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Uranium in South Africa *
by M.A. Fordt
SYNOPSIS
This paper reviews the history, sources, mineralogy, extraction metallurgy, conversion, and enrichment of
uranium in South Africa. Over the past 40 years extraction plants were bui!t at 27 sites, an9.over 140 .kt of
uranium have been produced. Older plants have had to adapt to changing market conditions, no single
technology has had the opportunity to become entrench~d, and costs haye been reduce~ to a third of
those of the original flowsheet. The research efforts aimed at develo~lng the country s nuclear raY"
materials have been particularly rewarding, as they have enabled South Africa to b~come ~ world leader In
the extraction of uranium from Iow-grade ores and to develop methods for uranium enrichment and the
production of nuclear fuels.
SAMEVAmNG
Hierdie referaat gee 'n oorsig oor die geskiedenis, hulpbronne, mineralogie, ekstr~ksiemetallurgie,
omsetting en verryking van uraan in Suid-Afrika. Daar is die afgelope 40 jaar ekstraksleaanlegte
op 27
plekke gebou en meer as 140 kt uraan geproduseer.
Die ouer aanlegte moes by veranderende
marktoestande aanpas, geen enkele tegnologie kon ingegrawe raak nie, en die koste is verlaag tot 'n derde
van die van die oorspronklike vloeidiagram. Die navorsings-pogings wat op die ontwikkeling van die land se
kerngrondstowwe gemik was, was besonder lonend aangesien hulle Suid-Afrika in staat geste! het ~m :n
wereldleier wat betref die ekstraksie van uraan uit laegraadse ertse te word en metodes te ontwlkkel vir die
verryking van uraan en die produksie van kernbrandstowwe.

BACKGROUND
Uranium, the last naturally-occurring
element
in the
Periodic Table, was discovered in 1789. It is a dense,
silvery-grey metal that is chemically highly reactive and
forms a number of brightly-coloured oxides and salts. Prior
to the 1940s, uranium was found commercially only in the
form of salts to colour glass and ceramics. It was
essentially only a scientific curiosity'.
Early research into the therapeutic uses of radium by
Madame Curie in the early part of the century resulted in
significant amounts of pitchblende ore being mined for its
radium content. The major constituent, uranium, was
discarded2. Small quantities of uranium were produced in
Australia between 1906 and 1931, and exploration for
uranium began in earnest in 1944, leading to the exploitation
of the Rum Jungle, South Alligator Valley, and Mary
Kathleen deposits, and the discovery of uranium in South
African gold ores. Previously, the rich pitchblende deposits
at Shinkolobwe in the Belgian Congo, Great Bear Lake. in
Canada, and Joachimsthal in Czechoslovakia were thought
to be the only significant sources of uranium in the world3.
The development of the atom bomb first brought uranium
into prominence. The bomb was a practical demonstration
of the chain reaction and, although initial nuclear
developments were restricted to armament applications, the
potential use of uranium as an energy source became
apparent. It was only in 1954 that the USSR brought the
world's first nuclear power station into operation. This
5 MW plant was the forerunner of a now well-established
nuclear-power-generating programme. At the end of 1987,
417 reactors were operative in 26 countries, representing
about 17 per cent of the world's total electricity-generating
capacity. Nuclear power's share of electricity production
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ranges from 70 per cent for France to 0,5 per cent for
Brazil, with five countries exceeding 40 per cent4.
Prior to World War 11, the small quantities of uranium
required were obtained from high-grade deposits, and the
extraction techniques employed were suitable only for highgrade ores. The subsequent massive increase in demand
meant that methods had to be developed for the processing

.of low-grade

ores.

After extensive research work, the resin ion-exchange
route for uranium extraction from dilute sulphate liquors
was discovered in 1949. By 1952, the first resin ionexchange plant for uranium processing started up in South
Africa, and by 1959 there were 17 plants producing
uranium in South Africa alone. This pattern of events was
repeated in the USA, where 24 mills were. operating by
1960. Other major areas for expansion were Canada and
Australia. By 1959 there were 19 Canadian mills and 5
Australian mills and, during that year, the total world
production peaked5 at 36,757 kH.
This boom created oversupply on the world market, and
between 1962 and 1968 no new plants were initiated in the
Western World6. In 1968 only 16 mills were operating
in the USA, four in Canada, one in Australia, and seven
in South Africa5. The industry recovered in the mid-1970s,
and reached its peak in 1980; since that time, it has
declined steadily.
Cumulative uranium production in the WOCA (World
Outside Centrally Planned Areas) to the end of 1984 is
estimated at 777 kt, more than 75 per cent of this
production being derived from Canada, South Africa, and
the USA. Other important producing countries have been
France, Australia, Zaire, Gabon, and, more recently, Niger
and Namibia6. In 1980 the production of these countries
was 44,243 kt, declining to 36,691 kt in 1987 and 32,550 kt
in 1990. However, until 1990 very little uranium reached
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the international market from the Eastern Bloc or China
(about 800 t in each of the three preceding years), but since
that time there has been a sharp increase to 4,1 kt in 19907.
In the early days (1953), as an incentive to prove
substantial reserves of uranium, special prices were offered
calculated on a cost-plus basis, in the region of $10 per
pound of U3Og. In 1959 Canadian production reached a
peak of 12,25 kt2. In November of that year, the United
States Atomic Energy Commission (USAEC) announced
that it would not take up its options to purchase additional
uranium from Canada and, as a consequence, the scale of
operations had to be reduced. To overcome this problem,
the Canadian Government initiated a stockpiling
programme in the early 1960s, which continued into the
early 1970s2.
By 1972 the international uranium market was in a
chaotic state because of production over-capacity, the
existence of large stockpiles, and the efforts of some
countries to reduce the price to an absolute minimum
regardless of the consequences to the producers. In order to
protect the domestic uranium industry in the USA, uranium
originating from other countries and enriched in the USA
was excluded from US markets, which at that time
represented
70 per cent of the world market.
Simultaneously, USAEC sold its enriched uranium based
on a price of $8 per pound of U3Og feed, and in effect this
set the world market price.
In 1973, the Arab oil embargo and the fourfold increase
in the price of oil motivated several countries to expand
their nuclear-power programmes. It soon became apparent
that there was not enough uranium to supply the total
demand. In early 1974, Canadian producers quoted $12,50
per pound of U3Og, and by the end of that year the world
market price was $15 per pound of U3Og, approximately
twice that of a year earlier. The price continued to rise, and
by early 1976 it had reached $40 per pound of U3Og. It
attained its zenith of $43,40 per pound of U3Og in May
1978, and then declined to a Nuexco exchange value of
$7,75 in June 1992. This precipitous drop was due, at least
in part, to panic sales of excess inventories carried by
utilities with cancelled reactor projects, and to competition
from producers who were forced to close their high-cost
operations and fulfil their delivery obligationsg.
South African and world uranium production and prices
from 1952 to 1991 are shown in Figure 1. Until 1986 South
Africa's production rate was maintained at between 14 and
18 per cent of the world total, but has declined steadily
ever since.
DEVELOPMENT

OF THE SOUTH AFRICAN URANIUM
INDUSTRY

The South African mining industry responded promptly in
1945 when called upon by Field Marshall J.c. Smuts, then
Prime Minister, to assist in acquiring uranium for the
Manhattan Project. The industry undertook to assist in
investigating the low-grade uranium mineralization found
in association with gold in the Witwatersrand mineslO.
Until 1948 the development of South Africa's uranium
production remained in the hands of the Prime Minister and
a few very highly-placed government officials, together
with the heads of the CSIR, the Geological Survey, and the
Government Metallurgical Laboratory (GML, now Mintek)
38
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and, through the establishment of the Uranium Research
Committee, a handful of top-echelon representatives of the
gold-mining industry. Controls had been placed on any
activity associated with uranium by the promulgation of
two War Measures but, as hostilities came to an end, it was
realized that more-permanent legislation was required. A
draft bill was drawn up and submitted to Parliament, and
was duly passed and entered in the statute books before the
end of 1948. This Atomic Energy Act of 1948 repealed the
War Measures, and brought the Atomic Energy Board
(AEB) into being. From that time, all nuclear matters in
South Africa became the responsibility of the Board.
Although the Chamber of Mines had, for most of its
existence, concerned itself exclusively
with gold
production, it made an exception for uranium; it would
have been unpractical to have allocated the coordination of
uranium extraction and marketing operations to a separate
organization when the uranium was to be recovered as a
byproduct of gold-mining operations. Thus it was that the
Chamber was involved from the outset, not only in the
production of uranium, but also in its marketing. In the
mid-1960s, when the first signs emerged of an ordinary
commercial demand for uranium as distinct from a strategic
demand, the Chamber established its own uranium sales
organization. This body undertook the negotiation of the
terms and conditions of uranium sales contracts, even
though the formal contracts were concluded between the
AEB and the buyer because, in terms of the original Act,
ownership of uranium was vested in the State. In 1967 the
Act was amended, and one of the changes was the
restoration of this ownership to private enterprise.
In 1970 the then Prime Minister announced in
Parliament South Africa's outstanding achievement in
developing its own new process for the enrichment of
uranium, as well as the extensive associated technology.
This declaration marked the culmination of almost ten
years of intensive secret research, based on the realization
that most future nuclear-power
reactors would use
enriched, rather than natural, uranium as fuel. With South
Africa's abundant uranium resources, the acceptance of
this prediction indicated that, by marketing the uranium in
its most sophisticated form, South Africa could double its
foreign-exchange earnings from uranium sales. However,
it took another 18 years of effort before the start of semicommercial production.
The first notification that Witwatersrand gold ores
contained radioactive substances dates from 1915, and is
attributed to Dr A.W. Rogers, Director of the Geological
Survey at that time. In 1923, when investigating the
constituents of a concentrate obtained from corduroys,
Mr R.A. Cooper identified uraninite, a heavy black mineral
with a relative density of between 9 and 10. This was of no
economic significance at the time, but in 1944 a literature
survey unearthed Cooper's paper to the Chemical,
Metallurgical and Mining Society, and a major sampling
programme on the Rand was initiatedll.
In the spring of 1945, a preliminary report was
completed, and the findings were submitted to Professor
G.W. Bain of Amherst College, who was then serving on an
Advisory Committee for the Manhattan Project. Following
a visit to the Rand by Professor Bain to examine several
underground mines using a Geiger counter, provision was
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African and world uranium production and price (after Merritt5 and the Chamber of Mines of South Africa9)

