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Uranium is a silvery white metal with an atomic weight of 238 but 
actually consiting of three semistable radioactive isotopes U238 (99.3$)» 
U235 (0.7%) and U234 {0.00%). It is an importani energy source because 
fission of isotope U235 releases large amounts of energy.

Uranium was disoovered in 1789 by Marton Klaproth in pitchblende from 
a mine in Germany and was first isolated in 1842. Radioactivity was dis- 
covered in 1896, and radium a daughter of uranium decay was discovered by 
the Curies and Bemont in 1898 in pithcblende from Joachymov (joachimstal), 
Czechoslovakia, where the mineral had been known since 1727. From the early 
1900’s radium becarne important in medical therapy and thus led to the search 
for and development of uranium deposite in all parts of the world.

The average percentage (abundance) of uranium in the Earth's crust (the 
clarke) is 0.0002.^ Uranium in the Earth's crust is approximately twice 
as abundant as molybdenum or tungsten and ten times more abundant than anti- 
mony and bismuth and four hundred times more abundant than gold. The reía- 
tive abundance of uranium and typical occurrences is illustrated in Figure 1

27tajeen from a paper by P.H. Dodcr*'.

The matter of importance to the economic geologist and the mining 
industry is the location of concentrations of uranium with economic tenors. 
The formation of deposits has been attributed to a limited number of well 
recognized geological processes, physical and/or chemical Controls. In the 
case of uranium, one major factor in the distribution of deposits appears 
to be association with the early evolution of the Earth's crust.

Over 90$ of the known low-cost uranium deposits of the world occur 
either in Precambrian rocks or in Phanerozoic rocks immediate overlying 
the basement. (Figure 2 and reference ¿J). The really large contribu- 
tions to ore reserves are made by only a few well defined areas of the 
world (Figure Vi. Such areas are known as metallogenic provinces and such 
provinces have, of course, been defined for many different metáis.
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AND TY P iC A L OCCURRENCES 

GRAMS/TON OR PPM

OCCÜRRENCE PPM 
"Vein" ores 6,000

Sondstone ores 2,000
Congtomeroíe ores 1,000 
Aíaskife-pegmatite 380  
Pefotkolics 350
Aíum-shole 300
Phosphoriíes i 60
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Fig. 1. Relative Abundánce of Uranium and typical Occurences (Grams/Ton or PPM)
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Major uranium provinces are roughly six in number.

Table I
Ma.ior Uranium Provinces

Relative a"bundance of present 
loií cost uranium reserves
(see Table 6) 

Tonnes á
Colorado Plateau, Wyomings 

New México area, U.S.A. 525 31.7
Witwatersrand Basin, etc. 

South Africa 306 18.6
Northern Territory, Australia 289 17-5
Algeria, Niger, Gabon and Central 

African areas 217 1 3 .2

Precajnbrian Shield, Cañada 167 10.1
Hercynian Area, Europe 60 3.6
Others 88 5.3

1650 100.0

The Australian, Ganadian arid South African provinces are all Pre- 
cambrian or Precambrian/Phanerozoic. In the C ol orado-VJyoming-líe w México 
province in the U.S.A. the actual deposits range in age from 210 to 10 m.y, 
but an important feature is their proximity to the Precambrian basement which 
is a southwest extensión of the Canadian Shield. In the Central African 
province the deposits are either in Precambrian or closely associated with 
the edges of the crystalline Precambrian massifs.

The main apparent exception is Europe where many of the deposits are 
apparéntly associated with the Hercynian orogeny, and even in this case it 
has been questioned (Figure 4 and reference j/) whether there might not be 
a relationship to the ancient Precambrian orogenies.
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IN THE GENERAL MINERAL INDUgPRY

Prior to 1942, uranium was used chiefly for colouring glass and 
ceramic glazes and an ampie supply was obtained by recovering some 
uranium from the ores which, after the beginning of this century, were 
mines for radium in four principal source areas, Eldorado, Cañada;
Shinkolobtoe in the then Belgium Congo; the Colorado Plateau in the U.S.A. 
and at various locations in Europe.

In the preiod 1942 - 1945 ^he envisagedmilitary uses brought an entirely 
new outlook. Increased and secure resourcec were sought but the greatest hope 
of the geological thinking at that time was to find nev.r Shinkolo'bwe type de- 
posits and to revive and increase production on known deposits. The hoped 
for supply was not satisfied and thus, from 1946 onwards, government stimula- 
ted uranium exploration programmes were initiated in many parts of the v/orld»

The desired results did not appear in the immediately following years 
but as incentives were increased, very large new discoveries were made in 
the early 1950's. Indeed, exploration was so successful that by the late 
1 9 5 0*s there was a surplus of uranium and this, co-inciding with a diminution 
in the military requirement, led to a period of depression in the uranium pro- 
ducing industry which lasted from about 1959 to 1966.

In the 1960*s nuclear reactors were developed from the experimental to 
the commercial stage and another new phase in the history of uranium started. 
The apparent reduction in nuclear power costs, the assurance by certain 
sections of the nuclear power industry of a rapidly increasing potential 
market led to what has been called the false boom in uranium exploration 
from 1966 to 1969. Particularly in the United States, the resurgence of 
exploration activity seemed even more vigorous than the boom of the 1 9 5 0’s.

It soon became evident, however, that reactor construction schedules 
were longer than expected, completion dates were continually postponed, 
reactor ordeis accumulated and thus nuclear power Utilities were reluctant 
to commit themselves to large fuel investments for the long term.



Except for continuing exploration in Australia another period of de- 
pressíon in the uranium exploration industry, particularly in North America 
ensued from 1970 to 1973.

By 1972 a more cautious but possibly a more soundly based assessment 
of the uranium requirements for the long term nuclear poî er programmes was 
taking place among uranium mining and power utility companies but despite 
the very substantial forecast of future demand and the exhortations by na- 
tional and international experts that a huge uranium exploration programrae 
was required, no marked acceleration in exploration was apparent in 1972 - 
73 and the sales price of uranium remained low (US $ 6 - 8  per Ib U^Og)

Into this slow resurgence of interest carne the energy crisis of the 
winter of 1973 - 74 and the substantial rises in petroleum prices. While 
this undoubtedly had the effect of making nuclear power economically more 
attractive, it also had contrary side effects and contributed significantly 
to world-wide recession, unprecedented inflation and a shortage of investment 
capital. The overall result was that these negative influences were'in the 
short term almost as powerful as the advantages that the nuclear industry was 
likely to gain from the changed structure of energy prices. However, the 
médium and long term trends appeared to become more sharply upwards and as 
this view became dominant in the power utility industry, uranium prices mo­
ved rapidly upwards from the 1973 "base of about US $ 6.00/lb U^Og to recent 
spot contracts of around US $ 43*00/lb U70g (Figure 5).

In the last few years there have, however, been further problems for 
the uranium industry, slow-down of world economic growth, resulting in re- 
scheduling of nudear reactor programmes, environmental considerations, and, 
in many countries, government policy in regard to nuclear power and uranium 
development has been indeterminate. Thus it can be noted that while the 
uranium price rose from US S 7.00 per pound U^Og on lst January 1974 to 
US $ 40.00 per pound U^Og in March 1976 it rose only from $ 40 to $ 43*25 
between March 1976 and March 1978.

Although uranium is a highly publicized metal it is not yet among the
major metáis in the overall mineral industry income. The 1977 production
of uranium of approximately 28,600 tonnes U at an average valué of S 20.00./
Ib U,0o was worth something of the order of 1250 million dollars whereas the3 o
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world’s aluminium production in 1977 was valued at some 1 2 ,4 5 0 million 
dollars, copper at 8360 million dollars, gold at 4600 million dollars, 
zinc at 3160 million dollars, tin at 2175 million dollars and lead at 
1700 million dollars.

Table 2

Approximate valúes of the production of 
some principal metáis in 1977

ÜS millions of dollars

Aluminium 12,430
Copper 8,36 0

Gold 4,600
Zinc 3,160
Nickel 2 ,5 2 0

Tin 2,175
Lead 1,700
Molybdenum 1,700
Uranium 1 ,2 5 0

In terms of ore mined, uranium also occupies a relatively modest po- 
sition in relation to the other principal metáis.

If the projected demand for uranium rises as described in the next 
section and there is an accompanying discovery rate, the next twenty-five 
years are likely to change the importance of uranium in the mining industry 
relative to other metáis. A study by the US Bureau of Mines which is illustra- 
ted in Figure 6 shows that the projected growth rate for uranium will 
exceed that of any other metal, being comparative only to aluminium in its 
rate of growth. There is no way of predicting prices of any of the metáis 
over these twenty-five years but the probability is that uranium will occupy 
a much more prominent position in the league table of annual valúes of pro­
duction in the year 2000 in relation to many of the other metáis.
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FUTURE DEMAND POR URANIUM

Nuclear power production began on a commercial scale approximately 
17 years ago and up to the end of 1977 about 87,000 MWe generating capa- 
city has been installed in the world's nuclear power stations. This re- 
presents about 5$° of the world's total electricity generating capacity.

Further projections show that nuclear is expected to produce between 
35 - 50$ of all electric energy in the world in the year 2000.

From the present figure of about 87,000 MWe, it is estiraated that there 
will be an installed capacity of between 500,000 and 700,000 MWe by 1990.

It should, however, be kept in mind that there are considerable uncer- 
tainties in present estimates. VJhile we can make fairly precise forecasts up 
to 1985, based on orders and national commitments, the later estimates are ob- 
viously nruch less precise and should be used only to show trends.

It must also be noted that estimates have been revised downwards in the 
last few years. This is due to the world economic crisis, and some public 
opposition to nuclear power which has led to longer licencing procedures, 
greater safety precautions and greater capital costs.

Thus the corresponding annual and cumulative world requirements for 
uranium up to 2000, based on a world survey by the joint NEA/IAEA Working 
Party—^ on 'Uranium Resources, Production and Demand*, have had to be modi- 
fied in recent months. The médium range estimate now shows a cumulative 
requirement between 1977 and 1990 of approximately 900,000 tonnes U and 
about three million tonnes by the ĵ ear 2000. Table  ̂and Figure 7.

From a 1977 lelvel of about 23,000 tonnes U per year (Table 3). the 
annual demand will rise under relatively conservative assumptions to an annual

±J Because of lack of information on the long term plans for nuclear power 
in the countries with centrally planned economies and a total lack of 
data on their uranium resources, the present analysis does not.cover 
these countries. They are assumed to be more than able to meet their 
uranium requirements from their own sources and may even become potential 
exporters.



