducs
tivity and total dissolved solids, and inversely with the pH,
One of the most noteworthy features is the correlation at
98 per cent confidence l1imit between urarmium 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. Table 72 < hows that uranium correlates
marginally with other variables below the Y& per cent level.

Varimex matrices for Groups 1 and ¢ are given in

Table 24,
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TABLE 23(a): SUMMARY COF THE CORRELATION MATRIX (TABLE 20)
FOR THE GROUP 1 SUBSURFACE WATER

LOE TRANSFCRMATICN

99% 95 % 99% 95 %
+ -
pH Cond, Na] T7DS,K,C1l
Conductivity | TDS, Na, K, Ca, C1 |V
DS Na, K, Ca, C1 vV
Na K, Ca, v, C1 Ba, S0,
K C1 Ca, SO,
Ca v, Cl
Mg Sr
U co
v SG,
Sr Cl
Ba F
50, C1
ND,
5iG, €0,
;
Cl
co,

Fear nENTIAL
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]

TABLE 23(b): SUMMARY OF THE CORRELATION MATRIX (TABLE 22)
FOR THE GROUP 2 SUBSURFACE WATER

LOG TRANSFORMATICN

' 99 % 95 % 99 % 95 %
+ -
. pH Ca Cond, TDS,
Sr, Ba,
. NOs, F, C1
Caonductivity TDS, Na, K, U, NO,
Ca, Mg, Sr,
Ba, SG0,, C1
' TDS Na, Ca, Mg,|K, U
Sr, Ba, 50,
NO,, C1
' Na K, Ca, Mg, lU, Ba
Sr, S0,, C1
K Mg, U, 50, {Cl
Ca Sr, Ba, Mg
' SC,, NO,,
Cl
Mg 5r, S0,, C1l}1, Ba
' U 50,, CO, v, Cl
V F, CO,
Sr Ba, 50,, C1
' Ba Cl ND 5, SO,
S0, Cl
NO Cl
5i0, co,
| F
Ci
' co,

mev—
——
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TABLE 24: VARIMAX MATRICES FOR GROUPS 1 AND 2 SUBSURFACE
WATERS

SUBSURFACE WATER FROM NAMIE DESERT GRCOUP 1
LOG TRANSFCRMATION
VARIMAX MATRIX ACCOUNTING FOR 90,7 PER CENT OF TOTAL PROBLEM

VARIANCE
FACTCR 1 2 3 4

SuM Of

SQUARES 7,036 3.474 2.444 2.442
g.822 pH 0.842 0.120 0.197 -0.245
0.988 COND -0.966 D.1s¢@ -0.109 0.142
0.965 TDS -0.938 0.192 -0.045 0.217
G.992 Na -0.925 0.194 -0.161 0.269
0.923 K -0.917 0.009 -0.278 0.061
0.877 Ca -0.847 0.395 0.045 -0.002
0.916 Mg -0.175 -0.186 -0.910 -0.145
0.935 u 0.234 -0.%932 0.1G60 0.G51
0.890 Vv -0.632 0.582 0.06¢2 0.3u84
0.960 T -0.254 0.333 -0.859 0.201
0.922 Ba ~-0.5113 -0.155 -0.059 0.79¢
0.855 50, -0.638 0.575 -0.230 -0.255
0.731 NO, 0.054 -0.176 -0.533 0.543
C.r77 510, 0.005 -0.657 -0.016 G.50686
0.885 F -0.537 -0.122 £.235 0.725
0.981 Cl ~0. 750 0.276 -0.549 C.Ctn
0.996 CO, 0.060 -0.972 -0.0£9 0.204

SUBSURFACE WATER FROM NAMIB DESERT GREGUF 2
LOG TRANSFORMATION

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

VARTANCE
FACTOR 1 2 3 4
SuUM OF
SQUARES 6.034 2,404 4.959 185
0.819 oH 0.111 0.715 ~0.731 0.476
0.985 COND -0.750 | -0.002 0.649 ~0.042
0.981 DS -0.705 .04 0.695 -0.007
0.930 Na -0.669 0.012 0.386 ~0.167
0.873 K -0.921 | -0.003 -0.144 -0.067
0.956 Ca -0.3738 0.065 0.915 0.008
” 0.912 Mg -G.B47 0.0G7 0.430 0.101
0.857 U -0.749 | -p.502 0.046 -0.20¢
0.848 v -0.127 | -0.647 0,041 -0.647
r 0.866 St -0.596 0.265 0.556 -0.359
‘ 0.734 Ba -0.299 0.277 0.738 -0.271
0.932 50, -0.882 | -0.043 0.389 0.0l
0.845 NO -0.027 | -0.039 0.928 0.071
0.887 5if, 0.301 | -0.688 -0.093 -0.009
0.929 F -0.007 | -0.173 0.118 -0.941
0.960 C1 -0.720 0.069 0.660 -0. 03
0.917 co, -0.338 | -0.857 -0.020 -0.760

CONE TOENTTAL
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Group 1

Factor 1l:

Factor 2:

Factor 3:

Fact-r 4:

Group 2

Faztor 1:

Factor 2:

Factor 3:
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41 per cent of “he variance. High negative loadings
on conductivity, total dissolved solids, sodium,
potassium, calcium and chloride and moderate
loadings aon barium, vanadium and fluoride. High
pocsitive loading on pH.

20 per cent of the variance. High negative loadings
on uranium, carbonate amnd silica. Moderate positive
loadings ©n 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 cf the variance. High positive loadings
on barium and fluoride and moderate loadings on

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 lcadings
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.

CLbt TOERT | A
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Factor 4: 11 per cent of the variance. High negative locadings
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 Z they are cdivided between

e = == =

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 Grcup 1, uranium and silica
m have moderate negative leadings and vanadium has a positive

loading. This suggests that due to high loadings cf the same

sign of uranium and silica, a uranyl silicate in nlace of a
uranyl vanadate is likely tc ferm in this system. In factor
2 of Group ¢ moderately high negative loadinge are asscciated
with uranium, vanadium and silica. rbtoth cvraryl vararate and
uranyl silicate are the mcst probatle stable phases. Treres
fore it was possible to predict from the chemistry cf tte
subsurface waters which uranium minerals were most likely

to be found. X-ray diffraction aralysis of the uranium ore
revealed that both carnotite (uranyl vanadate) and soddyite
(uranyl silicate) are found in close assocciation. No
soddyite has so far been identified =t the Langer Heinrich
but is is predicted that scdrdyite can occur 2s a <stable ohase
because sample 31 was classified into Group 1 (Table 15).

pH is one of the controlling factors for the liberation of
the dissolved salts from the source rocks ‘Feth et al, 1964)
and this would account for the different signs. The activity
of the H' jon is more vigorous for Group 1 ao compared to

Group 2, implied by the percentage variances of the respective

COTELNET T




o EEy ey Y N N U N A G am

e I B B

o |

o §
N ry

CONFIDENTIAL ’ 188

factors. Carbonic acid was virtually the only scurce 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).

€0+ Ha0 = H,CO, (13.1)
K CO; = H* + HCO; Kk = 1076+38 (13.2)
HCDy = KW' + C03~ K = 1071031 (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 relaticnship between the two

°* GROUP 1
x GROUP 2
zm - ® X
I ‘
_ ¥
'oo e [
. 4
- = [ ]
ié so} ° °
<8
Q -
' [ [} [ |
oﬂ S0
810y (ppmi—=

Fig., 48: Variation diagram of carbonate plotted
against silica for Groups 1 and 2 sub=
surface waters,
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variables., ©G5ilica was obvisusly derived from the leaching
and dissoclution of the rock forming irinerals. 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 HY in Group 1 suggested that it
behaved to a greater extent more like an open system where
there is a constant replenishment of carbon dioxide from the
atmosphere. A further point which added more weight to this
hypothesis was that the mean total dissolved solids for
Group 1 was greater than Group 2. By implication the bore=
holes representing Group 1 derive their water from shallower
depths than do those of Group 2. 7This would resoclve the
situation found on Bloemhof, where boreholes of both groups
are within very close proximity of each other.

Szalay and Samsoni (1969) conducted a series of
experiments concerning the leachability of uranium from
powdered igneous rocks using 0,2 per cent sodium bicarbonate
solutions, Since these aspects are important in the under=
standing of uranium migration, a summary of their findings
is given here.

1. The solubility of uranium 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 thamn the occurrence of a

hidden ore-body below.

3. Water circulating through granite detritus attains an

equilibrium concentration of uranium after a period
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of three to five hours. If the water is removed and

replaced by a fresh solution, a2 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 sclution can only be accounted for by

adsorption onto grain surfaces.

The reactivity of the HY ion in the leaching
ability of the subsurface water on rock detritus can be
described in terms of the carbonate content as shown by
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 muyltivariate regression analysis was
performed on both groups individually by the computer program
BMDOZ2R (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,™ + 0,11 pH (13,4)

CONFIDENTIAL
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The uranium values calculatzd in terms of this equation are
plotted against the originel uranium values in Fig. 49. All
peints cluster very closely around the line of equal ratio,
which demonstrates that the solubility of uranium is
primarily controlled by carbonate concentxation and pH.

3\ s

-~
T

ACTUAL LOG (V)
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7
// Loy [U) 2 -0.71408 Loy KKO4)e0.NpH

] " L §

1 2 L]
COMPUTED LOG (U] ——-e

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

e -
2} GROUP 2 . ’
L] .’I
oo’l
’
P
’
§ 7 e
II‘/
g o/ o*
- ’ ¢
i e
= 4
] s

/7198 [U13-2.802.% Log COy) -0.11pM
4

rd
4

’

e "
[] 1 2
COMPUTED LOG [U)

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

A similar equation was derived from the data of

Group 2 samples (Table 16).

-
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log U = =2,8 + 2,5 log CU:‘ - 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
scurces 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 [talian 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

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 rccks of the Langer
Heinrich will oxidize from the (+IV) to the (4VI) state

to form the uranyl cation as folliows,

CONFIDENTTA!
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uo, = uo3t + 2e (13.6)

In the presence of carbonate ions two stable uranyl

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

U2* 4+ 20027 . 2H,0 = UD,(CD,) ,-2H,0F K = 107°0+4
(13.7)
2+ ~2= . [ d . _ —24,2
ue2* 4 3c62” = uo,(co,)} K = 10
(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 ) has a marked effect on the

CG2

stabilities of both UDC and UTC. At a higher PC , UDC is

Dz

caonverted to UTC.

, 2- . ..
U0, {CO,),-2H,0,7 + CO, = 0, (CD,); " + 2H, 0 (13.9)

The stabilities of UDC and UTC are shown in Figs. 51(a) and (b)
in terms of Eh, pH and PCD . (Hostetler and Garrels, 1962,

2
p. 146-147)., Comparing these figures, it is noted that the

fields of UDC and UTC are increased when PCO = 10-1,

2
which happens at the expense of the other phases. If the
P decreases to 1077’8 then all the UTC disproportionates

co,
in the reverse direction of equation (13,9) and its field

in Fig., S1(a) will disappear completely.
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(b)

Aqueous equilibrium disgrams of the system
U-0,~H,0-C0, at 25 °C and 100 kPa.

(a) £ZCO, = 10_
(b) £€0, = 107’

(Hostetler and Garrels, 1962, p. 146-147),
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To make meaningful use of Eh-pH diagrams, the range
of values that should be considered must be within the limits
as determined by nature. The stability of aqueocus solutions
is limited by the dissociation of water. According to
Hansuld (1966), these conditions seldom occur in nature
when determined from actual field measurements. Sato (1960)
took a considerable numbher of Eh-pH readings from natural
waters of different sources and found that they ~ccupied &
restricted area to which he referred as the zone of weathzring.

