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Introduction 

The uranium minerals that today are at the centre of worldwide 
attention were unknown until 1780, when Wagsfort found a 
pitchblende sample in 10hanngeorgenstadt. This discovery 
passed unnoticed, however, since Wags fort thought that it 
contained a black species of a zinc mineral-hence the n':lme 
'pitchblende' (= pitch-like blende). Seven years later, Klaproth, 
while examining the mineral, noted that it contained an oxide 
of an unknown metal, which he called 'uranium' in honour of 
the planet Uranus, recently discovered by Herschel. Klaproth 
also believed that he had separated the metal, but, in fact, the 
attempt failed, and uranium, given its strong affinity with 
oxygen, was not separated until several years later. In 1833 
Arfwedson attempted the separation and, in so doing, reduced 
the pitchblende. His attempt was not successful and only U02 
was obtained. It was Peligot, in 1840, who was finally success
ful. He managed the reduction of the metal working with 
metallic potassium. It should be remembered that twelve years 
earlier Berzelius had isolated thorium. 

This successful outcome of the experiment, however, was not 
given much importance in uranium history because, initially, 
there was little interest among scientists in this metal and in the 
industrial-technical field the many attempts to use it in the form 
of metal had scarcely proved successful. Attempts were made 
to use it for making Auer mantles in gas-lighting; filaments in 
electric light-bulbs were also tried, but both experiments failed. 
Only U 30g, some uranates and some uranium salts were utilized 
as dyes in ceramics and in the glass industry, and also for special 
photographic preparations. As a result of such a limited utiliz
ation, the demand for uranium remained so low that, at the end 
of the last century, the only mineral deposit to be exploited was 
that in 10achimsthal, Bohemia-the same formation in which, 
in 1780, Wagsfort had found the first pitchblende sample. The 
other known mineral deposits at that time-those in Portugal, 
Cornwall, Colorado, etc.-were practically untouched. Even 
thorium found no practical application until 1885, when Auer 
used the oxide for constructing the mantles that had been 
patented by him. 

The year 1895 marks the beginning of a new chapter in the 
history of uranium minerals. Becquerel discovered the radio
active property of pitchblende and the Curies isolated radium. 
Suddenly scientists everywhere became interested in uranium 
minerals, which assumed a new importance in the mining 
industry. The extraction of radium from uranium salts led to 
the development of significant mining exploitation at St. Ives 
in Cornwall, in the Paradox Valley in Colorado and in Portugal. 
The first discoveries of uranium minerals in Katanga go back 
to 1915 and in 1921 exploitation was begun. The wealth of these 
mines was such as to put into difficulty all the others, including 
the loachimsthal deposits. 

Since then the uranium market has been subject to two other 
turning points that, in the course of a few years, have made this 
metal an essential raw material. 

First, the destructive property of fission reactions made 
uranium a metal of fundamental strategic importance, increas
ing research in some nations, but the revolution came with the 
plan for the real possibility of utilizing chain reactions for 
energy production in place of conventional fuels. 

Since that time a 'uranium race' has been in progress in many 
countries-often justified by the well-founded hope of 
becoming self-sufficient with regard to energy, or at least of 
paying off a part of the financial deficit due to increasing fuel 
imports. 

The importance of electro-nuclear energy should, however, 
be considered on the world rather than the national scale, 
especially when the following points are taken into account: the 
very marked increase in the demand for energy, the increasing 
cost of classic fuels and the need to use the latter more and more 
for specialized purposes (chemical, iron and steel industries, 
motor-vehicle traction, etc.). 

Thus, exploiting radioactive material is a very urgent 
national and world problem and the many aspects of the geo
chemistry and geology of uranium and thorium ore deposits are 
of extreme value in both theoretical and practical terms. 

With these points in mind, in 1960 one of the editors (F.L) 
presented Lezioni di Geologia dell'Uranio (lessons on the 
geology of uranium), which summarized a course held for a 
decade at the School of specialization in applied nuclear physics 
at Milan Polytechnic. Owing to the novelty of the subject and 
the particular interest that it holds for the development of the 
nuclear industry, these lessons quickly became obsolete, and it 
was felt that a new publication was necessary for both students 
and practising exploration geologists. Because of the com
plexity of the subject, which, if it is to be treated thoroughly, 
should be considered as an interdisciplinary field of research, 
with the help of our co-editors we decided to promote this 
volume in which. various specialists treat the problems that are 
presented by the geology of uranium in the widest sense. We 
hope that the presentation of these complex problems-from 
the mineralogy of uranium to the ~earch for it and its practical 
utilization-from different aspects and as completely as 
possible has been successful. 

We wish to thank all our collaborators and the Institution of 
Mining and Metallurgy, which has assumed responsibility for 
publishing this volume. 

Benedetto De Vivo 
Felice Ippolito 
January, 1984 
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History of radioactivity 

Paolo Gasparini 
Istituto di Geologia e Geofisica, University of Naples, Italy 

Our understanding of the evolution of the earth and the solar 
system had its beginning in radioactivity. Radioactivity pro
vided a tool for absolute geochronology, it was found to be an 
important heat source within the planets and it produced small 
changes in the isotopic composition of some elements, which 
enabled us to trace geochemical processes back to the earth's 
past. Moreover, radioactive processes are a source of energy for 
human beings. 

The history of radioactivity as a science is full of surprises 
and the outstanding quality of those prominent in this field was 
a mind that was open to the unexpected rather than possessing 
the capability of foresight and research planning. 

In 1896, shortly after Rontgen had shocked the scientific 
world by announcing the discovery of X-rays, Henri Becquerel, 
stimulated by Rontgen's results, hoped to produce X-rays from 
fluorescent minerals. Becquerel had the idea, perfectly plaus
ible at that time, that X-ray emission and fluorescence had the 
same cause. The concept later proved to be completely false, 
but Becquerel had the good fortune to choose a fluorescent 
mineral of uranium to test his idea. Thus, he observed pene
trating radiations emitted from the mineral and reported his 
findings to the Academie des Sciences de Paris in a paper 
entitled 'Sur les radiations emises par phosphorescence' on 24 
February, 1896. Shortly afterwards, Becquerel began to 
observe some strange things, the most curious being that the 
uranium mineral emitted penetrating radiations even when it 
was not hit by light. Becquerel reported the results of his obser
vations in a series of eight papers that give a comprehensive 
insight into a growing awareness that uranium atoms were 
unexpectedly emitting penetrating radiations. This conclusion, 
reached only two and half months after the presentation of the 
first paper, was a triumph of observation over reason; it was 
more remarkable in that Becquerel knew that some researchers 
claimed to have succeeded where he had failed, reporting 
observations of X-rays from fluorescent minerals in evidently 
careless experiments. 

That same year at Cambridge University]. J. Thomson was 
starting to check experimentally the theory of the ionization 
mechanism of air by X-rays that he had just put forward. To 
obtain help with his experiments he asked Ernest Rutherford, 
a brilliant student of physics, to join him. Rutherford started 
working on the electrification produced by X-rays and, in 1898, 
recalling that Becquerel had shown that the mysterious 
radiations emitted from uranium could also ionize gases, began 
the study of the ionization produced by these radiations to 
check how much that process depended on the nature of the 
rays and how much on the specific gas involved. Unexpectedly, 
Rutherford found the uranium rays to be a mixture of two 
different types. One, which he called alpha, had quite a strong 
ionizing power, but it had so little penetrating power that it 
could be stopped by a sheet of paper; the other, which he called 
beta, had weaker ionizing power, but its penetrating power was 
similar to that of X-rays. That same year G. C. Schmidt in 
Erlagen and Maria Sklodowska Curie in Paris discovered that 
thorium also emitted ionizing, penetrating radiations. In 1899 
Rutherford moved to McGill University in Montreal, where he 
made the acquaintance of R. B. Owens, professor of electrical 
engineering. He persuaded Owens to work on the ionizing radi
ations emitted by thorium, himself working on those emitted 

by uranium. The radiations from thorium proved more diffi
cult to deal with because the ionization seemed to fluctuate 
widely. Owens proposed air current as the possible cause of the 
problem and, just before leaving for England for his summer 
vacation, succeeded in stabilizing the ionization by sealing his 
thorium oxide specimen in an airtight box. Rutherford was left 
alone to explain the puzzle, rapidly reaching the conclusion that 
the fluctuations in ionization were due to the 'emanation' of a 
radioactive substance from thorium. One year later, in 
London, Sir William Crookes was trying to purify uranium 
nitrate. In doing so he was astonished to discover that he had 
almost completely eliminated the radioactivity from uranium. 
He began a series of chemical tests that separated uranium from 
a totally different, highly radioactive substance, which he 
called 'Uranium X'. Additionally, a new emanation was dis
covered from radium. 

Rutherford realized that any further progress would be diffi
cult without the help of a chemist and persuaded Frederick 
Soddy to join him in his work. He and Soddy proposed to (I) 
ascertain whether the emanation came from thorium or from 
something that was also mixed with it, (2) discover what kind 
of gas the emanation might be, (3) weigh the emanation and 
(4) ascertain what chemical properties of thorium made the 
emanation possible. They found definite answers to the first 
two questions: the emanation came from a highly radioactive 
substance, which they called 'Thorium X', and the emanation 
had the chemical behaviour of an inert gas of the argon series. 

Meanwhile, Becquerel had observed that although uranium 
lost almost all its radioactivity when uranium X was removed, 
after a short time it recovered the lost radioactivity. Rutherford 
and Soddy also found that thorium, after having been separ
ated from thorium X, generated in time both its radioactivity 
and its power to produce emanations. Realizing that thorium 
X was chemically different from thorium, and yet there was 
nothing but the thorium to produce it, they proposed the new 
revolutionary theory of transmutation whereby thorium was 
transformed into thorium X by emitting ionizing radiations. In 
their paper, published in 1902 (only six years after the discovery 
of radioactivity), they also stated the exponential nature of the 
laws of radioactive decay and growth. 

In 1900 Becquerel had discovered that beta-rays were streams 
of swiftly moving, negatively charged electrons. Rutherford, in 
1902, investigated alpha-rays and discovered that they were 
also particles, though they carried positive charges and were 
enormously larger than electrons. Because of their size it was 
quite clear to Rutherford that alpha particles carried practically 
all of the energy contained in the process of radioactivity. With 
remarkable intuition, in a paper published in 1903, Rutherford 
suggested that helium must be a stable product of radioactive 
decay of uranium and thorium, because it often accompanies 
radioactive minerals, where it accumulated in such quantities 
as to be measurable. Soddy and Rutherford tried to estimate 
the energy that is released in the alpha decay of radium, obtain
ing the amazing figure of 15000 calories per gramme. While 
that calculation was still awaiting publication, Pierre Curie and 
Albert Laborde in Paris published the results of experimental 
measurements carried out on radium and barium bromide. 
They obtained the far greater figure of 880 000 caI/g ofradium. 
These figures were, however, far larger than the energy released 
by ordinary chemical reactions. The process had to involve not 
elements but some other entities, which Rutherford called 
'metabolons' . 

In the same year Soddy moved to the laboratory of Sir 
William Ramsey in London (Ramsey was the discoverer of 
helium and he had also isolated the rare gases neon, krypton, 
xenon and argon). Soddy hoped to identify the spectrum of the 
emanation from a pure radium bromide. The experiment failed 
because they did not see the expected spectrum but the familiar 



lines of helium. Since helium entered in no chemical combin
ation there was no way in which the radium bromide could have 
picked it up. It must have formed inside the crystals of radium 
bromide from the decay of radium. Since both radium and 
helium were acknowledged elements, this was direct evidence 
in favour of the theory of transmutation. 

That autumn, in Montreal, Rutherford began to make 
experimental measurements of the heat released by radioactive 
processes. From studies of the details of alpha emission he 
succeeded in identifying all the chain of decays through which 
U transmuted into a stable substance. He published his results 
in 1905 and, with that paper, the transmutation theory became 
a solid working hypothesis. It took account of what was 
known, explaining every variation in radioactivity that experi
ments could create. It established the new principle that a radio
active element could be identified by its half-life. 

Only nine years had elapsed from Becquerel's announcement 
of strange radiations from uranium, but the basic concepts of 
radioactivity were already established. Subsequent work would 
account for the details of the process. 

The possibility of the application of radioactivity to the earth 
sciences had already been pointed out by Rutherford and Soddy 
when they had suggested that the age of minerals could be deter
mined by measurement of the helium/uranium ratio. 

Appendix 
Tables 1-3* give the members, half-lives, decay constants and 
modes of decay of the natural radioactive decay series of 238U, 

235U and 232Th, respectively. 

Table 1 238U series 

Isotope Classical name TII2 >'(sec-') Primary 
decay mode 

2§~U Uranium I 4.51·IO"yr 4.88' 10- '" Ci 

2<l3Th Uranium Xo 24.IOdays 3.33'10- 7 IT 
2349nlPa Uranium X2 1.175min 9.83 '10- 3 rr 
2~iPa Uranium Z 6.75 h 2.85,10- 5 IT 
2<l~U Uranium II 2.47 '105 yr 8.91'10- 04 Ci 

2<l8Th Ionium 8.0' 104 yr 2.75'10- 13 Ci 

2§~Ra Radium 1602yr 1.37'10- 11 Ci 

2§gRn Radon 3.8223 days 2.10'10- 6 Ci 

2UpO Radium A 3.05 min 3.79'10- 3 Ci, (r 

2A~Pb Radium B 26.8min 4.31'10-4 rr 
2~~At Astatine-218 -2sec -0.35 Ci 

2AjBi Radium C 19.7min 5.86' 10-4 Ci, IT 

2A~Po Radium C' 1.64' 10-4 sec 4.23'103 Ci 

2A?TI Radium C" 1.32min 8.75'10-2 IT 
2AgPb Radium 0 22.0 yr 1'10- 9 (r 

2A~Bi Radium E 5.013 days 1.60'\0-6 IT 

2ASPo Radium F 138.4 days 5.78'10-" Ci 

2g~Pb Radium G Stable 

* Adams J. A. S. and Gasparini P. Gamma-ray spectroscopy of rocks 
(Amsterdam, etc.: Elsevier, 1970), 295 p. 

2 

Remarks 

Isomeric transition to 234Pa (0.13070) 

Branched decay: Ci to 214Pb (99.98 %); 
IT to 218At (0.02%) 

Branched decay: Ci to 210TI (0.04%); 
rT to 214pO (99.96%) 

Branched decay: Ci to 206Hg (1.8'10- 6070); 
Ir to 210Bi (- 100%) 

Branched decay: Ci to 206TI (-10- 5%); 
(T to 2lOpo (-100%) 



Table 2 235U series 

Isotope 

2~Hu 
2§6Th 
2§IPa 
2§~Ac 

2~3Th 
2~-~Fr 
2§~Ra 

2!~Rn 
2~lPo 
2jiPb 
2!lBi 

zgpo 
2~ITI 
2giPb 

Classical name 

Actiniouranium 
Uranium Y 
Protoactinium 
Actinium 

Radioactinium 
Actinium K 
Actinium X 
Actinon 
Actinium A 
Actinium B 
Actinium C 

Actinium C' 
Actinium C" 
Actinium D 

7.1' 108 yr 
25.52 h 
3.48· 104 yr· 
21.6 yr 

18.2 days 
22min 
11.435 days 
4.00 sec 
1. 778· 10- 3 sec 
36.1 min 
2.16min 

0.52 sec 
4.79min 
Stable 

3.09'10- 17 

3.70'10-4 

6.32'10- 13 
1.10- 9 

4.41'10- 7 

5.25'10-4 

7.88'10- 6 

0.173 
3.90'102 

3.20' 10-4 

5.33 '10- 3 

0.13 
2.41'10- 3 

Primary 
decay mode 

a 
IT 
a 
a, IT 

IT 

rr 
a, IT 

Remarks 

Branched decay: 98.8"70 Ir to 
227T h, 1.2% a to 223F2 

Branched decay: 0.32% IT to 
21lpO, 99.68% Cl' to 207TI 

2BFr also undergoes 4· 10- 3 % Cl' decay to 0.9 min 2gAt, which, in turn, undergoes branched decay: 3% IT to 219Rn 
and 97% a to 8 min 215Bi, which rr decays to 215pO. 
* After Hyde E. K. et al. The nuclear properties of the heavy elements (Englewood Cliffs, N.J.: Prentice-Hall, 1964), 
3 vols. 

Table 3 232Th series 

Isotope Classical name TII2 A (sec-I) Primary Remarks 
decay mode 

2~5Th Thorium 1.41·10 10 yr 1.56· 10 18 a 
2g~Ra Mesothorium 6.7yr 3.28. 10- 9 IT 
2~~Ac Mesothorium 2 6.13 h 3.14,10- 5 Ir 
2~gTh Radiothorium 1.91Oyr 1.15'10- 8 a 
2~~Ra Thorium X 3.64 days 2.21'10- 6 « 
2~gRn Thoron 55.3 sec 1.25 '10- 2 a 
2!tpo Thorium A 0.145 sec 4.78 a 
2gPb Thorium B 10.64 h 1.81'10- 5 (T 
2HBi Thorium C 60.60min 1.91' 10-4 a, IT Branched decay: (T (66.3%) to 

2!2pO a (33.7%) to 20sTI 

2UpO Thorium C' 3.04'10- 7 sec 2.28'106 a 
2~~Tl Thorium C" 3.10min 3.73'10- 3 IT 
2~~Pb Thorium D Stable 

3 



Uranium in mantle processes 

Massimo Cortini 
Istituto di Geologia e Geofisica, University of Naples, Italy 

Uranium is a large ion lithophile (UL) element that occurs in 
the tetravalent (U+ 4 ), pentavalent (U+ 5 ) and in the hexavalent 
(U T 6) states, the U+ 6 form being stable under highly oxidizing 
conditions. I It does not enter the lattices of most rock-forming 
minerals, but may be strongly concentrated in accessory. 
minerals. 2 A large fraction of U in volcanic rocks is concen
trated along inter-crystal boundaries, where it is loosely bound, 
and from where it can be easily leached by dilute acids. 3,4,5 

Uranium is strongly concentrated in the crust 0.26-1.8 
ppm6) with respect to the mantle. Estimates of U concen
trations in the mantle range from 0.013ppm for the undepleted 
mantle 7 to 0.032 ppm for the present mantle. 8 

The redistribution of U within the earth's mantle is mostly 
controlled by mantle metasomatism. 

Mantle metasomatism 
'Metasomatism is a chemical change, whereby a pre-existing 
mineral or rock is converted to another composition. It usually 
refers to a solid-state transformation, with material transfer 
through a vapour or fluid, without melting'. 9 In this paper the 
term metasomatism is used in a slightly broader sense to enable 
the inclusion of the processes that form glass veinlets in mantle 
rocks and glass films coating mantle rock-forming minerals. 
Evidence that metasomatism is an effective process within the 
mantle is now overwhelming, especially in continental sites of 
alkaline volcanism, where this concept was first proposed (see 
Bailey9 and references cited therein). 

Direct evidence for metasomatism is derived from petro
chemical studies of mantle nodules. Lloyd and BaileylU re
ported on ultramafic nodules from the West Eifel and South
west Uganda volcanic provinces, and described a series of 
primary (i.e. unaffected by low-pressure environment) features 
that include pockets or veins of hydrated minerals (amphibole, 
mica) or, sometimes, vesicular glass. Based on the textures and 
on the chemical sequence of the metasomatized nodules they 
concluded that the mantle portion represented by the nodules 
was subjected to extensive infiltration of elements, such as K, 
Na, Fe, Rb, etc. Metasomatic enrichment of mantle rocks was 
also reported by Boettcher et al., II Erlank et al., 12,13 Sutherland 
and Hollis 14 and many others (see Table 3 in Menzies and 
Murthy l5 and Menzies 16). 

Studies of Sr, Pb and Nd isotopes, coupled with trace
element geochemical studies, have shown that the source 
regions of many continental alkaline volcanics have been en
riched in UL elements, generally some hundreds of million 
years prior to the beginning of volcanism, and enrichment has 
been interpreted as due to mantle metasomatism. 15.17-20 It 
has been suggested that mantle metasomatism is a necessary 
precursor to alkaline continental volcanism. II, 21, 22 Alkaline 
rocks erupted in oceanic environments, and even ridge tholei
ites, sometimes bear evidence of source enrichment, which has 
been interpreted as a result of mantle metasomatism. 23,24,25 

Mantle metasomatism will be considered as a fact through
out this paper. Moreover, somewhat arbitrarily, it will be 
assumed that LIL element enrichment in the mantle, as detected 
by trace-element and isotopic studies of lavas, is essentially 
produced by mantle metasomatism. 

Because of their large ionic radii U, Th and Pb are loosely 
bound in mantle rocks·' 26, 27 and can be easily mobilized and 
redistributed by metasomatizing fluids. For Nyiragongo 
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Vollmer and Norrlo have shown that the source region of the 
nephelinites was enriched very strongly in U-also with respect 
to other LIL elements, such as Rb. In all the cases where enrich
ment due to metasomatism has been invoked, high enrichment 
factors were consistently derived for U. It has been suggested 
that in some areas UL elements were enriched by mantle 
metasomatism as a direct function of their ionic radii. 17 ,24 If 
this is so, the effective ionic radius of U should probably be 
larger than that of Rb (1.47 A). 

Evidence for metasomatism holds in spite of the uncertainty 
about the origin, and partly about the nature, of the metasoma
tizing fluids. Wyllie28 proposed that mantle metasomatism is a 
two-stage process. He emphasized that' Although the evidence 
is clear for the existence of components C02 and H 20 in magmas 
reaching the crust, and although the involvement of carbonate 
and CO2 appears to be required for generation of magmas of 
kimberlite composition, the fact that kimberlites and their 
xenoliths contain diamond and graphite confirms that the oxy
gen fugacity at depth is not high enough to oxidize all carbon'. 
Accordingly, he suggested that there is a deep-seated meta
somatism, mainly governed by CO2; the flux of CO2 may trig
ger partial melting (as was also suggested by Spera29). Kimber
litic melts that do not reach the crust would solidify at depth 
and release aqueous solutions that would be responsible for 
metasomatism in the upper mantle. Church and Tatsumot030 

suggested another interesting possibility, which was also 
favoured by Schilling and co-workers. 24 If convection within 
the mantle crosses the lower boundary of the stability field of 
pyroxene (about 350-km depth), the transformation of 
pyroxene into garnet structure, together with the reduction of 
grain size, should result in strong exclusion of LIL elements. 
This process would produce a relatively mobile interstitial 
phase, strongly enriched in UL elements. 

Partial melting and radioactive disequilibria 
Partial melting of a mantle fraction, and the eventual uprise 
and eruption of the magma, is the process by which U, along 
with many other UL elements, is transferred from the earth's 
mantle to the crust. The behaviour of LIL elements during 
partial melting was quantitatively modelled by Gast31 in 
a very important paper that was based on the concept of 
mineral/melt partition coefficients. The work of Gast,31 how
ever, and the very concept of partition coefficient were based 
on the implicit assumption that magma formation is a closed
system process, i.e. that the portion of the mantle that produces 
a magma can be considered as a closed chemical system. The 
writer believes that such an assumption is no longer tenable, 
though perhaps for the very reason that it is generally unstated 
it represents a commonly held opinion. 

That partial melting is not an isochemical process has 
been suggested based both on general9 and specific consider
ations32- 35 (the two last works34 ,35 are disequilibria studies). 
Radioactive disequilibria represent an ideal tool for the study 
and modelling of magma-forming processes36 and are dealt 
with in some detail here. 

The long-lived members of the 238U and 232Th radioactive 
series (those of interest in disequilibria studies) and their half
lives are listed in Table I. In any rock that has remained as a 
closed chemical system for a sufficient amount of time (about 
50 years for the 232Th series; about 5 x 105 years for the 238U 
series) radioactive (or secular) equilibrium condition is 
attained. Radioactive equilibrium means thiH, for every nuclide 
of a radioactive series, the following relationship is valid: 

where N and A indicate the number of atoms and the decay 
constant for every member of a radioactive series. This is 



Table 1 238U and 232Th series long-lived radionuclides 

Nuclide Half-life, yr Nuclide Half-life, yr 

238U 4.47 x 10· 232Th 1.40 x 1010 

23·U 2.47 X 105 2l8Ra 5.75 
23°Th 7.52x 104 228Th 1.91 
226Ra 1.6 x 103 
210Pb 22 

equivalent to saying that the activity (number of disintegrations 
per unit time) of each nuclide is the same, i.e. 

A2N2 
=--= ... =---- (1) 

The great strength of the disequilibria approach is that when 
radioactive equilibrium can be assumed the relative ratios of the 
nuclides of a decay series are determined from equation 1. For 
the present it is assumed that radioactive equilibrium exists in the 
mantle before the onset of magma formation, the limits of such 
an assumption being discussed later. In this hypothesis any 
disequilibrium that is observed between two members of a 
radioactive series is due to the magma formation process or to 
other processes that may have taken place after magma 
formation. 

It is very important to note, however, that if the mantle 
volume that originates a magma could be considered as a closed 
system, radioactive disequilibria could hardly be observed in 
magmas at all. The mineral-melt partition coefficients for U 
and Th for relevant mantle minerals, in fact, are so low37 . 38 that 
virtually all U and Th in the mantle source region would enter 
the melt. Fractional crystallization, which could eventually 
take place, would have no effect on the relative ratios of radio
isotopes of U and Th in the magma for the very same reason. 
In these conditions in a zero age lava one should observe (iso
topic ratios in brackets indicate activity ratios) e30Th/238U) "" 
e26Ra/238U) "" 1. 

Measured e30Th/238U) ratios range from 0.71 (Vesuvius35) 
to 1.61 (FAMOUS area39), but, much more important e 26Ra/ 
238U) ratios in primitive rocks are generally higher than 
unity. 35,36,40,41,42 Radioactive equilibrium of the 238U series in 
zero age lavas has been reported only for Hawaiian rocks,43 For 
Vesuvius e26Ra/238U) ratios range up to 1035 , 36-that is, 226Ra 
is enriched up to ten times over U, which, in a closed-system 
framework, is supposed to be most effectively partitioned in the 
liquid. Oversby and Gast36 suggested that Ra in Vesuvian lavas 
may have been extracted from crustal rocks. It was shown, 
however, that unrealistically large volumes of country rocks are 
required to account for the Ra excess in the lavas;44 moreover, 
Ra was not extracted from crustal wallrocks by other magmas 
that did reside within the crust (Mt. St. Helens42 and Vulcano, 
Vulcanello and Lipari41 ). High e26Ra/238U) ratios are a com
mon feature of primitive magmas, which is due to the magma
genetic processes themselves and is inexplicable in a closed
system framework. 

If (1) the residence time of a magma within the earth plus its 
age of emplacement were very short in comparison with the 
half-life of 230Th (75200 yr) and (2) the source region of U and 
Th in a magma was in secular equilibrium at the onset of 
melting, it can be assumed that e30Th/232Th)", = e 38U / 232Th)s, 
the subscripts m and s meaning 'in the magma' and 'in the 
source region', respectively. 36 The 232Th/238U ratio in the 
source region of a magma, as determined by Th isotopes (KTh ), 

is therefore 

(2) 

The 230Th dating method45 is based on the implicit assump-

tion that magma formation is a closed-system process: the 
e30Th/232Th) ratios (isotopic composition of Th) of mineral 
phases A, B, C, ... , crystallizing from a magma m, should 
therefore be 

e30Th/232Th)B 

'" = e30Th/232Th)", (3) 

These isotopic ratios will eventually evolve in time according to 
their e38U/232Th) ratios.45 Several papers have reported 'ages' 
obtained with this method46,47.48 without the hypothesis of 
equation 3 being tested. Actual measurements of e30Th/232Th) 
ratios in zero age volcanic rocks from the Stromboli, Etna, 
Vesuvius and Mt. St. Helens volcanoes show that the isotopic 
composition of Th in mineral separates is systematically higher 
than in host whole rocks. 35.42.49 These Th isotope composition 
data on zero age minerals and whole rocks are incompatible 
with a closed-system framework for magma generation and 
show that the 23°Th dating method is not valid, at least in the 
above-mentioned cases. 230Th 'ages' were published for Etna 
and Stromboli,47.48 where Th isotopic disequilibria were 
observed between coexisting minerals and whole rocks in zero
age samples.49 Not surprisingly, in the one case where very 
precise K/ Ar data are available (Stromboli, La Petrazza lava; 
four measurements from 45000 ± 10000 to 66000 ± 14000yr50) 
the discordance with the 23°Th 'age' (156000 yr47) is large. 
Other researchers51 tried to use the 230Th dating method, but 
did not find any linear array in a e30Th/232Th) versus e 38U/ 
232Th) diagram, as hypothesized by Allegre.45 In some cases49 
230Th 'ages' were obtained that were incompatible with the 
stratigraphic location of the studied rocks. 

Mineral separates from Vesuvius lavas have Sr isotope ratios 
identical with those of their host lavas, and the Sr isotopic 
compositions of minerals from Vesuvian cumulate rocks are in 
the range defined by the lavas. 52 There is, however, a hyper
bolic relationship between e30Th/232Th) ratios and Th concen
trations in the same materials (Fig. 135). This suggests that Th 
was derived by mixing of two different components with 
different isotopic compositions of Th, and hence different KTh 

ratios. The few available data on zero age minerals from Etna 
and Stromboli are compatible with a similar interpretation. 35 

These data show that in these volcanoes a Th component is 
present that was derived from a source with a low Th/U ratio 
(~2.3 for Vesuvius and Etna)-similar, in this respect, to the 
source region of oceanic basalts. 38.39 Th in the early crystalliz
ing phases was essentially derived from such a low Th/U 
source. 35 The enrichment pattern of the Vesuvian lavas is 
Ra;;;, U;;:' Th, which strongly suggests that most U, Th and Ra 
in such lavas were fed by a fluid, which may have derived from 
a relatively high Th/U interstitial metasomatic mantle 
component. 

KTh ratios obtained from equation 2 for zero age rocks are, 
however, correct only if assumptions (I) and (2) (see earlier) are 
valid. 

(I) The residence time of magmas within the earth is short 
in comparison to the half-life of 230Th (75200 yr). This is 
probably a rather safe assumption. Capaldi et al. 40 and Bermett 
et al.:2 based on the short-lived members disequilibria in the 
232Th series, evaluated semiquantitatively that magma gener
ation took place some tens or hundreds of years before the 
eruption for zero-age rocks from the Stromboli, Etna and Mt. 
S1. Helens volcanoes. Disequilibria data also suggest that 
chemically evolved magmas (up to rhyolites) erupted at 
Vulcano, Vulcanello and Lipari may have spent only a few 
thousands of years within the earth before eruption.4! 

(2) Radioactive equilibrium between 238U and 230Th exists in 
the source region(s) of U and Th at the onset of melting. 
Although Allegre and Condomines53 suggested that this may be 
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a prevalent condition in the mantle, it is hard to devise specific 
tests for such an assumption. No specific evidence against it 
has, however, yet emerged from disequilibria studies. The point 
is that fractionation of U, Th and their daughters (and hence 
radioactive disequilibrium) should be expected, because it is 
produced by metasomatism, if metasomatism is a continuing 
process. 9 A reasonable explanation for this apparent contra
diction is that mantle metasomatism is a slow process, i.e. that 
the time required for effective fractionation of U from Th is 
much longer than the half-life of 230Th. If this is true, a slow 
change in Th/U would be produced in a mantle region that 
would always be essentially in radioactive equilibrium. Another 
possibility, which is discussed later, is that mantle metasomat
ism is not a steady-state process but has pulses of activity of a 
relatively limited duration. 

It is conceptually very important to consider the open-system 
behaviour of the mantle before magma formation (mantle 
metasomatism) as a different phenomenon than the open
system behaviour of a mantle portion during magma for
mation. The duration of magma formation (here intended to 
mean the process by which Th, U and Ra reach their actual 
concentrations in a magma) is most probably very short-not 
only in comparison with the half-life of 230Th but also in com
parison with that of 226Ra (1600 yr). In fact, disequilibria in the 
232Th chain could be interpreted40 as being due to fluid trans
port fractionation within the magma column, which could be 
fed by a larger, buried magma body. Isotopic disequilibrium of 
Th between zero-age minerals and whole rocks, however, which 
had not been discovered in 1976, precludes this possibility. The 
leu cite separated from the 1944 lava of Vesuvius (which has a 
higher e30Th/232Th) ratio than the host whole rock; Fig. I) has 
a large 226Ra excess35 (e26Ra/238U) = 65). Because the high KTh 

Th component and the Ra excess were not derived by crustal 
contamination, they must have been extracted from the mantle 
within a time interval that is short with respect to the half-life 
of 226Ra. 
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defined above, could therefore coincide with the residence time 
of a magma within the earth, as determined with short-lived 
members disequilibria in the 232Th series. If the increase of U, 
Th and Ra in a magma really is such a fast process, the concept 
of mineral-melt partition coefficients would obviously be 
invalid for U, Th and Ra during magma formation because the 
minerals would represent systems that closed earlier than the 
liquid with respect to U, Th and Ra. One could perhaps devise 
an 'instantaneous partition coefficient' concept. 

Indeed, the time scales of mantle metasomatism and magma 
formation do seem to be very different. They could be different 
aspects of essentially the same phenomenon, which perhaps is 
strongly enhanced at the onset of melting. As is seen next, 
however, there is some evidence that mantle metasomatism and 
magma formation may produce different effects on the Th/U 
fractionation. 

UIPb and UITh fractionation in mantle processes 
The first section of this paper is based on very strong evidence, 
and mantle metasomatism is a widely accepted concept. The 
conclusions of the second section may seem unorthodox, but, 
in the writer's opinion, they are based on compelling evidence. 
The present and the next sections deal with a very controversial 
matter: an interpretation is suggested, but no attempt is made 
to examine all the existing literature and possible alternative 
explanations. 

Past events of U/Pb and U/Th fractionation can be traced 
by means of Pb isotopes. 54 If the mantle source of Pb in the 
erupted magmas had been a closed-system since the origin of 
the earth, the isotopic composition of Pb in magmas, in a 
207Pbl204Pb versus 206Pbl204 Pb plane, should plot on the 
'geochron' (Fig. 2). This is not so, and most volcanic rocks plot 
to the right of the geochron (i.e. have negative or 'future' 
single-stage model ages54). Moreover, Pb isotopic data from 
many oceanic island and other volcanic areas (mid-oceanic 

. . -. - - - - ; 
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Fig. 1 e30Th/232Th) versus 232Th plot for whole-rock and mineral separate zero-age samples from Vesuvius. 
From Capaldi and co-workers. 35 1944 refers to mineral separates from the lava erupted in 1944; other 
numbers are laboratory numbers of cumulate ejecta. Most cumulates have large (226Ra/23XU) ratios so their 
age is zero in comparison with half-life of 230Th. Hyperbolic correlation strongly suggests that Th in 
Vesuvian lavas is derived by mixing of two components with different Th isotopic compositions (i.e. 
derived from two sources with different 232Th/238U ratios). Because data include whole-rock lavas and 
different minerals drawn hyperbola is not believed to be mixing curve of magmas 

The enrichment of U, Th and Ra in a magma may be an 
increasing process that culminates at the moment of erup
tion. 35 ,4o The duration of magma formation, in the sense 
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ridge basalts, MORB; and also some continental areas) define 
linear arrays, both in a 207Pbl204 Pb versus 206Pbl204 Pb and in 
a 208Pbl204 Pb versus 206Pbl204Pb plane (Fig. 2). These trends 
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Fig. 2 2<"Pb/204 Pb versus 206Pb/ 204 Pb plot for some oceanic and continental volcanics for which two
stage models can be computed. First- and second-stage model parameters reported in Table 2. All samples 
plot to right of geochron, i.e. have negative or future single-stage model ages. Linear arrays interpreted 
as secondary isochrons, following Chase" 

175 18.0 18.5 190 19.5 

can be interpreted in several ways (see Chase55). Chase55 argued 
that the linear 207Pb/204Pb versus 206Pb/204Pb trends of some 
selected oceanic' islands are most reasonably interpreted as 
secondary isochrons; he showed that two-stage histories can 
explain the Pb/Pb correlations. 

The Pb sources of the oceanic islands studied55 may have had 
a common first-stage history with the same 238U/204Pb (/<)-ratio 
of 7.91 ± 0.04. Secondary enrichment of U relative to Pb took 
place at different times (indicated by the secondary Pb/Pb 
isochrons), leading to a range of high/< values that can account 
for the observed data. 55 Here it is suggested that metasomatism 
has been responsible for the/< increase in the sources of many 
volcanic areas. Most researchers agree that the high second-

Table 2 Comparison of 238U/204Pb and 232Th/238U ratios for 
first-stage (/<1, K I ) and 232Th/238U (K2) ratios for second-stage 
lead model evolution in some volcanic areas 

Volcanic area Isochron ILl K1 K2 Reference 
age, 
billion 
years 

Azores 0.09 8.15 4.5 1.7 7 
Nyiragongo 0.47 8.23 4.0 5.0 20 
Walvis Ridge 0.57 8.00 4.4 3.2 25 
Hawaii 0.94 7.92 4.1 2.4 55 
Atlantic :vIORB* 1.23 7.91 3.8 3.4 7, 38 
Ahaggar 1.26 7.98 7.5 3.3 64 
Iceland 1.26 7.89 4.1 2.8 55 
Ross 1.29 7.96 4.0 3.0 55 
Trinidade 1.36 7.94 2.4 5.5 55 
Reykjanes Ridge 1.46 7.97 4.3 3.5 62 
Atlantic MORB* 1.66 7.89 3.5 3.9 7,38,60,61 
Pacific MORB 1.79 7.84 4.2 3.0 7, 30, 38 
Canaries 1.79 7.86 4.1 3.2 55 
Tristan 1.80 7.87 2.2 6.4 7,63 
Kerguelen 2.22 7.93 2.5 4.8 55 
Reunion 2.47 7.84 4.3 3.5 55 

*Two different sets of values are reponed for Ailantic MORB in order 
to evaluate the effect of sampling on the computed parameters. 

stage/< values were more probably produced by U enrichment 
rather than Pb depletion. 18. 20, 38 Therefore, metasomatism 
should enrich a metasomatized mantle region more effectively 
in U than in Pb, 

232Th/238U (K) ratios can also be calculated for the first and 
second stages of Pb evolution. Table 2 reports/< and K values 
for the first stages (ILl, Kt), isochron ages and K values for the 
second stages (K2), together with the values obtained by 
Chase55 for his reported oceanic islands. Data from Tristan 
were included (in spite of their poorly defined slope, Fig. 2) 
because relatively large slope variations do not have large 
effects on the computed /<1, and because a comparison with the 
disequilibria data for Tristan36 is interesting. 

Many K I values cluster around 4.2, and K2 values generally 
are lower. Tristan, however, like Trinidade and Kerguelen, 
yields a very low KI and a high K2 value. It is difficult to 
evaluate how significant these results are-probably not very, 
because the calculation is based on the unrealistic assumption 
that secondary enrichment produced a range of /<2 values but 
a single K2 value, Moreover, although 'the primary/< is a very 
robust property of the system, and is not susceptible to masking 
by noise', 55 K is not. Table 2 shows the case of Atlantic MORB; 
if only selected Pb isotope composition data are used for the 
correlation, /<1 values vary very little, but large variations result 
in the isochron age and K values, Nyiragongo, however, is an 
exception, and its high second-stage K value is very strongly 
constrained by the extremely radiogenic nature of some of the 
samples studied by Vollmer and Norry.20 It seems that, in the 
case of Nyiragongo, K 2 >K1• 

A safer estimate of U/Th fractionation produced by meta
somatism can probably be derived by a comparison of time
integrated K ratios obtained from Pb isotopes with K ratios 
obtained from Th isotopes (KTh ; equation 2). The mean Kvalue 
of the Pb source of a magma, averaged over the entire history 
of the earth (Kpb ) can be obtained by simply dividing the growth 
equation of 208Pb/204Pb by that of 206Pb/204Pb. Table 3 lists 
K pb , KTh and K", (measured 232Th/238U ratios) for some 
volcanic areas. Kpb values cluster around 3.9, which is lower 
and not very far from many KI values in Table 2; the interesting 
feature is that the KTh values are always lower than the corre-
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Table 3 Comparison of average measured 232Th/238U ratios 
(K",) with average 232Th/238U ratios as inferred from Th (KTh ) 

and Pb (K Pb ) isotopic data in historical rocks from some 
localities 

V olcanic area KPb KTb Km Reference 

Stromboli 3.94 3.34 3.59 41, 65 
Vulcano, Vulcanello. Lipari 3.9-4.04 3.29 3.19 41,65 
Vesuvius 4.05 3.43 3.04 18, 35 
Etna 3.85 3.17 3.00 40,66 
Tristan da Cunha 4.20 3.69 4.22 7, 36 
Iceland 'A' 3.85 3.22 3.7 67, 68 
Iceland 'B' 3.8-3.9 2.55 3.2 67, 68 
Azores 3.8-3.9 2.60 3.79 7, 36 
Hawaii 3.8-3.9 2.91 3.05 38, 59, 69 
FAMOUS 3.8 2.46 3.05 39,61 
Mt. SI. Helens 2.18 2.28 42 

K Th ratios calculated from equation 2; K Pb ratios calculated by dividing 
growth equation of 2°"Pb/204Pb by that of 206Pb1204 Pb. Because 
Iceland magmas were interpreted in terms of mixing of two com
ponents62 ,67,68 two values (A and B) listed are extreme values reported 
by Condomines el al. 68 

sponding K pb ratios. (A comparison of data in Table 2 with 
those in Table 3 shows that it is very unlikely that the K, value 
obtained for Tristan, as low as 2.2, is significant). Because the 
second-stage JJ. increase is generally interpreted as being due to 
U increase rather than Pb depletion, it should be concluded that 
the second-stage K decrease of many volcanic areas is caused 
by U over Th enrichment. Therefore, it is concluded that 
metasomatism produces a preferential enrichment of U over Pb 
and U over Th (with possible exceptions-e.g. Nyiragongo) in 
the metasomatized mantle region. 
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Fig. 3 Tentative plot of ('30Th/238 U) versus Fe 20J/FeO for zero-age 
volcanic rocks from different tectonic environments. Quadrangle 
labelled 'May IS' refers to the products of 18 May, 1980, of Mt. St. 
Helens. Magmas with (210Th/2J"U) ratios larger than unity preferen
tially enriched in Th rather than U, and vice-versa. MORB and oceanic 
islands basalts generally show Th/U enrichment (also at Tristan and 
Faial, not plotted; also unpublished data from writer's laboratory). 
Oxidizing conditions seem to favour U/Th enrichment. Vesuvius is 
apparent exception to trend; transport of U and Th seems to be con
trolled by factors other than oxygen fugacity 
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Present fractionation of U/Th in the mantle can be studied 
by comparing KTh with K", values in Table 3. K", ratios are 
generally higher (Stromboli; oceanic islands and ridges), but 
can be lower (Vulcano, Vulcanello, Lipari; Vesuvius; Etna) 
than the corresponding KTh ratios. Fig. 3 is a plot of CZ 30Thi 
238U) versus Fe203/FeO ratios for some very young volcanics. 
It should be remembered that CZ30Th/238U) == Kml K Th, so if the 
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mantle source of the measured U was in radioactive equilibrium 
before magma formation, CZ30Th/238U) ratios larger than unity 
indicate enrichment of Th relative to U, and vice-versa. The 
plot in Fig. 3 is very tentative because the (23°Th/238U) and 
Fe203/FeO ratios should be measured on the same sample 
aliquot; in fact, both ratios may sometimes undergo large 
changes within a single flow (e.g. at Vesuvius). Instead, the plot 
in Fig. 3 is based on data reported in the literature. There does 
seem to be a tendency, however, to Th/U enrichment for low 
Fe203/FeO ratios, i.e. in conditions of low oxygen fugacity. In 
more oxidizing conditions U seems to be more efficiently 
extracted than Th. This probably suggests that U is not trans
ported as the ionic species but that it forms ion complexes. 

Both log (Fe203/FeO) and log (U~4/U~5) are linearly corre
lated to log POz in a magma (Fig. 7 in Calas'). Because the 
slopes of two such correlation lines are very similar, the follow
ing empirical relationship was derived from Calas' Fig. 7:' 

(4) 

The data in Fig. 3, therefore, can be replotted as a function of 
the oxidation percentage of U (Fig. 4). Vesuvius is a remarkable 
exception to the trends in Figs. 3 and 4: perhaps the transport 
of U and Th at Vesuvius is controlled prevalently by halogens, 
which are present in very large amounts in Vesuvian lavas. 56 

Data from Faial and Tristan36 (not plotted in Figs. 3 and 4) 
show e30Th1138U) ratios higher than unity, and confirm that 
rocks from oceanic environments were prevalently enriched in 
Th rather than U. 
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Fig. 4 Same data as in Fig. 3 plotted in !oge 30ThI 2J8U) and 
- log (U +4 IU -') coordinates. Log (U -4;U- ') obtained from empirical 
relationship based on experimental data of Cal as 1 (see text) 

It should be noted that the trends in Figs. 3 and 4 would be 
purely fortuitous if the source regions of the volcanics repre
sented had not been in radioactive equilibrium at the moment 
of magma formation. Thus, these trends provide some further 
indirect evidence that the mantle generally is in radioactive 
equilibrium at the onset of melting. 

Both enrichment (addition of metasomatic fluids) and de
pletion (extraction of magmas) therefore seem to generally 
produce lower K values in the mantle (the exceptions to this 
statement, significantly, seem to be confined to some conti
nental alkaline volcanics and destructive plate margins, and 
may reflect a different nature of the fluids that enrich their 
sources). Variations of K ratios in the mantle, therefore, can 
indicate both enrichment and depletion and, as such, are not 
one to one geochemical tracers. 

As was discussed previously, Th in lavas from Vesuvius, 
Stromboli, Etna and Mt. St. Helens contains a component 
(recorded in mineral phases) with a higher Th isotopic compo
sition (lower K) than that of the host whole rocks. Because most 
Th in the whole rocks probably was fed to the magma from an 
interstitial, metasomatic mantle component, the lower K com-



ponent may have derived from a Th-poor, more refractory 
mantle component, which may have undergone a complex 
history of enrichment-depletion events. 16 These can more 
easily be studied by means of Sr and Nd rather than Pb and Th 
isotopes if the ages of these events are suitable. 

'Lead paradox' and magma formation in an open system 
The 'lead paradox' (so defined by Anderson57 ) is that the 
sources of some volcanics (e.g. MORB) are depleted in LIL 
elements relative to a chondri tic earth, and Sr and Nd isotopes 
show that they have been depleted for a long time; yet they have 
very radiogenic Pb isotopes, which plot to the right of the 
geochron (Fig. 2). Anderson57 showed how effective mixing is 
in resolving this contradiction: he suggested that magmas 
formed in a depleted source can mix with variable amounts of 
magmas formed in an enriched mantle region; this explains 
various apparent contradictions. 

Nyiragongo,zo however, is a recent case of Pb paradox that 
can hardly be explained by magma mixing. It has nearly primi
tive Sr and Nd isotope ratios (relative to a chondri tic earth), but 
its Pb is so radiogenic (in one case l06Pb/104Pb = 62!) that it is 
virtually impossible to conceive a wide mantle reservoir that can 
generate such a Pb. Vollmer and NorrylO suggested that 
'mantle metasomatism, by causing erratic and sometimes 
severe fractionations of U from Pb, could be responsible for 
the more complex evolution of the U-Pb system relative to 
the Rb-Sr and Sm-Nd systems observed in oceanic basalts'. 
Another difficulty of magma mixing is that it cannot generate 
the isotopic disequilibria of Th (but not of Sr) between minerals 
and host lavas. It is believed that open-system magma for
mation in a metasomatized mantle can well account for all the 
data. 

The model that was proposed35 for Vesuvius suggests that 
Th, U and Ra were fed to the magma in large amounts by a 
fluid, but Sr was not. Pb may be fed to the magma in the same 
way.35 If this is so, and the fluids were derived from an inter
stitial, metasomatic mantle component, Sr, Nd, Pb and Th in 
a magma would be a mixture of two different sources-the 
metasomatic and the 'refractory', pre-metasomatic compo
nent. Church and Tatsumot030 proposed a similar explanation 
for the Pb/Pb arrays of MORB. But, in the present model, Sr 
and Nd would essentially represent the non-metasomatic 
component and Pb and Th the metasomatic component. Th 
and Pb in the minerals would represent the first melt, in which 
the 'refractory' component would be predominant; fluids 
would then add large amounts of Th, U, Ra and Pb from the 
metasomatic, interstitial component. The higher KTh values of 
the latter would represent a more primitive component; the 
lower KTh of the minerals would indicate a more complex 
enrichment-depletion history of the 'refractory' component, 
which could be traced by Sr and Nd isotopes. It is important 
to note that mixing of liquids derived by different percentages 
of partial melting (as in the interesting model of Ahern and 
Turcotte58), though very effective, cannot explain the dis
equilibria data; these require the intervention of some other fluid 
phase, because it is the only way to produce the recorded Ra/U 
fractionation. 

The III values listed in Table 2 are all very similar and suggest 
that Pb from all the listed areas may have had a common first
stage history. The striking feature is that this interpretation fits 
volcanics from oceanic islands, oceanic ridges and continental 
areas. If Pb in all these volcanics represents, essentially, the 
metasomatic component, the common first-stage Pb history 
suggested by the III values in Table 2 should be that of the 
primary mantle reservoir, where Pb evolved before it was 
mobilized by metasomatism. The age significance that is attri
buted to the secondary Pb/Pb arrays55 would then imply that 
metasomatism, rather than a steady-state process, would have 

pulses of activity. The range of 112 values required by the Pb 
secondary isochrons may be generated by erratic variations of 
metasomatism1o and/or eventual depletion (melting) events. 

Chase55 found a shapeless scatter when he plotted the 
Hawaiian data in a 206Pb/2o4Pb_I/Pb plane, and commented 
that two-component mixing is excluded for Hawaii. The writer 
thinks that large-scale mixing (e.g. magma mixing) is excluded, 
but small-scale mixing, which may have taken place within each 
magma batch, is not. In fact, the proposed model, strange as 
it may seem, has a good point in its favour-it is testable. 
It predicts (1) that Pb in mineral separates should be in isotopic 
disequilibrium with Pb in the host rock, as for Th but not Sr 
and Nd (this effect should be larger in continental alkaline 
volcanics) and (2) because Pb and Th are expected to derive 
from the same geochemical source, and to be transported by 
essentially the same mechanism, isotopes of Pb should corre
late with isotopes of Th. 

Summary and conclusions 
(I) Metasomatism is an effective process in the mantle. It 
controls the distribution of U, Th and Pb in the mantle before 
the onset of magma formation. 
(2) Radioactive disequilibria demonstrate that magma for
mation is an open-system very fast process in which Ra, U and 
Th are extracted in large amounts from a mantle source that is 
geochemically distinct from the mantle fraction from which the 
melt is formed (i.e. from the source of major and less mobile 
elements). 
(3) Because the enrichment of U, Th and Ra in the magma is 
so fast, the concept of mineral-melt partition coefficient 
(which implies that magma formation is a closed-system pro
cess) is not valid for these elements during magma formation. 
(4) Metasomatism seems to generally produce an increase in 11 
and a decrease in K of the metasomatized mantle region. 
(5) Magma formation at oceanic ridges and islands seems to 
generally produce a decrease in K in its mantle source region. 
The fractionation of U/Th during magma formation seems to 
be often governed by oxygen fugacity conditions. 
(6) The major source of U, Th, Ra and Pb in a magma probably 
is the metasomatic mantle component. Instead, the major 
source of Sr and Nd in a magma is the non-metasomatic, more 
'refractory' mantle component. If this is so, the 'lead paradox' 
is easily explained. 
(7) This proposed model is testable. I t predicts isotopic dis
equilibrium of Pb between coexisting minerals and whole 
rocks, and a correlation of Pb with Th isotopes. 

Postscript 
Preliminary Pb isotopic data, obtained at the Open University, 
United Kingdom, on some minerals from Vesuvius, Etna and 
Stromboli suggest that both the conditions predicted by the 
writer's model are met. This supports the idea that Pb and Th 
in volcanic rocks may be a mixture of components derived from 
isotopically different sources. Much work has to be done, 
however, before this model can be used for quantitative 
purposes. 
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Transport and deposition of uranium in hydrothermal systems 
at temperatures up to 300°C: geological implications 

Samuel B. Romberger 
Department of Geology, Colorado School of Mines, Golden Colorado, U.S.A. 