Table 3 ¡ w o r l d  u r a n iu m  r e q u ir e m e n t s *
(1, 000 tonnes U)

WITKOUT RECYCLE WITH RECYCLE+

"ACCELERATED" “PRESENT TREND" "ACCELERATED" "PRESENT TREND"
POWER GROWTH POWER GROWTH POWER GROWTH POWER GROWTH

ANNUAL CUMULATIVE ANNUAL CUMULATIVE ANNUAL CUMULATIVE ANNUAL CUMULATIVE

1977 ........... 23 23 23 23 23 23 23 23
1978- ............ 29 52 29 52 29 52 29 52
1979 ........... 35 87 35 87 35 87 35 87
1980 ______ 43 130 41 128 43 130 41 128
1981 ........... 51 181 47 175 51 181 47 175
1982 ........... 60 241 53 228 60 241 53 228
1S83 ______ 69 310 59 287 67 308 57 285
1S84 . . . . . . 79 389 65 352 74 382 61 346
1985 ........... 83 477 71 423 82 464 65 411
1986 ........... 98 575 78 501 90 554 69 480
1987 ........... 111 686 84 585 98 652 73 553
1988 ......... : 125 811 90 675 106 758 77 630
1989 ........... 140 951 96 771 115 873 81 711
1990 ........... 156 1. 107 102 873 126 999 85 796
1991 ___ 171 1, 278 108 981 137 1,136 89 885
1992 ___ _ 188 1,466 114 1,095 149 1,285 93 978
1993 ______ 206 1,672 121 1,216 160 1,445 96 1,074
1994 ......... .. 221 1,893 127 1,343 171 1,616 100 1,174
1995 ........... 234 2,127 134 1,477 181 1,797 104 1,278
1996 - ........... 247 2,374 142 1,619 193 1,990 108 1,386
1997 ........... 267 2,641 150 1,769 205 2,195 112 1,498
1998 . . . . . . 295 2,936 160 1,929 218 2,413 116 1,614
1999 ........... 317 3,253 169 2, 098 230 2,643 120 1,734
2000 ........... 338 3.591 178 2,276 242 2,885 125 1,859

* Based on 0.25%  U -235 en tichm ent p ían t ta íls  assay and other da ta  shown on Tables 8, 9 and 10. 
(+) Beginning in 1985.
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production requirement of 4 2,00 0 tonnes U by 1980, 76,000 by 1985»
117,000 by 1990 and 220,000 by 2000. Few mineral production industries 
have been called upon to plan for a four to five-fold increase in pro­
duction in a space of about 15 years as these forecasts imply. This 
might possibly mean that, depending on their capacity, possibly 5 times 
the present nuniber of uranium mines will have to be planned and ehgineered 
"by 1990. As álready noted, a comparison with the projected growth rate of 
eight other principal minerals as shown in Figure 6 gives a dramatic view 
of the situation. Due to the lead times for mine development and construction, 
it may already be too late to satisfy the production needs of the early 
1980’s and again another temporary unbalance period for uranium may occur 
in these years.

Looking further ahead, it has been estimated that the requirement up 
to the year 2000 will be approximately three million tonnes U and an IAEA 
study group on reactor' strategies has indicated the probability that up to 
the year 2025 a cumulative quantity of as much as 10 to 20 million tonnes U 
might be required.

Demand will continué to climb for some years after 2000 even if there is 
a successful commercial introduction of breeder reactors in the 1980's or 1990‘s. 
Light water reactors, if installed iii the last two decades of the century will, 
according to the present projections, require uranium supplies for their 
life times of 25 - 30 years. The forecast of cumulative total uranium de­
mand of about 31000,000 tonnes U up to the year 2000 and cióse to 10,000,000 
by 2025 gives only the cumulative totals of consumption up to these dates and 
not integrated lifetime requirements, which would be substantially greater 
and thus the total requirement. into the middle of next century will be well 
in excess of 10 million tonnes uranium. The annual demand in the first 15 
years of the 21 century will, however, depend on the concentration of reactor 
type and installation rate in the 1980‘s and 1990*s. If the presently pre- 
dicted figures are approximately correct and even assuming a steady fall-off 
in uranium requirements for non-breeder reactors there could still be an 
increase in total uranium demand around the first 10 years of the 21st century.
In order to satisfy the estimated cumulative figures, annual demand might 
rise from 220,000 to nearly 350,000 tonnes pursuarfc to the full takeover by



breeder reactors. If such forecasts were even approximately correct, they 
would again have serious implications for the uranium mining industry with 
the familiar and unacceptable iboom' and ’bust* situation which neither the 
financial structure ñor the physical «ature of mines or milis would be 
geared to deal with. The decreasing uranium demand beyond 2010 would make 
the possibly short boom period of the first 10 years of the 21st century a 
difficult period for the mining industry.

URANIUM RESERVES AND RESOURCES

Reports of world surveys of uranium resources have been issued at 
roughly two year intervals since 1965 'by a Joint Working Party organized 
by the OECD Nuclear Energy Agency, Paris, and the International Atomic 
Energy Agency, Vienna. As already noted, the most recently published study 
is entitled "Uranium Resources, Production and Demand" and, while issued in 
Becember 1977 contains data as of lst January 1977. In the rapidly evolving 
uranium situation, considerable changes have occurred since that date and the 
two Agencies are presently engaged in the preparation of a new report which 
it is hoped will up-date the figures to lst January 1979 and be issued about 
September 1979.

The Reasonably Assured Resources and the Estimated Additional Resources 
in two cost ranges as stated in the December 1977 report are given in Tables
4 and 5. The changes which have occurred since the first NEA/lAEA report in 
1965 are shown in Figure 8 .

The definitions used by the NEA/lAEA Working Party should be stated and 
are as follows:-
Reasonablv Assured Resources (RAR) refers to uranium which occurs in known ore 

deposits of such grade, quantity and configuration that it could be reco- 
vered within the given production cost range, with currently proven mining 
and processing technology. Estimates of tormage and grade are based on 
specific sample data and raeasurements of the deposits and on knowledge 
of ore-body habit. Reasonably Assured Resources in the cost category 
below S JO/lb are considered as Reserves for the purpose of the present 
report.



Table 4; r e a s o n a b l y  a s s u r e d  r e s o u r c e s
(1, 000 tonnes U)

Data available Ist  January, 1977

COST RANGE

<  3 80/kg u 
( <  $ 30/lb u3o 8) 

RESERVES

$ 80 -13 0 /k g  U 
(S 3 0 -S 0 /lb  U3O a)

A lgeria .................... ....................... 28. ^ 0
Argentina 17.8  ✓ 24
Australia ............................................. 289 7
Austria ...................... ...................... 1 .8  v' 0
Bolivia ............................. ................... 0 0
Brazil ................................................... 18.2 ^ 0
Cañada1 ............................................... 167 w" 15
Central African Empire2 .............. 8 v' 0
Chile ................................................... 0 v' 0
Denmark (Greenland) .................... o *• 5 .8
Finland ............................................... 1 .3  ✓ 1 .9
France ................................................. 37 ^ 14.8
Gabon2 ................................................. 20 ^ 0
Germany, F .R ..................................... 1 .5  ✓ 0 .5
India ...................................................... 2 9 .8  •<’ 0
I t a ly ....................................................... 1 .2 0
Japan ................................................... 7 .7  r 0
Korea ................................................. 0 3

0 0
México3 ............................................... 4 .7  ^ 0
N ig e r ..................................................... 160 0
Philippines ................................... 0 .3  V 0
Portugal ........................................ 6 .8 1 .5
Somalia4 ............................................. 0 6 .2
South Africa ...................................... 306 ^ 42
Spain ................................................... 6 .8  ✓ 0
Sweden ................................................. 1 ^ 300

4 .1  ^ 0
United Kihgdom ............................... 0 0
United States ..................................... 523 i-' 120
Yugoslavia .......................................... 4 .5 2 .0
Zaire ................................................... 1 .8  ^ 0

Total (rounded) ............................... 1 ,650 540

1 . The m ate ria l reported as Reserves is m lnable a i prices up to 3 104/kg U and the other Reasonably Assured Resources are  m inab le a t 
prices betw een $ 104 and $ 156/kg U.

2 . Source o f da ta : Uranium Resources, Production and Dem and; Paris 1975.
3 . Data refer to resources " ín -situ " , ra ther than recoverab le .
4 .  Costs o f recovery are not known so the resources are a rb itia rily  assigned to the hígher cost category.



Table 5( e s t im a t e d  a d d it io n a l  r e s o u r c e s  
(l.OOOtonnes U)

Data available l s t  January, 1977

COST RANGE
< 8 0  US $ /k g  u

( < 3 0  í / l b  u  O ) 
3 6

80-130 US í / k g  U
(30-50  $ /lb  U O ) 

3 8

A lgeria ............................................... 50 0
Argentina ........................................ 0 0

44 5
Austria ............................................. 0 0
Bolivia ............................................ 0 0 .5
Brazil ................................................. 8 .2 0
Cañada1 ............................................... 392 264
Central African Empire2 ........... 8 0
Chile ................................................. 5 .1 0
Denmark .......................................... 0 8 .7
Finland ............................................... 0 0
France ............................................... 24.1 2 0 .0
Gabon2 ............................................... 5 5
Germany, F .R . , ........................... 3 0 .5
India ................................................... 23.7 0
Italy ................................................... 1 0

0 0
Korea ................................................. 0 0
Madagascsr .................................... 0 2 .0
México3 ............................................ 2 .4 0
Niger ................................................. 53 0
Philippines ...................................... 0 0
Portugal ........... •................................ 0 .9 0
Somalia4 ........................ ................. 0 3 .4
South Africa .................................... 34 38
Spain ................................................. 8 .5 0
Sweden .............................................. 3 0
Turkey ............................................... 0 0
United Kingdom ............................. 0 7 .4
United States 838 215
Yugoslavia ...................................... 5 .0 15 .5
Zaire ................................................. 1.7 0

Total (rounded) ............................. 1,510 590

1 .,  2 . .  3 . ,  4 . -  As in footnotes to T able 3.
NB: A number o f occurrcnces o f  uranlum  are not well enough defined to be included in Tables 3 and 4 but are described in Part lt, 

the country reports.
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Estimated Additional Resources (EAR) refers to uranium surmised to occur in 
unexplored extensions of known deposits or in undiscovered deposits in 
knoxm uranium districts and which is expected to be discoverabie and 
could be produced in the given cost range. The tonnage and grade of 
Estimated Additional Resources are based primarily on knowledge of the 
characteristics of deposits within the same districts.

The definition of "cost" as used in the stated cost ranges include, in 
general, not only the direct costs of mining, milling and extraction but also 
the cost of capital spent in providing and maintaining the production unit. 
Exploration costs are not included. Some 87.5$ °f "fche low cost reserves exi’st 
in five countries - Australia, Cañada, Niger, South Africa and the United States.

This is a remarkable situation and immediately prompts the questions - 
is there a freak geological distribution of uranium which favours these 
countries? - or: is it merely that heavy expenditure has been made on ex­
ploration in these countries? Almost all geologists will deny the first 
possibility and agree with the second. Uranium exploration virtually star- 
ted in 1945, and thus, despite the tremendous efforts of the 1950’s and in 
recent years it is still very young and it has not yet been possible to make 
a real world wide uranium resources inventory. However, the IAEA and the NEA 
are currently engaged in a project named "International Uranium Resources 
Evaluation Project" (lUREP) which is designed to raake a world estimate of 
uranium resources and potential. The first phase of IUREP has now been com- 
pleted and the Speculative Resources of the world defined as "undiscovered re­
sources in addition to RAR and EAR, which are thought to exist mostly on the 
basis of indirect indications and geological extrapolation in deposits dis- 
coverable with existing techniques and exploitable up $ 130/kg U" are esti­
mated to lie between 6 - 5  and 14.8 million tonnes uranium in some 175 
countries of the world.



PRODUCTION

Estimated uranium production capacities in 1978 and attainable to 
1990 are shown in Table 6 .

Table 6

Estimated uranium production capacities 
attainable 1978 and 1990 

1000 tonnes uranium per annum

Estimated 1978 Attainable 1990
Argentina 0.28 0 .6 0

Australia 0 .5 0 2 0 .0 0

Cañada 6.45 11.25
Gabon 1 .2 0 1 .2 0

Kiger 2.40 9.00

South Africa 8.80 12.00

U.S.A. 19.30 47.00
Western Europe 3.22 6.30

Other 0.25 2 .6 5

Total (rounded) 42.40 110.00

The above table illustrates capacities. The actual production in 1977 
is estimated to have been 28,617 tonnes uranium. The table suggests that 
on the basis of presentíy known reserves, the production capacity could be 
increased three.fold between 1977 and 1990 but the availability of reserves 
must be taken into account. Por example, Australian uranium policy was under 
review for some years as to whether their resources should come into pro­
duction or not and if so, when and upon what conditions. Possible constraints 
on exports by Cañada iare also been in evidence and there are physical con­
straints due to the nature of ore bodies and dependence on other metáis in 
such countries as South Africa.