This zone falls in the carnotite field in fig. 52.

08 WEATHERING
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-o.‘ r ‘\\~ o
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- o's -3 ‘.*

10— slH} %
P

Fig., 52: The zone of weathering superimposed on
an Eh-pH diagram. It occupies an area
in the carnoctite stability field.
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Uranyl ions are precipitated from solution after
disproportionaéion 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:

2k*t

+ 20037 + 2H,VOT, + 3H,0 = K, (UD, B(V0a)p-3H,0 + 4HT
(13.10)
Consideration should now be given to the state of
the water-table under the Bloedkoppie Flats and the Gawib
River sadimerts, 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, locatea on the Bloedkoppie
Flats and drilled to a depth of 30 m, did not intersect water
at all. The upper 9 m were uranium-rich calcrete, which
indicates that water was once present but has now gone, and
the remainder was barren granite (Table 27). This would
suggest that the water in the Gawib River Valley is perennial,
whereas under the Bloedkoppie Flats it is ephemeral, forming
only after heavy rainfall,

Distinction must be made between the reactivities of
both ephemeral and perennial ground-water., The former,
within its lifespan, will be constantly replenished with air
and carbon dioxide from the atmosphere and overlying sediments
and would vigorously react with the minerals during the
period of contact. Perennial water, due to lack of recharge,
would not be as aggressive because of the exhaustion of its

supplies of carbon dioxide.
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It is thgrefore considered that the uranium in the
basement rocks was mobilized largely by ephemeral subsurface
water which had an increased supply of carbon dioxide.

The implicaticn is, for the successful disseolution
of uranium in large enough quantities toc form an cre-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 beccmes 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.

- TIME OF RAHOPALL

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 = 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 ahility of the water at zero.

T, = Time at which rain falls.

T, = Time a8t which maximum depth of water-table occurs,

i.e. sediment thickness above water-table is at a
minimum and leaching ability of water at a maximum.
This is followed by 2 cessation in water supply and a

reduclion of leaching ability.

T, = Time at which the water-table ceases to exist or

becomes stagnant, i.e. sediment thickness above
water-table at maximum and leaching ability reduced to
zero. This is equivalent to T, for the next ephemeral
cycle.
1f 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 Venadium

The association of vanadium with flucrine in factor 4
of Groups 1 and 2 (Fig. S4) 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 compliex of the type (VO,Fh)’-.

13.5.3 (Calcium

The solubility of calcium in aqueous solutions is

enhanced by the concentration of the alkali metals.

CORFIRENT M
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Fig. 54: Variation diagram of vanadium plotted
against fluorine for the subsurface water
samples from Groups 1 and 2.
(Netterberg, 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. Ffurthermore Netterberg (1971, p. 9)
has the focllowing to say with regard to the sclubility of
calcium carbonate in natural waters.
'... an increase in water content, (0, content, and
pressure and a8 decrease in temperature favour the
solution of carbonate, while an increase in
temperature and a decrease in water caorntent, CD2
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 by the precipitation of calcite.

i i

o A ' N -
w0t ot o w? w!
PARTIAL PRESSUNE OF 007 —o

S R

Fig. £6: Change in composition of carbonated water
during equilibration with calcite st
various temperatures in the presence (A)
and in the absence (B) of a vapour phase.
(Ostle and Ball, 1973, p. 175),

13.6 Source of ITons in Solution

i
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E Solubtle contents of the subsurface waters of the

i Namib Desert were derived from several sources.
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Feth et al (1964, p. 41) outlined the reaction of

carbon dioxide and water on andesine feldspar:

ENegge Cagys Alyyy Sigge Os + 6C0: + 18H20 —
INa g Alygq Siyyy Oy (OH) + 2Ca® 4+ 2Na™ + 6H,Si0, + 6HCO]
(13,11)

From this reaction a multitude of ions (and montmorillonite)
are formed. Disintegration of feldspar theiefore probably
constitutes the main source of these ions. Carben 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
amphibecles.

The second most important source of ions are the

fegs. Analyses of the fogs are given in Table 38 and the

salt crust from the Langer Heinrich in Table 2.

13.7 Geochemistry of Other Metallic Elements in the
Subsurface Waters

Table 20 lists the results of analyses on eight
samples of subsurface water taken from boreholes on the
Dorstrivier concessiaon of Anglo American Prospecting fCo.

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'(l956) considered the type of ionic species
in solution for some of the elements in seawater. As we are
dealing in this case with a brine, although somewhat different
from seawater, it is accepted that thé metal species in
solution will be similar. Below is a list of the most

likely species that may occur in solution.

Element lonic Species
u UD,(CD0,) ,+2H,0%
Pb Pocl”, Pb2™
Cu cu?’, cu1?
Ni ni 2t
Ag AgCl,
Zn zn?t
Co coc1”

Table 25 gives the correlastion 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 totsl variability. Fac:-or 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 losdings on uranium,

lead and nickel and to a lesser extent silver,

TONFIDENTIAL
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TABLE 25:

CORRELATION MATRIX OF THE LOG TRANSFORMED DATA OF TRACE
ELEMENT CONCENTRATIONS IN THE SUBSURFACE WATERS OF THE
NAMIB DESERT

SWA WATER LOG TRANSFDRMATION

CORRELATION MATRIX OF B8 SAMPLES

MEAN STD DEV u Pb Cu Ni Ag Zn co
u 0.185D 01 0.247D 00 1.000 0.478 0.028 0.560 0.404 -0.077 0.011
Pb 0.159D 01 0.1770 OC g.478 1.000 0.561 0.921 0.654 0.424 0.854
Cu 0.115D0 01 0.113C 0D 0.028 0.561 1.000 0.275 0.541 0.293 0.628
Ni 0.131D D1 0.1500 00 0.560 0.921 0.275 1.000 0.648 0.329 0.724
Ag 0.108D0 01 0.253D GO 0.404 0.694 C.541 0.648 1,000 0.531 0.560
Zn J.150D 01 0.639D 0O -0.077 0.424 0.293 0.329 0.531 1.000 0.642
(1] 0.442D 00 0.128D OO0 0.011 0.854 0.6218 0.724 0.560 G.642 1.000

3314802
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Satisfactory interpr-etations of the results at this

stage are not possible until further research is done in this

direction.

13.8 Summary

The study of the distribution of ionic species in the
subsurface watersof the Namib Desert provided an insight into
the physico-chemical processes invoived 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 stable
clay. Only Groups 1 and 2 were used in the geochemical
interpretations, as too few samples were available from Groups
J and 4, It was possible to predict from the chemistries of
Groups 1 and 2 which uranium minerals were most likely to be
found., Group 1 had soddyite (uranyl silicate) as the stable
phase and Group 2 had both soddyite and carnotite (uranyl
vanadate) as the stable phases. X-ray diffraction analysis
confirmed the presence of these coexisting minerals.

The uranium dist-ibution was described in terms of
pH and carbonate content by multivariate regression analysis,
and eguations were derived from Groups 1 and 2. The straight
line plots of the equations demonstrated the dependency of the
uranium concentration of the pH and the concentration of
carbonate in the water. The solution geochemistry of
uranium, vanadium and calcium is discussed which included
the mechanisms of dissoclution and transport of the ions in

solution.
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From the'prDSpECting aspect, uranium concentraticns
of 30 ppb or more reflect potential mineralization nearby.
Uranium concentrations lesr than 30 ppb generally do not
indicate mineralization. However, baﬁkground 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 dissclved contents of the onshore fogs.
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14. GEQCHEMISTRY OF THE DURICRUST 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 therefare 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. TablesZ6 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 neutran counting;
carbon dioxide (for CaCO,) - Leco gas absorption; and
sulphate-photometry. Partial whole~rock chemical aralysis
for the hardpan of the Langer Heinrich formation is given in
Table 28. Analysis was by atomic absorption and delayed
neutron counting.

Semi-quantitative spectrographic analysis for trace
elements in the calcrete powder is given in Table 29.

Partial chemical analyses of the epigenetic fractions

of calcrete powders are given in Table 30. The calcrete was
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leached with dilute hydrochloric acid from which the detrital
residue was filtered off. The filtrate was evaporated to dry=
ness and it was upon this dried portion that the analyses were
performed. All calculations were therefore based on the weight
of sample taken from the dried acid soluble fraction and not cn
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.

CCNF TDENTIAL
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TABLE 27: URANIUM, CARBONATE AND SULPHATE ANALYSES OF CALCRETE POWDERS FROM PERCUSSIDN
BORERULES AT THE LANGER HEINRICH

TVIINIQIANOD

Depth (m) Borehole H.I1 Borehaole HJ?2 Borehale ) Baorehole (5 Borshole AD)
U{ppm)fCalD, (%)® {50, (%) [ulppm) Cath (%} 5C (%)} Utppm}f CoCC, 1%} SC, (%) ulppm} CaCD,(i) S50, {%)| ulppm} Caco, (%)

0,5 {1 12¢ 21,8 12,2 2 1.2 0,01 13 12.4 a,01 - - - 120 6,8
1.0 (2} a3 25,5 1,76 - - - 34 11,% a,ol 348 30,9 0,14 - -
1,5 (3 36 20,5 0,74 16 3,4 a,01 a9 11,7 a,01 - - - - -
2.0 {4} a0 20,2 0,38 a0 17,8 0,01 93 1G,¢6 0,01 - - - 37 1,4
2.9 (%) 19 43,8 0,14 21 20,8 C,ul 74 11,2 0,01 73 40,2 0,04 - -
3.0 16y - - ~ 1 250 ar,7 0,03 74 13,5 4,01 - - - - -
3,5 (7) - - - - ~ - 1€3 i1,% o, 34 - - - . -
4.0 {8) 13 48,2 0,19 1 8% 24,1 0,C1 244 10,4 £,23 - - - 93 19,8
4,5 (9) - - - - ~ - 10% 0.5 u,48 - - - - -
5,0 (10) - - - 530 22,8 c,0l 19, 0,02 366 31,9 0,03 - -
5.% (11) - - - 82 12,9 0,24 17,6 rn,o1 434 36,% 0,02 - -
6,0 (12} 15 45,1 1,26 - - - D64 0,01 641 27,2 0,02 178 2,9
6,5 {13) - - - 935 12,9 0,02 11,4 0,02 40% 25,6 0,02 - -
7,0 (la) - - - 1497 12,9 e,nl 9,1 ¢,0l 587 18,6 0,01 - -
7.5 (15} - - - 413 41,6 3,02 Z 2,1 c,02 870 19,8 0,03 a7 16,1
8,0 (16) [ 45,1 0,04 - - - 450 25,3 0,03 80 24,0
8,5 {17} - - - - - - STml1OT CONTACT - - - 1 158 3,1
9.0 {18) - - - 1 142 9.2 J,01 5e0 1,0 0,02 200 33,9
9.5 {19} - - - - - - 220 36,2
10,0 {20) 2 39,4 0,01 GRANITE CONTACT - - - 264 29,9
10,5 (21) - - - - - - 114 26,7
11,0 t22) - - - - - 70 22,5
11,5 (23) - - - - - - - -
12,0 (24) a6 38,0 0,02 354 23,8 0,0} - -
12,5 (2%5) - - - - - - 1D 14,1
13,0 (2a) - lae 20,2 0,01 - -
13,5 {27) - - - - - - - -
14,0 (28} 142 37.6 0,01 10 18,5 a,ol 73 3,1
14,5 (29} - - - - - - 220 15,5
15,C (30} ~- - - - - - 740 35,2
15.5 (31} - - - - - - &2 M,
16,0 (32) 30 26,1 0,01 as2 17,0 0,01 12 21,2
16,5 (33, - - - - -
17,0 (34) - - - - -
17.5 {35) - - - - -
18.C {36) 290 25,3 0,03 18 15,6
18,5 {(37) - -
19,0 (3m)} - -
19,5 {39) - -
20,0 laD) a2 14,5
20,5 {4)) - -
21.0 (42) - -
21,5 {43} - -
22,C (a4} 20 19,8
22,5 (45) - -
23,0 (4s) - -
23,5 (47} - -
24,0 (480) 67 2,3
24,5 {49) - -
25,0 (s9) * CalDy content calculatea from L, - -
25,% (%51) . values. - -
25,0 (%2} Number in brackets refers tao the 48 15,6
26,5 (%) semple number, i.e, 0,5 (1) for -