Many geologists accept that certain uranium deposits may have 
formed at elevated temperatures in the presence of aqueous 
fluids. Such deposits may range in nature from typical veins 
and fracture fillings to deposits in metamorphic terrains that 
exhibit a variety of structural controls. Fluid inclusion studies 
and mineral stability relationships from a variety of occur
rences indicate that these deposits form at temperatures up to 
300°C. The purpose of this paper is to outline the physico
chemical conditions under which uranium is mobile and how 
it is transported, and also the conditions under which uranium 
is deposited, and to determine possible mechanisms of precipi
tation. Existing thermodynamic data were used to evaluate the 
relative stability of various uranium complexes in hydro
thermal solutions up to 300°C. Subsequently, the conditions 
under which various aqueous uranium species and solids are 
stable were calculated in terms of oxidation potential (fugacity 
of oxygen, foJ and pH. The stabilities of uranium species and 
minerals are compared against those of alteration and gangue 
minerals commonly associated with uranium mineralization. 
These natural assemblages are then used to determine the 
conditions of ore deposition, and possible mechanisms of 
deposition are proposed. 

The phase diagrams used will be only as good as the data that 
are used to construct them. Even though there may be an error 
in the absolute position of stability boundaries, the diagrams 
are still quite useful in outlining relative mineral stabilities. 
Therefore, it is still possible to obtain approximate solution 
compositions from the mineral assemblages and also to specu
late on the relative changes in solution parameters. Because of 
the lack of high-quality thermodynamic data for uranium 
species at high temperatures, a simple van't Hoff equation was 
used to calculate equilibria at high temperatures. The errors 
introduced by this approach increase with temperature. 

General mineralizing environment 
As a first approximation it can be assumed that uranium is 
transported in the U 6 + oxidation state, and is insoluble in the 
U4 + state. Mineralizing solutions may be evolved meteoric 
water, formation waters and fluids released during meta
morphism, as wcll as fluids liberated during magmatic pro
cesses. Uranium and associated metals may be derived locally 
in the rocks through which the mineralizing solutions migrate 
and need not come from a crystallizing magma. 

The general mineralizing system is illustrated schematically 
in Fig. 1. It consists of the environment of mobilization, or 
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Fig 1 Schematic representation of environment of mineralization for 
urani um deposits 
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source rock, environment of transport, and the environment of 
deposition. In the latter the uranium may be dispersed or con
centrated, depending on the physical and chemical nature of the 
environment of deposition. The nature of each part of the 
system is dependent on the composition of the other parts. For 
example, the mechanisms of precipitation in the environment 
of deposition will depend on how the uranium is transported. 
This, in turn, may depend on the availability of suitable com
plexing agents in the source environment. Fig. 1 implies that the 
transport of uranium is favoured in systems with relatively high 
activities of electrons and protons, which is equivalent to 
assuming that uranium is soluble in acid oxidizing environ
ments. Therefore, qualitatively, precipitation would be pro
moted by reduction and/or increase in pH of the transporting 
solutions. 

The source of uranium and associated elements has been a 
subject of significant controversy among uranium geologists. 
The long-held classical view that metals and other components 
in hydrothermal deposits were derived from differentiating 
silicate magmas cannot be applied to many deposits that are 
unassociated with igneous rocks. An alternative source for 
metals in these deposits may be the rocks through which the 
solutions pass (Fig. 2). For rocks to serve as adequate sources 
for uranium and other components the solutions must have 
access to these materials and the chemical components to be 

GENERATION OF MINERALIZING FLUIDS 

INPUT 
(LEACHANT) 

PROCESS 
(SOURCE) 

OUTPUT 
(LEACHATE) 

Fig. 2 Schematic representation of environment of mohilization for 
generation of mineralizing solutions 

transported must be in a mobile, or soluble, form. The required 
permeability may be intrinsic to the formation, as in coarse 
conglomerates and sandstones; more commonly, the per
meability is secondary, and is the result of fracturing or 
solution during the formation of karst features in carbonate 
sedimentary rocks. 

Metals bonded within the crystal structure of rock-forming 
or accessory minerals will not be in a form easily dissolved by 
the mobilizing solutions. These minerals must experience some 
change during which the desired components can be released 
from the crystal lattices. Fig. 3 illustrates schematically that 
impurity elements can be removed to accessible sites by various 
processes of recrystallization, where the impurities are no 
longer accommodated by the new minerals. Such changes can 
occur during metamorphism and hydrothermal alteration. 
Metals dissolved in volcanic glass are also released during 
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Fig. 3 Schematic representation for release of impurity components 
from rock-forming and accessory minerals through metamorphism or 
hydrothermal alteration, resulting in adsorbed metals on exchangeable 
sites in clays or secondary oxidcs 

devitrification. Major redistribution of metals does not, how
ever, occur during these processes. After the metallic com
ponents are released from crystal lattices they are quickly co
precipitated with various secondary oxides or are adsorbed on 
these oxides or secondary clay minerals. These loosely held 
metals can be dissolved by slightly acid oxidizing solutions. 
Where carbonate complexing of uranium is important, this 
metal may be mobilized by neutral to alkaline solutions as well. 
The source of the complexing agents may be the solutions that 
percolate through the source rocks or the source rocks 
themselves. 

and U6 +. There are some 43 possible uranium complexes, the 
relative importance of each depending on temperature and the 
composition of the aqueous solution. In subsequent discussions 
the uranous complexes are neglected because of the low 
solubility of uranium as U4 +. 

Table 1 List of uranyl and uranous complexes known to form 
with various anions 

SULFATE' 

2. ° 2- 4-PHOSPHATE: UHP04 ,U(HP0<V2 ,U(HP04)3 ,U(HP04)4 , 
o 2- + 

U02HP04, U02(HP04)2 , U02HzP°4, 

U02(HzP04)2° ,U02(H2P04)3·' 

CHLORIDE: UCI3 + ,U02CI+ 

FLUORIDE: UF3+,UF22+,UF3+,UF4°,UF5-,uFl; 

+ ° - 2-U02F , U02 F2 ,U02 F3 ,U02F4 . 
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Fig. 4 Diagrammatic representation of process by which uranium can be mobilized from wall rock and 
concentrated in mineralized structures during hydrothermal activity 

The process by which uranium dispersed in a source rock can 
be concentrated in favourable structures is illustrated in Fig. 4. 
The complexing agent that was responsible for transporting the 
uranium is assumed to be fluoride in this case, which is also 
dispersed in the source rock. Mobilization of the uranium 
requires fracture-induced permeability. Once the uranium is 
dissolved in the solutions that percolate through the fracture 
systems it can be precipitated as a result of the appropriate 
change in the physico-chemical conditions of the system. 

Uranium transport 
To determine the mechanisms of transport of uranium it is 
necessary to evaluate the various complexes that are formed by 
this metal. Table 1 lists the complexes known to form between 
various naturally occurring complexing agents and both U4 + 

The relative stabilities of the various uranyl complexes are 
evaluated by use of distribution diagrams in which the distri
bution coefficient, ex, is plotted versus pH at a constant tem
perature and concentration of complexing components. The 
distribution coefficient expresses the proportion of the total 
dissolved uranium that occurs as a given complex and is 
independent of the total uranium in solution. The activities of 
the complexing anions, such as F-, HPO~- and CO~-, are a 
function of temperature and pH because their activities depend 
on the ionization of such weak acids as HF, H]P04 and H 2CO], 
respectively. The concentration of the latter will depend on the 
partial pressure of carbon dioxide (Peo,) and this is specified 
in each diagram. 

The distribution of uranyl complexes at 100°C in a solution 
that contains lOppm fluoride, IOOppm sulphate, and 1 m NaCI 

13 



10 100·C, 10ppm F, 100ppm 504 , 

. II m NaCl, PCO = 0.1 aIm I 
Z I 

0.8 :1 UTe 

~! 

0.6 

0( 

9 10 

Fig.5 Distribution diagram showing distribution of uranyl complexes 
at 100°C in solutions containing 10 ppm F, 100 ppm S04 and I m NaCI 
at Pea, of 0.1 atm 

at a Peo2 of 0.1 atm is shown in Fig. 5. Neutral pH at this 
temperature is 6.1. The alkaline region is dominated by the 
uranyl dicarbonate (UDC) and uranyl tricarbonate (UTC) 
complexes. A number of complexes occur at acid pH values, 
but fluoride complexes predominate even at this low concen
tration of fluoride. Chloride and sulphate complexes are 
generally weak, even at relatively high concentrations of these 
anions. In contrast, hydroxide complexes are quite stable and 
appear in the neutral region, even though the activity of 
hydroxyl ion is very small. The reactions responsible for 
uranium precipitation will depend on the mechanisms of 
transport: therefore, knowledge of the nature of these uranium 

1.0 100·C, 10ppm F, 100ppm 504' 
1m NaCl, 0.1 ppm P, PCOz= 101 

0.8 

0.6 

UTe 

10 

Fig.6 Distribution diagram showing distribution of uranyl complexes 
at 100°C in solutions containing IOppm F, 100ppm S04, 0.1 ppm P 
and I m NaCI at Peo, of I atm 

complexes is essential. Fig. 6 shows the distribution of uranyl 
complexes in a solution similar to that for Fig. 5, except that 
0.1 ppm phosphorus has been added and Pco, has been in
creased to 1 atm. The importance of phosphate complexes in 
the neutral region, even at such low concentrations of phos
phorus, is well illustrated. Therefore, in certain hydrothermal 
uranium deposits that also contain phosphate minerals-for 
example, apatite-the activity of phosphate might have been 
sufficiently high for uranium to have been transported as 
phosphate complexes. 

Fig. 7 illustrates the distribution of uranyl complexes at 
200°C in a solution that contains 100 ppm fluoride, 100 ppm 
sulphate and 1 m NaCI at a P eo2 of 1.0 atm. The general 
relationships at 200°C are similar to those at 100°C, except for 
the shift of the carbonate complexes to higher pH values. 
Neutral pH at 200°C is 5.6. Because of the buffering capacity 
of rocks most hydrothermal solutions have pH values within 2 
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Fig.7 Distribution diagram showing distribution of uranyl complexes 
at 200°C in solutions containing 100 ppm F, 100 ppm S04 and 1m NaCI 
at Peo, of I atm 

units on either side of neutrality. Therefore, fluoride complexes 
appear to be very important in solutions of this composition. 
Fig. 8 shows the distribution of uranyl complexes in a solution 
of similar composition to that for Fig. 7, except that 1 ppm 
phosphorus has been added. Under these conditions phosphate 
complexes predominate in slightly alkaline solutions. 

10 200·C, 100ppmF, 1000ppm504 ,ImNaCI, 
. I ppmP, PC02 = 1.0alm I 
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Fig.8 Distribution diagram showing distribution of uranyl complexes 
at 200°C in solutions containing 100ppm F, 1000ppm S04, I ppm P 
and 1m NaCI at Pea, of I atm 

Fig. 9 shows the distribution of uranyl complexes at 300°C 
in solutions with 100 ppm fluoride, 1000 ppm sulphate and 1 m 

1.0 300·C, 100 ppm F, 1000 ppm 504 • 
1m NaCl, PCO = 10alm I 
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Fig.9 Distribution diagram showing distribution of uranyl complexes 
at 300°C in solutions containing 100 ppm F, 1000 ppm S04 and I m 
NaCI at Peo, of 10 atm 



NaCI at a Pe02 of 10 atm. In a comparison of this diagram with 
those for lower temperatures it is apparent that carbonate 
complexes become unimportant, even in relatively alkaline 
solutions: this is the result of a decrease in the activity of CO~
owing to the decrease in the second ionization constant for 
carbonic acid at elevated temperatures. Fluoride complexes are 
important only in neutral regions; neutral pH at 300°C is 
approximately 5.5. The decrease in importance of fluoride 
complexes is a result of the decrease in stability of the com
plexes themselves, and also the decrease in activity of fluoride 
ion because of the lowering of the ionization constant of HF 
as temperature increases. Hydroxide complexes predominate 
over a wide pH range even in the acid region: this is because 
the uranyl hydroxide complexes increase in stability as 
temperature increases, whereas the availability of other 
complexing anions decreases. Fig. 10 shows the distribution of 
uranyl complexes in solutions similar to those for Fig. 9, except 
that the fluoride concentration was decreased to 10 ppm and 
1 ppm phosphorus has been added. Again, the importance of 
phosphate complexes in neutral solutions is apparent. 

1.0 300·C, 10 ppm F, 1000ppm S04,I m NoCl, 
I ppm P, PC02 = 10 aIm I 
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Fig. 10 Distribution diagram showing distribution of uranyl com
plexes at 300°C in solutions containing 10 ppm F, IOOOppm S04, I ppm 
P and 1m NaCl at Peo, of IOatm 

To summarize uranium complexing in hydrothermal solu
tions, the predominant species will depend on the concentration 
of complexing anions, which is, in turn, dependent on tempera
ture and pH. The activity of fluoride in many uranium mineral
izing systems appears to be significant, as is indicated by the 
abundance of fluorite and other fluoride-containing gangue 
minerals. In these systems uranyl fluoride complexes would 
predominate in acid to neutral solutions. At low temperatures 
carbonate complexes predominate in alkaline solutions, but, as 
temperature increases, carbonate complexes become less 
important. Phosphate complexes may be important in near
neutral solutions in which as little as 0.1 ppm phosphate is 
present. As temperature increases, hydroxide complexes 
become more important. At temperatures of 300°C and above 
hydroxide complexes may be the only soluble uranium species. 

Mechanisms of deposition 
Factors that may influence the solubility of uranium in a hydro
thermal system are temperature, pressure, oxidation state, pH, 
activity of complexing anions and partial pressure of such 
volatile components as carbon dioxide. The solubility of 
uranium decreases with increase in temperature, so cooling 
cannot be a possible mechanism of deposition. The effect of 
pressure on uranium solubility is difficult to evaluate, but at the 
relatively, low pressures of formation for many hydrothermal 
deposits the role of pressure is to affect the partial pressure of 
volatile components only. As pressure decreases, the partial 
pressure of CO2 decreases, which will decrease the activity of 

carbonate ion available for uranium complexing. Also, pH may 
increase as pressure decreases because of the loss of volatile 
components. A very good mechanism by which the partial 
pressure of volatile components can be reduced is boiling. 
Other changes that can be responsible for the decrease in 
activity of complexing anions are dilution of the hydrothermal 
solutions and precipitation of gangue minerals that contain the 
appropriate anions. An example of the latter is the precipitation 
of fluorite, which results in the reduction of fluoride activity. 
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Fig. II Log jo,-pH diagram showing distribution of uranyl and 
uranous complexes and solubility of uranium oxides at 200°C in 
solutions containing 100ppm F, 1000ppm S and 1m NaCI at Peo, of 
10 atm (see text for explanation) 

The effect of oxidation state and pH on the solubility of 
uranium can be evaluated by use of oxygen fugacity-pH 
diagrams at a constant temperature. Fig. 11 is a log foz-pH 
diagram that shows the relative stability of uranium complexes 
at 200°C in solutions with 100 ppm fluoride, 1000 ppm sulphate 
and 1 m NaCl at a Peo, of 10 atm. The solubility of uranium 
oxide as these various complexes under these conditions has 
also been calculated. Solubility contours of 10, 1 and 0.1 ppm 
U are shown to demonstrate the trend of the solubility surface. 
The heavy dashed lines show the boundaries between the 
stability fields for the various uranium complexes. Uranyl 
complexes predominate at high f02 values, at which the sul
phate complex is important in acid solutions; the fluoride 
complex is important in slightly acid to slightly alkaline pH 
values; and the carbonate complex (UDC) predominates at pH 
values above approximately 7. Various uranous complexes that 
involve fluoride and hydroxide are shown at low f02 values. 
The fine dashed lines show the boundaries between the fields 
of predominance for the aqueous sulphur species. The dot
dashed line separates the HF and F- fields of predominance. 

Even though uranium oxides of three distinct compositions 
are shown, natural phases usually consist of solid solutions with 
variable U: 0 ratios. It should be clear that this ratio will be a 
function of fo" and will decrease as/02 decreases. The stability 
field of schoepite (Sch.) is shown in the upper right of Fig. 11. 
These phase relationships indicate that uranium is soluble over 
a wide range of /01 and pH values in the acid oxidizing region. 
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Fig. 12 Log jo,-pH diagram showing distribution of uranyl com
plexes, solubility of uranium oxides, distribution of iron phases and 
relative stability of chalcopyrite and bornite at 200°C in aqueous 
system containing 10ppm Fe, 100 ppm F, 1000 ppm S and 1m NaCI at 
Peol of 10 atm (see text for explanation) 

Precipitation of uranium oxide would occur if the composition 
of the transporting solution changed from upper left to lower 
right or during reduction and increasing pH. Because of the 
slopes of the various segments of the solubility contours the 
relative importance of reduction and increasing pH in pro
moting precipitation will depend on where the transporting 
solutions start out in the diagram and how the uranium is trans
ported. At high pH values, where carbonate complexes 
predominate, reduction is the only geologically reasonable 
mechanism for deposition, as there are few processes that might 
cause alkaline solutions to become more acid. 

Fig. 12 is a diagram similar to that shown in Fig. 11, except 
that the boundaries between aqueous species are neglected for 
simplicity and the stability fields for various iron solids and 
aqueous species are shown as heavy dashed lines, 10 ppm iron 
in solution being assumed. Iron would be transported under 
/oz and pH conditions within the boundaries of the Fe2 + field. 
At high /oz values hematite would be deposited; under reduc
ing conditions pyrite would be stable; and at intermediate /02 
values and slightly acid to alkaline pH values siderite would be 
the stable phase. These phase relationships indicate that if it can 
be assumed that between 0.1 and 10 ppm uranium are trans
ported in solution, uranium oxides can be deposited with a wide 
range of iron minerals. The latter may be very useful in indi
cating the conditions of uranium deposition (see below). 

The boundary that expresses the relative stability of bornite 
(bn) and chalcopyrite (ccpy) is shown as a fine dashed line. The 
field of bornite stability decreases in size with decrease in 
dissolved sulphur; in Fig. 12 total sulphur equals 1000 ppm. 
Chalcopyrite and pyrite are commonly associated with uranium 
mineralization, but the diagram suggests that the /02 and pH 
conditions for this assemblage to occur are limited. In these 
deposits the total dissolved sulphur content may be signifi
cantly less than 1000 ppm, and thus this assemblage puts an 
upper limit on sulphur activity. 
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Fig. 13 Log jo,-pH diagram showing distribution of uranyl com
plexes, solubility of uranium oxides, distribution of iron phases, 
relative stability of chalcopyrite and bornite and relative stability of 
potassium and magnesium silicates at 200°C in aqueous system con
taining 10ppm Fe, 100ppm F, 1000ppm S, 1000ppm K, 100ppm Mg 
and 1m NaCl at PeD, of 10 atm (see text for explanation) 

Fig. 13 contains the same information as the earlier dia
grams, except that the relative stability of potassium and mag
nesium silicates that commonly occur in uranium deposits as 
alteration minerals has been superimposed. These boundaries 
have been calculated for 200°C on the assumption of the 
presence of 1000 ppm potassium and 100 ppm magnesium in 
solution. The boundaries between the stability fields for the 
potassium silicates, kaolinite (kaol.), alunite (alu.), sericite 
(ser.) and adularia (ksp.) are shown as light dot-dashed lines. 
The boundaries between the fields for the magnesium silicates 
chlorite (chI.) and magnesian montmorillonite (Mg-Mont.) are 
shown as light double-dot-dashed lines. The position of all 
these boundaries will change slightly with change in cation 
activity. The composition of the chlorite is assumed to be a pure 
magnesium end member with no iron. Thus, its stability will be 
independent of oxygen fugacity. 

The application of these diagrams to problems of ore genesis 
requires a carefully worked-out paragenesis to ensure that the 
minerals in a particular assemblage are cogenetic. By com
paring the mineral assemblage in a uranium deposit, including 
ore, gangue and alteration minerals, with the stability relation
ships shown in these diagrams it is possible to determine the/oz 
and pH conditions of mineralization. This makes it possible to 
characterize the geochemical environment of deposition and 
thereby establish more reliable models for ore genesis. 

Outlined in Fig. 13 are four possible areas of uranium 
mineralization based on the observed mineral assemblages. 
Area one would be a low /oz-low pH assemblage character
ized by either alunite or kaolinite alteration accompanied by 
wallrock bleaching (removal of iron). At slightly lower /oz 
values, or higher dissolved iron concentrations, pyrite will be 
stable. Mineral assemblages in area two will be characterized 
by argillic alteration (kaolinite and/or montmorillonite) 
accompanied by hematite and/or iron carbonate. The size of 
the carbonate field will depend on Pcoz and the activity of 



iron. As Peoz increases, so does the size of the siderite field. 
The carbonate phase commonly associated with uranium 
mineralization is ankerite, where other cations substitute for 
iron. This would tend to decrease the size of the carbonate field. 

Area three lies within the sericite and chlorite stability fields, 
so either one or both of these minerals will be associated with 
uranium oxide in deposits formed under these conditions of f02 
and pH. The iron mineral associated with this assemblage 
would be hematite. Similarly, in area four adularia is the stable 
potassium silicate, so the assemblages associated with uranium 
in this area may be adularia-hematite or adularia-chlorite
hematite. 

Natural chlorites may contain significant amounts of iron, 
and their stability will therefore depend on both pH and fo,. 
The lack of thermodynamic data on chlorites of variable 
composition prevents the calculation of a stability field for 
these minerals. Qualitative relationships suggest, however, that 
this field would superimpose over the siderite field and be 
slightly larger. This would further restrict the conditions of 
formation of deposits with iron-containing chlorite. 

The slopes of the solubility contours in the neutral to slightly 
alkaline region of Fig. 13 suggest that changes in pH may be 
more important than reduction in the precipitation of uranium. 
Increase in pH may be produced by reactions between trans
porting solutions and carbonates or alkali silicates in the wall
rocks, or by loss of acid volatile components during boiling. In 
this region uranium will be transported in the uranyl state, but 
the solid oxide will contain uranium in the U4 + state. Therefore, 
during this precipitation of uranium as a result of increased pH, 
uranium is being reduced. There must be a reservoir of avail
able electrons to allow this reduction to occur. Sources of 
exchangeable electrons in natural systems may be ferrous iron 
or organic material in the wallrocks. This leads to the con
clusion that ferric oxides associated with uranium mineraliz
ation may be a result of uranium deposition rather than the 
oxidation of ferrous iron being the cause of uranium precipi
tation. 

The above results indicate that uranium can be transported 
as a variety of complexes, depending on the composition of the 
hydrothermal solutions. Deposition can occur as a result of 
increase in pH or reduction. These changes can occur as the 
solutions react with the wallrocks or as a result of boiling. The 
latter mechanism may be important in relatively shallow low
temperature open hydrothermal systems as the solutions per
colate upward in an open fracture system. Reduction may be 
an important mechanism if the invaded rocks contain a suitable 
reductant such as sulphides or organic material. 

A careful study of the paragenetic relationships between 
minerals and mineral assemblages can lead to valuable infor
mation on the environment of deposition and the mechanisms 
of uranium deposition. Of particular value are the alteration 
minerals as indicators of pH conditions and iron minerals as 
indicators of oxidation state of the mineralizing solutions. The 
results also indicate that no one set of physico-chemical con
ditions is unique to uranium deposition and that both uranium 
transport and deposition can occur over a wide range of pH and 
foz conditions. 
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Geochemical behaviour of uranium in the supergene environment 

Gaetano Dongarra 
Istituto di Mineralogia, Petrografia e Geochimica, Palermo, Italy 

Introduction 

Chemical properties 
Uranium (symbol U; atomic number 92) and 14 other elements 
(from actinium to lawrencium) form the actinide series. 
Uranium-from the Latin Uranus-was named in 1790 by 
Klaproth after Herschel had discovered the planet with the 
same name. 

Although it was first recognized as an element in 1789 by 
Klaproth, uranium was chemically isolated as metallic uranium 
much later (1841) by thermal reduction of its anhydrous tetra
chloride with potassium in a platinum crucible. 

The electron configuration of the gaseous uranium atom is 
5f36d7s'2, and its atomic weight is 238.07. As might be ex
pected, uranium shows valence states that range between 2 + 
and 6 + . In minerals, however, only the valences 4 + , 5 + and 
6 + occur. Oxidation-reduction potential data for uranium 
are summarized in Table 1. Oxidation states 4 + and 6 + are 
the most important from a geochemical point of view. 

Table 1 Oxidation potentials: EO values computed from 
Gibbs free energy of reaction, !::J.G'; , which is related to voltage 
via relation !::J.G'; = nFEo; !::J.G'; computed from thermochemical 
data 10 

Reaction 

u a = U 3 + + 3e
u a = U 4 + + 4e

U 3 + = U4 + + e-
U4 + + 2H 20 = uot + 4H+ + e
U4 + + 2H 20 = UO~+ + 4H+ + 2e

uot = UO~+ + e-

EO, V 

- 1.661 
-1.376 
- 0.520 

0.380 
0.273 
0.165 

The ionic radius of U4 + is very similar to that of tetravalent 
Th, and to those of many rare-earth ions (Table 2). This fact 
determines the occurrence 0 f both Th and U in many rare earth 
bearing minerals. In the surficial environment, however, U4+ 
is readily oxidized to U6+, which forms UO~+, uranyl ion. 

The chemical properties of uranyl significantly differ from 

Table 2 Ionic radii for some elements. From Krauskopf 9 

Element Oxidation Ionic radius, A 
state (sixfold coordination) 

U +4 0.97 
U +6 0.80 
Ca +2 0.99 
Th +4 1.02 
La +3 1.14 
Ce +3 1.07 
Ce +4 0.91 
Ho +3 0.91 
Er +3 0.89 
Lu +3 0.85 
Hf +4 0.78 
Y +3 0.92 
Zr +4 0.74 
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those of thorium and rare-earth ions: this is significant geo
chemically as it accounts for the observed variability of Th/U 
ratios in surficial material, as well as for the lack of thorium 
and rare earths in secondary uranium minerals. 

Natural isotopes 
Uranium has three naturally occurring radioactive isotopes-
238U, 235U and 234U. Their relative abundances are 99.2739 ± 
0.0007, 0.7204±0.0007 and 0.0057 ±0.000707o, respectively. 
234U is, in fact, a decay product of 238U, so its natural abund
ance is a reflection of radioactive equilibrium with 238U. 

238U and 235U are parent isotopes for two separate decay 
series, which ultimately yield 206Pb and 207Pb, respectively. 

In addition to the naturally occurring isotopes, several 
artificial short-lived uranium isotopes have been prepared, with 
mass numbers ranging from 227 to 240, but their short life 
precludes any natural occurrence. 

Geochemical properties 
The earth's surface, broadly speaking, includes atmosphere, 
hydrosphere and the upper section of its solid crust. It appears, 
then, to be the seat of physical flows, some visible and some 
subtle. 

The flow of matter from continents to oceans and to the 
ocean floor is obviously visible: it is frequently termed 'exo
genous' or 'minor cycle'. It describes the transfer of matter 
from the lithosphere to the hydrosphere and then back to the 
lithosphere. It is questionable whether a fragment of weathered 
rock, either crystalline or sedimentary in origin, moving in 
streams is part of the lithosphere. 

In dealing with chemical processes, such as the transfer of 
matter from one molecular state to another and/or with separ
ation of different substances from one another, the above 
description of the weathering process is, in general, inadequate. 

Chemically, the molecular state of matter in sediments 
differs from that in crystalline rocks. Matter does not revert to 
its initial conditions by sedimentation. The geochemical cycle 
is not closed in the exogenous process: metamorphism, migma
tization and anatexis must take place to bring matter back to 
its initial state. This forms the major, or endogenous, geologic 
cycle. Thus, one could say that the minor geologic cycle is not, 
in fact, a geochemical cycle, and that the union of the minor 
and the major geologic cycles corresponds with (we deliberately 
do not say is) the geochemical cycle. 

Matter changes from one state (mineral lattice in crystalline 
rocks) to another (ions and molecules dissolved in liquid water) 
passing from lithosphere to hydrosphere: this process is termed 
alteration. By means of another process (that is, chemical 
sedimentation) some substances pass from the hydrosphere to 
yet another state in the lithosphere. In addition, some other 
substances build up in the hydrosphere. 

The exogenous cycle of uranium is shown in Fig. 1. Igneous 
or, more generally, crystalline rocks are assumed to be the 
initial state of matter-the starting point of the exogenous 
cycle. The upper arrow, connecting the igneous rocks box with 
the sedimentary rocks box, represents flow of unaltered solids. 
Its starting point on the left corresponds with erosion; its 
termination on the right corresponds with mechanical sedi
mentation. Wherever this process is prevalent, i.e. sediments 



are formed by sheer mechanical transport and sedimentation of 
nearly unaltered minerals, the final product is a resistate sedi
ment. The lower arrow depicts chemical alteration-that is, the 
change of matter in igneous mineral lattices to the dissolved 
species in water. Transport across phase boundaries requires 
molecular diffusion. Diffusion, however, is not effective for 
regional scale transport in comparatively short geological 
times-for example, thousands or hundreds of kilometres in 
less than a million-year time span. 

The surface waters box is a sub-field of the hydrosphere. 
Surface water flow to the oceans provides large-scale transport 
on the continental scale-say, 1000 km. No great change of 
state of matter is involved: it is just physical flow, similar to the 
movement of unaltered solid rock particles. 

(1) Mec hanlco( weathering 
(Residual soil) 

Igneous 
Proc@ss of rocks r------------, sedImentation 

I I 
(LIthosphere) I I 

I Sea water H--- (Marine sediments) 
I 
I I 

: H y ~ r 0 sphere I (Placers) 
I 
I 

(2) Chemical II Solution I I 
I (Non-martne 

weathering I U 6+ campI I sediments) 
I I 1 __ - _________ 

Fig. I Exogenous cycle of uranium (arrows depict flows, boxes 
reservoirs) 

In Fig. 1 drainage and subsurface water flow is depicted by 
an arrow that connects the surface water box with the ocean 
water box. Subtle flow of dissolved substances takes place 
along with visible liquid water flow. 

Chemical precipitation involves diffusion across phase 
boundaries, this time from liquid water to crystal lattice or 
from liquid watcr to adsorbing surfaces such as largc molecules 
in colloidal systems. Biological systems are not explicitly 
depicted in Fig. 1 as they represent merely another form of the 
non-hydrosphere phase. They form bodies that may migrate 
into sediments. 

Oceanic circulation forms a worldwide transportation system 
that makes substances available over the earth's surface within 
a geologically short time. Chemical precipitation is depicted by 
the arrow from the hydrosphere sea-water sub-box to marine 
sediments. The physical migration of suspended solids to 
sediments and to sedimentary rocks is left implicit. 

One arrow is drawn to connect the surface water to the solid 
phase box: it represents chemical deposition, which also in
volves diffusion across phase boundaries. From the viewpoint 
of physical transport, however, it may correspond with either 
uranium going back to stream sediments or uranium remaining 
trapped in aquifer rocks. 

This last step is significant with regard to the formation of 
supergene uranium ore deposits. The host rock can be whatever 
aquifer the uranium-carrying water is passing through. The 
meaning of this step with regard to physical transport remains 
to be determined. Uranium may well diffuse chemically into 
pore water of weathering granite only to precipitate along 
fissures in the same granite. This means that uranium may pass 
from the lithosphere into the hydrosphere and back into the 
lithosphere over a few hundred metres. Apart from its practical 
significance for uranium deposits, 'this example is useful in 
illustrating the distinctive chemical and physical transport 
processes. 

Geochemical mobility 
Let us assume the ratio of concentration of matter in ocean 
water, m, to concentration in sediments, y, to be m/y. The ratio 
m/y can be viewed approximately to correspond to solubility. 

It is only approximate since sediments are not just one solid 
phase. In reality molecules are bound in different solid phases 
in a sufficiently similar way that m/y approaches some sort of 
solubility, aptly referred to a defined class of solid. To avoid 
confusion the expression 'geochemical mobility' has been used 
with reference to the distribution between solid or immobile 
and liquid or mobile phases. 

\Vith reference to the marine environment let us also consider 
mM as the total amount of dissolved substance in the oceans, 
where M is the total mass of ocean water-the amount of each 
substance actually available for distribution over the earth. If 
Y is the total mass of sedimentary rocks, yY similarly 
represents the amount of the same substance stored in sedi
mentary formations. 

The ratio mM /y Y can also be termed 'geochemical mobility'. 
Inasmuch as AI and Yare constant for all substances there is 
neither inconsistency nor ambiguity in the use of either 
definition. 

By analogy, mobility in the surface drainage environment 
can also be defined as w W /xX or w/x, where x, X refer to 
altering igneous rocks, wand W to surface water. If Wequals 
thel/ow of water through the drainage network for the hydro
logical cycle of water, xX/wW and yY /wW are equal to time 
spans. They represent, respectively, the time needed to remove 
the amount xX from the crystalline lithosphere and to intro
duce the amount y Y into the sedimentary lithosphere. Inas
much as xX and yY are close to each other, e.g. for insoluble 
or immobile substances, the time-span values are the same. The 
shorter the time, the greater is the mobility. 

With x, y in the range of a few ppm U and X and Y some 
150kg/cm2, m=O.OOI mg/kg, M= 280kg/cm2 and, in terms 
of flow, W = 0.02 kg/year cm2 with w = 0.0005 mg/kg. The 
geochemical mobility of uranium can be expressed by assuming 
that about one-thousandth of its total mass in sediments, or of 
its total removed mass from crystalline lithosphere, is dissolved 
in ocean water and, hence, is available for transport and pre
cipitation anywhere on earth. 
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Comparison with other elements makes this assumption 
clear. The fraction of uranium removed from the crystalline 
lithosphere that is available for rapid redistribution over the 
ocean floor is hardly one order of magnitude greater than that 
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of zinc, two to four orders of magnitude in excess of that for 
such immobile elements as aluminium, manganese, iron and 
titanium and more than one order of magnitude less than that 
of calcium and potassium (Fig. 2). 

The worldwide flow of uranium in the drainage network is 
5 X 10-4 x 0.02 mg/year cm2, or 10-5 mg/year cm2. If the 
amount of uranium in sediments or in the crystalline source 
rocks (l50kg/cm2x2mg/kg, i.e. 300mg/cm2) is divided by 
the value of the flow of uranium in the drainage network, the 
time obtained is 30 m.y. for the surface drainage system to 
transport it to the sedimentary environment or, put another 
way, to remove it from the crystalline lithosphere. On the other 
hand, the entire uranium in the oceans is replaced in only 
0.3110- 5 or 30000 years, which compares with the turnover 
time of water itself, i.e. about 15000 years. 

From the viewpoint of this study with regard to the behaviour 
of elements such as uranium, which form an extremely minute 
fraction of the bulk rock, the X and Y values of the total 
amount of sedimentary and crystalline rocks are externally 
fixed quantities. 

Exogenous cycle of uranium 

Source rock materials 
Uranium geochemistry in the surface environment is closely 
related to its mode of occurrence in various igneous rock types. 
Table 3 shows the range of uranium content for different 
igneous rocks. The close relationship between uranium content 
and silicic rocks is immediately apparent. Such a relationship 
may be accepted as a valid generalization. Significant devi
ations from this relationship indicate that many factors affect 
uranium distribution in different igneous rocks. Alkaline rocks 
form the most striking exception as their uranium content is 
generally high, whereas their silica content is low. 5,6,14 

Table 3 Uranium in igneous rocks, From Adams and co
workers2 

Rock 

Silicic intrusive 
Silicic extrusive 
Basic intrusive 
Basic extrusive 
Ultrabasic 
Alkaline 
Silicic pegmatite 

Uranium, ppm 

1-6 
2-7 

0,3-2 
0,2-4 

0,001-0.03 
0,1-30 

1-4 

Uranium occurs in igneous rocks-partly in the mineral 
lattices, where it substitutes for such elements as calcium or the 
rare earths, and partly as uranium minerals. 

Accessory minerals are the major carriers of uranium in 
silicic intrusive rocks, Allanite, monazite and xenotime, for 
example, contain more uranium than zircon, apatite and 
sphene, 

Uraninite, the most abundant uranium mineral, also occurs 
in rocks, Major constituents, such as quartz, feldspar, biotite, 
hornblende, pyroxene, all contain only a small fraction of total 
uranium at extremely low concentrations. In fact, uranium in 
major rock-forming minerals is generally in th<; ppb range. 
Rogers and Adams 13 ascribed its occurrence in major con
stituents to one or more of the following possible factors: (I) 
isomorphous substitution in the lattice; (2) concentration in 
lattice defects; (3) adsorption along crystal imperfections and 
grain borders; and/or (4) inclusion as microcrystals of uranium 
minerals. Agreement on the distribution of uranium in such 
different forms of occurrence has still to be established, 

In basic intrusive rocks the most important uranium carrier 
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is apatite, which may incorporate small quantities of uranium 
by isomorphic substitution of U4 + for Ca2+ ions, On the other 
hand, in extrusive rocks, whether acid or basic, rapid cooling 
of magma leaves a large part of the uranium scattered through 
the non- or cryptocrystalline matrix. 

Chemical or mechanical weathering 
The relative ratio between flows in processes 1 and 2 (Fig, 1) 
varies according to the distribution of uranium atoms in the 
different molecular sites in the source rock-indeed, such 
distribution determines the way in which uranium mobilization 
occurs, Uranium contained in insoluble accessories is leached 
to a very limited extent, so it is presumed to be transported to 
and concentrated in resistate sediments as clastic material. 
Adams and co-workers2 estimated that 60-850,70 of the 
uranium in igneous rocks is present in mineral phases that are 
resistant to chemical alteration; approximately 15-40070 is 
transported in the dissolved form by liquid water. The above 
fraction of uranium takes part in the processes of erosion and 
sedimentation (represented by the arrow in the upper part of 
Fig, 1 that connects the source rock box directly with the 
sediment box), 

A large part of the uranium in igneous rocks is contained in 
heavy chemically resistant minerals the weathering of which is 
mainly mechanical. Thus, uranium in such form is transported 
by rivers and streams as clastic particles that are ultimately 
found in residual soils, in stream sediments and in common 
sedimentary rocks, either continental or marine. From the 
viewpoint of ore deposits the previously mentioned particles 
may accumulate in placer deposits, 

U4 + oxide minerals are not common constituents of modern 
placers, Uranium undergoes oxidation to U6 + in an environ
ment with abundant free oxygen and U-bearing placers have 
been considered to be very ancient (>2400m,y.) and they may 
have formed under low oxygen pressure in the earth's atmos
phere. 

Uranium in natural waters 
A comprehensive review of uranium determinations in sea 
water was given by Rogers and Adams. 13 Ocean water contains 
uranium at a broadly uniform concentration (0.001-0.004 
ppm). The average uranium concentration in stream water is 
less than I ppb U. Groundwater shows remarkable variability 
of concentration as a result of, for example, the presence of 
enriched mineralization, the time of contact of the water with 
the source rocks and the concentration of ligands that either 
form soluble uranium complexes or insoluble uranium 
compounds. 

High concentrations of uranium may also occur in inland 
waters where evaporative processes prevail: a study of the 
uranium content in brines during solar salt production has 
shown that the evaporating water body becomes enriched in 
uranium while CaSO.j and NaCI precipitate. 7 

A particular case of uranium enrichment is shown by 
NaHCO] waters: their high content of carbonate ions may be 
responsible for very effective leaching of uranium from 
weathering country rocks asa result of the formation of car
bonate complexes. 

Uranium speciation in natural waters 
Uranium occurs in natural waters as U4 +, U5 + and U6 +. Species 
relationships in aqueous equilibria of the U-02-H20-C02 
sub-system, as a function of Eh and pH, are shown in Fig. 3 
for a temperature of 25°C and I atm pressure (the shaded area 
shows the stability field of uraninite (U02)). Dissolved uranium 
in water is mainly in the form of stable uranyl dicarbonate and 
tricarbonate complexes. Fig. 3 shows that the field of existence 
of soluble uranium complexes becomes wider as pH increases, 
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Fig 3 Eh-pH diagram of U-O,-H,O-CO, system at 25 °C and 
1 atm for U = 10- 6 M and Peo, = 10- ' atm. Modified from Langmuir. 10 

Upper and lower boundaries within diagram (dolled lines) are limits 
within which water itself is chemically stable. Above upper limit water 
is oxidized to give oxygen and below lower limit reduced to yield 
hydrogen. Stability field for crystalline uraninite shaded; predominant 
U species in solution indicated in various unshaded areas; unbroken 
lines represent equilibrium conditions 

owing to the formation of uranyl carbonate complexes. This 
means that carbonate ions control uranium circulation. One 
should remember that dissolved CO2 is always present one way 
or another in natural waters-even in rain water, where its 
partial pressure is ~ 10- 35 atm. coj - concentration is then 
dependent on the pH of the solution. Thus, taking account of 
the largest pH range that occurs in natural waters, many other 
ligands may bind uranium into complexes and so increase its 
solubility . 

Langmuir lO showed that, beside carbonate, uranyl com
plexes with hydroxyl, fluoride, sulphate or phosphate may 
predominate in oxidized surface and ground waters. More 
specifically, phosphate complexes are expected to predominate 
over other inorganic complexes of uranyl in waters in the pH 
range from 4 to 7.5 with Peo, = 10- 2 .5 atm, I:mU 6 + = 10- 8 and 
I:mP04 = 10- 6 . These figures are consistent with dissolved 
components in typical natural waters. 

Fig . 3 shows the stability field of U4 + species. Such U4 + 
compounds as U02 and U(OH)4 are very insoluble, so the 
concentration of U4 + in water is extremely small. The field of 
stability of uraninite corresponds broadly with the fields in the 
Eh-pH graph where U4 + species are dominant. In Eh-pH 
fields where U6 + is greater the total amount of dissolved 
uranium can be much larger. 

Chemical sedimentation of uranium 

Marine sediments 
In the supergene cycle uranium is removed from sea water by 
several processes, in which the ability of uranium to form stable 
complexes with various species may play an important role. 

Marine limestones generally contain about 2 ppm of 
uranium. So far discussion of uranium behaviour in aqueous 
solution has stated that uranium stays in solution if carbonate 
ions are present. 

According to Naumov and Mitronova, 12 the decomposition 
of uranyl carbonate complexes and the simultaneous reduction 
of uranium proceed the mere readily with decreasing carbonate 
ion concentration. In fact, the potential of the U6 + _U4 + 

couple in the presence of cOj - ions is lower than that in 
carbonate-free waters-that is, more reducing conditions are 
required to remove uranium from carbonate-rich water in 
comparison with waters low in carbonate . 

The uranium content in carbonate sediments is expected to 
be controlled more by biological factors than by pure chemical 
precipitation. Uranium may occur in the heavy mineral fraction 
of the carbonate sediments. Adams and Weaver 1 reported that 
only 200,70 of uranium in carbonate rocks is contained in the 
detrital , essentially shale, residue. 

Uranium also accumulates in phosphatic sediments de
posited from a marine environment. In this case uranium is 
believed either to be incorporated into the carbonate-fluor
apatite lattice, where it substitutes for calcium,4 or to be ad
sorbed on the surface of apatite crystals. Laboratory studies" 
have shown that phosphate rocks are among the most effective 
agents in the extraction of uranium from sea water. In this 
connexion marine black shales are especially significant 
because they contain comparatively high amounts of uranium. 
Marine black shales, the predominant clay mineral of which is 
illite, are believed to be deposited slowly under stagnant con
ditions and in the presence of abundant organic matter. In these 
conditions, with a very limited clastic contribution, deep-seated 
waters are readily depleted in oxygen and enriched in hydrogen 
sulphide, which i~ produced by the reduction of sulphate. 

Generally speaking, a direct relationship between uranium 
concentration and increasing organic carbon content exists in 
marine black shales. Uranium content is also directly related to 
the colloidal size ranges of such sediments. 

Many therefore believe that the enrichment of uranium in 
marine black shales is strictly related to the presence of organic 
matter in the sediments. This last, along with the H 2S, is 
deemed to be ultimately responsible for the reduction of uranyl 
ion to the insoluble form, uraninite. The Chattanooga Shale 
(U .S.A.) and the Alum Shale (Sweden), are the two best-known 
examples of uraniferous black shales. 

Non-marine sediments 
Minerogenetic studies and thermodynamic data suggest that 
uranium can be removed from weathering solutions by many 
processes, one of which is reduction-notably by organic 
matter among a number of reducing agents. Reduction com
monly results in the formation of U02 or one of its hydrates. 

Uranium may also undergo precipitation directly in its 
hexavalent state by a variety of anions-mainly phosphate and 
vanadate. 

Among the geochemical factors possibly responsible for 
the reduction and precipitation of uranium from groundwater, 
Eh is most effective . Fe2+ and sulphides, in addition to organic 
matter, deserve mention. Insoluble uraninite may be precipi
tated according to the redox reaction 

4UO~+ + HS- + 4H20 = 4UOz + SO~- + 9H+ 
or 

4U02(C03)} - + HS - + 15H+ 
= 4UOz + SO~ - + J 2C02 + 8HzO 

or 
4UO~ + + CH4 + 2H20 = 4UOz + CO2 + 8H + 

In the last reaction CH4 symbolizes organic matter in general. 
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Anaerobic bacteria prevalent in reducing environment are 
believed to playa significant role. 

Humic constituents of alluvia and soils are very effective 
trapping material and remove uranium from natural waters. 
Their structure is only broadly known. They are insoluble at 
acid pH and soluble in alkaline medium. Their molecule consist 
of a polyaromatic skeleton that carries phenolic hydroxyl and 
carboxyl groups. Acidic hydrogen of the carboxyl group is 
exchanged with the uranyl ion: this process is so effective that 
very high enrichment factors may be obtained. 

Many other natural materials, including several metal 
hydroxides (Fe, AI, Mn) as well as clays, are capable of adsorb
ing uranium . Sorption proceeds to a variable extent. It usually 
depends on the pH of the solution and the pH range for the 
greatest sorption of uranyl overlaps the pH range of minimal 
solubility of uranyl minerals. 

With regard to mineral formation, removal is effective when 
adsorption is followed by reduction of U6 + to U4 +. If reduction 
does not take place, uranium is remobilized following changes 
of alkalinity and/or solution Eh. 

Roll-type deposits 
Some uranium deposits, formed in permeable sandstone units 
interbedded with less permeable strata, have a characteristic 
shape from which the name 'roll-type uranium deposits' arises. 

The reducing capacity of the aquifer plays a key role in the 
formation of such deposits . Oxygenated waters that carry U6 +, 
as UO~+ and/or its carbonate complexes, attain reducing con
ditions during their downward migration. Uranium is then 
reduced to its tetravalent state, which ' entails its precipitation 
as uraninite or pitchblende. Reduction of U6 + is ascribed to the 
presence of organic material, pyrite, marcasite or HzS. This last 
substance, for example, is produced from sulphate by sulphate
reducing bacteria in the presence of reducing matter. Hydrogen 
sulphide migrates easily and can be made available to ground
water. That seems to be the case for roll-type deposits in the 
Gulf Coast of Texas, where HzS may come from underlying gas 
and oil deposits. 3 
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Fig. 4 Schematic diagram of 'roll-type' uranium deposit 

Whether the reducing agents are indigenous to the sandstone 
(Wyoming) or rise along faults (Texas) is immaterial to the 
present discussion. It is noteworthy that deposition of large-size 
orebodies results from multiple cycles of reduction-oxidation, 
i.e. precipitation-dissolution, owing to inflows of oxygen
rich waters . Repeated mobilization-precipitation leads to 
uranium accumulation and, ultimately, tbe formation of roll
shaped deposits of uranium are . The flow of mineralizing water 
is fairly similar in its effect to the movement of water in a 
chromatographic column. 
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Deposits of uranium ore that originate by the process des
cribed above take the shape shown in Fig . 4. 

Carnotite and autunite ore deposits 
The vanadate ion is a very effective preClpltant for uranyl 
ions-as insoluble uranyl vanadate (carnotite, Kz(UO Z)z(V04 )z 
and tyuyamunite, Ca(UOz)z(V04 )z) . Precipitation of carnotite, 
according to 

2K + + 2UO~ - + 2HzVO; = Kz(UOzh(V04 )z + 4H + 

may take place under such favourable conditions as (a) solution 
pH in the range 4-8, (b) existence of an oxidizing environ
ment, (e) UO~+ and HzVO; ionic concentrations are suf
ficientl y high to reach the solubility product of carnotite and 
(d) low content of carbonate ions. 

Waters scarce in vanadium, but enriched in phosphate ions, 
may precipitate minerals of the autunite series in essentially the 
same conditions as those outlined above. In fact, autunite can 
precipitate instead of carnotite if EPO. exceeds EV04 by 
roughly a factor of 500. 10 
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Uranium exploration techniques* 
Chester E. Nichols 
Nichols Associates. Reno, Nevada. U.S.A. 

As would be expected from the scope and number of pages 
assigned to this paper, it is of necessity rather basic in nature. 
The main purpose is to present an introduction to how uranium 
is found, with the hope that an explorationist will find concepts 
that stimulate his thought. 

Owing to its geochemical mobility (overall solubility), trace 
amounts of uranium occur in almost everything, living or other
wise. It occurs in most rock types, natural water, stream sedi
ments, soils and plants (Table 1). It may be concentrated to tens 
or hundreds oftimes the geochemical average in the crust ofthe 
earth in a wide variety of rock types (Table 2). Orebodies gener
ally consist of grades greater than 0.1% U,Ox, and grades 
greater than 0.2% may be considered high, depending on the 
circumstances. 

Genetic description of some uranium deposits 
A good classification of the important Canadian uranium 
deposits was given by McMillan,S A much more complete clas
sification was offered by Mickle.7 Following this scheme, 
Mickle and Mathews edited a monograph8 that described the 
recognition criteria of each category in some detail. The third 
paper in this series is a field guide,9 but is also most useful as a 
lucid index to the monograph because of its abbreviated format, 
keyword index and cross-referenced pages. 

One natural way to classify uranium deposits begins by cate
gorizing the host rocks. The following is a brief description with 
genetic implications of a few interesting types of uranium 
mineralization. 

Table 1 Typical concentrations of uranium in the natural environment 

Rocks 

Waters 

Stream sediments 

Plants 

U c·oncentration 

0.1-1.0 ppm 
2 ppm 

2-4 ppm 
3.7 ppm 

2-15 ppm 
3-20 ppm 

1-4 ppb 
0.5 ppb 
5.2 ppb 
0.7 ppb 
0.8 ppb 
8.6 ppb 
0.6 ppb 

1.1 ppm 
1.7 ppm 
1.2 ppm 

0.2-0.5 ppm 

* Pleistocene through Eocene. 
tTertiary, Permian, Triassic and Cretaceous. 

Remarks 

Basalts, tholeiitic and plateau, andesitic and alkali 
Av. in carbonate rocks of North America and Russian Platform 
Av. in Texas Gulf Coast (Tertiary) at the surface 
Av. for North America and Russian Platform 
Granites of U.S.A .. U.S.S.R. and France 
Alkaline intrusives of U.S.S.R. 

Sea water, worldwide 
Median of 155 stream water samples from Texas Gulf Coast· 
Median of 103 stream water samples from northwest Texast 
Median of 75 stream water samples from Llano area, central Texas:j: 
Median of 323 wells from Texas Gulf Coast* 
Median of 249 ground water samples from northwest Texast 
Median of 49 wells from Llano area in central Texas:j: 

Median of 463 samples from Texas Gulf Coast* 
Median of 161 samples from northwest Texast 
Median of 95 samples in Llano uplift, central Texas:j: 

Median in ash of branches from 9 types of tree, Precambrian through 
Tertiary of Texas 

:j: Cretaceous, Permian, Devonian, Mississippian, Cambrian and Precambrian. 

Sedimentary host rocks 

Sandstones 

Reference 

2 
1 
I 
1 

1 
2 
3 
4 
2 
5 
4 

2 
3 
4 

(Table 4 of 
this paper) 

Igneous rocks that concentrate uranium with other lithophile 
elements that form the earth's crust constitute the original 
source of uranium. Uranium is quite mobile in the presence of 
oxygen. Once in solution in surface water, it tends to continue 
downstream until an ocean is reached. Similarly, the oxygen in 
near-surface groundwater provides the environment for the 
leaching and transport of uranium down a hydrologic gradient 
in the subsurface. This uranium may be very efficiently preci
pitated when oxygen is lost, as by biologic demand. Most 
important types of uranium deposits form by some precipitat
ing process that involves the reduction of uranium from an 
oxidized state, whether the host rock is sedimentary, meta
morphic or igneous. Quartz-pebble conglomerate deposits are 
a major exception. 