There are, therefore, considerable problems and questions related 
to any achievement of a 110,000 tonne uranium production capacity by 1990 

but even if this level could be achieved, it would only be possible to 
sustain it for a very short time after which it would decline due to the 
depletion of some deposits and the need to mine lower grade material. In 
order to maintain or increase capacity beyond 1990, substantial additional 
reserves will have to be identified.

RECENT PRICE TRENDS

During the earlier period of uranium exploration, i.e. in the 1950’s
discovery rates were very sensitive to sufficiently attractive price sti-
mulation. This was followed by the period of the development of nuclear
power from the experimental to the commercial stage and for many years,
essentially during the 1960*s the price of uranium remained low and stable
within a price range of approximately 3 5-7/lb U^Og. In the early 1970's
when the substantial future requirements for uranium were already evident,
and despite recognition of the fact that a huge exploration programme would
be required, the price continued to remain static at an average of just over
$ 6/lb U^Og. It was not until the energy crisis of the winter of 1973-74»
which caused very substantial rises in petroleum prices, that the stimulation
for a rise in the uranium price also occurred. Starting from the end of 1973»
the price rose dramatically from a base of approximately $ 7/lb U^Og to prices
for spot contracts of $ 40/lb U70o in 1976. The recent'high spot contract3 o
prices of $ 43/40/lb UyDg has been much publicized (Figure S1) but it should 
be remembered that the average price including existing long term contracts 
is much lower. The latest figure for 1977 is an average of US $ 1 9 . 7 5 / ^^Og.

It is hoped that the price increases over the last few years will provide 
the necessary stimulation for the major exploration effort that will be re­
quired in the next decades. However, extreme price increases are likely to 
be counter-productive as indicated in a study of the economics of nuclear 
power by Davis^ and it was felt that the important growth in nuclear 
generating capacity could not be achieved unless there were confidence in 
its technological maturity as v.Tell as in its economics. Table 7 shows a 
typically representative comparison of costs in the European Community: for 
power stations coming into operation in the early 1930's nuclear generation



costs are 33% less than for oil-generated electricity. This calculation 
assumes U^Og at US $ 18.50/lb U^Og but if it had to be assumed that prices 
of US $ 40/lb U^Og have to be paid, the cost of the nuclear kWh increases 
to 20.7 milis u.a. and its cost advantage would have shrunk from 33% to 15$>.

Comnarison of Electricitv (íeneration Costs between Nuclear and Pael Oil
(assuming $ ll/bbl fuel oil; 16.7 u.a. or $ 18.50/lb U^Og)

Nuclear Fuel Oil
milis u.a./kWh % milis u.a./kWh *

Capital 10.0 61 7.0 29
Fuel 3.8 23 14.9 61
Operation 2.5- 16 2.5 10

Total 16.3 100 24.4 100

There is thus an iraportant warning. Should the price rise continué, 
it is likely to curtail the ordering of new nuclear power stations and thus 
the market for uranium. Unless uranium prices are maintained in reasonable 
relation to real costs so that there is an economic incentive to select nuclear, 
Utilities will start to reduce their new investment in nuclear power. Uranium 
producers must not try to secure prices that are exorbitantly in excess of 
profitable operation. On the other hand the rate of increase in uranium 
prices between 1976 and 1978 has not been keeping pace with world inflation 
and thus prices in the range of US $ 60 to 80/lb U^Og may well be expected 
five to ten years from now.

ZXPLORATION ACTIVITIES

Worldwide uranium exploration declined after 1970 as a consequence 
of the soft uranium market. However, since 1974» there have been positive, 
signs that prospecting activities are increasing again at least in some 
areas such as North America.



The renewed effort in uraniura prospecting has been initiated by 
market forces, i.e. the substantial increase in uranium prices during 
the past five years. However, market forces alone may not be sufficient 
to stimulate adequate exploration efforts on a worldwide scale. As already 
noted, 85$ of reserves are situated in four countriést (USA, South Africa, 
Cañada and Australia), and these are the countries which have undertaken 
the greatest exploration efforts in the past. It might be concluded that 
a comparable effort in other geologically favourable areas would give simi­
lar results.

However, as exploration expenditure is heavy and considerable experience 
and technical ski11 is needed for location and development of new deposits, 
cióse collaboration is required between the industrialized nations and de- 
veloping countries where these unexplored areas are mainly situated.

It is felt that increased international co-operation in the field of 
uranium exploration could make a contribution towards avoiding a tight si- 
tuation on the uranium market, witfl all its negative consequences.

This has been one of the principal objectives of IUREP, to identify 
the areas, geological trends and countries of the world where the best 
geological Information indicates that the future uranium resources aire most 
likely to be found and to stimulate international co-operation in investi- 
gating these areas.

-THE. .LONG- .TERIV! URAlflüM RES0U3C.ES SITUATIO}!

The information made available by contributing nations to the NEA/IAEA 
Report has enabled presently known uranium reserves and resources to be quan- 
tified under two categories, ’Reasonably Assured Resources* and 'Estimated 
Additional Resources’.

It is, however, obvious that only the 'R e a s o n a b l y  Assured Resources1 
can be con^idered for specific planning and forecasting in the short and 
médium term and that even the availability of much of these resources is 
contstrained by technical mining schedules. Even if it were assumed that



the present 'Estimated Additional Resources' could be confirmed and 
developed, the total of the two categeries is still inadequate to 
meet the long term uranium requirement.

There is, therefore, an obligation to comment .on the world uranium 
potential and the probiems involved in the future discovery of adequate 
uranium to meet requirements.

The three principal factors and constraints are generally considered
to be

(1) Physical: i.e. the existence of deposits
(2) Economics i.e. the availability of adequate funds for exploration, 

development and capital investment. (This inoludes funds for re- 
search and development of new methods and techniques)

(3) Politicals i.e. availability of search areas and production and 
export facilities

The future potential may be considered under two cost categoriesj i.e. 
under $ 30/lb Ú^Og and lower grade uranium with a cost of above $ 30/lb UyDg.

A. Potential Uranium Ore under $ 30/lb U~Og
Phvsical availability

The type of material considered in this category is equivalent to 
that now being examined in the USA under the D.O.E. National Uranium Re­
sources Evaluation (MIRE) programme and referred to as ^ossible1 and ' spe- 
culative' potential resources. These would be within postulated deposits 
in formations or geologic settings that have not been previously productive 
within a productive province or alternatively in new deposits postulated in 
geologic provinces that have not previously been productive.

Informed programmes to examine speculative potential through detailed 
examination of geologic provinces and recognized uranium favourability 
criteria have been initiated both in the USA and in Cañada. However, very 
little had been done elsewhere in the world and it was for this reason that 
the two Agencies, Nuclear Energy Agency of OECD and IAEA jointly initiated 
the International Uranium Resources Evaluation Project (lUREP) to estímate 
world's 'Speculative Resources1.



It is recognized that very large areas of the world remain to be 
explored and that there is a probability that much more uranium remains 
to be discovered in the upper part of the Earth's crust. However, any 
attempt to raake a quantitative appraisal of the ultimate size of the 
world’s uranium resources, based on existing information must remain 
extremeiy speculative. Despite the fact that the joint HEA/lAEA Steering 
Group in their IUREP bibliographic study came to the conclusión that in 
175 countries there may be Speculative Resources of between 6.5 and 14.8 
million tonnes uranium, there remains a range of technical opinion on whe- 
ther low cost uranium deposits to the amount of 10 million tonnes actually 
physically exist in occurrences in the upper part of the Earth's crust 
from which it could be economically produced» The wisest course will be 
to expand exploration and exploration technology as rapidly as possible 
coupled with continuous intelligent interpretation and extrapolation of 
the geological data obtained. If this is done, there is a reasonable 
expectation of successful discoveries which may, or may not, be adequate 
to identify the required tonnages. However, as there is a risk that ade­
quate uranium will not be found, all avenues should be explored to make 
the best economic use of the available uranium resources (e.g. ensuring 
the rapid commercialisation of short doubling time breeder reactors and 
the production of more efficient reactor systems).

Economic factors
One of the biggest challenges of the future might appear to be the 

financing of the required exploration, development and construction effort, 
particularly against the background of a frequently unpredictable reiation- 
ship between financial sources and potential producer countries of all 
stages of development.

The amount of necessary finance is very large. Taking into account 
a ten year forward reserve requirement, the funds which will be necessary 
to cover the exploration requirement up to the year 2000 are likely to be 
of the order of 20 billion dollars, while the necessary mine and mili 
construction finance would be of the same order of magnitude.



This had appeared to be a major requirement but at a 1976 meeting
in  Gene va of the Atomic Industria l Poruxn, Mr. W.E. P e lle y , F irst Vice

8/President, Bankers Trust New York, presented a paper ' e n t it le d  "A 
Banker Looks at üranium Financing" and carne to  the conclusión that the 
fin a n cia l requirements o f  the uranium industry w ill  amount to  le s s  than 
two-tenths o f one percent o f to ta l cap ita l funds l ik e ly  to "be raised  in  
the period up to  1990. He remarked in  conclusión n— the financing pro- 
blem o f uranium mines in  the United States and throughout the rest  o f 
the world i s  not one o f cap ita l a v a ila 'b ility , Capital i s  a v a ila b le . The 
rea l problem i s  one o f the uranium industry being able to  a ttra c t the ca­
p ita l  . The problems l i e  in  market s t a b i l i t y ,  goverament approvals and 
public recognition  o f a world energy shortage".

This expert view appears to  minimize the problem o f the ex isten ce of  
adequate funds but points up the se m i-p o lit ic a l problems which are a lso  
covered by the th ird  fa c to r .

P o lít ic a ]  fa c to rs-
The main problems o f ensuring future uranium supplies do not, therefore,, 

appear to be purely geo log ica l ñor o f the tech n ica l ca p a b ility  o f the 
geo log ica l and mining profession  to  d iscover and develop deposits ñor of 
the ex isten ce of adequate funds but rather o f politico-econom ic constraints  
lim itin g  the a v a ila b il ity  o f search areas and the freedom to  develop, pro­
duce and export from id e n tif ie d  d ep o sits . Even in  the main uranium reserve 
countries, governments are involved in  re -a ssess in g  th e ir  p o lic ie s  in  re­
gará to  uranium exploration , development, export and import and some o f  
these p o lic ie s  are, or have been r e s tr ic t iv e  to  a greater or le s s e r  degree. 
While f u l ly  understandable from national viewpoints th is  has, in  some 
cases, tended to lim it exploration and development o f uranium resou rces.

For the govemments o f the le s s  w ell developed countries, the 
problems are equally  complex. In many countries even the specu lative  
p oten tia l for uranium has barely  been considered. Governments which are 
faced with problems such as whether there w ill  eventually  be a national 
requirement, the extent of national control ‘o f uranium exploration and 
development, environmental problems, and p ossib le  fin a n cia l sources for 
development, have frequently been unw illing or unable to in i t ia t e  uranium 
exploration on a major sc a le .



It is recognized that problems such as these corxstitute perhaps 
one cf the greatest challenges which lie ahead in trying to ensure ade- 
quate uranium supplies. Increasing dialogue between producer and con- 
sumer nations will become more and more important.

The principal factors which should be taken into account by govern- 
ments of both advanced and developing countries when defining their future 
policies in regard to uranium are considered to be:-
(1) Present uranium reserves are about 1.65 million tonnes.
(2) There will be a requirement of up to three million tonnes by the 

year 2000 and of the order of 10 million by the year 2 0 2 5.
(3) The commercial importance of uranium may be iimited to the next 

4 0 - 6 0  years and the requirement thereafter may decrease sharply.
(4) The lead time between initial exploration in a new area (particularly 

in a developing country) and initial production may be as much as 15 
years.