27.0 {54) borehole HJ) means sample H.il-} - -
27.% {59) from a depth of 0,5 m. - -
28,0 (s6) 40 10,9
28,5 (57} - -
29,0 (%8) - -
29.5 (99) a2 8,9
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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
Si0; 32,9 32,6
Ti0, 0,15 0,16
Al, Oy 4,74 5,27
Fe, O, 0,94 0,81
MnO 0,02 0,02
Mg0 0,684 1,46
Ca0 29,86 31,3
Na, O 0,91 1,04
K,0 2,18 1,84
P,0s 0,11 0,09
ppm
Li 7 10
u - 481

LH 7: Sample taken from the main body of hardpan
overlying the Bloedkoppie Granite.

LH 24: Hardpan of the boulder calcrete type
located on the Bloedkoppie Flats =
contains carnotite.
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TABLE 29: SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSES FOR TRACE ELEMENTS IN
. THE CALCRETE POWDERS FROM PERCUSSION BOSEHOLES AT THE LANGER
HEINRICH (COURTESY, ANGLO AMERICAN RESEARCH LABORATORIES)
PARTS PEAR MILLION
SAMPLE NUMBER
Bi Pb Zn Sb Snj Y Be Mo} Nb Cul Ni Le Ag Co v
[} 5 «<l,0 15 | <10 }«<50 f«5 }<l0 |<0,1 {<5 |<100 60 15 | <100 §<G,1 <lC} 8cC
10 40 10 L] 15 15} 15 0,2 20C
13 20 10 <5 1100 10} 2C «<0,1 10}253a
14 15 } <10 20 8| 25 <10} 300
15 15 20 10} 20 4C0
16 10 <10 20| 1% 150
18 25 10 10 15} 10 c,1 200
26 10 |<10 30 o} 40 <0,1 sfa00
26 10 | <10 30 25} 40 <gd,1 104200
36 30 10 15 30} 28 0.1 251200
Hl=1 1 <10 <10 <10 15}<10 0,6 <101150
2 20 e <g,1 B0
k] 25 5 70
4 20 10 5 25 0,i 30} 30 15}1G0
S 30 §<l10 L] 15 }«<0,1 251 25 <10§3GC
HJ=2 6 20 15 <5 |<10 201 30 15300
8 25 15} 25 16}scc
10 5 20 S50 o,1 25) 25 104200
13 <l1,0 30 5 10 {«<0,1 25| 20 103400
15 20 10 <5 |«10 10 {<10 0,1 <l10§1C0
18 20 10 254 25 150
- Jd-1 2 10 <5 10 |<0,1 251 18 2C0
4 15 <8 15 |«<0,1 251 20 8o
6 25 10 5 60 0,1 20| 30 15}15C
8 10 {<10 <5 15 c,s 15] 15 <1gf26c
10 25 e 20 |<«<0,1 5 30| 60 10j1s0C
12 15 <5 15 <5 251 40 1512cC
14 10 15 20} 25 10§1CC
AD~1 3} 20 10 <10 15 |<10 <lCl1CC
12 15 }<10 15 201 40 z2ec
16 15 15 20 1,5 151 10 1CC
17 3C 25 15 j<0,1 251 40 2C16CC
18 20 |<10 <10 18] 15 <1011ch
19 10 15 20 201 10 150
20 25 <10 <10 12}<10 10C
25 15 15 |<C,1 20} 20 160
28 25 <l1d 1%) 10 70
29 25 5 10 20| 15 200
3c 10 15 <5 20 20) 1 iGfesd
kD8 ~ 40 10 <5 10 204§ 20 <10¢1G0
32 30 10 5 25 0,1 25| 60 3oj2co
a8 1 25 <10 S 1o 1<0,1 1 40| 25 20)1sC
CONFIDENTIAL
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14.2 General Chemistry o the Calcretes
. This section deals briefly with the general chemistry

of the calcrete of the Langer.Heinrich as represented by powders
from the percussion borehales (Tableg 26 and 27) and the
analysis of the bardpan (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 detritalifraction, and calcium
oxide the cement. Of the minor canstituents, 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 thre
calcretes nf the Langer 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 CaC04 contents, i.e. hardpan and powder
calcretes., All the analyses in Table 26 compare well with
Netterberg's (1965(b), p. 111) calcified sands, which he
regards as fairly immature calcrete.

The purpose of the analyses in Table 29 was to
determine whether rapid trace element analyses on a whole-
rock basis could be epplied to recional 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

CONFIDENTIAL
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to the presence qf carnotite. There is nao other significant
element that can be used as a tracer for uranium. Many
elements have concentratiors below their detection limits, bﬁt
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 %
Cal 42,6
$i0, 12,3
Al,0, 2,1
FezD3 2,0
MgO 3,1
CaCO, 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,
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TABLE 12

CORRELATION MATRICES COF YHIRTEEN

SAMPLES COF

OF THE CALCRETYES FROM THE LANGER HEINRICTH

(a) UNTRANSFORMED DATA

{b, LGG-TRANSFCRMED DATA

YHE EPIGENETIC FHRACTION

(@) CORRELATION MATRIX D: 13 SAMPLES ND TRANSFORMATION
MEAN sTD Dev | sic, Al Fe MgD ca0 Na, 0 | <0 fa Ce Co Dy Eu ta Ly ] Sc Sm Sr u v Yb
$iC, } D.189C 01 {0.:07D ©1f 1.000 | G.220] 0.471{-0.071|-0.482f n.1ic| o.204f-C.260 0.407| -0.007f ©0.763§0.423 |-0.190}-0.196(-0.165{ C.582
Al ©.3130 01 |0.1510 61§ 0.220 1.060[ C.esB[ 0.109[-0.796f c.368{ 0.935{ 0.5A87 Cc.6531 C.520] C©.s582f{ Q0,908 0,286]-0,020{ ©.157{ 2.75%
fe 0.274D 01 }0.1%2D Q1f 0.471 } 0.868| l.0007 ©.024{-0.714f 0.211) ©.s87| 0,384 0.620| 0.153] 0,592{0.875 | 0,445}-0,1621-0.014] 0,702
MgS | 0.238D 01 |0.273D 01)-0.071 } 0.109} O.p24{ 1.000{-0.252} 0.619] £.156| ©.172 -C.135| 0.c86} D.036C. 118 |-D.119]-0,272}-0.240]-0,172
CaC | C©.450D 02 }0.216D C1f-0.482 {-0.796]|-0.718)-0.252] 1.000]-0.480]-0.779|-0.234 -0.524{ -0.500] -C. 754}0,696 {-0,0851-0.052}-0.161-0,728
NeyCf 0.677D 00 §0.332D 06| c.110 | c.368} 0.211] 0.619|-0.280) 1.000f ©.as1| 0,449 0.226] 0.677f ©.411jC.235 | 0.132] ©.136} 0,258 0.415
<0 | £0.13s50 01 1©6.5920 oc| 0.202 f C©.935) O.¢87] £.159[-0.77%) 0.451} 1.000{ 0.573 0.712] ©.7cC] C.628f0.863 | C.C24] G.123] 0.278} 0,761
Na 0.2150 €3 0.246D 03f-0.250 | 0.582| 0.38a] ©.172f-0.234] 0.445} C©.573] 1.00C 0.397| c.s06) ©.218f0.515 | 0,235)-0.122} 0.058| 0,311
‘e ©.2880 £2 [C.1730 C2f 0.4%6 | C.8Bn} 0.915! 0.010f-0.685| 0.315f C.785[ 0.574 0.734| 0.386) D.724§0,956 | 0,299{-0.113f 0.071 O.811
Co 0.116D 02 f0.7790 01} 0.152 § C.6S7} 0.7C9 0.097|-0.4C3] 0.486f 0.562| C.858 U.525) 0.,462f 0.469]0,721 | D.401}-0.135) D,059% 0,548
Dy 0.169D 21 0.1632 0] 0.407 | 0.436} C.448{-0.259|-0.455| £.391| 0.483] 0.l46 0.657) 0.,461] 0.601)0.639 | 0.,219] 0,528 n.724} C,783
£ C.S850 00 [0.308D 0O) 0.472 | C.87.| D.776f 0.041)-0.702) a.494) 0.895[ C.491 ©.817[ ©0.642f 0.803]0,935 | 0.144] 0,122 0.295] 0,932
L 0.195D ©2 §0.1190 02 0.484 | 0.812| 0.856}-0.008|-0.629} 0.213] 0.71%]| 0.537 0.684p 0.286§ ©.7010.917 {00,210(-0.186{-0.017] 0,770
Lu 0.152D 00 10.774D-D1] 0.407 | €.658} 0.£20}-0.135|-0.528; 0.224) ©.712] ©,397 1.00°| 0,461} 0.561 0,796 | 0.169| U.150| 0.2621 0,758
P> ©.977D 01 ] 0.606D D1} -p.007 + D.52CY 0.153) 0.0B&)-C.500} 0.677f G.70D} [D.60¢ 0.481) 1.000{ 0.501) 0,449 {-0.075] 0.308( D.438f 0.591
Sc 0.2450 01 |0.149D 01§ 0.763 | 0.582} 0.592} 0.036}-0.754} ©.411} 0.628f ©.r18 n.561| 0,501 1.000j0,704 |-0.207[-0.025| 0.0R8§ 0.777
Sm 0.4920 0! |0.3120 01] 0.423 | c.908} 0.873]|-0.115{-0.696} 0.239] 0.863} G.51S 0.798| 0.449] 0.704]1.000 | 0.196] 0,079} 0.244} 0.856
St 0.1580 03 |0.1040 03|-0.290 | c.2ee} C.445/-0.119}-0.085| 0.132} 0.024} ©.235 0,169|-0.D75]-0.207] 0,196 | 1.000| 0.006| 0.097{ €,187
u -123D 04 10.1270 04]-0.196 }-D.020}-0.162{-0.272}-0.052} ©,136] 0.123f-C.122 0.150| 0,308/-0.025J0.079 {00,006 1.000| 0,575) 0.187
u C.3160 03 |C.25CD 03}-0.185 | £.1531-0.p14§-0.240}-0.161| 0.258} 0.278| G.0%8 0.262| 0,438} 0.0868)0,244 | 0,097} 0,975] 1.000] 0.330
b 0.1100 01 }0.599D 00} 0.582 | 0.755} 0.702}-0.172f-0.728} 0.415] 0.761} C.311 t.7%8] 0,93] 0.777§0.856 | ©0.187] C.1B7} 0.330{ 1.000
{b) CORRELATION MATRIX OF 13 SAMPLES LOG TRANSFORMATIDN
MEAN STR DEV | Simy Al fe MgG a0 Na,t | ®,0 Ba e (o Cy £u La Lu Pb Sc Sm S5r u v Yo