In contrast to most of the rest of the world, the United States 
owes most of its reserves and production to deposits in sand
stones. These rocks acted as conduits for uranium-bearing 
groundwater that passed through a redox change from oxidiz
ing to reducing, resulting in the precipitation of uranium. 

*©Dr. C. E. Nichols 1984. 

A key link to the understanding of sandstone districts is that 
they commonly form in rocks of deltaic origin. This environ
ment is important in several respects. It provides permeable 
rocks encased in those which are less permeable to act as 
aquifers for uranium-bearing groundwater. The deltaic environ
ment also implies a progressive reduction in the permeability of 
the channels basin ward. This yields a district-wide trapping 
mechanism as opposed to a flushing through of groundwater. 
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Table 2 Principal rock types in which uranium mineralization occurs 

Sedimentary 
Sandstone 
Calcrete 
Lignite 
Carbonate 
Phosphorite 
Black shale 
Tuff 
Asphaltite 

Igneous 
Granite 
Migmatite 
Pegmatite 

The sandstones of deltas are also typical\y oxidized in the 
upper reaches and reduced where they are deposited in stand
ing water. Moreover, the reduced facies are frequently buffered 
with organic material and/or iron sulphides. A source of 
uranium may be found in fresh sediments deposited in the 
oxidizing environment. For example, volcanic glass in the form 
of ash is readily leached of several components, including 
uranium. 

Uranium may also be derived from the upper reaches of a 
river basin, where any of the rock types listed in Table 2 may 
yield uranium by weathering. Groundwater that bears the dis
solved components eventually enters the master stream, which 
transports its load to the deltaic environment. Part of the river 
water may flow through the deltaic sediments themselves 
before passing into the sea. In the upper portion of the delta this 
water can pass through a larger volume of oxidized sediments 
before being reduced. Farther downstream the river water that 
enters the sediments may be reduced in the first few centimetres 
of the river bed. 

The distance that water travels in the ground before it enters a 
reducing environment relates in a general way to the shape of 
the orebody that is produced. Just as a lateral change in facies 
may be the same as a vertical or time change, so the implication 
that mineralization may occur while the sandstone is being 
deposited, or at some time thereafter, relates to the subdivision 
of orebodies into tabular and roll-front types. 
Tabular deposits The Uravan district of southwestern 
Colorado is the most typical occurrence of tabular deposits, 
sometimes referred to as Colorado Plateau deposits. In general, 
the orebodies tend to lie in the lower portion of a reduced 
channel sandstone. They are roughly concordant to bedding, 
with horizontal dimensions much greater than the vertical. 
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Fig. Typical deposit, Uravan district 
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Metamorphic 
Graphitic and pyritic schists 
Quartz-chlorite schist 
Chlorite-sericite schist 
Conglomerate 
Arkose 
Gneiss 
Psammite 
Carbonate 
Skarn 
Tuff 

Except for the near-surface yelIow ore found early in the history 
of the district, most of the ore is dark grey or black and lies 
within larger haloes of reduced rock. Indeed, the environment 
within the vicinity of the orebodies was so reducing that red silt
stones adjacent to the channel sandstone were reduced to a dis
tinctive medium green colour (Fig. I). 

The main mineralization in the Uravan district occurs in an 
arcuate belt that crosses the distributing channels of a delta (Fig. 
2). Farther to the east the channels become finer-grained and, 
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Fig. 2 Channel sandstones in Uravan mineral belt 
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with increased percentage of reduced ground, lose the redox 
boundaries that are found in the mineralized belt. The sand
stone channel deposits that bear the orebodies arc of the order 
of I km wide and 5-20 m thick. They crop out on canyon walls, 
but their actual lenticular cross-section is subtle owing to their 
superimposition and restricted length of exposure visible at any 
one place in the tortuous canyons. 

The area is often thought of as a uranium district, but it actu
ally produces several times as much vanadium by weight. IIis
torically, the value of the vanadium that has been produced is 
approximately equivalent to that of uranium. Both metals are 
deposited by the same process. Probably the best theory for the 
origin of vanadium is that it was transported by a master river 
flowing from the west where the vanadiferous black Carlin 
shale was being eroded during the Jurassic time of deposition 
for the Morrison delta. 

In core drilling three favourable features stand out as guides 
to ore: perhaps the most obvious is the percentage of carbon. In 
the ore carbon from leaf and wood fragments commonly 
exceeds 10% of the volume of the rock. The second feature is 
alteration in sandstone and adjacent siltstones. The thickness of 
alteration in the underlying or overlying siltstone, generally 
whichever is closer, is a contourable feature larger than the ore
body. The siltstone reduction is often as thick as I or 2 m. Sand
stone alteration is described in more detail in the section 
Geologic techniques. The third favourable feature is primary 
structure, such as cross bedding, which breaks the massive 
appearance of the sandstone. 
Roll-front deposits The most typical roll-front deposits occur 
in Texas and Wyoming. In the Texas Gulf Coast province 
deposits occur in sandstone formations and group into districts 
by deltaic centres of deposition-called 'depocentres'. 

Fig. 3 Croll 

In cross-section the orebodies of any particular sandstone 
tend to assume a characteristic C shape (Fig. 3). Groundwater 
moves faster ncar the centre of the aquifer, where it makes the 
orebody thicker and convex down the hydrologic gradient. The 
upper and lower limbs, or tails, of the orebody lag behind the 
nose of the roll. 

Fig.4 Sroll 

Another configuration is the S roll, which is formed by 
reversing the bend of one side of a Croll around a permeability 
barrier (Fig. 4). In this case a mudstone split in the aquifer may 
interrupt the normal shape. The direction to another orebody 

may be indicated by the reversed tail of the S, which points 
downdip and toward the centre of the aquifer. 

In plan view the nose of a roll will progress farthest downdip, 
where the best permeability lies. Thus, the axis of a front may be 
quite sinuous and many kilometres long. Where several sand
stones are present the rolls may be stacked one above another, 
the roll in the uppermost (youngest) bed being generally the 
most offset in the direction of dip. 

The serpentine nature of a roll front in plan view indicates 
that the groundwater that influences its movement does not 
have to cross the front at right angles. It only has to have some 
component of its movement crossing the front from the oxi
dized to the reduced side. In the case of a cylindrical host, which 
may be approximated by a channel sandstone deposit, the roll 
front may be tongue-shaped, mineralization being concen
trated at the tip of the tongue. In cross-section, behind the end 
of thc tongue wherc oxidized rock is surrounded by the tails of 
the orebody, the roll-front deposit may take the form of a 
mirror C (Fig. 5). Underground one might be tempted to 
believe that the ore is moving both left and right rather than per
pendicular to thc plane of the section. In this case the ground
water moved almost parallel to this part of the roll, and the best 
ore is likely to lie down the hydrologic gradient where the two 
C rolls meet. Thc most typical area for this shape of deposit is 
the Tertiary basins of Wyoming. 
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With time the redox front at the updip edge of the ore may 
move thousands of metres downdip, carrying the orebody with 
it and leaving behind alteration features in the oxidized ground. 
As erosion progresses, these features may be exposed at the sur
face or subsequently truncated in subcrop several kilometres 
from the location of the roll front that formed it. 

A roll front is a subterranean surface between reduced and 
subsequently oxidized rock. It may be essentially unmineral
ized. Alternatively, it may concentrate metals other than 
uranium, such as iron, vanadium, molybdenum, silver'° or 
heavy metals," In addition, these metals may concentrate in 
any combination, but invariably in overlapping shells or zones 
in order of electromotive force (Fig. 6). 

One popular concept holds that the metals are progressively 
leached from the host rock as the roll front passes through it. 
Uranium districts arc found in areas where the background 
levels of uranium are elevated. Based on the nature of the alter
ation, leaching of the host rock on the oxidized side of a roll can 
be extremely intense. With the remarkable efficiency of the 
precipitating mechanism only a few parts per million of 
uranium have to be removed from the volume of oxidized rock 
associated with most roll-front deposits to account for the 
amount of uranium in the orebody. 

One answer to the mystery of how the oxidation and reduc
tion can be so intense at a roll front was given by Rackley,12 who 
demonstrated that sulphur-oxidizing and sulphur-reducing 
bacteria can provide the driving force for a galvanic cell that 
controls the geochemical reactions. This seems to be the case 
where iron sulphide dominates the minerals that are precipi
tated in the mineralized ground. 

Where sulphides arc absent, or nearly so, organic material 
may be the food for other strains of micro-organisms. A third 
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explanation for the precipitation of metals in the reduced 
ground involves chelation by organic acids of high molecular 
weight-for example, the hllmates found in significant amount 
in some orebodies of New Mexico. 

Black shales 
Most black shales are of marine origin, but reducing conditions 
in fresh water lakes and swamps are also potential sinks for 
uranium and associated metals. In each case the uranium and 
associated metals are introduced into the host rocks at the time 
of deposition. 

The black shale of the Chattanooga Formation in Tennessee 
is an example of a large low-grade resource of uranium. The 
mineralized portion of this Devonian shale occupies several 
counties, but mineralized horizons tens of metres thick average 
only about O.05°/c) U ,0,. For the most part, rocks of this type 
are not of economic importance, unless political considerations 
dictate otherwise. 

Metamorphic host rocks 
The world's largest and highest-grade uranium deposits occur 
in metamorphic rocks. An extensive review ofthe classification 
of uranium deposits was given by Ruzicka. 13 His classification 
of uranium vein deposits was subdivided into five types, based 
mainly on mineralogy. 

Vein-like deposits were described as 'uranium deposits of 
uncertain genesis' by Mathews et al. 9 Except for a small number 
of these deposits in sedimentary rocks, the group is subdivided 
into unconformity-related deposits and deposits of meta
morphic rocks. In a more genetic classification of the major 
(Proterozoic) vein-like deposits of the world, Dahlkamp and 
Adams14 deciphercd the relationship of diagenesis, meta
morphism, metasomatism and weathering on uranium con
centrations in various host rocks. The result is a logical genetic 
explanation for the spectrum of vein-like deposits observed 
today. 

In a very generalized outline uranium concentrated in sedi
mentary rocks is reconcentrated by orogenic metamorphism in 
structures within the uraniferous strata. A deposit may be pro
tected from surface weathering by a subsequent sedimentary 
cover, as at Beaverlodge in Canada. Magnesium and boron 
metasomatism may further concentrate uranium deposits near 
the unconformity, as at Ranger One in Australia. In the absence 
of sedimentary cover, intense subtropical weathering may pro
duce a deep regolith with movement of uranium. Large deposits 
are not known to have been formed at this stage. After deep 
weathering the deposition of several thousand metres of con
tinental sediments results in diagenetic reconcentration of 
uranium and nickel and the production of associated chlorite 
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and kaolinite along the unconformity, as in the Athabasca 
Basin. In the last stage orebodies are degraded by faulting, frac
turing and groundwater movement, redistributing uranium as 
sooty pitchblende and coffinite in the overlying sediments. 

As was emphasized above, a wide variety l)f rocks arc a 
potential source for uranium. One of the most significant of 
these are granitoids, which are associated with many of the 
major uranium districts around the world. The quantity of 
uranium that has been removed from these bodies is usually 
impressive. In the Granite Mountains of Wyoming, for 
example, all surface samples, and most drill core samples, 
appear to be 30-80% deficient in uranium relative to radio
genic lead.1s Although none of the samples exhibited obvious 
signs of weathering below a depth of 60 m, uranium was 
removed to depths in excess of 400 m during geologically recent 
times. In addition to the obvious leaching ofthe uranium by sur
face waters, Rich and co-workers16 concluded that red-bed 
sequences are the most likely source of oxidizing solutions for 
uranium vein deposits formed by ascending waters. 

Except for the potential of decreasing the fugacity of oxygen 
by decreasing pressure and temperature, reducing agents are 
the key to the explanation of the accumulation of uranium. As 
massive pitchblende dominates vein-like deposits, a method of 
reducing uranium from the mobile hexavalent state to the 
tetravalent form is necessary. A number of reducing agents 
have been suggested, some of which were discussed earlier in 
the roll-front model-sulphides, graphite, carbon, biotite, 
amphiboles, chlorite, hydrogen sulphide and hydrocarbons. 
The association of these materials with vein-like deposits is 
obvious. 

Rich and co-workers 16 showed that pitchhlende formed 
before base-metal sulphides in 33 of 37 deposits where both 
were present. This indicates the possible need for another 
uranium-precipitating mechanism in addition to the oxidation 
of sulphides. 

Clues to an interesting possibility may lie in recent studies of 
multi-element hot springs associated with centres of ocean
floor spreading. At an informal session of the Association of 
Exploration Geochemists annual meeting in June, 1982, S. D. 
Scott reported that samples from chimneys of 'smoking' springs 
collected from the Guaymas Basin were saturated with oil. 
Apparently, the rich organic material in the sea-floor sediments 
reaches unusually quick maturation as a result of the elevated 
temperatures that arc associated with hydrothermal systems. 
Dr. Scott noted that spring waters with temperatures < 200°C 
contained several volume per cent of hydrocarbons. Some of 
the chimneys show deposits of wax and tar that may he analo
gous to the kerogen and bitumen that arc found in exhalites 
today. 

The association of oil with the hydrothermal environment of 
sea-floor spreading is consistent with the occurrence of major 
oil fields in aulocogens. The Gulf of Suez and the North Sea are 
examples of big oil-producing failed rifts. From the metals 
exploration standpoint the faster the sea-floor spreading, the 
greater is the heat flow and the bigger are the smoking springs 
and associated mineralization. 

Although not hrought out in any oithe papers at that meeting 
of the Association of Exploration Geochemists, uranium vein 
deposits appear to be associated with the metamorphic equi
valent of exhalites now dominated by assemblages of chlorite, 
sericite, quartz, banded iron formation and graphitic meta
pelite. This association may explain the origin of the heat drive 
for uranium vein deposits and a reducing mechanism related to 
the maturation of pelagic organic sediments. The relatively thin 
nature of these sediments is compatible with the limited depth 
extent of the deposits. It is significant that bituminous material 
seems to be associated with the pitchblende in most of the 
Athabasca veins. In addition, the initial stage of ore formation is 



generally of about the same age as the host rock. This model 
could also explain how a recently discovered Canadian vein
like deposit is not close to an erosional unconformity. 

Exploration techniques 
Mineral exploration is properly an interdisciplinary field. In 
terms of the techniques used in the data-gathering phase, most 
activities may be classified as geologic. geophysical or geo
chemical. Each of the three is used on a scale of tens of kilo
metres to metres. Geochemistry is occasionally important 
down to the millimetre scale, as in dealing with the components 
of individual grains and crystal zones. Geology is the most 
scale-elastic, having exploration significance up to a continen
tal scale, as in defining the boundary and understanding the 
genesis of metalliferous provinces. 

Geologic techniques 
Features for evaluation of the potential location of a uranium 
deposit may be considered in terms of source, transportation 
and precipitation. Understanding these stages is easier with the 
more lateral movement in sandstones than with metasediments, 
where upward movement may be overprinted with combin
ations of lateral and downward movement. 

Alteration features in sandstones 
The most widely recognized sources of uranium in sandstones 
are acid volcanics and rock rich in feldspar. During the 1950s 
and 1960s there was an argument among uranium geologists 
who favoured one or the other of these sources. Tuffaceous 
sediments are probably more important owing to the wide dis
tribution of volcanic ash in Mesozoic and Caenozoic rocks and 
the ease with which the ash is leached. Except with experience, 
the ash is easily overlooked in a potential host rock unless it is a 
major part of the sediment. 

Where uranium is derived from the components of a granitic 
rock it may weather directly from the intrusive and be carried in 
solution into adjacent sediments, or it may pass through an 
intermediate step by forming an arkosic granite wash near the 
edge of the basin. In either case at least one erosional cycle is 
required to free the uranium from a large source for subsequent 
concentration. 

Thus, source rocks usually show features of oxidation and 
leaching. If the original rock is a light coloured sandstone, the 
change may be subtle and require examination at many 
locations for its detection. Most generally, there is both a shift 
toward a more oxidized iron colour and! or a lightening of the 
colour owing to the removal of metallic elements. Contrast of a 
few ppm uranium between the leached and unleached facies is 
quite adequate to derive the needed amount of metal when 
large volumes of rock are being weathered. 

Identification of a uranium source rock is important because 
most alteration features indicative of a roll front do not establish 
the presence of uranium. Even in the strongest roll fronts 
uranium is probably not a necessary ingredient. 

Grain size of the source rock may be quite fine. For example, 
a wide area of gently dipping tuff up to 100 m or more in thick
ness may be underlain by a favourable sandstone aquifer to 
which meteoric water percolates. A tuff, after being well 
altered, may become an unfavourable looking claystone. Near 
the surface a permeable sandstone may be completely silicated 
to an impermeable quartzite by release of silica from the tuff. 
On the other extreme of induration, as a rule of thumb, even the 
most impure and unlithified host must have some medium
grained sand to possess an adequate permeability for transpor
tation. 

The distance of uranium transportation from source rock to 
present mineralized location is ordinarily between 1 and 10 km. 
For the most part a roll front will have passed through the most 

rock updip from the mineralized trend. This emphasizes the 
value of recognizing some of the alteration features that are 
described below. 

When a proper aquifer has hosted a roll front over a fetch 
measured in kilometres, the source rock may well be the same 
stratigraphic horizon as the present host of an ore trend. For this 
condition to obtain the host must have originally contained the 
few ppm uranium required for subsequent leaching. 

In the process of dissolving and moving uranium in the 
groundwater a period of source rock and host rock erosion is 
implied. For this reason unconformities habitually overlie 
uranium orebodies. Presumably, the bigger and more intense 
the period of erosion the better, so long as the host rocks are not 
completely destroyed. On the other extreme, with ideal condi
tions ofleaching, a good source rock and precipitation in a well
buffered host rock, the present cycle of continental erosion 
might suffice. Viable orebodies are found in rocks of Pliocene 
age in the Texas Gulf coast and, under the right conditions, it is 
reasonable to look for them in rocks of even younger age. 

Most of the major sandstone deposits are Mesozoic and 
Caenozoic.17 This is doubtless because rocks of this age contain 
the great piles of continental and marginal marine sandstones 
and the required periods of weathering and erosion. Most of the 
uranium introduced to Palaeozoic marine basins yielded little 
better than weakly mineralized black shales because of the lack 
of an efficient concentrating mechanism. 

Various methods of precipitation have been proposed for 
uranium on the reducing side of a redox front. In the simplest 
model-and least likely to be mineralized-the front only repre
sents the position of surface oxidation in an originally reduced 
but poorly buffered rock. In this case a low concentration of 
iron oxide may undergo a modest shift in its oxidation state 
under the influence of oxygenated groundwater. A typical 
colour change might be from light grey to light brown. 

To concentrate uranium the host rock should be more reduc
ing from the standpOint of reactive capacity per unit volume and 
negative redox potential. The former requirement may be ful
filled by sulphide minerals, organic material, such as plant 
remains and humates, or hydrocarbons. Humates have an 
unusual capacity to hold metal ions, including uranium, by ion 
exchange and chelation.18 In general, however, it may be argued 
that the other materials are inadequate for the reduction of 
uranium, acting more importantly as a food source for anaero
bic bacteria that create a very intense reducing environment. 

Weathering and roll-front propagation both involve pro
cesses of oxidation. The latter involves not only a more intense 
oxidation but a precursive step of intense reduction when a geo
chemical cell is fully developed. Consequently, the alteration 
features that are associated with the movement of a roll front 
are more pronounced in degree and more varied in nature
indeed, when outcrop exposure of the host formation is good 
the various alteration colours can be mapped from the air or on 
coloured aerial photographs. In this way formations and basins 
may be surveyed at a rate far in excess of that which is possible 
by even the most generalized ground reconnaissance. 

Reduced ore is generally some shade of grey. If the grade is 
very high, the colour intensity is black. Within a given area one 
can usually estimate the grade of ore by its darkness. When the 
values are completely removed by the intense biologic action in 
the oxidizing side of a geochemical cell a bleached or nearly 
white appearance may be attained. 

High-grade ore may be stopped in its lateral movement by a 
permeable barrier or suddenly stranded by lowering of the 
groundwater-table. If it is also protected from the downward 
leaching of vadose water by an impermeable cap or suitably arid 
climate, the orebody can survive to be exposed by erosion at the 
surface. Even under these unusual conditions, however, it will 
normally be oxidized to a bright yellow before exposure. 
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Table 3 Redox colours 

INCREASING U 

Very light green 
Very light greyish green 
Very light greenish grey 
Very light grey 

OXIDIZED 

Light green 
Light greyish green 
Light greenish grey 
Light grey 

Much more commonly, uranium is stripped from the host 
rock during passage of a roll front. The result in outcrop is 
barren oxidized sandstone. The colour is largely controlled by 
the oxidation state and amount of iron. Progressively, from the 
most oxidized colours to the most reduced, the series is roughly 
red, orange, yellow, green, grey, black. Ordinarily, the colour is 
not pure enough to fit directly into this sequence, having the fur
ther dimensions of greyness from light to dark and being mixed 
with other colours to yield some shade of brown, i.e. dark red
dish brown, medium orange brown, light brownish yellow, etc. 

Fortunately, iron is a sensitive indicator of oxidation state. It 
can be used even in subtle situations, such as a roll front 
smeared by lateral extension or a diffuse tabular deposit, to dis
tinguish between the oxidized and reduced environments of 
uranium (Table 3). The redox line falls between light and 
medium in the greys and greens. When near mineralization, 
darkness increases with uranium content and sometimes green
ness with increasing iron. These colour guidelines for the second
ary enrichment of uranium and iron and degree of oxidation 
also can be used in metamorphic and igneous rocks. 

Several other alteration features may be preserved in outcrop 
after passage of an intense redox cell. Some of these features are 
from the leading reduced side and some from the trailing 
oxidized side. 

Calcite nodules and concretions generally form in advance of 
the precipitation of uranium 12 and may, therefore, be only 
slightly radioactive. The concretions can be 1 m or so across and 
erode to grotesque structures on pedestals. A significant form, 
generally overlooked, is called 'buck shot' calcite after the small 
ratherclosely packed spheres 1-2 cm in diameter. The spheres 
may form individually, but in the extreme case they represent 
various degrees of partial destruction from a complete calcite 
cementing in the host sandstone. 

Colour bands are another feature that may be observed in 
outcrop. These are the ghosts of previous roll-front positions 
preserved as fluctuations in the amount and oxidation state of 
iron. Alternating colours form cycles that may be repeated 
many times in one outcrop. The cycle width may be from 0.1 cm 
to several tenths of a metre. 

Colour bands are most easily recognized when they are not 
parallel to the bedding, as they commonly are near the tails of a 
roll. Any of the oxidized colours discussed above may be 
present-sometimcs with striking brightness, but sometimes 
with barely discernible contrast. The stronger yellows and reds 
are probably the most favourable, especially when they are suf
ficiently extensive to indicate a large geochemical cell. 

Just as roll fronts may be seen to drape around permeability 
barriers in a uranium mine, so the colour bands follow the same 
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REDUCED 

Medium green 
Medium greyish green 
Medium greenish grey 
Medium grey 

Dark green 
Dark greyish green 
Dark greenish grey 
Dark grey 

rules in detail on the surface. For example, a concretion may 
show a tear-shaped ring, the drawn-out apex pointing down the 
hydrologic gradient that moved the front. 

Sometimes a second generation of colour bands cuts across 
an earlier set. This is generally expressed by weak colours 
arranged in cycles that have a medium to long length. This over
printing indicates a change of hydrologic flow directions and, 
probably, that altered rock can pass through another cycle of 
reduction and oxidation under the influence of a geochemical 
cell. The easiest explanation for this regeneration is that bac
teria are the driving chemical force. The author speculates that 
sulphate-reducing bacteria could cause a reduction of oxidized 
ground charged with sulphate water if mineralization in a roll 
front temporarily plugged up the original direction of flow. 

Another specialized case of colour banding is the thin con
centric rings that may develop around a clay gall. These struc
tures range from a few centimetres to a few tenths·of a metre in 
size, and may involve up to to or 20 cycles. 

'Kaolin nests' are distinctive light spots a few tenths of a cen
timetre in diameter that represent the filling of the intergranular 
space of a sandstone by kaolinite. The spots arc usually spaced 
from 1 to 10 cm apart and scattered more or less evenly 
throughout the host. This common feature in oxidized rock is 
probably a specific indicator of a geochcmical cell in both the 
roll-front situation and the less mobile tabular environment. 
Wanty and co-workers19 found saturation anomalies with 
respect to kaolinite, illite, montmorillonite and two zeolites 1-2 
km wide in the groundwater around two orebodies in south 
Texas. 

A subtle but definitive alteration indicator is the destruction 
of mafic grains. This is particularly useful when drill cuttings, 
which do not preserve some of the other features of alteration, 
are all that is available for examination. A binocular microscope 
or hand lens may be used in the field to detect such alterations as 
biotite to chlorite or magnetite to hematite and limonite. 

Other minerals are also altered. Perhaps the most obvious, 
when the host is arkosic, is the change in appearance offeldspar 
from its normal translucence to a lighter or 'dead' colour. Even 
quartz may be deeply corroded. 

As one might expect, the direction of movement of a geo
chemical cell may not be down the present dip of the host bed. 
There are clues that indicate the direction of a drilling target 
from the centre of the most intense alteration in outcrop. If the 
exposure is large enough, and the third dimension visible, the 
axis of movement of the rolls may be seen directly from the 
colour banding. Smaller features near the centre of a large roll 
may also be useful-for example, the tear-drop banding men
tioned above. 



Where a knowledge of local tectonics and the exploration 
model suggest that the direction of the hydrologic gradient for 
the rolls is roughly the same as the primary slope on which the 
sediments were deposited. cross bedding and current ripple 
marks may be used. In the absence of any other reliable infor
mation, the direction of original sediment transport may be an 
indicator of the direction of roll-front movement. 

Favourable features in metamorphic rocks 
The best uranium deposits in metamorphic rocks occur ncar a 
major unconformity between a basal metamorphic sequence of 
early Proterozoic age and overlying sandstones. Uplifted grani
tic or gneissic core complcxes provide an apparent source for 
the uranium. Orebodies are found at the intersection of altcred 
and mineralized shear zones capable of channelling large 
volumes of uranium-bearing solutions past reducing graphitic 
and chloritic schists. Potential host rocks include a wide variety 
of metamorphic rock types, most notably schists dominated by 
quartz. chlorite, sericite, and graphite. Pathfinder elements for 
the uranium mineralization are most commonly nickel, cobalt, 
copper, zinc, lead, arsenic and bismuth. 

The character of unconformity veins has been summarized 
thus: 7 'They occur in faulted, fractured, and brecciated zones in 
sedimentary rocks and in retrogressively metamorphosed, 
chloritized metasedimentary rocks. Uranium veins contain 
pitchblende and varying amounts of sulfides and sulfarsenides 
and are commonly associated with pervasive hematitization'. 

Vein-like deposits are related to both ascending and des
cending waters. The importance of each is a matter of current 
debate. Characteristics that may be used to distinguish ascend
ing from descending solutions have been reviewed. 7 A few of 
these are lateral temperature zonation of an alteration sequence 
that may show decreasing or increasing temperature of forma
tion away from the centre of a vein; fluid inclusions that may 
show high or low temperatures; asymmctric crystal growth that 
usually shows the direction of movement for the solution that 
formed them; and vertical extent of orebodies, as supergene 
mineralization seldom exceeds a depth of 200 m. 

Geophysical techniqnes 
The measurement of radioactivity is by far the most important 
geophysical method historically. In the last decade, with 
advances in instrumentation, there has been a change from total 
gamma counting to emphasis on gamma-ray spectrometry. 
Most recently, in terms of exploration dollars spent by industry, 
the induced pulse transient (INPUT) method has eclipsed 
radiometrics. This situation manifests a shift toward the search 
for blind unconformity vein deposits and the effectiveness of 
INPUT as perceived by exploration companies. 

The use of mcthods for the detection of radon in soil and 
water is covcred under Geochemical techniques. Other geo
physical techniques applicable to the standard situations in 
which problems involve structure and lithology are beyond the 
scope of this paper. 

Radiometric surveys 
The original survey instruments were Geiger counters. In the 
United Stales during the 1950s thousands were sold to geolo
gists and amateurs. For several years no one understood the 
finer points of uranium exploration, but this simple method of 
detecting uranium occurrences was responsible for the finding 
of many of the deposits during the first uranium boom. Starting 
with the latter part of the 1950s, geologists turned to scintil
lometers, and the best of these instruments were not surpassed 
in quality until the 1970s. 
Hand-held methods Geiger counters are the simplest and least 
expensive instruments for measurement of radiation. Capable 
of distinguishing between beta- and gamma-rays, they can give 

useful information about the distribution of uranium as 
opposed to its daughter products. These instruments are still in 
use as a consequence of their advantage in measuring radiation 
from such small source areas as drill cores and their capability 
for probing piles of ore. 

Scintillometers use a thallium-doped sodium iodide crystal 
that emits a small flash of light along the path of a captured 
gamma-ray. A photomultiplier tube converts this scintillation 
of light to an electrical pulse for each ray detected. These instru
ments are much more sensitive to the measurement of weak 
fluxes and distant sources than a Geiger counter. In use, they 
measure average gamma activity from larger areas. In models 
with large crystal volume they are the sensitive carborne and 
airborne measurcrs of gamma flux. 

In determining the land to be recommended for acquisition it 
is a mistake to measure and contour average radioactivity of 
outcrops. In general, even in the largest outcrop areas, the most 
significant value is the highest found. Surface leaching com
monly reduces radioactivity to near background levels. Small 
ghosts of previous mineralization may be found in concretions, 
clay galls, siltstone splits and other situations of reduced per
meability. These vestiges arc the best radiometric and geo
chemical indicators of where the mineralization was. 

Only the highest radiometric value at each site is plotted. A 
recommended contour interval is one times background. If 
background is defined as the lowcst common value found in the 
province, it is typically 0.005 millirontgens per hour. A signifi
cant anomaly may be only about three times background. 

It is recommended that nux fields be measured in milliront
gens per hour (mR/h). Many instruments read in counts per 
second (cps) or counts per minute (cpm), but these values vary 
widely from one type of instrument to another based on the size 
of the crystal and the geometry and efficiency of the instrument. 
Where several different instruments are used, either in a large 
surveyor over a period of time, severe calibration problems can 
result in trying to compare the various measurements. 
Gamma~ray spectrometers are usually scintillometers cap

able of distinguishing the energy level of individual rays. These 
instruments are available as small portable and large vehicle
mounted models. As a minimum they discriminate between 
gamma-rays that originate from the decay chains of potassium, 
uranium and thorium. This radioactivity accounts for virtually 
all natural gamma radiation that originates from the earth's sur
face. 
Surface vehicle methods For traverses over areas measured in 
square kilometres the larger and more sensitive scintillometers 
and spectrometers may be mounted in or above a vehicle. The 
obvious advantage is an increase in the area that can be covered. 
Although one might use hand-held instruments to define the 
surface expression of a mineral deposit, surface-vehicle and air
borne instruments are used to good advantage in locating dis
tricts that are larger areas and generally contain groups of 
deposits. An analogue or digital recorder needs to be linked to 
the detection instrument for accuracy and ease of recording and 
subsequent plotting. Advances in recent years have largely 
replaced surface-vehicle surveys by airborne methods. 
Airborne methods During the 1950s the first airborne surveys 
used portable scintillometers in low-flying, light aircraft. Read
ings from the ratemeter were recorded on a map or air photo
graph for later field checking. This method is still useful for the 
quick and inexpensive evaluation of a moderate-size area 
where little radiometric information is available. 

For larger areas the more sophisticated modern airborne 
systems arejustified. Large crystal arrays greatly increase detec
tion sensitivity. Multi-channel recorders are capable of logging 
details of the gamma spectrum in short time segments, the exact 
location of the aircraft and data to correct for extraterrestrial 
radiation and radiation from atmospheric dust. This wealth of 



information is all stored for direct processing by a computer, 
which provides sophisticated statistical analyses and contour 
maps that show the distribution of potassium, uranium and 
thorium: individually, in sums, and in ratios. These maps may 
be used, for example, to distinguish areas of high granitic back
ground from areas, perhaps weaker in total gamma activity, 
where a secondary uranium enrichment has occurred. 

Input surveys 
Radiometric surveys apply to all rock types, but as little as 1 m 
of cover can mask a very large anomaly. This section, which 
describes a type of airborne electromagnetic survey, applies 
particularly to the class of deposits broadly rcferred to as 
unconformity veins. 

Bosschart and Pemberton20 gave a good review of airborne 
electromagnetic methods, but our focus here is on the system 
that e dominates in uranium exploration. The Induced Pulse 
Transient (INPUT) system developed by Barringer Research 
uses an airborne pulse input loop to induce a secondary field in 
natural ground conductors and then measures the decay of this 
field with a towed 'bird'. The survey normally incorporates 
magnetometer results. Methods for quantitative interpretation 
of aeromagnetic data were given by Morley and Bhatta
charyya21 and Spector. 22 

Paterson23 summarized the response characteristics of 
AEM systems to natural conductive material. Conductors 
include sulphides, graphitic horizons, banded magnetite, ser
pentine bodies and water-filled faults. The importance of some 
of these conductors is discussed under Exploration models. 

INPUT surveys yield depth penetration of up to a few 
hundred metres for large, good conductors. At the same time 
they give good definition of conductor shape, depth and con
ductivity, and good resolution to distinguish between adjacent 
conductors. 

Two caveats should be noted: conductive overburden and 
human cultural items on the landscape can cause problems. A 
thick regolith or poorly consolidated Caenozoic cover can mask 
othcrwise strong anomalies in the underlying rock. Inter
pretations can be made as long as some of the anomalous signal 
is detected.24 Overburden can also harbour bogus anomalies 
that mimic those of an exploration model. 25 Man-made features 
such as power lines, pipelines and roads cause local interference. 
These features prohibit interpretation in industrialized or 
urbanized areas. 

Examples of interpretation for horizontal and dipping tab
ular conductors were given by Lazenby.26 Further refinements 
in qualitative and quantitiative interpretation were offered by 
Palacky and West27 and Palacky.28 

Geochemical techniques 
Before a geochemical programme is started an appropriate 
sample type and sample spacing must be selected. The sample 
type is based mainly on the availability of the five types of 
samples for collection and the advantages and disadvantages of 
each. Water, rock or plants may be widely available in one 
survey area and virtually absent in anothcr. Soil and stream 
sediments are usually even more widely available. Except, for 
example, for a desert covered by wind-blown sand, it is gener
ally feasible to sample at least one type of surface material. In 
addition to the remarks on gcochemical techniques that follow, 
Levinson29 gave many more details on field and analytical 
methods. 

Selection of sample type 
Probably the reason that stream sediments are so popular in 
geochemical sampling is that they represent a natural integra
tion of material from a large surface area. This implies the use of 
wide sample spacing and the ability to define metal provinces-
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the largest geochemical areas of enrichment. Of course, stream 
sediments may be used on much smaller scales, as in finding 
localized mineralization. But the advantage of this sample type 
is still in area integration to yield rapid identification of where 
more detailed work is required, perhaps with another sample 
type such as soil or rock. 

For uranium deposits in igneous or metamorphic hosts rock 
samples are generally more reliable, being one step closer to the 
mineralizing proccss than stream sediments. Rock samples are 
also valuable when the host rock is sedimentary, but usually not 
as helpful as groundwater when it is available. In the absence of 
groundwater or rock, woody plants are often overlooked as a 
valid sampling medium. They are available with good sample 
spacing even in many arid lands, and their root systems may 
derive mineral components from well below the surface. 

Where there is good coverage groundwater surveys generally 
givc the best results. Otherwise, the strongest geochemical 
survey combines the advantages of more than one of the other 
sample types. At each collection site two or three types of 
samples may bc taken-not necessarily the same combinations 
in adjacent sites. For example, in an area with poor water well 
coverage rocks would normally be the second best sample type. 
If restricted exposures yield large holes in coverage, at least two 
sample types should be taken at each site. Plants would prob
ably be the next preferred type of sample, with soils last. 
Groundwater should be taken whenever it is available. 

The simplest way to interpret a mUlti-sample type survey is to 
plot the results of surface samples in percentiles of each sample 
type. Most of the time, if one sample is anomalous at a site, 
another will be also. At any rate, good results are generally 
obtained by contouring at 5 or 10 percentile units based on the 
highest sample at each site. Groundwater samples need to bc 
plotted and interpreted separately from the surface samples. 

Determination of sample spacing 
Reflecting a great flexibility of scales, geochemical means may 
be used to definc provinces, districts and deposits. If a province 
is reasonably well defined by previous surveys or by geology, 
stream sediment sampling may not be necessary. Where the 
geology is known well enough, target areas may be defined and 
sampling may proceed at a spacing adequate to identify lease
able blocks. 

If the area under consideration is too large to sample at this 
close a spacing, the survey gains efficiency by phasing with dif
ferent sample spacings. The object might be to sample a large 
area and define districts that constitute 10 or 20% of that area. 
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Fig. 7 Geochemical concentration versus proximity to uranium 
deposit 



These targets may then be accorded priorities and sampled at a 
closer spacing to define leaseable blocks. 

With geologic and radiometric information the final sample 
spacing should not have to be less than that which would give 
three adjacent anomalous samples in the smallest mineralized 
halo of interest. For many types of uranium deposit this spacing 
is about 1 or 2 km. Whcre doubt rcmains in targct idcntification, 
additional samples may be taken at half the spacing. As a rule of 
thumb, spacing for finding districts or very large deposits might 
be about 5 km. Dyck30 gave an example of contouring data from 
approximately such a spacing. 

The concept of defining provinces, districts and deposits is 
illustrated in Fig. 7. Between each stage in the curve there is 
often a break or step from which a distinguishing or threshold 
value may be established. For any particular type of geochemi
cal sample in a specified sub-continental area values may be 
assigned to the uranium axis. 

Hydrogeochemistry 
How to sample Perhaps the first rule in collecting water 
samples is to rinse the bottle and cap well with the water that is 
being collected. Normally, a 250-ml polyethylene bottle is ade
quate for multi-element programmes, but the size should be 
checked with the laboratory in advance. To exclude an air 
bubble when sealing, the cap should have an inverted conical 
polyethylene insert, sometimes referred to as a polyseal cap. 
New bottles should not need an acid wash to leach the inside 
surface of cations. Such a wash can actually increase adsorption 
of cations from the water sample. 

Groundwater should be collected as near to the source as 
possible. Occasionally, it is necessary to sample at some dis
tance from a well head. Generally, the water can be considered 
to be in equilibrium with the parts of a distribution system 
through which it passes-pump, pressure tank and pipes. It is 
preferable to run the water from a system as long as practical 
before sampling, especially if the system has been inactive. 

The most controversial question in water sampling is whether 
to acidify the sample when it is collected. The author feels that it 
is generally not necessary. Sample acidification causes a loss of 
molybdenum, but "makes no difference in uranium. When a 
stream water sample is murky or well water bears the slightest 
rust scale, acidification without prior fine filtering can falsely 
increase metal values one or more orders of magnitude. 

At high latitudes uranium may be lost by the activity of 
natural bacteria, even in acidified water. In at least one case the 
problem was overcome by the addition of mercuric nitrate to 
samples at the time of collection (S.S. Shannon, Jr., 1976, per
sonal communication). 

Where practical, water samples are collected in the fastest
flowing part of a stream to optimize mixing and minimize local 
components. Other sampling instructions relate mainly to 
avoiding potential contamination, running various tests at the 
site and recording observations. Any condition that would 
reflect on the interpretation of the results should be recorded. 
What to sample As was mentioned above, groundwater is a 
superior sampling medium. Usually, data from wells and 
springs can be plotted and interpreted together. In some areas 
where groundwater is not available but surface water is abun
dant, as in the northern latitudes, good results may be obtained 
from lakes in rapid aerial surveys. 

In well-drained areas, and especially during periods of low 
flow, streams may derive a significant component of their dis
charge from groundwater. As is suggested by the uranium data 
in Table 1, there is a tendency for groundwater and stream 
water in a particular area to yield a similar distribution of 
results. Sampling during periods of high flow is not recom
mended. 
Field measurements There are several measurements that can 

only be reliably made in the field. Probably the most common 
parameter for field determination in water samples is pH. In 
uranium exploration this measurement may give a direct indi
cation of a geochemical cell. It is also necessary for equilibrium 
calculations. 

A similar measurement for oxidation-reduction potential 
(Eh) is generally too difficult to accomplish. As a substitute dis
solved oxygen can be determined reliably in about 2 min with a 
small commercially available kit. 

A smaller and simpler kit measures carbonate and bicar
bonate that relate to the solubility and mobility of uranium. 
Hydrogen sulphide, a reliable indicator for the environment of 
uranium precipitation, may be measured by yet another and 
even simpler kit. 

As with other dissolved gases, radon is also usually measured 
in the field. In this case, however, it is the half-life of the unstable 
isotope more than the exsolution of the gas that requires field 
attention. The alpha-counting instrument that quantifies the 
specific radon daughter of uranium is field-portable but awk
ward. As a sample can be run in the evening or the next day with 
good results, and with the efficiency of a multiple-sample run, 
this measurement is usually not made at the collecting site. With 
normal groundwater movement the 3.8 day half-life of 222Rn 
indicates that the 226Ra from which it is derived cannot be far 
away. Ordinarily the uranium, from which it is alternately 
dcrivcd, is also nearby. In the fortuitous event of sampling water 
directly from an orebody the radon signal is three to five orders 
of magnitUde above background, which is itself measured with 
an excellent sensitivity. 
Laboratory measurements The determinations recommended 
in this, and the previous section on field measurements, are 
valuable in exploring both sandstone and vein deposits. Most 
should be used on any uranium survey. The more parameters 
that there are in the exploration model the less is the possibility 
of misinterpretation and the better the target definition. As a 
rule, a groundwater survey should not be attempted with less 
than determinations of pH, uranium, arsenic, sulphate and total 
dissolved solids. Helium, dissolved oxygen and bicarbonate are 
highly recommended. With a little experience hydrogen 
sulphide concentration can be estimated from the strength of its 
smell. 

Uranium is the best indicator of uranium mineralization 
owing to its remarkable mobility in the oxidized environment. 
The primary value of arsenic is its large halo, which increases 
the likelihood of target detection and helps with verification of 
mineralization. Molybdenum is another good pathfinder for 
uranium. It has a much smaller halo, which may be located both 
along the strike of, and downdip from, the centre of mineraliza
tion. A laboratory needs good sensitivity to report values for 
this element. 

A sulphate anomaly reveals the oxidized side of a geochemi
cal cell or the oxidized top of a vein-type deposit. In the roll 
case the maximum value occurs near the front, with decreasing 
values up the hydrologic gradient. In the vein case the upper end 
of the anomaly is nearest the mineralization. Areas with 
evaporites may confuse the interpretation, but total dissolved 
solids help to resolve this problem as well as that of uranium 
anomalies related to water maturity rather than mineralization. 
In this case uranium is likely to increase more or less linearly 
with total dissolved solids down the hydrologic gradient. The 
same situation occurs with stream water maturity, uranium and 
total dissolved solids increasing continuously from the highest 
headwaters to the sea. 

Helium is one of the decay products of both the uranium and 
thorium decay series. Except in the primary igneous environ
ment, these two elements rarely are enriched in the same area 
owing to the relative insolubility of thorium. Thus, in sedimen
tary and metamorphic uranium districts a helium anomaly is 
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usually not derived from thorium mineralization. As eight 
atoms of helium are derived from the decay chain of each 238U 
atom, and this noble gas represents the ultimate in mobility, the 
measurement of helium in groundwater can be a sensitive target 
identifier. Nearly all helium is of radiogenic origin, but the mass 
effect of the uranium and thorium of the earth's crust means 
that concentrating mechanisms such as deep faults and hydro
carbon reservoirs can cause interference. 

Although some people regard the mass spectrometer, which 
measures helium, as a field-transportable instrument, labora
tory analysis is recommended because of maintenance 
problems. 

Both helium and radon are readily lost to the atmosphere 
from water, and both will pass through plastic containers. These 
gases need to be collected with minimum sample agitation and 
with no air bubble under the cap, as they are much more soluble 
in air than water. Radon may be collected in stcel-capped glass 
jars, but samples for helium analysis are most safely collected in 
metal containers. Glass containers may be used if analysis is 
within a few weeks, but a correction should be made for loss of 
helium by diffusion through the container. The measurement of 
helium and radon in surface water is unlikely to yield success, 
with the exception of water from the bottom of lakes. 

226Ra, mother of the mobile 222Rn, is an excellent indicator of 
uranium mineralization. Unfortunately, this isotope is difficult 
to measure and hence expensive to determine. Laboratory sen
sitivity is very good, however, and the element is recommended 
for target verification and delineation after potential targets 
have been identified. 

An interesting example of a well water survey was given by 
Dyck30 with emphasis on dissolved gases. He offered an inter
pretation for radon, helium, hydrogen sulphide, methane, 
oxygen, nitrogen, carbon dioxide, neon, argon and total dis
solved gas. Other measurements are pH, Eh, conductivity, tem
perature, zinc, copper, lead and uranium. The result is a pro
posed new exploration target. 

Petrogeochemistry 
How and what to sample The standard sampling approach for 
orebodies requires that the chemical constituents of the sample 
closely represent a specific large body of rock. The philosophy 
for geochemical sampling of rock frequently violates this prin
ciple to the utmost by calling for the highest grade or most 
enriched sample to be collected. The principle of sample 
upgrading is justified because the most significant values that 
remain in the outcrop of a potential host sandstone are the best 
remains of the orebody that passed through it. 

Thus, the material sampled is usually less permeable than the 
main sandstone body-siltstone or shale splits, contacts with 
siltstone or shale, claystone galls or concretions. The primary 
tool for identification of the exact spot to sample in an outcrop 
area is the scintillometer. One or more samples may be col
lected from an outcrop with dimensions as large as hundreds of 
metres. 

Samples from an outcrop area are generally analysed separ
ately unless they represent a lithology with low radiometric 
contrast with other parts of the outcrop. One may be satisfied 
with a single sample if it is several times the radiometric back
ground. Otherwise, multi-grab samples help to define repro
ducible traces of mineralization in non-radioactive pathfinder 
elements. 
Sample preparation and analysis As with sample collection, 
sample preparation gives an opportunity to increase the con
trast between background and anomaly. Medium- and coarser
grained samples of sedimentary rocks, soils and stream sedi
ments should be disaggregated rather than pulverized to avoid 
dilution by quartz. This helps to make results from fine-grained 
samples comparable with those from coarse-grained samples. 
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The procedure may be applied to all of these three types of 
samples for simplicity and continuity of treatment. After dis
aggregation, the sample is sieved, preferably through bolting 
cloth to avoid contamination with a metal for which a subse
quent analysis might be made. 
Useful elements Uranium, arsenic and molybdenum are three 
of the most useful elements in rock sampling surveys. Uranium 
is most important in evaluating whether a small vestige of a pre
existing mineralized ground has been sampled and in determin
ing whether a formation has adequate uranium to be considered 
a source rock. Arsenic and molybdenum, good pathfinder ele
ments for uranium, may be considered favourable indicators. 
As long as there are adequate anomalous uranium occurrences 
in the target area to indicate the previous existence of a source, 
arsenic and molybdenum may be regarded as local proxies for 
uranium in rock, soil and stream sediment. 

Other elements may also be useful, especially if they are 
known to be associated with uranium mineralization in the dis
trict or province under consideration. In an igneous body, for 
example, large fluctuations in the ratio of thorium to uranium 
generally indicate the removal of uranium, as thorium is rela
tively immobile. These large fluctuations may be an early hint of 
a secondary uranium mineralizing process. In a drill-hole the 
thorium/ uranium ratio and subtle colour changes such as those 
described under A Iteration features in sandstones can show the 
depth of surface oxidation and the zone of uranium precipita
tion. The redox level may actually be hundreds of metres deep 
in rock generally considered to he unaltered granite. 

The Precambrian granites of the Granite Mountains in 
Wyoming are widely regarded as a source of uranium for the 
nearby major uranium districts hosted in rocks of Tertiary age. 
Stuckless and Nkom031 found that these granites, falling in the 
range of uranium concentrations generally thought to be 
normal, have lost at least 70% of their original uranium. 
Rosholt and co-workers32 found an average uranium loss of 
approximately 75% without loss of thorium. Another calcula
tion, based on radiogenic isotopic balances for granites from a 
670-m core hole, demonstrated uranium loss of 80°1<, since 
Cretaceous time.33 The surprise was the depth to which the 
uranium loss occurred in granite that was not considered deeply 
weathered: 'Thorium anomalies in basement rocks may be 
better indicators of uranium provinces than uranium itself. If 
the thorium anomalies are accompanied byTh/U ratios greater 
than 5, uranium loss from the basement rock seems probable'. 
Conversely, if the ratio is less than 3, uranium was probably not 
lost.34.35 The thorium content of most granites is in the range 
ID-3D ppm, whereas uranium in most granites averages 
2-8 ppm.' 
Data treatment Each clement may he plotted on a separate 
overlay or combined with other elements on one overlay by 
colour or symbol coding. Where several related samples are 
taken at a single site or outcrop area, the highest value for each 
element may be used for contouring. One helpful method of 
interpreting multi-element results is to outline all adjacent sites 
that are anomalous for each type of determination. 

Stream sediment geochemistry 
How and what to sample Some of the more important guide
lines for colIecting stream sediments help to overcome the 
inherent erratic nature of results. The last deposited sediments, 
usually at the water's edge, have had the least opportunity for 
loss of the more mobile elements through weathering or gain 
through reduction. These so-called 'active sediments' are 
usually in the oxidized state. Where no water is present in the 
stream, the most recent sediment is collected. 

When sediments in situ are kept wet, and particularly if com
minuted organic material is included, they may discolour to the 
dark shades typical of a reduced environment. In this state the 



sediments are capable of scavenging numerous metals from 
associated water. Active sediments should generally not be col
lected deeper than about I cm. Where there is a choice. an effOli 
is made to collect the finest sediment. Except in some specific 
local circumstances, samples are sieved and the fine fraction is 
analysed to providc maximum anomalous contrast and to mini
mize the variable amount of quartz dilution between samples. 

If the sediments of a stream appear to be homogeneous, a 
sample of six grabs over an interval of about ten timcs the width 
of the stream will normally suffice. When the sediments are 
inhomogeneous up to 20 grabs are recommended, depending 
on the degree of variability. the geologic environment and the 
elements analysed. In small streams the spacing between grabs 
should be at least 1 m, and preferably 3m, to improve the repre
sentative nature of the sample. 
Sample preparation It is recommended that stream sediments 
be dried overnight at RYe placed in a plastic envelope and dis
aggregated by impact with a rubber mallet. The fraction passing 
through a IOO-mesh (ISO-flm) non-metallic sieve is blended 
and a O.2S-g aliquot is dissolved in JO ml of I: I nitric-hydro
fluoric acid. The sample is then evaporated to near dryness on a 
hot plate and diluted to 50 ml with 10% nitric acid. Further 
details of analysis were given by Nichols et al. 5 

Use of elements In a stream-sediment programme elements 
may be selected as indicators of both favourability and 
unfavourability. Negative indicators are helpful because the 
inherent mixing of geochemical environments and processes 
can result in bogus uranium anomalies. 

One of the more helpful methods to resolve the origin of a 
uranium anomaly is to ratio the results of two different types of 
determinations. Several types of acid extractions may be 
arranged in order of increasing efficiency from stripping only 
surface-bonded uranium atoms to dissolving lattice-bonded 
uranium from refractory minerals. As is shown by delayed 
neutron activation anal ysis, even the most com plete extraction 
methods. such as those which are typically used (Table 1). may 
leave 50-90% of the total uranium in the rcfractory minerals'" 
A ratio of determinations from two contrasting methods can be 
used to indicate the mineralogical origin of the uranium in the 
sample.3 . 

A number of other elements may be added not only to indi
cate uranium anomalies related to unfavourable sources but to 
define associations of elements that distinguish such geologic 
sources as granite, mafic igneous rock, felsic igneous rock, 
metasedimcnts and many more.36.37 In addition, an overprinted 
process such as manganese scavanging can be identified. 