(5) The scale of the finance required for major exploration and development 
programmes is likely to be only available from commercial or national 
organizations in the advanced countries or through intemational develop­
ment funds.

(6) The price structure and rewards over the next decades are likely to 
be attractive.

B . Lower Grade Uranium Ores

Because the risk that production of lower cost uranium may be in- 
sufficient, the availability and the need for uranium in the category 
with a cost higher than $ 30/lb U^Og has been considered.

At the present time (1977) there is no clear lead as to how intensive 
the search for low grade resources to cover the réquirements of the next 
fifty years shoould be. To a great extent this will be dependant on the 
intensity and the success of the exploration effort for lower cost uranium, 
i.e. uranium at a cost of less than $ 30/lb U^Og (present dollar valúes).

Por the rest of this century, presently identified conventional type 
uranium resources at cost levels no greater than S 30/lb U^Og may be able 
to provide for forecast recuirements, but because of the rise in Petroleum



prices, uranium up to $ 100/rb U^Og could "be competitive for nuclear 
power generation and thus it will be necessary to examine higher cost 
uranium resources more closely.

Up to the present, relativeiy few countries have attempted to 
quantify higher cost uranium resources. The United States and Cañada 
have made estimates of some of their resources in this category and 
general estimates for the uránium content of phosphates, etc., in other 
parts of the world have been attempted.

Past exploration has generally been directed to deposits with average 
grades greater than 0.1% ü^Og and at the other extreme, a good deal is 
known about the characteristics and problems involved in recovery from 
very high cost material such as shales, granites, phosphates, etc. There 
is, however, a considerable gap in knowledge about uranium between these 
two extremes and much future exploratory effort will need to be directed 
towards sources of uranium in the range 0.1 - 0.01% U^Og.

It is well known that enormous quantities of uranium, probably in 
excess of any visualized nuclear power requirement exist in marine black 
shales, marine phosphates, granites, sea water and other unconventional 
sources. The problem to be considered is how much of this material can 
be made available at a cost acceptable to the nuclear power industry with­
in a useful time period. The limiting factors on the utilization of low 
grade material of this nature will be the price which the nuclear power 
industry will be prepared to bear, the environmental constraints on mining, 
the huge ore tonnages necessary to recover the required uranium tonnages 
and the development of the technologies necessary for the recovery of such 
uranium.

It is unlikely that very low grade material, that is, under 100 ppm 
U^Og, can provide any substantial part of the presently envisaged require­
ment. This is principaliy due to the environmental problems that the de­
velopment of such material would cause but also because the time scale re­
quired for the development of techniques to exploit such deposits is so 
great that the uranium requirement may be diminishing before substantial 
tonnages can be produced and also there is presently not enough pressure 
to start up such Drogramraes .



TO be able to select the economically most favourable material in 
grades greater than 100 ppm and to produce from it, it will be necessary 
.to fund a major research and development programme on exploration, mining 
and milling techniques and with improvements in technology and higher 
prices some contribution from higher cost material of this type might be 
expected in the médium and long term future.

ROLE OF INTERNATIONAL ATOKIC 'ENERGY AGENCY IN URANIUM RESOURCES

Since its inception in 1957, the International Atomic Energy Agency 
has carried out various programmes related to nuclear raw materials. These 
have covered many aspects of the subject including geological studies through 
exploration, radiometric measurements and the production of uranium concentrate-

General Programmes
The Agency acts as médium for the interchange of information mainly 

through organizing scientific meetings and administering research con- 
tracts and by publishing the proceedings of these meetings and the re- 
sults of the research work for world circulation. These meetings consist 
of symposia, seminars, technical committees, advisory groups and consultants 
meetings. Published proceedings of symposia include such titles as "Ex- 
ploration for Uranium Ore Deposita' (1976), "The Oklo Phenomenon"(1975), 
"Formation of Uranium Ore Deposits"(1974), "The Recovery of Uranium,,(l971), 
"Nuclear Techniques and Mineral Resources"(l969) and "Radiological Health 
and Safety in Uranium Mining and Milling"(1964)•

In recent years, advisory groups have resulted in publication of 
"Processing of Low Grade Uranium Ores"(l966), "Uranium Exploration Geology" 
(1970), "Uranium Exploration Methods"(1973), "Radon in Uranium Mining"(1973), 
."Uranium Ore Processing"(1976 and "Recognition and Evaluation of Uraniferous
Areas”(i9?¿}o



Consultants meetings may discuss and recommend action on specific 
problems or assist in writmg a report or preparing a manual. Por 
example, Technical Report Fo. 158, "Recommended Instrumentation for 
Uranium and Thorium Exploration"(1974), Technical Report No. 174, 
"Radiometric Reporting Methods and Calibration in Uranium Exploration". 
Technical manuals on "Geochemical Methods for Uranium Exploration” and 
on "Evaluation Methods in Uranium Ore Deposits" are being prepared by two 
cónsultant groups for publicación in 1979.

Working Groups are normal1y convened for the purpose of advising the 
Agency on specific problem areas. As already metnioned, one group of ex­
pe rts, jointly sponsored by the Nuclear Energy Agency of the OECD and the 
IAEA has réviéwed the world's uranium resources, production capacity and 
demand at roughly two-year intervals since 1965. Other joint Working Groups 
with NEA are concerned with research and development problems in uranium ex­
ploration, uranium resources (IUREP) and uranium extraction.

Six Working Groups on uranium géology were set up as a result of the 
1970 Agency advisory group and were re-convened in 1972 at the International 
Geological Congress in Montreal and in August 1976 at the International 
Geological Congress in Sydney, Australia.

The research contract programme is a means of providing financial 
support tó research institutes in Member States. Contracts are normally 
awarded for a period of one year and are renewable up to a total project 
period of three years. Publication of results, either by the research 
institute or the Agency is normally done at the end of the contract.

The IAEA is building a Uranium Resources Information Pile which will 
include Reasonably Assured Resources, Estimated Additional Resources, .'Spe­
culative Résources, Production and Exploration data as presented on a 
country by country basis.



Technical Assistance Programmes to Deve leming Countries
The second major activity of the International Atomic Energy Agency 

in uranium resources is Technical Assistance.

All Member States are eligible for technical assistance provided 
under the Agency‘s Regular Programme. Both Member and non-Member States 
are eligible from the Agency from United Nations Development Programme 
funds provided that they are economically developing and are members of 
eithér the United Nations or one of the UN specialized agencies. Techni­
cal assistance is provided at the request of Member States, but the con- 
tent of the projeets requested may be finalized in consultations with the 
Agency and, where necessary, the United Nations Development Programme. The 
kinds of assistance available under these programmes may include expert ser- 
vices, equipment and supplies, UNDP large scale projeets, fellowships and 
regional projeets such as training courses and study tours.

The IAEA programme on nuclear raw materials is at present expanding 
in response to the increase in uranium exploration activities in all 
parts of the world.

CONCLUSIONS

The past history of uranium exploration has been one of slump and 
boom, perhaps even more spectacular and more marked than in the explora­
tion his'tory of any other metal. The stimulation of the booms and the 
origin of the slumps have mainly come from the nuclear power industry's 
own problems. A new confiáence in nuclear power forecasts is required as 
a sound basis from which te establish a secure uraiiium supply programme.
The fulfilment of the presently predicted demand for uranium is not likely 
to be an impossible task for a well organized, well stimulated uranium 
exploration and mining industry but the building up of confidence in the 
now predicted nuclear power timetable will be vital in assisting the mining 
industry in.actually achieving the targets envisaged.



There is a strong probability that adequate conventional type, 
relatively low cost uranium resources (up to i 30/lb U^Og) do exist 
in the world. The problem is in identifying where they are and whether 
they can be exploited, Considerable potential remains to be explorad 
in developing countries but whether such potential can be realized will 
depend on the building up of confidence between the Govemments con­
cerned and the sources of finance and technical skills which are mainly 
available in the more advanced countries, and, most important of all, in 
the establishment of a sufficently attractive and stable price level to 
stimulate the exploration and development of uranium resources in all 
countries.
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INTR0DÜCT1 ON
Factors involved in the Svaluation of Ore Deposits

The objective of reserve evaluation is to determine the tonnage and 
■grade of the ore recoverable in a given technical and economic environ- 
ment» The factors involved are manys both natural and human, and no two 
ore deposits are identical. Thus, except for some general factors, each 
orebody has to be evaluated in detail with consideration of its 
individual characteristics.

Some of the variable factors involved in evaluaíing uranium deposits 
might be oonsidered under the following headings:

Physical nature of the deposit, its size and shape, 
tonnage and grade distribution of the mineralised material, 
etc.

Chemical and physical characteristics of the mineralisation 
affecting the extraction and the degree of recovery of the 
final product.
Location of the deposit in respect to sources of supply and 
delivery of the product and conditions affecting working 
operations.
Availability of labour and staff, efficiency of nanagement 
and workers, efficiency of designed working plan and methodss 
taxation, legal and political factors.

These are just some of the variable factors involved in the evaluation 
of a deposit* In the earlier stages of evaluation it is rnainly the 
geological variables which are involved. Uranium does, however, have 
special characteristics which affect the evaluation process.

Special Characteristics of Uranium Deposits

Uranium deposits are metalliferous deposits and, in general, the 
principies involved in tlieir exploitation are essentially similar to that for 
other metáis. All metáis do, however, exhibit their own distinguishing 
characteristics which can be utilized in their discovery, evaluation, mining 
and milling, The only justification for presenting a paper on the evaluation 
of uranium is to emphasise the characteristics which distinguish it from 
other metáis and which affect the techniques of evaluation and mining.

Mineralogical- 
Metallurgical.

Geographic-

Human.



The main ch^.racteristics are threefold:-
(1) Aithough a metal, uranium is a fuel and thus has very distinctive 

marketing and utilization characterisics;
(2). Radioactivity, and the production of radioactive daughter eiements ¿tl- 

cluding radon gas;
(3) The relative ease of solubilization of uranium from its principal ore 

minerals and the differential solubility between the uranium and some of 
the daughter elements such as radium»
These three characteristics strongly affect the mining of uranium and 

distinguish it from other metáis.

I . Marketing
In the large mines of the main uranium producing countries, the sales 

contracts and marketing of uranium is subject to agreements and contracts bet­
ween the mines and the nuclear power Utilities. This may be direct or subject 
to some measure of governmer/tal control. The principal purchasers are the 
power utility companies or the governments of the advanced counxries.

In regard to developing countries, uranium resources may be uvilxzed (a) 
in a national nuclear power programme or (b) may be developed purely for 
commercial export to the advanced industrial countries. In the firsi- case, 
while low cost national uraniurn would be desirable, strict adherence to the 
world market price may not always be necessary beca\ise in the interests of sav- 
ing foreign currency, utilizing national resources, establishing an industry to 
provi.de employment and for general politico-strategic raasons a government may 
be prepared to pay a premium above world prices for nationally produced 
uranium.

In the second case, that is, sale on the world market, the product must be 
competitive and furthemore, purchasers are likely to be only Ínteres ved in 
larger quantities and secure long term delivery contracts.

As the ultimate basis of evaluation is a cost/price target, the evaluation 
of uranium deposite in developing countries may depend on national policies xn 
regard to these two options.

II . Radioactivity
(a) Advántages

(i) Evaluation Techniques
In the evaluation of a uranium ore body, radioactivity is an asset because 

calibrated gamma-ray logging equipment can give acceptable evaluation data xn



non-core drill holes. More expensive diamond core drilling may be avoided in 
many cases where it would be essential for other metáis.