Si0 C.1570 00 |0O.25BL DOf 1.000 ©.03C}t 0.2341-0.085[-0.897) 0.23%] 0.067]|-0.176| 0.216| 0.1823) C.448| ©.317] 0.262} G.167} 0.020| 0.62%

a1 *| 0laazo oo fo.2170 oof 0lo3c | 1.ooof 051s| 0i325]-00775f plag7| nl93e| 0.72a) cle3s| 0l712f Dlae3{ ©lez3| 0738 0.596| olsez| olarz] 0-2841-0-2311-0-338(-0.228] 0437
Fe 0.3820 DG |0.225D DC} 0.234 | C.9:5) 1.000) G.263}-0.700} 0.455| 0.791| 0.696| 0.874| 0.614} 0.501| 0.782| C.763| 0.se0f 0.362] 0.478) ‘o 51 o' sl 5 207] 0l10s) cl679
MgU | 0.2031D 00 |8.3770 OCf-C.086 | 0.325) D.263} 1.000{-0.444] 0.571) 0.365] 0.351} €,149] 0.292{-0.148} 0.195] C.1£8{-0,001] 0.212{ 0.2028 o°133] o o28f-0.275}-0.063 |-0.062
Cab | €.1§5D 01 |C.2110-02[-0.397 |-0.775}-0.760|-D.444f 1.000]-0.517]-0.760}-0.426{-0.£08}-0.4911-0.457}-0.694]-0.577}-0,4071-0.510{-0.700% " 50l 0°215) 00172 )-0.144 |-0.554
Na,0}-0.2190 00 |0.2200 00} G.235 | 0.497} 0.459{ ©.571[-0.517{ 1.000f 0.555| C.645| 0,506} 0.715) 0.409) 0.627) 0.451} 0.328f 0.728f 0.601F "o° 101 0 141 |-0.156) 0.128] 0,531
« 8 Yolscon-o: {0l1530 cof olos7 | £i93s| 0751 013es|-c.7ec| oisss| 1.000) 0.653) oi75a| 0l6aa| isaal olpes| cicasi 0.sss| ©.749| 00575 0.836| 0.323]-0,030] a-358] o.689
i €.2120 ©1 }0.4160 00}1-0.176 | 0.724} 0.695f 0.351f-0.426| ©.645] 0.653| 1.000! 0,804} 0.867| €.4104 0.727{ 0.731} 0,605) 0.639} 0.338) °-5.) 02551 0 23a) 0.207| 0 605
Ce 0.13S2 Cl1 $0.251D 00f 0.215 | 0.839) D.B74| 0.145}-0.608) C.506f 0.753| 0.804} 3.000} 0.640| 0.609| 0.532{ C©.%27] 0.722] 0.543} 0.5040 951 g 447)-0.321] 0.067| 0.870
Co 0.9650 0C {0.3190 00f 0.183 | 0.714} ©.B14] 0.292|-D.491] ©.715| 0.648| 0.B67| 0.24D| 1.G0C| C.467| 0.762) C.772{ 0.521) 0.580f 0.598% °303] o 519).0.372| 0031} 0,673
Dy 0.1660 OC 10.231D O0f ©.448 | 0.483 0.501|-0.148f-0.457 ©.403| 0.544} 0.4104 0.609] 0.457| 1.000} 0.707f 0.5:2) 0.623] 0.521f 0.5230 0"cg1) 0l31s) 0.431) 0.609} 0.727
€. [-0.2900 00 |0.236D coj 0.317 | 0.8231 0.782| 0.195[-C.692] 0.w27| 0.844f £.727} ©.932| G.7€2| 0.707| 1.000| ©.838] O.8c7) 0.743f 0.6920 ~roont 0 3a7)cl181 ] 0.v7a] 0,931
La ©.122D0 01 10.247D 00} 0.262 | 0.736} 0.763| 0.163|-D.577} 0.451| G.645] 0.731] 0,927} 0.772{ C.562} 0.838| 1.0001 0.515) D.422f 0,623} +'2oo| 07324 |20033a) 0.040] 0,835
Lu  {-0.888D0 GO 0.285D 00f 0.167 | 0.59&] C.580[-0.001{-0.407{ 0.228] 0.566( 0.50%[ €.722{ 0.521( ©.6231 €.807( 0.515) 1,000 0.636{ 0,304 o255 0" 141 0015t 0215 0.700
°b £.9270 00 {0.211D 0of 0.0:0 | 0.582} 0,382 0.212|-c.510] ©.7268) 0.749} 0.529| £.543} 0.%a0{ 0.S21} 0.743| €.422) 0.636) 1.000| 0.591% o o) 0171 0 pa1] 0 384 | 0.651
Se 8.3310 0C [0.246D 00| 0.625 | C.472] 0,478} 0.202]|-0.711] 0.6C1} 0.575| 0.336| 0.584| 0.598f 0.523f D.632} 0.623( 0.331] 0.591} 1.000k " coel o'5¢y 00321 )-0070) 0.6
Sm 0.5i30 00 |0.274D DOf 0.204 | 0.864] C.@63| 0.0331-0.625] 0.410| 0.BI6| 0.726| 0.921| 0.793} D.651] 0,500f 0.852| 0.723( 0,606} 0.5950 oo l"0"Jne | o j00] 0.295 | 0.pas
Sr 0.209D 01 [0.4440 0o|-0.251 | C.51C| 0.457| £.028|-0.213] ©.141) 0.323} 0.499| C.247} 0.219] £.315) 0.347( 0.324] 0.414] 0.116}-0.261¢ o ool "ongl 0376 0,315 0,335
U 0.2590 €1 |0.7300 004-0.139 |-0.138[-0,257}-0,279} 0.172]-0,156{-0.030{-0.234 |-0,321}-0.372| 06.4311-0,161|-C.334]-C.015{ 0.041}-0.3210 o vt 07176} 17000 0la75 -0, 140
v £.237D 01 {C.3510 00{-0.228 | ©.270] 0.105{-0.063{-0.244f 0,128 0,358} 0.207) 0,067| G.031| 0.609] 0.179( 0.04n1 0,215| D.I64|-0.070k" 5561 07315} 0 875 | 1.000| 0,142
*b |-c.269p-01 |0.267D 00f 0.437 } 0.704] 0.679}-0.062§-0.594| ©.531| 0.689| 0.605| 3.870f 0.672f 0.727{ 0.931| 0.839| 0.700{ 0.651} 0.672% o gacl 0 335 |-0 140 0.1421 1.000

TVIINIATIINOD

19 ¢4



B e —

——— el eums emE GES GED 4N OGS G G D G D 4 S B & v &

CONFIDENTIAL ’ 216

Table 32'gives the correlaticn matrices for both
norTal and log-transformed data. Summaries of the two correla=
tion matrices for the data below the diagonal are given in
Table 33. Ffor 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 facter by the total sum of squares multiplied by the
percentage variance, e.g. variance for factor 1 = (B,6/19,8)

x 94,1 = 40,9 % (See Table 34 for the values above).

The locading of each elemenz ir all the factors gives
the frection of variance of every =lement that is explained
by the factors. High loadings of a group of elements within
a fector specify a covariant behaviour of those elements,

e.g. 3lumine, iron oxide, potassium oxide, cerium, etc. 1in

factor 1.
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TABLE 34: VARIMAX MATRIX OF THIRTEEN SAMPLES OF THE EPIGENETIC FRACTION OF THE
CALCRETES FROM THE LANGER HEINRICH .

VARIMAX MATRIX ACCOUNTING FOR 94,1 PER CENT OF TOTAL PROBLEM VARIANCE
NO TRANSFORMATION

FACTOR 1 2 3 4 5 6
SUM OfF
SQUARES B8.606 3.116 1.928 2.368 1.472 2.268
0.975 wwo» 0.359 0.151 0.014 0.226 -0.099 -0.873
0.983 Al 0.951 -0.053 -0.160 ~-0.197 0.088 0.071
0.973 fe 0.881 0.122 -0.031 ~0.030 0.380 -0.191
0.892 Mg0 0.009 0.271 -0.895 -0.003 -0.049 0.120
0.895 Ca0 -0.801 0.127 0.418 -0.113 0.068 0.212
0.989 Na, 0 0.151 -0.265 -0.816 -0.412 0.077 -0.232
0.982 K,0 0.888 -0.203 -0.216 ~0.253 -0.195 0.058
0.982 Ba 0.400 D.D61 -0.12% -0.861 0.083 0.231
0.978 Ce 0.878 0.039 0.001 -0.302 0.201 -0.271
D.939 Co 0.553 0.071 -0.104 -0.697 D.336 -0.132
D.973 Dy 0.428 -0.710 0.048 -0.141 0.172 -0.483
0.978 Eu D.855 -0.236 -0.137 -0.271 ~-0.014 -0.313
0.920 La 0.846 0.137 0.068 -0.274 0.147 -0.291
0.714 Lu 0.707 -0.241 0.139 -0.259 0.012 -0.264
0.899 Pb 0.356 -0.457 -0.317 -0.593 -0.330 -0.051
0.936 Sc 0.623 -0.062 -D.156 -0.133 -0.260 -0.659
0.982 Sm 8.927 -0.133 0.100 -0,233 0.068 -0,189
0.925 Sr 0.168 -0.081 0.006 -0.098 0.929 0.132
0.963 U -0.040 -0.971 0.060 0.089 -0.021 0.079
0.965 Vv 0.099 -0.973 0.016 -0.051 0.036 0.068
D.916 Yb 0.750 -0.320 -0.,013 -0.181 0.034 -0,46€

v IIN3IAI4NOD
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Opposite signs indicate opposing covariances between

the variables, e.g. alumine and calcium oxide.

-

Factor 1: Lithification

Factor 1 has the highest variability explained and
therefore is statistically the most significant. Positive
loadings are given for alumina, iron oxide, potassium oxide,
cerium, europium, lanthanum, lutetium, samarium, ytterbium
and scandium. On the negative side calcium oxide is found.
Essentially this factcr is one where the rare earths, alumina
and iron oxide are leached and then c>-precipitated, for they
occur a8s 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: Carnpotite Precipitation

Both uranium and vanadium are rated with the highest
negative loadings, followed by 2 slightly lower loading on

dysprosium. Uranium and vanadium behave coherently with the
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precipitation of.carnotite from solution. Interpretation of
the relation with dysprosium is more subtle. Factor loadings
on dysprosium are distributed between factors 1, 2 and 6.
Although in the first and last cases the loadings are fairly
low, attention must nevertheless be focused on them. The
effect produced is referred to here as the dysprosium anomaly.
Dysprosium would be expected to behave in & coherent
marner with the other rare ea.tks and be associated with
factor 1. However, as it forms 2 coherent variable with
uranium and vanadium, this implies that the precipitation
of carnotite may be related to the presence of clays or

hydrated oxides of iron or aluminium which formed the

nucleating seed upon which the uranyl ion hecame 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:
possibly two Na* ions are exchanged for each Mg2+ ion within
the structural lattice of the authigenic clays.