made for the collection and despatch via the Government
Metallurgical Laboratory, of a series of 200 Ib samples
from Blyvooruitzicht, Vogelstruisbult, Western Reefs, and
East Daggafontein mines. The samples from each of the
mines were split into three portions: one portion of each
was sent to the USA, one portion was retained at the GML
for testwork, and the third portion was reserved for
despatch to the United Kingdom, if required. Shortly
thereafter, a further request was received for 5 t samples
from the four sample mines. These samples were obtained
with great difficulty because the grade requested was
considerably higher than that of the run-of-mine ore, and
required selective mining. This was pointed out by the
GML, because it appeared that the US authorities thought
the Rand deposits were of a much higher grade than they
actually were. In Professor L. Taverner's view, it is
doubtful whether these deposits would have attracted the
serious and urgent attention they did, if the correct value of
the ore mined had been fully realizedll.
The uranium-ore samples were of a much higher
uranium content than the average ore mined, but even then
they were of a grade that was regarded as uneconomic by
the uranium producers of the time. The first thought was
therefore that the ore would have to be concentrated before
any idea of leaching for the extraction of the uranium
could be entertainedlZ.
Two of the 5 t lots were dispatched to the Massachusetts
Institute for Technology (MIT), and two to the Bureau of
Mines Laboratory in Ottawa. The position had changed
somewhat by this time, and doubts were being expressed
Journal of The South African Institute of Mining and Metallurgy

both as regards the accuracy of the uranium assays and the
ability to establish an economic recovery process for such
low-grade material. As the investigation proceeded, the
decision was taken that all pilot-plant work would be
performed in South Africa, and the design of flotation
concentration plants was pushed ahead. Construction of a
pilot plant commenced on the Blyvooruitzicht Mine, and an
existing plant on Western Reefs Mine was made available.
A third was subsequently located at Sub Nigel Mine, and all
three were the responsibility of the GML. Concurrently, the
flotation approach was losing ground to the concept of
leaching the cyanide residues from gold extraction, and the
pilot plants were enlarged to accommodate leaching
sections. The Blyvooruitzicht and Western Reefs pilot
plants came into operation in October 1949 and March
1950, respectivelylO.
Once the need for concentration had been accepted, the
question arose as to how this would be carried out and how
analyses for uranium could be done; the small amounts
made existing methods unsuitable and misleading. The
analytical problem was of tremendous importance, and was
solved only after much hard work overseas and at the GML.
All the initial mineralogical
work was done by
Liebenberg13 of the GML and, when he had completed his
work, he and the GML were undoubtedly the authorities on
the occurrence of uranium-bearing
minerals in the
Witwatersrand ores. The mineralogical examination of the
products of the first flotation tests showed that the uranium
was present as minute discrete inclusions of uraninite in a
coal-like material, which was described as thucolite.
FEBRUARY 1993
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Leaching
and Filtration12
The first leaching experiments were done at the GML in
1946, when a high-grade flotation concentrate was leached
with chlorine. Almost complete dissolution of the gold and
uranium
was obtained,
but it was later found that
concentrates of a grade that would justify leaching with
chlorine would be rare. Attention was then diverted to
leaching with sulphuric acid and ferric sulphate. The
progress in these tests soon made it clear that this was the
process to be used in practice, and the decision was made
that pilot plants would be constructed for the leaching of
cyanidation residues, not concentrates.
Several possibilities were considered for the supply of the
sulphuric acid and ferric sulphate that would be required in
future operating plants. The auto-oxidation process, which
introduced sulphur dioxide and air into a solution of ferrous
sulphate to produce the required reagents, was selected.
Although this process was suggested by workers in the
USA, the operating conditions and detailed chemistry was
worked out at the GML. Despite the original enthusiasm for
this process, it was not the one that was finally adopted,
because cheap sources of pyrolusite were available as a
simple alternative.
The slow filtration rates experienced on the pilot plant at
Blyvooruitzicht
came as a shock, and threatened
the
economic viability of the extraction process. An intensive
search was begun for a flocculating agent that would be
effective in the presence of acid. Eventually,
ordinary
animal glue produced a significant improvement
in the
filtration rate, and remained in use for several years as the
flocculant used in uranium-extraction plants.
The difficulties encountered
in the filtration of acidleached pulps did not hold up the investigation into the
recovery of uranium from pregnant solution. Techniques
based on controlled neutralization
of the acid produced
extremely low-grade precipitates.
Better results were
obtained when the uranium was precipitated as a phosphate,
but pilot-plant tests were less successful. However, this
work led to a patented process in which the uranium was
recovered as a copper-uranium phosphate.
Ion Exchange12
The above method was superseded by the advent of anionexchange
resins that could provide a complete
and
satisfactory method for the recovery of uranium. Strongbase anion-exchange
resins were developed by the Dow
Chemical Company in 1948, and in 1949 workers at the
Batelle Mineral Research Institute noted their applicability
to the removal of uranium from phosphoric acid solutions.
There was much to be learnt about ion-exchange resins,
and tests were undertaken on the pilot plants and at the
GML. It was soon learnt that the resin could be 'poisoned'
by certain constituents in solution, and the GML undertook
studies to find a way of regenerating poisoned resin.
Implementation
The first uranium plant was opened at the
Consolidated Mine in October 1952. This date
dividing line between the pioneering period
activity, during which the knowledge
and
essential for the construction
and operation
uranium plant were acquired, and the period
activity, during which the industry was able to
on detail and tie up loose ends.
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West Rand
marked the
of intense
techniques
of the first
of normal
concentrate

Four more plants were commissioned in 1953, and
production accelerated rapidly until 1959, when 26 mines
were feeding 17 plants for a total production of 4,953 kt of
uranium. Thereafter, the needs of the world's armaments
programmes declined, and uranium production in South
Africa followed suit, reaching a nadir of 2,262 kt in 19651.
At that time the relative abundance and cheapness of fossil
fuels did little to encourage development of the embryonic
nuclear-power industry. However, the situation changed
drastically in the 1970s with the advent of the world oil
crisis, and the demand for uranium rose rapidly. This
stimulated the South African uranium industry to the extent
that by 1980 it had almost trebled its production, to 6,147 kt.
Many decades of gold-mining activities had given rise to
vast tailings deposits containing substantial reserves of
uranium. The favourable uranium price led to the initiation
of three large tailings-treatment operations in the East
Rand, Klerksdorp, and Welkom areas, with all three
becoming significant uranium producers. In 1982, South
Africa's first primary uranium-producing mine, the Beisa
Mine, was brought on-stream.
In the 1980s the growth of the nuclear-power industry
declined, and a number of planned plants were cancelled.
Demand for uranium dropped, and so did the price. The
result was a rationalization of the South African uranium
industry. At the end of 1983, 18 uranium plants were in
operation, and at the end of 1991 only 5 plants were still
operating. Simultaneously, production dropped from 6,060
to 1,712 kt. The history of South Africa's uranium
production by plant is shown in Table I.
OCCURRENCE
Uranium mineralization is present in rocks that encompass
almost the whole of the geological history of South Africa.
However, significant mineralization is limited to five welldefined time periods. The oldest type is that hosted by
quartz-pebble conglomerates, which fall in the range of
2900 to 2400 Ma. Uranium-bearing alkali complexesPhalaborwa (2000 Ma) and Pilanesberg (1400 Ma)-and
granite gneisses (1950 to 1000 Ma) are somewhat younger.
Uranium occurs both in coal seams and in sandstones of
the Karoo Sequence (300 Ma). The youngest uranium
mineralization occurs in a variety of tertiary to recent
sediments, which include calcretes, peaty diatomaceous
earths, beach sands, and phosphates. The distribution of
uranium provinces in South Africa is shown in Figure 2.
Quartz-pebble Conglomeratesl.14
Uraniferous quartz-pebble conglomerates are found in four
distinct sequences of rocks, namely the Pongola Sequence,
the Dominion Group, the Witwatersrand Supergroup, and
the Transvaal Sequence. The Pongola Group is the least
important of the four, and virtually no uranium resources
have been identified. Considerably more important is the
Dominion Group, where two conglomerate horizons
carrying gold and uraninite occur near the base of the
Group. The Witwatersrand Supergroup is divided into the
lower West Rand Group and the upper Central Rand
Group; both contain uraniferous
and auriferous
conglomerates, but the Central Rand Group is far more
important, containing 87 per cent of South Africa's uranium
resources in the lower cost categories. The sediments of this
Group were deposited in a fluvial-fan environment.
Journal of The South African Institute of Mining and Metallurgy
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provinces of South Africa (after Brynard et al.4)

Six major fluvial fans have been identified along the
northwestern margin of the basin-the Evander, East Rand,
West Rand, Carletonville, Klerksdorp, and Welkom
Goldfields. From the bottom upwards, the main uraniumbearing reefs in these fans are the Beisa Reef of Welkom,
the Carbon Leader, a number of Bird Reefs on the West
Rand with their equivalents, the Vaal Reef of Klerksdorp
and the Basal Reef in the Welkom Goldfield, and the
Elsburg Reef of the West and East Rands. The Black Reef
formation of the Transvaal Sequence was mined for gold in
the past and is uraniferous in places. The reef is similar to
those in the Witwatersrand Supergroup, but has a lower
uranium grade.
Two essential factors led to the development of the
quartz-pebble conglomerate type of ore deposit:
(i) the absence of vegetation, which promoted uninhibited denudation of the rocks, and
(ii) a specific geotectonic setting that created a sedimentalogical environment in which recurrent reworking
and winnowing processes concentrated the heavy
minerals in an extremely efficient manner.
The major uranium-bearing reefs, i.e. the Basal, Beisa,
Vaal, and Carbon Leader Reefs, are small-pebble
conglomerates, the largest pebbles ranging from 8 to
15 mm in diameter. These laterally persisting reefs are
relatively thin (less than 50 cm), and are characterized by
the presence of discontinuous patches of carbonaceous
matter (a few millimetres to 2 m across and on average
5 cm thick) at the base of 'false footwalls' within the
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conglomeratic
unit. They are therefore called conglomerates of the carbon-seam type, whereas the coarsegrained conglomerates
are known as banket-type
conglomerates. The latter variety is found in areas proximal
to the apex of the fan, and the carbon-seam type in the
distal part of the fan.
The unconformities on which the carbon-seam type of
reefs were deposited 'were relatively flat, the palaeorelief
rarely exceeding 50 cm. In certain areas on the erosional
surfaces, conditions were favourable for the development of
micro-organisms that, during their growth, captured the
heaviest minerals of the mineral assemblage (which
happened to be the ore minerals), viz gold and uraninite.
After it had been buried, the organic matter was
transformed to kerogen.
The size and concentration of the pebbles and heavy
minerals tend to decrease down the palaeoslope of the fan.
The areas in which gold and uraninite were deposited overlap.
Because of differences in the physical properties of the two
ore minerals, the uranium mineralization is found lower down
the palaeoslope than the gold, which is more concentrated
towards the apex of the fan. Gold and uranium are also
concentrated in some pyritic laminae and in quartzite.
The conglomerates, which are grey to dark-grey, are
composed of a coarse fraction of waterworn pebbles set in a
finer-grained matrix of quartz, silicates, and heavy
minerals. The longest diameters of the pebbles range from
4 to 100 mm, and the grain sizes of the matrix lie between
0,004 and 2 mm, with the sand-sized fraction of 0,06 to
Journal of The South African Institute of Mining and Metallurgy

2 mm being the most important. The overall mineral
composition is generally the same for the conglomerates:
quartz
70 to 90 per cent
silicates
10 to 30 per cent
pyrite
I to 4 per cent
other heavy minerals
2 to 4 per cent.
The heavy minerals and silicates listed in Table 11make
up the matrix cementing the pebble fraction.
The association of pyrite with uraninite and gold is of a
purely sedimentalogical nature, and concentrations of pyrite
do not invariably carry uraninite and/or gold-their
presence depends chiefly on the supply from the source
rocks at the time of sedimentation. The other sulphides
(pyrrhotite, sphalerite, galena, chalcopyrite, marcasite,
mackinawite,
millerite, and pentlandite)
were all
precipitated after the detritus had been deposited, and occur
only in subordinate amounts.
Composite rutile-Ieucoxene
grains are second in
importance after pyrite. They represent alteration products
of unknown precursor minerals, ilmenite being the most
likely species. The leucoxenic portion of these grains
(leucoxene is the earthy variety of rutile) played an
important role in the formation of brannerite-type minerals,
which are discussed later.
The following uranium-bearing minerals (all containing
tetravalent uranium) contribute to the mineralization in the
reefs that are mined for uranium:
Vraninite
VOz, enclosed in the matrix or
by kerogen
Brannerite-type minerals V I-xTiz+xO6
Coffinite
(V,Th) SiO4
Vraniferous zircon
ZrSiO4.
Vraninite was introduced into the sediments as uraninite
of detrital origin, whereas brannerite and coffinite were
formed, after the sediments had been deposited, from the
reaction of the uraninite with circulating solutions. The
uranium content of the uraniferous zircon is negligible,
and coffinite is a rare mineral in most of the uraniumbearing reefs.