In the sampling of ore bodies at surface and within a reine, particularly 
in relatively homogeneous ores, a differential face scanner provides a rapid 
in-situ radiometric assay of a discrete yet adeqnately large sarnple, thus re- 
ducing requirements for conventional sampling and assaying.

(i i) Mining Operations
In marginally economic uranium mining operations it is highly important 

that, at all stages up to milling, ore selection be made as efficient as possible. 
Radiometric measurements can greatly assist this objective. Delimination of ors 
prior to blasting by using face scanners or even simple GM counters is an obviou3 
first step. Broken ore selection within a stope can also be done using the same 
typs of instruments or portable T-handle probes* Radiometric picker balts can 
also be used.

In the transport system it will also be normal to have a fixed station iruck 
or carload radiometric analyser system. The sampling of bulk loads is therefore 
cheap and stockpiles of different grades can be made for future blending to pro­
duce a consistent feed grade to the mili. Low grade ore storage for heap 
leaching systems can also be arranged.

(b) Di sadvantages
The principal disadvantage of the radioactive character of uranium ores lies 

in the hazards arising from radioactivity and principally in the decay of the 
uranium series and the production of radon gas. The radon daughter px*oducts 
found in uranium mine atmosphere have been assumed to be the cause of the higher 
than expected incidence of lung cáncer among underground uranium miners; All 
mines require that they are ventilated to assure the comfort of the workers and 
their freedom from dust and furr.e hazards} but in underground uranium mines the 
costa of controlling radiation hazards arise from the need to ventílate active 
working places more extensively than would be necessary to control the normal mine 
air pollutants. Mining costs may therefore be higher than in equivalent mines for 
other metáis and thus imist be taken into account in the evaluation of the ore 
dtpasit.

III . Solubility of Uranium Ore Minerals 
(a) Advantages
Uranium is bi-valent and produces two series, of components, uranous and 

uranyl which differ greatly in their solubility, the former being relatively un- 
soluble and the latter highly soluble. Most of the common uranium ore minerals



such as pitchblende and uraninite are easily soluble particularly in a dis- 
tinctly acidic or alkaline environment. Kany of the common ores of uranium also 
contain iron pyrites which in normal weathering may be relatively easily broken 
down, .producing an acid environment which brings the uranium ore minerals into 
solution o

This property has been taken advantage of in many uranium ore districts te 
recover uranium in what has been calleó a "natural leaching" or "heap leach" 
system. Sub-mill grade ore, which may be regarded as having no mining cost, is 
loaded on to a bay with an impervious base surface and a controlled drainage 
system. On completion of the heap, water and pyrite and/or sulphuric acid is

isprayed on the surface and the run-off liquors collected, probably re-circulat:ed 
but uitimately drained to the main mili or to a simple small precipitation 
system. This possibility can have great economic advantages in uranium mining 
and should be taken .into account during the evaluation of a property.

(̂ ) Disadvantages
As radium and some daughter elements are far less soluble than uranium, 

differential solubi'lity may leave detectable radioactivity in a deposit but with 
depleted uranium,, The opposite situation of enriched 'iranium and low radio­
activity can also occur. The deposit is said to be "out of equilibrum". This 
factor can cause erroneous evaluations and must be deterroined if radiometric 
measuring systems are used,

If the ore is proved to be, susceptible to easy leaching then an expense 
must be incurred to cover any ex-mine ore stock completely either by plástic 
sheeting or by a roofed construction.

The other problem is that within a mine the same process is at work on all 
wet exposed surfaces and mine water, either pumped or flowing from adits is 
likely to be acid and contain uranium» Pollution of local streams and agricul- 
tural land can occur and protection costs may be very much greater than in 
equivalent sized mines producing other metáis»

All of these features, related to both radioactivity and solubility must be 
taken into account when uranium deposit evaluation is done»

Each uranium occurrence, has its own cost characteristics as well as its 
geological and mineralogical characteristics, and it is the economic geologist®s 
duty to consider and evalúate all variable factors and to arrive at as good an 
estímate as possible of the size, average grade and economics of the deposit so 
as to eventually arrive at ah estimated "cost of product" figure. Such a figure



can then be judged against the market valué or ’price* of the product; the 
difference being either profit or loss» For the purpose of this talk, the
current (mid 1978) spot price of US&95?70/kilograE)me U^Og, or 115 U s or 
US$43,40/lb Ü^Og is used as the market valué or "price** <•

DI SCOVERY AND PRELIMINARY EVALUATION OR "PROVING"
Exploration and Discovery

Uranium presenta a unique record of successful exploration over the last 
thirty years. For no other metal in world hiBtory was such a high rate of dis- 
covery achieved in such a brief period. The success was based on two factors? 
firstly, the important utilisation of the metal which prompted high rewards, 
and secondly on the natural radioactivity and high solubility of most of the 
uranium ore minerals, which were aids to discovery»

Probably in no other type of mineral exploration ia there a wider range of 
technical methods than those which are at the disposal of the geologist working 
in uranium. Pulí advantage^ must be taken of these special properties but it 
must also be remembered that otherwise uranium is a metal occurring in mineral ,* »
deposits which are subject to all the other normal techniques of óiscovery, 
evaluationt and production®

As this talk is intended to deal with evaluation, and as discovery tech­
niques will have been dealt with by other speakers, consideration will 
immediately be given to the first stage of evaluation.

Preliminary Evaluation of "Proving"
Preliminary Evaluation of radiometría anomalies is based on accurate ez— 

amination and measurement of surface features only. The main principies of 
judging and assessing a surface anoraaly are the same as for all minerals* but 
for the uranium geologist¡ measurement of radioactivity provides a marked 
advantage.

In preliminary evaluationf a system of elimination is involved by which 
anomalies are classed as not appearing to warrani any further attentiori and 
others as meriting some type of further exarainatioa»

It is well known to persons esperienced ia prospecting work in metáis 
generally that most occurrences and discoveries cannot even be classed as pros- 
pects and that few prospects eventually become producing mines» Because of the 
ease of detection of radioactivity the ratio is even more unfavourable in the 
case of uranium»



One example of such statistics from a country which had been completely 
surveyed by aerial radiometric methodsj the anomalies proved, prospected and 
developed will illústrate this»

Kümber
!«. Number of aerial radiometric anomalies 

discovered (two and a half times normal 
background) 1,192

2 » Number of anomalies recommended by
"proving" group for further work 114

3# Number of anomalies prospected and de—
veloped 24

4« Number of anomalies proVejit* to have
economically exploitable,¡uranium ore re­
serves 4

This is probably a very'typical set of figures and illustrates the 
importance of the «proving" stage.

The element of experienced ¡judgement is so important in preliminary eval­
uación that this is work which must be done "by experienced men<> The "proving'* 
geologist should have wide and considerable knowledge not only of geology but of 
all the evaluation stages. He should also have at least some knowledge of pro- 
duction methods and costs.

A first essential in proving work is the fu 11 and complete recording of all 
relevant Information about an ancmaly» No anomaly, no matter how apparently 
insignificante should be dismissed with no record of it kept* Time after time 
it is later found that some Information about such anomalies is required after 
all» It is also important that the directors of the campaign should have all the 
factual Information available so that they can judge whether* in their opinion, 
tne proving team has come to the correct decisión» A standard reporting form for 
anomalies should be designed and nsed by the proving group and kept as permanent 
record at headquarterso A suggestea type of form is illustrated, but variations 
can be made where necessary„
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ANOMALY RECORD SHEET
LOCATION _ _ _ _ _ _ _ _ _ _  ____  SERIAL NO.

Local Ñame
ODÍU /ijJt iw 9
AERIAL StIRVEY NO.

Distríct DATE DISCOVERY
Map Reference DATE GROUND PROVED
Aerial Photograph
HOST ROCK_________________ _____________________________
CAUSE OF ANOMALOUS RADIOACTIVITY___________ ___________ ___
MAXIMUM RADIOACTIVITY (a) Aerial Sur._________(Vj Ground
HOST ROCK RADIOACTIVITY__________________________________
EXTENT OF AWOMALOUS ZONB: Máximum Length________________
Máximum Width; Average W i d t h i ____

TYPÉ OF STRUCTURE:________________ ______________________
Strike _______  Dip____  Length (max)
Width (a) Máximum (b) Average

URANIUM MINERALS_________ ___¡__________ ;________________
ASSOCIATED HYDROTHBRMAL EFFECTS

METALU SATION 
GAÍIGUE MINERALS 
CONCLUSIONS

This suggested form should be altered in whatever way necessary to satisfy 
the objectives of the project and the needs of the organisation.

At this stage no accurate estímate of resources can be made. A discovery 
is uranium mineral in place (an outcrop, in a trench, intersected in a drill- 
hole). The evaluation of a discovery is to determine its d.ireepsions.



Size of Potential Orebody
The "proving" geologist must be sufficiently knowledgeable about 

structural geology to interpret the pbssible extensión and continuity of a 
structure in which the anomaly occurs and thus be able to estímate its 
potential size and the ore tormage which it could contain» He is- not ex- 
pecte-d to make án accurate estímate, the margin of error may be very wide but 
at least he must be able to estímate whether there is any possibility of a 
reasonable tonnage in íhe structure o£ not. However, it ia no good just making 
a guess, such measurements as are possible at the outcrop must be taken and a 
mental calculation of volume and tonnag® made.

Por example, in "Anomaly A** v the geologist has located the anomaly and 
found that it is caused by an occuri-ence of radioactive minerals in a smail 
fracture vein. He measures the vein and finds it is only 10 metres long and has 
iio possible extensión and that the average width is 0.20 metres. The radio­
activity is confined to a two snetre length of the vein. A rapid mental 
calculation shows that the vein.̂  tonnage per metre of depth is likely to be

Volume => 10 x 0.20 x 1.00 
Tonnage = 10 x 0.20 x 1.00 x 2.50

= 5*0 Tons vein rock per metre of depth 
(2.5 is used as the Specific Gravity of the vein).

Only one fifth of the outcrop length was mineralised so the available ore 
tonnage may only be one ton per metre of depth. Even if the structure extended 
to 50 metres depth this would only provide 50 tons ore and if the calibrated 
scintillometer had indicated a grade of 0.10$ this could mean only one
kilogram per metre of depth. The geologist knows that in vein structures
the economic lower limít is likely to be ábout 0 .25$ &ra’<̂e J a ve^n width
approximating to one metre and with a substantial ore tonnage (certainly some 
tons of thousands of tons), he can therefore safely dismiss this anomaly as being 
of no further interest„

In the case of "Anomaly B", the geologist finds a vein structure 2000 
metres in length and with an average vein width of 2.50 metres. He can calcúlate 
that this structure could contain per metre of depth

Volume * 2000 x 2 .5 0 x 1.00 « 5000 m3 
Tonnage = 5^00 x 2 o50 = 12,500 Tons

Even assuming that the structure only extended to 200 metres depth this 
would provide 250,000 tons. The calibrated scintillometer indicates that about 
half the length might be mineralised to 0.20$ U^Og grade that is 125,000 tons at 
0.2$ ü30g = 250 tons U^Og.



The geologist does not require to go any further, he can recomm^nd with 
confidence that the anomaly is worth further investigations.

In considering the potential size of a vein structúr.es the "proving’' geo- 
logist is faced with the profiera of hov* the vein behaves in depth- It may 
ia'ke many foruiss of which the straight continuation is only ene; it may pinch 
out.

it may broaden, it may be a lens. Lacking any other evidence and sinply for th? 
purpose of the preliminary estiuiate of potential tonnage one useful method is to 
assume that the outeropis the diameter of a circular lens. (Figure l). This is 
usually a safe estiraate for srnall to modérate length vein outerops. It wcrald 
not be applicable, or necessary, in vein outerops of some ki lometres.