Another important mechanism that can also account for
this relationship is the formation of 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 subst;tutes far 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: Silica

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 thc 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 onr montmorillonite. The influerce of
clay an the precipitation of carnotite was ncted.

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 COF THE EPIGENETIC FRACTION OF THE

CALCRETES FROM THE LANGER HEINRICH

i — ———— ——— e o - ] [ ] ] o [ ] [ -l [ ] [ ] [ ]

FROMAX OBLIQUE REFERENCE STRUCTURE MATRIX KMIN = 5
’ NO TRANSFORMATION

FACTCR 1 2 3 4 5 6
510z 0.032 0.261 -0.008 0.300 0.113 -0.837
Al » 0.728 -0.023 -0.054 -0.024 C.046 0.227
Fe 0.612 0.122 -0.029 0.112 0.319 -0.059
MgO 0.028 0.235 -0.870 0.055 0.047 0.061
Cal -0.590 0.100 0.348 -0.293 0.033 0.098
Na,C -0.183 -0.136 -0.747 -0.246 0.153 -0.167
KqC 0.663 -0.122 -0.067 -0.085 -0.215 0.217
Ba 0.113 0.200 0.001 -0.785 -0.003 0.339%
Ce 0.492 0.137 0.064 -0.151 0.121 -0.113

* Co 0.126 0.212 -0.037 -0.577 0.246 0.001
Dy 0.048 -0.573 0.078 0.033 0.184 -0.313
Eu 00.461 -0.103 -0.033 -0.084 -0.047 -0.13%
La 0.482 0.233 0.128 ~0.147 0.055 -0.149
Lu 0.375 -0.120 0.221 -~0.124 -0.048 -0.104
Pb 0.047 -0.261 -0.142 -0.453 -0.318 0.079
Sc 0.204 0.117 ~-0.068 0.010 -0.276° -0.548
Sm 0.598 -0.042 0.187 -0.078 -0.005 -0.012
St 0.075 -0.177 -0.110 -0.034 0.901 0.196
U -0.023 -0.957 0.068 0.179 0.060 0.176
v 0.0321 -0.931 0.063 0.070 6.103 0.197
Yb 0.340 -0.181 0.058 -0.004 0.005 -0.296

TABLE 36: CORRELATION MATRIX COF FACTORS IN THE PROMAX MATRIX OF TABLE 35

CORRELATIONS BETWEEN PROMAX PRIMARY FACTORS KMIN =

5

NO TRANSFORMATION

FACTOR 1 2 3 4 5 &
1 1.000 -0.324 -0.205 -0.645 0.155 -0.661
2 -0.324 1.000 0.153 0.450 0.124 0.431
3 -0.205 0.153 1.000 0.27% 0.250 0.099
4 -0.645 0.460 0,276 1.000 -0.114 0.530
5 0.155 0.124 0.250 -0.114 ‘'1.000 -0.101
6 -0.661 0.431 0.099 N0.530 -0.101 1.000
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Table 35°'gives the promax matrix and Teble 36 the
co{relation matrix between the promax factors. Essentially,
the six factors remain as they were for the verimax but with
successive rotations some of the weaker factor loadings are
eliminated, thereby accentuatiﬁg the stronger ones. However,
with too many rotations the loadings on the variables become
insignificant which results in much stronger correlations
between the factors. This situation then becomes meaningless.
An optimum number of rotations must be selected so that the
interpretation remains relevant. At KMIN 5, loadings on all
the rare earths with the exception of samarium are low. Here
again 1is a case where interpretation must allow for synonyms,
and samarium is regarded as being representative of the other
rare earths.

Factors 1 and 4 are negatively correlated (Table 36)
which suggests barium, cobalt and lead substitute in the
calcite lattice. factors 1 and 6 are positively correlated
which indicates that silica, alumina, iron oxide, etc. have

8 common source.

14.4 Geochemistry of Individual Elements or Groups of
tlements

Factor analysis has broadly established the nature of
the mechanisms involved during the lithification of the
breccia-conglomerate to produce & 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 1Iron

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 (I1) 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 (IIl). 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 Spencer 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). Sample HJ2-3 was taken at a
depth of 1,5 m which indicates that very strong oxidizing
conditions occur near the surface, thereby precipitating the

iron in the red hydroxide form.

14,4.2 Alumina and silica

The main source of these species in the calcrete is the
decomposition of hydrolysis of the feldspars, chiefly microcline
and albite. Thermodynamics predicts (Helgeson gt al, 1969,

p. 463) that the following reaction will take place during
the hydrolysis of coexisting albite and microcline,

+

KA1Si,0, + NaAlSi 0, + 16H,0 — 2AL(OH)7 + k¥ + Na¥ + 6H Si0,

(14.1)

TONFIDENT AL
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This equation therefore accounts for tetrahydroxo-aluminate
(IIl) and silicic acid which can be precipitated from subsur=
fa;e waters in moderately alkaline conditions. Sodium and
potassium ions are likewise liberated in this reaction.
Amorphous silica in the form of silicic acid, formed
in equation (14.1), has a solubility of 100 to 140 ppm at
25 °C 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 conditioens,
(ibid., p. 2001):
5i0

+ nH,0 = 5i0 (14.2)

2 (amorphous solid) 2(aqg)

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 alum.na., 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,0, and shows a
good correlation (correlation coefficient = 0,87) between
both oxides. It is suggested therefore that through the
decomposition of minerals such as the feldspars and the
iron-rich montmorillonite as described by Walker (1967),
silicic acid is dissolved, leaving a residue of hydrated
iron (I11) ions and tetrahydroxo-aluminate (IIl), Ions of
this type are capable of co-precipitating metals, viz. the

rare earths in alkaline solutions.,
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% Fe,0,

Fig. 57: Variation diagram of Al,D0, plotted against
Fe,0, (correlation coefficient r = 0,B7)
for the epigenetic fraction of the calcretes.
(+ = mean).

14.4.3 Potassium, sodium and magnesium

These elements are generally involved in reactions
and ion exchange processes in the clays of the calcrete.
Factor analysis demonstrated this clearly and is corroborated
by Graf (1960).

High correlation coefficients of potassium with the
alumina, iron (I11) oxide and rare earths are observed in
Table 32(a). Potassium is probebly 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 Sub;
surface weter is an important factor (Berner, 1971, p. 173).

Under almost stagnant conditions, which would be expected

CONFTDENTTAL
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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:

2t . .
Mg*" + 3NaAlSi,0, + 4H,0 ~ 2Na°ﬁ Algs Mg%s 5i,0,,(0H),

+ 2Nat 4+ H,Si0, (14.3)

The reactants, magnesium ions, albite and water combine to
form the montmorillonite, releasing sodium ions and silicic
acid to the aqueous phases.

The 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 forming
bauxites. Bicarbonate ions in solution are one of the chief
agents in weathering and Garrels (in Berner, 1971, p. 175)
has shown that montmorillonite can cnly form where the HCO,
content epproaches 100 ppm.

Magnesium is freely interchangeable with calcium in
calcite, and sﬁould the substitution proceed, the mineral
dolomite will form. Table 30 shows that the magnesium oxide
content is generally low, but one sample (AD1-8) 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) MgD shas an insignificant correlation coefficient
with Cal. The ratio Mg0/Cad versus percentage Mg0 gives a

parabolic curve (Fig. 58).
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Fig. 88: The relationship between magnesium and
calcium in epigenetic calcite as demonstrated
by plotting the ratio MgC0/Ca0l against MgO.

This indicates that there is 8 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. 1In 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
(II1) hydroxides which were adsorbed on montmorillonite, as
demenstrated by the relationships in factor 1. Similar
conclusions were reached by Roaldset (1973) who found that
the rare earths were adsorhed under neutrel and moderately
alkalire conditions conte clay minerals, but at a lower pH
desorption took place.

The relative abundances of the rare earths in calcretes
of the Langer Heinrich, and sediments from other parts of the
world, plotted as percentages of the total rare-earth
concentrations, are shown in Fig. 59. C(Cleariy 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 euraopium and
lutetium are the least abundant.

Normalizing the rare-earth ahundances to a composite
of twenty chondritic meteocrites, the relative distribution
of the elements can be studied., F:ig. 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 = HJZ2-5, x = HJI2-13,

A = C£5-15).
(b) Sediments from other parts of the world.
Belders formation marble, USA;
average, 11 025 limestones from the
Russian Platform;

o = composited40 North American shales.
(Herrmann, 1970).

[}

x

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 contentrations of the light rare-earth by the
heavy rare-earth concentrations. The funmction 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, 0, are shown in
Fig. 61, where the overall trend appears to be positive and

linear.
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Fig. 60: Distribution patterns of rare earths,
normalized to the abundances in 20 chondri=
tic meteorites.

x = epigenetic calcite, lLanger Heinrich area.
o = average, 11 025 limestones from the
Russian Platform,
(Herrmann, 1970).
An increase in total rare-earth and iron contents
is accompanied by an increase in the fractionation between
the light and heavy rare earths. The implication was that
the heavier rare earths were preferentially removed in
soclution 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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Fig. 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??
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 a2 stronger .endency to hydrolize and fractionate.
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Correlation coefficients between the rare earths and
Fe,0, (Fig. 62) and between rare earths and Al,0, (Table
32(a)) are high, except for dysprosium. It is very clear
that co-precipitation with the hydrolyzate elements has taken
place. The low correlation coefficient of dysprosium with
respect to Fey, Oy 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 plet 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 explarmation can be given to account for this feature and
it has not been recorded in the literature. The close rzla=
tionship between uranium and vanadium with dysprosium in
factor 2 (Teble 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 atemic 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 resuylted in their formation.
Obviously the formation of calcrete was not purely the pres=
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 Formatien, 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 1limit of neutron activation analysis and
therefore cannot be regarded as a significant source.

Carnotite, with the formula Kg (UG; ) (V04 );.2H,0,
has a U/V ratio of 4,67. The U/V ratios (Table 30) have
a fairly wide scatter but can be dgivided into two groups,

the mineralized and unmineralized calcretes respectively.
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Fig. 64: (a) Variation diagram of uranium plotted
against dysprosium for both mineralized
and unmineralized calcretes.

(b) variation diagram of vanadium plotted
against dysprosium for both mineralized
and unmineralized calcretes.
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TABLE 37: VANADIUM CONCENTRATION IN THE TINKAS

FORMATION
Sample No. V (ppm)
LH 21 128
LH 40 70
LH 41 44
LH 42 100
DJP 98 115
DJ4P 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 a8 good
correlation between uranium and vanadium,whereas unmineralized

calcretes have variasble 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 preregquisites which are typical of the climatic conditions
in the Namib Desert. In order to gain a fuller understanding
of the mechanisms involved it is necessary to devote some

time to the geochemical mobility of elements during
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Fig. 65: Variation diagrams of uvranium 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.

V!
T
S ' A,
(@] Si
« 6 CoV,
(")} Al Mo/ MOBILITY
S Ni
§ ‘ l sz ,Ga P
{u) '
e asef cim/ MRy
2L 2 B —FCaX
M c
0 B
S HIGH MOBILITY]
el /
&
0 2 4 6 ‘
Log| AMOUNTIN SCOIMENTS
MOUNT IN HYDROSPHERE

Fig. 66: Geochemical mobility of the elements in
the supergene environment. (After Dall!
Aglio, 1972, p. 123).