The most important carriers of uranium as observed today
in the sediments are primary uraninite and minerals of the
brannerite type, which occur in most reefs in approximately
equal amounts.

Uraninite
Most of the uraninite grains are well-rounded,
but
idiomorphic grains are not exceptional. Minute specks of
galena are dispersed in the uraninite, and may constitute up
to 20 per cent by mass of the total grain. The galena was
formed from lead, a product of the radioactive decay
of uranium.
Vraninite occurs in the matrix as single grains, in small
groups, in large clusters of a hundred or more grains, or
enclosed by kerogen. Except for the Monarch Reef at West
Rand Consolidated Gold Mine, where uraninite commonly
occurs in large clusters, the amount of uranium contained in
the uraninite grains within the matrix (in the absence of
kerogen) is generally of subordinate significance.
Discontinuous seams of kerogen enclosing uraninite
identical with that occurring in the matrix are a regular
feature in the base of the major uranium-bearing
conglomerates, i.e. the Basal, Beisa, Vaal, and Carbon
Leader Reefs. During sedimentation, most of the detrital
uraninite was captured by micro-organisms, which were
transformed to kerogen after they had been deposited. The
uraninite enclosed by kerogen is usually fragmented, the
size of the uraninite fragments ranging from submicroscopic to the size of dental uraninite, which averages
0,075 mm.
During sedimentation, the uraninite escaped oxidation but
not dissolution, since there is ample mineralogical evidence
that the uraninite grains in the matrix that were not
protected by kerogen reacted with their environment to
form brannerite species or coffinite; alternatively, the
uranium was leached from the grains.
Coffinite
The uranium silicate coffinite, which, like uraninite and
brannerite species, contains abundant inclusions of galena,
is a rare constituent in most of the uranium-bearing reefs.
However, it is a fairly common component at Cooke
Table 11

Heavy minerals

and phyllosilicates

Major constituents
Pyrite

Rutile
Leucoxene

separate or
} As
composite grains

Chalcopyrite

Sericite
Chlorite

Cobaltite
Gersdorffite
PYrrhotite
Sphalerite
Galena

Zircon

}

Phyllosilicates

reefs

Minor constituents

Rare constituents

Gold

Arsenopyrite

Chromite

Pyrophyllite

in the matrix of uranium-bearing

}

Sulpharsenides
Platinum-group minerals
M_ioo

}

Sulphides

Anatase
Uranium-bearing minerals
Uranium-bearing minerals

Pentlandite
Mackinawite
Millerite

}

Sulphides

}

Phyllosilicates

}

Yttrium
phosphates

Tucekite
mite

Kaolinite
Chloritoid
Tourmaline
Churchite
Xenotime
Apatite
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Section and Western Areas Gold Mine, where it is
typically associated with the yttrium phosphates xenotime,
YP04, or churchite, YP04.2H2O. Coffinite is also found in
the eastern portion of the Basin in reefs that are mined only
for gold because their uranium content is low.
Brannerite-type minerals
The brannerite-type minerals are important carriers of
uranium and, in the absence of kerogen, the volume of
these minerals may exceed that of uraninite.
Two distinct species can be recognized according to their
optical characteristics: one resembling leucoxene, and the
other brannerite of hydrothermal origin. The optical
differences between the two varieties are linked to a
compositional delimitation that can be expressed as a ratio
between the oxides of uranium and those of titanium. The
species with a ratio below 1 are referred to as uraniferous
leucoxene, and those above 1 as brannerite.
The occurrence of brannerite species is particularly
striking in the Carbon Leader Reef, in which the
precipitation of chloritoid, the metamorphic indicator
mineral, is also pronounced.
Alkaline Complexesl
Several alkaline complexes occur in Southern Africa, two of
the more important ones being the Phalaborwa Complex and
the Pilanesberg Complex. This latter complex is a perfectly
circular outcrop and contains, in addition to uranium,
elements such as beryllium, strontium, yttrium, rare earths,
zirconium, hafnium, niobium, tantalum, and zinc.
The Phalaborwa Complex was originally expressed as a
low hill called Loolekop, which attracted attention more
than a century ago. Prospecting by Dr Hans Merensky led
to the exploitation
of apatite from the pyroxenite
surrounding Loolekop. The presence of vermiculite was
established in 1946, and that of uranothorianite in 1952.
Although the radioactive minerals were economically
unattractive, exploration resulted in the discovery of a very
large low-grade disseminated copper orebody hosted by the
carbonatite and surrounding foskorite. Considerable
quantities of the zirconium-containing mineral baddelyite
were also identified.
The Palabora Mining Company was formed in 1956 to
prospect and develop the ore deposit, but no attempt was
made to exploit the uranium until 1967. Towards the end of
1969, after the development of novel and successful
gravity-concentration and chemical-extraction techniques
largely by the National Institute of Metallurgy (NIM, now
Mintek), feasibility studies were completed and the
construction of a full-scale plant commenced. This was
completed by mid-197l, and production began in August of
that year.
Karoo Sandstonel
The Karoo sequence covers about 66 per cent of South
Africa. The presence of uranium in the Karoo was first
noted in 1967 during a search for oil. Uranium deposits
have since been located in a broad arc stretching some
1200 km from Aberdeen through Beaufort West to
Sutherland, and to the Orange Free State and Qwa-Qwa
in the north.
Uranium mineralization in the Karoo occurs in alternating
layers of sandstone and mud stone and/or siltstone. The
average thickness of the sandstone is 15 m, and of the
mudstone/siltstone 22 m. Mineralization generally occurs in
44
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the thicker parts of channel sandstones, especially in the
lower parts. Mineralized sandstones are dark grey to black
and often calcareous. They are discontinuous, and seldom
exceed a few metres in extent. Their thickness varies from a
few centimetres to 7 m. Uranium, mainly in the form of
coffinite, is associated with organic carbon or calcite, or
both. The concentration of molybdenum tends to favour
organic-rich pods, but is not exclusive to calcite-rich lenses.
Other associated elements are Cu, As, Pb, Zn, Co, V, Mn,
and P20S' The uranium concentration averages about 1 kg/t
over a thickness of 1 m.
Trial mining and flowsheet development have been
carried out, but no commercial operation has commenced in
the Karoo.
RESOURCE

ESTIMATES8

Resource estimates are reported in terms of recoverable
kilotonnes of uranium (kt U) after deduction of the
expected mining and ore-processing
losses. These
estimates are divided into separate categories, reflecting
different levels of confidence in the quantities reported,
and are further divided into categories based on the cost
of production.
On 1st January, 1989, the South African uranium
resources in the 'reasonably assured' (RAR) and 'estimated
additional' (EAR-I) categories, recoverable at costs less
than $130/kg U, were 432,493 kt U from sources indicated
in Table Ill.
The Dominion and Witwatersrand Basins are the most
likely environments for the discovery of further resources
in the cost categories below $130/kg U, and the Karoo has
still to be fully explored.
South Africa has consistently maintained its resources at
about 14 per cent of WOCA's known resources and, at the
beginning of 1989, it ranked third after Australia and Niger,
with 13,6 per cent of the total reasonably-assured resources
exploitable at a cost of less than $80/kg U.
However, to place this in perspective, Figure 3 plots the
cost of uranium production against the RAR and EAR-I
resources. The available resources at the spot market price
of $25/kg U are about 80 kt U whereas, at prices for longterm contracts of $50/kg U, are about 140 kt U, which are
very much lower than the resources given in Table III43.
A major part (79 per cent) of South Africa's uranium
resources is present in association with gold in the quartzpebble conglomerates of the Witwatersrand Basin. The
price of gold is therefore of importance in categorizing
these uranium resources, as is the dollar/rand exchange rate.
The trend in production costs in South African gold mines
is increasing ahead of the gold price, thereby placing many
mines in danger of severe rationalization and possible
closure. This does not augur well for uranium production in
the longer term43.
MINING
In South Africa, uranium is mined as a byproduct of
gold on the Witwatersrand
and of copper from the
Phalaborwa Complex.
Mining on the Witwatersrand has been described by
Janischls in his paper on gold, and will not be described in
any detail here. Mining is taking place at depths of up to
Journal of The South African Institute of Mining and Metallurgy

Table III
Uranium resources-1st

Reasonably assured resources
Principal deposits
or districts

(in Id U)

Estimated additional resources

49,743
18,732

42,615

25,116

27,666
0,721

9,137

5,254
0,405

3,343
85,638
1,126

96,862

51,752

30,775

432,422

Total

253,034

more than 3000 m below the surface, and lease areas extend
down to 4000 m. The hardness and abrasiveness of the rock
have combined to limit the economic use of mechanical or
non-explosive methods of rock-breaking, and to shorten the
life of rock-transportation equipment.
The underground labour requirement is about one person
for every 25 t mined per month. For a 250 kt per month
mine, this translates to an underground
complement of
about 8000 men per day, plus supplies of 6 kt of timber,
200 t of explosives, and 1850 m of rail track per month,
which must be supplied to the working face. Water,
compressed air, and electrical power are reticulated, and
broken rock, ore, and waste are transported to the shafts and
hoisted. A practical limit to the length of a single shaft for
hoisting is 2400 m.
Primary underground development is aimed at opening
up the stope face and providing
access for men and
material. It includes cross-cuts from the shafts, normal to
the reef strike, on each level, footwall drives along strikes
in footwall rock, perhaps 40 m below the reef, and crosscuts from drives to the reef at designated intervals. A 2 by
2 m raise connection is developed in the reef plane, on a
major dip, between points where the cross-cuts intersect
the reef on successive levels. The reef is exposed in the
side wall of the raise.
An acceptable working-face temperature is 29°C wet
bulb. To achieve this, 34 500 kg of air per second is
circulated through the mine, supplemented by 400 MW of
500
400
~
:;;i 300
spot market price
Loog-term conlnlCt
price