In this case the estímate of potential size for a vein outcrop of, say, 6C0 
metres and average width one metre would be as follov;s:

2Area of half circular lens = (II r ) •
( 2 ) ■

= 3.14 x 3002
2

= 1 4 1 ,0 0 0 m2
Volume = 141,000 x 1.00 = 1 4 1 ,0 0 0 m3

Tonnage = 141,000 x 2,5 = 35°»0°0 Tons
On outcropping horizontally bedded deposiis, the principies are the sanie,

"but additional evidence on continuity may be available.
Ánomalies are therefore divided on the basis of surface evidence and centa.1 ■ 

or rough calculations into-those which are rejected and those which are re— 
corcmended for further work.; Determination of whether the deposit could be 
economic is left to a later stage of the investigación.

The following Table I attempts te illustrate in very broad terms the Pro­
gressive development of an exploration programme from the discovery phase 
through all the evaluation phases to the development and prodxiction phase. It 
relates numbers of anomalies at each phase to the relative approxi reate cost and 
possible aecuracy of the. phase.



Tao'ie 1 Relationship of Exploration Phase to Number of 
Anomalifes, Relative Cost of Effort and Possible 
Margin of Error

Phases of 
Exploration 
& Evaluation 
Programme

Nuinber of 
Anomalies and 
Prospects at 
each phase (the 
others baving 
been eliminated

Relative 
Cost of 
Work done 
on each 
Anomaly

Margin of 
Error

1. Identification of 
anomalies 1000

2. "Proving" 1000 X i OOO36

3. Surface mapping 100 5*
4. Trenching 75 155 50C$
5. Drilling 50 1500X 10C$
6. Underground Mining 

Prospecting 20 6ooox 20$
7 • Mining Development 

and Production i«J 8 0 0,000* 10g

This do es not include the cost of discovery. It should also be noted. that it 
is often possible to elimínate some of the phases. For instance, after pre- 
lirninary evaluation it is not uriusual to go almost directly to a drilling pro- 
gr arome«

PHYSICAL EXPLORATION AND INTERPRETARON OF DATA
Policy The phases which succeed the "proving** phase may be referred to as 
physical exploration and include surface mapping, sub-surface techniqu.es such as 
geophysics and detailed radon surveys, trenching, drilling and underground nine 
exploration. The detailed methodology of the various techniques require detailed 
description and demonstration and cannot be aealt with in a brief paper. It is 
only relevant in this paper to discuss briefly the policy and philosophy of the
employment of the varioxis techniques.

l
The development programroe for an anomaly, occurrence or prospect consists 

of a series of steps or phases, each designed to eliminate an element of risk.
The expenditure which is committed at each step should never exceed an 
appropriate fraction of the potential prize. A rough guiding target figure for



the whole physical exploration programme up to the development of probable and 
proven ore reserves on which production could be based shoulá not be more than 
lOfc of the total content valué of the orebody.

As will be seen from Table 1 the big cost jump comes as soon as investi- 
gation in depth has to be done., therefore, it is essential policy that the 
máximum possible information be first obtained from the cheaper surface 
exploration phases.
Surface Mapping All anomalies or occurrences which have been passed by the 
"Proving" group must be surface mapped. The requirement is to obtain complete 
information about the geological structures, the extent and degree of the 
mineralisation and the topography. In fíat or moderately undulating ground, grid 
mapping is the best method as it is systematically complete ir¿ covering the 
ground, quick and sufficiently accurate for the purpose in view. Plañe table 
mapping can be reserved for ground where the topography makes grid mapping 
impossible. Enlarged aerial photographs may also be used as a base.

These methods will prbvide sufficient information to decide whether the 
prospect should go to a following stage or not« An exact triangulation survey 
will not usually be necessary until it has been decided that the prospect warrants 
drilling or rnining prospection. When that is done, the information obtained in 
the grid or plañe table survey can be incorporated in the final ¡cap.
Trenching The objective of trenching will be to delimit the general
geology of the occurrence, possibly under shallow soil or alluvial cover, to de- 
Ixmit the extent and to sample the inineralised occurrence and to study changes m  
the mineralisation within the sub-surface depth explored by the trenches. 
Syatematically taken samples may be used to estímate near surface blocks of ore»
Drilling With drilling, exploration work is now entering a more ex-
pensive phase and thus the necessity for drilling must have been fully proved in 
the previous phases and the objective of the proposed drilling must be clearly 
envisaged. Drilling may be designed to test the grade and width of an orebcdy or 
it may be used to seek geological information from which to plan other 
exploration methods such as prospect mining. Most drilling programmes are 
planned in phases, each phase having a limited objective. The results of each 
phase must be assessed and work will'continué to the next only if the re­
sults justified it. Figure 2 might be an example in a ssnall near vertical veía 
occurrence in which the surface information was inadequate to determine the true 
dip of the structure.
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Figure 2

Lrilling oí Mining Prospection Problems znay srise in decidíng where and when 
to use drilling and where and when to use mining prospection»

Drilling is cheaper than mining prospection ana is preferable whenever the 
sature of the ora can give decisive results» With a well planned drilling pro­
gramase which discovers ore} the subsequent investment in underground work is 
^ubject to a inuch lower risk factor and the workings can be planned to open up the 
ore in the most economical mannerc Ify on the other handf drilling finds no ore, 
the more expensive underground work is saved* Drilling can often be used 
intentionally to delimit barren ground and narrow down the 2ones that will have to 
be tested “by the raore expensive mining methods.

In stratiforra depositss chiefly of the sedimentary types ore continuity and
grade range is usually sufficiently well known so that no underground mining is
required prior to development because complete evaluation can be done on drill 
hole evidence.



^^i_ng_Frospecti_on Mining prospecting work is different from nnning de- 
velopmeni work, The objectives in mining prospecting are to determine the 
size and grade and valué of the orebody» With good and weil planned work the 
mine prospection works may later he incorporated into the mining development 
plan of an economic ore'body. This should always be attempted but it is not 
always possible, Mining prospection on an orebody where there has been no 
prior drilling is going into the unknown, except for such guidance as the 
geologist can give» False starts along veins which pinch out may be made, 
faults may cut off the orebody and mining exploration must be done in several 
directions to pick up the faulted section. Prospection policy must take all 
these possibilities into account and be prepared for a considerable cost of 
meterage done in barren ground. The oíd maxim for shallow mining prospecting 
should be adhered to where it can be employed "start in the ore, follow it and 
stay with it"„ This is the ideal but it is not always possible.
Records and Plan System A souna and efficient system for recording all the 
information required in the evaluation of ore deposits must be established.

Daily, weekly and monthly progresa reports should be kepi of the wórk done. 
The drill hole logs, gamma logs, assay records, surface maps, sample tickets, . 
etc», should be sorted into the appropriate sections concerned, cross referencsd 
and filed at regular and short intervals.

The whole system of recording mapped Information, not only for underground 
work but for all phases should be standardised within an organisátion.
Ceologists and prospectors should not be allowed to choose various sizes and 
scales of maps and different methods of report^ng. If that were allowed to go 
on, the accumulation of unclassified, variously reported and stored map in— 
formatíon could become a serious problem to the extent of making the efficient 
evaluation of mineral deposits difficult or even impossible, A systematic map 
reporting system should be decided upon and rigidly enforced throughout all pro- 
grammes.

Several map recording systems are available and reference can be made to 
them in KcKinstryss "Mining Geology" p. 162-197. (l)0 ;

CALCULATION OF ORE RESERVES 1
Averaging Assays In drilling programmes, the average grade and the true
width of the mineralised structure represented are found and designated for each 
drill hole intersection. If the samples are múltiple as is frequently the case 
in drilling, then one average grade valué must be' first found for the total 
width. Having obtained the single pair of figures for average grade and total



width,’thesa then represent a certain block of ground surrcranding the drill hole,

In cosibining assay valúes, if the channel lengths of the cub-sa^rples or trie 
drill hole lengths are all equal then the average grade is siraply the arithm?ític 
average of the grades over the true 'total width»

Unequal Vfidths Jf, however, 5.t is necessary to combine samples of un—
equal width (thic.kness) from either drill hole data or other types of sampie3, 
each sampie raust be weighted by its length as follows:
(a) Drill hole lengths 0>) Mine level sub-channels

* ID f m
A 0 .2 0 0 .2 0 A 0.20 0.20
B O.5O 0 .8 0 (4) B 0 .5 0 0 .8Ó
C 0*20 0 . 5 0 C

(Samples)

0.20

(4)

0 .5 0

(5)
The average valué is a simple weighted average as follows:

Sample Assay
Í ü 3°8

Width
Ketres

A . x . VJ»

A
B
C

0 . 2 0
0 .5 0
0 .2 0

0 .2 0
0 .8 0
0 .5 0

0 ,0 4 0  
0 .4 0 0 • 
0 .1 0 0

Totals - 1 .5 0 0,540
Average Assay - A x Vi 

W ~
0 .^ 4 0 „ Tt A
1 . 5 0 “ 0,30/0 3 8

The final figures which are therefore used to represent the average grade 
over the full width of stracture at these points are 0 .3 ^3*̂ 8 over a width of 

metres.

Effects of Sensity Since grade is expressed in percent uranium content by
weight, in cases of extreme density differences further corrections will have to 
he jns.de "by weighting density and' grade «.

Averaging A'ssays in Sectjor.s Ver y few uranium deposits are of uni forra width t, 
and si'nce a sample across a wide portion represents a larger tonnaga than across 
a narrow portion, it is necessary to weight each assay in accordance with its 
width.



Sample Nos. Average Assay 
Assay
% u3o8

Width
Metres

Assay x 
Width

1 0.27 0.85 0.229

2 0.15 O .65 0.0^7
3 0.35 Ot"-«0 0.245

(4) Sub-divided 
Calculated

0 .36 1 .5 0 0.540

5 0 .22 O .85 0.187
6 0 .2 5 0.6 0 0 .1 5 0

To-tals - 5.15 1=448
,__  , Total Width x Assay 1.448 ^ 0qkj/ tt nAverage Assay = --- Totol' width ’ J ^ T  * ^  3°6

Average Width = ‘  ̂ n-- -—  3 - 0=86 metres° Ntunber of sampies o
The result for this section of equally spaced samples can therefore "be stated 

as 0.28^ over an average width of 0.86 metres along a vein length of 6,0
metres.

Oneven Spacing If the samples are not at evenly spaced inlervals»
ar.other variable, that of the length of influence represented by each sample rrrust 
te taken into account» Each sample must therefore be veighted by the length of 
influence which i i represents, that is, a length equal to half the distance to the 
next sarnple on one side plus half the distance to the next sample or¡ the other 
side. The average grade will then be given by

width x length x assay 
width x length

and the average width by width x length
length

If it is assumed that the same six samples are spaced as follows (Figure ?/} 
then the calculation will be rnade as over®
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Figure 3

Length

¡ j r  í r r " "  ' i
¿i j ■*- | JL í- JL i
si : i ; i ¡ i  •: , i ' <' j i • i *

? 40 40 | 40 j 80 1 80 í 25 *25 I 60 ¡ 60 ? 50 i 50 1 50
V̂ __r-_rr7.— ------— U"-~------------80 ' 1¿20

¡ (1> (2 ) (3) (4) (5) (6)

ír 6.00 metres

Sampie 
No»

Assay
i- U 0g

- Length 
Motres

WidtÜ
Metres \7 x L

.  . .. y

W x L x A
1

-> u
0.27 0 .8 0 0.85 0 .6 8 0 0.183

2 0 . 1 5 1 . 2 0 0 .6 5 0 .7 8 0 0.117
3 0.35 1 ,0 5 0 .7 0 0.735 0.257
4 0.36 0.85 1.50 1.275 0.459
5 0 .2 2 1 .1 0 0.85 0.935 0 .2 0 6

6 0.25 1.00 0 .6 0 0 .6 0 0 0 .1 5 0

Totals - 6 .0 0 5.15 5.005 1 .3 7 2

Average Grade = W x L x A 1.372 = 0.274# U3°8Y/ x L 5.005

Average v7idth = W x L 
L

5.005
6 .0 0

0.83 metres

The final xesult for this scction of unequally spaced samples 
wouldL tberefore "be stated as 0.27$ over an average width of 0.83
cíe tres along a vein length of 6.00 metres.