Pedogeochemistry 
Soil samples are useful in a detailed survey to find the small sur
face expression of a vein and may be taken where there is 
restricted availability of other sample types. Caution is needed 
in farming areas, wherc significant uranium can bc added to soil 
and water if the ground is fertilized with phosphates. 
How to sample Soils may have surprising lateral variations in 
radioactivity. Consistent with the principles of sample upgrad
ing discussed under Petro geochemistry. a scintillometer is 
recommended to survey each site for the purpose offinding the 
most radioactive spot to sample. In the absence of local radio
active contrast. a multi-grab sample is recommended. U necon
omic uranium potential is usually indicatcd where radioactive 
soil anomalies are related to heavy sands. 
Useful elements For a soil survey thc selection of elements. 
preparation of samples and interpretation of results are quite 
similar to those of rock and stream scdiment surveys discussed 
above. Soils do, however. present some unique problems and 
opportunities. Uranium concentrations in soil arc less than 
those in stream sediments. which, in turn, yield concentrations 
less than those of rock (Table I). Thus, a significant contrast 

between uranium values in soil may be subtle, and thcre may be 
a potential problem with the detection level of some labora
tories. 
Emanometry On a more positive side, the natural porosity 
and ready availability of soil lead to the measurement of radio
genic gases emanating from soil and underlying permeable bed
rock. Probing the soil for interstitial gas is more sensitivc than 
sampling gas above the soil. 

A good description of the theory and method for determin
ing radon was given by Dyck,38 who was a pioneer in the field. 
According to Morse,39 'In areas of shallow overburden, radon 
in soil gas can extend evaluation to depths beyond reach of the 
scintillometer ... Day-to-day variations of radon content in 
soil gas are confusing, but seldom obscure trends and anoma
lies'. 

Instruments arc currently available that distinguish between 
222Rn from the 238U decay series and 22°Rn from the thorium 
series.40 They are field-worthy, sensitive, easy to use and 
popular. In addition, radon is trapped by snow, so measure
ments from the base of a snow cover are more reliable than 
those made in the soil without snow cover (R..H. Morse, 1980. 
verbal communication). There is a strong radon absorption 
(loss), however, for temperatures below -20°c.41 

Although radon does enter snow from frozen soil, it does not 
emanate appreciably from solid rock.42 A scintillometer should 
be used to complement any radon-measuring technique and 
especially in areas of outcrop. Czarnecki and co-workers43 

compared radon-measuring devices at 100 locations over a 
l.S-km2 area in the Red Desert of south-central Wyoming. A 
prototype microprocessor-controlled emanometer was found 
to be more reliable with a 13% coefficient of variation (stand
ard deviation/ mean) than an established emanometer with a 
coefficient of 31 %. 

In alpha-track detectors the carbonate etch method was 
found to be 20 times more sensitive than the nitrate track etch. 
The instruments that measured instantaneous radon did not 
correlate well with the possibly more reliable methods based on 
a 3()-day sample time. All the radon-measuring techniques 
correlated poorly with the radiometric equivalent uranium in 
the soil, which led to the conclusion that the radon was coming 
from below the surface. 

Possibly the most cost-effective method involves radon 
absorption on a small charge of activated charcoal that can be 
placed in an inexpensive polyethylene bag. The gamma
emitting radon decay products are measured by a scintillometer 
with an efficient collecting geometry. preferably approaching 
4 7r. 

Virtually all helium in the ground is generated by radioactive 
dccay of unstable elements. Each 238U atom. for example. gives 
off R He4 atoms in the decay chain ending with 206Pb. In recent 
years helium in soil has receivcd wider attention for its potential 
in defining a geochemical halo for uranium deposits. Although 
the method is difficult to master, one firm claims to have a 
system worked out. but it has not published its secrets.44 

Biogeochemistry 
In their normal nutriment-gathering process plants sample 
most of the elements in the ground on which they grow. By 
sampling plants with deep root systems the effective penetra
tion below surface materials may be several metres, especially 
in arid climates. Thus, plants are often the best readily available 
type of sample where allochthonous glacial material or aeolian 
sand covers the bedrock. Botanical sampling is uniquely appli
cable to extending the field season into winter if the ground is 
snow-covered. In addition, winter sampling has advantages in 
swampy areas where access is a problem during other seasons. 

There is some concern about whether analytical results from 
trees of different genera can be compared with one another. 
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From some preliminary work with a few elements it appears 
that common deciduous trees of Minnesota and Wisconsin may 
be roughly comparable. The utility of uranium exploration with 
big sagebrush has been demonstrated in several western 
states.45 . 

Nine types of trees that grow in Texas from the Gulf Coast, 
the Central Mineral District, and the northwest corner of the 
state have comparable uptakes of uranium based on the 
minimum, median and maximum value in the ash of limbs 
(Table 4). Both stream sediments and plants (Table 1) have a 
narrow range of uranium concentrations over a wide range of 
geologic terrains. Tree samples collected about 5 km apart in 
two Gulf Coast 1 X2° quadrangles accurately defined the 
uranium province.2 

Tablc 4 Uranium in trees, Texas, ppm 

Tree type Minimum Median 

Cedar 0.18 0.48 

Elm <0.10 0.30 
0.12 0.26 

Hackberry <0.10 0.30 

Huisache <0.10 0.19 

Live oak 0.10 0.37 
0.12 0.34 

Mesquite 0.10 0.20 
<0.10 0.24 

n.lO 0.23 

Salt cedar 0.10 0.22 

Sycamore 0.l3 0.47 

Willow 0.20 0.47 
0.15 0.42 

*Mesquile on soil derived from Permian rocks. 

In the Llano area of central Texas tree types that grow In the 
same place were sampled for strict pair-wise testing for the sig
nificance of the difference in the mean concentration of metals 
from limb ash. The result was a hierarchy of mean concen
trations for 11 elements in five types of trees. 4 

How and what to sample Plant samples are generally taken 
from the branches of the largest tree or shrub that is available for 
maximum depth of root penetration. To minimize seasonal 
variations in the metal composition of plant tissue twig material 
of at least a few years in age is recommended. 

In the abscnce of a clue that one tree might contain higher 
values than another, sampling several trees makes for repro
ducible results. When more than one young branch is collected 
from a tree, as where only one or a few trees are available for 
sampling, the selection of branches should be spread evenly 
around the tree owing to the potential of asymmetry in uptake 
by the roots. Usually adequate material will be contained in 8-
12 twigs 1-2 cm in diameter and about 20 cm long. The use of 
non-breathing plastic bags should be avoided as they promote 
decay of the wood. 
Sample preparation and analysis During sample preparation 
at the laboratory all or most of each stick should be used, but 
1 cm or so may be discarded from the ends to reduce the poss
ibility of contamination. Table 4 shows that, as with stream 
sediment (Table 1), laboratory sensitivity should be good to 
tenths of a ppm. 

If a volatile elcment-for cxample, arsenic-is to be dcter
mined, the sample should be ashed at a relatively low tempera
ture to minimize sublimation. An alternate procedure with the 
use of hot acid digestion46 is probably safer. 
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Combined sample types 
Just as the use of more than one element strengthens the inter
pretation of a sample, so the collection of more than one type of 
sample broadens the base for interpretation of a survey. Results 
from well water and surface rock may be only indirectly related, 
yet both may be important to definition of the mineral potential. 
For example, groundwater samples might show evidence of a 
reducing environment and little or no uranium in solution, 
whereas analyses from the outcrop of the host formation could 
verify a good source of uranium in the rock. 

Another reason for taking more than one sample type is sub
stitution. The interpretation of data from rock, soil and plant 
ash can be expected to yield similar results. If rock cannot be 
sampled without gaping holes being left in the coverage. an 

Maximum No. of samples Reference 

5.54 50 4 

4.71 63 4 
1.51 33 5 

8.30 80 2 

9.22 29 2 

4.92 23 2 
6.64 31 4 

5.94 103 2 
9.46 13 4 
0.60' 48 5 

1.40 20 5 

3.99 44 4 

1.64 16 2 
3.90 30 4 

additional sample medium may be needed. Indeed, trees might 
be sampled even with impressive rock outcrops nearby to cover 
another stratigraphic interval. 

The problem of comparing the results from two different 
types of samples can be resolved by comparing the percentiles 
of the two populations. If the data-base is computerized, it is 
probably even easier to transform on the basis of the means and 
the standard deviations so that the popUlation of each sample 
type has a mean of zero and a standard deviation of one. In this 
way, for example, the values of an element in rocks can be con
toured directly with the same element in soils from other sites. 
The confidence level for this procedure may be established by 
taking more than one sample type at numerous sites where they 
are deemed to be equivalent. 

What is anomalous? 
The first problem that confronts a geologist in looking at his 
laboratory results is to designate the anomalous values for each 
element in each sample type. Values reported in the literature 
for similar situations provide a helpful beginning and Table 1 
can be used as a starting point. 

As would be expected, different lithologies yield different 
distributions of values. Usually, the rocks that are most likely to 
host a dcposit are the highest in the various chemical para
meters discussed here. 

Unless the sample area is restricted to lithologies of middle 
and low background values, and mineralization has not 
occurred, the upper portion of the total distribution should 
indicate areas of real interest. Thus, the first rule of thumb for 
the 'old masters' was that the upper 10% of the sample distribu-



tion indicates the anomalous areas (1. M. Botbol, 1968, per
sonal communication). This method makes false anomalies if 
no significant anomalies are present; the sampled area must 
have anomalies related to the formation of ore. Selection of a 
proper area is, of course, one of the fundamental respon
sibilities of the geologist. 

A pilot survey around a known deposit or district is highly 
recommended to determine thresholds for elements of interest. 
Unfortunately, this type of study is not always feasible. The 
most common problems are lack of time or lack of a suitable test 
area. 

After emphasizing 'that statistical methods should be used 
solely as a disciplinary guide', Hawkes and Webb47 recom
mended estimation of the threshold of significance at two 
standard deviations above the median. The median is defined as 
the middle value after casting out the erratic high values. This is 
equivalent to selecting the threshold just below the upper 2'12% 
of the remaining values, and thus the method is generally not 
appropriate for detailed surveys in selected target areas. 

A slightly more sophisticated method is applicable to any dis
tribution whether normal, lognormal or·otherwise. The Tcheby
cheff Inequality guarantees that at least 75% of the distribution 
will fall within two standard deviations of the mean and 89% 
within three standard deviations.4s As with other arbitrary 
methods, it is wcll to examine a histogram of the data and con
sider the geology of the sampled area before accepting these 
guidelines. 

A more refined method of plotting distributions on logarith
mic probability papcr gives a visual basis for separating mixed 
populations.49 In the ideal case an optimum number can be 
selected that separates background values from those which 
represent mineralization. A straight line may indicate a single 
(background) distribution, but is also invariably obtained by 
mixing several distributions in surveys covering large areas. As 
an aid to determining the number of lines to fit a probability plot 
Lepeltier50 gave a method for placing confidence limits on a 
line. 

When the cumulative probability line has one or more inflec
tion points the method of Sinclair51 may be used to separate the 
populations and show their overlap. The advantage is obvious. 
If a two standard deviation rule is employed to define an 
anomaly in a population with 10 or 20% of its samples affected 
by a mineralizing process, most of the truly anomalous samples 
are interpreted as insignificant. 

Most elements are properly plotted on lognormal, rather 
than normal, probability paper. Although many geochemical 
distributions are not truly lognormal, a few are more closely 
approximated by a normal distribution. A signal exception to 
the approximation of lognormality is the distribution of pH 

values that should be plotted on normal probability paper. 
These values, the negative logarithm of the hydrogen ion acti
vity, are already log-transformed into a normal distribution. 

Rose and co-workers 52 gave a good discussion of methods 
for selecting threshold values, including recognition of anoma
lous clusters on a map. Although much progress has been made 
in the science of defining anomalous levels, there is still an ele
ment of art in the process. Normally, a compromise should be 
struck from several methods. 

Interpretation of results 
In plotting results it may not be necessary to show or contour all 
values, but all sites do need to be plotted on the map. Values 
may be shown by symbols for anomalous, marginal and back
ground categories. Thus, all adjacent sites on or above a speci
fied threshold are outlined as an anomalous 'field', commonly 
partly surrounded by a marginal field. 

In the simpler cases several pathfinders will collectively point 
to significant targets. In all cases, of course, the significance of 
the several elements must be interpreted in terms of the 
geology, and preferably with a model or ideal situation in mind. 
One should be t1exible in constructing a model: it will usually be 
a creative composite of known situations and feasible alterna
tives. Adjacent anomalies need not fit the same model any more 
than adjacent mines need to reveal the same history of minerali
zation. 

Large data arrays are encouraged by inductively coupled 
plasma atomic emission spectrometry because 20-30 elements 
can be obtained at a cost equivalent to that for a few elements by 
other means. Moreover, the average accuracy is better than for 
atomic absorption spectrophotometry, and output is computer
compatible without human interaction. 

In a large survey a great deal of effort can be saved by compu
terizing the data base. This allows rapid machine plotting of all 
data, including maps, histograms and probability plots. Error 
checks can be run automatically on both field data and labora
tory results. To specify samples for laboratory reruns or field 
resampling, samples that would not be obviously unusual by 
inspection of the multivariate data can be identified with a 
principal components test. 53 When thresholds are poorly esta
blished, each element can be contoured separately and signifi
cant levels inferred from interpretation around areas that are 
known to be mineralized. 

Multiple regression may be used to remove confusing com
ponents from multi-element geochemical data, enhancing 
weak anomalies. Rose and co-workers54 improved the resolu
tion of significant anomalies in stream-sediment results by 
adjusting for (1) lithologies cropping out in the drainage basin 
and (2) scavenging by iron and manganese oxides. 

Table 5 Ordcred factor pattern matrix for results from well water 

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

SO. .87 Sc .08 Total alkalinity .97 Se .91 504 .17 
---------

Conductivity .85 Total alkalinity .02 Bicarbonate .93 Total alkalinity .04 Conductivity .15 
U .28 Bicarbonate .01 U .26 B .04 pH .05 

B .17 As -.04 As .11 As .03 Se .00 
Se .04 Ba -.19 Ba .09 Bicarbonate .01 Total alkalinity -.10 

Mo -.01 pH -.19 V .09 Conductivity -.01 Bicarbonate -.10 

As -.15 504 -.19 Mo .08 V -.05 Ba -.13 

V -.21 U -.24 Se .06 pH -.06 B -.15 

Total alkalinity -.23 Conductivity -.38 Conductivity -.19 SO. -.11 Mo -.16 

pH -.27 V -.41 B -.19 Ba -.12 U -.25 
~-----.---

Bicarbonate -.29 B -.82 pH -.29 Mo -.16 V -.67 
------------
Ba -.63 Mo -.86 SO. -.29 U -.19 As -.89 
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Universal kriging is a large and growing field within geo
statistics. In spite oftitles about applications to exploration, 55.56 
the practice of 'regionalized variables' begins with the analysis 
of drilling results from an orebody-a subject beyond the scope 
of this paper. 

Factor analysis is widely used in geology57 to reveal the 
underlying components of data that can be expressed as a 
matrix. Typically, the matrix has along one axis a set of sample 
numbers and along thc other several characteristics than can be 
quantified. In exploration geochemistry a matrix might consist 
of 10 or 15 measurements for hundreds or even thousands of 
samples. 

The problem is to define mathematical factors composed of 
different weights of the elements in each sample that can be 
used to regenerate the original matrix. A perfect fit occurs when 
the number of factors equals the number of elements, but in this 
case nothing is accomplished in simplifying the matrix. 

Ten of 15 factors, however, might explain 99% of the 
original data, and six factors 95%. In this case five factors con
tribute essentially no information to the geochemical processes 
that operate on the data and can be dropped from subsequent 
consideration. Four additional factors are probably also not 
significant. 

Invariably, the few factors that explain most of the data can 
be related to geochemical processes. In Table 5 five factors 
explain 82% of a total matrix of 121 groundwater samples and 
12 determinations. Elements of low significance in each factor 
occur betwecn thc horizontal bars. The remaining parameters 
suggest the geochemical process represented by each factor: (1 ) 
the maturity of the water, (2) the tendency for elements to 
become mobilized, (3) the tendency for the water to become 
alkaline, (4) the tendency for selenium to go into solution if 
available and (5) the large-scale occurrence of pathfinder ele
ments for uranium. 

Uranium, which is intluenced by all these processes, is not 
important in all of them (Table 5). If the samples are clustered 
by weights from a simplification of the factor loadings shown, 
the arrangement looks something like Fig. 8. 

When these clusters are plotted on a map the groupings 
suggest areas where uranium in saline water is unrelated to 
mineralization and where redox fronts should lie based on belts 
of mobile elements (oxidized zones) and other adjacent groups 
of favourability indicators.5 The interpretation is further 
strengthened by dramatic decreases in dissolvcd uranium down 
the hydrologic gradient and other details of geochemical con
trast between wells. The original contour plot of uranium values 
gave little hint of the geochemical processes that operated on 
the groundwatcr. 

Good introductions to factor analysis were given by Koch 
and Link,58 Klovan59 and Joreskog and co-workers.57 Nichol 
and co-workers were pioneer practitioners in the use of factor 
analysis for the interprctation of geochemical data and wrote a 
milestone paper on its application to stream sediments. 36 

Two limitations of factor analysis were put forward by 
Nichol:60 the number of factors cannot be more than the 
number of variables measured and processes significant to the 
interpretation ofthe survey must be reflected in the distribution 
of the variables selected. Ordinarily, at least six parameters 
should be measured-except for the smallest surveys with the 
simplest exploration models. 

A purer form of factor analysis, called correspondence 
analysis, provides an unbiased interpretation of the structure of 
a multidimensional cloud of data points. It eliminates cumber
some steps that influence the results according to the SUbjective 
ability of the geochemist. Among these steps are assigning 
factor loadings, selecting the significance cutoff of factors to be 
used, selecting the clustcr level for plotting sample groups and, 
after a preliminary interpretation of the results, going back 

through the judgement process in an attempt to improve these 
results. 

Correspondence analysis is more direct in its approach, with
out imposing assumptions on the proccss of data manipulation. 
It deals strictly with the Euclidean distances between groups of 
n-dimensional points without the restrictions of hierarchical 
classification of the samples.61 

As elucidated by David and co-workers,62 the breakthrough 
is combining R-mode (variable) and Q-mode (sample) analysis 
in one operation that is much simpler than Q-mode analysis 
alone. The resulting factors, which simplify the description of 
the cloud of multidimensional data points, represent the com
binations of variables that are related to the geochemical pro
cesses that cause the measured distributions of the data points. 

Thus, a map with contours on the intluence of a factor in each 
sample shows the relative geographic importance of each geo
chemical process. To further understand the relationship 
between the factors they may be plotted as multidimensional 
representations in a plane of the principal axis of any two 
factors, usually two that are dominant. 

Exploration models 
Every explorationist appreciates the necessity of a good work
ing model that explains in some detail the genesis and recogni
tion criteria of the type of mineralization for which he searches. 
Subtle features that distinguish sub-economic mineralization 
from real orebodies are quite important, as it becomes 
increasingly expensive to test the application of a model to ever 
blinder targets and as competitive activity reduces the time 
available to find, recommend and acquire properties. 

Geochemical model for roll-front deposits 
For decades the uranium literature has tended to emphasize the 
difference between types of sandstone deposits. Articles that 
described deposits, or abstracted salient features from several 
deposits into an exploration model, rightly emphasized strati
graphy, structure, source of uranium and host rock alteration. 
These subjects were reviewed earlier. A generalized geo
chemical model is to be presented for groundwater associated 
with a roll front, but let us first consider reducing and oxidizing 
agents and the zonation of metals in the reduced ground. 

Reducing agents 
The concepts that organic remains are associated with reduced 
ground and that these remains are also associated with uranium 
deposits are very old. Even before these two concepts were 
combined with the realization that large uranium deposits 
should be found below the level of surface oxidation, shallow 
oxidized deposits were known to be associated with logs and 
other vegetative remains. 

Another old concept is that sulphide minerals indicate 
reduced conditions. In the usual case sulphide minerals, espe
cially those of iron, occur closely associated with the mineral
ization of uranium and associated elements. 
Organic material Schmidt-Collerus is a leader in the study of 
organic materials in uranium deposits. His latest comprehen
sive tome63 provided details of the evolution of organic com
pounds, their migration, complexing and chelation of uranium, 
their degradation by anaerobic bacteria and the mechanism for 
the ultimate development of uraninite or coffinite. An excellent 
review of the origin of organic material and its importance in ore 
formation in the Grants region was given by Adams and 
Saucier. 64 The ores of this region are the outstanding example of 
the efficiency by which uranium is accumulated by and incorpo
rated into organic material of humic affinity. This material is 
also involved in such alteration phenomena as corrosion of 
quartz, replacement of feldspars and alteration of clays. 

Adams and Saucier64 summarized the importance of 
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organics in the Grants region: 'The uranium mineralization is 
everywhere co-extensive with the humic organic matter in the 
standstones. The uranium is much more often associated with 
the unstructured humate than with the carbonized plant debris. 
.... Humic matter is approximately equal to the uranium 
content in weight pcrcent .... Because the organic material is 
so much lighter, it is greatly in excess over uranium in volume, 
and therefore, it is primarily responsible for the dark gray to 
black colors of the ores. Because of the high geochemical 
enrichment factor for uranium, it takes only a small amount of 
humic material to accumulate uranium to ore grade'. They went 
on to stress the role of humic substances in the transportation, 
concentration and preservation of uranium. 

Organic carbon has long been regarded as a precipitating 
agent for uranium, but all carbonized wood and trash does not 
accumulate and retain uranium, even when the element is suit
ably available.64 Barren carbonaceous material associated with 
uranium mineralization has been found to be leached of the 
active ingredients, fulvic and humic acids. 

A well-developed model for the origin of deposits in the 
Morrison Formation (Jurassic) near the Henry Mountains of 
Utah emphasized the significance of organic acids: 'Humic and 
fulvic acids generated in the offshore muddy sediments of 
humus-bearing lakes were expelled by compaction or seepage 
into nearby sandstone beds where the organic acids were fixed 
as tabular humate deposits. Subsequently, uranium-bearing 
ground water passed through the sandstone where the humate 
fixed and concentrated the uranium, forming tabular sandstone 
uranium deposits'.65 Perhaps the close association of organic 
carbon with ore in the Gas Hills district of Wyoming66.67 also 
involves unstructured humates. 
Hydrogen sulphide The sandstone uranium deposits of Texas 
are noted for the negligible quantities of organic material. 68 The 
principal reducing agent-hydrogen sulphide-evolved from 
intense reduction by anaerobic bacteria. Examples are 
hydrogen sulphide associated with upward leakagc of hydro
carbons, as at the Felder deposit,69 or derived from the cap of a 
salt dome, as at the Palangana deposit, also in the Gulf Coast of 
Texas. 

Thus, the reducing mechanism of these deposits is driven bio
chemically, analogous to the geochemical cells described in 
Wyoming.12 In a salt dome the sulphur comes from anhydrite, 
which hydrates to gypsum. After the gypsum dissolves in the 
groundwater the sulphate is reduced by bacteria, and available 
iron combines with hydrogen sulphide to form pyrite. 

In addition to reactions dominated by ions in solution, 
hydrogen sulphide can cause iron-titanium oxides to be 
replaced by pyrite-a useful guide to mineralization.70.71 Pyrite 
and marcasite are more the indicators of a favourable reducing 
environment than the reducing agents for uranium and its asso
ciated metals, including iron. 

Oxidizing agents 
Just as bacteria are of immense significance in creating the 
intense environment of reduction for uranium, they are prob
ably critical in explaining the remarkable mobilization and 
bleaching that is sometimes found on the oxidized side of a geo
chemical cell. 12 Given the limited rate of inorganic oxidation of 
sulphides by meteoric water, Hoag and Webber72 showed that 
oxidizing bacteria create a low pH and dominate the production 
of sulphate in groundwater associated with gossans. In the case 
of roll fronts the environment is intense enough to dissolve 
feldspars, corrode quartz grains and leave kaolinite. 

Zonation 
It is axiomatic that what precipitates in a roll front is largely 
dependent on what is available to the system. The redox boun
dary of a roll front is taken as the linc, sometimes vcry sharp, 
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between the oxidized (and commonly bleached) facies and thc 
dark reduced zone of pyrite and associated metallic minerals. 
The formation of marcasite is favoured over pyrite when the pH 
is less than about 6 and when elemental sulphur is present.73 

'Conditions that favor marcasite as the dominant ore-stage 
iron disulfide are most likely to arise in non-carbonaceous 
rocks. In rocks with considerable organic matter "the presence 
of polysulfide ions and pH buffering by anerobic bacterial 
metabolic processes apparently lead to the formation of ore
stage pyrite." In the preceding descriptions of the Wyoming 
roll-type deposits, we have noted that most ofthe ore-stage iron 
sulfide minerals are pyrite-a clear implication that bio
chemical activity was responsible for reduction of the deposits. 
Austin (1970) [see referencc 75] reached a similar conclusion 
based on his sulfur isotope studies of the Wyoming deposits, 
noting the well-defined oxidation-reduction interface for iron, 
the lack of identification of intermediate sulfur species resulting 
from non-biochemical processes, and the ubiquitous nature of 
sulfate-reducing bacteria. ,74 

Fig. 6 is a diagrammatic sketch of the five most common 
metals that occur in a roll front. The metal zones usually over
lap so the redox boundary between selenium and vanadium 
may be the only visible line. In addition, one or more of the 
zones is likely to be absent in any given area: for example, if 
vanadium is absent, uranium is found at the redox boundary 
with selenium. 

Native selenium gives a distinctive reddish bloom,11 whereas 
the overlapping grey vanadium and uranium zones are gener
ally more distinguishable by radioactivity. Shades of brownish 
colour may be due to the oxidation of vanadium. In general, the 
darker the grey, the higher the grade of ore, though humic 
matter may confuse the issue. In total, the concentration of 
metals is greater near the redox front and decreases away from 
it. This includes selenium, with a concentration gradient 
reversed with respect to the direction of groundwater flow. 
Selenium concentration decreases up the hydrologic gradient. 

The zone of molybdenum, which usually occurs as the sul
phide, jordisite, may be separated from the uranium zone.12 
The zone most remote from the front is calcium, which precipi
tates as calcite in response to increasing pH. Massive pods of 
calcite can be enclosed by encroaching zones and may persist 
until they are exposed at the surface by erosion. 

At both the Rifle and the Garfield mines in Colorado a thin 
zone of non-radiogenic galena and clausthalite, a lead selenide, 
lies at the redox front next to the vanadium ore. 11 This band, 
generally less than 1 cm in thickness, assays about 3% lead, with 
much lower concentrations in the ore zone. In the oxidized 
ground adjacent to the high lead band there is a zone of green 
chromium-bearing mica roughly 0.5 m thick where chromium 
concentration may reach a few tenths of a percent. 

Although small amounts of copper do occur in uranium ore 
in the Uravan district, the dominant elements that are asso
ciated with uranium mineralization' are ones that either must or 
can be readily transported in neutral to somewhat alkaline solu
tions; elements that require acid solutions for mobility, such as 
copper, are lacking in the ore,.67 Harshman and Adams74 gave 
an excellent summary of the geochemistry of roll fronts, includ
ing an Eh-pH diagram to explain the zonation of a roll front in 
terms of dissolved and solid species. 

Generalized model 
A generalized discussion follows of the groundwater geo
chemistry associated with such roll-front deposits as thosc 
which are found in Texas or Wyoming. The model is useful for 
exploration where wells produce water from mineralized sand
stone and, in the absence of existing wells, where water is tested 
from holes drilled in an exploration programme. It is not very 
useful where the mineralized sandstone is above the water-



table, as is common in the Colorado Plateau. 
This generalized model has wide application because of the 

similarities in groundwater geochemistry that occur in a variety 
of sandstone uranium deposits. Chemistry provides a powerful 
common denominator in spite of differing source rocks, trap 
structures, sandstone host facies, redox agents, scale and shape 
of mineralization, ages of host rocks and time of mineralization 
with respect to the diagenetic cycle. The model has been tested 
by many thousands of water samples and has been applied suc
cessfully over a period of 13 years to areas as diverse as the 
Texas Gulf Coast, the west flank of the San Juan Basin, New 
Mexico, and northwestern Nebraska. 

The application of the model is grcatly strengthened whcn 
several parameters fit. One need not expect all the parameters 
to fit any particular situation, but certain combinations are 
unequivocal indicators of mineralization. A target must be 
drilled, of course, to define its economic significance. 

On the oxidized side of a mineralized roll front there is a zone 
of mobilization most typically marked by high concentrations 
of uranium, sulphate, alkalinity and total dissolved solids (Fig. 
9). A decrease in these parameters on the reduced side of the 
front implies precipitation between wells. 

No horizontal scale appears in Fig. 9 because the spacing 
between the axis of maximum uranium concentration in the 
groundwater and the axis of minimum uranium concentration 
as interpreted from the samples is largely a function of the 
sample spacing. As the sample spacing is reduced, the apparent 
axes move closer together and the maximum and minimum 
uranium values becomc more extreme. The distance between 
the two interpreted axes may be as much as 5 km or less than 
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100 m as the sample spacing varies over the same range. 
Helium dissolved in groundwater is useful in defining a 

uranium target. Values greater than 200 ppb above background 
are probably anomalous, and may reach 10-100 times that 
level. The maximum helium will be measured in the first well 
down the hydrologic gradient from its source (Fig. 9). The rate 
of decline in the concentration is determined mainly by the 
groundwater velocity and the rate of helium leakage from the 
aquifer. 
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A consideration of other elements associated with roll-front 
deposits improves the accuracy and confidence in locating 
favourable trends (Fig. 9). Sulphate conccntration and conduc
tivity increase toward the redox front and then decrease 
abruptly owing to precipitation of iron sulphide, followed by 
caleium carbonate. High values of bicarbonate and selenium 
also contribute to identification of the zone of uranium mobili
zation on the oxidized side of the front. Molybdenum concen
trations are normally associated with sandstone deposits, but 
haloes in the groundwater may be to the side of or farther down
dip than the centre of the geochemical cell. Arsenic is most 
valuable for its regional halo around areas of mineralization. 

As with the uranium and helium curves shown in Fig. 9, there 
is no scale for the Eh and pH values because the actual numbers 
depend on the district and the sample spacing. As a rule the Eh 
lies within a few hundred millivolts of zero. The pH will usually 
range between 5 and 9 with the mode of the distribution greater 
than 7 in arid climates and less than 7 in tempcrate zones. 

Owing to slightly greater asymmetry in the curve, Eh, if 
properly measured, is more valuahle than pH as an indicator of 
the direction to a redox front. The Eh and pH curves show sharp 
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reversals in the vicinity of a redox front (Fig. 9). At a sample 
spacing of 5 km evidence of one side of the redox front is likely 
to be missed, so the S-shape becomes a simple peak or trough. 
For example, proximity to a front may be indicated by a drop in 
pH without any unusually high values. The key is to look for 
sharp changes in adjacent wells that produce from the same 
aquifer. 

Based on results from Texas and Wyoming, 'radiogenic 
radium and radon are excellent short-range indicators of 
uranium mineralization'.76 Radon greater than 1000 pei/l may 
indicate zones of economic significance.19 

At a sample spacing of 5 km very few wells will be near a 
redox front. Nevertheless. with a proper model and knowledge 
of the hydrologic gradient the position of a front is quite inter
pretable. s 

The axis of maximum uranium concentration, plotted in Fig. 
9 for samples collected on a scale of kilometres, is generally not 
the correct trend to lcase. Attention should be focused on the 
area between the maximum and minimum uranium concentra
tion and the edge of the area where wells bear even a trace of 
hydrogen sulphide. 

A target area is most closely defined by sharp changes in pH 
and Eh (or dissolved oxygen) and by dissolved radon and 
radium. The latter two elements may be used to calculate the 
minimum product of grade times thickness that could produce 
the anomaly. The most conservative assumption is that the well 
penetrates the centre of the mineralization. The farther the 
water travels to the well, the larger is the uranium source for a 
measured concentration of radon. 

The most recent development in sophisticated geochemical 
indicators of mineralization is Langmuir's saturation index 
(Sf). The method yields a measure of the stability of uranium
bearing and associated minerals based on pH, Eh and major 
and trace elements in the groundwater. 'Positive SI values for 
uraninite or coffinite arc ... strong indicators of the nearby 
presence of ore. as are positive SI values for the reduced phases 
of As, Mo, and Se. Regional trends in uraninite or coffinite SI 
values may exist, and should help locate possible ore zones even 
if no samples are close enough to the ore to show positive SI 
values for these phases.'19 

Geochemical modelling' will probably be the most useful 
technique in delineating the next generation of exploration 
targets. Its utility for ncar-surfacc mincralization related to the 
current hydrologic cycle is established. In addition, deeper 
targets, located well below the water-table and possibly well 
within reduced ground, may be found by testing water from 
exploration drill-holes. 

Radiogenic helium, radon and radium, each with a different 
mechanism of migration, should be effective even in completely 
reduced systems. Examples pf these occurrences are tabular 
Colorado Plateau type deposits related to reducing conditions 
in a palaeo-river bed and rereduced host rocks where roll fronts 
are no longer in proximity to surface oxidation. 

Geologic model for vein-like deposits 
The term 'vein-like' is used to distinguish the unconformity
related deposits of Lower and Middle Proterozoic age from the 
classical vein deposits of, for example, Beaverlodge in 
Saskatchewan, Sehwartzwalder in Colorado and the Massif 
Central in France. At a mining and milling cost of$50/1b 5% of 
reasonably assured Western world resources arc of the classical 
vein type and 16% of the unconformity type. 77 Subsequent to 
the 196R discovery ofthe Rabbit Lake deposit in Saskatchewan 
and the 1970 discovery of the Fast Alligator Rivers district in 
the Northern Territory of Australia the vein-like deposits were 
found to have an average grade and tonnage of contained 
uranium that greatly surpassed that of sandstone deposits. 
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Because of the scope of this paper, only generalized state
ments of an introductory nature can be made about vein-like 
deposits. As might be expected from such a recently discovered 
deposit type and its economie importance. exploration models 
are evolving rapidly. Much more information will be developed 
as the deposits are mined. Given the current incomplete know
ledge. a masterly synthesis of the vein-like Proterozoic 
deposits of the world was provided by Dahlkamp and Adams.14 
Their genetic classification. though presented provisionally. is a 
quantum jump in the understanding of these deposits. 

Generalized model 
Although this section refers to unconformity-related vein-like 
deposits, in the most general sense there are some striking 
similarities to the classical vein deposits. Both bear pitchblende 
in zones of structural ground preparation and exhibit retro
gressively metamorphosed and chloritized metasediments. 
sulphides and sulpharsenides. and pervasive hematization. In a 
broad sense the paragenesis of these deposits involves hema
tization, chloritization, pitchblende mineralization and the 
deposition of sulphides, carbonates and quartz. Origins for 
hematite and chlorite were suggested by McMillan6 in his sum
mary of metamorphic and weathering reactions. Pitchblende is 
habitually associated with graphitic or chloritic schists or with 
carbonates. 

It may come as a surprise that. when groundwater can be 
sampled, there is a remarkable similarity between the geo
chemical model described for sandstone deposits and the geo
chemistry of vein-like deposits. When the mineralization lies 
near the groundwater-table, water sampled on a scale of 
kilometres gives similar results for these two diverse cases in 
uranium, molybdenuIll, arsenic. radon. helium. sulphate, total 
dissolved solids, pH and alkalinity. 

Referring more strictly to vein-like deposits. Dahlkamp and 
Adams14 noted features in common for all the deposits in 
Saskatchewan and the Northern Territory of Australia: 'They 
occur in metasediments which were (a) originally deposited 
upon Archean granitic basement in upper Lower Proterozoic 
time. (b) metamorphosed between about 1700 to 1900 m.y. 
ago, and (c) then covered by Middle Proterozoic continental 
sandstones. in part after a period of strong weathering'. 

Favourable features common to vein-like districts associated 
with the Lower to Middle Proterozoic unconformity were given 
by Dahlkamp and Adams.14 Where Lower to Middle Protero
zoic uraniferous sediments are present several recognition 
criteria are regarded as favourable indicators for the occurrence 
of vein-like deposits: (1) a preexisting source of uranium, such 
as Archaean granitoids; (2) favourable host rocks, especially 
carbon-rieh metasediments composed of mixed pelites, 
psammites and earbonatc rocks; (3) alteration, likc albitization, 
magnesium, boron and lithium metasomatism, and magnesium 
and iron chloritization; (4) an unconformity. preferably over
lain by sandstone; (5) a well-developed regolith; and (6) prox
imity to an Archaean dome. 

Most vein-like deposits are in or near a series of graphitic 
mica schists. biotite-garnet schists. and dolomitic marbles. 
which are the metamorphic equivalents of marine sediments 
marginal to Archaean granite-gneiss complexes. 77 The host 
rocks are then syngenetically and diagenetically enriched in 
uranium and other elements provided by the chemically diverse 
sediments. Sub-economic sedimentary preconeentrations are 
subsequently metamorphically upgraded in the amphibolite 
facies near migmatized sedimentary rocks and reactivated 
Archaean granitoid domes. The smaller deposits. such as Rum 
Jungle, tend to occur in the greenschist facies. Subsequent 
supergene enrichment during chemical weathering on the 
unconformity appears to be important in the Key Lake deposit 



but not generally in other deposits. Most of the highest-grade 
orebodies were formed by remobilization under a thick sand
stone cover. 

Additional recognition criteria78 include proximity of high
grade metamorphism and a covering sandstone. Nash granted 
that 'supergene enrichment can upgrade the ores', but con
cluded 'that these deposits can form without processes operat
ing at the paleosurface' and played down the importance ofthe 
age of the rocks in favour of a wider application of geochemical 
processes. 

One of the more controversial problems in explaining the 
genesis of the vein-like deposits is the amount of mineralization 
in the overlying sandstone. The most unusual model to explain 
this distribution is based on the conductivity of the steeply 
dipping graphitic zones that extend from the oxidized sand
stone above the unconformity into intensely reduced metasedi
ments. Tilsley79 hypothesized that the resulting galvanic cell 
causes ionic movement and precipitation of metals near the 
upper pole. After the orebody is formed and covered by a thick 
accumulation of basin sediments, radiogenic heat drives a 
geothermal cell that redistributes uranium into the base of the 
sandstone. 

Hoeve and Sibbald80•81 reviewed the arguments of the near
surface supergene school and the magmatic and metamorphic 
hydrothermal school and concluded that a diagenetic-hydro
thermal model provides a better fit to the observations: 'The 
model envisions that at elevated temperatures and under a thick 
sedimentary cover, oxidizing diagenetic solutions of the 
Athabasca Formation penetrated the metamorphic basement 
along breccia and fault zones and reacted with graphitic rocks to 
yield reducing solutions containing carbon dioxide and 
methane'. Uranium was precipitated next to the graphitic meta
pelite, where oxidizing groundwater became reduced, and 
above, where methane-bearing solutions mixed with oxidized 
diagenetic solutions that carried ore constituents. The remark
able lateral deflection of the upper orebodies at Key Lake and 
Collins Bay appears to reflect the direction of movement of 
groundwater in the basal Athabasca Formation at the time of 
ore deposition. . 

Summary 
This paper provides a general review of exploration methods 
for major types of uranium deposits. The author has been active 
in exploration for deposits hosted by rocks of Precambrian, 
Palaeozoic, Mesozoic and Caenozoic age. Much of this work 
involved deposits in sandstones, but the geochemical principles 
also apply to many of the Precambrian deposits. 
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Fieischer60 • 61 has shown that more than 160 species can be 
identified that contain uranium as an essential element. In 
many additional species uranium is known to playa significant 
substitutional role. For an element as rare as uranium (2.5 ppm 
in the earth's crust) this large proportion of the known 
species-more than 5OJo-seems highly surprising. There are 
several reasons for this situation, probably the most important 
of which is the complex chemistry of the element, including its 
mUltiple valence states. Also, because of the energy potential, 
uranium has received special attention both in the exploration 
aspects as well as in the laboratory. With modern instrumen
tation even very small quantities of a phase can be adequately 
characterized to establish a new species. A third factor is the 
beautiful array of colours that is exhibited by most uranium 
minerals. These colours increase the interest in collecting and 
characterizing specimens, and subtle shade differences are 
often the keys to the first spotting of a new species. 

Uranium is classified as a lithophile element, and its abun
dance in granitic rocks is about double its average crustal 
abundance. In fact, the weathering of granites is probably the 
major primary source for the uranium that presently occurs in 
sedimentary host rocks. Although reported to have all valence 
states from 2 + to 6 + , only the 4 + and 6 + states are important 
in minerals. There is some evidence for a 5 + state both as a 
solution species and in some of the uranium oxides, but its role 
in mineral structures is not confirmed. 

Uranium minerals are usually divided into two main 
groups-the so-called 'primary' and 'secondary' minerals. This 
classification was based on the initial belief that all uranium 
was first deposited as uraninite, which was the only really 
economic ore mineral, oxidation then resulting in the forma
tion of other minerals. It is now recognized that several uranyl 
minerals have formed directly from source solutions without 
primary uraninite and produced concentrations sufficient for 
economic exploitation. Also, several new uranous minerals were 
recognized that proved to be ore minerals in some major 
deposits. Some minerals that are original ore minerals in one 
deposit are alteration products in others. Mineralogically, it is 
probably better to divide the uranium minerals on the basis of 
the valence state of the uranium. Thus, there is a 'reduced' 
family with U4+ as the dominant valence state and an 'oxidized' 
family in which all or most of the uranium exists as U6+. Most 
U6+ minerals involve the uranyl ion UO~+. Because of the 
c.omplexity of the oxidized family the minerals are further 
divided chemically by use of the associated anionic group or 
groups. The terms 'primary' and 'secondary' should be used to 
describe the initially deposited and the alteration minerals, 
respectively. 

Most uranium minerals occur in all of the several types of ore 
deposits. A given deposit usually has no more than two reduced 
minerals. The oxidized minerals that occur in the deposit 
depend on the Eh-pH conditions and the availability of re
active anions. In the absence of reactive anions, hydrated 
oxides and uranates form. The uranyl ion is, however, fairly 
soluble and groundwater can effectively disperse it a con
siderable distance from the reduced source. The uranyl 
minerals that are then deposited are complex compounds that 
employ available oxyanions. The rate of formation of these 
secondary minerals can be very rapid, as is evidenced by 
mineral formation on the walls of mine drifts in a matter of 
months after the drifts have been opened. In all deposits there 
is usually a zonation of mineralogy in which a reduced mineral 

is surrounded by hydrated oxides within the first few centi
metres of the oxidation zone, followed by complex uranates 
and, finally, uranyl oxysalts. The specific oxysalt depends on 
the solubility and availability of the given anion, silicates and 
phosphates being the most common and carbonates and 
sulphates relatively rare. 

The principal deposits of uranium are in pegmatites or in 
sedimentary host rocks. The pegmatites represent direct con
centrations from igneous processes. The reduced minerals are 
usually uraninite with or without associated rare earths and 
other c:ctinide elements. Niobate, tantalate and titanate 
minerals are also common as primary minerals. Oxidized 
minerals are usually hydrated oxides, silicates and phosphates, 
but minerals of all groups may occur. Deposits in sedimentary 
rocks represent concentrations of previously dispersed 
uranium, perhaps all igneous in origin. Uraninite is the domi
nant reduced mineral, but such newly recognized minerals as 
coffinite and brannerite are also important. The secondary 
minerals, as in the pegmatites, are usually hydrated oxides, 
silicates and phosphates. Some deposits may show only a few 
other species, but many show 20 or more uranium minerals. 

The most complete description of uranium minerals was by 
Fronde!.63 His monograph followed the format of Dana's 
System ofmineralogy in reviewing the synonymy, composition, 
crystallography, physical and optical properties, synthesis, 
identification and occurrem:es in detail for each species. 
Around 70 valid uranium species and many since discredited or 
ill-defined other phases were included. Several other general 
discussions of uranium minerals exist. Those by Soboleva and 
Pudovkina, 163.164 Gerasimovsky, 73 Getseva and Saveleva 74 
and Heinrich79 are the most comprehensive, but they are con
temporaneous and nowhere as complete as the work by 
Fronde!. 63 Recent summaries 113.167 discussed the uranium 
mineralogy of Canada and listed most of the known minerals, 
including some archaic terminology. The most current listing 
of minerals is that by Fleischer, 60 which reflected the nomen
clature accepted by the Commission on New Minerals and 
Mineral Names of the International Mineralogical Association. 
This nomenclature will be followed in the descriptions that 
follow. 

The presentation of uranium mineralogy here concentrates 
on the chemical and structural classification of the uranium 
minerals, including the recognition of many closely related 
species. Individual minerals will only be discussed in detail for 
species that were not described by Fronde!. 63 There is insuf
ficient space in this presentation to list all the data as offered 
by Frondel, but references to such descriptive data are given for 
all new minerals. 

The order of presentation of the uranium minerals will 
follow chemical groups. The U4+ minerals are discussed first, 
followed by the niobates, tantalates and titanates. These two 
groups include the 'primary' reduced minerals. The uranyl 
minerals are considered in the order hydrated oxides, silicates, 
phosphates and arsenates, vanadates, molybdates, sulphates, 
carbonates, and selenates and tellurates. Each section includes 
an evaluation of the known crystal chemistry and its effect on 
chemical variability and occurrence of mineral species. 

U4 +minerals 
The lowest valence state for uranium in nature is 4 + , and in this 
state it forms severals minerals. In this valence state uranium 
is also substitutional in many other minerals-particularly the 
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Table I U 4 + minerals 

Mineral Formula Structure type System Lattice constants, A (symmetry) 

Brannerite (F) (U ,Ca,Ce)(Ti,Feh06 
Coffinite (F) U(Si04),-x(OH)4X 

ThTh06 
Zircon 

Mono. 
Tetra. 

a=9.79 b=3.72 c=6.87 {3= 118°25' (C2/m) 
a=6.979 c=6.253 (l4,/amd) 

Ishikawaite (U ,Fe, Y,Ca)(Nb, Ta)O. Columbite 
Lermontovite (U ,Ca,Ce)p04(OH)·HzO 
Mourite UMosOdOH)lO Mono. 
Ningyoite (U,Ca,Ceh(P04h·I-2HzO Rhabdophane Orth. a=6.78 b= 12.10 c=6.38 (P222) 

a=6.42 c=4.02 (P3lm) Petscheckite UFe(Nb,TahOs 
Sedovite U(Mo04)z 
Uraninite (F) UOz+x(O.O< X < 0.25) 

UTazOs 

Fluorite 

Hex. 
Orth. 
Cubic 

a= 3.36 b= 11.08 c= 6.42 
a=5.470-5.443 (Fm3m) 

Uranmicrolite (U,Ca,Ce)z(Nb,Tah06(OH,F) Pyrochlore Cubic a= 10.40 (Fd3m) 
Uranpyrochlore (U,Ca,Ce)z(Ta,Nbh06(OH,F) pyrochlore Cubic a = 10.44 (Fd3m) 

(F) indicates described in Fronde!. 63 

rare-earth tantalates and niobates. For a long time uraninite 
was the only known U4 + mineral, but the list now contains 11 
species (Table 1). Assignment of a species to this list is compli
cated by the chemistry of uranium-in particular, its tendency 
to partially oxidize. There are several known species that 
contain uranium in which the average valence state is definitely 

Table 2 U4 + _U6+ minerals 

Uraninite 
Uraninite is still the best known and most common reduced 
mineral. It is found in all types of uranium deposits, except 
where the zone of oxidation has eliminated the reduced 
mineralization. Finding uraninite in an orebody is usually 
considered as evidence for finding the primary deposit. 

Mineral Formula Structure type System Lattice constants, A (syinmetry) 

lanthinite (F) U(UOz)s(OH)'4·3HzO 
Liandratite U(Nb,TahOs 
Moluranite H4U(UOzh(Mo04h·18HzO 
Orthobrannerite UUTi40,z(OHh 

UTazOg 
Orth. 
Hex. 
Amorphous 
Orth. 

a= 11.52 b=7.15 c=30.3 
a=6.36 c=4.01 (P3Im) 

Unnamed 0<-U307 CaFz(fluorite) Tetr. 
a=7.415 b= 11.77 c=6.830 (P2,22[?]) 
a=5.472 c=5.397 (F4mmm[?]) 
a=11.25 b.=7.IOc=16.83 (Pnma) Wyartite Ca3U(UOzl6{C03h(OHhs·3-5H20 

higher than 4+ but less than 6+ (Table 2). In addition, uranium 
is commonly found in the rare-earth tantalates and niobates, 
but the valence states of the uranium are not well established. 
Although many of these minerals probably formed with the 

Orth. 
and a = 11.25 b = 7.10 c= 20.80 (P2,2 12,[?]) 

Uraninite as a mineral received considerable attention in the 
1940s and 1950s, and much of this mineralogy has been re
viewed by Frondel. 63 More recent studies have concentrated on 
its properties in the nuclear ceramics field. Much of the em-

Table 3 Uranium niobates, tantalates and titanates (U substitutional but not dominant ion) 

Mineral Formula 

Ashanite (Nb, Ta,U ,Fe,Mn)40S 
Betafite (F) (Ca,Na, U)(Ti,Nb, Tah06(OH) 
Davidite (F) (Fe,La,U,Cal6(Ti,Fehs(0,OHh6 
Euxenite (Y,Ca,Ce,U,Th)(Nb,Ta,Tih06 
Kobeite (Y,U)(Ti,Nbh(0,OH)6 
Pisekite (F) (As,Ca,U)(Nb,Ta,Ti)O. 
Plumbobetafite (Pb,U,Ca)(Nb,Tih06(OH,F) 
Plumbomicrolite (Pb,Ca,U)Ta206(OH) 
Plumbopyrochlore (Pb,Y,U,Cah-xNbz0 6(OH) 
Polycrase (Y ,Ca,Ce, U, Th)(Ti,Nb, Tah06 
Samarskite (Y,Ce,U,Ca,Pb)(Nb,Ta,Ti,Snh06 
Tanteuxenite (U ,Fe, V)(Ti,Snh06 
Thorutite (Th,U,Ca)Th(0,OH)6 
Yttrobetafite (Y, U ,Ceh(Ti,Nb, Tah06(OH) 
Yttrocolumbite (Y,U,Fe)(Nb,Ta)04 
Yttrocrasite (Y, Th,Ca, U)(Ti,Feh(O,OH) 
Yttromicrolite (hjelmite) (Y,Ca,Uh(Ta,Nbh06(OH) 
Y ttropyrochlore (Y ,Na,Ca, Uh-z(Nb, Ta, Tih06(OH) 

uranium initially in the 4+ state, chemical analyses indicate that 
both 4+ and 6+ are present. These minerals are listed separately 
in Table 3. 
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Structure type System Lattice constant, A (symmetry) 

Ixiolite Orth. a=5.869 b=4.873 c=5.216 (Pbcn) 
Pyrochlore Cubic a= 10.29 (Fd3m) 
Crichtonite Hex. a= 10.37 c=20.87 
Columbite Orth. a=5.520 b= 14.57 c=5.166 (Pbcn) 
Columbite 

Pyrochlore 
Pyrochlore 
Pyrochlore Cubic a = 10.534 (Fd3m) 
Columbite 
Columbite 
Columbite 
Brannerite 
Pyrochlore 
Stannocolumbite? 
Columbite 
Pyrochlore 
Pyrochlore Cubic a= 10.3 (Fd3m) 

phasis has been on its role in the U-O system, which contains 
many compounds between U and U03. Uraninite is especially 
interesting because it is the only u-o compound that occurs 
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Fig. Phase relations in uranium-oxygen system 

in nature in any degree of abundance. 
The effects of the oxidation of uranium complicate the 

nature of uraninite behaviour. Its composition is nominally 
U02, but it always shows a higher degree of oxidation. In fact, 
stoichiometric U02.00 may not exist in nature . There are reports 
of hypostoichiometric uraninite, but these reports may be 
doubted . The composition of uraninite appears to be restricted 
to the range U02.00 to U02.25-and more probably to U02.07 
to U02.25. 