/ /

$580 and $ 130/kg U

301,643
40,672

power for refrigeration. The service water used in drilling
and dust suppression is chilled to less than 10°C.
In contrast to the deep-level
mining on the
Witwatersrand, the mining at Phalaborwa is open-pitl6. At
an early planning stage it was decided that the mine would
operate on the basis of two shifts per day and six days per
week (this has subsequently been changed to 24 hours per
day). The total mine tonnage each working day was 80 kt
(including 41,5 kt of discards) to meet the mill call of
33 kt per day on a 7-day basis.
In order to provide a stable feed, selective mining and
blending were necessary, as was the need for at least six
separate operating pit faces (three each in ore and waste).
The nature of the ground is such that blasting is essential
and, with the need for at least six delivery points, it was
decided to adopt face shovels and rubber-tyred trucks as the
loading and transport systems respectively.
A safe bench height was 40 ft and it was assumed that a
final pit slope of 45° would give an adequate margin of
safety; from this the final outline of the pit could be
determined. The slope of the east end of the pit was 38° to
accommodate haulage roads, with a maximum gradient of 1
in 12,5 and a minimum road width of 50 ft.
By 1977, 7,7 Mt of rock were being blasted every
month!7, using 2400 t of explosive. Each blasthole was
between 14 and 17 m deep and 0,25 m in diameter, and
contained 680 kg of explosives. After each blast, electric
shovels, ranging from 4,8 to 13,8 m3 capacity, loaded the
material into a fleet of huge 100 and 150 t haulage trucks,
which delivered the ore to the primary crushers and the
waste to the discard stockpiles at a rate of one truck-load
every 37 seconds.
Ultimately, the pit will be 1655 m from east to west and
1458 m from north to south. It will shrink with depth to an area
600 m by 250 m at the final depth of 590 m below the surface.
The copper ore is known to extend to much greater depths in
the volcanic pipe, and the open pit will probably be converted
into an underground mine by the turn of the century.
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Figure 3-South African uranium resources-I989
resources
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184,169
21,940
3,343
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RAR and EAR-I
et al.43)

FROM WITWATERSRAND

ORES

Process Flowsheets
In most of the early uranium plants, acid-leaching followed
cyanidation, mainly because this involved no change to the
existing gold circuits. Prior acid leaching (reverse
FEBRUARY 1993
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leaching) improves the subsequent extraction of gold, and
consequently most new plants, and some of the original
plants, were changed to this configuration. With some ores,
prior flotation
can be used to produce a concentrate
containing up to 80 per cent of the gold, 80 per cent of the
pyrite, and 25 per cent of the uranium in less than 10 per
cent of the mass of the ore. This concentrate is then treated
intensively to yield high recoveries of gold and uranium,
and the tailings are treated at a lower cost18.
The speed at which South Africa entered the uranium
industry was due largely to the fact that uranium-processing
facilities could be added at the tailings end of existing gold
plants19. The sulphuric
acid used as lixiviant
was
conveniently produced by the burning of pyrite obtained
from the flotation treatment of gold-circuit tailings. The
acid-leached gold tailings were filtered, the filtrate passed
through fixed-bed ion-exchange processes, and the eluted
uranium was precipitated from solution. This process, (a) of
Figure 4, was adopted for all of the original 17 uranium
plants, and dominated the industry until the introduction of
solvent extraction in 1968.
The successful demonstration of the Purlex liquid-liquid
extraction process resulted in the conversion of five of the
seven original plants still in operation at that time, and all
four new plants built in 1970/71 used this flowsheet, (b) of
Figure 4. Five of the third-generation uranium plants built
in the late 1970s and early 1980s also used this flowsheet,
but the other five new plants introduced
continuous
countercurrent ion exchange prior to solvent extraction, as
did the extension at Blyvooruitzicht
Gold Mine, (c) of
Figure 4. In these later designs, improvements were also
made to the methods
for uranium
dissolution
and
solid-liquid
separation.
Table IV summarizes
the
processing flow sheets for the extraction of uranium on
South African plants.
Comminution20
All the uranium plants on the Witwatersrand either use a
material derived from the cyanidation process for gold
recovery,
or supply their residue
to a gold plant.
Consequently, the grinding is controlled to suit the goldcyanidation
process. The sizing of the ground ore is
normally 70% per cent <74 !lm and is generally finer than
would be optimal for uranium recovery alone. The Bond
index for Witwatersrand ores is about 19 kWh/t.
Since the pebble and matrix material cannot be separated
at an early stage of comminution, both these conglomerate
components are usually ground using rod, pebble, and ball
mills. In view of the large tonnages involved, autogenous
milling has proved particularly applicable in the milling of
these ores.

Dissolution
The ease of the dissolution
of uranium from
Witwatersrand ores has been found to vary fairly widely
between different reefs and different areas. For example,
leaching at ambient temperature and limited additions of
HzS04 and MnOz can extract about 90 per cent from the
Kimberley Reef on the East Rand, and from the Monarch
and Bird Reefs on the West Rand; however, these same
conditions will result in extractions of only 50 to 60 per
cent from the Vaal and Dominion Reefs. To improve
extraction from these latter reefs, elevated leaching
46
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temperatures (50 to 60°C), and the addition of ferric iron to
the leach, have been used successfullyZl.
The predominant uranium-containing mineral found on
the Witwatersrand is uraninite, which has a chemical
formula close to that of DOz and the dissolution reaction
can be represented as follows:
DOz + 2 Fe3+-+ Doi+ + 2 Fez+.
If pyrolusite (MnOz) is used as the oxidant, then the
following secondary reaction occurs:
2 FeZ++ MnOz + 4 H+ -+ 2 Fe3++ Mnz++ 2 HzO.
Detrital uraninite is readily liberated during milling, and
it is rarely a constituent of the residue. However, uraninite
enclosed in carbon (thucolite) and secondary uranium- and
titanium-bearing minerals (brannerite) infiltrated in gangue
minerals are not sufficiently liberated for leaching in dilute
sulphuric acid.
Attention has been focused on the most economical
method of increasing the amount of iron in the leaching
solution beyond the amount that was naturally present as
soluble constituents
of the ore after milling. At
Hartebeestfontein, calcine from the roasting of pyrite is
treated with concentrated sulphuric acid in Broadfield
mixers. The resulting slurry is combined with the return
filtrate and contacted with sulphur dioxide in flotation
cellszz. The auto-oxidation
reaction results in the
conversion of ferrous iron to ferric iron, with the
formation of additional sulphuric acid, according to the
following reactions:
2 Fez+ +

°z + SOl -+ 2 Fe3++ SOJ2 SOl +
°z + 2 HzO -+ 2 HzS04
FeZ03 + 3 HzS04 -+ 2 Fe3++ 3 sol- + 3 HzO.
This process not only produces a concentrated source of
ferric iron, but also liberates the gold and uranium present
in the calcine material for subsequent recoveryZz.
A number of other plants practise milder forms of calcine
digestion by adding sulphuric acid to the calcine slurry in
air-agitated pachucas at between 70 and 90°C. These plants
also add pyrolusite to maximize the concentration of ferric
iron. The addition rate of pyrolusite (containing 30 to 40
per cent MnOz) ranges from 2 to 8 kg/to
At one time (1982), as many as 10 uranium plants had
their own captive sulphuric-acid plants, and the remaining
operators bought acid via the Acid Distribution Committee.
This acid is stored in tanks with sufficient capacity for 2 to
10 weeks of operation, depending on the reliability of the
acid supply. An acid concentration of between 4 and 20 g/l
is achieved in the first leaching reactor, and this decays to
less than 5 g/l in the last reactor after a residence time of
22 hours. The addition rates vary widely, but most are in
the region of 17 to 25 kg/to
The vast majority of Witwatersrand leaching plants
operate at elevated temperatures. The temperature is 50 to
70°C in the first reactor, and drops to about 45°C by the
end of the leach. Heating is achieved by direct steam
injection from coal-fired boilers. The consumption of steam
is about 100 kg/to
Most of the plants use air-agitated, conical-bottomed,
rubber-lined pachucas, varying from 4,5 to 11 m in
diameter and from 13 to 22 m in height. Leaching is usually
Journal of The South African Institute of Mining and Metallurgy
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Table IV
South

Company
name

African

uranium-extraction

Leach
temp

Leach
oxidant

Solidi
liquid

Recovery

Batch

Air

Elevated

Mn02

Belt

SX

Air
Air
Air

Ambient
Ambient
Ambient

Mn02
Mn02

-

Continuous
Continuous
Continuous

-

Drum
Drum
CCD

FBIX
SX
CIX-SX

c
c

fwd
rvs '77

Continuous
Continuous

Air
Air

Elevated
Elevated

Mn02
ferric

Drum
Drum+belt

FBIX+SX
SX

270

r

-

Semi-batch

Air

Elevated

Mn02

Belt

CIX-SX

1962

110

CH+P

fwd

Batch/cont

Air

Elevated

Mn02

Drum

FBIX

1963

45

c

fwd

2 stage cont

Air

Elevated

Mn02

Drum

FBIX
SX

Date
stop

Monthly
output, kt

Feed
source

Leach
order

Beisa

Mar 82

1984

100

c

rvs

Blyvooruitzicht

Apr 53
Dec 69
Jul77

1964
1984
1984

150
59
100

c
c
r

fwd
rvs

Ju157
Aug 68

1968
1991

150
250

Chemwes

Jun 79

1988

Daggafontein

Apr53

Dominion Reefs

Jun 55

Buffelsfontein

Ergo
Harmony

Hartebeestfontein
Luipaards Vlei
Merriespruit
Palaborwa (gr. conc.)

flowsheets

Leach
agitate

Date
start

Leach
mode

Feb 78

1991

45

P

rvs

Continuous

Air

Elevated

-

Drum

Jul55
1970

1969
1988

170
310

c
CH

fwd
fwd

Batch
Batch+cont

Air
Air

Ambient
Ambient

Mn02
Mn02

Drum
Drum

FBIX+SX
SX

May 56

open

260

CH+p

rvs

Balch+cont

Air

Elevated

Bd+atx+Mn02

Drum

FBIX

Jan 55

1964

40

c

fwd

Batch/cont

Air

Ambient

Mn02

Drum

FBIX

Jul80

1984

200

CH

fwd

Semi-batch

Aug71

open

900

c

-

Batch

Air

Elevated

ferric+atx

Belt

CIX-SX

Mech

Elevated

HN03

Pan

SX

President Brand (JMS)