The figures are slightly lov/er than in the situation v/here the 
sampie3 were equally spaced beca.use of the lesser weighting given to 
the higher grade sampie IT0 .4 he causo of its shorter length.

Erratic Assavs Erratic assays occur infrequently but are consideiably
higher than other valúes. Erratic high assays .can occur: l) because of impreper 
sampling methods; 2) because of assaying errors; ' 3) accidental salting of the 
saxnple; 4) a natur^lly oceurring high grade spot; 5) sample voltune is too stnall>



Most methods of calculating averages are based on the assuroption that from 
each channel to the next the grade of ore changes at a uniform rate (a) or, 
that each assay represents the valué of the ore for an interval extending haifway 
to the next sainple on each siáe. (b) Although such an assuinption yields a 
perfectly satisfactory approximation, it is rarely, or ever strictly true, and 
can lead to serious error if one or a few samples are notably richer than the 
rest» (c) This is illustrated in the Figure 4 where it can be seen that in the 
case of three samples 1, 2 and 3 the true situation (c) is not correctly 
averaged by the basic assumptions of the methods above (a) and (b).

Valúes
% u3o 8

Sam ples  (l) (2)

(a)
(3)

ib) íc)

Figure 4

There is no easy way to determine whether or not to adjust for erratic 
samples. Reducing the grade of the erratic to the average of surrounding 
sanples is preferred in some cases.

TOKNAGE AMD GRADE DETERMINATIONS
Having first coniputed aVerage figures for samples it is then possible to 

calcúlate average grade for any particular length of mineralised structure ex— 
posed in a mine.

Calculating the Average Grades and Widths in Ore Blocks in Mines
The average grade of a block of ore is calculated from the average grades of 

the sampled openings wjiich.bound ít. In typical vein deposits the openings con—
j

/



sict of levéis and raises that form the top, botto:n and sirtes of the block.
ln ordor to outline ore a clividing lino nust be djv-vm bet- 

ween ore and waste. Just where to draw this line rcay be a veiy difficult 
problcrn in any orebody but is ecpecially so in a new orebody. In effect, the 
cut~«ff grade is the lowest possible grade which can be iricluded in an ore re­
serve estimation and yet maintain the ore as economic. Clearly, the lower the 
cut—off grade used, the greater will be the ore tonnage, but the lower will be 
the average grade of ore. The recoverable' M^Og does not therefore rise in pre — 
portion with the ore tonnage and as mining costs increase because of the greater 
tonnages of ore, there will be some point at which the opei-ation becomes 
uneconomic. On the other hand higher tonnages usually mean lower unit costs so 
this is a factor working in the opposite direction.

Wbat is are and what is not ore depends on the cost, but the cost in turn 
depends on the scale of production; the scale of production depends on the a.’ocun 
of ore and the amount of ore depends on the cost - a vicious circle. The only 
way out of this is to calcúlate ore reserves using two or more cut-off grades. T 
whole process of provisional cost of product valization is then followed through 
using the ore reserve tonnages calculated from these various cut—off grades and 
the one which most nearly matches thé desired economic situation in regará to th 
final product is found.

In working mines this becomes a matier of adjustment dependi/ig or. clnnging 
working costs, changing pr 5ce of product or changing desired level of profii.

Kowever, in new properties it is necessary to follow out the whole process, 
guessing initially as best one can from the evidence of comparable deposits, the 
cüt-off figures which are most likely.to be applicable.

The problem way be smr.rnarised in the folüowing diagrara:
U 0,01 0,03 0.03 0.10 0.11 0 . 1 5  0,22 0.30 0.30 0.19 o.ll 0 .0 8  

x . x s:

0.03 0 j'05 0.10 0.12 0.17 0.21 0.36 0.25 0.19 0.10 0 ,0 5 ' 0,03
Two mine levels 25 raetres apart, all sainples. one metre T.’ide and

five metres apart. .Figure 5
Cut-off Tons '• Average ' Tons

“rea grade ^ Ore ' grade 7* - U3O3
ü3°8 U308

A. 0.20- .930' 0.24 
A+B 0.15 1.560 0.21 
A+B+C 0.10 2.500 0.17

2.240
3.280
4 .2 5O



The complete provisional cost of product estímate would then lave to "be 
done for each case * Many conflicting factors would have to be taken into 
account; the lower percentage recovery of in the treatraent plant with low-
ering of average grade; the lower unit costs with higher tonxiage3 and the higher 
total costso
Calculation of Volmne The weight of a block of ore is estimated by first
calculating the volume and then applyíng a factor to convert volume to tormáge. 
Volume is the average thickness times the area. Area can be directly measured but 
it nmst be the true area and thus if a dipping vein has been horizontally pro- 
jected in to a longitudinal section plan then the apparent area must be divided by 
the sine of the dip in order to correct the foreshortsning of the projec-tioru More 
simply a direct measurement can be made on vertical transverse sections of the 
area.

Areas of other irregular shapes» such as S curves on dip must be properly 
measured to give true volume .

Assuraing an example of a vertical vein then the volurae is

A 4- C B + D2 x — 2—  x ^idth 
= 25 x 30 x 0.85 m3 A = 25m 
= 637.5 cubic metres ___

| i b .

Calculation of Tonnage Tonnage is obtained by multiplying the volume by the
specific gravity of the ore. A problera may arise in the correct- determination of 
the specific gravity of the ore and it will always be necessary to establish the 
specific gravity of the ore by empírica1 raethods in any orebody which is being ex— 
ariined.

Assuming that a specific gravity of 2.5 (or 2.5 dry tons per cubic metre) has 
been determined then the dry ore tonnage in Block A.B.C.D. will be = 637*5 m x 2„5

= 1,594 dry metric tons
Moisture Content , .Although the ore reserves must be expressed m  térras
of dry tons it is also necessary to know the moisture content of the ore as it will 
be wet tons which will be mined and transported. This will obviously cali for 
greater handling capacity and will increase the cost of mining and transport.



It is usually necessary to determine moisture content in each part of the 
mine separately as geological conditions may cause this factor to vary.

If in determining the speci'fic gravity the experimental figures were as 
follows:-

Tons per cubic metj-e wet ora =. 2.78 
Tons per cubic metre dry ore = 2„50
Then the moisture content of the ore is 1 Ofo 1^94 100 
The wet tonnage of Block ABCD will therefore "be ~^q x

= 1771 wet tons and the ore reserve tonnage should be stated as follows:-
Wet Tons Tons

Block A B C D  1,771 1.594
Tonnage U^Og The content of U^Og in the "block is simply the product of the
dry tonnage and the average grade of the block.

In the case of the exarcple it would De
.  5.580 to n .

Total Ü^Og frota Múltiple Mine Blocks In reporting ore reserves, each block
vilíT'be gj.veñ~wTth Tts wet ere tonnage, dry ore tonnage, average grade in ^ ü^Og 
for the whole mine are the simple sum of all the blocks. If the average grade  ̂
figure for the whole mine is required as is usually the case then it naist oe found 
by weighting the grades of each block by the dry ore tonnages as follows:-

Surface j j (l) ! ! j
! k. = i,8oo| ]t. = 1 , 4 0 0 | 
'■ }A. = 0.50$ j A. = 0 .30% i

r “i
Lever-lVj ¡(3 )"“ .j ¡(4) í-

\i

ÍT.= 1 , 2 0 0  ; j ? .=  1 , 6 0 0  i | .

iAl Z ± ? ? í * J  i_______
L e v e l 2 ---- ------------------- -------- ----

Figure 6

It will be assumed that block 4 is the same as the block A B C D  calculación 
aboveo For purposes of ore reserve estimates, the degree of unceroainty is 
always such that it will be correct to round off numbers»



Block
Dry Tons 
Ore

Average A3say 
* u 3 ° 8

Tons U^0 
(T x A)

I. 1 8 0 0 0 * 5 0 9 . 0 0

2 1 4 0 0 0 . 3 0 4 . 2 0

3 1 2 0 0 0 . 4 0 4 . 8 0

4 1 6 0 0 0 . 3 5 5 . 6 0

Totals 6 0 0 0 - 2 3 . 6 0

T x AAverage Grade — ¡j¡— ■ 2 3 . 6 0

§ 0 0 0

0 . 3 9 5 5  u 3 0 g

The mine section as illustrated would contain 6,000 dry tons of ore with an 
average grade of 0 .39fo anc* a ̂ 3^8 con'ten't ^3.6 0 tons.
Ore Reserve Estimation from Drill Holes In drilling programmes, "the
average grade and the true width of the mineralised structure represented are 
found and designated for each drill hole intersection. If the samples were 
múltiple, as is frequently the case in drilling, then one average grade valué 
must first te foujid for the total width as was explained in the ¿ection on Sub- 
divided Samples above» Baving obtained the single pair of figures for average 
grade and total width these then represent a certain block of ground yurrounding 
the drill hole. Areas, volumes and tonnages calculated for each block and then 
tonnages and average grades and widths are obtained by the methods described 
above«.
Flat-Lying Orebodies All other factors being equal it is convenient and
more satisfactory to design drilling programmes in fíat lying orebodies so that 
the drill hole intersections are regularly and equally spaced. This may be on a 
square grid, any rectangular pattern or at the corners of 60° triangles.

f"
A. 0.40?o 
V.’. 1. 50 ni 

( 1)

i-li A, 0 T .■>0/o 
W. 2. 00 m 

(4)

W. 3. 00 m
Square Grid Pattern

A.
W.

0. 3or=
1. 50 m

A. 0. 20?. 
W. 2. OO.m

A. 0. 60%
\V. l.OOm

60* Triangle Pattern

Figure 7



In the square grid pattern there are two ways of calculating the avcrages 
and tonnages. The first is sirnply tb assign the valúes of each hole to a 
square of ground, (broken lines, squares 1,2,3 and 4). The calculaticns are 
simple and straightforward. This is the quicker method but it may not be as 
ac cura te as the other method which is to compute an average grade arid width valué 
for each block (A, full lines) from the four bounding drill holes.

Drill Hole Assay
/0 ü 3°8

Width
m

A x W

1 0.40 1.50 0 .6 0

2 0 .6 0 1 .0 0 0 .6 0

3 0 .5 0 3 .0 0 1 .8 0

4 0 ,3 0 2 .0 0 0 .6 0

Totals 7.50 3.60

Average Grade = ̂  x ^ 
Vi

= 3 .6o =
0

0 .48/0 u3o8

Average Width = _W  ̂ = 1.87 metres
No. of samples 4

Area = (40 x 4 0) = 1600 m2

Volume = 1600 x I .87 = 2992
Tonnage (s.G. = 2.00) = 2,992 x 2,00 = 5,984

Say = 6,000 tons
T'J308 ^onna£e ~ 5,000 x 0 .48^ ILOg

“ 28.80 Tons
In the triangular patterns the block 1,2,3 is calculated in an exactly

csimilar manner using the three sets of valúes and the área of the 60 triangle»
The whole reserves are calculated from the simple s u b í s  of all the biocks of 

ore and ^0g tonnage. -If an average grade is required this must be weighted by 
the ore tonnages» As the .̂reas are all the same the average width is the straight 
arithmetic average»

Wnere rectangular but not square pattern drilling has been done it is 
possible to draw a series of cross-sections through parallel rows of holes and 
calcúlate the average grade and width for each cross section.