Fig . 1 is a composite T-X phase diagram for the U-O 
system. The geologically significant portion of this system is 
probably below 1000°C and from U02.O to U03.0. Uraninite in 
this region shows a solid solution the composition range of 
which is a function of temperature, but with an upper limit at 
low temperatures of around U02.07. This composition prob
ably represents the limit of natural uraninite. If a sample of 
stoichiometric U02.00 is prepared in a reducing atmosphere, the 
resulting compound is brick red. When this material is exposed 

to air it quickly darkens to a brown colour and the composition 
oxidizes to U02.04. Further oxidation to U02.07 results in a 
black sample after long times in air. If the sample is heated at 
100°C, it quickly oxidizes to U02.25 and is black in colour. 

Uraninite, U02, is isostructural with fluorite, CaF2, and 
consists of U in eightfold cubie coordination (Fig. 2). Cerianite, 
Ce02, and thorianite, Th02, have the same structure and form 
complete solid solutions with uraninite, which accounts for the 
high rare-earth and thorium content of many pegmatitic 
uraninites. Gremvold76 has shown that U02 oxidation occurs by 
an oxygen interstitial mechanism and that the proper formu
lation for uraninite should be U02+X. The usual way to deter
mine the stoichiometry is to measure the unit cell constant. For 
U02.00 a=5.470A.. . The cell size varies linearly with compo
sition, ao=5.470-0.1080X, where X is the deviation from 
stoichiometry of the oxygen. Willis l90 has discussed the details 
of the structural aspects of this oxidation. The limiting value 
for X is 0.25: above this composition the cubic structure gives 
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Fig. 2 Structure of uraninite, U02 (figure shows cubic UO. co
ordination polyhedra which are edge-shared in face-centred-cubic 
arrangement) 

way to a related tetragonal form. Frondel63 listed many 
uraninite cell determinations that could be translated into 
compositions in the range U01.21 to U02.94, but the data are 
obviously complicated by either interfering ionic substitutions 
or poor uncorrected X-ray data. Experimental evidence on pure 
uranium oxides with carefully measured data shows that com
positions only between U02.0 and U02.25 are possible. 

Natural uraninites with compositions above U02.07 usually 
show broad diffraction lines, which are probably indicative of 
a range of compositions. Shaner151 has shown by metal
lography that samples fired at high temperatures in controlled 
atmospheres do not quench but separate into two phases, one 
oxygen-rich and the other oxygen-poor. The details of the two
phase field U02+X-U409 in Fig. 1 were determined in this 
manner. Natural samples probably behave in a similar manner 
in that the oxidation to U02.25 probably occurs stepwise, 
affecting only part of a sample at a time. 

The composition U02.25 usually shows a fairly sharp dif
fraction pattern. The compound may show an ordered state if 
it has been carefully annealed. Three forms of U409 have been 
reported by Masaki, 102 Masaki and Doi 103 and Naito, 116 all of 
which are cubic and based on a superstructure of the uraninite 
cell. None of these ordered compounds has been reported in 
natural samples. Although U02.25 has been reported, the 
required annealing has evidently not occurred. Careful studies 
on natural samples may reveal the weak characteristic ordering 
lines. The phase should exist in natural systems. 

Uraninite samples, even in a finely powdered state, seem to 
be stable in air for long periods of time at ambient conditions 
once they have oxidized to U02.25. If samples are heated to 
150°C in air, they oxidize further to U02.33 and assume a 
tetragonal structure. Several phases around this composition 
are known, and that which forms is dependent on the thermal 
history of the sample. The most commonly encountered form 
is designated a-U30 7 , and it has been reported by Voultsidis 
and Clasen 179 to occur at Key Lake, Saskatchewan, Canada. By 
analogy with the phase information it may imply oxidation at 
a slightly elevated temperature. All the U307 phases may be 
metastable, as they are only formed in oxidation experiments. 
They cannot be formed by reduction of higher oxides. 

Further oxidation at higher temperatures readily forms a 
series ()f oxides in the range U02.61 to U02.67 and ultimately to 
U03. All of these compounds have crystal structures that differ 
significantly from the fluorite structure type found in phases 
with compositions up to U02.37 . The phase relations imply that 
-y-U03 should be the stable phase at the earth's surface. To 
date, none of these compounds has been reported in nature. 
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Evidently, in the oxidation of uraninite these higher oxides have 
a strong affinity for water and form hydrated compounds 
instead of simple oxides. Natural specimens usually show a 
massive uraninite core surrounded by a yellow to orange 
microcrystalline zone that is usually termed 'gummite'-a 
complex mixture of uranium oxide hydrates. It may contain 
such minerals as ianthinite that are not fully oxidized, but this 
zone usually consists of U6+ minerals. If oxidation were to 
occur in the absence of water, one of the U308 forms would 
probably form-a-U30s being the most likely. Further oxi
dation usually produces either a-U03 or -y-U03. The a-form is 
structurally related to the U30S forms. 

Uraninite occurs in many varieties from crystals to dense 
massive microcrystalline samples to finely divided powdery 
coatings. The term pitchblende has been used for the dense 
botryoidal variety that is commonly found in vein deposits, but 
there is no justification for the continuation of this usage. All 
studies show that there is no real distinction and the practice 
should be discontinued. Uraninite is easily identified by its X
ray diffraction pattern, and all U02+X show the same pattern, 
except for the changes in spacing due to composition. 

Coffinite 
Coffinite was first described as a new mineral by Stieff and 
co-workers 168 from several localities in the sandstones of 
the Colorado Plateau deposits often intimately associated 
with asphaltic material. It was also found in vein-type deposits 
in Spain by Arribas8 and has since been found in almost 
all types of deposits. The composition has been reported as 
U(Si04h-x(OH)4x, but samples were never sufficiently puri
fied to validate this composition. Organic matter was always 
present and organometallic complexes of uranium may have 
accounted for the excess uranium rather than requiring excess 
(OH) to account for the U : Si ratio deviating from unity. USi04 
has been prepared by Fuchs and Gebert66 with no evidence of 
OH substitution. 

Fig.3 Structure of coffinite, USi04 (uranium is in 8-fold coordination 
shown stippled; Si04 tetrahedra are ruled) 

Coffinite is isostructural with zircon, tho rite and hafnon and 
may show significant solid solution with each of these minerals. 
Its structure is shown in Fig. 3. No specific structural study has 
been done on coffinite. Crystals are always extremely small. 
The structure of the (OH)4 group may be implied by analogy 
with hydrogarnets.4o•62 Its role in the stability of coffinite is 
totally unknown. 

Bayushkin and Il'menev9 described some microscopic 
crystals from the U.S.S.R. More commonly, it is disseminated 
as a very fine black powder. Its association with organic matter 
masks its true properties, as it is usually only observable under 
the microscope. Like uraninite, stoichiometric USi04 is prob-



ably not black. Natural material owes its colour to the organic 
matter that is invariably present and, probably, to some degree 
of oxidation as well. Identification of coffinite is very easy by 
use of its powder diffraction pattern. 

Brannerite 
Brannerite is the third most important reduced uranium 
mineral in that it occurs in many different types of deposits and 
is the chief uranium producer in the conglomerates of Blind 
River-Elliot Lake, Ontario, Canada. Although it has been 
found in pegmatites, hydrothermal and sedimentary deposits, 
it is always associated with uraninite and probably forms 
through reactions with uraninite and titanium phases that are 
also present. 

Brannerite is nominally UTjz06, but the U may be partially 
oxidized and partially replaced by Ca and rare earths. Fe may 
replace some of the Ti and partial hydration may occur. The 
formula of brannerite may be (U ,Ca,RE)(Ti,Feh06_8(OH)x. 
The variable oxygen content reflects the oxidation of the U that 
may not be compensated by the Ca and rare-earth substi
tutions. A new phase, orthobrannerite, with a proposed 
formula of U4 +U6+(Ti,Fe)40dOHh has been reported by the 
Peking Institute of Uranium Geology.121 The orthorhombic 
nature of this new phase is partly implied on the basis of crystal 
morphology. All brannerites are metamict and must be heated 
to develop crystallinity. Care must be taken during heating not 
to change the oxidation states. True brannerite appears to 
crystallize as a monoclinic phase that is isostructural with 
ThTh06. 145 The X-ray data of orthobrannerite can be indexed 
on an orthorhombic lattice, which, coupled with the ortho
rhombic morphology, implies that this phase formed as ortho
brannerite and was not the product of oxidation during the 
heating to crystallize the specimen. 

Fig. 4 Structure of brannerite, UTjz06 (Ti06 octahedra (ruled) share 
corners and edges to form a layer bridged by U06 octahedra (stippled» 

Brannerite, when fully reduced, is brown in colour but, like 
uraninite, it darkens with oxidation to a pitchy black colour. Its 
crystal structure is related to the perovskites, pyrochlores and 
columbites in that it is based on a framework of linked 
octahedra of (Ti, Ta,Nb )06 units with interstitial U, Ca, Th and 
rare earths. These ions substitute rather freely for one another. 
The brannerite structure is shown in Fig. 4. The structural unit 
is a sheet of corner and edge-shared Ti06 octahedra with U06 
octahedra cross-linking these sheets. The sheet structure is 
closely related to the anatase form of Ti02. The monoclinic 
structure results from the nature of the sheet, which steps one-

half an octahedral width in the a-axis direction for every pair of 
octahedra in the c-axis direction. Orthobrannerite probably has 
a related sheet structure in which the s~ep alternates ± a rather 
than only + a. The cell of orthobrannerite has a = ab, b = 2bb, 
C = 2eb. It is not a polymorph. Orthobrannerite probably con
forms to Kirvokoneva's9o phase X, quoted as U6+Tjz07. 

Mineral varieties of the brannerite series include lodochni
kite, absite and thorutite. Absite is a thorian-rich brannerite 
and does not warrant species status. Lodochnikite is a uranium
rich brannerite, possibly significantly oxidized. Heating 
produces a brannerite-like X-ray pattern, but with differing 
intensities. It probably does not warrant species status either. 
Thorutite is the thorium end member. 

The brannerite group can be identified by the X-ray powder 
patterns that are obtained on heating. The heating to crystallize 
the metamict structure is usually done in air, and some surface 
oxidation necessarily occurs. Usually, traces of U 308 and Ti02 
can be detected. If the grains are coarse and the heating time 
is kept to a minimum, the interior of the grains may retain the 
original composition. 

Ningyoite 
The mineral ningyoite was first reported by Muto et al. 115 from 
Ningyo-toge mine, Tottori Prefecture, Japan, where it occurs 
as the principal uranium mineral in a Tertiary conglomerate. 
It is associated with sulphides, apatite, chlorite and gypsum, 
which appear to have been deposited by laterally moving 
solutions. Ningyoite occurs only as thin microcrystalline 
coatings on the surface or in cracks of the pebbles, and a pure 
sample was not obtainable for analysis. The mineral is struc
turally and chemically related to rhabdophane and probably 
has a formula U l - X Cal-X RE2X(P04)'!- 2H20. Synthesis of 
a closely related compound UCa(P04 )z' O.5H20 suggests that 
the two materials are isostructural with a coupled substitution 
of 2RE3+ ~Ca2+ + U4+ up to several per cent. The structural 
relation to rhabdophane is apparent in the diffraction patterns, 
but the probable ordering of Ca and U on the RE sites lowers 
the symmetry to orthorhombic. 

Ningyoite is not known from other localities, although its 
microcrystalline nature may have precluded its recognition. It 
is brownish green to brownish in thin section, which sugcests 
partial oxidation as the synthetic analogue is green. Crystals 
may be acicular or elongated. The principal way to identify it 
is by its X-ray pattern. 

Lermontovite 
Another uranium phosphate mineral, lermontovite, has been 
described by Soboleva and Pudovkina. 163,164 This mineral 
occurs as botryoidal aggregates of radial fibrous needles. The 
formula is apparently U3(P04k6H20 with some substitution 
of Ca and RE for the U. The material is poorly characterized. 
It is associated with molybdenum sulphate, marcasite, hydrous 
silicates and 'thallium ochre'. This phase requires more careful 
characterization. 

u4+ molybdates 
Uranium is often associated with molybdenum in its deposits, 
and several uranium-molybdenum minerals are known. Two 
of these minerals contain U4+ -mourite and sedovite-which 
were reported by Kopchenova et al. 93 and Skvortsova et al. 159 

to occur in the supergene zone over a uraninite-molybdenite 
deposit. Sedovite is U4+(M06+04h and forms the core of 
sedovite-mourite clusters. Its colour is brown to reddish 
brown, which indicates that the uranium is in one valence state. 
Mourite is given as U4+Mo~+012(OHho and shows a deep violet 
colour. The valence states of U and Mo were not determined 
and the deep colour indicates some electron exchange sugges
tive of partial oxidation of the U or reduction of the Mo. Both 

47 



minerals were reported from only one deposit. 
Moluranite is another uranium molybdate with at least some 

reduced uranium. 54 It is also very dark in colour, showing 
brown only in very thin fragments. It shows no X-ray pattern 
and appears to be amorphous or possibly metamict. It occurs 
in fine fissures in granulated albitite associated with molyb
denite and other sulphides, brannerite and other U-Mo com
pounds. It is only known from one locality. 

u4 + pyrochlores 
Many minerals of the pyrochlore group, which includes the 
betafites and the microlites, often contain significant quantities 
of uranium along with rare-earth elements. These minerals are 
usually associated with rare-earth pegmatite deposits or as 
accessory minerals in granitic rocks. Detrital grains are also 
known in placer deposits. The pyrochlores have a general 
formula A2B206(0,OH,F), where U4 + (or U6+) occurs in the 
A site and B = Ta,Nb, Ti,Sn. The nomenclature of the pyro
chlore series was discussed by HogarthY The master name 
refers to the dominant element in the B site. Betafite refers to 
Ti, microlite to Ta and pyrochlore to Nb. Uranmicrolite 
(formerly called djalmaite) and uranpyrochlore (formerly 
called ellsworthite or hachettolite) are two species in which U 
dominates the A sites. Several other pyrochlore family minerals 
with significant reported U are listed in Table 3. 
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fluorite (Fig. 1) in which one 0 in eight is missing and concomitant 
atomic shifts result in A site (ruled) remaining 8-coordinated in a dis
torted cubic array and B site (stippled) becoming octahedrally co
ordinated; uranium usually occurs in A sites) 

The pyrochlore structure is three-dimensional framework of 
corner-shared (Ti, Ta,Nb)06 octahedra. The A site lies within 
this framework and is 8-coordinated. The octahedra can articu
late to allow for a fair range in sizes of the A cation, which 
accounts for the variable compositions of most of these com
pounds. Part of the structure is depicted in Fig. 5. The A 
coordination is a distorted cube, the size and degree of distor
tion depending on the amount of tipping of the B octahedra. 
Many pyrochlores show deviations from the A2B206(0,OH,F) 
stoichiometry, some of which are probably defect structures 
that result from charge balance effects and coupled substi-
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Fig. 6 Structure of columbite, AB206 (structure is hexagonally close 
packed with all A and B atoms in octahedral coordination; A octahedra 
stippled and B octahedra ruled) 

tutions. The U in the minerals was probably originally present 
as U4 +, but U6+ is often reported in analyses, probably as a 
result of oxidation either naturally or after sampling. Chevalier 
and Gasperin35 showed evidence for ordering of atoms on the 
A sites in some uraniferous pyrochlores. 

u4 + columbites-AB206 

Members of the columbite-tantalite family of minerals also 
often contain significant U along with rare earths, Fe, Ca and 
Th. The B site is either Nb or Ta. Like the pyrochlores, these 
minerals are associated with rare-earth pegmatites and are also 
known from placer deposits. Most of the compounds probably 
formed initially with U4 + -most probably as a coupled sub
stitution Ca2 + + U4 + for a trivalent ion. Oxidation occurs 
easily, however, and most specimens contain significant 
amounts of U6+. Those minerals which contain radioactive 
elements are usually metamict and require heating to develop 
crystallinity. 

The structure of the columbites is based on hexagonal close
packed oxygens in which the cations occupy one-half the 
available octahedral sites. The B cations form double layers of 
edge-shared octahedra that alternate with single A layers. The 
structure is illustrated in Fig. 6. Various other stacking 
sequences are possible, and some of the phases of Table 3 may 
have different arrangements of A and B atoms in the octahedra. 
Euxenite and samarskite appear to be analogous to columbite. 
X-ray data are generally lacking on other phases assigned to this 
group. The assignment of kobeite to this group is based on the 
first detected pattern on heating, which suggests a 14.3-A cell 
constant. 86 Higher temperatures produce a changed structure 
more indicative of a uraninite-type structure. Ashanite has been 
assigned to this group, although it may be more closely asso
ciated with the ixiolite sub-group. 

Petscheckite and Iiandratite 
Two new minerals-petscheckite and its closely related alter
ation product liandratite-have been reported from a pegmatite 
in Madagascar. 114 Like other niobates and tantalates they are 
metamict, even though they occur as well-defined crystals, and 
heating is required to produce crystallinity. The resulting struc
ture is most closely related to UTa208,72 which is a derivative 
structure of U 308, so they are not related to minerals discussed 



above. Because U30s has not been reported in nature, these 
minerals must be considered as a new group. 

Liandratite appears to be an oxidation product of petscheck
ite as it is always intimately associated on the surface of 
petscheckite crystals. It occurs as a glassy translucent coating 
1-2 mm thick. It probably represents the fully oxidized U6+ 

form. Petscheckite as found shows partly oxidized and partly 
hydrated varieties. The oxy-petscheckite probably forms first 
from the original UFe(Nb,TahOs as the Fe2+ oxidizes and is 
removed from the structure. Hydration leads to a hydroxy
petscheckite form, which is distinguished from the oxy
petscheckite by colour reflectivity and texture in polished 
section. All these phases are essentially opaque and very dark 
in colour, which indicates that mixed valence states are present. 

Minerals with minor U-probably U4 + 

Many minerals incorporate minor amounts of uranium, but the 
uranium is not an essential component. Most of these minerals 
are igneous or pegmatitic in origin and may represent the source 

Table 4 Minerals with traces of uranium 

Mineral Formula 

usually as a boxwork of criss-crossing veinlets or as an alter
ation rind, are collectively called 'gummite'. The name derives 
from the gum-like or waxy appearance of these microcrystal
line, intimately intergrown minerals. These minerals are usually 
hydrated uranyl oxides, alkali or alkaline-earth uranyl oxides 
along with uranyl silicates and phosphates. The fine-grained 
poorly crystalline nature ofthis material usually makes positive 
identification difficult or impossible, and many ill-defined 
minerals have been described. Many of these old minerals are 
unavailable for study, so it is not possible to clarify some of the 
earlier designations. Much of the mineral characterization has 
had to rely on analogies with synthetic phase studies, especially 
in the UOrHzO system. The most complete review of this 
system by Hoekstra and SiegelSO is a good guide to what may 
or may not exist in natural specimens. 

The higher oxides of uranium (U 30S and U03) do not appear 
to be stable in the presence of water. Neither U 30S nor U03 has 
ever been found to occur naturally, though there is no real 
reason other than the ubiquitous presence of water in the 

Structure type 

Aeschynite (Ce,Ca ... )(Ti,Nbh(O,OH)6 Aeschynite 
Allanite (Ce,Ca, Y, U)(AI,Feh(Si04h(OH) Epidote 
Belovite (Sr ,Ce,Na,Ca)s(P04h(OH) Apatite 
Britholite (Ce,Ca)s([Si,P]04h(OH,F) Apatite 
Cerianite (Ce,U)02 Fluorite 
Cheralite (Ca,Ce, Th)(P ,Si)04 Monazite 
Ekanite (Th, U)(Ca,Fe,Pb hSisOzo Ekanite 
Ewaldite Ba(Ca,RE)(C03h Ewaldite 
Fergusonite YNb04 Fergusonite 
Formanite YTa04 Fergusonite 
Iimoriite (Y , Ca ,Zr) Is(Mg,F e ,AI)(Si,AI, P)9034(O H) 16 Apatite 
Iraqite (La,Ce, Th, Uh(K, Yh(Ca,La,Ce,Na)4(Si,AI) 1604o Ekanite 
Melanocerite (Ce,Ca)s(Si,BhOI2(OH,F)'nH20 Apatite 
Monazite (Ce,Th,Ca,U)p04 Monazite 
Niobo-aeschynite (Ce,Ca, Th)(Nb, Tih(O,OH)6 Aeschynite 
Rhabdophane (Y, .. )p04·H2O Rhabdophane 
Thorianite (Th,U)02 Fluorite 
Thorite (Th,U)Si04 Zircon 
Umbozerite (Na,Kh(Sr,Ba).{Th,U ,Feh024 Umbozerite 

minerals from which weathering allowed the release of uranium 
into the groundwater system. No effort will be made to descrioe 
them. For the sake of completeness of the description of 
uranium-bearing minerals they have been listed in'Table 4. 

lP+ minerals 
Uranium in its highest valence state forms a large number of 
colourful minerals that may deposit in the oxidized zone asso
ciated with the primary deposit or the uranium may go into 
solution and be transported a considerable distance from its 
source area before reprecipitation. Minerals that form at the 
source may mimic the original phases by direct replacement, 
but more often they form a nondescript mass that destroys any 
original structure. These minerals are usually hydrated uranyl 
oxides, silicates or phosphates. Further from the source the 
minerals usually form as one or more of the many hydrated 
uranyl oxysalts. 

The uranyl minerals are considered in groups, depending on 
their associated anion. This approach is useful because each of 
these groups has many characteristics in common, including 
those of occurrence and crystal chemistry. Within each group 
sub-classification by UOz : XOn ratios leads to interesting com
parisons and some very specific mineral families. 

Uranyl oxide hydrates 
Those minerals which form as the direct alteration of uraninite, 

oxidation zone to prevent such formation. In their place one 
usually finds hydrated oxides. The naturally occurring uranyl 
oxide hydrates are listed in Table 5. The list of verified synthetic 
phases is presented in Table 6. 80 The two lists show very little 
correspondence. 

The ianthinite phase is a rare mineral in which the uranium 
is not fully oxidized. It occurs as a violet alteration product of 
uraninite in several localities and may form small crystals. Its 
colour distinguishes it from all other hydrated oxides and is 
undoubtedly due to electron exchange absorption caused by the 
mixed valence state of uranium. A synthetic UOz,s4·1.5HzO 
phase has been prepared by Bignand,13 which is undoubtedly 
analogous based on its diffraction pattern. There was reluc
tance on the part of Frondel63 to accept this analogy, but the 
evidence is clear, and ianthinite can be considered as a distinct 
mineral. On the other hand, the mineral epi-ianthinite was 
described initially by Schoep and Stradiot 14S as 'a yellow 
hydrated oxide which is not fully oxidized'. This description is 
a contradiction, and in view of the lack of chemical verification 
the material described must be considered a fully oxidized 
hydrate and probably one of the phases in the list in Table 6. 

The only U03 hydrates verified from nature are three slightly 
different forms of U03·2H20 as described by Christ and 
Clark. 37 These minerals-schoepite, metaschoepite and para
schoepite (designated, respectively, in earlier literature as 
schoepite I, II and III)-seem to have slightly different unit 
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Table 5 Uranyl oxide hydrates (gummite minerals) 

Mineral 

Ianthinite (F) 
Metaschoepite (schoepite II) (F) 
Paraschoepite (schoepite III) (F) 
Schoepite (schoepite I) (F) 
Studtite* (F) 
Metastudtite 

* Misidentified in Frondel63 as a carbonate. 

Formula 

U02·5U03·IOH20 
UOr2H20 
U03·2H20 
U03·2H20 
UO.·4H20 
U04 ·2H20 

System 

Orth. 
Orth. 
Orth. 
Orth. 
Mono. 
Orth. 

Lattice constants, A (symmetry) 

a= 11.52 b=30.3 c=7.15 
a= 14.73 b= 16.72 c= 13.99 (Pbna) 
a= 15.22 b= 16.83 c= 14.12 (Pbca) 
a= 14.74 b= 16.66 c= 14.36 (Pbca) 
a= 11.85 b=6.80 c=4.25 13=93°51' (C2!m) 
a=6.51 b=8.78 c=4.21 (Immm) 

Table 6 Crystal data on synthetic UOr H20 compounds 

Compound System Lattice constants, A (symmetry) 

(U03)rH20 = U30 g(OHh 
U03 ·O.8H20 

Tricl. 
Orth. 
Orth. 
Orth. 
Mono. 
Orth. 

a=6.802 b=7.417 c=5.556 a= 108.513= 125Y -y=88.2 (PI) 
a=4.27-4.30 b= 10.19-10.24 c=6.86-6.96 

[
a-U02(OHh 

U03·H20 = t3-U02(OHh 
-y-U02(OHh 

a=4.242 b= 10.302 c=6.868 (Cmca or C2cb) 
a=5.6438 b=6.2867 c=9.9372 (Pbca) 
a=6.419 b=5.518 c=5.561 13= 112.77° (P21/c) 
a= 13.977 b= 16.696 c= 14.672 (Pbna) 

cells that are distinct from one another. These slightly different 
crystal structures are probably due to small structural re
arrangements caused by differences in the state of hydration. 
Schoepite is most likely the original mineral with the highest 
hydration state. It is darker and more brown that the other two, 
which are bright yellow. The minerals do not appear to be true 
polymorphs. Analogous synthetic products have been reported 
only for schoepite. 

The crystal structures of the schoepites and ianthinite are 
derivatives of the structure of U 30S. 57.98 Uranyl ions, which 
form five axial ligands to oxygen or hydroxyl ions, result in 
layered arrangements. Water molecules and oxonium ions 
cross-link these layers to form the structure. Subtle adjustments 
may occur in the layers, which result in slightly different struc
tures, as evidenced in the many forms of U308. These changes 
may be analogous to the changes that occur in the schoepites. 
Further study is necessary to understand the true nature of the 
schoepites. 

Table 7 Alkali and alkaline-earth uranyl oxide hydrates 

Mineral Formula 

Agrinierite (K2Ca,Sr)U3O lO 

Bauranoite BaU20r4-5H20 
Becquereite (F) Ca(U02)60.(OH)6·H 20 
Billietite (F) Ba(U02)604(OH)6' 8H20 
Calciouranoite (Ca,Ba,Pb)U20r5H20 
Clarkeite (F) (Na,Ca,PbhU2(O,OHh 
Compreignacite K2(U02)604(OH)6·8H20 
Curite (F) Pb2U501r4H20 
Fourmarierite (F) PbU4013·6H2O 
Masuyite* (F) Pb3Us027·IOH20 
Metacalciouranoite (Ca,Na,Ba)U207·2H20 
Metavandendriesscheite PbU7022·nH20(n< 12) 
Rameauite K2CaU602O'9H2O 
Richetite (F) Pb-U oxide 
Roubaultite CU 2(U02h(OH)1O·5H20 
Uranosphaerite (F) BhU209·3H20 
Vandenbrandeite (F) Cu(U02)(OH)4 
Vandendriesscheite (F) Pb U 7022' 22H2O 
Wolsendorfitet (F) (Pb,Ca)U207·2H20 

'Listed in Frondel63 as U02·4H20. 
tListed in Frondel63 under fourmarierite. 
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System 

Orth. 

Orth. 
Orth. 
Metamict 

Orth. 
Orth. 
Orth. 
Orth. 
Metamict 

Mono. 

Tricl. 

Tricl. 
Orth. 
Orth. 

Studtite is an extremely unusual mineral in that it is a uranyl 
peroxide indicative of very strong oxidizing conditions during 
its formation. It was identified by Waienta1S3 by analogy with 
synthetic U04 ·4H20. It is known from only one locality and 
may prove to be extremely rare. Metastudtite, U04 ·2H20, has 
recently been described by Deliens and Piret. 50a 

Alkali and alkaline-earth uranyl oxide hydrates 
Table 7 lists 19 known minerals that may be classified as alkali 
or alkaline-earth uranyl oxide hydrates. They have often been 
referred to as uranates as well as uranyl oxides, but as details 
of their crystal structures become known it is apparent that they 
are closely related to the uranyl oxides described above. In fact, 
Sobri65 and Noe-Spirlet and Sobry l19 have shown that sub
stitutional series exist between schoepite and all the minerals on 
the list. It was proposed that the minerals can be explained by 
the general formula 

mXO·2U03·(4 - 2m)H20 

Lattice constants, A (symmetry) 

a= 14.3 b=24.07 c= 14.04 (Cmmm) 

a= 13.82 b= 14.94 c= 12.39 (Pnma) 
a= 14.22 b= 15.02 c= 12.03 (Pnmn) 

a= 12.14 b= 14.88 c=7.16 (Pnmn) 
a= 12.50 b= 13.01 c= 8.40 (Pna2) 
a= 14.39 b= 16.47 c= 14.00 (Pbnm) 
a=41.93 b=42.61 c=24.22 (Pbmn) 

a= 14.22 b= 14.26 c= 13.9713= 121 °1' (C2!c) 

a=7.73 b= 10.87 c=6.87 a=86°29' 13=93°10' -y= 134°12' (PI) 

a=7.86 b=5.44 c=6.10 a=91°52' 13= 102° -y=89°37' (PI) 
a=40.85 b=43.33 c= 14.07 (Pmma) 
a= 11.92 b = 13.96 c= 6.90 



or 

mXOH·2U03"(4 - 2m)H20 

The replacement mechanism is evidently either the simple sub
stitution (H30)+'" x+ orthecoupled substitution (H30)+'" X2+ 

and (OH) - ... 0 2-. These mechanisms suggest that the formula 
can be rewritten 

X~:-(H30)t-m [(U02h02+m(OHh-m] 

or 

X;i;(H30) t-m [(U02)z02(OHh] 

for m = 0 both formulas give 

which is a possible structural formula for schoepite. 
Christ and Clark37 proposed a crystal structure for these 

compounds that is a derivative of that proposed for U02F2 by 
Zacharisen. 192 This structure consists of layers of 2-6* co
ordinated uranium in which the hexagonal dipyramidal poly
hedra share edges. These layers are basically hexagonal in 
symmetry with the uranyl ion axis normal to the sheet direction. 
Oxygen atoms in the sheet are displaced small distances above 
and below the plane of the uranium atoms to accommodate 
closer packing. The formula of this layer is [(U02)(0,OHh]. 
Interlayer ions include monovalent or divalent cations and 
water molecules. The sheet is shown in Fig. 7(a). This structure 
has been reported for a-U02(OHh by Taylor. l7l 

Evans57 proposed that the sheets are composed of 2-5 
coordinated uranium atoms, the pentagonal dipyramidal poly
hedra sharing edges and corners. This configuration is shown 
in Fig. 7(b). The uranium atom positions in the two configur
ations are very nearly the same. This pentagonal array has been 
reported for the structure of U308 by Loopstra,98 and 2-5 
coordination of uranium occurs in many other uranyl com
pounds (see later). The pentagonal array may be derived from 
the hexagonal array by replacing two OH atoms that are shared 
by two U atoms in the hexagonal array with a single 0 atom. 
It is interesting that this pentagonal array may have three-fold 
symmetry. The formula of a layer of this array becomes 
[(U02)G(0,OHho]. 

The proposal of SObry 165 that water can continuously sub
stitute for the cations maintaining charge balance by existing 
as oxonium ions is compatible with the structures proposed by 
Christ and Clark37 but not with the structures proposed by 
Evans57 or the structure of curite proposed by Mereiter. 106 It 
is difficult to distinguish the two structures with X-ray diffrac
tion data because of the low quality of the data and the diffi
culty of obtaining accurate information on 0 in the presence 
of U. Good single crystal X-ray data or powder neutron data 
will be needed to resolve this problem. Infrared data could 
show the presence of oxonium, eliminating Evans' model. 

In view of the fact that a-U02(OHh exists with a hexagonal 
array and both {3- and -y_U02(OHhI38.157 show a square 2-4 
coordination array (Fig. 7(c», the existence of a pentagonal 
array must be questioned. The structure ofU 308(OHh, reported 
by Siegel and co-workers l58 and Taylor and Wilson,l72 shows 
uranium in both the 2-4 and 2-5 coordinations. Accepting 
Sobry's arguments, the nature of the layers must be considered 
to be essentially hexagonal. The structures of the various 
species then depend on the orderly nature of the substitutions 
and local distortions due to OH for 0 substitutions in the layers 
and stacking to achieve the most effective coordination and 
charge compensation with the interlayer cations. All the struc-

• The coordination of uranium in U6 + compounds is invariably di
pyramidal. The linear uranyl ion, (U02/+, surrounded by 4, 5 or 6 
other oxygens with U-O distances longer than in the uranyl unit. 
These coordinations will be designated 2-4, 2-5 and 2-6, respectively. 

Fig. 7 Possible structures of U(O,OH) layers in hydrated uranyl 
oxides: (a) (top), arrangement with 2-6 coordination as found in a
U02(OHh; (b) (centre), arrangement with 2-5 coordination as 
reported for U30g; (c) (bottom), arrangement with 2-4 coordination 
as reported for {3- and -y-U02(OHh 
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tures are based on an orthohexagonal pseudo-cell a' = 7 A., 
b' = 4A., c' = 7.1 A.. Large cells, such as those reported for 
vandendriesscheite and masuyite, imply complex ordering 
patterns for the interlayer cation and substituting oxonium 
rather than disorder and justify the species distinctions that 
have been recognized. This interpretation of structural vari
ations with substitution also helps explain paragenesis in some 
alteration zones around uraninite, as described by Deliens46 for 
the famous Shinkolobwe deposits in Katanga, Zaire. Vandenc 
brandeite l40 shows a layer structure with uranium in 2-5 
coordination. U07 dipyramids share one edge to form UZOlZ 
dimers that edge share with planar CUZ06 dimers to form the 
layers in a structure that is different from any other known 
uranium compound. 

The Pb-containing minerals form a series, which is listed in 
Table 8. The mineral masuyite has been variously described as 
a uranyl oxide hydrate63 and a Pb-containing phase. 37 Deliens45 

has verified the existence of the Pb in all examined samples and 
suggested that it corresponds to the synthetic product of 
Protas 133 • 134 with the formula Pb3UsOz7'lOHzO. The formula 
of fourmarierite also has been variously reported with 4-
8HzO per formula unit, but to fit the Sobry scheme 6HzO is 
appropriate. Metavandendriesscheite obviously represents the 
dehydrated state for the Pb: U = 1: 7 phase, and the existence 
of vandendriesscheite indicates that additional water may be 
accommodated in the inter layer volume. The layers separate 
and possibly shift to allow for this accommodation as in the 
autunite-met a-autunite minerals. A similar relationship exists 
in the Ca and Ba phases, metacalciouranoite representing the 
fully dehydrated phase and calciouranoite and bauranoite 
higher hydrates. As more becomes known about the other 
minerals, they may be expected to fit into similar series. 

tion is the best way to distinguish these phases. 
Many of the uranyl oxides were described by Frondel,63 but 

several new minerals have been identified since then, and new 
data are available on some of the older minerals. Agrinierite 
and rameauite were described by Cesbron et al. Z7 from the 
Margnac deposit, France, where they form in the oxidation 
zone. Agrinierite occurs as small orange crystals with urano
phane in cavities in gummite. Rameauite occurs as I-mm 
orange crystals with uranophane on uraninite. Bauranoite and 
metacalciouranoite were characterized by Rogova et al. 136 from 
a U-Mo deposit where they are found replacing uraninite and 
being replaced by uranophane. Bauranoite is reddish brown; 
metacalciouranoite is orange. Calciouranoite was described 
later by Rogova et al. 137 from the same deposit. It appears to 
be a higher hydrate of metacalciouranoite and occurs as poorly 
crystalline coatings that must be heated to yield a diffraction 
pattern. Compreignacite was identified by Protas135 from the 
Margnac deposit, where it occurs closely associated with 
uraninite. Brindley and Bastovanovl9 have presented new data 
on synthetic compreignacite and its sodium analogue. A struc
ture of a related phase KZU7022 was reported by Kovba,94 but 
it does not appear to have a natural counterpart. Roubaultite 
was described by Cesbron and co-workers30 from Shinkolobwe, 
Katanga, where it occurs as rosettes of platy green crystals on 
uraninite associated with other uranyl oxides and silicates. 
Wolsendorfite was described in Frondel63 as fourmarierite, but 
simultaneously recognized as a distinct specie by Protas. 13Z 

Deliens45 showed that the two descriptions were identical and 
also showed that masuyite was a Pb mineral rather than a 
straight hydrated uranyl oxide. SObryl66 prepared synthetic 
wolsendorfite, becquerelite and billietite and presented much 
new data on the phases. Protas133.134 described a Ca-Sr 

Table 8 Structural formulae of Pb, Ca and Ba uranyl oxide hydrates 

Mineral Formula 

Wolsendorfite PbU207'2H20 
Curite Pb2U5017-4H2O 
Masuyite Pb3Us027·10H2O 
Fourmarierite PbU40 13 ·6H2O 
Metavandendriesscheite PbU70n·12H20 
Vandendriesscheite PbU7022·22H20 
Calciouranoite caU207.5H2O] 
Bauranoite BaU207'5H2O 
Metacalciouranoite CaU207·2H20 
Becquerelite caU6019.lOH2O] 
Billietite BaU60 19·1OH2O 

The crystal structure of curite casts considerable doubt on 
the Sobry scheme. The studies by Mereiter lO6 and Taylor l71a 

showed that the layers are corrugated sheets of uranium in 
both 2-4 and 2-5 coordination. The structural formula is 
[Pb6.56(HzO,OH)4][(UOz)gOs(OH)6h, where the first bracketed 
term is the inter-sheet contents and the second is the sheet 
formula. This formula does not agree with the Sobry formula 
for curite given in Table 8 .. Evidently, the situation is more com
plicated than has heretofore been recognized and much more 
work is necessary to clarify the true structure relationships. 

This group of uranyl minerals occurs almost exclusively in 
alteration haloes on uraninite in association with the uranyl 
oxide hydrates. The Pb minerals are common because of the 
available radiogenic Pb especially in geologically older de
posits. The phases are usually very fine-grained and intimately 
inter grown with other minerals or with one another. Only 
rarely do they form as recognizable small crystals. Colour can 
be a guide to specific mineral identifications, but X-ray diffrac-
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X:U Sobry formula m 

1:2 Pb(H,O)[(U02hO,(OH)] 1.0 
2:5 Pb4(H,O)6[(U02)IOOI4(OH)6] 0.8 
3:8 Pb,(H,O)5[(U02)S05(OH)5] 0.75 
1 :4 Pb(H30),[(U02)405(OHh] 0.5 
1: 7 Pb(H30)6[(U02hOs(OH)6] 0.28 
1: 7 Pb(H,O)6[(U02h08(OH)6]·10H20 0.28 
1: 2 

X(H,O)[(U02hO,(OH)]·3H2O 1.0 
1 :2 
I: 2 X(H,O)[(U02hO,(OH)] 1.0 
1: 6 

X(H,O)5[(U02)60 7(OHh] 0.33 
1: 6 

uranyl oxide from Margnac that was never named. 
A provocative web of mineral associations has been pro

posed by Deliens46 (Fig. 8). It is interesting to note that the 
Pb-uranyl oxide hydrates diverge considerably in their asso
ciations. Work should be performed to verify this divergence 
in other deposits where many secondary minerals exist. Curite, 
in particular, is suggested as a major precursor of many 
phosphates and silicates. Synthetic studies by Vochten and 
Deliens l77 and Vochten et al. 178 have shown that curite can be 
transformed easily into meta-autunite and metatorbernite. 

Uranyl silicates 
The uranyl silicate minerals occur in all types of deposits. They 
may be found close to the uraninite or other primary minerals 
as one of the first-formed oxidation products, or they may be 
found in isolated occurrences as trace coatings far from any 
obvious source. By far the most common silicate is urano
phane, which may actually be the most common of all the 



rORI(RH rTE 

o OX ICE HyP\RAHS 

OXIO£ H'(ORATEs ( ALK • 

<II) SILICATES 

G) PtIOSPHAT[S 

© CAR80N.tf(S 

Fig. 8 Paragenesis of oxidized 
deposit. Zaire. After Deliens·6 

uranyl minerals. 

fR(OUElrilCY Of AS50Cloli TiO N 

- SO- IOO%, 

-- ~-ao% 

-- 0-50% 
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New uranyl silicates described since 195863 include bolt
woodite. sodium boltwoodite. haiweeite. week site and several 
unnamed minerals. Each of the named minerals has since been 
found in multiple localities. Boltwoodite64 was discovered in 
sandstone deposits of the Colorado Plateau. U.S.A. Honea83 

described the mineral more thoroughly. Sodium boltwoodite 
was characterized by Chernikov and co-workers34 from the arid 
regions of the U.S.S.R .• where it forms thin powdery crusts. 
Weeksite. the first of the 1: 3 uranyl silicates to be recognized 
(around 1950). was described by Outerbridge et al. 120 It re
sembles uranophane and occurs in rhyolites and sandstones. 
The sodium analogue of weeksite can be synthesized hydro
thermally at around 150-300°C. Haiweeite is a chemical 
analogue of weeksite. which contains Ca rather than K. It was 
described by McBurney and Murdoch104 from the Haiwee 
reservoir in California. U.S.A., where it occurs as yellow 
spherulitic aggregates on fracture surfaces in granite. Chernikov 
and co-workers33 described a mineral called ursilite, which is 
evidently equivalent to haiweeite. It also occurs in cracks in 
granitic rocks. One of the specimens that they described is Mg-

Table 9 Uranyl silicates 

Mineral Formula 

Soddyite (F) (U02hSi04·2H2O 

rich and probably represents a magnesium haiweeite as a valid 
mineral species . A mineral described as gastunite82 has been 
shown to be equivalent to haiweeite by Ertl and Ert!. 55 
Ranquilite 1 is also probably equivalent to haiweeite. Several 
unnamed uranyl silicate minerals have been described by 
Threadgold l73 from Northern Territory, Australia, Walenta l83 
from Menzenschwand, Germany, Emerson and Wright53 

from Montana, U.S.A., and Stohl and Smith l69 from New 
1\' 

t"lg. , 
silicates (uranium 2-5 polyhedra ruled and SiO. tetrahedra stippled) 

Chemically, the uranyl silicates form three groups depending 
on the uranium/silicon ratio. The most populated group, the 
1: 1 group, is one of the best studied. Stohl and Smith 169 and 
Sidorenko and co-workers l56 reviewed the crystal chemistry of 
these minerals. They showed that all 1: 1 minerals have essen
tially the same basic structural unit [(U02)Si041~n + , an infinite 
chain of edge-shared uranyl pentagonal dipyramids and silicate 

System Lattice constants, A (symmetry) 

Orth. a = 8.32b = I1.21 c = 18.71 (Fddd) 2: I 
I : I Betauranophane (F) (H30hCa(U02h(Si04h·3H20 Mono. a=6.64 b= 15 .55 c= 14.01/3=91 ° (P2 1Ia) 

a= 13.71 b=7.14 c= 12.35/3= 102.2 (P2J) 
a=9.21 b=6.63 c=7.06 

Boltwoodite 
Cuprosklodowskite (F) 

Kasolite (F) 
Sklodowskite (F) 
Sodium boltwoodite 
Uranophane (F) 

I: 3 Haiweeite 
Week site 
Haiweeite-(Mg) 

K2(U02h(Si030Hh·5H20 
(H,OhCu(U02h(Si04h-4H20 

Pb2(U02h(Si04h ·2H2O 
(H30 hMg(U 02h(Si04h · 4 H2O 
(H3Oh(Na,Kh(U02h(Si04h·2H20 
(H30hCa(U02h(Si04 h·3H2O 
Ca(U02hSi60 1S ·5H20 
K2(U02hSi60 1S ·4H2O 
Mg(U02hSi60 Is·9H20 

Mono. 
Tricl. 

Mono. 
Mono . 
Orth . 
Mono. 
Mono . 
Orth. 

ex = 90° /3 = 110° 'Y = 108°30' (PI) 
a= 13.31 b=7.02 c = 6.72 /3= 104.7 (P2J l c) 
a= 17.28 b=7 .03 c=6.56 /3= 105.88 (C2Im) 
a=27.40 b=7 .02 c=6.65 
a= 15 .87 b=7.05 c=6.66 /3=97 °15 ' (P2J) 
a= 15.4 b=7.05 c=7.10 /3=107 °52' (P2Ic) 
a= 14.26 b=35.88 c= 14.20 (Fmmm) 
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tetrahedra. These chains, shown in Fig. 9, cross-link through 
corner sharing to form infinite sheets. All the minerals of this 
group have these sheets, with slight differences, depending on 
how the free apex of the Si04 groups is arranged. The interlayer 
region contains the cations, oxonium and water molecules. 
Oxonium ions are an essential part of all structures except 
kasolite and possibly boltwoodite. Their role may be similar to 
that of oxonium in the uranyl oxide hydrates. The water of 
hydration seems to be of two types-that which forms part of 
the coordination sphere around the cation and additional water 
that appears to lie in open channels and behaves like that in a 
zeolite. This zeolitic water accounts for the variability in 
chemical analyses that have been reported. 

When crystalline, all the 1: 1 minerals show a bladed to 
acicular crystal habit. Often, the crystals form radiating sprays 
sometimes up to 5 cm in diameter. Individual crystals are rare; 
usually needles are many crystals in near-parallel orientation. 
Except for cuprosklodowskite, which is green, and kasolite, 
which is yellow-orange, the minerals are yellow to pale yellow. 
Uranophane and beta-uranophane show a weak yellow-green 
fluorescence in shortwave ultraviolet. Colour and crystal habit 
are the best field guides for identification, but X-ray diffraction 
is the best method for positive characterization. 

The 1: 3 uranyl silicates comprise haiweeite and weeksite. 
These minerals have the same occurrences as the 1: 1 minerals, 
but they are not as common. These minerals also show acicular 
to prismatic habits and yellow to white colours. The mineral 
ranquilite, which was described by de Abeledo and co-workers I 
is evidently identical with haiweeite. Ursilite may be a valid 
magnesium haiweeite, but more work is needed to validate its 
existence. A sodium analogue of week site occurs in hydro
thermal experiments at 300°C with synthetic nuclear reactor 
waste. 105 

Six of the members of the 1: 1 minerals have had structure 

1'1g. IU uranyl Silicate cnams m I: j uranYl Silicates luramum 1.-) 

polyhedra ruled and Si04 tetrahedra stippled) 
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determined by Smith and co-workers l61 and has been refined 
by Stohl and Smith. 169 The structure of beta-uranophane was 
determined by Smith and Stohl. 162 A structure analysis of 
boltwoodite was reported by Stohl and Smith. 169 The structure 
of kasolite was originally carried out by Huynen and co
workers87 and was refined by Mokeeva111 and by Rosenzweig 
and Ryan. 141 The sklodowskite structure was analysed by 
MokeevalO9 and refined by Huynen and Van Meerssche,88 
Mokeeva 110 and Ryan and Rosenzweig. 147 The cuprosklodow
skite structure was originally determined by Piret-Meunier and 
Van Meerssche l30 and was refined by Rosenzweig and Ryan. 139 . 
An anhydrous Na2(UOhSi04 was reported by Shashkin and co
workers,153 which shows an unrelated structure with uranium 
in 2-4 coordination. 

Crystal structure analyses of week site and the synthetic 
sodium analogue by Stohl and Smith169 and Anderson4 have 
shown that the basic structural unit is the [(U02)Si04 ] infinite 
chain as found in the 1: 1 compounds. The chains lie parallel 
(as shown in Fig. 10), but do not cross link. Instead, the addi
tional Si04 tetrahedra form bridges between the chains. These 
bridges have not been resolved in the crystal structure studies. 
The interlayer cations and water molecules have the same roles 
as in the 1: 1 cOll).pounds. Further structural studies are needed. 

The 2: 1 mineral soddyite also occurs in ways similar to the 
other uranyl silicates. No structure study has been accom
plished on soddyite, but it is evidently isostructural with 
(U02hGe04·2H20, a=8.179A, b= 11.515A, c= 19.297 A.97 
In this compound the same type of uranyl silicate chains exist, 
but they cross link by having each Si tetrahedrum part of two 
chains, as shown in Fig. 11. The resulting structure is a frame
work of chains crossing at 90°. Water molecules occupy sites 
withi·n the framework. 

Se~eral compositions have been reported for soddyite and 
there may be several related minerals rather than only one. 
Gorman 75 described the physical properties of soddyite, indi
cating that crystals are usually zoned, but the different parts 
show the same X-ray powder pattern. Stohl and Smith l69 

described another specimen that shows the same X-ray powder 

Fig. 11 Structure of soddyite, (U02)zSi04,2H20 (uranium 2-5 poly
hedra ruled and Si04 tetrahedra stippled; chains, as found in other 
uranyl silicates, lie 90 0 to one another and share Si04 tetrahedra) 



pattern but on which single crystal studies show a triclinic unit 
cell rather than the orthorhombic cell that is usually reported. 
It is quite evident that this group of minerals requires much 
work to clear up these problems. 

Uranyl phosphates and arsenates 
The uranyl phosphates and arsenates comprise the largest 
group of uranium minerals and, except for uranophane, the 
most abundant mineral group. Table 10 lists the known 
minerals in this group. The autunite and meta-autunite families 

Table 10 Uranyl phosphates and arsenates 

Mineral 

4:2 Arsenuranylite 

Bergenite 

Formula 

Ca(U02).(As04h(O H)4 ·6H20 
possibly 
Ca2(U02h(As04h(OH)4 ·6H20 
Ba(U02).(P04h(OH)4·8HzO 
possibly 

minerals. Kivuite is from the Kobokobo pegmatite, Kivu, 
Zaire, where it occurs as yellow earthy masses. Walenta and 
Wimmenauer187 showed that huegelite, originally described as 
a vanadate, was actually a Pb uranyl arsenate very similar to 
dumontite. It occurs as orange-yellow crystals in cavities in a 
hornstone breccia near Lahr, Baden. It is considered to be the 
arsenate analogue of dumontite. Phurcalite, phuralumite and 
upalite were described by Deliens and Piret.47 ,49 Phurcalite is 
from the Bergen, Vogtland, Saxony area, where it occurs as 
yellow platelets with specular hematite. Phuralumite and 

System Lattice constants, A (symmetry) 

Orth. 0= 15.40 b= 17.40 c= 13.77 

Orth. 0= 16.05 b= 17.76 c= 13.86 (Bmmb) 

Kivuite 

Renardite (F) 

BaZ(U02)3(P04)z(OH)4·8HzO 
(Th,Ca,Pb)(H30 h(UOzl4(P04)z(OH)g·5HzO 
possibly 
(Th,Ca,Pb)(H30)z(UOzh(P04h(OH)6·5HzO 
Pb(UOz).(P04)z(OH).-7HzO 

Orth. 0= 15.88 b= 17.24 c= 13.76 (Bmmb) 

Orth. 0= 15.9 b= 17.6 c= 13.8 
possibly 

3:2 Dumontite (F) 
Huegelite 
Phosphuranulite (F) 
Phurcalite 
Phuralumite 
Upalite 
Vanmeersscheite 
Metavanmeersscheite 
Autunite family (F) 
Dewindtite (F) 
Meta-autunite I 

Pbz(UOzh(P04)z(OH)4·7HzO 
Pbz(UOZh(P04h(OH)4·3HzO 
PbZ(UOZ)3(As04)z(OH)4·3HzO 
(H30hCa(UOzh(P04)z(OH)4·4HzO 
Caz(UOZh(P04h(OH)4·4HzO 
Ah(UOzh(P04h(OHk 10H20 
AI(U02)3(P04)z(OH)3 
U(U02h(P04)z(OH)6-4HzO 
U(UOzh(P04h(OH)4·2HzO 

Mono. 0=8.16 b= 16.73 c=7.02 (3= 110° 
Similar to dumontite 
Orth. 0= 15.85 b= 17.42 c= 13.76 (Bmmb) 
Orth. 0= 17.366 b= 15.957 c= 13.548 (Pbco) 
Mono. 0= 13.87 b=20.79 c=9.38 (3= 112° (P21/0) 
Orth. 0=34.68 b= 16.81 c= 13.72 (Bbcm) 
Orth. 0= 17.04 b= 16.76 c=7.023 (P2 1mn) 
Orth. 0= 34.18 b = 33.88 c= 14.074 (F<:>d2) 

1 : 1 R 1-2(U Ozh(T04)z· 8-12H20 
Pb(U02)z(P04)z·3HzO 

See Table II 
= renardite? 