Jan 77

1990

540

Hp

fwd

Continuous

Air

Elevated

Mn02

CCD

SX

President Steyn

Feb 55

1960

135

c

fwd

Continuous

Air

Ambient

Mn02

Drum

FBIX

Randfontein Millsite

Feb 54
1977

1965
1981

100

c
CH

fwd
fwd

Batch
Continuous

Air
Air

Ambient
Elevated

Mn02
Mn02

Drum
Belt

FBIX
CIX-SX

Randfontein Cooke

Dec 77

1988

250

c

fwd

Continuous

Air

Elevated

Mn02

Belt+disk

CIX-SX/SX

Stilfontein

Oct53

1961

150

CH

fwd

Continuous

Air

Ambient

Mn02

Drum

FBIX

Vaal Reefs West

Oct53

open

260

CH+cn

fwd

Batch/cont

Air

Ambient

Mn02

Drum

FBIX-SX

Vaal Reefs East

Mar 56
Jul67
Feb 74

1961
1973
1990
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c
c
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fwd
fwd
fwd
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Continuous
Continuous

Air
Air
Air
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Elevated
Elevated
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Mn02
calcine+Mn02

Drum
Drum
Belt

FBIX
SX
SX

Jul79
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240

c

rvs
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Air

Elevated

Mn02

CCD

CIX-SX

Virginia

Sep 55

1986

165

CH

fwd

Continuous

Air

Elevated

Bd+atx

Drum

FBIX

Vogelstruisbult

Apr55

1964

60

c

fwd

2 stage batch

Air

Elevated

Mn02/ferric

Drum

FBIX

May 57

1961

135

c

fwd

Continuous

Air

Ambient

Mn02

Drum

FBIX

West Driefontein

Oct56
Jan 71

1962
1988

90
105

CH
CH

fwd
rvs

2 stage cont
Continuous

Air
Air

Elevated
Elevated

Mn02
calcine+Mn°2

Drum
Drum

FBIX
SX

West Rand Cons

Sep 52

1982

100

c

fwd

Batch

Air

Elevated

Mn02

Drum

FBIX-SX

Western Areas

Jan 82

open

100

c

fwd

Continuous

Mech

Elevated

Mn02

Disc

SX

Western Deep Levels

Feb 70
1980

1981
1985

50
200

c
CH

fwd
fwd

Continuous
Continuous

Air
Mech/air

Elevated
Elevated

Mn02
Mn02

Drum
CCD

SX
SX

Vaal Reefs South

Welkom

atx = auto-oxidation
Bd =Broadfields mixer
c =current
CCD =countercurrent decantation
CIX =continuous ion exchange
cn =calcine
cont
p pyrite concentration
JMS = Joint Metallurgical Scheme
FBIX = fixed-belt ion exchange
fwd = forward
gr. conc. = gravity concentrate
=
rvs =reverse
SX =solvent extraction

=continuous
r = reclaim

Sources: Uranium in South Africa 1946-1956. Johannesburg, Associated Scientific and Technical Societies of South Africa, 1957.
D.G. Gould. Mintek, Private communication. Chamber of Mines of South Africa9.

done in a continuous fashion with pulp (containing about 50
per cent solids) cascading from one pachuca to the next.
The number of pachucas in a cascade can vary from 4 to 13.
Over the years, two plants have used batch leaching and
two a semi-batch system, where steam and reagents are
added to the pulp in a continuous tank before the pulps are
left to digest in a batch tank. Agitation air is provided by
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compressors at about 400 kPa and a rate of 3 m3fh per tonne
of solids in suspension.
The instrumentation
used consists
of magnetic
flow meters coupled with nuclear density devices to
measure tonnage, conductivity
probes (calibrated
by
titration) to measure acid concentration, platinum/Lazarin
electrodes to measure oxidation potential (although titration
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is more common), and platinum-resistance
thermocouples
to measure temperature.
Overall, the head grades vary from 100 to 500 glt, and the
residues are between 20 and 50 glt, with an average
dissolution of around 75 to 85 per cent.
Solid-Liquid
Separation
The separation of liquids and solids prior to concentration
and purification has usually involved the use of stainlesssteel rotary-drum filters, followed by downflow sand-bed
clarification. The application of countercurrent thickening
(countercurrent
decantation, CCD) aided by flocculating
agents (at Blyvooruitzicht
in 1977), and the use of
horizontal-belt
vacuum filters and rotary-disk filters (at
Randfontein in 1976) are relatively recently introduced
alternatives that are now generally preferred in the design
of new plants20. Flocculant additions are generally in the
range of 30 to 90 glt2!.
Countercurrent decantation was applied to South African
leach pulps only as part of a processing route embodying
continuous ion exchange (CIX), the reason being that the
overflow solution is not very clear, and is therefore not
suitable for solvent extraction without clarification. However,
the fluidized CIX system is able to cope with the carry-over
of solids. Duties of about 2 to 4 tld per m2 are obtained22.
Belt filters promised positive solid-liquid separation with
displacement washing of the filter cake on a single unit.
The soluble loss was expected to be less than that achieved
by two stages of rotary-drum filtration, with intermediate
repulping of the cake, and at a lower cost. A number of
mechanical problems concerning cloth specification and
tracking, and failures in the hydraulic- or mechanical-drive
train have been mastered:
however,
more persistent
problems, such as the carrying forward of uranium solution
in the drainage process, and excessive water usage for
vacuum seals, cake discharge, and cloth washing, have
resulted in higher-than-design
soluble losses and in waterbalance problems.
Duties of 15 to 20 tld per m2 are
obtained, which is a considerable improvement on the 6 to
12 tld per m2 achieved with rotary-drum filters22.
Vertical disk filters were installed at Randfontein
to
supplement the belt filters. They are useful when floor
space is limited, and are well-suited to dewatering duties.
Western Areas installed
disk filters in a multistage
configuration for the recovery of uranium solutions. Duties
are about 20 tld per m2.
Solvent Extraction23
By 1957 the solvent-extraction process had been introduced
in several uranium-recovery plants on the Colorado Plateau.
The Eluex method incorporated
the use of a solid ionexchanger to concentrate and partly purify the uranium
from the pregnant solution, and this was followed by
recovery of the uranium by solvent extraction3.
This
process was not considered
readily adaptable
to any
existing
uranium
plants, and therefore
a thorough
examination under South African conditions was necessary.
The laboratory investigation,
which started in 1958 at
West Rand Consolidated Mines Limited, culminated in a
small pilot plant to treat concentrated eluate from the main
plant. However, there were both design and operational
problems, and the project was abandoned.
At Stilfontein Gold Mining Company Limited, the existing
uranium plant was using resin ion-exchangers to treat the
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combined material from five mines, some of which was
drawn from surface accumulations of many years' standing.
This blend of material presented about the worst possible
case of potential poisons and impurities, which played havoc
with the resin. There was therefore a strong incentive to test
solvent extraction, and a laboratory investigation was
initiated in 1960. These investigations by the General
Mining Group led to a table-top scale pilot unit being
operated at its Stilfontein and Buffelsfontein gold mines24.
The results of the laboratory investigation, and the
subsequent experiments undertaken on a small-scale pilot
plant, indicated that no insuperable difficulties should arise
in the application of this process to a conventional South
African uranium plant. It was also established that savings
might be made in reagent costs, and that a high-purity
product should be produced.
During this period, the South African Atomic Energy
Board (AEB) had been investigating the production of
nuclear-grade uranium metal and its compounds. As the
preferred starting point for these products was a high-purity
ammonium diuranate (ADD), it was decided in 1963 that the
AEB and industry would collaborate in the commissioning
and operation, at Buffelsfontein mine, of a large-scale
solvent-extraction pilot plant based on the AEB and General
Mining investigations. The process, a variant of the Eluex
process, became known locally as the Bufflex process; it
incorporated both resin ion exchange and solvent extraction.
The scrubbing and regeneration steps in the solventextraction process distinguished it from the Eluex process.
It was decided that a fairly large-scale pilot plant would
be needed to establish the suitability of this process. The
Buffelsfontein uranium plant, which had six sets (of three)
of fixed-bed ion-exchange (FBIX) columns, had one set put
aside for this investigation. All operations involving
reactions between the solvent and the aqueous phases, viz
extraction, scrubbing, stripping, and regeneration, were
carried out in the mixer-settler
units. The uranium
produced was pure enough to pass even the most stringent
nuclear-grade
specification,
except for the cobalt,
molybdenum, silica, and hafnium contents.
The Bufflex investigation demonstrated that a solventextraction process treating the sulphuric acid eluate from
the ion-exchange columns was feasible, and that ionexchange resin could be eluted successfully with 10 per
cent sulphuric acid, but had a uranium capacity slightly
lower than resin eluted with nitrate. The operation of this
pilot plant showed that solvent extraction could be applied
easily and successfully to the recovery of uranium from
concentrated eluate, with a reduction in recovery costs and
the added benefit of a higher-purity ADD product25. In
consequence, Rand Mines Limited decided to convert the
uranium plant at its Harmony Gold Mine to solventextraction operation; the plant was commissioned in 1967.
Other producers contemplating the use of solvent
extraction preferred to await the outcome of the next
investigation, in which the very low-grade, clarified
pregnant solution at Buffelsfontein was treated directly
without the prior concentration stage by resin ion exchange.
The pilot plant was modified and extended in 1966 for this
purpose. After two years of further investigation, the Purlex
process was developed26. This process had not been
previously regarded as practical, since it was thought that
the treatment of a large volume of low-grade liquor would
cause excessive losses of solvent by entrainment.
FEBRUARY 1993
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At that time, the Buffelsfontein gold mine was planning
to expand treatment from 150 to 250 kt per month. An
exercise22 was undertaken
to compare the total direct
operating costs of fixed-bed ion exchange with those of the
Bufflex and Purlex processes,
using data from plant
operation and the results of the pilot-plant campaigns. The
conclusions of this study were that savings of some 35 per
cent would be offered by the Bufflex process, whereas the
Purlex process would yield savings of 55 per cent.
Consequently,
a full-scale
Purlex plant was built at
Buffelsfontein and commissioned in August 196827.
In 1970, Harmony's main uranium plant was extended
considerably, and the opportunity was taken to convert from
Bufflex to Purlex, the Bufflex units being incorporated into
the scrubbing and stripping stages. Almost immediately,
other Purlex plants were built at Vaal Reefs (two), Western
Deep Levels, Blyvooruitzicht, West Driefontein, and West
Rand Consolidated. By 1982, the next five Purlex plants
had been installed:
at President
Brand, Ergo, Beisa,
Afrikaander Lease, and Western Areas2.
The Purlex plants did not produce as pure a product as the
Bufflex plant at Buffelsfontein. The purity was also not as
good as that of concentrates
produced by the tributyl
phosphate (TBP) process. Nevertheless, it appeared that
uranium hexafluoride
of nuclear-grade
purity could be
produced
from
Purlex
concentrates,
because
decontamination was possible26 in the conversion steps of
U3Os to UF4 and UF4 to UF6.
The solvent comprises 5 to 7 per cent (v/v) Alamine 336
(the active ion-exchanger),
2,5 to 3,5 per cent (v/v)
Isodecanol (to prevent 'third-phase' formation and improve
the phase-separation
rate), and the balance illuminating
paraffin as carrier and diluent. During operation, the amine
loss through entrainment is between 3 and 14 g/m3.
The types of mixers used depend to an extent on the
design of the complete plant. Where gravity flow is used for
transfer between units, the plant is designed on a cascade
system. At other plants, the mixers are designed to combine
both mixing and pumping functions, and mixers and settlers
may be positioned at a common level.
Several geometric designs of settlers are used. The
circular types are up to 10,5 m in diameter and 1 m high,
with the entrance for the mixed phase at the centre. Where
rectangular settlers are used, the mixed phase enters the tank
through a baffled fishtail-shaped pipe to facilitate an even
delivery across the width of the tank. The settled phases are
drawn off at the launders at the discharge end of the tank.
The solvent-extraction plants have three to five extraction
stages, two to five scrubbing stages, two to four stripping
stages, and one regeneration stage. The scrubbing is usually
done with water, the stripping
with 2 N ammonium
hydroxide fed automatically to all the strip mixers to effect
a gradual stagewise pH increment from 3,5 to 5,0, and the
regeneration with sodium carbonate and caustic soda at a
pH of about 8,5.
Continuous Ion Exchange
The advent of anion-exchange
resins could be regarded
merely as a natural and inevitable step in the development
of chemistry, but for South Africa it was of revolutionary
importance.
South Africa was the world's first user of
anion-exchange
resins in mineral processing,
and the
studies made on these resins in South Africa contributed
greatly to the chemistry and technology in that field.
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The large-scale use of ion-exchange resins was pioneered
by the water-treatment industry, and appropriate technology
was developed
over several decades.
Much of this
technology was taken over, with little adaptation, by the
uranium industry when the first commercial plant was
commissioned
at West Rand Consolidated
Mines in
October 1952. This process was then rapidly adopted
throughout the world22.
The overall South African programme for the development
of continuous
ion exchange and its application
to the
recovery of uranium was a collaborative effort between NIM,
the Extraction Metallurgy Division of the AEB, the uranium
industry, and the chemical industry2S. This programme led to
the development of the NIMCIX contactor.
The NIMCIX contactor
is essentially
a cylindrical
column divided into a number of contacting stages that are
separated by trays for distributing the liquid. Each stage
contains resin, the volume of which is determined by the
requirements of the process. The feed solution is pumped
into the bottom of the tower and flows upwards, fluidizing
the resin in each stage and leaving the tower by a simple
overflow launder. During the period of solution flow, the
resin beds expand to the height of each stage (the tower is
fully flooded with resin) and there is no wastage of volume.
The resin flows countercurrent to the solution. It is fed to
the column and moved through it intermittently,
control
being achieved by the use of synchronous timers. Slugs of
resin leaving the bottom stage are collected in a closed
vessel, known as the transfer vessel, where they are
isolated in readiness for transfer to a second column. The
resin is transferred from the vessel to the column under
hydraulic pressure.
During March 1972, the Anglo- Transvaal Consolidated
Investment
Company Limited agreed to a pilot-plant
investigation at the Hartebeestfontein
Gold Mine for the
extraction of uranium from unclarified pregnant solutions
using a continuous ion-exchange technique. The pilot plant
was constructed
during April and May 1972, and was
commissioned at the end of May29.
The following conclusions
were drawn from the 13
months of pilot -plant operation.
(i) The continuous
ion-exchange
contacting
system
comprising a loading column and elution column
was mechanically
sound, and could be scaled-up
with confidence.
(ii) Unclarified pregnant solutions containing 200 to 300
p.p.m. of suspended solids could be handled without
any problems.
(iii) When a strong-base resin was used, the continuous
plant required less than half the specific resin inventory of the fixed-bed system in the main plant.
(iv) Weak-base resins gave a product as good as that of
liquid-liquid-extraction
plants, provided that the resin
was scrubbed before elution.
Owing to the difficulties
(mainly economic)
in the
adaptation of weak-base resins to the extraction of uranium,
the development programme reverted to the use of strongbase resin, but modified to the Bufflex system, in which
the ion-exchange
plant upgrades the pregnant solution,
making it more acceptable
economically
for solventextraction processing.
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A demonstration
plant30 was built and operated at
Blyvooruitzicht
gold mine in 1975/7619. The loading
column, which was built of 316L stainless steel, was 2,5 m
in diameter and had seven 1,0 stages. It was designed to
treat 87 m3fh of pregnant solution containing 200 p.p.m. of
U 30g. Except for the bottom stage, the stages were
separated by simple perforated trays, the perforations being
12 mm in diameter.
The continuous elution column proved to be entirely
satisfactory when operated with 11 to 12 per cent sulphuric
acid at ambient temperature,
and the integration of the
elution column with the existing solvent-extraction
plant
was accomplished without incident. It was concluded at the
end of this period of testwork that continuous ion-exchange
units closely resembling those of the demonstration plant
could confidently be specified for the full-scale plant.
The new plant at Blyvooruitzicht31 was commissioned
in July 1977 after an 18-month period of construction.
The extension to the circuit treated 100 kt of reclaimed
solids per month, and the NIMCIX contactor proved ideal
for handling the large volumes of pregnant liquor from
the countercurrent-decantation
circuit (420 m3fh at 150
p.p.m. of U3Og). The performance of the continuous ionexchange
columns
closely
followed
that of the
demonstration
plant, and the operation was singularly
free of mechanical problems.
Following the success of this NIMCIX installation in
1977, at least eight other continuous ion-exchange plants
were built throughout the world for the recovery of uranium
during the next three years. Three of these plants were of
the NIMCIX type, two were of the Himsley design, two of
the Davey Power Gas design, and one of the Chem-seps
design. Prior to this, in 1976, two Porter-CIX plants were
installed. The relative merits of these various continuous
ion-exchange options are discussed by Boydell32,
The next commercial
NIMCIX plant was built at
Chemwes33. The flowsheet is shown in Figure 5. Both
columns were constructed of fibre-reinforced plastic (FRP).
The polyvinyl chloride (PVC) trays of the elution column
were held in place by PVC bolts on one stream and by
stainless-steel straps on the other, and those of the loading
column by 316L stainless-steel bolts. All the piping was of
316L stainless steel.
After a design and construction period of fifteen months,
hot commissioning commenced in June 1979. Four months
later the plant was operating at the design capacity of
270 kt per month. Absorption and elution in the continuous
ion-exchange
section were achieved in four NIMCIX
columns operating as two parallel streams. Each loading
column was 4,85 m in diameter
and contained
12
absorption
stages. The elution columns were 3 m in
diameter and contained 8 stages. The eluent used was 10
per cent sulphuric acid at ambient temperature.
The third commercial NIMCIX plant was commissioned
at Merriespruit
Gold Mine34 in July 1980; however, a
precipitous drop in the price of uranium oxide caused the
plant to close down in May 1984. The plant was similar to
the Blyvooruitzicht
plant, but had to tolerate
high
concentrations of chlorides in the water supply. As a result,
rigid control of the other competing species was necessary.
This was achieved by keeping the concentrations of acid
and Fe(III) in the pregnant solution to less than 3,5 and
2,2 g!l, respectively.