This method can be used even if the row3 are not at equal di:;tnnce .ip-í.rt 
ñor the boles uniformly spaced along the rows. The average grade is calculated 
by eorrfoinirig the average grades of the respective croás sectior.s, weighting 
each by its area (if the intervals between the cross sections are unequal) by the 
sum of half the distances to the adjoining cross-sections. (similar to the case 
of the unequally spaced channel samples described above). A set of cross 
sections at right angles to the first gives a good means of checkir.g the result.

In all these cases, extensions beyond the extreme ends are either assuraed or 
omitted depending on the probable shape of the orebody.

Checklines o

1. 2. 3.
R ectangular Pattern D rilling

Figure 8

Víhen the hole intersectíons are irregularly spaced, either on fíat lying or 
in vertical,, or near vertical vein deposits the calculations are nore coniplex 
because the areas represented by each intersection will be of all different sizes.

The most conitrion roethod is to divide the area into a series of triangles with 
a drill hole at each apex* The valúes of the three apex drill holes are then 
averaged as indicated above and assigr.ed to that area. The ¡r.eairurement of the 
area represented may be calculated by georoetry or neasured by planimeter. Ore 
tenn&ge and °8 content are then found in the normal way and the averages for the 
whole orebody found by weighiing the tonnages and the areas representad.



(a)- T rian gu lar  Method (b  ̂ P olygon  M ethod

In example (a) the triangular method, the averages for triangle A aire com- 
puted from the three drill holes, 1,2 and 3j triangle B from holes 2 t3 and .6 and 
so on*

In method (b) a polygon is constructed around each hole by drawing its bound-* 
ing lines perpendicular to, and bisecting the line cormecting each pair of holes» 
In this method the valúes found in each hole are assigned' to the whole polygon and 
the area of the polygon measured by planineter. The polyogons are averaged to- 
gether weighting each for its tonnage to get average grade for the whole area’»
Conclusions The above is a sunmary of the general principies and the main
methods of caiculating ore reserves. It will be possible to use thera directly or 
in modified versions for all uranium deposits»

Several matters concerning ore reserves have still to be discussed, such as 
ore limits and dilution.



PROVISIONAL COST OF PRODUCT KS'ilKATE

Recoverable Reserves Recoverable reserves are íhose thau */j!í u^ti^ote.y
te mined and must take into account the constraints of the mining í¡ietiioá.
These constraints are primarily dilution and recovery (inining ioss)»
Dilution Dilution of ore aay occur by intentionaj.iy in-
cluding Ioví grade scctions in the ore reserve calc\ilations which would be im- 
practical to mine around.

An orebody can rarely be mined so cleanly that no waste is broken w..th tAl­
ore, To varying extents this applies to ’both vein and flat-lying deposxts, 
some extent it is dependant on the thickness of the ore-bearing structure - th~ 
thinner the ore structure the greater is liable to be the dilution. If a ve^n 
is narrow, say 25 centimetres, it will be physically impossible to mine only 
this width and a stope of perhaps one metre width will have to De made to j>*ll~w 
the vein, thus cutting down 75 centimetres thickness of barren wall rock. In an 
extreme case like this, every endeavour would be made to separate *he ore and 
waste, either by "reusing", that is breaking the waste and the ore iu separate 
operations or by hand selection xn the stopes. (The selection o¿ ore in the 
etopes is another point at which radioactivity detectors particu^rly bê -a 
window probes are especially useful in uranium ore mirimg) «

The dilution factor has the effect of raising the ore tonnage to be minea 
and reducing the average grade of ore while leaving the total un
altered (provided the waste is" truly barren).
Calculated Ore Reserve Content

Wet Tons Dry Tons Average Grade ^ 3^8 Conteni u3og Tons
6,670 6,000 0.39 23.600

0.34“
Dilution Factor 15%

«- , , « (6,000 X 115) nnnMmeable Ore = — 2----̂ qo—  ~ Gra^e - 6,900
Wet Tons Dry Tona Average Grade ÜJ)q Content

% U.Ofl 'i‘ons3 o
7,670 6,900 0.34 23.600

Thiss therefore, concludes the factors involved in the calculation of ore 
reserves and in the tneasures which enable a statement of the mineable ore to be 
made. In reporting, a clear distinction should be made between ore r e .serve 
content and mineable or extractable ore, In the exampltf, th# two syai.emeni.s 
would be as follows;-



1 o Ore Reserve Content
Dry Tons Ore Average Grade Tons Og

í o 3o8 -

6,000 0.39 23.600

 ̂* Mj-neabie Ore Reserves
Wet Tons Ore Dry Tons Ore Average Grade Tons U-jOn

i u3o8
7,670 6,900 0.34 23,600

It will be the second statement which will be required for further 
evaluation steps»
Amenability Testing and Recovery Factor The next step in the evaluation pro­
cess is to malee preliminary tests of the ore in order to determine the most 
efficient process for the recovery of the U^Og and how rauch of the U^Og can. be re- 
cpvered economically. This latter is known as the mili recovery factor.

For uranium ores, the normal treatment process is a chemical one. The 
metallurgical laboratory must study the most suitable treatment process and also 
provide a preliminary cost estimate of the process. The laboratory must siso find 
out and indícate the amount of the uranium in the ore which can be economically 
recovered. This recovery factor depends on the nature of the ore and the grade cf 
the ore.

In evaluating the deposit it is therefore the recoverable uranium which must 
be taícen. into account® If the recovery factor for the above example of ore was 
9 2.5$ then the statement of ore reserves for evaluation purposes would be as 
followsí-
Mlned Ore to Treatment Plant

Wet Tons Dry Tons Average Grade Tons Ü-Og
^ ü 3°g

7,670 6,900 0.34 23.600
Recovery Factor 92.

„ ., „ • 23,600 x 90 21.830Recoverable EL0o = — 2— --3 o 100
It is this 21.830 tons U^Og which are recoverable which gives the valué of 

the deposit (or section of the deposit)» In this case, 21.830 kgs. U^Og x 95*70 
USS/kg. = 2,089,000 US dollars.



Rate_ofJProduction The possible or probable rate of'production rrrust
first be estimated as this is a major factor in determining the capital and 
operating expenditure required. The nature of the orebody is likely ío be the 
dominant influence in determining the rate of production» Expected rate of sale 
of product will also have an influence» In underground mines the tonnage which 
can be produced each day is governed by the munber and si ze of stopes which can 
be worked and this is limited by the time required to deveiop the levels and 
prepare the ore for mining» A rough estimate of daily rate for a small mine is 
one tenth of the number of tons of ore reserves in each vertical raetre«

In the case of fíat lying ore deposits the rate of production may be 
partially determined by the operational problems in the open pit but in general 
the rate of production is more flexible in such operations»

The plarmed rate of production is also determined by the mosi economically 
correct size of capital installations and treatment plant for that particular 
oreoody. It would be wrong, for example, to try to buiId a very large plant to 
treat the whole of the known ore in six months and thea leave the plant with 
nothing further to do. This could only be possible if the whole of the cost of 
the plant could be written off in these six months» Normally a number of years 
are allowed for the writing-off of the cost of the installations and plant» This 
is often about ten years»
"Life" The life of a mine is difficult to predict unless
the full extent of the ore is definitely known. For this purpose„ the "Proven" 
and "Probable" are reserve categories may not give a complete and accurate picture 
of thé future situation® "Possible" ore and perhaps evezi "Potential" ore may 
have to be taken into account.

Some estimates for proposed rate of production and life must be made at this 
stage so that the costing of the whole process and the evaluation of the orebody 
can be computed.
Plan of Operations A complete plan of operations arust then be worked
out on a provisional basis0 This must include a mining method with-appropriate 
equipment, a treatment plant method and equipment} auxiliary requirements such as 
transport, stores, etc6
gostJEstimate of Mining and Treatment Processes The cost estimating for the 
actual construction of plant and purchase of equipment and for operations is a 
skilled job which must be done by specialists but for the provisional cost of 
production valuation, the economic geologist or mining engineer should have 
sufficient knowledge of the main capital and operational costs as to be able to 
conclude an intelligent estimate.



(a) Capital Expendí ture The "rate of production" and the "life" of the orcbody 
will determine the size of the capital installations necessary for the mine, the 
treatment plant, the auxiliary services, transportf etc» All of these Ítems have 
to‘ be listed and costed and a total capital expenditure arrived at.

All exploration expenditure on the property made up to the time of this 
estímate should also be included in the capital expenditure total-

The provisional cost of product is therefore:
~ -°tal Capital + Operating Expenditures 

Total kílograms U^Og produced
At the present tíme (1977-1978) the capital cost of a uranium mine, treatment 

plant, auxiliary services* etc. is estimated to lie between US$4G|000 ai*d 
US$100,000 per ton ore per day. This is based on recent installations in de- 
veloping countries and on whether it is an open cast or an underground mine.

SUMKARY
Using the earlier example but increasing the tonnage by 100 times to coníorm 

te approximately the mínimum size of a viable uranium mine* The vari cus steps in 
evaluation may be summarised as follows;-
Step I Establish a provisional "cut-off" grade from comparativo evidence.
Step II Calculation of Ore Reserve Tonnage and U-Og Content and average grade 

ia the ground»
Wet Tons Dry Tons Average Grade Tons U-jOg
Ore Ore % O^Og *

600,000 0.39 2,360.00
Step III Estimate the moisture content. As sume a 10% flíoistu.re Content to give 

Wet Ore Tonnage
667,000 600,000 0.39 2,360,.00

Step IV Consideration of Dilution Factor of 1$% to give 
Mineable Ore for the Treatment Plant

767,000 690,000 0.34 2,360.00
Step % Amenability testing and consideration of a Recovery Factor of 92 

to give recoverable
_ _ 2 , 183.00

Step H  Consideration of a valué of 95»70 US$ per kilogram to give 
Recoverable Valué of the orebody

= US$209,000,000



Step VII Et>tiinate probable rate of production at 220 tons U.O,- ner year for
5 o

a life of 10 years. This would mean handiing '[ 6f70Q wet tons per 
year from the mine and 69,000 dry tons per year in the plant (or 
190 tons per day on a 365 day year).

Step VIII Plan a provisional mining methods minet treatment process and plant.
Step IX Cost the provisional operational method, estimated for thas

exercise at 12.75 million USS per year and capital expenditure at
13,300,000 million USS (i.e. 190 x 370,000 = $13,300,000).

Step X Pind the total estimated expenditure for the life (10 yrs) of the 
mine = (12.75® x 10) + 13.>  USS = 141n USS.

Step XI Divide this total estimated expenditure (l41mS) by the total estimated 
recoverable (2,183,000 kilogrammes)to obtain a provisional cost of
product.

= -  «4-59 O S S A ilo g ra m e  OjOg

Step XII Compare this provisional cost of product (6 4.59&A;g ̂ Og) with the
known market price of the product Í95»7C&/kg Í^Oq) an  ̂the differenca 
is either profit or loss. In this example a profit of 3\.ll$/kg ü 0^ 
is shown but if the result of the exercise was an apparent loss it 
might be worthwhile to adjust the cut-off grade and carry out the whole 
estimate again.

This concludes the brief summary of ore reserve and cost of product estimation 
raethods® Clearly, actual practice is likely to be much more compiex and 
specialists would be required for several phases of the operation, nevertheless the 
above paper gives a general outline of the processes which roust be followed in 
evaluating a uranium orebody.

It is the intention of the I.A.E.A. to bring out a techmcal report or manual 
on the Evaluation of Uranium Ore Deposits during 1979 and which will go into the 
subject in more detai1.
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