2:3 
2:4 

family (F) 
Coconinoite 
Furongite 

R 1-2(U02h(T04)z ·6-8HzO 
Fe2Ah(U02h(P04h(S04)(OHh·20HzO 
Ah(U02)(P04h(OHh·8H20 

See Table 12 
Mono. 
Tricl. 0= 17.87 b= 14.18 c= 12.18 

<:>=67.8° (3=77.5 ,(=79.9 
0=7.123 b= 10.469 c=6.844 

<:>=100°34' (3=94°48' '(=91°16' 
0= 6.862 b = 10.425 c= 6.684 

<:>=101°26' (3=98°15' '(=86°17' 
0=6.95 b=6.95 c= 12.88 

Hallimondite 

Parsonite (F) 

Pseudo-autunite 
Walpurgite (F) 

Walpurgite-(P) 

Pb(U02)(P04h' nH20 

(H30)4CaZ(UOZh(P04)4·5HzO 
(BiOl4(U02)z(As04)4 ·6HzO 

are expanded and listed as individual species in Tables 11 and 
12. This group shows several divisions based on the U02 : T04 
ratio, and the individual divisions show considerable structural 
similarity. * The phosphates and arsenates are grouped together 
because of the many analogies that exist. 

Many of the phosphate-arsenate minerals have been des
cribed since Fronde!. 63 Arsenuranylite was described by 
Belova12 from the oxidized zone of a sulphide deposit, where 
it occurs as orange lichen-like growths with other uranium 
minerals. It was considered as the arsenate analogue of phos
phuranylite and probably should have a different formula. 
Bergenite, described by Biiltemann and Moh,21 and kivuite, 
described by Van Wambeke, 176 also were considered analogues 
of phosphuranylite-renardite and need more data on the true 
formula. Bergenite is found in dumps at a mine at Streuberg 
in Saxony, where it forms yellow crusts with other uranium 

*In a general crystal-chemical formula T stands for any of several tetra
hedrally coordinated cations and X for any three-coordinated cations. 

Tricl. 

Tricl. 

Orth. 
Tricl. 

Tricl. 

0=7.135 b= 10.426 c=5.494 
<:>= 101.47° (3= 110.82° ,(=88.20° 

upalite are from Kobokobo, Kivu, Zaire, where both occur in 
a beryl-columbite pegmatite. Vanmeersscheite and metavan
meersscheite, also from Kobokobo, have been described by 
Piret and Deliens. 127a 

Coconinoite, a phosphate-sulphate, was described by 
Young and co-workersl91 from several deposits in the Colorado 
Plateau, Arizona and Utah, U.S.A. It occurs as light yellow, 
soft encrustations in sandstones. It seems to represent a unique 
mineral group. 

Furongite was described by the Hunan 230 Laboratory84 as 
a yellow, minutely crystalline deposit on carbonaceous shale in 
the oxidized zone of an ilIuvial-type uranium deposit. Walenta 
and Wimmenauer187 described hallimondite from Lahr, 
Baden. It is very similar to parsonsite. Pseudo-autunite was 
characterized by Sergeev150 from fenitized rocks of the exo
contact zone of a massif of ultrabasic-alkaline rocks of 
northern Karelia, U.S.S.R. Walpurgite-(P), an unnamed phos
phate analogue of walpurgite, was described in Soboleva and 
Pudovkina. 163 
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Table 11 The autunite family 

Mineral Formnla 

Arsenuranospathite HAI(UOZ)4(As04)4·4OHzO 
Autunite (F) Ca(UOzh(P04h·8-12HzO 
Fritzcheite* (F) Mn(UOzh(VO.h·IOHzO 
Heinrichite Ba(UOzh(AsO.h·10-12HzO 
Kahlerite (F) Fe(UOzh(AsO.h·1O-12HzO 

Novacekite (F) Mg(UOzh(As04h·12HzO 
Sabugalite (F) HAI(UOz).(P04).·16HzO 
Saleeite (F) Mg(UOzh(P04h·IOHzO 
Threadgoldite AI(UOzh(PO.h(OH)·8HzO 
Torbernite (F) Cu(UOz),(PO.h·8-12HzO 
Uranocircite (F) Ba(UOzh(P04h·12HzO 
Uranospathite (F) HAI(UOZ)4(P04)4·4OHzO 
U ranospinite (F) Ca(UOzh(As04 h·lOHzO 
Xiangjiangite (Fe,AI)(UOz).(P04h(S04)Z(OH)·22HzO 
Zeunerite (F) Cu(UOZh(P04h AOHzO 

* More likely a member of the carnotite group. 

Table 12 The meta-autunite family 

System 

Tetr. 
Tetr. 

Tetr. 
Tetr. 

Tetr. 
Tetr. 
Tetr. 
Mono. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 
Orth. 
Tetr. 

Lattice constants, A (symmetry) 

a=7.00 c=20.64 (/4Immm) 
a=7.00 c=20.67 (/4lmmm) 

a=7.13 c=20.56 
a= 14.30 c=21.97 (P4zln) 
a=7.16 c=20.19 
a= 14.30 c=22.00 (P4zln) 
a=6.96 c= 19.3 
a=6.98 c= 19.71 (P4Inmm) 
a=20.25 b=9.85 c= 19.75/3= 111.4° (C2Ic) 
a=7.06 c=20.54 (/4lmmm) 
a=7.01 c=20.46 
a=7.00 c=30.02 (P42 In[?l) 
a=7.16 c=20.4 (/4Immm) 
a=7.17 b=7.17 c=22.22 
a=7.18 c=20.79 (P4lnnc) 

Mineral Lattice constants, A (symmetry) Formula System 

Abernathyite (F) 
Bassettite (F) 
Meta-ankoleite 
Meta-autunite (F) 
Meta-autunite II (F) 
Metaheinrichite 
Metakahlerite 
Metakirchheimerite 
Metalodevite 
Metanovacekite (F) 
Metatorbernite (F) 
Meta-uranocircite (F) 
Meta-uranocircite II (F) 
Meta-uranospinite (F) 
Metazeunerite (F) 
Przhevalskite 
Ranunculite 
Sodium meta-autunite 
Sodium uranospinite 
Trogerite (F) 
Trogerite-(P) 
Uramphite 

Kz(UOz)z(As04h·8HzO 
Fe(UOzh(P04h·8HzO 
Kz(UOZh(P04h ·6HzO 
Ca(U Ozh(P04h' 6HzO 
Ca(UOzh(P04h ·4-6HzO 
Ba(UOzh(As04h·8HzO 
Fe(UOzh(As04 h·8HzO 
Co(UOzh(AsO.h·8HzO 
Zn(UOz)(As04h·IOH20 
Mg(U02h(As04h·4-8HzO 
Cu(UOzh(P04h·8HzO 
Ba(UOzh(P04h·8HzO 
Ba(U02h(P04h·6HzO 
Ca(UOzh(As04h ·8H2O 
Cu(U02h(As04h ·8H20 
Pb(UOZh(P04h·2H20 
(H 3O)AI(UOz)(P04)(OH),·3H20 
(Na2,Ca)(U02h(P04h·8H2O 
(Na2,Ca)(U02h(AsO 4h· 5H2O 
U02(U02h(As04h·8HzO 
U02(UOzh(P04h·8H20 
(NH4h(U02h(P04h·4-6H20 

Several new autunite-like and meta-aut unite-like minerals 
include arsenuranospathite,I86 heinrichite and metaheinrich
ite,,,,77 threadgoldite,50 xiangjiangite,85 meta-ankoleite/o 
metakirchheimerite, 180 metalodevite,2 metakahlerite and meta
uranospinite,I81 przhevalskite, 163.164 ranunculite,48 sodium 
meta-autunite,32 sodium uranospinite,92 trogerite-(p)155 and 
uramphite."7 These new minerals occur in all types of secon
dary uranium deposits, including igneous and sedimentary 
terrains and pegmatites. 

The common nature of the uranyl phosphates and arsenates 
is evidently related to the ease of forming V02-P04 or VOr 
AS04 complexes in solution.95 Phosphorus and, apparently, 
arsenic are available in sufficient abundance around uranium 
deposits to allow these complexes to be significant factors in the 
transport of uranium in groundwater. These complexes can 
encounter the various cations represented in the mineral list and 
precipitate directly as the mineral species or a pre-existing 
mineral may exchange its cations with another in solution. 
Evidently, more than one complex may exist in solution, as 
suggested by the several types of crystal structures encountered. 
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Tetr. 
Mono. 
Tetr. 
Tetr. 
Orth. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 
Mono. 
Tetr. 
Tetr. 
Orth. 
Mono. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 
Tetr. 

a=7.176 c= 18.126 (P4Incc) 
a=6.98 b= 17.07 c=7.01 /3=90°32' 
a=6.993 c=8.891 (P4lnmm) 
a=6.972 c=8.47 (P4lnmm) a= 19.65 c=8.47 
a=6.551 b=7.053 c=8.164 (Pmmm) 
a=7.07 c= 17.74 (P4zlm) 
a=7.18 c=8.58 
a=7.16 c=8.60 
a=7.16 c= 17.20 (P42/m) 
a=7.16 c=8.58 (P4In) 
a=6.969 c= 17.306 (P4In) 
a=6.94 c= 17.65 (P4zlm) a=7.19 c=8.81 (P4lnmm) 
a=9.855 b=9.756 c= 16.84 ")'=90°36' (P2Il 
a=7.14 c= 17.00 (P4Inmm) 
a=7.10 c= 17.42 (P4zln) 

a= ILl b= 17.7 c= 18.0 /3=90° 
a=6.97 c=8.96 (P4Inmm) 
a=7.12 c=8.70 (P4Inmm) 
a=7.16 c=8.80 (P4Inmm) 
a=7.02 c=8.49 (P4Inmm) 
a=7.01 c=9.05 

Chemically, the uranyl phosphates fall into five distinct 
groups, depending on the V02 : T04 ratio, though the classifi
cation of some of the species is in doubt. Phosphuranulite, for 
example, has been reported with V: P both 4: 2 and 3: 2. The 
similarity of the unit cells in the 4: 2 and 3: 2 groups suggests 
that this problem may be more prevalent. Crystal structures 
for dumontite,I29 phosphuranylite,I54 phurcalite l23 and 
phuralumite l28 verify the 3: 2 ratio and show a chain unit, 
[(V02h(P04)z(OH)zl. which is the basic unit of this group. 
This structure is shown in Fig. 12. Pentagonal and hexagonal 
dipyramids of uranium polyhedra share edges with other di
pyramids and with P04 tetrahedra. Corner sharing results in a 
sheet-like unit. Cations and water molecules occupy inter layer 
sites. No structural study has been made on any of the 4: 2 
compounds, but their powder patterns and cell dimensions are 
very similar to phurcalite and the other 3: 2 compounds, which 
suggests that they may actually be 3: 2 compounds. 

By far the largest and best studied group of phosphates and 
arsenates is the 1: 1 compounds. Except for dewindtite, which 
is a doubtful phase, possibly equivalent to renardite, this group 



Fig. 12 Uranyl phosphate chain and sheet structure as found in 3: 2 
uranyl phosphates (uranium 2-5 and 2-6 polyhedra ruled and PO. 
tetrahedra stippled) 

may be divided into two families-the autunites and the meta
autunites. Both these families have the same basic structural 
unit, an infinite sheet, and differ primarily in the degree of 
hydration and the way in which the sheets are stacked. If the 
mineral is near maximum hydration, the layer spacing is around 
lOA (or 20A for doubled cells). These minerals comprise the 
autunites. The sheet unit is usually [(U02h(T04hl, and the 
corresponding level of hydration is usually 1O-12H20. When 
the hydration level is 6-8H20, the layers collapse somewhat, 
and the layers spacing is around 9A (or 18A). These minerals 
comprise the meta-autunites. So many pairs of minerals have 
the same composition, but differ in water content, that it is now 
customary to use the same name and add the 'meta' prefix to 
the lower hydrate. Even when an equivalent higher hydrate is 
not known to occur naturally, it is now the practice to use the 
'meta' prefix if the layer spacing is 9 A . Thus, meta-ankoleite 
and metalodevite are used, even though ankoleite or lodevite 
have not been described. 

The meta-autunite family is the largest family, probably 
because many of the minerals are found in sandstone deposits 
in arid or semi-arid climates. Actually, practically all museum 
specimens of the autunite minerals prove to be meta-autunites 
when rechecked. This situation suggests that many specimens 
were initially misidentified or it may be that they have de
hydrated in the museum atmosphere during storage. Once an 
autunite has dehydrated, which appears to happen readily, 
rehydration does not occur. The occurrence of an autunite thus 
implies formation in a cool humid climate and minerals from 
such localities should be carefully collected and maintained in 
a humid state for study. 

Crystal structure studies have only been made on members 
of the meta-autunite family. Abernathyite and metatorbernite 
have been studied by Ross and Evans,143 and Ross and co
workers,144 meta-uranocircite by Zolensky193 and Khosrawan
Sazedj,89. threadgoldite by Piret and co-workers,124 and 
hydrogen-meta-autunite by Morosin. 112 These studies verify 
the general meta-autunite structure proposed by Beintema,1O 
but show that there are subtle structural differences among 
the species. The basic unit is an infinite sheet of 2-4 U06 
polyhedra and (P ,As)04 tetrahedra, which share corners. 
Ideally, this sheet has tetragonal symmetry. It is shown in 

. Fig. 13, which also shows how the sheets are proposed to 

Fig. 13 Ideal uranyl phosphate sheet structure as found in autunite 
and meta-autunite families. (a) (top), structure of [(U02)(T04 )] sheet; 
(b) (centre), stacking of sheets in autunite family; (c) (bottom), stacking 
of sheets in meta-autunite family. After Beintema 10 
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stack in autunite and meta-autunite. In all the examined struc
tures the tetrahedra articulate from the ideal orientation due to 

00 
o 0 0 00 0000 

o 
0000 

0(1)0 0(1)0 

two superImpOsed [l UU2)lAsU4)J sneets snowmg alternatmg artIcu
lation of polyhedra in adjacent sheets; (b) (boltom), stacking of sheets 
in metatorbernite showing interlayer water and cations. Cu atom is the 
small circle. In abernathyite Cu site is not occupied and K is disordered 
on H 20 sites. After Ross and Evans l43 and Ross and co-workers '44 
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hydrogen bonding. The actual structure of the sheet in aber
nathyite is shown in Fig. 14(a). The rotation of the tetrahedra 
results in a more efficient packing of atoms. The sheets are 
corrugated in that uranyl groups are alternately displaced plus 
or minus from the average plane of the sheet, depending on 
which corner of the P04 tetrahedra they link to. As proposed 
by Beintema, 10 the corrugations of the sheet arrange themselves 
in parallel in the meta-autunite structures but antiparallel in the 
autunite compounds. Clusters of water molecules occur in the 
pockets between the sheets along with the alkali-earth or alkali 
cation. Two arrangements have been found for these interlayer 
ions. In metatorbernite (Fig. 14(b» distinct Cu ions lie at the 
centre of a square of four water molecules and between the 
uranyl ions of the sheet. In abernathyite, meta-uranocircite and 
hydrogen-meta-autunite the cation site is not occupied and 
the K+, Ba+2 or (H30)+ appears to replace one of the water 
molecules o f the square array in a disordered fashion. The very 
low true symmetry of the low-temperature form of meta
uranocircite suggests that the Ba may order, but this effect has 
not yet been confirmed. 

Specimens of trogerite and meta-uranocircite are known to 
transform from tetragonal to lower symmetry at temperatures 
near room temperature. For trogerite the transformation is 
around 25°C;44 for meta-uranocircite it is at lO8°e. 193 A slight 
distortion in the structure results and the crystals show an 
extensive cross-grid twinning. Similar transformations occur in 
other minerals also-for example, Ca and Pb meta-autunites, 
and may explain the reported meta-autunite II, which is ortho
rhombic. 

The structure of threadgoldite determined by Piret and co
workers l24 shows a complicated derivative of the autunite 
structure. The structure consists of [UOzP04l~- layers that are 
only slightly distorted from the square array. The stacking of 
the layers shifts parallel to c (the a-axis corresponds to the c-axis 
in the tetragonal forms) to accommodate an interlayer AlzOIO 
double octahedral cluster and to yield a monoclinic structure. 

The 2: 4 compounds appear to have unrelated crystal struc
tures. Walpurgite shows a chain unit of 2-4U06 edge-shared 
polyhedra with attached As04 tetrahedra. 106b Pseudo-autunite 
may be related to the autunite family with extra P04 tetrahedra. 
The other compounds probably have a sheet-like structure also. 
Coconinoite is a mixed phosphate-sulphate and is therefore 
quite unique. Until the X-ray powder pattern is indexed and a 
unit cell is determined, no comments on its character can be 
made. 

The mineral fritzcheite is an enigma. It has been reported to 
be a member of the autunite group, but this classification is 
based primarily on morphology. No X-ray data exist and 
optical data reported by Fairchild59 indicate a biaxial character. 
As a vanadate it is more probable that fritzcheite should be 
grouped with the other vanadates. There is a report of a syn
thetic Mn phase that supposedly shows a structure related to the 
autunites,63 but C::sbronz4 reported a Mn(UOz)z V Z08 ·4HzO 
that is related to other vanadates based on its unit cell. This 
question cannot be resolved unless the original type material 
could be examined, but on the basis of the information avail
able it is best to consider fritzcheite along with the other 
vanadates. 

Uranyl vanadates 
The uranyl vanadates form mineral groups distinct from the 
phosphates and arsenates because of the markedly different 
chemistry of the vanadium ion. Like uranium, vanadium shows 
several valence states in nature, and its detailed mineralogy is 
very complex. The crystal chemistry of vanadium was reviewed 
by Evans. 56 In its lower valence states it forms distinct 
vanadium minerals, but in its higher valence state 5 + it com-



bines with U6+ to form several minerals. These minerals are 
listed in Table 13. 

Table 13 Uranyl vanadates 

Mineral Formula System 

Carnotite group 
Carnotite (F) KZ(U02hV2OS·3H20 Mono 
Curienite Pb(U02hV2OS·5H2O Orth. 
Francevillite Ba(U02)zV2OS·5H2O Orth. 
Fritzcheite (F) Mn(UOzh V 208 .1 OH20 Orth. 
Margaritasite CS(U02)z V 20B·l.5H20 Mono. 
Metatyuyamunite (F) Ca(U02)z V 20s-3-SHzO Orth. 
Metavanuralite Al(U02h V zOg(OH)·8HzO Trie!. 
Sengierite (F) CU2(UOzh VzOg(OHh·6HzO Mono. 
Strelkinite Na2(UOzhVzOs·6H20 Orth. 
Tyuyamunite (F) Ca(U02)zV20g·8H20 Orth. 
Vanuralite AI(UOz)z V 20B(OH)·11 H 2O Mono. 
Vanuranylite (H 30)z(U02)z V Z08 AHzO Mono. 

Unclassified 
Ferghanite (F) (UOz)JVzOg·6H20 
Rauvite (F) Ca(U Ozh V 10028 ·16H2O 
Unnamed Ca-U-V-0-H2O 
Unnamed Pb-U-V-O-HzO 
Uvanite (F) (UO,lz V60 1,.ISH2O 

The uranyl vanadate minerals are most commonly found 
in the sandstone uranium deposits. In the Colorado Plateau 
area of the United States they are, in fact, very abundant. 
Langmuir95 has shown that uranyl vanadates are the least 
soluble of all the uranium minerals, which indicates that if any 
vanadium is present, it will effectively precipitate the uranium. 
Concentrations of carnotite and tyuyamunite are large enough 
in some areas to be actually the major ore mineral in some 
deposits. Carnotite is the dominant mineral in some calcrete 
deposits in Australia. 101 Usually, the minerals occur as fine 
coatings on sand grains and in the pore spaces. Rarely are they 
sufficiently coarsecgrained to reveal distinct crystals. Carnotite 
and tyuyamunite are usually recognized by their greenish
yellow colour, which is rather distinctive but not unique among 
the yellow uranium minerals. The better crystalline forms are 
bright yellow. Most of the other vanadates are also yellow, 
except for sengierite, which is green owing to the Cu, and 
rauvite and uvanite, which are brown or blackish violet. 
Rauvite and uvanite often show a waxy appearance and coat 
slickensided surfaces. Individual crystals of these two minerals 
have never been obtained. 

About half these minerals have been described since 
Frondel's63 monograph. Curienite was identified as a new 
mineral by Cesbron and Morin28 from the mineralized sand
stones of Mounana mine, Gabon, where it occurs with france
villite. Francevillite was recognized by Branche et al. 15 from the 
region of Franceville, Gabon, where it occurs as impregnations, 
cryptocrystalline veinlets and in moderate-size crystals. It has 
since been found in several localities, including other sandstone 
deposits and alteration zones in pegmatites. Strelkinite was 
described by Alekseeva et al. 3 from Palaeozoic carbonaceous
siliceous shales and has since been found in other related rocks. 
Vanuralite was first characterized by Branche et al. 16 from 
Mounana, Gabon. Cesbron23 recognized two hydration states 
and fully characterized vanuralite as well as metavanuralite. 
Vanuranylite is the oxonium member of this group and is found 
in sandstone deposits in the U.S.S.R. It was described by 
Buryanova and co-workers. 22 Margaritasite, the newest 
mineral to be described, was found in Mexico by Wenrich
Verbeek et al. 189 

In the crystal chemistry review of the vanadium minerals it 
was shown56 that vanadium occurs as different complex units 

Lattice constants, A (symmetry) 

a= 100471 b=8Al c=6.S9 {3= 103°50' (P2 1/a) 
a= 10040 b=8A5 c= 16.34 (pcan) 
1= 10041 b=8.51 c= 16.76 (Pcan) 
a= 10.59 b=8.25 c= 15.54* (Pnam) 
a= 10.51 b=8A5 c=7.32 {3= 106°5' (P2 1/a) 
a= 10.54 b=8A9 c= 17.34 (Pnam) _ 
a= 10046 b=8A4 c= 10043 a=75°53' {3= 102°50' ,=90° (PI) 
a= 10.62 b=8.10 c= 10.11 {3= 103°36' (P2 1/a) 
a= 10.64 b=8.36 c=32.72 (Pnmm) 
a= 10.36 b=8.36 c=20.40 (Pnan) 
a = 10.55 b = 8044 c = 24.52 {3 = 103° (A 21 a) 
a= 10049 b=8.37 c=20.30 {3=90 0 ? 

in the structures. The V5+ may form discrete V04 groups as in 
vanadinite, but only fritzcheite has been proposed to have this 
anion. More commonly, vanadates polymerize into complex 
anions. Of the known polyanions only (V20 8)6- and (V 100 28)6-
have been verified in uranium vanadates. The structural unit in 

Fig. 15 Complex vanadate ions found in uranyl vanadate minerals. 
(a) (top), (V20 g)6- unit of carnotite family. After Cesbron and 
Borene.Z5 (b) (bottom), (V100 2S)6- ion as found in rauvite. After 
Swallow and co-workersl?O 
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uvanite is not known, but it may be (V 6017)4-. 
The vanadates in Table 13 have been grouped into a carnotite 

family and other minerals. The carnotite family is characterized 
by the crystal unit cells with essentially the same 0 and b dimen
sions, the structures having V20S polyanions. The V20s ion 
results from the edge sharing of two VOs groups. Each VOs 
group is a square pyramid with the V centrally located. Two 
pyramids share base oxygens, so the bases are essentially co
planar and the apices point in opposite directions (Fig. 15(0)). 
All the minerals of this family are comprised of a sheet of 
uranyl pentagonal dipyramids and these V zOs polyhedra. This 
sheet and its stacking, from francevillite, is shown in Fig. 16. 
The sheet lies parallel to the (001) plane in all the carnotite 
minerals . The structures of the minerals differ in the ways in 
which these sheets stack and in the arrangement of the inter
layer ions. 

Fig. 16 Structure of francevillite, Ba(UOz)zVzOs· 5HzO . (a) (top), 
structure of [(UOz)zVzOg) unit; (b) (bottom), stacking of sheets 
showing interstitial cations and water molecules (uranium 2-5 poly
hedra ruled and VzOs groups stippled. After Shashkin l5z) 
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Crystal structures have been determined or proposed for 
almost every member of the carnotite family and some addi
tional synthetic analogues as well. A synthetic anhydrous 
carnotite and anhydrous margaritasite were described by 
Appleman and Evans. 7 Curienite was solved by Borene and 
Cesbron,14 francevillite by Shashkin, ISZ sengierite by Piret and 
co-workers1zs and a synthetic Ni analogue by Borene and 
Cesbron. 14 Structures for vanuralite and metavanuralite have 
been proposed by Borene and Cesbron.14 The structures do 
differ in that adjacent sheets may be parallel or anti parallel and 
they may be directly over the underlying sheet or shifted signifi
cantly. Fig. 16(b) shows the stacking of the sheets in france
villite. Fig. 17 shows five different ways in which the sheets can 
stack. Each stacking results in a different unit cell and crystal 
symmetry. There are probably other ways in which the stacking 
may develop, as suggested by the various values reported for 
the c-axis and symmetry differences. 

The meta designation in this family implies a loss in water, 
as in the autunites . This loss of water results in shifts in the 
stacking of sheets, a change in the sheet spacing and possibly 
changes in the number of sheets in a unit repeat along the c-axis. 
As in the autunites once the dehydration occurs, it is very 
difficult to rehydrate the phase . 

• • 

• 

• 

• • 

• • 

• 

• 

• • 
Fig. 17 Stacking of adjacent [(UOz)zVzOs] sheets in minerals of 
carnotite family. (a) (above), Ni(UOzhVzOs ·4HzO, Pnam; (b) (top 
left), Carnotite, Kz(UOz)zVzOg·3HzO, P211a; (c) (bottom left), 
curienite, Pb(UOz)zVzOg·5HzO, Pcan; (d) (top right), metavanuralite, 
AI(UOz)zV20 8(OH)·8HzO, pI; (e) (bottom right), vanuralite, 
Al(UOz)z Vz08(OH)· 11 H20, A21 a. After Borene and Cesbron 14 (V 20g 
groups shown along with positions of uranium) (See also facing page) 
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have another consequence. It is evident that some substitution 
of the interlayer cation may take place, but complete exchange 
of many of the cations will be impossible because of the struc
tural differences. Ba can probably replace Pb but not Ca or AI. 
This situation is quite different from that in the autunites, 
where essentially complete exchange of all ion pairs is possible. 

The only other polyanion to be verified among the uranyl 
vanadates is the decavanadate (V 100 28)6-. The structure of this 
ion was found by Evans58 for K2Zn2V 100 28 ·H20 and Swallow 
and co-workers 170 in pascoeite, Ca3VlO028 . 17H20 . Its structure 
is shown in Fig. 15(b). This ion probably occurs in rauvite. It 
has been verified in hureaulite, Nll4MgV 10028·24H20. The 
mineral uvanite appears to have a group (V6017)4-, but this unit 
has not been found in any other vanadium compound. 

Two unnamed and poorly characterized uranyl vanadates 
have been reported by Threadgold173 from EI Sherana mine, 
Northern Territory, Australia. 

Uranyl molybdates 
The uranyl molybdate minerals are relatively poorly charac
terized. The first uranyl molybdate mineral was recognized by 
Brophy and Kerr,2° but since then a number of minerals that 
belong to this group have been described from many different 
deposits (Table 14). An affinity of uranium and molybdenum, 
especially in roll-front type deposits, has been known for some 
time. Initially, only minerals with U6+ were recognized, but the 
occurrence of such minerals as sedovite159 shows that U4+ com
pounds also exist. 

Table 14 Uranyl molybdates 

Mineral 

Calcurmolite 
Cousinite 
Iriginite 
Moluranite 
Mourite 
Sedovite 
Umohoite (F) 

Formula 

Ca(U02h(Mo04h(OHh ·11 H20 
Mg(U02)z(Mo04)z(OH)z·5H20 
(U02)Mo207·3H20 
H4U(U02h(Mo04h 
UMosOn(OH)ro 
U(Mo04h 
(U02)(Mo02)(OH)4·2HzO 

Umohoite was first described from a hydrothermal deposit 
at Marysvale, Utah, U.S.A., and has since been found in sand
stone deposits by Coleman and Appleman41 and at Katanga, 
Zaire. 126 It usually occurs at the edge of the un oxidized zone 
as intergrowths with other minerals, including uranium oxides. 
It is definitely a U6+M06+ compound and evidently represents 
one of the first oxidized uranium compounds to form. It is a 
difficult mineral to recognize when associated with U4+ 
minerals because of its blue-black colour, and it is probably 
more common than might be suspected. 

Other minerals of this group include calcurmolite, described 
by Rupnitskaya 146 from a hydrothermal vein, and cousinite, 
recognized by Vaes174 from Katanga, Zaire. Iriginite and 
moluranite were described by Epstein54 from a granulated 
albitite in the U.S.S.R. Mourite93 and sedovite l59 contain U4+ 
and were discussed under uranous minerals. 

The only mineral in this group that has been studied 
extensively is umohoite. Several X-ray studies have been 
made. 5,41,89.126,160 The proposed cells do not agree. Although 
a=6.38A and b=7.50A are similar in all reports, the c-axes 
differ and the cells are described as both monoclinic and ortho
rhombic. Makarov and Anikina 100 reported a structure for 
umohoite, which may help to explain the differences that have 
been observed. The basic structure (Fig. 18) consists of double 
layers of composition [(U02)(Mo02)(OH)4ln. These layers are 
composed of hexagonal dipyramids of both U and Mo, which 
edge share to form the continuous sheets. Two sheets cross-link 
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through hydrogen bonds between the OH ions and the 0 of the 
uranyl and molybdenyl ions. These double layers are electri
cally neutral and may stack in different ways, depending on the 
amount and nature of inter layer molecules. The hydrogen 
bonding probably distorts the sheets from ideal configurations 
as well. These potential differences suggest that more than one 
form of umohoite exists. 

The layer structure of umohoite may be the basis for a family 
of minerals with U : Mo = 1 : 1. Both calcurmolite and cousinite 
fit this condition. By replacing OH- ions in the sheets with 0-2 

ions, a charge can be created on the double layer that must be 
compensated by interlayer cations. Available X-ray data are 
not sufficient for this theory to be tested. 

The mineral iriginite has been studied by Serezhkin et al. 149 

The structure is quite different from that of umohoite. The 
uranium is in 2-5 coordination and the molybdenum is 6-
coordinated. The MoOs(H20) octahedra share edges in pairs 
and with the U07 dipyramids. A chain structure results that 
corner links to form the sheet as shown in Fig. 19. The sheets 
are held together through hydrogen bonds. 

Uranyl sulphates 
Minerals of the uranyl sulphate group are fairly widespread in 
occurrence, but usually are not found in any abundance. This 
distribution is undoubtedly due to the moderate to high solu
bility of these compounds and the rather limited conditions 
under which they may form. Their formation requires the 
absence of other oxyanions, such as V04, P04 and As04. They 

System Lattice constants, A (symmetry) 

Orth. a= 12.77 b=6.715 c= 11.53 (Pca2d 

Mono. a=24.426 b=7.185 c=9.895 {3= 102°10' 

Mono. a=6.32 b=7.50 c=57.8 {3=94° (P2 1/c) 

are usually found very close to actively oxidizing uraninite and 
sulphide minerals. Most commonly, they form in cracks and 
vein lets and as efflorescences on mine walls soon after an adit 
is opened. One of the most spectacular occurrences is at Happy 
Jack mine in Utah, U.S.A., where ad it walls show thick 
coatings of uranopilite, zippeite and johannite along with 
schoepite. The strong fluorescence of these minerals results in 
remarkable displays under shortwave ultraviolet. 

The uranyl sulphates listed in Table 15 are surprisingly 
poorly characterized. Only johannite and sodium zippeite have 
even yielded crystal unit cells. For a long time the zippeite 
family was the least understood, but Frondel et al. 65 has shown 
that a series of zippeite-related minerals have different alkali, 
alkaline-earth or divalent transition cations in combination 
with uranyl and sulphate. All of the powder patterns are very 
similar, but are based on superstructures of an a=8.82A, 
b=17.12A, c=7.32A pseudo-cell. No crystal structure has 
been proposed for these compounds but, by analogy with other 
uranyl tetrahedral anion compounds, it is either a sheet struc
ture or a chain structure. Several sulphate structures have been 
studied, none of which has natural counterparts. The com
pound CS2(U02)z(S04}J solved by Ross and Evans142 has a 
sheet structure with uranium in 2-5 coordination. The con
figuration of this sheet is shown in Fig. 20. It might be related 
to the structure of coconinoite. Structures have also been 
reported for U02S04·2.5H20 by Van der Putten and 
Loopstral75 and UOzS04·3.5H20 by Brandenburg and 



Fig. 18 Structure of umohoite. U02Mo04-4H20 (uranium 2-6 
polyhedra ruled and molybdenum 2-6 polyhedra stippled). (al (top). 
projection of one [U02Mo02(OH)4] sheet; (b) (bottom). stacking of 
sheets. Modified from Makarov and AnikinalOo 

Loopstra. 17 These compounds have chain structures, shown in 
Fig. 21, which may be analogous to johannite. Niinisto and co
workers 118 described the structures of other complex uranyl 
sulphates. 

The minerals uranopilite and meta-uranopilite were ade
quately discussed by Fronde!. 63 New data on johannite are 
available. 106a A synthetic (U02)6S04(OHho- 13H20 has been 
prepared by Cordfunke,43 but it does not seem to correspond 
to uranopilite. The sulphate-containing minerals coconinoite 

Fig. 19 Structure of iriginite, U02Mo20 7 ·3H20 (uranium 2-5 poly
hedra ruled and Mo06 octahedra stippled; interlayer water molecules 
shown as circles) 

Fig. 20 Structure of sheet found in CS2(U02h(S04h (uranium 2-5 
polyhedra ruled and 504 tetrahedra stippled) 

and schroeckingerite are discussed elsewhere in this paper. 
Walenta 185 has described an unnamed mineral of Na, Mg, U, 

with borate and sulphate. A Ca, Mg uranyl sulphate has also 
been described by Kiss. 91 Neither of these minerals has yielded 
sufficient information to characterize them adequately . A large 
number of synthetic uranyl sulphates have been described in the 
Powder diffraction file, 131 some of which may well occur 
naturally. 

Uranyl carbonates 
The uranyl carbonate minerals are found as coatings on a 
variety of other uranium minerals and usually occur in deposits 
located in arid climates or on the walls of mine adits, where they 
form as efflorescences. The minerals are all very soluble in 
water, and evidence in many localities indicates very recent 
deposition from water migrating away from primary deposits. 
Most uranium carbonates show low radioactivity, which 
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Table 15 Uranyl sulphates 

U02:T04 Mineral Formula System Lattice constants, A (symmetry) 

6 : I Meta-uranopilite (F) (U02MS04)(OH)IO·5H2O 
Uranopilite (F) (U02MSO.)(OH)IO·12H2O Mono. 

2 : I Cobalt zippeite C0 2(U02MSO.MOH)IO·16H20 Orth . 
Magnesium zippeite Mg2(U02MS04h(OH)IO ·16H20 Orth. 
Nickel zippeite Ni2(U02MSO.h(OH)IO·16H20 Orth . 
Sodium zippeite Na.(U02MS04h(OH)IO·16H2O Orth . a=8.80 b=68.48 c= 14.55* 
Zinc zippeite Zn2(U02).(SO.h(OH)lO" 16H2O Orth . 
Zippeite (F) K.(U02MS04h(OHho·16H20 Orth. 

1:1 lohannite (F) Cu(U02h(SO.h(OHh·8H2O Tricl. a =8.903 b=9.499 c=6.812 
a= 109.87° (3= 112.010 -y= 100.40° 
(PI) 

2:3 Coconinoite Fe,Ah(U02h(PO.hS04(OHh·20H20 Mono . 
1:2 Schroeckingerite (F) NaCa3(U02h(C03hSO.F·IOH20 Tricl. a=9 .60 b=9.62 c= 14.46 

* 

Fig. 21 Structure of U02S04 chains in I : I uranyl sulphates as found 
in U02S0.·3Y:zH20 (uranium 2-5 polyhedra ruled and SO. tetra
hedra stippled. After Brandenburg and Loopstra17) 

suggests that recent solution separated out daughter products 
before reprecipitation. Rainfall in desert areas often dissolves 
carbonate minerals at the surface (including mine dumps) and 
redeposits them below the surface. 

The uranyl carbonates as a group are relatively easy to recog
nize visually because of their strong fluorescence and greenish
yellow colours. They may occur as thin coatings, as crystals in 
pore spaces or vein lets in cracks. Many members of this group 
were described in Frondel. 63 Schroeckingerite is the most 
common mineral of this group and has been mined in a few 
small surface deposits as the principal ore mineral. Ander
sonite, liebigite, rutherfordine andbayleyite have also been 
reported at numerous localities . The other minerals of the list 
in Table 16 are relatively rare . 

Using the classification scheme based on UOz: C03 ratios, 
the minerals fall into several groups. The 1: 3 group is the most 
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a =91 °42 ' (3=91°48' -y = 120°05 ' (PI) 

populated, probably because of the ease of formation of the 
structural unit [UOz(C03h14 - . This unit has been found in the 
structures of andersonite and liebigite !06c and has been verified 
as a stable solution complex by Langmuir . 95 The structure of this 
complex is shown in Fig. 22. Three C03 groups edge share with 
a uranyl ion to form a 2-6 coordination around the uranium. 
In the structure of andersonite39 and liebigite6 these units are 
cross linked through alkali and alkaline-earth cations to form 
a three-dimensional structure. The cell constants do not indi
cate any similarities within the various groups except for 
zellerite-metazellerite. The only other group from which 

Fig. 22 [U02(C03h14- unit as found in Iiebigite and andersonite 
(three C03 groups (stippled) edge share with uranium 2-6 poly
hedron) 

structural information has been produced is the 1: 1 group. 
Rutherfordine has been solved by Christ and co-workers36 and 
exhibits a layer structure. The carbonate groups lie in planes 
arranged in a close-packed hexagonal array. Four C03 groups 
surround a UO~+ ion, so two edge share and two corner share 
to give the uranium a 2-6 coordination. This sheet is electri
cally neutral and there is some disorder in the way in which 
sheets stack. The sheet structure is shown in Fig. 23. Evidently, 
variable amounts of water can enter the inter layer region, 
yielding sharpite and joliotite. Based on the unit cell data, the 
structures of the hydrated forms differ considerably from the 
anhydrous rutherfordine. 

Several uranyl carbonate minerals have been described since 
Fronde!. 63 Wyartite was described by Guillemin and Protas,78 
who recognized that specimens labelled ianthinite from 
Katanga, Zaire, were actually a carbonate that formed as a 
second-stage alteration product of uraninite. Like ianthinite, it 



Table 16 Uranyl carbonates 

U02:C03 Mineral Formula System Lattice constants, A (symmetry) 

3:1 Wyartite Ca3U(UOzl6(C03h(OH) ,s ·3-5H2O Orth. a=11.25 b=7 . lOc=16.83 (Pnma) 
a= 11.25 b = 7.10 c= 20.80 (P2,2,2,) 

1 :1 loliotite (UOz)(C03)·1 .5-2HzO Orth . a=8 .16 b = 10.35 c=6.32 (Pmmm) 
Rutherfordine (F) (UOZ)(C03) Orth. a=4.845 b=9 .205 c=4.296 (Pmmn) 
Sharpite (F) (U02)(C03) ' H2O Orth . 

1 :2 Metazellerite Ca(UOz)(C03), ·3H20 Orth . a=9.718 b= 18.226 c=4.965 (Pbnm) 
Zellerite Ca(U Oz)( C03), ' 5HzO Orth. a = 11.220 b= 19.252 c=_4.933 (Pmnm) 

I: 3 Andersonite (F) NazCa(UOZ)(C03h·6HzO Hex. a = 18.009 c = 23.838 (R3) 
Bayleyite (F) Mgz(UOz)(C03)r 18HzO Mono. a=26.65 b= 15.31 c=6 .53 11=93 °4 ' (P2Ia) 
Grimselite K3Na(UOz)(C03h·HzO Hex. a = 9.30c=8 .26 (P62c) 
Liebigite (F) Caz(UOz)(C03h·11 HzO Orth. a= 16.699 b= 17.577 c= 13 .697 (Bba2) 
Rabbittite (F) Ca3Mg3(UOz),(C03l6(OH)4·18HzO Mono. a=32.6 b=23 .8 c=9.45 11=90° 
Schroeckingerite (F) NaCa3(UOz)(C03hS04F·IOHzO 

Swartzite CaMg(UOz)(C03h ·12HzO 
Widenmannite Pbz(U Oz)( CO 3h 

1 :4 Voglite (F) CazCu(UOz)( C03)4 ·6HzO 
1 :6 Mckelveyite Ca3Na(Ca, U)Y(C03)dHzO 

Fig. 23 Structure of rutherfordine , UOzC03 (uranium 2-6 poly
hedra ruled and C03 triangles stippled . After Christ et al. 36) 

is not fully oxidized . Wyartite is a dark violet black colour 
indicative of the presence of mixed valence state of uranium. 
It may occur in several states of hydration with consequent 
changes in X-ray pattern similar to the behaviour of schoepite. 
Two forms of wyartite have been verified by Clark,38 which 
show different c-axis lengths. 

Joliotite and widenmannite were described by Walenta and 
Wimmenauer 187 and Walenta 184 from the Michaelgang in 
Germany, where they occur as small radiating clusters. The 
later study fixed the composition of widenmannite and deter
mined that it was one of the 1: 3 minerals. Metazellerite and 
zellerite were described by Coleman and co-workers42 from 
Wyoming , U .S.A., where they occur as pincushion clumps of 
needle-like crystals on uranium ore intimately associated with 
gypsum and iron oxides. These minerals, which evidently have 
a layer structure, show different states of hydration analogous 
to the autunites . Grimselite was also described by Walenta. 182 
It occurs with schroeckingerite and two unknown non-uranium 
carbonates. The crystals are yellow and granular, so the mineral 
probably has a structure similar to andersonite and liebigite. 
The occurrence is in mineralized aplitic granite. New data on 
voglite have been presented by Piret and Deliens 127 on speci
mens from Jachymov, Czechoslovakia, and Utah, U .S.A. 

Tric1. a=9.60 b=9 .62 c= 14.46 
a=91 °42 ' 11 =91°48' )'= 120°05' 

Mono. a= 11.21 b = 14.72 c = 6.47 11 = 99°26 ' (P2, l m) 
Orth. a=8.99 b = 9.36 c=4.95 (Pnmm) 
Mono. a=25 .94 b=24.50 c = 10.70 11= 104.0° (P2, / *) 
Hex. a=9.174 c= 19. 154 (P3) 

Mckelveyite has been described by Milton et al.108 from the 
fresh water lake beds of the Green River formation in 
Wyoming, U .S.A. The occurrences are in a uranium district, 
but are not associated with other uranium minerals. It is a 
unique carbonate as it contains significant quantities of rare
earth elements and may be related to rhapdophane. It does 
occur with another rare-earth mineral burbankite. Donnay and 
Donnay51 showed that mckelveyite was intergrown with 
ewaldite, another carbonate with a trace of uranium included. 
Donnay and Preston52 reported a structure for ewaldite. 

Uranyl selenates and tellurates 
A totally new group of minerals, all of which have been des
cribed since Frondel,63 comprises the uranyl selenates and 
tellurates. Although other selenate and tellurate minerals have 
been reported as occurring in many types of uranium deposits, 
the uranyl compounds have only been recognized at two rather 
different localities. A Au-Te deposit near Moctezuma, 
Mexico, has yielded moctezumite, cliffordite and schmit
terite67 . 68 . 69 and the Musonoi Cu-Co deposit at Katanga, 
Zaire, has produced the other minerals. Schmitterite has also 
been found at the Shinkolobwe uranium deposit in Katanga. 
All the minerals are secondary. 

The listing of the minerals in Table 17 by the U02 : X03 ratio 
does not show any similarities. Each category has one selenate, 
and three categories have one tellurate. The tellurates are all 
anhydrous, whereas the selenates are all hydrous. Crystal struc
tures are known for two of the tellurates, cliffordite71 and 
schmitterite,99, 107 and a related Pb2(U02)(Te03h. 18 Although 
the structure for none of the selenate minerals has been solved, 
the structure ofU02Se03 has been determined by Loopstra and 
Brandenburg99 and shows some interesting contrasts to 
U02Te03 that may be of significance in the mineral kingdom. 
The compound U02Se03 is unstable in air and with respect to 
water, whereas U02Te03 is quite stable. The crystal structures 
shown in Fig. 24 have almost the same topologies; however, in 
U02Te03 the uranium shows a 2-5 coordination and the Te is 
4 coordinated, whereas in U02Se03 the U shows a 2-6 co
ordination and the Se is 3 coordinated. These structures are 
shown in Fig. 24. In schmitterite, where the U02 : X03 ratio is 
1 : 1, it is the uranium coordination polyhedra that share edges 
to form chains, which are the main structural unit. In cliffordite 
the U is 2-6 coordinated and the Te is 4 coordinated. The 
cliffordite structure is shown in Fig . 25. It is the Te04 tetra
hedra that corner share to form a framework that creates the 
main structural unit, which encloses the uranyl ion. Evidently, 

65 



Table 17 Uranyl selenates and tellurates 

U02:X03 Mineral Formula 

3:2 GuiIleminite Ba(U02h(Se03)z(OH).·3HzO 
1 : 1 Marthozite Cu(UOzh(Se03h(OH)z·7HzO 

Schmitterite UOZTe03 
1: 2 Derricksite Cu.,(UOz)(Se03)z(OH)6 ·HzO 

Moctezumite Pb(UOz)(Te03h 
I: 3 Cliffordite U02Te307 

Demesmaekerite PbzCuS(UOZ)2(Se03lo(OH)6·2HzO 

Fig.24 Structure of schmitterite. UOZTe03. and UOZSe03. (a) (top). 
schmitterite (uranium 2-5 polyhedra ruled and TeOs pyramids 
stippled. After Meunier and Galyl07). (b) (bottom). UOZSe03 (uranium 
2-6 polyhedra ruled and Se03 pyramids stippled . After Loopstra and 
Branden burg99) 

the selenate and tellurate structures are all sufficiently different 
that isostructural pairs do not form. 

The selenate minerals are all found in the same deposit in an 
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System 

Orth. 
Orth. 
Orth. 
Orth. 
Mono. 
Cub. 
Tricl. 

Lattice constants, A (symmJtry) 

a = 7.25 b= 16.84 c=7.08 
a= 16.40b= 17.20 c=6.98 
a=7.860 b= 10.089 c=5.363 (Pbcm) 
a=5.57 b= 19.07 c=5.96 
a=7.189 b=7.070 c= 13.836 13=93°37' 
a = 11.371 (Pa3) 
a= 11.94 b= 10.02 c=5.62 
a=90 13= 100 ..,,=91°55' 

Colour 

Yellow 
Yellow-green 
Straw yellow 
Green 
Orange 
Yellow 
Green 

Fig. 25 Structure of cliffordite. UOZTe307 (heavy outlined TeO. 
units have Te close to Z = 0.75; lightly outlined UOg and TeO. units 
have U at Z = 0.5 and Te close to Z = 0.5; uranium 2-6 polyhedra 
ruled and TeO. tetrahedra stippled. After Galy and Meunier71 ) 

altered dolomite at Musonoi, Katanga. Pierrot and co
workers l22 described guilleminite from some coatings in the 
oxidized zone and in some geodes. Marthozite was charac
terized by Cesbron and co-workers29 as millimetre-size green 
crystals in the oxidized zone that appear to have formed prior 
to the closely associated guilleminite and demesmaekerite. 26 

Derricksite,31 the latest of this group to be recognized, occurs 
as microcrystalline crusts on selenian digenite associated with 
the demesmaekerite. All of these phases are well represented by 
powder diffraction data, which is the best way to achieve 
positive identification among these minerals. 

Identification of uranium minerals 
Uranium minerals pose some interesting problems in their 
identification. All the U4 + minerals are very dark or black in 
colour and, except for uraninite and some pegmatitic 
niobate-tantalates, they occur as coatings or very minute 
crystals intimately associated with other minerals. Even 
uraninite in massive form rarely shows distinguishing visual 
properties other than its high radioactivity and density. In 
polished section all these minerals are low reflecting and usually 
without structure. The techniques of X-ray powder diffraction 
are the most useful means of positive identification, but many 
of the minerals are metamict and produce no pattern unless the 
specimen is heated to improve the crystallinity. This heating 
must be done carefully to prevent oxidation or other reactions 
that would yield new compounds and alter the original atomic 
arrangement. Heating is best done quickly with the use of fairly 



large pieces. The samples may be fired in an open crucible either 
in air or an oxygen-free atmosphere. Temperatures usually 
must reach > 600°C to produce crystallinity and may require 
lOOO°C to achieve sufficient crystallinity to yield decent X-ray 
powder patterns. This rather drastic heat-treatment always 
leaves open the question of how much the original structure was 
altered and whether two or more minerals yield the same struc
ture after firing. Chemical analyses, primarily by the electron 
microprobe, may be required to distinguish some varieties, 
especially among the pyrochlore-type minerals. 

The oxidized minerals pose quite different problems in their 
identification. All the minerals are brightly coloured and most 
of them are some shade of yellow, orange or brown. Although 
the colour can often be used to distinguish a uranium mineral 
from associated non-uranium minerals, the colour shades 
overlap so much among the U mineral groups that it is useless 
to distinguish individual species. There are also several non
uranium minerals the colours of which are too close for positive 
distinction. Crystal morphology, when crystals are present, 
may be used to recognize some of the mineral families as 
defined in this section, but many groups are fibrous owing to 
the dominance of the chain structural unit and several are platy 
owing to the sheet structures. The only groups that usually can 
be recognized with some certainty based on crystal morphology 
are the autunite-meta-autunite minerals, which show square
tabular habits. Microchemical tests can distinguish anions and 
most of the cations, but they are rarely used today. As with the 
U4 + minerals, X-ray powder diffraction is the most useful and 
surest method to distinguish individual species. Electron
microprobe analyses may be necessary to distinguish individual 
chemical varieties and infrared spectra are especially useful to 
characterize the role of water and interlayer cations present in 
almost all minerals. Optical refractive indices can prove useful 
to distinguish many of the species, especially within specific 
mineral groups. Examples include the autunites and meta
autunites, where the indices for the arsenate species are higher 
than those for their phosphate counterparts. 

Identification by all techniques is usually complicated by the 
fine-grained nature of most minerals and by the likelihood that 
two or more species are intergrown intimately. Fortunately, all 
the techniques, XRPD, EM, IR and optics, can utilize small 
amounts of material. Careful preparation can require separ
ation of material under a microscope. It is usually imperative 
to utilize single-phase samples to facilitate the interpretation of 
the experimental data. Many questionable identifications can 
be traced to poor sample preparation. 

Appendices 1 and 2 have been prepared to assist in the 
mineral identification of uranium-bearing species. Appendix 1 
contains the five strongest powder X-ray diffraction lines 
arranged in three-entry Hanawalt format. The data are mostly 
from the Powder diffraction file 131 and used with permission 
of JCPDS-International Centre for Diffraction Data. Data 
for newly described minerals were obtained from original 
references already mentioned. This list may be used as a mini
search manual for identification of mineral specimens known 
to contain uranium. Appendix 2 lists the optical indices of 
refraction for the transparent uranium-bearing minerals. 

Conclusions 
It is quite evident that the interest in uranium will continue, and 
new species of minerals will be described. As old specimens are 
reviewed with modern analytical methods, old confusions will 
be clarified and new minerals recognized. As new mineral 
deposits are found, the discovery of new mineral species and 
perhaps better specimens of older species can be expected. 

The crystal-chemical classification used in this chapter will 
help in the recognition of similarities among the many minerals 
that have been described, and new minerals may fill in some of 

the gaps or fulfil predictions that fallout of the classification 
scheme. Crystal structure analysis is one of the most powerful 
tools in the understanding of the nature and properties of the 
various minerals. Structure studies are hindered by the diffi
culties of obtaining suitable crystals and experimental 
difficulties encountered from the use of small crystals with high 
absorption in which the uranium dominates the diffraction 
intensities. Nevertheless, the information obtained has been 
worth the effort. From the structural information it is possible 
to predict new minerals that should be encountered. Rules 
governing structure types and solid solution or chemical sub
stitutions are evident, but further structural studies are neces
sary to delineate the small differences that occur in individual 
species in the larger groups, such as the autunites and meta
autunites. 