The mobility of uranium is 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.

o = Cp - Cs
T Cs
Cp = concentration of an element in the parent rock,

viz. Bloedkoppie Granite (Table 13}. 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 = concentraticn 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 botn cases calcium, uranium, magnesium
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and cobalt have accumulatec in the calcrete and all the other
elements are relatively depleted with respect to the Bloed=
koppie Granite. Sample HJ2-5 (Fig. 67) has a close associas
tion between iron, scandium and the rare earths with the
exception of cerium, which is depleted toc a greater extent.
This was not found for sample HJ2-15 (Fig. 6B) as cerium
occurs well within the rare-earth clustering. Similarly

there is a discrepancy in the behaviour of lutetium, where

the reverse is found in the respective samples.

10 HI2-5

v ACCUMULATION
-lece N CALCRETE

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 HJZ2-15,
with respect to the Bloedkoppie Granite.

1 Represented in terms of the removal index.

The discrepant bebhaviour of cerium and lutetium in
both samples can be accounted for by their depth of burial,
for they were obtained from 2,5 and 7,5 m respectively
(Table 27). Near the surface powerful oxidizing conditions
prevailed which were sufficient to partially oxidize cerium
from the (+III) to the (+IV) state. Lower down in the
succession these conditions were not as severe, The stability
of the lutetium iporganic complexes were greater lower down,
enabling @ 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 carngtite 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 origia of the ore-body of the
Langer Heinrich requires that all the components comprising
the host rock be accounted for in the model. Sediments
provided the passageways through which the subsurface waters
migrated and also the precipitation sites for the calcite and
carnotite. The mechanism for the precipitation of the calcite
is by analogy extended to the formation of the carnctite.

Netterberg (1969, p. 237, 1971, p. 9) described the
origin of calcrete as being due to the process of soil suctlion
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 btelow the water-table. Below the water-table the
pores are saturated with water anu 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 1is,
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.

[l
[J
L
5!
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]

N S _swien e _ |
Qr1ATH BELOW \ O 10
WATER TARE

Fig. 69: Pore water pressure distribution in a
sediment., (After Netterberg, 1971, p. 9).

At constant temperature, a decrease in the pore water
pressure, that is, upward movement of water, will correspond
to a decrease in the PCD2 in equilibrium with the water,
causing the precipitation of calcium carbonate. Therefore
line A is a function of the sclubility of calcium carbonate.
Fig. B8 shows that the ore deposit has a layered structure.
On a more localized scale the carnotite has precipitated in
the form of concretions. Based on these facts the principles
around which this discussion will centre is that the segrega=
tion of carnotite resulted from a transport process, mainly
upward diffusion caused by soil suction. Upward diffusion
of elements in ground-water is brought about by the change
in composition of the soluble components with depth. A
restriction is placed on the volume of the sediment, that is,
a small volume is initially requirsd because large lateral
variations in water composition are known to occur (Tables
15-18). Assume that the chemical composition of the water
remains laterélly constant, especially in uranium, vanadium
and carbon dioxide at a specific depth. Based on this system

CONFIDENTIAL
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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

COx°

During the formation of calcrete a decrease in PED; will
cause calcite toc precipitate. When precipitaticn commences,
concentration gradients develop and the cycle repeats itself.
By analogy the precipitation of carnctite will follow the same
pattern. If the detrital material is stable and upward
diffusion is allowed to continue uninhibited over lang
periods, monomineralic layers and possibly concretions may

develop. Diagramatically this process is represented in

Fig. 70.

Cuy ————————
Ci
do -l e o - ——— —
: ACu
UPWARD
d 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 = concertration of UDC and venadium in solution
d = depth of sediment
d, - dU = depth of sediment where the suction gradient is

sufficiently high for dissociation of the UDC

complex
dl = depth where carnotite first appears at the sediment/
wate. interface
dU = depth where all uranium and vanadium have been
precipitated |
Ci = initial concentratiocn of uranium and vanadium in solution
Cuv = a8 generalized curve showing the change in Euv with

depth.
The system will operate in the Tollowing way. Below

a depth of d, the one-dimensiaonal system has an initial

1

cancertration of uranium, vanadium and carbon dioxide in solu=
-

tion, Ei. Upward diffusion of the ions continues until the

depth d, is reached where the process of scil sucticn becomes

1
operative, The uranyl dicarbonate complex will disproportionate
according to equation (13.8) énd carnotite will precipitate
by the reaction in equation (13.10). With an increasing
suction gradient and decreasing depth, the concentration
of the elements in saolution will follow the idealized path
CUv until the depth dG is reached where all the uranium and
vanadium will be consumed.

The system described is by no means sc 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 “he 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. Spil 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 cf
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 cculd be favourable and carnotite will be precipi=
tated, resulting in disjeinting,

The presence of montmorillonite and its asscociation
with uranium mineralization was inferred from factors 2 and
3 in Teble 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. [t 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 formaticn 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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Fig., 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 30).
Solids have & certain amount of excess free energy at the
surface, which is the main thermodynamic feature of nucleation.
Because of the abundance of grain curfaces available on the
clay per unit volume of pore solution, heterogeneous nucleation
is promoted, and supersaturation (recessary for precipitation)
is low, i.e. precipitation from unsaturated solutions is
possible (Berner, 1971, p. 95).
Finally there is the gquestion of the differences in
age relationship between the initial precipitation of calcite
and that of carnotite, which is associated with the rims of
the second generation calcite. From the geomorphological

point of view the calcrete started to form in the mid-Tertiary.
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Carnotite, on the other hand, formed much later.

The origin of the calcium in the calcrete is due tn
weathering of calcium-bearing minerals. Decomposition of
feldspars is fairly rapid and widespread in desert enviran=
ments. If this was the case for the Langer Heinrich at that
periocd, 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 pluvials and interpluvials were characteristic of
the Pleistocene (Netterberg, 1969(a)). With the onset of
these climatic phases the subsurface water became sufficiently
oxidizing and corrosive to leach and transport the uranium
from the source rocks to finally precipitate it epigenetically

in the calcrete.

14.6 Geochemistry and Origin of Gypcrete

The distribution of the gypcrete is schematically
representecd in Fig. 2, The main geochemical problem con=
cerning the gypsum 1is that of its origin,

Martin (1963) proposed that the origin of gypsum was
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.

t 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 anaercbic 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 soclution could be found.
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TABLE 38: ANALYSES OF SEAWATER AND FOGWATER (COURTESY CSIR)

Sea=
water fFog 1 Fog 2 Fog 3 Fog 4

pH 7,6 7,3 7,6 7,6 8,1

' :Conductivity 43000 13600 1 500 1 240 1l 760

’ TDS (ppm) (1BO °CH 37562 9860 1 290 795 1175
Na (ppm) 10900 2980 308 2173 290

[ K (ppm) 71 100 11 6 26
50, gppm) ( 2683 1158 174 88 221
(NO,) as N (ppm) Trace

NDS) oo N (o) | D 12,31 71,0 3,4 9,6
l S1i0, (ppm) 2 7,5 7,5 7,5 7,5
F (ppm) 0,9 8,8 1,9 0,4 1,7
Cl (ppm) 19630 4598 502 371 412

l FCO, (ppm) 75 63 32 23 67
Ca (ppm) 118 292 49 36 40
Mg (ppm) 1281 217 35 19 46

l NH, (ppm) ND Trace Trace Trace Trace
PQ, (ppm) Trace - - - -

Sr (ppm) 5 - - - -
' B (ppm) S - - - -

Seawater: Collected September, 1974, from beach between
Walvis Bay and Swakopmund.

Collected July 1966, Walvis Bay

Collected 4 September, 1966, Rooibank

Collected 13 August, 1966, Rooibank

Collected from Gobabeb, analyzed 13 September 1966.

Fog
Feg
Fag
Fog

BWMN

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,

* IDS = Total dissolved solids.
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TABLE 39: FOG PRECIPITATION, EQUIVALENT RAINFALL IN 1958
AND ACTUAL MEAN RAINFALL AT SWAKOPMUND
(NAGEL, 1962, p. S7)

ANNUAL

FOG EQUIVALENT MEAN

MONTH PRECIPITATION RAINFALL RAINFALL

IN 1958 IN 1958 OVER 35

(LITRES) (mm) 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
ALGUST 143,3 22,0 0,7
SEPTEMBER 52,6 8,1 0,7
OCTOBER 27,0 4,2 0,9
NOVEMBER 32,3 5,0 1,0
DECEMBER 0,7 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). (H;S)B is formed in the diatomaceous muds,

which contain the sulphate-reducing desulfovibrio bacteria.

ONSHORE IDINRALER
ol 2SO0, ke (SO, }n+{SO
Longer Heinrich
SEA LEVEL \ %
\ 2- \ 2 2
e e (s0, 47 1505 1501,
.2 ¢ Jo % R N
HyS+202~(S0.1gs 2H SEA WATER

OXIDATION 7 DIATOMACEOUS
MUD

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

2 -

sulphate content, (50, part of it is oxidized to sulphate

)U!

(SUi’) thereby contributing in a small measure to the total

BY
sulphate content of the sea. The remainder is released to the

atmosphere as (HpS)_.. A very small amount of sulphate (SD:-)R

B
is contributed by ephemeral drainage such as the Swakop River.
Onshore winds pick up water nuclei from the seawater
(not just water from evaporation, as this will not contain
significant dissolved sclids) causing the formation of fogs
which can be blown up to about 100 km inland. The sulphur

balance in the fogwater will be mezde up of the following

compgcnents:
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XSOE' = (8037 )g + (SO77)g + (SOF7)p + (HaS)g (14.4)

0 'R

The initial seawater sulphate will more than likely constitute
the greater part of the total amount in equatiaon (14.4).

Condensation or precipitation of the fogwater in the desert

muy GEy @EN e e

takes place and the sulphate is\precipitated as gypsum. A

certain amount of sulphate (SD:';'_)G 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 138

and 39. The moenths in which the foys 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 Namib Desert.

A check should be made concerning the relationship of
the composition of the fogwater to that of the seawater from
which it was derived. For comparison, the composition of the
seawater and fogwater are plotted on a Schoeller diagram

(Fig. 73) using the technique described by Parker (1969, p. 120).
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TABLE 40: PRECIPITATION OF GYPSUM EXPRESSED AS CaS0.
IN TONS/km® /MONTH

2
Equivalent CaS9, (tons/km® /manth)
Month rainfall
1958 (mm) Fog 1 | Fog 2 | Fog 3 | Fog 4
July 23,1 39,6
August 22,0 , 2,7
September 8,1 2,0 2,€E

The plot of the seawater follows the same trend amd dimensions
as the seawater in other parts of the world (ibid., p. 117).
Trends for all the fogwaterc 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 t+t. ocean and

diluted to some extent by water vapour from evaporation.

14.7 Isotopic Disequilibrium of Uranium

This secticn deals with the state of equilibrium
between the respective uranium isctopes and other daugnter

products,

Chemical separation procedures for thorium, protac=

tinium and uramium are given in Chkapter 7. Sources were

counted until a maximum standard deviation of 3 per cent

was obtained for each peak area.
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Fig. 73: Schoeller 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'esr products decay
at the same rate as they are being producad by their
resrective 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 thearetical cbnstant 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 238,

a large amount of
energy is released in the form of a-particles having an
energy of about k,Z MeV. Ffrom the conservation of
momentum, the recoil energy imparted to the nucleus (now

23%7h) is simply

4,2 [Mass of n-particle ] ~ 0,07 MeV (14.5)
Wass of 23*71h nucleuq

The bond energy of most uramnium compounds is less
than 10 eV, therefore the transformed nucleus escapes from
chemical bonding. Two mechanisms based on this concept have

23% | disequilibrium.

been suggested to account for the

(a) 23% is relocated, after recoil, into crystal defects
and microcracks where it becomes more accessible to
oxidation and subsequent removal in solution as the
uranyl ion (Cherdyntsev et al, 1964).