Joumal of The South African Institute of Mining and Metallurgy

The NIMCIX plant was designed to treat 480 m3fh of
pregnant solution in two streams. The adsorption column
was 4,25 m in diameter with eight 1 m stages, and the
elution column was 2,0 in diameter with seven 1 m stages.
An unusual feature in the elution column was the use of
Californian-redwood trays 40 mm thick. Overall resin losses
averaged about 1 per cent of the inventory per month.
The Vaal Reefs South plant started life in 1979 as a
Himsley design35. During 1980, the absorption columns of
the uranium plant showed signs of cracking,
and in
February 1981 it was decided that they should be replaced.
The Extraction
Metallurgy
Division of the AEB was
requested to investigate whether the existing columns could
be replaced with columns of the NIMCIX design while the
existing support structure and elution circuit were retained.
The first of the new NIMCIX loading columns was
installed in November 1981, and subsequent columns were
installed at six- to eight-week intervals. All five loading
columns were installed by July 1982, and were operating by
the end of September 1982. With the completion of the
conversion to NIMCIX loading columns, the performance
of the plant improved markedly. Previously, the average
U3Og concentration
of the barren solution had varied
between 0,002 and 0,017 g!l over the period January 1980
to October 1981. These values were directly related to the
practical problems that were being experienced with the
plant as a whole during this period. After the changeover,
the concentration
averaged 0,0020 g/l until the end of
January 1983. It was also found that the new system was
easier to operate.
During the 1980s, Mintek undertook extensive research
into the development of a resin-in-pulp (RIP) process for
the recovery of uranium. This system removes the need for
the solid-liquid separation step after leaching, and has the
additional advantage that the wash liquors do not dilute the
uranium in the solution phase (this in turn will allow higher
loadings of uranium on the resin and lower soluble losses).
It is believed that any new uranium plant should seriously
consider the RIP option, (d) of Figure 4.
Precipitation
The U3Og concentration
in the strip liquor after solvent
extraction varies from 2 to 6 g!l. The liquor is then fed23 to
the ammonium diuranate (ADU) precipitation, where the
pH is adjusted to between 7,2 and 7,4 with ammonia gas,
and the temperature to between 30 and 40°C, to precipitate
the ADU, (NH4) U 2O7' This product then flows to a
thickener, where the settled precipitate is drawn off from
the bottom of the thickener and filtered. The precipitation
of ADU proceeds according to the following reactions:

U02SO4 + 2 NH4OH + (x-I) H2O

--+

U03.x H2O +
(NH4hS04

and
2 U03.xH2O + 2 NH4OH

--+

(NH4hU2O7 + (x+l) H2O.