It is evident that new analytical methods, especially the 
techniques of spectroscopy, have much to offer in the further 
characterization. The work of SObry165 has shown the need to 
distinguish oxonium ions as an integral part of the compound. 
There is still much to be learned. Obviously, uranium minerals 
will hold our fascination for many years and new data will 
continue to appear. * 
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Appendix 1 
X-ray data for uranium minerals 
The accompanying table is compiled from data of several 
sources but primarily the Powder diffraction file published by 
the Joint Committee on Powder Diffraction Standards-

!) 0 0 0 

9~.~90 - 10.000 

12.oJO(100) 8.700(100) 9.65')( gO) 7.10e( 
10. 200( 100) 8.bZO( 80) 4. 31v ( 50) 3.b391 
lb. SOOI 70 ) 8.420(100) 5.60ullOJ) 3.350( 
11.3001 501 8.2401100 ) 7. HO( 8 0) 4.370( 
10. 300( 1001 7.960 ( 901 3.0d"( 8,)) 2.870( 

00 ) 
40) 
78 I 
801 
ao) 

13.COO( 1(0) 7.930ClOO) ).670(100) 3.680(100) 
14.620(100) 7.620(100) 3.4~ul '10) 5.0301 90) 
15.2)0(100) 7.600(100) 4.930(100) 3.5001 80 ) 
1".3 .. 0 I 30) 7.260(100) 4.800( g:J) 8.4801 70 ) 
14.LJOI 25) 1.1001100 ) 3.22v( '>0) 3.1801 25 ) 
12.0JOllilO) 5.9801 90 ) 3.98,)( 8J) 3.230( 80 ) 
11.1)0(100) 5.5601 40) 3.3e..:: ( 20) 5.6401 18 ) 
llolJO( dO) 5.550 ( 50 ) 3.530(1)'.») 3.59(;( 50 ) 
10. "00(100 I 5.190( 50 I 3.58 .;( 45) 4.geO( 25) 
10. 3:J0( 1001 5.1901 30) 3.47;;( lJ ) 3.2t!0( 10 ) 
IJ.LJO( 601 5.100(100) Z .040IliD) 1. 462 ( 60 ) 
10.200(100) 5.nO( 90) 3.20(;1 50) 2.04;)( 4C) 
10.300(100) 4.9401 901 3.5tiu( 9J) 3.5101 60 ) 
1l.OJO( 401 4.10901100 ) 3.9301 (,0) 2.9901 60) 
12.2JO( 301 4.130(100) 3. Z~) ( ~J) 3.150( 40) 
13.lJO( 901 3.830( 60 ) 7.b60(100) 2.690( )0) 
11.100(100) 3.740( 80) 3.29C( ~J) 2.938( 10 ) 
lJ.O;)O( 801 3.620(100 ) 3.4l0( '10) 5.2l0( 9() I 
10.700(100) 3.5901 90) 5.C4C( 80) 3. HO( 70) 
10.200(1001 3.5'801 90 ) ?JbO( dO) 3.35(11 50 ) 
10.00011001 3.570(100) 5.0201 8:») 1. 588( 50) 
10 •• 00(100) 3.540(100) 3.Z2U( 70) 5.490( 60) 
lO.OJOIIOO) 3.530(100) 3. 3;;:; I qO) 5.09';( 70 ) 
11.0001 901 3.370 I 90) 3.190(100) 3.060( 90) 
10.400(1001 3.0BO( 80 ) 5.170( 10) 3.400( 50 I 
10.70011001 2.950( 50 ) 3.490( 40) 2.6201 30 ) 

International Centre for Diffraction Data and is used with their 
permission. * Other data are taken from primary references on 
the specific minerals and will appear in the PDF in the near 
future. These data are indicated when no PDF number is listed. 

The table is a modified Hanawalt search manual. Each X-ray 
pattern is represented by its five strongest lines. The strong lines 
are permuted following Hanawalt rules to create three entries 
and expanded to include entries under the fourth and fifth lines. 
If d1 , d2, d3 , d4 and ds are the d-spacings listed in order of 
decreasing intensity, the five entries are as follows: 

d1 d2 d3 d4 ds 
d2 d3 d 1 d4 ds 
d3 d l d2 d4 ds 
d4 d 1 d2 d3 ds 
ds d l d2 d3 d4 

These entries are then grouped into 45 Hanawalt groups as 
indicated by the heading divider and ordered within each group 
according to the second line in the list. 

This appendix is intended to be a mini-search manual for the 
uranium minerals. Once the possible pattern matches are 
located using this abbreviated table, it will be necessary for the 
user to refer to the original data or the PDF for final confir
mation of any identification. 

Several uranium minerals have no recorded X-ray pattern. 
These minerals are listed separately. If any user has patterns for 
anyone of these minerals, they should adequately characterize 
the specimen and submit the pattern to JCPDS-ICDD for 
inclusion in the PDF. 

Although the list of 231 X-ray patterns has been essentially 
restricted to accepted uranium mineral species, several poorly 
described unnamed minerals have been included along with the 
best characterized uranyl oxide hydrates. These latter synthetic 
phases have been listed because of the possible existence in the 
'gummite' alteration rinds often associated with uraninite. 

0 MINERAL NAME PDF NO. 

".320( 50) VOGLITE 33- 274 
2. 86d ( 35) FURONGITE 29- 98 
2. 791( 451 UMOHOITE,17A 12- 778 
4.1l01 70) RABITTlTE 7- 365 
5. I> 80 I 60) KIVUITE 13- 419 
5.230( 80 ) ANOERSONITE 20-109Z 
3.59;)1 60) ARSENURANOSPATHITE 31-- 586 
O.DOOI ::n UR AN)5 PA THlTE 31- 587 
2.d7b( 70) 5CHROECKINGERITE 8- 397 
".740( 20) UMOHiJITE.14A ll- 375 
3.1S')( 90) VANURALlTE 23- 769 
". ,90 ( 14) COCONINO ITE 25- 16 
1.6!'3( 401 KArlLcRITE 17- 145 
".<tBOI 20) AUTUNITE 12- 418 
1.6)0 ( 5 ) IJYARTITE-120AI 12- 635 
2.160( 50) UR ANOC IRC IrE 18- 199 
6.62(,( 30) TYUYA'IUNITE 6- 11 
6.6101 'to) TORSEIl.NlTE 8- 360 
2.450( 60) SHARPlTE 12- 164 
6.180 ( 30) UMOHOITE.12A 12- 693 
2.nO( 50) BAYLEY lTE 4- 130 
4.620( 60) XIANGJIANGITE 29-1401 
4.970 ( dO) URANOSPINITE Z9- 390 
1.93J( 60) ZEUNERITE 4- 90 
c.SOill 40) NOVACEKITE 8- 286 
3.3;O( 40) NOVACEKITE 17- 148 
5.030( 40) NOVACEKITE 17- 147 
1.60,) ( 70 ) HEINRICHITE 29- 210 
5.530 I dO) 5 E DO II ITE 18-142, 
3."701 401 PHUR ALUM ITE 33- 38 
3.870( 20) RAUV ITE 8- 2B8 

* Powder diffraction file (Swarthmore, Pa.: Joint Committee on 
Powder Diffraction Standards, International Centre for Diffraction 
Data). 
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8.59011001 3.790( 90 I 3.3ClO( tlOI 5.500( 70 I 4.350( 7CI TROEGERITE 8- 326 
9.0~011001 3.780nOOI 3.2701 901 3.5101 80 ) 5.530( 7e) META-ANKOl ITE 29-1061 
8.900( 1001 3.7501 80 I 5.540( bill 4.420( 60 ) 3.550 I boll ME TAnE INRICHITE 24- 128 
8.93011001 3.730 ( 801 5.4BOI 701 3.2301 bOI 1. b5B ( 501 META-URANOCIRCITE 17- 758 
a.nOll001 3.730 I b51 3.250( 551 4.9301 501 3. 't90 I 501 ME r A-ANKOl ITE 19-1008 
8.6b011001 3.730nOOI 5.570( dOl 3.30CI 801 3.5701 701 METAZEUNERITE 17- 14b 
B. 7101 1001 3.b80nOOI 3.4801 Boll 3.230( 30 I 5.4401 751 METATORBERNITE 16- 404 
8.53011001 3.660( 901 1.600 ( 90) 1.530e 801 9.250e 701 TROEGERITE-( P I 26- 887 
8.HOII00) 3.630( 901 3.Z1';1 801 5.4401 7CI 3.550 I 7CI SODIUI1 URANOSPINITE 8- 't46 
9. fo901 501 3.610nOOI 9.081l1 901 1.620( bO I 1.530 ( bOI PR ZHE VAL SK ITE 29- 781 
8.~HCI 100) 3.610( 90 I 5.3901 101 3.2101 701 4.25C( bOI META-URANOCIRCITE II 11- 789 
8.470nOOI 3.b10( 851 2.11(,( 701 't.230( 651 5.370( 451 IIETA-AUTUNITE 12- 423 
8.86011001 3.590noo I 1.61;)( 701 2.54C( 601 2.2s01 0(,1 METAKAHlERITE 17- 151 
8.650(1001 3.590( 90) 3.34CI Bul 5.1001 701 5.570 ( bOI I1ETA-URANOSPINITE 8- 319 
8.7B011001 3. 570noo I 5.0aOI bOI 4.3001 601 3.010( 601 METAKIRCHHEIIIERITE 12- 586 
6.b5011001 3.570.11001 3. HOI 9.:11 5.53C( SO) 3. CCil I 501 META-URANOSPINITE 18- 309 
B.52011001 3.5701 90 I 2.1'tOI 001 4.2901 501 2.530 ( 5CI I1E TANOVACEKITE 17- 152 
'1.43011001 3.'0710( so I 3.3b61 601 2.1971 bOI 5.350 I 501 THRE ADGOlDITE 33- 39 
9. b3 O( 351 3.45011001 7.10C;( 9~1 3.1001 b51 3. 5bll I 401 NICKEl-Z IPPE ITE 29- 9H 
B.090(1001 3.4201 901 3.1B;)( BOI 4.10u( 50 I 1.SBlI 401 JOLIOTITE 29-1378 
9.00011001 3.133( 801 4.7001 501 2.978( 40 I l.S501 401 ~ANU!iCUlITE 33- 972 
'1.9001 40) 3.11011001 3.250( 501 3.0501 50 I 2.7201 401 wALPclRGIfE a- 324 
B.05011001 3.100e 80 I 3.0'101 SOl 2.B7BI 701 3.3901 5CI PHURCAl Iff 29- 391 
8.230(100) 3.09011001 3.220( 9.:11 2.9001 90 I 3.5001 801 MART HO Z IfE 25- 320 
8.0901 801 3.080( 80 I 5.7bOIlOill 3.b50( 701 2.B601 7CI GRII1SElITE 25- 679 
B.HOIlOOI 3.01011001 4.l00( NI 5.1301 601 4.22(;1 bOI CURIENITE 22- 402 
6.400(1001 3.00011001 :).20v( bOI 4.2bOI bO I 2.1lb( bO) FRANCEVlllIfE 21- 381 
8.160(1001 2.99011001 4.070( 9JI 4.230( 701 ,.110 I bOI UNNAMED-IPSI 15- 496 
a.bbOI 701 2.9801 60 ) 3.59J(10)1 5.09CI 40 ) 3.500 I 3CI METAlODEVITE 25-1239 
9.0S01 901 1.o20( 6C I 3.610110')1 1.5301 bO I 9.49CI 5C) PRZHEVAlSKITE 29- 787 

7.99J - 7.000 

7.611011001 13.l00e 901 3.830( 1>')1 2.6901 501 2.210( 5CI 8AYlEYITE 4- 130 
7.100( 601 12.60011001 8.7C"I1.)01 9.6501 80 I 4.320 I 501 VOGL ITE 33- 274 
7.6001 5) 10.30011001 5.19VI 301 3.4701 10 I 3.280( 101 WYARTITE-120AI 12- 635 
7.0901 301 9.2bOOOC) 4.5301 'loll 4.41CI 5C I 3.1801 401 HAIWEEITE 12- 721 
7.12C(100) 9.180C 8CI 4.2BOI 801 3.6501 5C I 5.510( 401 URANOPIlITE 8- 443 
7.3101 901 8.76011001 5.5COII0JI 4.820( 801 2.910( BO) SWAR TZ IT E 4- 111 
7.91011001 7.320( 901 3.2801 bOI 3.5bOI 401 S.810( 301 U03.H20 UNNAIIED 15- 569 
7.7401 901 6.880( BC I 5.55011001 3.450( BC) 3.230( BCI ROUBAUlTITE 2~- 318 
7. BOI 1001 b.lbOI 90) 3.4lCI 301 3.B701 7C I 3.1301 70) JOHANNIfE 17- 530 
7.93011')01 5.6701100 ) 13.000( UJI 3.6BOII001 5.230 I 801 ANDERSONITE 20-1092 
7.110(100) 5.5701 901 8.980( 801 3.5501 70) 3.30CI 701 llEEKSITE 12- 462 
7.35CI SOl 5.280(100) 3.31011;)01 Z.64011001 3.380 I BOI IRAQITE 29- 995 
7.2dO(1001 5.0801 701 3.4401 251 3.b6C( 151 3.5101 121 SCHOEPITE 13- 407 
7.60011001 '0.930(1001 15.20:l110vl 3.5001 801 O.COOI CI URANOSPATHITE 31- 587 
7.260(100) 4.800( 80 I tl.4801 7:) I 2.87b( 701 Ilt.300( 3CI SCHROECK INGER ITE 8- 397 
7.190 I Boll 4.370C 8CI B.240(1001 4.7l01 70 I 11.3COI :'0) RABBITTITE 1- 365 
1.97011001 3.990( 90 I 5. !HO( 801 3.1301 80 I 3.0901 BOI RENARDITE 8- 328 
7.9301 SO) 3.9901 bOI 1.997( 1>0) 2ol401 5CI 3. 58C I loCI UR AN ::lPHANE- I B A I 
7.680(100) 3.9501 BO) 4.0BO( 601 3.2001 50 I 8.180 I ItOI STRElKINITE 27- 822 
7.88011001 3.940( 90 I 2.990( sal 2.910( BOI 1.969 I 701 URANilPHANE 8- H2 
7.83011001 3.900 ( 90 I 3.51\)1 bJI 3.19CI 501 2.590 ( 501 BETAURANOPHANE B- 301 
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7. ?aonool 3.880(1001 3.08011001 l.976( 801 3.4~J( 601 BERGENlTE lO- 1510 
7.72"(1001 3.B50(1001 8.410( 801 3.130( 80 I 3.4l0( 70) A~Si:NURAH'I'LHE l't- 268 
7.630(100) 3.S10( 801 3.240( 80) 3.590( 601 3.350( 60) UNT'fIHlTE 12- 272 
7.810(1001 3.760e 70 I 3.d90( 6J) 3.l90( 40 I 2.150 ( 40) UNNAMED-eGA) 15- 609 
7. HO( 1001 3.660 ( 50) 3.240( lvl l.4't6( 10 I 3.210 ( 41 SCHOEPlTE 13-21tl 
7.340(1001 3.660( 55 ) 3.490( 451 3.150( 351 2.858( 151 SOOIUM-Z IPPE HE 29-1285 
7.250(1001 3.610e100) 3.17C( 75) 1.985 ( 401 3.530( 251 VANOi:NORIESSCHEITE 13- 117 
7.370(100) 3.590 (l00 I 3.l40( ~O) 3.5l0( 60 I 3.170( !l01 SCHOEP lTE 29-1376 
7.210(1001 3.590e 451 3.120( 301 3.470( lOI 1.96H 121 COBALT-ZIPPEITE 29- 520 
7.210ClOO) 3.5'90( 451 3.12G( 301 1.963( 121 2.491( 111 NICKH-ZIPPEITE 19-1It34 
7.200(1001 3.5BO( 50 ) 3.lBO( 501 3.5S0( 18 ) 3ol40( 121 FOUR'1ARIERlTE 13- 116 
7.140( ~Ol 3.560 (100 I 3.4SCllOO) 3.l30( 90 I l.6l0 ( 801 RICHETITE 25- 467 
7.430ClOOI 3.550e 801 3.20;)( 801 3.140( 601 3.730( 401 BECQUERELITE 12-' 176 
7.290(1001 3.550e 801 8.39011001 6.o80( 601 3.040( 601 GUILLEHIHITE 18- 582 
7.060nOOI 3.5'40( 50 I 9.620( 35) 3.440( 351 3.100( 251 Z I NC-Z IPPE ITE 29-1395 
7.400(1001 3.530 ( 801 3.19C( 80) 3.700( 601 3.580 ( 601 COMPRE IGHAC ITE 17- 167 
7.080(100) 3.520( 701 3ol20( JOI 3.560( 35 I 3.480( 20) MASU'I'ITE 13- 1008 
7.530( 801 3.500( 701 3.181>(1)01 3.760( 501 2.039 ( 501 BILL IETlTE 29- Z08 
7.120(1001 3.500 ClOD) 3.140(1:)0) 3.120(100 ) 3.570( 90) RAMEAUlTE l5- 631 
7.000(100) 3.5'00( 90 I 3.12u( 80) 2. tHO( 40) 2.650 ( 40) ZlPPElTE 29-1062 
1.62011001 3.490( 90) 14.620 (100)' 5.030( 80) 3.590( 60) ARSENURAHOSPATHITE 31- 586 
1.200( BO) 3.1080( 80) 3. 5bO (lOa) 3.ll0( 60 ) 2. 74J ( 301 MAGNESIUH-ZIPPEITE 29- 876 
7.02011001 3.480e 901 3ol30( 901 1.96Qe 60 I 1.150 ( 501 ZIPPElTE 8- 138 
1.3l0( 901 3.2S0( 60) 7.91\)11001 3.~bO( 40 I 5.810 ( 30) U03.H20 UHNAltEO 15- 569 
1.110( 1001 3.250(1001 3.COC.(1)0) 4.BO( 901 6.520( 801 FRITZCHEITE 23-12109 
1.370ClOO) 3.220ClOO) 3.70(;( SJI 3.blO( 801 3.160( 801 U02(OH)2 28-lU5 
1.350(1001 3.220e 50 I 3.59C( 4JI 3.160( 30 I 3.670( 251 U03.2H20 (BETA! 18-lIt36 
1.100(100) 3.220( 50) 14.100( 251 3.180( 251 It.HOI 201 UMiJHOlTE.14A 11- 315 
7.800(1001 3.210( 80 ) 3.890( 001 8.300( 50 ) 1.990 ( 50) CALClJRltOLITE lb- lIt5 
1.1t~01100) 3.210( 801 3.550 ( 401 3.HO( 351 3.lbO( 30) BECQUERELITE 29- 389 
1.440(100) 3.200( 35) 3.13C( 301 3.51t0e 20) 2.56b( 101 8E CQUEREL ITE 13- 405 
1.960( 80) 3.160ClOOI 3.09(,(1001 2.S80(1001 5.860 e 801 PH US PHUR AHUL HE 19- 898 
1.080(100) 3.130ClOOI 3.490( 9il) 3.153( 901 3.520( SO) AGRINIERITE l5- 630 
1.1:)0( 95) 3.100e 65) 3.450(1001 3.560( 40 ) 9.630( 351 NICK EL-Z IPPEITE 29- 91010 
7.960( 90) 3.080( 801 1il.3001l001 2.810( 801 5.880( 601 KIVUITE 13- itl9 

6.990 .;. b.OOO 

b. 61 O( 401 10.300(100) 4.94C( '101 3.5S0( 901 3.510 ( 801 TOR8ERHITE 8- 360 
6.8:),J( 40) 10.200(100) 3.58il( 901 5.060 ( 80 ) 3.350 ( 501 NOVACEKITE 8- 286 
6.620( 30) 10.200(1001 5.020( 901 3.200( 50 ) 2.040( 401 T'l'UY AMUN ITE 6- 17 
b.IHO( 1001 8.b80e 901 5.400( 901 4.550( 60) 3.100( 601 LIEBIGITE 11- 29b 
6.6S0( bOI 8.390(100) 7.290(100) 3.550( 80 I 3.04Je 60) GUILLEHIHITE 18- 582 
6.1JO( 60) 8.180ClOO I 4.090 ( 901 2.970( 801 It. 820 ( 701 CUPROSKLOOOWSKITE 8- 290 
6.060( 101 8.16011001 4.82il( 901 3.530( 11) ) 3.290 ( 401 CUPROSKLOOOWSKITE 19- 1013 
6.520( 80) 7.770(1001 3.2501l(0) 3.000(100) 4.BO( 90) fRITZCHEITE 23-12109 
b.S~O( 80) 5.550nOO) 7.140( ~Ol 3.450( SO) 3.230( BO) ROUBAUL TITE 25- 318 
6.140( 551 10.270 nOO) 3.000( 851 2.950( 851 3.480 ( 101 DUMONTITE 12- 158 
6.510(100) 4.220e 80) 3.260( 601 3.050( bO) 5.19:)( 401 ME TA T'l'UY AltUH ITE b- 287 
&.910ClOOI 4.210 ( 90) 5.440( 601 2.880( 601 5.81,)( 50) URAltOP IL ITE 8- 131 
6.180( 30) 10.130(100) 3.200( 501 3.l50( 40 ) 12.200( 30) UMOHOITE.12A 12- 693 
6.965(100) 3.bOO( 10) 3.344( 701 3.489( 10 ) 3.231 ( 50) MARGARITASITE 
&. hO( 1001 3.530e 801 3.21C1 80) 4.220( 60 I 3.140( 001 CARNOTITE 11- 338 
6.040( 35) 3.'0100(100) 3.350(1001 4.HO( 951 3.02,)( 351 B~ANNERITE 12- 1077 
6.160( 901 ·3.HO( 80 I 7.7301100 I 3.810( 10 ) 3.130 ( 70) JOHANNITE 11- 530 
6.010(100) 3.400( 90) 3.540( 701 2.910( 10 I 1.908( 601 80UI/OOOITE 29-1026 
6.l40( 30) 3.320ClOO) 4.48C( 9,)1 2.690( 10 I 2.470( 601 StJOD'I'ITE 12- 180 
6.20011001 3.250(1001 1.920( 901 2.950( 80 ) 2.190( dOl PS EUOO-AUTUNITE 18-10810 
6.400( 191 3.230(100) 5.290 ( 30) 3.l30( 251 l.974( 191 IRIGINITE 29-1312 
6.HO(100) 3.21011001 2.b20( 551 4.280( 50 ) 5.l5a( 451 lRIGINITE l8-lIt20 
b •. 230( 100) 3.1100e 801 3.9bO( 101 3.060( 50) 3.520( 401 ClJRITE 14- 267 
b.560(100) 3.120e 101 3.53')( 501 4.250( 30) 3.250 ( 30) CARNOTITE 8- 317 
6.9l0( 35) 3.090ClOOI 3.4bO( 15) 1.730e 40 I 1.91H SO) WOLSENOORFITE 29- 786 
6.BO( 801 3.090(1001 3.470( dOl 3.130( 60) 3.510 ( 401 WOlSENOORFITE 12- 159 
b.070( bO) 3.0201100 I 4.40C( 801 2.830( 80 ) 2.150 ( 801 RHABOOPHANE 12- 277 
b.400( 351 2.940(100) 4.470( 8~1 2.650( 40 I 3.320 ( 301 I1CKELVE'I'ITE 18- 901 
b.1l0(l:l01 2.92011001 4.ne( 8ill 3.490( 80 I 3. 37il ( 80) SODIU/1 BOL TliOaOITE 29-1010'0 

5.990 - 5.500 

5.67011001 13.00011001 7.93.)(11)01 3.b801100 I 5.230( 801 ANDERSONITE 20-1092 
5.MO( 18) 11.100(1001 5.~bO( 401 3.300( lO) 4.590( 141 COCONINOITE 25- 16 
5. B8 0 ( 60) 10.300 ClOO) 7.960( 90) 3.080( 80 I 2.810 ( 801 KIVUlTE 13- U9 
5.590( 35) 9. b60 ClOO I 4.850( 501 3.650e 3" 4.410( 251 ZELLERITE 19- Z57 
5.b40( 70) 9.100ll00) 3.63C( i51 3.340( 801 3.590 ( 75) A8ERNATH'I'ITE 16- 386 
5.530( 70) 9.090ll001 3.730(1001 3.210( 90 I 3.510 ( 801 META-ANKOLITE 29-1061 
5.510( 90) 8.980e 801 7.11011001 3.550( 10) 3.300( 101 WEEKSITE 12- 1062 
5.540( 60) 8.90011001 3.150( SJI 4.420( 601 3.550( 601 ME TAtiE INRICHHE 210": 128 
5. HO( 80) 8.860ll001 3.73011JOI 3.300e 80 I 3. 51U ( 7(;1 ME TA ZEUHER HE 17- lIt6 
5.510( bOI 8.850ClOI>I 3.590( ~Ol 3.340( 801 5.100( 101 I1ETA-URANOSPINITE 8- 319 
5.530( 60) 8.65-0UOOI 3.51(,11001 3.3l0( 90) 3 .(JOO ( 50) META-URANOSPINITE 18- 309 
5.5:J0( 70) 8.590ClOO) 3.79C1 ~o I 3.300( 80 ) 4.35D( 10) TROEGERITE 8- 326 
5.1b011001 8.090e 801 3.08,,( ~O) 3.b50( 70) 2.S60( 70) GRIMSELITE 25- b79 
5.B30( SOl 1.970ClOOI 3.'I90( 901 3.130 ( 80 I 3.090 ( 801 Ri:NARDITE 8- 328 
5.BI0( 30) 1.910ll00) 1.320( 901 3.280( (0) 3.560( 40) U03.fi20 UNNAMED 15- 5b9 
5.55 O( 100) 1.140 ( 90 I b.88U( iOI 3.450( !to) 3.230 ( 801 ROU8AULTlTE 25- 318 
5.5)01100) 1.310( 90) 8.760(1001 4.820( 80) 2.910 ( SOl SWAR TZ ITE 10- 111 
5.51 C ( 40) 1.120HOOI 9.18u( dOl 4.l80( 801 3.650( 501 URANOPILITE 8- 1043 
5.870( 501 6.910ClOO) 4.210,;( 90) 5.440( bO) 2.880 ( 60) lJRANUPILITE 8- 131 
5.960( 901 3.980( 801 12.000(1001 3.230( BOI 3.l80( 801 VANURALITE 23- 7b9 
5.550( 50) 3.5'30 (100 I 11.10(;( dOl 3.590( 50 ) 1.60H 401 KAHLERITE 17- lIt5 
5.880(100) 3.390e 301 3.4DD( 201 3.490( 181 4.l31>( 121 STUDTITE 16- 206 
5.bOO(lOOI 3.350( 18) d.420(1001 16.ilOO( 10 I l.191( 451 UMolHOITE.11A 12- 118 

73 



5.5bOI 40) 3.300( 20) 11.L('(;1l:l)) 5.6401 18 ) ".5901 1 ") COCONINOlTE 25- 16 
5.5301 80) 3.190(100) 11.00Cl 90) 3.3701 90) 3.0601 90) SEOOIiITE 18-llt25 
5.7701 BO) 3.170(100) 3.340( 10) 1.9101 BO) 1.8bO( 60) CL ARKE lTE 8- 315 
5.8bO( 80) 3.160(100) 3.090(100) 2.880(100) 7.960( 80) PHOSPHURANULITE 19- 898 
5.5001 20) 3.020(100) 2.95C(10~) 3.090( 25 ) 2.9701 20) AESCHYNITE.HEATEO 18- 765 
5.5401 201 2.980(100) 3.05';( 70) 3.130 ( 40 ) 3. "50 ( 20) NIOBO-AESCHYNlTE 29- 311 
5.890( 60) 2.970(100) 5.4ZC( ~O) 3.3"0( 60 ) 5.H(d 45) OEMESAEKERlTE 18- 692 
5.9JO( (0) 2.940(00) l.7l0( 'I)) 2.240( 80 ) 1.484( 70) UII AN IT E 8- 322 
5.790( 601 2.940(100) 4.6001 70 ) 1.70ll 50) 2.210( 40) UIIAN ITE 8- 323 
5.970(100) 2.8901 "0) 3,302 ( 25) 3.226( 25 ) 3.1Bl( 25) MOUR ITE 24-1359 

5.490 - 5.000 

5.03Q( dO) 14.!>201l00) 7.62C(11")) 3.4901 90 ) 3.590( 60) ARSENURANOSPATHITE 31- 586 
5.230( 80) 13.000(100 ) 1.930(100) 5.670(100) 3.680(100) ANDERSONITE 20-1092 
5. 4~0( 60) 10.900(100 ) 3.~4~(100) 3.220( 70 ) 5.030( 40) NOv'A:EKITE 17- 147 
5.030( 40) 10dOO (l00) 3.5't('(lJJ) 3.220( 71,) ) :>,490 ( b\" ) NOVACEKI TE 17- 1'07 
5.040( 80) 10.700(100 ) 3.:'90( 90) 3. 390 ( 70) 1.930( 60) ZEUNER ITE 4- 90 
5.l701 70) 10.'0001100 ) 3.C801 d') ) 3.400( 50 ) 3.'t 70 ( 40) PHUR ALUM ITE 33- 38 
5. 0~01 30) 10.200(100) 3.580( 90) 3.350( 50) 6.800( 40) NOIIACEKITE 8- 286 
5. ;)'10 ( 70) 10.;)001100) 3.:;30(100) 3.3501 BO) 1. 600 ( 70) HE INRICHITE 29- HO 
5.020( -l0) 10.000 (100) 3.570(100) 1.58 a ( 50 ) 3.350 ( 40) NOVACEKITE 17- 148 
5.3501 50) 9.4301100 ) 3.47,,( ~O) 3.366( 60) 2.1971 60) TH~E ADGOLDITE 33- 39 
5.4dO( 70) 8.930 (l00) 3.730 ( d') ) 3.230( 60 ) 1.b58( 50) META-URANOCIRCITE 11- 758 
5.lJO( 70) 8.850(100) 3.:>90( 9J I 3. HOI 80) 5.570 ( 60) META-URANOSPINITE 8- 319 
5.viO( 60) 8.760(100) 3.570(i)~) 4.3001 60) 3.01;)( 60) MET4KIRCHHEIMERITE 12- 586 
5.4~0( 75) 8.710(100) 3.6d0(l).)) 3.480( 30 ) 3.230 ( tlC) METATtJR6ERNITE 16- 404 
5.HO( 70 ) 6.550(100 ) 3.61D( 9 \J) 3.21C.( 70) 4.2~0( 60) META-URANOCIRCITE II 17- 789 
5.370( 45) 8.,,70(100) 3.610( d 5 I ZollO( 70 ) 4.230 I 65) META-AUTUNITE 12- 423 
5.HO( 10) 8.4201100 ) 3.630( 90) 3.27CI 13;») 3.550 I 70) SODIUM URANOSPINITE 8- 446 
5.200 ( 60) 8.4001100 ) 3.00~(10J) 4.Z60( 60 ) 2 ol2b ( 60) FR ANCE II III I TE 21- 381 
5.DO( 60) 8.190(100) 3.ulO(lOJ) 't.lOU( 80) 4.22)( 60) CURIENITE 22- 't02 
5oliD( 601 8.160(100) 2.99011(0) 4.070( 90) 4.230 ( 70) UNNAIIED-(PBI 15- 496 
5.4!t0( 60) 6.970(100) 4.21~1 9:l) 2 .tHlO I 60 ) 5.870 I 50) URA,'IllPILITE 8- 131 
5.400( 90) 6.8101100 ) 6 .6tl 0 ( 90) 4.550( bO) 3.1001 bO) llEdIGITE 11- 296 
5.1901 40) 6.510(100) 4.22e( ~) ) 3.2601 60) 3.0:;';11 60) METATYUYA'1UNITE 6- 281 
5.Z50( 45) 6.350(100) 3.21()(lJ;)) Z.620( 55) 4.ZBO( :;0) IR I'~ INITE 18-1426 
5.4201 dOl 5.8901 60 ) 2.970( 10:)) 3.340( ~O ) 5.140 ( ,,~) DEMESAEKERITE 18- 692 
5.060( 'to) 4.l90 (100) Z.92~1 801 2.090( 3:») 1. 850 I BO) VANDENBRANDE ITE 4- 340 
S.Z10( 80) 3.620(100) 3.4i()( 90) lO.OOOI ~Ol 4.97tH tlO) u'{AIi']SPI"NI rt 29- 390 
5.350( 30 ) 3.600 (100) 8.34(;( ~O) 't.2301 'to) 4.270 ( 35) META-UKANOCIRCITE II 25-1468 
5.110( 50) 3.590(100) e.~5-:( .) ) 4.290( 60 ) 2.15JI 50) MUAKAHlERITE 12- 576 
5.0-10( 401 3.590(1001 8.66~( 70) 2.980( 60) 3.500( 30 ) METALOOEIiITE 25-1239 
5.nO( 50) 3.5'80( 45) 10.40C(l)()) 4.960( 25 ) 4.480( 20) AUTUNITE 12- 418 
5.000( 80) 3.5001100 ) 9.79u( '1J) 4.4S0( 60) 3.310( bO) SALEEITE 29- 614 
5ol90( 30) 3.470( 10) lO.300(lJO) 3.280( 10) 7.600( 5) wYARTITE-120AI 12- 635 
5.090( 70) 3.lt40( 25) 7.28"ClO'O) 3.660( 15) 3.510( 12 ) SCHJEPITE 13- 407 
5.1511 85) 3.434( 32) 3.40t>(lOO) 2.4861 271 2.857( 26) U02IDH)2 (ALPHA) 2~-111b 
5.110(100) 3.430(100) 3.450( 3J) 2.857( 60 ) 2.487( 60) U03.0.8H20 10- 309 
5.300( 451 3.380(100) 3.320( 5~1 2.640( 'to) 2.0001 25) EKANITE 25- 677 
5.2<l0(100) 3.310(100 ) 2.640(100) 7.360( 80 ) 3.380 ( 80) IRAQITE 29- 995 
5.0)0(100) 3.230(100 ) 2.ll0( 80) 1.970( 80 ) 2.050 ( 50) VANiJRANYLITE 19-1417 
5.J201 90) 3.200( 50) 10.2C()(lOO) 2.040( 40) 6.620 ( 3 0) TYUY A.MUN lTE 6- 17 
5.2S0( 60) 3.160tlOOI 1.830( 80) 3.B70( 70 ) 3.470 ( 60) URANllSPHAERITE 8- 321 
5.290( 30) 3.130 ( 25) 3.230(100) 6.400( 19) 2.974( 19) IRIGINITE 29-1372 
5.3501 90) 301 00 I 90) 3.6:H:'11(0) 4.7301 80 ) 3.170( 80) SCH"IlTTERITE 25-1001 
5. 't8 0 I 251 2.980 (100) 3.020( B,,) 3.1101 35) 2.6~8( 30) A.E SC HYN ITE 15- 864 
5.260( 90) 2.9101 80) 4.44(,(100) 2.5901 70) 2.030( 60) VANDEN BRANDE ITE 8- 325 
5.l't01 "5) 2.970(100) 5.420( 80) 5.8901 60 ) 3. HO ( 60) DEMESAEKERITE 18- 692 
5.l00(100) 2.040(100) 10.100( 60) 1.462( 60) 2.160( 50) URANOCIRCITE 18- 199 

4.990 - 4.600 

4.930(100) 15.200nOOI 7.60011(0) 3.500( 60) O.OOO( 0) URANJS PATHITE 31- 587 
4.6l0( 60 ) 11.100(1001 3.74(,1 80) 3.290( 80 ) 2.938 ( 70) XIANGJIANGITE 29-lItOl 
4.9bO( 25) 10.400(1001 5.190( 50) 3.S80( 45) 4.480( 20) AUTUNITE 12- 418 
4.800 ( 351 9.100(100) 3.7901 50) 4.700e 35) 4.550( 18) "IETAlELLERITE 19- 258 
4.7001 35) 9.100(100) 3.790( 50) 4.800( 35) 4.55J( 18 ) METAZElLERITE 19- 258 
4.7001 50) 9.000(100) 3.l33( 80) 2.978( 40 ) 1.8~01 40) RANUNCULITE 33- 972 
4.9301 50) 8.92011001 3.73(, I 65) 3.250( 55) 3.490 ( 50) ME T A-ANKOL IT E 19-1008 
4.8201 BOI 8.7601100 ) 5.500(100) 7.310( 90) 2.910( 80) Siol AR TZ IT E 4- III 
4.6001 ao) 8.480( 10) 7.260(100) 2.876( 70 ) 14.300( 30) SCHRJECKINGERITE 8- 397 
4.HO( 701 8.240(100) 7. HO( 80) 4.370 ( 60) 1l.3DO( 50) RA8BITTITE 7- 365 
4.820( 701 8.160(100) 4.09 J ( 90) 2.970( 801 6.l00( 60) CUPROSKlOOOWSKITE 8- 290 
4.740( 20) 7.100 (100) 3.220( 5(1 I 14ol00( 25 ) 3ol80( 25) UMOHO I Tb14A 11- 375 
4.100( 80) 6.710(100 ) 2.920(100) 3.4901 80) 3.370 ( 80) SODIUM 80LTWOODITE 29-10"4 
4.8l01 90) 6.060( 70) 801bO(100) 3.530( 70) 3.290( 40) CUPROSKLODOWSKITE 19- H3 
4.600( 70) 5.790 ( 60) 2.94<'I1JO) 1.7011 50 ) Z. 210 ( 40) UVANITE 8- 323 
4.850( 50) 5.590( 351 9.660(100) 3.650( 35) 4.HO( 2 !l) ZELLERITE 19- 257 
't.620( " 5) 4.470( 40) 9.30011(0) 3.340( 30 ) 3.0371 30) HAIIOEE IT E 13- 118 
".61011001 4.3001 10) 3.230( 40) 3.920( 30) 2.b401 25) RUTHERFORDINE 11- 263 
4.nO( 801 3.740 ( 60) 9.820(100) 3.197( 60) 3.179 ( 60) SE"lGIERITE 8- 398 
4.730 ( SOl 3.680(1001 l.3%( 90) 3.100( 90) 3.170 ( 80) SCHMITTERITE 25-1001 
4.9701 301 3.620(100) 3.410( 90) 10.000( 80) 5.210 ( 80) URANJSPINITE 29- 390 
4.9ltO( 90) 3.5'80( 90) 10.30C(100) 3.510 I 80 ) 6.610( 40) TORBERNITE 8- 360 
4.860( 90) 3.4701 60) 9.690(100) 2.18d( 60) 4.390( 40) SABUGAL ITE 5- 107 
4.890(1001 3.460(1001 8.590( 60) 2.2001 601 4.250( 30) BASSETTITE 7- 288 
4.HO( 95) 3.440(100 ) 3. HOIlOO) 6.040( 35) 3.020( 35) BRANNERITE 12- 471 
4.70011001 3.3801 80) 3.120( 70) 2.620( 70 ) 2.0301 '70) OERR lCKS ITE 25- 319 
4.99011001 3.070(100) 2.30,)( 90) 2.070( 901 4. 59:> ( 80) HAIWEEITE-CPtG) 17- 463 
't,620( 50) 2.960 ClOO) 3.jOO( aD) 2.670 ( 80) 1.b30( 60) ALLANITE,HEATED 9- 414 
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4.6501 40) 2.900 nOO) 1.88,)1 (0) 3.5001 40 I 2.1601 40) COFF INITE-lVl 17- 1060 
4. nOI 6,) 2.b80! 751 3.5501100 I 1.tl3't1 b5) l.8421 45) THORITE 11- 1tl9 
4.640 ( 151 2.bIo0! 95) 3.480(100) 1. S031 70 ) 2. 789 I 451 COFF INITE 11- 420 
4.9691 48) 2. bOll 23) 3.868(100) 1.92.11 HI 3.1431 12) UOlIOH)2 18ETA) Zit-1l60 

4.590 - 4.300 

4. nOI 50) 12. bOO (l00) 8.70011(0) 9.6501 SO I 7.1001 601 IIOGl ITE 33- 274 
4.5901 141 11.100(100) 5.56,)1 401 3.3001 20) 5.b401 18 ) COCONINOITE 25- 16 
4.4801 20) 10.400(100) 5.1901 50) 3.5801 451 4.960 I 25) AUTUNITE 12- 416 
4. nOI 50) 10.200(1001 S.62CI 801 Jo639( 40 ) 2.86S1 35 ) FURONGITE Z9- 96 
4.3CJOI 40) 'l.6'l0(100) 4.d6CI 9;)) 3.4701 90) 2.180 I 601 SA8UGALITE 5- 107 
4.410( 25) 'l.b60 (100 I 4.8501 50) 5.5901 351 3.650 I 351 ZELlERITE 19- 257 
4.4701 40) 9.300 (100 I 4.0201 451 3.3401 301 3.0371 301 HAIWEEITE 13- 118 
4.4l01 501 'l.260110J) ~.53C( !lal 3.1801 40 I 7.09JI 301 HAlWEE ITE 12- 721 
4.4301 60) 'l.160ClOO) 4.5901 70 ) 3.l001 40 ) 8.0701 301 HAIIIEE ITE 22- 160 
4.5501 18) 9.100(1001 3.7901 50) 4.7001 35 ) 4.8001 351 METAZELlERITE 19- 258 
4.4Z01 601 8.900(100) 3.750( 6,J I 5.5401 60 ) 3.550 ( 601 ME TAHE INRICHITE Z't- 128 
4.3001 bOI 6.760(100) 3.570110,)1 S.0801 60 ) 3.010( 601 METAKIRCHHEIKERITE 12- 566 
4.3,01 70) 8.5'l0(100) 3.7901 N) 3.3001 80 ) 5. 500 ( 70) TROEGERITE B- 326 
4.3701 80) B.24011001 7.7901 80) 4.ll01 70 I il. 300 I 501 RA8BITTITE 7- 365 
4.5501 601 6.610(100) a.0801 90) 5.4001 901 3.1001 bO) LIE:BIGITE 11- 296 
4.4BOI 90) 6.1"'0! 601 3.320(100) 2.b901 70 I 2.470 I 601 SOODYlTE 12- 180 
4.440(100) 5.260( 90) 2.97'1 801 2.5901 701 2.030 ( 60) IIA NOE N8RANOE ITE 8- 325 
4. 590 ( 80) 4.'}'lOClOO) 3.07011(0) 2.300( (0) 2.070 I 901 HAIIIEE ITE-(I1GI 17- 463 
4.590 I 701 4.430( bO) 9.ltCI1001 3.200( 40 ) 8.070 ( 30) HAIWEE ITE 22- 160 
4.5301 60) 4.1010( 50 I 9.26011(0) 3.1801 40) 7.090 I 301 HAIREEITE 12- 721 
4.5001 20) 4.160(1001 3.7401 00) 3ol30! 601 3.'00( 20) KOBE ITE 11- 259 
4.490(100) 3.'l30( 60 ) 2.99C( 601 Z.450( 110 ) 11.00,,1 401 SHARPITE 12- 164 
4.480 ( 110) 3.50011001 9.7901 901 5.0001 801 3.3101 !l0) SALEEITE 29- 674 
4.5501 25) 3.450(100) 2.560( 50) 1.770 I 50 I 2.150 I 251 XENOTIME 11- 254 
4.540( 25) 3 .... 1001100 ) 2.5601 tlO) 1.1bOI 451 2.145( 25) XENOTIME 9- 317 
4.4101 501 3.400 ClOO) 2.e4"1 10) 1.7401 bOI 1.696( 50) HAll IMONDITE 16- 706 
4. HOI 901 3.360(100) 3.030(100) 1.8321 90 I 1. 16" ( ge) HAlwEEITE 17- 462 
4.3001 701 3.230( 40) 4.610(100) 3.920( 30 ) 2.b401 25) RUTHERFORDINE 11- 2b3 
4.390 I 801 3.;)10(1001 3.6701 901 3.153( 80 I 2.B5S1 80) RENARDITE 11- 215 
4.3301 bO) 3.020 (100) 2.BI01 80) 2.130 I .80 ) 3.3801 60) NINGYOITE 12- 273 
4.4001 90) 2.S30( 80) 3.C2C'( DO) 2.150( SO) 6.070 I bO) RHIIBOOPHIINE 12- 277 
4.4701 851 Z.b50( 40) 2.940(1001 6.400( 35 ) 3. 3 ZO I 30) MCKElIIEYITE 16- 901 

4.290 - 4.100 

4.2501 60) S.550(100 I 3.6iel 90) 5.3901 70 ) 3.2101 70) META-URANOCIRCITE II 17- 769 
4.2~OI 50) 8.520(1001 3.5701 90) 2el100( 60 ) Z.530( 50) METANOIIACEKITE 17- 152 
4.l301 651 8.470(100) 3.6101 351 2.1101 70 I 5.370 I 451 ME Til-AUTUNITE 12- 1023 
4.2601 60) 8.400 nOO) 3.0(iullO)) 5.2001 601 2.1l6( bO) FRANCElllllITE 21- 381 
4.2ltOI bO) 8.400ClOO) 4.18C( 301 3.430( BO I 3.170 I 70) UPAlITE 33- 37 
4.2201 601 6.190(100) 3.010(100) 4.l001 80) 5.130 I 001 CURIENITE 22- 402 
4. lJ 0 I 80) 8.190 ClOO I 3.010(1001 5.130 I bO I 4.220 I 00) CURl ENITE 22- 1002 
4.l401 30} 8.170(1001 4.000( 55) 3.5101 141 2. 7Id I 14) META-IIUTUNITE 14- 75 
4.2301 701 8.160 (100 I l.990(100) 4.0701 901 5ol101 60) UNNAMED-(PBI 15- 1o'l6 
4.1JOI 501 8.090(100) 3.4201 10) 3.1 BO I 80 I 1.Btl21 40) JOLIOTlTE 29-137B 
4.BOI 90) 7. 770( 100) 3.25C!lJO) 3.0001100 ) 6.520( 80) FRITZCHE ITE 23-1249 
4.2601 80) 1.120(1001 9.lBCI ~O) 3.650( 501 5.5101 401 URIINJPILITE 8- 1043 
4.2501 301 6.560(1001 3ol201 70) 3.530( 50 I 3.250 ( 30) CARNOTITE 8- 317 
4.2201 bOI 11.360(100) 3.5301 80) 3.l10( 801 3.1401 60) CIIRNJT ITE 11- 338 
4.2aOI 501 6.350(1001 3.21(,11001 l.6201 551 5.l501 45) IRIGINITE 18-H26 
4.Z301 12) 5.860(1001 3. 390 I 30) 3.40111 20) 3.4901 181 STUoTITE 16- 206 
4. ZIOI qO) '5.440 I 601 6.9701l0C) 2.8bOI bO) 5.8701 501 URANlJP Il ITE 8- 131 
4.2501 30) 4.8'l0(100) 3.460(100) 8.590( bO I 2.200( bCi) BASSETTITE 7- 288 
4.1~011JOI 3.T40( 601 3ol301 60) 4.5001 20) 3.5001 201 KOBEITE il- Z59 
4.2701 351 3.bOO (l001 B.3401 8 J) 4.l301 40 I 5.350 I 301 META-URIINOCIRCITE II 25-H66 
4.2301 40) 3.~0011001 8.34(,( d0 ) 4.l70( 351 5.35O( 301 META-URANOCIRCITE II 25-1468 
4.Z901 60) 3.590 (l00 I B.5501 ~O) 5.11,,1 50) 2.150 ( 5,01 ME TAKAHl ER I TE 12- 576 
4.220( 20) 3.470( 20) 8.46011001 3.560( 10 ) 3.000 I 10) WYARTITE-117A1 12- 636 
4.1BOI 601 3.430( 80 ) 8.4()01100) 3.1701 70 I 4.2401 60) UPIILITE 33- 37 
4.230! 65) 3.280(100) 3.25011;)0) 3.4l01 05) 3.16(; I 45) PARSONSITE 12- 259 
4.1901 80) 3.270( 70 I 8.42C( 1;)01 3.5201 60) 3.0001 00) SKlODOIiSKITE 29- 675 
't.l201 80) 3.2110( 601 6.51011001 3.0501 bO) 5.1901 40) ME TA TYUYAI1UN ITE 6- 287 
4.ll0(100) 3.200( 501 .3.1501 40) 12. lOOI 30 I 6.160 I 301 UMOHOI lE.121. 12- 693 
4.170! 90) 3.160( 90 ) 9.920(1)0) 4.0901 dOl 3. l40 I dO I ME T A II ANURAL IT E 23- 770 
4.l701 251 3.090 (l00) 2.87CI 7J) 3.300( 50 ) 3.510( l5) MONAZITE 11- 556 
4.lItOI 75) 3.070(100) 3.l00( 9)) 2.8601 90 I 3.4901 501 CHclUlITE 8- 316 
4.27011001 3.0001 S5 I 2.9501 a 5) 3.4801 10) 6.1401 551 DUMJNTITE 12- 158 
4.2'1011001 2.920( 80 I 5.06{;1 4v I 2.(''10( 30 I 1.S50( ao) I(ANDENBRIINOEITE 10- 3100 
4.l101 bO) 2.920(100) LOoOI 80 ) 3.5201 bOI 3.24,)( 601 KASOl! TE 29- 166 
4.1l01 bO) 2.840 (100) 3.46(1 Bu) l.8101 80 ) 1.S58( 801 BR1THOlITE.HEI.TEO 11- 724 
4.1b011JOI 2.340(100) 3.1901 dOl 3.3401 70 ) 1.911 I 50) II I DE 'lMANNITE 21- 281 
4.17011()0) 1.3l0( 60 I 1.30el 00) 3.4401 50 ) Z.5eol 50 ) MOlu~ANITE.HEATED 29-1371 

4.0'l0 - 3.900 

3.9801 80) 12.000(1001 5.98ul (0) 3.2301 SOl 3.1801 130) VANURALITE 23- 111'l 
4.0901 601 9.92011001 4.1 70 I 90) 3. lbOI ~O) 3.l401 BO) METAIiANURAlITE 23- 770 
4.0701 '101 8.11l0ClOO) 2.'l90IlJO) 4.230( 70 I 5.110 I 601 UNNAI1ED-(PB) 15- 496 
4.0801 60) 7.b80(100) 3.9501 d) ) 3.20i.i1 50 I 8.180 I 401 STRElKINITE 21- 622 
3.9601 701 6.230(1001 3.1401 dO) 3.0601 50) 3.5201 40) CURITE 14- 267 
3.'l901 qO) 5.830( 80 ) 7.91011001 3.1301 80 ) 3.0'l01 80 ) RENAROITE 8- 326 
3.920( 30) 4.b10(1001 4.300 I 70 I 3.2301 401 2.6401 2 ~) RUTHERFOROINE 11- 2b3 
4.0001 55) 4.1100( 301 8.17011001 3.5101 14 I Z.71S( 14 ) ME TA-AUTUNITE H- 75 
3.'l;0( 80) 4.060C 60 I 7.09(,11:10) 3.200( 50 I 8oi801 401 STRflKINITE 27- 822 
3.9001 90) 3.510! bO) 7.S3vl1001 3.1901 50) l.5901 501 BETAJRAHOPHANE 8- 301 
4.0201 1 B) 3.28011001 2.8401 781 2.0101 23 I 2.7881 171 CLIFFORDITE 24-1209 
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1t.020(1001 3.210ll001 2.510( 8:11 1.b91( 1t01 1.850( 301 PETSCHECKITE.HEATEO 29-lIt26 
1t.050( 001 3.200ClOOI 2.500( '101 1.830( 501 1.110 ( 301 BETAFlTE.HEATED 18-11510 
3.91t0( '101 2.9901 801 1.660(1001 l.'nOI SO I 1. 9b9 1 101 URANilPHANE 8- 1t1t2 
3.930( 001 2.990( 60 I 4.49011001 2.450( &01 ll. 000 1 401 SHARPITE 12- 161t 
".090( 901 2.910( 80 I 6.18CIUOI 4.620( 10 I b.1OO( bOI CUPRilSKLOOOWSKITE 8- 290 
3.990( 1t01 2.890ClOOI l.860( 601 3.100( &01 2.190( 601 BRITtiOLITE. (LAI 13- 106 
It.Ol0( 801 2.1t90 ( itO I 3.180(1001 1.838 ( 301 1. b92 ( 201 lIANORATITE.HEATEO 29-1It35 
3.990( 001 1.991( 601 1.930( 801 2.140( 50 I 3.58;)( 40) URANilPHANE-(BAI 