(b) Rosholt et _al (1965, 1966) suggested that as a
result of recoil, breaking of chemical bonds takes
place, accompanied by stripping of outer electrons
by B-decay, thereby converting it in situ to the
hexavalent form.

The difference between the two mechanisms is that in

the first case the 239U is subjected to selective exposure,
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making it more susceptible to oxidation. In the second case
the 2 U from its inception is in the hexavalent state and
therefore does not require the need of external environmental
oxidizing conditions.

Kolodny and Kaplan (1970) found in their study of
phosphorites that case (a) was the most likely mechanism to
account for the disequilibrium in the uranium isotopes.

In Table 41 the 230/ ?2%% 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 HJZ2-13

where some in situ leaching has taken place.

TABLE 41: 23%y/23°, ACTIVITY RATIOS FOR THE DURICRUSTS OF
THE LANGER HEINRICH AND VON STRYK'S PIT

Sample No. 235/ 238y
HJ2-3 1,08
HJ2-5 1,00
HJ2-8 1,03
HJ2-10 1,03
HJ2-13 0,90
ADl1-1 1,01
AD1-4 1,03
AD1-17 1,13
C5-15 1,02
Von Stryk's pit 1,01

The Bloedkoppie Granite has partially contributed to
the supply of uranium to the duricrusts. Ffrom the 231/ 238

activity ratio in the granites (Table 42), both precipitation
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and leaching of uranium is indicated.

TABLE 42: 2™ u/ %%y ACTIVITY RATIO FOR THE BLOEDKOPPIE GRANITE

SAMPLE 234y 238
LH16 1,09
HJ2-36 0,86

Sample HJZ2-36 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. LHl6 is an outcrop sample of
granite and the high 23“U/ 2%y 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 Geochronology

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

230TRH/ 23% = activity ratio of the isotopes 2301 ang

234, etc.
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X006 = decay constant for 2%°Th (9,2 x 107%)
) W = decay constant for 2%Pa (2,1 x 107°)
N = decay constant for 23U (2,8 x 107°%)

t = time (age of sample, years)

The Closed System

In defining the closed system the assumption is made

230

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

23y

the system. When disequilibrium of U is taken into account

the age of the samples, t, can be related to the ratio of
2307 activity produced internally toc the observed activity

of 23U as follows (Szabo and Rosholt, 1969, p. 3254},

230 2138 _ 236
h . U [l~e X230t] + 1,435 [- ———U]
23"” 23"U 23‘0U

[1-;:"230'1234 t] (14.6)

The Open System

Isotopic work on shells revealed that more uranium
was available to the specimen than was actually assimilated
(Rosholt, 1967, p. 299). The 2%*Pa and 23°Th content was
contributed by both the assimilated uranium and the mobile
uranium which was not retained. An open-system model takes
these problems into account and the concepts can be applied
in general to the migration and orcurrences of uranium in

natural material. Fig. 74 represents the migration and decay
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of uranium and the paths through which the 231pa and 271h

accumulated.

Py =’W»\\\\ —e My
Yy ™ / uf'UL
[m,nF:,] 00y, [m"‘f’]
B3y, —» 5y, \—;-t-)zasq
SYMBOLS
[”‘h,,:o] Up URANDM FLUX ["‘h,_:o]

Up URANUM IN PORE WATER

URANUM LEACHED
~ !SOICPE IN ORE BODY

fFig., 74: A flow diagram of uranium and the accumula=
tion of daughter isotopes in an open-system
model.

PN

Mathematically the system can be described by the following

equations (Szabo and Rosholt, 1969, p. 3255):

[ka-klk;] [ks kg k.
A=B-T+E;:-BTK4_). (14.7)

where A = 2307hHy 23%
| B = 23pay 23

0O
I

‘ ky = e rzaat

1-e~*234%

' ke = 1-e"*230%

x
N
L
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A,

1,435 [1-e *230”°

x.
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231

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. Ffurthermore 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 BY
CLOSED AND OPEN-SYSTUM MODELS

Age (years)
s le 230Th/ 231Pal/ Zalpa/ 23%/
amp 234 234 230, 23w,
Closed Open
HJ2-10| 0,43 - - 0,97 6£2000+2000 -
HJ2-13| 0.45 0,93 0,96 - 65000+2000 |30000+1000

14.7.3 Mass spectrographic analysis

The 23%y/2%%y 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%%/23% ATOM RATIOS IN CALCRETE FROM THE LANGER
HEINRICH AND URANJTHORIANITE FROM PHALABORWA

Sample 2::2@: S%H)J
H42-8 0,007268
H42-13 6,007261
AD1-17 0,007247
€5-15" 0,007257
Uranothorianite 0,007272

Relative to the urancthorianite, the calcretes are approximately

2 per cent depleted in 238y,

14.8 Summary

Factor analysis of the raw data provided pointers
concerning the nature and mechanisms which were involved during
the formation of calcrete. C(alcite 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 th=2 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.

23%,/23%, for the duricrusts and

The isotope ratio
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 clecsed-system and

open-system models, were 63 000 years and 30 000 years

respectively.
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15. GEQOCHEMISTRY OF THE DIATOMACEQOUS 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 amnd still are being derived.

The abundances of metal ions in seawater are determi%ed
by the solubilities of their respective compounds. Caoncentra=
tions of certain elemerts in seawater, relevant to this
discussian, are given in Table 45,

TABLE 45: THE CONCENTRATICNS OF SOME ELEMENTS IN SEAWATER.
(KRALSKOPF, 1956, p. 3, ALLEGRE AND MICHARD, 1974,

p. 41)
Element Concentration (ppm)
P c,07
Mo 0,014
vV g,002
U 0,003

According to the calculated solubility products of
elements in seawater, Krauskopf (1956, p. 9) reported that normal
aerated seawater is undersaturated with respect to rare metals.
In passing it is worthwhile to 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 seawater that the diatomaceous muds
derived their high concentrations of certain elements. The
problem to be considered concerns the mechanisms involved
that were responsible for concentrating elements from a
source that is now known to be undersaturated. It is clear
that a mechanism based purely upon a solubility 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 CONCENTRATIDNS IN TWD CDRES DF DIATOMACEOUS MUDS
SWA 30
DEPTH (m) |0O-0,0% |0,05-0,08 j0,08-0,12 o0,12-0,18}0,18-0,23 |0,23-0,28 }0,28-0,b33 |0,33-0,38 |0,38-0,43 |0,43-0,48 MEAN
P20 (%) D,&6 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 3l 26 29 19 39 33 22 30
V (ppm) 70 54 50 43 a8 31 38 4a0 48 22 44
U {ppm) 17 16 22 28 37 18 21 27 40 37 26
L0 (%)™ 22,4 20,0 18,1 17,1 16,7 16,1 15,6 17,5 22,0 17,6 18,3
SWA 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,€ 0,6-0,66 0,66=-0,72 MEAN %
E
P3Da (%) 0,34 0,3 0,3 0,27 0,58 0,25 c,3 0,42 0,35 :
-
Mo {ppm) 24 26 25 19 28 24 23 16 213 ~
vV {ppm) 30 59 56 74 43 71 65 20 52
U (ppm) 14 21 16 24 43 43 25 18 26
LOI (%)* 16,6 17,3 15,4 13,4 13,8 15,8 14,0 8,4 14,3

* L0l = Loss on ignition at 500 °C.
organic matter concentration.

This is regarded as being equivalent to the total
Very Little Cal0, 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 Ef value being more than
a factor 10 greater than molybdenum and more than a factor

2 greater than uranium. Molybdenum has the lowest concentra=

tion factor.

TABLE 47: CONCENTRATION FACTORS, RELATIVE TO SEAWATER, fOR
THE ELEMENTS IN THE DIATOMACEQUS MUDS

SwA 30 Mo 2,1 x 10°
v 2,2 x 10°
U 8,7 x 10°
SWA 50 Mo 1,6 x 10°
v 2,6 x 10°
U 8,7 x 10°

Krauskopf (1956) studied the removal of certain elements
from seawater and concluded that sulphide precipitation of
vanadium and molybdenum was unlikely, but that chemical
reaction with organic compounds appeared to be the most
likely mechanism. Kaplan (1974), reviewing the precipitating
mechanism for uranium, also pointed out that sulphide head
little or no effect in removing it from seawater. Ffurthermore
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 funmction is a measure of the total
organic matter content. Comparisan af 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 LOl (loss on ignition) follow the same pattern,
with the exception of the value of 0,2 m, where the vanadium
increases slightly. A similer increase in uranium occurs at
the same depth, but in this case the increase is gradual and
therefore uranium and LOI do not carrelate 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 L0O1, 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 -ore revealed that below 0,38 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 that
both uranium and the organic matter (LOI) are very similar,
which agaim emphasizes the role that organic matter plays
in the precipitation of uranium. For the upper G,25 m,
molybdenum end vanadium have similar tendencies, but below,
their trends diverge from that of LOI until 0,55 m, where a
reconvergence of trerd 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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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.

AR generalized equation for the decomposition of
average marine organic matter by bacterial sulphate

reduction is given in equationrn (15.1) (Ben-Yaakov, 1973, p. 88).

35 (CH20), 06 (NHy )y g HaPO, + SOI™ = COp + HCOZ + HS™ + HaO +
28 Wy, + 25 H,PO, (15.1)

Befere 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 HS .
The mechanism for uranium reduction is given in equation
(15.2). It is likely that the U0 would be in an amorphous
form absorted 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 LOl in sample

SWA 50 implies that an organic reaction took place.

2HS™ + [0, (COy)g*2H, 077 = HaS + 527 + UDp+ 2C03° + 2HpO
(15.2)
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Normalizing the concentrations of molybdenum, vanadium

and uranium with LOI reveals that there is a closer relation=
ship between uranium and vanadium than between uranium and
molybdenum (Figs. 77 and 78). The nature of the controlling
precipitating mechanism for molybdenum and vanadium does not
appear to be the same. Kaplan's remark (1974) that the
concentration of uranium may be controlled by certain classes
of organic compounds, may alsoc apply to vanadium and molybde=
num. Vanadium, however, seems to be more closely associated

with those compounds that precipitate uranium.

® SWA 2 x
X SWA 50
(3]
X X
X
x
v ° x
orsaie I o
o .
.
L) X
.
.
™ [}
X
.
1 i .|
0 2 4
u
LOI 500°C

Fig. 77: Variation diagram of vanadium plotted
against uranium for the diatomaceous
muds. Normalized with loss on ignition at
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.

o smn
x SWASD
L ]
Mo [
LOI S00°C | x X
[ [ ]
[ ¢ b § )
x X ° x
[ ] x *
[ ]
1 1 -
0 2 [3
—M
LOV 500°C

Fig. 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. Throughs
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
Sossus Rivers respectively. It is certain that beneath the
shifting sand dunes, water still flows, as the dunes are
broken and disorientated in the region of ground-water flow
(Fig. 1). These choked river valleys may be possible target
areas for uranium exploration. From Walvis Bay northwards,
the highest uranium concentrations lie opposite the
Kuiseb, Swakop, Omaruru, Ugab, Unjab and Hoanib River
mouths.

In the future, the diatomacecus muds may become an
economic mining propeosition, not only from the uranium aspect,
but from the aspect of other metals as well (Table 48).