Calcination36,37
South African uranium produced from Witwatersrand ores
is processed and packed at a central plant owned and
operated
by the industry's
uranium-marketing
arm,
Nuclear Fuels Corporation
of South Africa (Pty) Ltd
(Nufcor). Nufcor is owned by the various producing mines,
the shareholding
being in approximately
the same
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proportion as the production (adjusted annually). It
employs about 50 people, and has its calcining plant
at Westonaria.
The Nufcor plant was built, substantially in its present
form, in 1952. Its main technical functions are
concentration of the material to reduce its mass for
shipment, and accurate measurement of the quantity and
quality of both incoming and outgoing material.
Nufcor collects
the ADU slurry (containing
approximately 30 per cent uranium) in purpose-built 13 t
containers, and transports it to the Nufcor works. The mass
of slurry received is determined on a weighbridge. The
slurry is agitated for half an hour, and is then sampled via a
tube that is raised and lowered under vacuum through the
full depth of the slurry. This sample is then analysed, and
the quantity of uranium received in the shipment is
calculated. The slurry is pumped to storage tanks, where it
is blended with ADU slurry from other mines.
After this procedure, the ADU is filtered in rotary-drum
filters to remove excess fluid, and the filter cake is passed
through an extraction plant. This plant forms tubular
pellets, which are dried on a belt dryer (by circulating air at
145°C) before entering the calcining kiln. These units are
totally enclosed and automatic in operation.
The calciner is an electrically-fired, stainless-steel rotary
kiln, which operates at about 500°C. During this process,
the yellow chips of ADU are decomposed thermally to
greenish-grey chips of mixed uranium oxides (UO2 and
UO3). Ammonia and other vapours evolved during
calcination are drawn through a wet scrubber.
The final export product, known as U3Og, is then packed
into 21O-litre, 16-gauge steel drums, which are individually
tared. During the packing operation, the falling stream of
U3Ogis sampled for subsequent analysis.
EXTRACTION

FROM PHALABORWA

ORE

Most of South Africa's uranium production has been
derived from the Witwatersrand and Orange Free State
gold mines, but there is one additional source-the
uranothorianite in the Phalaborwa Complex. The process
used for the recovery of the ore is unique, in that an
exceptionally pure product is obtained from an ore with a
grade of only 0,004 per cent U3Og, the lowest grade that is
processed for uranium recovery anywhere in the world.
Uranium has been recovered by the Palabora Mining
Company (PMC) since 1971 as a byproduct from a heavyminerals gravity concentrate produced from the copperconcentrator tailings20.
The tailings are first deslimed in hydro-separators, and
magnetite is removed by double-drum magnetic separators.
After further desliming in hydrocyclones, the tailings are
subjected to gravity concentration in Reichert cones to give
a 40- to 50-fold concentration of the heavy minerals. This
gravity concentrate is fed to shaking tables, where a
uranothorianite concentrate is separated from the other
heavy minerals. The uranothorianite concentrate contains3g
about 3 per cent U3Og and 65 per cent zrO2.
This concentrate is leached in hot nitric acid, which
results in the dissolution of the uranium and the thorium,
but not the zirconium oxide. The leaching vessels are
charged with 60 per cent nitric acid at 75°C and, after the
addition of the concentrate, the exothermic reaction causes
Journal of The South African Institute of Mining and Metallurgy

the temperature to rise to lOO°C during the 45-minute
leaching period. The consumption of nitric acid amounts to
some 430 kg per tonne of concentrate 19.
The leached pulp is filtered on stainless-steel tilting-pan
vacuum filters. The unclarified pregnant liquor is settled
and then clarified in a centrifuge before being fed to the
solvent-extraction plant.
The pregnant liquor fed to the solvent-extraction plant
contains 30 to 40 g/l U3Og, 120 to 140 g/l ThO2, and 80 to
100 g/l free nitric acid39.This solution is fed to a six-stage
countercurrent mixer-settler unit, where the uranium and
some chromium are extracted from the liquor with 10 per
cent TBP. From here, the solvent is fed to a four-stage unit,
where the traces of thorium are scrubbed from the solvent
with pure uranyl nitrate solution (strip liquor). The solvent is
then stripped with warm water (40°C) in an eight-stage unit
to produce a solution containing 30 to 50 g/l of U3Og. The
solvent is regenerated with 10 per cent sodium carbonate,
followed by 3 per cent nitric acid, each in a single stage,
before being returned to the solvent-storage tank.
Two stages of precipitation are employed to obtain
ADU19. In the first stage, the pH value is raised from 1,0 to
3,7 by the introduction of ammonia gas. In the second
stage, a further addition of ammonia causes the ADU to
precipitate. The total ammonia requirements amount to
some 0,2 kg of NH3 per kilogram of U3Og. The ADU is
thickened in a rubber-lined thickener and then filtered in a
rotary vacuum filter. A frame filter press is used to recover
traces of ADU from the thickener overflow.
The ADU filter cake is repulped to 55 per cent solids
before being fed to the uppermost hearth of a Herreschofftype calcining furnace. The six-hearth furnace is equipped
with naphtha burners at hearths 3 and 5 to provide a
calcination temperature in the vicinity of 650°C. The
calcine is cooled in a screw conveyor, and packaged in 200litre steel drums.
CONVERSION

AND ENRICHMENT40,41

Before it is possible to enrich uranium, the ADU has to be
converted to UF6. This process involves the production of
UO3, followed by the production of UF4, and then UF6
production and distillation. In addition, facilities are
required for the production of HF and fluorine (F2). The
schematic flowsheet is illustrated in Figure 6.
ADU delivered to the conversion plant is filtered, dried,
and calcined to produce uranium trioxide in pellet form.
The UO3 pellets are fed into a vertical moving-bed reactor
consisting of two sections. The upper section reduces the
UO3 to UO2 at 600°C by means of preheated ammonia, and
the lower section contacts the UO2 with HF to produce UF 4'
The lower section is cooled to prevent the bed from
sintering. The relevant chemical reactions are as follows:
Drying

(NH4hU2O7

Reduction

3 UO3 + 2 NH3

--+

Fluorination

UO2 + 4 HF

UF4 + 2 H2O.

--+

--+

2 UO3 + 2 NH3 + H2O
3 UO2 + 3 H2O + N2

The performance
of the UF 4 reactor is critically
dependent on the quality of the UO3 pellets fed into it, and
the reduction and fluorination sections of the reactor are
separated by a nitrogen barrier that ensures that the HF and
NH3 do not react with each other.
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Figure 6-The conversion process (after Bredell40)

Uranium tetrafluoride and electrolytically-produced
fluorine gas are fed into the UF6 flame reactor, where the
following exothermic reaction occurs:

UF4+ F2 --+ UF6.
The UF6 gas leaving the reactor is cooled, filtered to
remove any solids, and then chilled to recover UF6 by
crystallization. Unburnt UF4 is collected at the bottom of
the reactor and recirculated to the reactor inlet. As a final
step in the purification process, the UF6 is distilled in order
to comply with the stringent specification for feed material
for the enrichment plant.
The uranium convertor built by the Atomic Energy
Corporation (AEC) at Valindaba has a nominal capacity of
1,2 kt U per annum. The sister semi-commercial
enrichment plant has a capacity of 300 t of separation work
per annum (t SW/a). The decision to build this plant was
predominantly a strategic rather than a commercial one, and
was precipitated by the passing of the US Nuclear NonProliferation Act in 1978. This Act prohibited the export of
enriched uranium to countries that would not submit all
their nuclear facilities to International Atomic Energy
Agency safeguards, South Africa being one at that time.
The establishment of the semi-commercial venture was
preceded by a prototype development phase aimed at
demonstrating the viability of a new cascade design called
the Helikon technique. Construction
of the semicommercial plant commenced in 1979 and was completed
at the end of 1986. Plant commissioning took another 18
months, and production commenced in 1988. Except for
stoppages for maintenance, the plant has been in continuous
operation ever since.
In the enrichment process, the gaseous UF6 is mixed with
hydrogen as a carrier to a mean molecular mass of somewhat
less than 8. The mixed gas passes through several hundred
separating elements mounted in parallel in a separating pack.
Four hundred of these packs are arranged in a single
cylindrical vessel, called a module. The module (Figure 7) is
made up of the separation packs plus two axial-flow
compressors and two heat-exchangers. By the Helikon
technique, the element-enriched streams and the element feed
streams of the same stage are respectively compressed by
these two compressors. Multiple-stream compression is
achieved without significant inter-stream mixing.
54
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The separating element is based on the aerodynamic
separation of uranium isotopes by a vortex device referred
to as a 'stationary walled centrifuge'. In this device, the
isotopic concentration of the enriched stream is increased
significantly
more than the corresponding
reduction in
concentration in the depleted stream leaving the device;
however, this is compensated for by the Helikon cascade
technique which results in symmetrical isotopic separation
in a module. The vortex tube is able to achieve a relatively
high separation factor of feed and product of between 1,025
and 1,035.
The stages (modules)
are arranged
in a classical
symmetrical enrichment-cascade configuration employing a
countercurrent
interstage header system. The interstage
transfer of enriched streams is achieved by means of a
simple partitioned pipe, designed to prevent mixing between
individual streams. The semi-commercial plant consists of
46 equivalent separation stages and has been designed to
enrich the uranium to a maximum of 5 per cent U235, with
variable tailings assaying down to approximately 0,1 per
cent U235 (the natural uranium in the feed contains 0,71 per.

cent U235).

In 1978 the South African government instructed the
AEC to erect a fuel-fabrication
plant to satisfy Eskom's
requirements for pressurized-water reactor (PWR) fuel for
the Koeberg nuclear-power plant. Ten years later, the first
four fuel assemblies were delivered to Koeberg.
The AEC's fuel-fabrication
plant is unique in that it
covers the following processes:
(i) UO2 production by the reduction of UF6
(ii) UO2 pellet production by the pressing and sintering
of UO2 powders, and subsequent centreless grinding
(iii) Zircaloy tube and bar production by the tube rocking
of hollow-bar
stock to final finishing,
and nondestructive testing
(iv) component manufacturing, including the production of
Inconel grid straps, grid assembly,
and nozzle
fabrication
(v) assembly of fuel rods, guide thimbles, the fuel
assemblies themselves, and the associated testing and
inspection.
This facility is currently under-utilized because of limited
local demand. The design capacity is 100 t U per annum,
but this can be increased to 200 t/a relatively easily.
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SUMMARY
Uranium production in South Africa started in October
1952 at West Rand Consolidated Mine, which produced
34 t U in that year. Three years later there were 12
operating uranium-extraction plants producing 2,541 kt U
per year. At the peak of production in 1959 there were 17
plants that produced 4,953 kt U in that year and, at the
second peak in 1980, 6,147 kt U were produced by 18
plants. Extraction plants have been built at 27 sites to
extract uranium from South African ores, and over 140 kt U
have been produced. This is approximately one-sixth of the
world's production9. The approximate (because only spot
rather than contract prices are known) foreign-exchange
earnings of uranium sales since 1952 exceed R30 billion in
1990 terms. This averages out at about R800 million per
year for the past 37 years.
The volume of production has followed changes in
market demand through two cycles of expansion and
contraction. The status of uranium as a byproduct of gold
mining has allowed companies a high degree of flexibility
in responding to market forces. One positive result of these
cycles is that no single technology has had the opportunity
to become entrenched. Older plants have had to adapt to a
changing environment, or to be replaced during the next
wave of expansion by plants embodying more efficient
processes. This has been supported by the close
collaboration of Mintek, the AEB and the uranium industry
through Nufcor, and has resulted in the development and
acceptance of new processes, as well as the exploration of a
wide range of both fundamental and applied technology2.
The first plants employed a process route that
incorporated acid-leaching in air-agitated pachucas,
solid-liquid separation by two stages of drum-filters, and
purification by fixed-bed ion exchange, followed by the
recovery of uranium as precipitated yellowcake. This
flowsheet was based on the early development work done at
the GML and the pilot plants operated at the
Blyvooruitzicht and Western Reefs mines by the GML.
The next major advance in the technology for the
processing of uranium was the development of the solventextraction process at Buffelsfontein in 1966. This process,
which was piloted by NIM in collaboration with the
Journal of The South African Institute of Mining and Metallurgy

Separating elements
Feed stream axial flow compressor
Enriched stream axial flow compressor
Heat exchangers

industry, proved so beneficial that five of the plants still
operating on the original flowsheet modified their process
to include it, as have all the new plants that have been built
since that time. By 1970, approximately 80 per cent of
South Africa's uranium was produced by this route42.
The fact that uranium extraction was preceded by gold
cyanidation meant that ion-exchange resins were subjected
to poisoning by cobalticyanide. However, the use of solvent
extraction in the place of ion exchange was not an
altogether satisfactory alternative, owing to the low
uranium tenor of the leach liquor. The introduction of the
reverse leach liquor, in which the uranium was recovered
ahead of the gold, not only avoided poisoning of the resins
but also proved beneficial for the recovery of gold.
Liquid-solid separation processes progressed from the
application of multi-stage drum filtration to the use of both
horizontal-belt filters and countercurrent decantation. The
former offered the possibility of a lower wash ratio,
whereas the latter enabled advantage to be taken of
continuous countercurrent ion-exchange processes, which
are capable of dealing with a higher percentage of
suspended solids. After the successful operation of a
demonstration plant, Blyvooruitzicht incorporated a
NIMCIX section coupled with their existing solventextraction plant during the plant expansion commissioned
in 1977. The experience gained from the operation at
Blyvooruitzicht paved the way for the introduction of this
process at another four plants.
It has been shown that the introduction of the solventextraction process in the 1960s reduced operating costs to
43 per cent of those of the fixed-bed ion-exchange and
precipitation route27. The introduction of continuous ion
exchange in the 1970s further reduced these costs to 35 per
cent of those of the original flowsheet21. Other
technological developments, such as improved solid-liquid
separation techniques (belt filters and countercurrent
decantation) and improved leaching methods (reverse
leaching, elevated temperatures, ferric leaching, and
multi stage reagent addition) also had a marked impact on
the reduction of costs.
The research activities of the AEB, Mintek, and the
uranium industry, aimed at developing the country's
nuclear raw materials, have been particularly rewarding,
FEBRUARY 1993
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and have justified the emphasis placed on them. Not only
have the efforts to introduce new and better processes made
South Africa a world leader in the extraction of uranium
from low-grade ores, but methods have been developed
for converting the product of the mines into suitable feed
for a uranium-enrichment plant and for the production of
nuclear fuels.
However, the declining uranium market and the rising
production costs in South African gold-and-uranium mines
resulted in closures and a drop in uranium production to
1,712 kt U in 1991. This has also had a very marked
negative effect on the resource base and does not augur
well for the future of uranium in South Africa.
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Doctorates in mechanical

A thesis entitled 'Pneumatic conveying of ice particles
through mine-shaft pipelines' is the work of Prof. John
Sheer, who has recently joined the academic staff of the
School of Mechanical Engineering.
Arising from work carried out jointly by COMRO and
Rand Mines (Mining & Services) Ltd, this is the first
comprehensive
scientific study on this topic to be
published. Using a pilot conveying installation, Prof. Sheer
shows that it is feasible, provided that certain precautions
are taken, to convey ice underground through pipelines at
high flowrates to cool the working environments in very
deep mines. The two largest ice-production facilities in the
world have been commissioned on mines in the Rand
Mines Group for this purpose.

S. Afr. Min. Eng. J., Jun.
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Theses recently completed by Ph.D. candidates in the
School of Mechanical Engineering at the University of the
Witwatersrand have made important headway in minecooling technology and the transportation of slurries.

Coal, Gold and Base Miner.

OF SLURRIES

The second Ph.D. thesis, that by Cornelius Verkerk, aims
to characterize the transportation of various slurries in the
'turbulent medium phase slurry and/or paste flow regime'.
It identifies important characteristics of local materials
relevant to the design of slurry systems, and gives a good
indication of the operational bands required for the
assessment of slurry-transport systems.
The effects of particle size and distribution for various
slurry concentrations on the viscous behaviour of the slurry
were studied in detail, and the rheological characteristics of
the slurries determined in laboratory tests were related to
their behaviour in experimental closed-loop systems.
The materials studied included quartz-based mine
tailings, pulverized fuel ash, boiler-bottom ash, washingplant coal slurries, discard coal, and hematite tailings.
The research constitutes a major contribution to the
understanding of slurry conveying and, hence, to the
effective design of such systems.

Queen's University hosts International Congress on Mine
Design to celebrate 100 years of mining education
Kingston, Ontario, Canada. Almost 100 years ago a small
group of engineers established the School of Mines at
Kingston, which from its start was associated with
Queen's University.
Today, about 50 per cent of Canadian Mining graduates
come from Queen's, and to help celebrate this 100th
Anniversary of Mining Engineering, the Department of
Mining Engineering is hosting an International Congress
58
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on Mine Design. The Congress is co-sponsored by the
Faculty of Applied Science at Queen's University and
by the Canadian Institute of Mining, Metallurgy
and Petroleum.
The Congress will be held in Kingston in August 1993.
The first such Congress of this magnitude, it will provide
the opportunity to discuss state-of-the-art technology and
innovative mining practices.
Journal of The South African Institute of Mining and Metallurgy

Estimating made easy *
A second edition of Mintek's authoritative Handbook
on the estimation of metallurgical process costs by
Wally Ruhmer is now available.
The book, first printed in 1987, has proved
enormously popular with engineers and students
involved in project evaluation, as it provides simple,
quick techniques for the specification of equipment
and the estimation of preliminary capital and
operating costs for major unit operations and
processes in extractive metallurgy. Topics include
continuous ion exchange, solvent extraction,
electrowinning, roasting, sintering, pelletization,
coalbased direct-reduction techniques, and arc and
flash smelting. The publication also has an extensive
section on metallurgical process economics.
A supplement to the handbook provides simple
formulae relating size or capacity of items of
equipment over a given range to their cost.
These publications are available from:
The Head: Distribution,
Mintek,
Private Bag X3015,
Randburg,
2125.
Second edition of Mintek's 'Handbook on the estimation
of metallurgical process costs'.

.-
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Roll up your troubles *

..

In spite of enormous advances in automation, which
have resulted in significantly improved turn-around
times for chemical analysis, delays still occur in remote
analytical
procedures.
In order to address this
unacceptable situation, Mintek has developed a flowinjection-based instrument for the at-line measurement
of chemical compounds.
The instrument, the Roll-up Analyzer, is a portable
diagnostic
tool for established
processes
or
environmental monitoring, which allows analysis to be
carried out in real-time, thereby facilitating the vital
monitoring of process constituents during development
or commissioning. In applications of this nature, the
analyser is linked directly to a test process or pilot plant,
or manually-obtained samples are analysed in situ.
Additional benefits of the at-line analyser are that
unstable samples and hazardous materials need not be
*

Issued by Mintek, Private Bag X3015, Randburg 2125.
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removed from process environments, and the load on
analytical laboratories can be reduced.
Process chemical analysers are often unsuitable for the
research and testing environments in which they operate,
because constant developmental changes in pilot plants
necessitate the monitoring of different compounds at
various stages of projects-these considerations demand
a different approach to measurement.
By allowing for the easy assembly and configuration
of devices, the Roll-up Analyzer provides a versatile tool
for the monitoring of compounds in industrial plants, as
well as for the automation of wet chemical procedures in
analytical services laboratories.
It is also suitable for normal laboratory use, and when
linked with a suitable auto-sampler, can be programmed
to carry out classical
wet-chemical
procedures
automatically.
For further information on the Roll-up Analyzer, contact
Mrs Tina Pohlandt -Watson at Mintek, te!. 709-4111.
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MVC and HUM optimize mineral milling *
Today's depressed markets and escalating production costs
make it vital for mineral producers to maximize the efficiency
of their operations, and automatic process-control techniques
have become an essential tool in the optimization of complex
metallurgical processes.
Mintek has developed techniques to assist operators in
understanding the dynamic nature of these processes in order
to streamline operations and save costs.
The profitable recovery of most minerals depends largely
on the efficacy of milling, which is an energy-intensive
procedure. Milling and classification circuits are therefore
responsible for a large proportion of the capital and
operating costs of mineral-recovery plants. Furthermore,
the quality of the milled product has a direct bearing on the
effectiveness of downstream processes such as flotation
and leaching.
Milling circuits are highly interactive from a control
point of view, in that each control action (input) influences
many of the process variables (outputs), and multivariable
control is indispensable in this area. Once the relationship
between a number of inputs and outputs in a process has
been identified, a control strategy can be devised to control
the outputs by manipulation of the inputs.
Mintek uses comprehensive mathematical models to
develop an understanding of this process, and employs
specially developed computer software for the design of
multivariable controllers (MVCs). Particular emphasis is
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placed on how the control scheme handles the constraints
encountered in the functioning of an individual plant.
Following the successful implementation of particle-size
control in conventional milling circuits in the early '80s,
Mintek tackled a run-of-mine (ROM) milling circuit. These
circuits are considerably more difficult to control than
conventional circuits, because the feed rate of the larger
rocks used as grinding media cannot be independent of the
feed rate of the ore itself.
Mintek implemented an MVC on the ROM milling circuit
at Vaal Reefs Gold Mine in June 1986. In order to extend
the limits of operation and to obtain better control over
various parameters, Mintek developed hardware and
software to maximize the throughput at a specific grind; the
range of product-size control was extended by the
incorporation of a unique instrument that measures the angle
of the discharge spray from the hydrocyclone underflow,
called the hydrocyclone underflow meter (HUM).
The HUM controls cyclone operation close to 'roping'the optimum operating condition-without choking.
By the end of 1990, the Vaal Reefs project was
completed with the use of the automated optimizing
controller on a continuous basis. An evaluation showed that
the throughput with the optimizer was 11,4 per cent higher
than before. This increase was achieved at a lower power
consumption and a better grind.
Mintek has implemented its optimizing multivariable
strategy into a user-friendly software package and an MVC
controller, and its HUM is manufactured locally to
Mintek's quality-control standards, all its components
complying with international requirements.
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-

Colloquium:

Mine Closure

13-17

Venue: Mintek. Randburg
10-11 May - Colloquium: Mining and Metallurgy in
the Vaal Triangle and Environs
Venue: Vaal Triangle Technikon

- Colloquium:

September
1993
- International
Symposium: 5th International Symposium on
Mining with Backfill - Minefill 93
Venue: Sandton Holiday Inn. Sandton

of

26-27 October 1993: School: Drilling and Blasting
Venue: To be announced

August 1993 - 2-day School: Simulation. Control
and Optimisation in the Minerals Industry
Venue: To be announced

November 1993: Metallurgical Process Design for
the 90's
Venue: To be announced

June 1993

Environmental

Aspects

Mine Closure
Venue: To be announced

Further information is available from: Mrs Sam Moodley, SAIMM, P.D. Box 61127, Marshalltown, 2107.
Telephone (011) 834-1273/7, Telex 4-86431, Fax (011) 838-5923

60

FEBRUARY 1993

Journal of The South African Institute of Mining and Metallurgy