TABLE 48: MAXIMUM CONCENTRATIONS OF ELEMENTS IN DIATOMACEOUS
MUDS (CALVERT AND PRICE, 1970, p. 594)

ELEMENT CONCENTRATION (ppm)
Cu 129
Ni 455
Pb 32
Zn 337

Add to this list uranium, vanadium and molybdenum, and it
certainly becomes more attractive, especially when considering

the fact that all of these elements are directly associated
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with the organic, and possitkly the phosphate, fractions.
The selective dissolution of the organic matter and separation
of the metals from the inorganic fraction would provice a

significant concentrating factor.

15.2 Summary

Seawater is undersaturated with respect to rare
metals, whereas.in the diatomaceoué muds some elements are
significantly concentrated. The mechanisms for enriching
certain elements in the mud were considered. The distribution
cf uranium, vanadium and molybdenum in the muds is hetero=
geneous and it wos 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 URANIUM DEPOSITS

The report released by the BECD (1973) concerning
the resources, production by and demand for uranium by
developed and underdeveloped countries, concluded that Ehe
rate of new discoveries must total 2,3 x 10° tons U,04
per year until 1990, This means that the total potential
reserves inust i;crease by 2,5 x 10° tons Us0, over this
period. In basic terms, a further twenty-five deposits
with the potential of the Langer Heinrich (10° tons U,0;)
must be discovered over the next fifteen years. As a result
greater orientation problems will be encountered during
exploration for the hidden uvranium ore deposits.

The establishment of a clascification system of
uraniferous ore bodies would group them in accordance with
favo.rability criteria based on genetic sequences and mode
of occcurrence. 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 guickly 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) Metallotectonie controls.

(a) 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 Tumas Types would be
typical duricrust deposits. There are, however, some
essential differences, such as the magnetic anomalies
associated with the Tumas Type. The common features are the
mode of introduction into geochemical cycle, the mode of
deposition and, partially, the mode of transport.

Ziegler (1974) differentiates the world uranium
ore-bodies in terms of metallotectonics and therefore
classifies the Yeelerrie and Namib Desert epigenetic calcrete
deposits into different types. The Yeelerrie deposit is
related to a stable continental crust, whereas those in the
Namib Desert are associated with an ancient mobile belt.

In the opinion of the 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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Fig 79 A genetic classification for the Langer Heinrich and Tumas Type uranium ore deposits in terms of the geochemical
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Firstly, the uranium for both the Langer Heinrich and
Yeelerrie deposits was basically derived from a low-grade
granitic source. Secondly, the host rock is very similar
when the Langer Heinrich deposit itself is considered,
but dissimilar for the Langer Heinrich Type deposits in the
gypcretesof the Tumas River Valley.

This may be sufficient ground to further subdivide
the deposits in.terms of host rock and type, although possibly

inadvisable with regard to (a) and (b) below:

(a) Stratiform deposits in calcrete.
(b) Stratiform depcsits in gypcrete.
(c) Dispersion halo in gypcrete.

Generally a metallotectonic classification is important
in the broader sense, but it does not find application when
considering the duricrust deposits of the Yeelerrie, Langer
Heinrich and Tumas Types on a local scale.

The affiliations of the duricrust deposits to other
types of uranium deposits in Southern Africa are illustrated
in Fig. B0, which has been adapted from the genetic classifis
cation proposed by Barnes and Ruzicka (1972). This system is
in fact a behavioural account of the crustal characteristics
of uranium through the mechanical, chemical (at both high
and low temperatures and pressures) and magmatic prccesses
resulting in its ubiquitous distribution througnout time and
space.

The relationships between ages of hest rock and the

e mE—s AR SIIL CTIID SHSP SIIS SINS SLLE SIS oINS O aaw GRS SNED WEN) MEEN S

mineralization found in them for the Southern Africam uranium

deposits are given in Fig. 81,
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Fig 8l1: 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 mineralization
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 and
the tectonic or petrogenetic processes that acted upon or
formed the uranium deposits may yield fundamental information
conrerning classification and favourability criteria of the

uranium mineralization and genetic history.
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17. . SUMMARY AMD 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 geclogical and geochemical aspects of uranium
mineralizatior were investigated in order to determine the
geochemical factors that controlled the formation of epigenetic
deposits in the Namib Desert.

Paragenetic relationships between the basement rocks
were established from rare-earth element distributions. The
Bloedkoppie and Gawib Granites are late-syntectonic in age,

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 celcite saturation, indicating that the
formation of calcrete is still in progress. Montmorillonite

and not kaolinite is the steble clay mineral, 1t wes predicted
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that both_soddyite and carnotite would coexist in calcrete
and this was confirmed by X-ray diffraction analysis.

The distribution of uranium in the subsurface water
is controlled by the pH and carbonate content, with uranium
principally in the form of the soluble uraenyl dicarbaonate
complex. [issociation 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 circulatirg 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). Orgenic matter was the main precipitating agent
and the heterogenecus distribution of uranium, molybdenum and
vanadium is due to the selective uptake of these elements
by particular organic compounds.

A classification system was proposed that would
provide guide%ines concerning favourability criteria for

uranium mineralization in this region.
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APPENDIX 1

PREPARATION AND PURIFICATION OF THE SPIKES 22%ThH, 233,

AND 232

229 1 (7.3 x 10% 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 223Th spike obtained
from Harwell in the UK was not pure for it also contained
228Th, which is naturally occurring. Fortunately this did not
interfere with the determinations as 2?2®Th 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 22%Th could be calibrated it was purified in the
usual manner to remove any daughter products that had grown in.
(For example %2?*Ra and ?2%Rn from 228Th, and 22%Ac from 229Th),
Calibration was done on the same day as purification, otherwise
the calibrated value would also include the a-activities of
the daughters. Experimentation showed that 22%pa could be

detected after six hours.

233ps (27,4 d)

2333 was a synthetically prepared radicactive 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 facilijy (the method of purification was similar
to that used in Table 9). Purification of the 23%Pa was
necessary to remove all 232Th remaining. The method used
was exactly the same as for the general purification of
protactinium. A milking procedure was used whenever 233Pa
was required. A new sample had to be prepared after two
weeks because of the relatively short half-life of 233Pa
and the production of 233U, About 70 ut of the 233p,
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 233Pa activity,

to which the yield correction was normalized.

232 (71,7 v)

232 § does not occur naturally. It is, however,
useful because it is mono-energetic and does not have other
uranium isotope contaminants. The radiochemical centre,
Amersham, UK, were the suppliers, Calibration was done
after the 232 had been purified using anion exchange in
the chloride form (Table 9) from which 228Th and 22%Ra

daughters were removed.
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APPENDIX 2

CALCULATIONS FOR THE DETERMINATION 07 CHEMICAL YIELD FOR
THORIUM, PROTACTINIUM AND URANIUM ISOTOPES

Nomenclature:

- 2130

(AO)z:o_' actual activity of Th

m L 238
%’“ measured activity of u

(Ao)EIP - actual activity of 2?'Pa in standard
ﬁiln - measured activity of 2%'Pa in standard
331 - measured activity of 23'Pa in sample

X, a5 - decay constant of 22%j (9,76 x 10°'°)

X, a0 - decay constant of 23* (1,54 x 1071!%)

number of atoms of 2%%(

235
N - number of atoms of 2?%y

238
Ea - 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

2291h and %y only.

Uranium:

m
(Ao)yy, = Al oE .Y (1)
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(Aoks2 = AT,:.E”.Y (2)

As uranium only was involved, the chemical yield (Y) and geo=

metry (Ea) was constant for both 2*%J and 2N respectively.

The same applies to 2%,
m
(Ro)y s, Az (3)
(Rodyy, M
232
m
A . (Ao},
. 23% 32 ,
(Ro)y,, = o (4)
232
A" . (Ao)
. 230 232
Similarly (Ao),,, = G (5)
232
23
The ~U/2"U ratio is derived from equations (4) and (5).
Thorium

The thorium spike was a mixture of 22%Th and 222Th,
A correction must be applied to remove the 228Th activity

contribution.

(AO)TUTAL = (A°;z9 + (Aoaza (6)
m

(AOLZO = Azz‘ . Ea' Y (7)

(Ro)yyy = Appg - E o ¥ (8)
m

(Ao, . Arze - R (9)

(Ao, A':"

(A°%2o = R(Ao)zz’ (10)

(AO)TDTAL = (Ao)zz’ + R(AO)zzo = (Ao)zzo (1 +R)

(11)
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(Ao)ypraL
(1 + R)

(AD )229

(ARo)
A
- —ToraL (12)

1L+ A

AI'll
229

The value of (1 + R) should be constant for the spike solution.

Using the samemethod of calculation, the activity of 2?°Th

is determined as follows:

AT .(Aa)
(Ac),s0 = 2130 . 229 (13)
Azae

The 23Th/23%) ratio is derived from equations (4) and (13).

Protactinium

The calculation of the ?3!'Pa/23%y ratio is slightly
more complicated because both Icctopes come from different

decay chains, the 23% and 23% chains respectively.

STD

Pa: (A0)3TD - (A0)2™P o % . W (14)
2131 21358 2135 238

Us (Ro)Zie = (Aadpip = haas - Nass (15)
STD STD

(o), 51 = WY . N2’5 (16)
zA°523~ Ar3e L P

Relationships in equation (16) were determined from a standard

uranothorianite sample from Phalaborwa which was in radioactive
equilibrium. The atom ratio (N2’5/N2

spectrometer.
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(ho)33y = A?JP-YI-EQ‘

(a~spectrometer
S S
fRo)3s = Az:l-Y-Ea

STD _ ,5TD .,
(Ao)2,3 = Az;s'Y .EY
(y-spectrometer)
S S
(AO)zss = Az;s'Y'Ey
STD STD
Arsa . (Ao) gy, Y
S = 5 Y
Ay (Aely, Y
STD STD
Riss _ (thsz . i_
S - S 1
A233 (A0)233 Y

egquations (19) and (20),

STD ,STD STD STD
Aar Paas _ (Aoljyy ,(Ao)zgs
3 S - S S
Aray Prss (Ro)y,, (Roly,
(Ao)STD = ATD 1 ¢
238 23n a
(y-spectrometer)
5 S 11
(Rolyy, = Ag,, Y 'Ea
STD STD
Az;.. (A0)23~ Yll
S - S Y
Az’b (Ao)zsg, Y
RGN, IOty
(a-spectrometer)
S S 111
(A°L32 Azn .Y .Ea
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(17)

(18}

(19)

(20)

122)

(23)

(24)

(25)
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STh STD
Azu ) (Ac:)zu y31 (26)
AS B (Ao)s ] yi!
232 232

Combine equations (24) and (26)

STD STD STD STD
Azas Auz _ (AO)zu (Ao)zaz_ (27)
AS T aS T (Ae)® T (Re)?
23 232 238 292
Now
S S STD STD
Ay sy Aan Azn AZas (28)
5 = 7STD * 61D " ,5
Azas Aan PPN Azan
Substitute equations (16), (22) and (27) into (28)
STD
STD STD STD
c ["235 Nz:s] (Ao, A2 (Ro)7a,
A 2 ° N : S ° .95 : S
—-—--;31 =L 238 2"-' _ Ao)zat Azu (Ag)zn (29)
A STD STD STD
23v (Ao)zzz Azsa (Ao)zn
(A°)isz A?aa (Ao)(‘;'“
231
= Es ;i sample (30)
234
| CONFIDENTIAL
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