3.890 - 3.150 

3.870( 201 10. 700ClOO) 2.950( 501 3.490( 1t01 2.b201 30) RAUVlTE B- 28B 
3.85011001 8.HO( 80) 1.72(,(1001 301301 80) 3.420( 701 ARSE NURANYL I TE 1 It- 268 
3.e90( 60) 7.810nOO) 3.760( 701 3.290( 401 2.150 ( 't01 UNNAMED-(GAI 15- 609 
3.a90( 601 1.800ClOOI 3.211..( a:ll 6.300( 501 1.990( 501 CALCURHOlITE 16- lit 5 
3.870( 701 7.730ClOOI 6.1bO( 901 3.'tl01 80 I 3.130 I 101 JOHANNITE 11- 530 
3.8301 001 7.060 ClOO I 13 .HiO I 901 2.b901 501 2.2101 501 BAYlEYITE ,,- 130 
3.1501 801 5.51t0( 601 8.900(1001 1t.420( bOI 3.550( bOI HE TAtiE INRICHITE 21t- 128 
3.8b8(1001 1t.961)( 1t81 2.bOl( 231 1.9271 lit I 3.1431 121 U02(oHI2 I8ETAI 21t-11bO 
3.790 ( 50) 1t.1001 35) 9.10011001 4.800( 351 It. :;SO ( 181 HETAZEllERITE 19- 258 
3.7bOI 101 3.890( 601 7.81C(10\)1 3.2901 40 I 2.150( 401 UNNArlED-(GAJ 15- 609 
3.8301 851 3. litO I 801 9.100<1001 3.5901 751 5.6401 101 ABERNATHYITE 1b- 386 
3.790( 901 3.300( 801 d.59CIC1JOI 5.500( 701 4.350( 701 TROEGERITE 8- 326 
3. 7aO( 100) 3.210( 90) 9.090<1001 3.S10( 80 I 5.530( 701 HE TA-ANKOL ITE 29-10b1 
3.8:10(100) 3.260( 901 ~.020(l001 2.7601 80) 2olbO( aOI URAHPHITE 29- 121 
3.810( 801 3.21t0( ·801 1. 63J (100) 3.590( bOI 3.350 ( 601 IANTHINlTE 12- 2n 
3.7bO( 501 3.180ClOOI 7.530( 901 3.500( 701 2.039( 501 BILLIETITE 29- 208 
3.870( 701 3.160ClOOI 1.83C1 !l01 5.250( bOI 3.1t10 ( bOI URANClSPHAERITE 8- 321 
3.88011,)01 3.080nOOI 7.780(1001 2.976 ( 80 I 3.44\)( bOI 8ERGENITE 20- 151t 
30S70( 70) 2.510( 701 1.795(1001 2.1t81C 101 1.10d ( 701 U02(<lHI2 (BETlI 9- 239 

3.1It0 - 3. bOO 

3.680(1001 13.000nOO) 7.93C(1001 5.b101l001 50230( BOI ANDERSONITE 20-1092 
3.b39( 401 10.200(100) 8.620( 801 It. no( 50 ) 2. SbtH 351 FURONGITE 29- 98 
3.740( !to) 9.820ClOO' 4.910( SOl 3.197( 60 ) 3.179 ( bOI SENGIERITE B- 398 
3. b50( 351 9.660ClOOI 4.850( 501 5.5901 351 It. "li)( 251 ZELLERITE 19- 251 
3.bl0(100) 9.080( 901 1.b20( 601 1.530( 001 9.1t90( 501 PRZHEVALSKITE 29- 187 
3.bOO(100) 8.3It0( 801 4.230( 401 ".270( 351 5.350( 301 HETA-URANOCIRCITE II 25-lIt68 
3.740( 351 7.1t90l1001 3.210( 801 3.550( itO I 3.1bO( 301 BECQUERELITE 29- 389 
3.nO( lt~, 1."80ClOOI 3.550( aOI 3.200( 801 3.140 ( bOI BECQUERElITE 12- l1et 
3. no( 301 1.HO (100 I 3.2VO( 351 3.SIt0( 201 2.56b( 101 SECQUERElITE 13- 1t05 
3.700( bOI 1.1t00(1001 3.530( ~Ol J.190( 801 3.58i)( 001 COMPREIGNACnE 17- 161 
3.700( 801 1.310(1001 3.22011001 3.b101 801 3.1bO( 801 U02HIHI2 28-1U5 
3.bl0( 801 1.31011001 3.22C(1001 3.100( 80 I 3.1bO( 801 U02(:lHI2 28-1U5 
3.b70( 251 7.350(1001 3.220( 501 3.5901 40 I 3.160 ( 301 U03.2H20 (8ETAI 18-lIt36 
3. b60( 151 1.280(1001 5'.08 O( 701 3.HO( 251 3.510( 1,21 SCHOEPITE 13- 1t01 
3.650( 501 1.LZOClOO I 9.180( 801 1t.280( 80 I S.510( 401 URANOP IL ITE 8- 1tIt3 
3.b50( 701 5.160(100 I 8.090( 801 3.080( 801 2.860 ( 1(;1 GRIM:iElITE 25- 619 
3.730(1001 5.570( 80 I 8.86011001 3.300( 801 3.510( 701 METAZEUNERITE 11- lItb 
3. no( 801 5.1t80( 10 I 8.930Cl')01 3.230( bO I 1.b58( 501 rlETA-URANOCIRCITE 11- 158 
3.o10( 901 5.390( 101 8.550(1001 3.21C( 101 4.250( 601 HETA-URANOCIRCITE II 17- 189 
3.b~0(1001 5.350(. 90 I 3.1(,('" 901 it. HO( 80 I 3.170 ( 601 SCHHIrTERITE 25-1001 
3.b70( 901 4.1901 801 3.07u(100) 3.15)( 80 I 2.tl5S( 801 RENAROITE ll-ZU 
3.bbO( 551 3.1t90( 1t51 7. 3"e (lOa I 3.150( 351 2.858( 151 SIJOIUH-ZIPPEITE 29-1285 
3.bl:l0(1001 3."80( 801 8.710(1001 3.230( 801 5.41t0( 751 HE TA TOR8 ERN IT E 10- ItO" 
3. b20ClJO I 3.1t10( 901 10.00O( 801 5.210( 801 4.970 ( 801 URANaSPINITE 29- 390 
3. bOOt 701 3. lit'" 701 o. 9b 5 ClOC I 3.489( 70 I 3.231 ( 501 HARGARITASITE 
3.740( 801 3.290( 801 11.100<1001 2.938( 701 It.b20( bOI XIANGJIANGITE 29-1401 
3.b301 901 3.nO( 801 8.42C<1001 5.4ItO( 701 3.550 I 70) saorUM URANOSPINITE 8- Itltb 
3.nO( &51 3.250( 551 8.92ellOOI 1t.930( 501 3.490( 501 Mf:TA-ANKOLITE 19-1008 
3.b601 501 3.ZltO( 10' 1.35C(1001 2.ltltb( 10 I 3.210( ", SCHuE P IT E 13- Zitl 
3.610(100) 3.110( 75'1 7.250(1001 1.985( 401 3.530 ( 251 VANOtNORIESSCHEITE 13- 111 
3.740( 60' 3.130( 60' 4.1bi,(UOI 4.500( 201 3.500( 201 KOSE ITE 11- 259 
3.b80( 301 3.010(1001 2.920(1001 2.590( 401 1. tl4J ( 401 SAHARSKITE.HEATED It- 617 
3.bbO( 301 2.980nOOI l.a20( 401 1. no( 40 I 2.430( -301 EUXa:NITE.HEATED 5- 603 
3.br,0( 1t01 2.950( "0 I 2.99\i<1001 2.bOO( 30 I 1.a30( 301 EUXtNITE.HEATEO 9- 1t1t2 
3.o70( 30) 2.910 eroo I 2.990( 751 1.574( 30 I 1. 50!> ( 301 AESCHYNITE 20-11t01 
3.670(1001 2.b80( 801 1. 57i:;( 801 1. HO( BOI 3.230( 701 SODIUM META-AUTUNITE 29-1283 
3.b50( 501 2.5It0( 301 l.95{.(1001 2.510( 301 2.3t10( 301 ASHANITE 33- 660 
3. b1 0 ( !lSI 2.ll0( 70 I 6.410(1001 4.230( &51 5.370 ( 451 HETA-AUTUNITE 12- 1t23 
3.b60( 901 1.()OO( 90 I 8.530 <1001 1.530( BO I 9.250( 701 TROEGERITE-(PI 26- 887 

3.590 - 3.500 

3.500( 801 150200nOOl 7.bOO(1001 4.930(1001 0.000 ( 01 URAN:lSPATHITE 31- 587 
3.590( bOt lIt.620ClOOI 7.b20(1001 3.4901 901 5.030( 801 ARSENURANOSPATHITE 31- 586 
3.530(1001 1l0100( 801 5.550( 501 3.590( 50 I 1.b03( 401 KAHlERlTE 11- lit 5 
3.580( It 51 10.~oonOOI 5ol90( 5JI 4.900( 251 4. "80 ( 201 AUTUNITE 12- H8 
3.5S0( 901 10.300nOOI 4.940( 901 3.510( 1:101 b. b 10 ( 401 TORBERNITE 8- 3bO 
3.510( 801 10.300nOOI 4.9401 90) 3.580( 901 b. bl0 I 'tCI TORaERNITE 8- 360 
3.500nOOI 9.790( 901 5.000( dOl 4.4BO( bOI 3. HO ( bOI SALt::EITE 29- 811t 
3.5"0( 501 9.b20( 351 7.080(1001 3.440( 351 3.10D( 251 ZI NC-ZI PPE ITE 29-1395 
3.590( 751 9.100nOOI 3.830( 851 3.340( BO I 5. b40 ( 701 ABERNATHYlTE 10- 380 
3.5l0( 801 9.090nOOI 3.180<1;)01 3.2701 90 I 5.530 ( 701 I1ETA-ANKOLITE 29-1061 
3.55iH 601 B.900nOOI 3.750( 801 5.540( bOI ".420( bOI HE TAHE INR ICHlTE 21t- 128 
3.570( 101 8.8bOOOO) 3.730(1001 5.570( 801 3.300 ( 801 rlE TA ZE UNER ITE 11- lito 
3.590ClOOI 8.660( 701 2.98U( ~;;I 5.C90( "0 I 3.500 ( 301 METAlOOEVITE 25-1239 
3. 590( 1:)01 8.§50( 901 4.290( 6JI 5.ll0( 50 I 2.150 ( 501 HE TAKAHLER ITE 12- 516 
3.560( lO I 8.1t600001 't.220( 201 3.470( 201 3.000 ( LCd WY AR Tl TE-( l7A1 12- b36 
3.550( 701 8.1t20(1001 3.b30( 901 3.270( 801 5.440 ( 701 SODIUH URANOSPINITE 8- 1t1t6 
3.520 ( 601 8.1t20nOO I 4.19D( dOl 3.210( 70) 3.00;)( bOI SKLUiJOWSKITE 29- 875 
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3.5501 80) 8.390(100 ) 7.290(1)01 6.b80! bO) 3.0401 bO) GU lLLEI1INITE 18- 582 
3.5001 80) 8.230(100) 3.09011001 3.2201 90 ) 2.900 I ged MARP-tOlITE 25- 320 
3.510( 14) 8.110(100) 4.00)( 5,1 4.1401 30) 2.1181 141 META-AUTUNITE 14- 15 
3.S301 10) 8.160(100) 4.82Q( ~Ol 6.0601 70) 3.290( 40) CUPROSKLODOWSKITE 19- 413 
3.5801 40) 1.9301 80 ) 3.990( 60) 1.9971 60 I Z.140( 501 URANOPHANE-IBA) 
3.S60( 40) 1.910(100) 7.320( 90) 3.280( 601 5.8l0( 30) U03.H20 UNNAHED 1~ 569 
3.5l0( 601 7.830(1001 3.90,,( 901 3.190 ( ,0 ) 2.590( 50) BETAURANOPHANE 8- 301 
3.590( (0) 1.630(100) 3.S10( 801 3.240( 80 I 3.350( 001 IANTHINITE 12- 212 
3.550( 401 1.'090(1001 3.2l0( , J I 3.740 ( 35) 3.16J( 30) BECOJERELITE 29- 389 
3. 540 ( 20) 1.4'00(100) l.200( 35) 3.130( 30 ) 2.5bb( 10) Bt=CiJUERELITE 13- '005 
3.580 ( (0) 7.400(100) 3.530( 30) 3.190( 80) 3.700( 60) COMPRE IGNACITE 11- 161 
3.520( (0) 1.310(100) 3.5%(1:1)) 3.240( 80 ) 3. 110 ( 5C) SCHOEP ITE 29-137b 
3.5~0( 40) 7.350(100) j.22C( ;01 3.1bO( 30) 3.670( 25) U03.2H20 ( BETA) 18-1436 
3.510( 12) 7.280(100) 5.0BO( 701 3.440( 25 ) 3.b6"( 151 SCHOEPITE 13- 401 
3.530( 25) 7.250(1001 3.01011001 3.110( 75) 1.985( 401 VANOENORIESSCHEITE 13- 111 
3.530(100) 7.200( 80) 3.48Q( 801 3.ll0( bO I 2.140 ( 301 MAGNESIUH-lIPPEITE 29- 816 
3.S50( 18) 1.200UOOI 3.SS0( 50) 3.l80( 50 ) 3.140 ( 121 FOUR11ARIERITE 13- 116 
3.570( 90) 7.120(100 ) 3.500(1001 3.140(1001 3.120(1001 RAI1':AUITE 25- 631 
3.5S01 101 10110(100) 5.570( ~Ol 8.980( 801 3.300 ( 701 IIEEKSITE 12- 462 
3.SbO( 351 1.080(1001 3.520( 7JI 3.120( )0 I 3.480( 2CI MA SU 'fI TE 13- 408 
3.520( 801 7.08011001 3.13011001 3.490( 901 3.1S3( '101 AGRINIERITE 25- 630 

.3.530( 501 6.5'&0 (100) 3.1Ze( 70 I 4.2;0( 301 3.250 ( 301 CARNJTITE 8- 311 
3.520( 401 6.230(1001 3ol4\J( 801 3.9bO( 70 I 3.0bO( 501 CUR I TE 14- 261 
3.540( 70) b.Ol011001 3.4CJO( ~Ol 2.nO( 70 ) 1.90d( bO) BULT.OOOITE 29-102b 
3.570(100) 5.080( 60 ) a.780(lOO) 4.3001 60 I 3.01e( 601 METAKIRCHHEI"ERITE 12- 586 
l. 580 ( 90) 5.060( 80) 10.20011001 3.35C( 501 6.BOO( 401 NOVACEKITE 8- 286 
3.5901 901 5.040( 80 ) 10.700(1001 3.390( 70 I 1.9~J( bOI ZEUNERITE 4- 90 
3.570(1001 5.020( 60 I 10.00(;(1001 1.58B( 50) 3.350( ·401 N[)VACEKITE 11- H8 
3.550(100) 4.720( 85) 2.bd:';( 7;') 1.834( b51 2.d42( ItS) THOR ITE 11- 419 
3.500( 20) 4.160(100) 3.74\J( bOI 3.1l0( 60 I 4.500 I 20) KOBEITE 11- 259 
3.500( 30) 3.590(100 I B.660( 701 2.980( 601 5.090( 401 METALODEVlTE 25-1239 
3.590( 501 3.5'301100 I 11.lCtC( '101 5.55C( 50 I 1.b03( 401 KAHL ER ITE 17- H5 
3.560(100) 3.48011001 7ol40( 901 3.UO( 901 2.b2C( dO I RICHETITE 25- 467 
3.560( 401 3.450 (l00 I 7oICe( '151 3.100( 65) 9.630( 351 NICKEL-ZIPPEITE 29- 9'04 
3.530(100) 3.350( 801 10.000(lOJI 5.090( 70 I 1.600( 10) HE INRICHITE 29- 210 
3.590( 901 3. HO( 801 8.850(l·JOI S.100( 70 I 5. :HC ( 60) META-URANOSPINITE 8- 319 
3.570(100) 3.310( 90 I 8.650(100) 5.530( 80 ) 3.0001 50) META-URANOSPINITE 18- 309 
3.590(1001 3.240( 801 7.370(1001 3.520( 60 ) 301 70 ( 501 SC HO~ P IT E 29-1316 
3.540(100) 3.220( 101 10.900(1001 ~.490( 60 I 5.030( 401 NO'IACEKITE 11- 141 
3.5301 801 3.210( 80) b.360(1001 4.220( 60 I 3.140( bO) CARNOTITE 11- 338 
3.5)0( 80) 3.200( 80) 7.480(1001 3.140( 60 ) 3.730 ( 40) BECOUERELITE 12- 116 
3.530( 80 ) 3.190( 80) 7.400(100) 3.100( 60 I 3.58;) ( 601 COMP R E IGNAC IT E 17- 161 
3.5S0( 50) 3.180( 501 7.200nOOI 3.550( '.8 I 30140 ( 12) FOURMARIERITE 13- 116 
3.500( 70) 3.16011001 7.530( ~Ol 3.7bO( 50 ) 2.039( 501 BILl1ETITE 29- 208 
3.500(1001 3.140(100) 70120(1001 3.12011001 3.510 ( ~ 0 I R A ME AU IT E 25- 631 
3.590 ( 451 3.l20( 30) 7.210(1001 3.470( 20 I 1.963( 121 COBALT-Z IPPE ITE 29- 520 
3.590( 45) 3.120( 30 I 7.210(1001 1.963( lZ) 2.491( 111 N let< EL-Z IPPE IrE 29-1434 
3.520 ( 70) 3.120! 50) 7.080(1001 3.5bO( 35) 3.4S0( 201 '1A5UY'ITE 13- 408 
3.500( 90) 3.120( 80 I 7.0bO( 1;)0) 2.870( 40) 2. b 50 ( 401 ZlPPEPE 29-1062 
3.510( 25) 3.090 (l00 I 2.87C ( 701 3.300( 501 4.110( 251 MONAl ITE 11- 556 
3.51()( 401 3.0901100 I 3.470( ~Ol b.390( 1i0 I 3.130( bCI IIOLS ENDORF ITE 12- 159 
3.5l0( 451 2.92011001 Z.7l0( 651 2. b2 7 ( 401 2.IB2( 351 ALLANITE 25- 169 
3.520( 601 2.920(100) 3.0bC( aul 4.21C( bOI 3.24;)( bOI KASOLITE 29- 188 
3.5JO( 40) 2.900(100 I l.880( b) I 4.650( 40) 2.16J( 40) COFF INITE-CO 17- 460 
3.500( 80) 2.670( 60) 2.960(1001 1.b30( bOl 4.o20( 501 ALLANITE,HEATEO 9- 414 
3.570( 901 2.140( 60 I 8.52(;(1)01 4.l90( SO) 2.530( 501 METANOVACEKITE 11- 152 
3.5901100 ) 1.610( 101 8.~60(tOOI 2.540 ( bO I 2.2t!O( 601 METAKAHLERITE 11- 151 

3.490 - 3.400 

3.490 ( 90) 14. b20 (l00 I 7.62(,(1001 5.030 ( 80 I 3.590( 601 ARSENURANOSPATHITE 31- 586 
3. 4901 401 10.700 (l00) 2.95(,( ;0) 2.620( 30 I 3.870 ( 20) RAUV ITE 8- 288 
3.470( 401 10.400(100) 3.C80( 801 5.170 ( 70 I 3.400( 501 PHURALUMITE 33- 38 
3.400( 501 10.4001100 I 3.0S0( 801 5.110( 701 3.410( 401 PHURALUHITE 33- 38 
3.4701 101 10.300nOOI 5ol90( 301 3.280( 10 I 7.bOO( 51 '.Y AR T ITE-( 20A) 12- 635 
3.410( 90) 10.0001 80 I 3.b20(1001 5.210( 60) 4.970 ( 801 URANOSPINITE 29- 390 
3.470( 80) 9.69011;)0) 4.B60( 9)) 2.188! 60 ) 4.39;)( 401 SABUGALITE 5- 107 
3.490( 501 8.920(1001 3. 73e( b51 3.250( 551 4.9301 501 META-ANKOLITE 19-1008 
3.480( 801 6.710(1001 3.660(1001 3.23(j( 80) 5.440( 751 META TORBERNITE 16- 404 
3.46011001 8.590( bO) 4.890(1001 2.200( 60 I 4.250( 30) BASS "TTITE 7- 2aa 
3.4701 20) 8.460 (l00) 't.220( 20) 3.5bO( 10) 3."00( 10 I WYAR TITE-1l7") 12- 63b 
3.430( 80) 8.'000 (l00) It.lBO( 80) 3.170( 70 I 4.24:)1 601 UPALITE 33- 37 
3.440( 601 7.780(1001 3.880(100) 3.080(1001 2.97b( 801 BERGENITE 20- 154 
3.410( 60) 1.130 (100) 6.1bO( 901 3.S70( 70) 3.130 ( 701 JOHAN~ITE 11- 530 
3.420( 701 7.7201100 ) 3.850(100) 8.410( 80 ) 3. 130 ( 80) ARSENURANYLITE 14- 268 
3.4901 " 51 7.340(100) 3.bbO( 551 3.150( 35) 2.858( 151 SODIUM-Z fpPE ITE 29-1285 
3.4't0( 251 1.280(1001 5.08J( 70) 3.bbO( 15) 3.510 ( 12) SCHO E P IT E 13- 407 
3.470( 201 1.210(100) 3. 590 ( 45) 3.ll0( 30) 1.963( 121 COBAL T-l IPPE ITE 29- 520 
3. 480( 1001 1.140( 901 3.5bOI1(0) 3.130( 901 2.b20( 60 I RICHETITE 25- 467 
3.450(100) 1.100( 951 3.l00( 651 3.5bO( 'to I 9.b30( 351 NICKEL-ZIPPEITE 29- 944 
3.4901 901 7.080(1001 3.130(1001 3.153( 90) 3.520( 801 AGRINIERITE 25- 630 
3.4BO( 201 1.080(100) 3.520 ( 7ul 3.120( 501 3"560 ( 351 MASUYITE 13- 408 
3.440( 351 7.080nOOI 3.540( 501 9.620( 35 I 3.100( 25) ZINC-lIPPEITE 29-1395 
3.469( 701 b.9b5(1001 3.60(;( 70) 3.344( 70) 3.231( jO) MARGAR IT AS ITE 
3.490( 80) b. 710 noo I 2.920(1001 4.700( 30 I 3.310 ( 801 SOOILIM BOLTI/OOOlTE 29-104lt 
3.470( 80) b. 390 ( 601 3.09(;(100) 3.130( (0) 3.510( 401 WOLSENOORFITE 12- 159 
3.490( 18) 5.880nOOI 3.390( 301 3.400( 20 I 4.230( 12) STUOTITE 16- 206 
3.400( 201 5.68011001 3.39C( 30) 3.490( 181 4.230( 12 ) STUDTITE 16- 206 
3.450 ( 801 5.550(1001 7. HO( JO) 6.BBO( 801 3.230 ( >301 ROUB AUL T ITE 25- 318 
3.40611001 5.1511 85 ) 3.434( 321 2.488( 211 2.S57( 261 UOZ(OHI2 (AL PHA) 25-1116 
3.4S0( 801 5.110(100) 3.430(100) 2.851( 60 I 2.467( (0) U03.0.6H20 10- 309 
3.460(1001 4.6ltO( 951 2.64C( 951 1.BCl3( 70 I 2. 789 ( 451 COFFINITE 11- 420 
3.480( 70) 4.2701100 I 3.000( 8j) 2.950( 85 I 6.140! 551 LlUMONTITE 12- 158 
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3.440 ( 501 4.17011001 1.310( 1>01 1.300( bOI 2.580( ~Ol M~LU~ANITE.HEAreD 29-1371 
3.4~0( 601 3.580nOOI 7.200( 8()1 3.110( bO I 2.740( 30. MAGNESIUM-ZIPPEITE 29- 876 
3.400( 901 3.5401 701 b.Ol0(1001 2.910( 701 1.908 ( bOI 80LT 11000 ITE 29-1026 
3.430(1001 3.450( 80 I 5.11011001 2. S57( 60 I 2.4811 bOI U03.().8H20 10- 309 
3.434( 321 3.40611001 5.1511 851 2.488( 271 2.85H 2bl U02(OH12 (ALPHAI 25-111b 
3.47'" 801 3.366( 601 '1.43011001 20197( 60 I 5.350( 501 THRE ADGOLDlTE 33- 39 
3.44011001 3.350(1001 4.74(,( 951 6.040( HI 3.020 ( 351 BR ANNE R ITE 12- 477 
3.4l0( 651 3.280nOOI 3.25011001 4.230( b51 3.lbO( 451 PARSONSITE 12- 259 
3.4201 901 3.180 I 80 I 8.090(1')01 4.100( 501 1.682( 401 JOLlOT ITE 29-1378 
3.470( 601 3.160(1001 1.8301 801 3.870( 701 5.Z50( 601 URANLlSPHAERITE 8- 321 
3.460( 901 3.130( 901 7.0Z01l001 1.960( bOI 1.750( 501 ZIPPEITE 6- 138 
3.430( 50) 3.090 I 90 I 1.68(,( 6ill 1.260( 60 I 1.99'J( 401 METACAlCIOURANOITE 25-1451 
3.490( 501 3.070nOOI 3.2bO( 9JI 2.860( 901 4.l40( nl CHERAlITE 8- 316 
3.490( 901 3.000( 60 I 3016011001 3.066( 70 I 3.3851 601 MOCTEZUMITE 18- 707 
3.450( 201 2.98011001 3.050( 701 3.130( 401 5.540( 201 NI 060-AE SCHYNITE 29- 311 
3.420( 70) 2.850( 601 2.9C(.(1001 3.070( 50 I 2.246( 501 DAI/ IJIT E.HEATED 13- 505 
3.1000(1001 2.8401 90 ) 1.HO( bOI 4.HO( 50 I 1.696( 501 HALLIMONDlTE 16- 706 
3.4801 801 2.810( 801 2.84ull()OI 1.8561 60 I 4.120 I 601 6RITHOLITE.HEATED 17- 7210 
3.45011001 2.560( 50 I 1.770( 5;,)1 4.5501 251 2.150( 25) XE NO TIME 11- 254 
3.104011001 2.560( 601 1.76(,( 451 4.540( 251 Z.145( 251 XENOTII1E 9- 377 
3.10101 701 1.980( 601 3.09C(LJO) 1.9108( 601 1.908 ( 60) BAUR ANOITE Z5-1469 
3.420(1001 1.903( 801 2.460( 70) Z. Z76( 70 I 3.320( bO) BRANNERITE.HEATED 8- Z 
3.41>0( 751 1.7301 40. 3.09011,,01 6.9l0( 35) 1.913 ( 801 1I0lScNDORFITE 29- 786 
3.450( 501 1.680nOOI 3.22\)( 8)1 2.480( 6Q I 1.04Z( (0) DAIIIOITE.HEATED 8- 305 

3.390 - 3.320 

3.BO( 701 10.70011001 3.59J( ~O) 5.('4';'( 80 I 1.930 ( 601 ZEUNERITE 10- 90 
3.350( 501 10.20011001 3.58 L I 9QI 5.060( BO I 6.800 ( 401 NOI/ACEKITE 8- Z86 
3.3;0( 801 10.000noo I 3.530(1001 5.090( 701 1.600( 701 HE INRICHITE 29- Z10 
3. 3S 0 ( 1001 10.000(1001 3.571,)1100) 5.0201 801 1.588( 501 NOI/ACEKITE 17- 148 
3.3661 601 9.HO I 100' 3.4741 90) 2.197( 1>0 ) 5.350 ( 501 THREAOGOlOITE 33- 39 
3.340( 301 9.300 (100 I 4.620( 1051 4.4701 40) 3.037( 301 HAII/EEITE 13- 118 
3.340( 601 9.100nOOI 3.83el ~51 3.590( 751 5.640( 701 A8ERNATHYITE 16- 386 
3.340( 80) 8.850nOO) 3.590 I '10) 50100( 70 I 5.570( 601 META-URANOSPINITE 8- 319 
3.3501 78) 8.IoZ0(1001 5.60C11001 16.800( 701 Z.7911 45) UMOHiJITb17A 12- 778 
3.390( 501 8.050UOOI 3.10.)( SJI 3.0'l0( 80) Z. S 78 ( 701 PHURCAlITE Z9- 391 
3.350( (0) 7.630(100 I 3.S10( dO) 3.240( 801 3.590( (0) IANTHINITE lZ- Z7Z 
3.3441 701 6.965'(100 I 3.6C>0( 7:) ) 3.48'l( 70 I 3.2311 50) MARGAR IT AS IfE 
3.370( 801 6.71011001 Z .92011001 4.700( 60) 3.490( 801 SODIUM BOLTWOOOITE 29-1041t 
3.3401 901 5.7701 801 3017u(100) 1.970( 601 1.660( 601 ClARKEITE 8- 315 
3.320( 55) 5.3001 451 3 .38u (100) 2.6't0( 40 I Z. 000 I 251 EKANITE 25- 677 
3.3601 60) 5.Z8011001 3.310(100) 2.MO( 1001 7.360( 801 IRAOITE Z9- 995 
3.35011001 It. 740 ( 951 3.44C(DOI 6.040 ( 351 3. OZO I 351 BRANNERITE 12- 477 
3.32011001 4.10801 901 6.140( 60) 2.690( 70) 2.4701 60) SOOOYITE lZ- 180 
3.3401 701 4.160(100) 2.34011JO) 3.190( 80) 1.911( 501 WIDENMANNITE Z7- 281 
3. HOI 60) 3.4Z011001 1.903( dO) Z.4601 70) 2.276( 701 BRANNERITE.HEATEO 8- Z 
3.3~0( 30) 3.10001 ZOI 5.!It10(100) 3.1090( 18 ) Io.Z30( 121 SrUOTITE 16- 206 
3.3801100 I 3.3Z0( 551 5. 3C 0 ( 451 2.640( 4.0 I 2.000( 25) EK AN IT E 25- 677 
3.380( 601 3.290(1001 1.700( 801 1.999( 601 2.'l60( 50) UMBOZERITE.HEATED 26-1384 
3.370( 90) 3.190(1001 1l.OCe( n) 3.060( ~O) 5.530( dO) SEDOI/IfE 18-14Z5 
3.365( 601 3.1601100 ) 3.4C/0( ~;jl 3.000( 801 3. 03B I 70) MOCTEZUMlTE 18- 707 
3.380( 801 3.1201 701 4.78011001 2.6Z0( 70 ) 2.0301 70) DERR leKS ITE 25- 319 
3.3BO(1001 3.030nOO) 4.57u( lOl 1. B3Z( 901 1.160 ( 901 HAlwEEITE 17- 462 
3.3BO( 601 3.020 noo I 2.81e( 80) 2.110( 60) 4.330 ( 601 NINGYOITE 1Z- Z73 
3.340 ( 601 Z.97011001 5.42C( 9JI 5.890( 60) 50140 ( 451 DEMESAEKERlTE 18- 692 
3.320( 301 Z.910011001 4.4701 851 2.65C( 401 6.400( 351 MCKElI/EYITE 18- 901 

3.310 - 3.250 

3.300( 201 11.1001100 I 5.560( 401 5.640( 181 4.590( 141 COCiJNINOITE 25- 16 
3.290( 801 11.100(100) 3.74CI 801 Z.938( 701 4.620( 601 XIANGJIANGIfE 29-1401 
3.Z80( 10) 10.300(100) 5.190( 301 3.4701 10 ) 7.600( 51 WYAR T ITE-I ZOAI 12- 635 
3.Z70( 90) 9.09011001 3.780(100) 3.510( 80) 5.5301 70) META-ANKOLlTE 29-1061 
3.Z601 901 9.020(100) 3.800(lJO) Z.760( 60 I 2.16l( 80) URAMPHITE Z9- 1Z1 
3.250( 551 8.92011001 3.730( 65) 4.930( 50 ) 3.490( 50) META-ANKOLITE 19-1008 
3.300( 801 8.860 (100 I 3.730(100) 5.5701 601 3.570( 70) ME TAZEUNERITE 17- lIt6 
3.310( 901 8.65011001 3.570(1001 5.530( 60 I 3.000 ( 50) META-URANOSPINITE 18- 309 
3.300( 801 8.590(100 I 3.79C( 90) 5.500( 70 I 4.350( 70) TROEGERITE 8- 3Z6 
3.2701 701 8.420(100) 4.1901 801 3.520( (0) 3.000 ( 60) SKlUDOWSKITE Z9- 875 
3.270( 801 8.102011001 3.63(,( 901 5.440( 701 3.5501 70) SODIUM URANOSPINITE 8- 1046 
3.290( 1001 8.160(100' 4.820( 901 6.060( 70 ) 3.530( 701 CUPRQSKlOOOWSKITE 19- 413 
3.280( (0) 7.910(100) 7.3201 901 3.560( 40 I 5.8101 30) U03.ti20 UNNAI1EO 15- 569 
3.Z90( 1001 7.810nOOI 3.76C( 70) 3.1190( (0) 2.150( 401 UNNAMED-(GAI 15- 609 
3.300( 701 7.110nOOI 5.57v( 9J) 8.980( 60 I 3.550 ( 701 wEEKSITE 1Z- 462 
3.250( 30) 6.560(1001 3.120( 7') ) 3.S30( 50) 1o.250( 30) CARNOTITE 8- 317 
3.ZI>0( 601 6.510(100) 4.2l0( !l0) 3.0501 601 5.l9D( 1001 ME TA TYUYAI1UNITE 6- 287 
3.3021 25' 5.970(1001 2.890( 40) 3.2Z6( 25) 3.l81( 2:» MOUR ITE 24-1359 
3.25011001 It. 230 ( 651 3.28(,110;,)1 3.410( (5) 3.160( 451 PARS ONS IfE 1Z- Z59 
3.HO( 601 3.500(100) 9.790( 90) 5.000( 8,)1 4.48;,) ( 601 SAlEElTE 29- 87lt 
3.Z60(1001 3.25011001 4.Z301 651 3.4101 651 3.160( 451 PARSONSITE lZ- 259 
3.300( 501 3.090(1001 2.870( 701 4.17{'( 251 3.510( 25) MONAZITE 11- 556 
3.250( 501 3.050 ( 50 I 30110(100) 9.900( 100 I 2.720 ( 1001 WAlPURG1TE 8- 3210 
3.Z5011001 3.000(100 I 7.770(1;)01 4.130( 90 I 6.520( 801 FRITZCHEITE 23-12109 
3.Z60( 90) 2.860( 901 3.07()IlJO) 4.l40( 75) 3.4'l0( 50) CHERAlITE 8- 316 
3.28011001 Z.8100( 781 2.010( 23) 4.0201 18 ) Z.7881 17) CLIFFORDITE 24-lZ09 
3.270(1001 2.S40( 801 2.010( 60) 2.755( 701 1.H2( 701 CLIFFOROITE Z5- 999 
3.310(100) Z. 640 1100 I 5.28011001 7.360( 80 ) 3.380 ( 801 IRAOITE Z9- 995 
3.Z50(1001 1.920( 901 6.200(1001 2.950( 301 Z.190 ( !l01 PS EU DO-AUTUNITE 18-1084 
3.2901l~01 1.700( 801 3.3<101 601 1.99'l( 60 ) Z. 980 ( 50) UM80ZERITE,HEATED Z6-1384 
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3.240 - 3.200 

3. 220 ( 50) lIt.1001 25) 7.10)(1:'>0) 3.1BO( 25) 4.74)( 20) UMOHJlTE.14A 11- 375 
3.2301 80) 12.000(100) :i.9801 90) 3.9801 80 ) 3. 180 I 80) VANURAllTE 23- 769 
3.2201 70) 10.900(100) 3.54011;)0) 5.4901 bO) 5.030 I 401 NOVACEKlTE 17- 147 
3.200 ( 50) 10.200(100) 5.0201 90) 2.0401 40) 6.b20( 301 TYUY AMUN ITE b- 17 
3.240( 80) 9.920(100) ".170 ( '101 3.160( 90) 4.090 ( 80) "IETAVANURAlITE 23- 770 
3.200( 40) 9.160(100) 4.590( 701 4.430( bO) B.070( 30) HAIwEEITE 22- 1bO 
3.230( bO) 6.930(1001 3. nO( (I',)) 5. 460 ( 70 I 1.658 ( 50) META-URANOCIRCITE 17- 756 
3.230( 801 8.710(100) 3.1)80(100) 3.480( 80 I 5.4401 751 METATORBERNITE 16- 404 
3.2l0( 70 ) 6.550(1001 3.61.:)( 90) 5.390( 70 I 4.250( 601 META-URANOCIRCITE II 17- 769 
3.220( 90) 6.230(100) 3.09011001 2.9001 90 ) 3.500 ( 80) MARTHOZITE 25- 320 
3.200 ( 501 7. 6BO (100) 3.950( "l0) 4.060( 60 ) B.18UI 40) STRElKINITE 27- 622 
3.240( 80) 7.630(100) 3.alO( dO) 3.590( 60) 3.350( 60) IANTHINITE 12- 272 
3. 200 I 801 7.4600001 3.S50( 80) 3.l'tO( 60 ) 3.130 I 40) BECUlJERELITE 12- 176 
3.2401 601 7.370(100) 3.59(,1100) 3.520( bO) 3.110 ( 50) SCHOEf'ITE 29-1376 
3.240( 10) 7.350(100) 3. bbC'( 50) 2.446( 101 3.2101 4 ) SCHOcPITE 13- 2H 
3.2l0( 41 7.35011001 3.66u( 50) 3.240( 10 ) 2.44bl 101 SCHOEi>ITE 13- 241 
3.2311 501 6.9651100 I 3.600( 10) 3.3441 70 I 3.4891 10) MARG AR If AS ITE 
3.210( 80) 6.360(100) 3.53CI 80) 4.2l0( bO I 3.1401 1)0) CARNOT IfE 11- 338 
3.2~b( 25) 5.970(1001 2.89(;( 40) 3.3021 25 I 3.1811 251 MOUR IfE 24-1359 
3.2301 801 5.55011001 1.740 ( 901 6.SS0( 80 I 3.4501 801 ROlJaAUl TITE 25- 316 
3.23011001 5.290( 30) 3.1301 ~5) b.400( 19 ) 2.974( 191 IRIGINIfE 29-1372 
3.230( 401 4.610(100 I 4.30';( 70) 3.920( 301 2.b401 25) RUTHERFORDIHE 11- 263 
3. 210 I 80) 3.890 ( 60) 7.8COI1:)0) B.3001 50 I 1.99D( 50) CAlCURMOlITE 16- 145 
3.2001 351 3.730 ( 30 ) 1.44011(0) 3.5401 201 2.5661 10) BECQUERElITE 13- 405 
3.220(100) 3.100( 60) 7.310(100) 3.bl01 801 3.lbC I "l0) U02 (()H) 2 26-1415 
3.230( 10) 3.b70(100) 2.6tH,c 8:) 1.570( 80 I 1.540 I 801 SODIUM META-AUTUNITE 29-1283 
3.2l0( 50) 3.5901 40 I 7.35CllCO) 3.160( 30 I 3.670 ( 251 U03.2H20 (BETAI 16-1436 
3.2101 BO) 3.5'501 401 7.49011(0) 3.740( H) 3.160 ( 30 ) BECQUERElITE 29- 369 
3.2001 50 ) 3.1501 401 4.130(100) 12.2001 301 b.180( 30) UMOHOITE.12A 12- 693 
3.24011,)01 3.060(1001 1.970(100) 1.910( 80 I 1.106( 801 FERGlJSONITE.BETA-CCEI 29- 402 
3.230( 301 2.96011001 2.ne( 90) 3.1301 40 I 1.5b1l 301 SAMARSK[TE.HEATED 10- 396 
3.240( 601 2.920(100) 3.060( 301 4.2101 601 3.52ul bO) KASOlITE 29- 788 
3.210(100) 2.620( 55) 6.350(100) 4.280( 50 ) 5.250 ( 451 IR IGINITE 16-1426 
3.210(100) 2.5101 801 4.020(100) 1.6971 401 1.8~01 30) PETSCHECKITE,HEATEO 29-1426 
3.20011001 2.500( 801 4.0501 601 1.8301 50 ) 1.710 ( 301 BETAFITE.HEATED 18-1154 
3.2201 SO) 2.4801 60 ) 1.68011 J:)) 1.042( 60 I 3.450 ( 501 DAVIOITE.HEATED 6- 305 
3.230(1001 2.110 I 80 I 5.000(100) 1. 9101 801 2.050( ,01 VANURANYLITE 19-1417 
3.21011001 1.97011001 1.650(100) 1.120( 80 ) 1.0441 8C) CAlCIOURANOITE,HEATED 26-1003 
3.230(100) 1.1>901 641 1.9801 58 ) 2.800 I 351 1.284( 2b) THORlAHlTE 4- 556 

3.190 - 3.150 

3. BO( 801 12.000(100) 5.9801 90) 3.9801 60 I 3.2301 80) VANURALITE 23- 7b9 
3.190(1001 11.000 I 90) 3.370( 90) 3.0601 90 I 5.530 ( 80) SEDOVITE 16-1425 
3.160 ( 90) 9.920(100) 4.1701 '101 4.090( 80 I 3.240( 801 METAVANURAlITE 23- 710 
3.191(,60) 9.8201100 I 4.9H)( 801 3.740( 601 3.119 I 60) SENGIERITE 6- 396 
3.119( 60) 9.820(100 I 4.9101 8:)) 3.7401 60 ) 3.197( bO) SENGIERITE 6- 398 
3.BO! 40) 9.260(100 I 4.530( S;)I 4.410 I 50) 7.090( 301 HAIWEE IfE 12- 721 
3.17 01 70) 8. ~oo (l00) 4.l80( 80 ) 3.4301 80 ) 4.240! 00) UPAl ITE 33- 37 
3.180( 801 6.090noo I 3.4201 90) 4.l00( 50 I 1.6821 40) JOLIOTITE 29-1376 
3.1901 50) 7.630(1001 3.9001 90) 3.51(;( 601 2.590 I 50) BETAURANOPHAHE 8- 301 
3.180(100) 7.530( 601 3.5001 1;j) 3.7bOI 50 ) 2.039( 501 BIlLIETlTE 29- 206 
3.160( 301 7.490(1001 3.,?lOI 80) 3.550( 401 3.1401 35) BECQUERElITE 29- 369 
3.1901 801 7. 400noo I 3.530( 801 3.100( 60 ) 3.5801 bO) COMf'RE IGNACITE 17- 167 
3.170( 50 ) 7.370(1001 3.59CllJO) 3.2401 80 ) 3.520( 60) SCHLIEP ITE 29-137b 
3.1bOI 80) 7.37011001 3.220(100) 3.100( 80 ) 3.610( 80) U02tOH)2 26-1415 
3.l60( 30) 7.350(100) 3.22i.!( ;0) 3.5901 40 ) 3.1>701 lSI U03.2H20 (BETAt 16-1436 
3.150( 35) 7.340(100 I 3.6601 55) 3.4901 45) 2.858 ( 151 SODIlJM-Z IPPEITE 29-1265 
3.1701 751 7.250(100) 3.610(100) 1.985( 40 I 3.530( 25) VANDENDRIESSCHEITE 13- 117 
3.180( 501 7.200000 I 3.5~01 50) 3.550( 18 ) 3.140 ( 12 ) FOURMARIERITE 13- 116 
3.lBO( 251 7.100(1001 3.2201 501 l4.100( 251 4.14JI 20) UMOHOLTE.1~A 11- 375 
3d53( 901 7.060(100) 3.130(10;» 3.490( 90 I 3.5201 80) AGitINIER ITE 25- 630 
3. B 11 251 5.9701100 ) 2.890( 401 3.302 ( 25) 3.22b( 25) MOUR ITE 24-1359 
3.190( 80) 4.1601100 ) 2.340(100) 3.340( 70) 1.9111 50 ) IIIDENMANNITE 27- 261 
3.1501 40) 4.1300001 3.2CO( 50) 12.2001 30 I 6.180( 30) UMOHOITE.12A 12- 693 
3.160(100) 4.0101 BOI 2.4901 40) 1.8381 30) 1.b92( 201 LIANDRATITE.HEATEO 29-1435 
3.1701 80) 3.1>80(1001 ;.350( 9')) 3.10(,( 90 ) 4.130 ( 801 SC HM ITTE R ITE 25-1001 
3.1bO( 100) 3.4901 90) 3.0001 30) 3.0881 70 ) 3.3B51 bO) MOCTEZUMITE 18- 107 
3.170(100) 3.340 I 90) 5.110 I 801 1.970( 80 I 1.8601 bOI Cl ARKE ITE 6- 315 
3.160( 45) 3.280(100) 3.250(100) 4.2301 65) 3.410( 05) PARSONSITE 12- 259 
3.1b0(100) 3.09011001 2.88,,11001 1.960( 801 5.860 I 80) PH US PHUR ANULI TE 19- 698 
3.153( 801 3.070(100 I 3.610( ~O) 4.390( 80 ) 2.8 5tl ( ao) RENAROITE 11- 215 
3.150( 501 2.980(100) 1. 10i.! I 90) 1. 490 I 10 ) 1.~501 50) YTTKJPYROCHlORE,HEATED 25-1015 
3.160( 60) 2.890(100) Z. 860 I 80) 2.1901 00 I 3.990 I 40) BR ITHOLI TE. I LA' 13- lOb 
3.170( 101 2.790( 70) 2.900(10,)) 2.009( 10) 1.913 ( 70) BElOIIITE 17- 519 
3.1:'011001 1.9301 49 ) 2.140 I 481 1.6491 471 1.2551 181 U>(ANINITE IU021 5- 550 
3.160(1001 1.630 ( 80 I 3.anl 10) 5.25C( 60 ) 3.470 I 601 URANOSPHAERITE 8- 321 
3.110(100) 1. no( 65 ) 1.10CI 85) 1.632( 40 ) 2.720 I 30) THORUTI TE, HE ATE 0 14- 327 

3.140 - 3.100 

3.1301 801 7.9701100 ) 3.9901 ~O) ;.830( 80) 3.0901 30) RE NA~D ITE 8- 318 
3.l30( 70) 7.130(100) 6.1bO( 90) 3.410( 90 ) 3.870 ( 10) JOHANNITE 17- 530 
3.1301 80) 7.720(100) 3.85(,1100) 6.4101 80) 3.420( 70) ARSENlJRANYLITE 14- 268 
3.140( bOI 7.460(1001 3.55(,( 80) 3.20v( 60 ) 3.730 ( 'to) BECQUERElITE 12- 17b 
3.1201 30) 1.21011001 3.~9CI 45) 3.470( 20 ) 1.9631 12 ) COdAlT-ZIPPElTE 29- 520 
3.1201 301 7.21011001 3.5901 451 1.9b3( 12 I 2.4911 11 ) NICKEl-ZlPPE ITE 29-1434 
3.140( 121 7.2001100 I 3.5dOI 50) 3.1801 50 ) 3.5501 18 I FOlJRMARIERITE 13- 116 
3.14011001 1.12011001 3.5001~)0) 3.1Z0(100) 3.570 ( 90) RAMEAlJITE 25- 631 
3.120(100) 7.12011001 3.500( 1)0) 3.1401100 ) 3.57;)( 90) RA"tAUlTE 25- 631 
3.1201 50) 7.08011001 3.52CJI 70) 3.560( 35 ) 3.480 I 20) MASUYITE 13- 406 
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3.1001 25) 7.080nOO) 3.540( 50) 9.620( 35) 3.440( 35) ZlNC-ZIPPEITE 29-1395 
3.120( 80) 7.060nOO) 3.501,;( nl 2.870( 40) 2.650( 40) ZIPPEITE 29-1062 
3.nO( 90) 7.0201100) 3.48vl 90) 1.9bOI bO) 1.7501 50) ZIPPEITE 8- 138 
3.1l01 60) 6.810nOO) a.6tiill 9O) 5.400( 90 ) 4.550( bO) LIEBIGITE 11- 29b 
3.140( 60) 6.360(100) 3.53e( 80) 3.21.H 80) 4.220( bO) CARNJTITE 11- 338 
3.120( 70) 4.780(100) 3.380( ao) 2.b20( 70) 2.030( 701 DERi<.ICKS ITE 25- 319 
3.1331 801 4.700( 501 9.00011(0) 2.9781 40) 1.850 I 40) RANUNCUl ITE 33- 972 
3.1301 601 4.1601100 ) 3.740 I 6J) 4.500 I 20) 3.5001 20) KOBI:: ITE 11- 259 
3.1401 80) 3.960( 70) 6.230(l:)O) 3.0601 50 ) 3.5201 40) CURITE 14- 267 
3.143( 12) 3.868(100) 4.969( loS) 2.6011 23) 1.927( 14) U0210H)2 18ETA) 24-1160 
3.1001 90) 3.680UOOI 5.350 I '1J) 4.7301 SO) 3. 170 I 8C) SCHI1ITTERITE 25-1001 
3.1101 60) 3.580(100) 7.2001 ao) 3.4801 80 I 2.7401 30) I1AGNESIUH-ZIPPEITE 29- 876 
3.1301 90) 3.56011001 3.480(100) 7.140 I 90 ) 2.6201 ae) RICHET IfE 25- 467 
3.1201 70) 3.530( 50 ) 6.56011(0) 4.250( 30) 3.2501 30) CARNOTITE 8- 317 
3.130(100) 3.4901 901 7. O,l\)( 10,)) 3.153( 90) 3.520( 80) AGRINIERITE 25- 630 
3.1JO( 651 3.4501100 I 7.100( 9;) 3.56U( 40) 9.630( 35) NICKEL-ZIPPEITE 29- 944 
3.110( 100) 3.2501 50) 3.0501 50) 9.900( 401 2.7201 40) ~ALPURGITE 8- 32ft 
3.1301 25) 3.230(100) j.2901 30) 6.401;1 19) 2.9741 19) IRIGINITE 29-1372 
3.1301 60) 3.090(100) 3.4701 SO) 6. HO( 801 3.5101 40) liOLSENOORFITE 12- 159 
3.1JOI 80) 3.0901 80 ) 8.050(100) 2.878( 70 ) 3.390( 5(. ) PHURC4lITE 29- 391 
3.1301 40) 2.980(100) 3.05(;( 701 5.5401 20) 3.450 I 201 NI oaO-AE SCHTNITE 29- 311 
3.1301 40) 2.980(100) 2.9201 ~Ol 3.2301 30 ) 1.5611 30) SAMARSKITE.HEATEO 10- 398 
3.1101 351 2.98011001 3.02vl tl,,) 2.6981 30 ) 5.4S01 25) AESCHYNITE 15- 804 
3.1201100) 2.960( 90) L.9001 50) 2.7401 401 1.8551 30) FERGUSONITE.HEATED 9- 443 
3.12(1100) 2.960( 951 1.9001 77) 1.856( 65 ) 2.7341 50) FE RGLISONITE. 8ETA 23-1486 
3.1JO! 60) 2.96011001 1.56'1 601 1.8201 70) 2.5611 50) PISEKlTE.HEATED 25- 702 
3.1301100) 2.9301 901 1.9001 10) 1.6411 70) 1.5671 70) FORI1AN IfE. HE ATED 26-1H8 
3.12011()01 2.870! 70 I 2.6701 30) 2.2801 10 I 2.1501 10) TANTEUXENITE.HEATED 8- 293 
3.1301 801 2.810(100) 2.7501 9O) 2.730! 801 3.0901 5e) SRITHOLlTE. CT) 21- 173 
3.140! 100) 2.7231 30) 1.9181 25) 2.0961 20 I 1.9261 20) UNNAMED U307 15- 4 
3.1401100) 2.noe 301 1.9201 25) 2.6961 20 ) 1.926( 20) URANINITE IU307) 15- 4 
3.14011001 1.9241 50) 1.6411 50») 2.7211 451 1.248 I 30) URANINITE CU409) 20-1344 
3.1201 901 1.920C 90) 1.64011001 1.2471 80) 1.2151 80) URANINITE CU02.251 9- 206 
3.1201100) 1.910 I 511 1.6301 441 2.706! 29 ) 1.2411 15) CERIANITE 4- 593 

3.090 - 3.050 

3.0801 80) 10. 300nOO) 7.960( 90) 2.870 ( 80) 5.8801 601 KIIIUITE 13- 419 
3.0901 801 8.0501100 ) 3.1001 SO) 2.878( 70) 3.390 I 50) PHURCAlITE 29- 391 
3.090( 80) 7.970nOO) 3.9901 90) 5.6301 dO) 3.130 I 80) RENAROlTE 8- 328 
3.01101100) 7.780nOO) 3.8BO(100) 2.9761 ao) 3.440( 60) BERGt:t-lITE 20- 154 
3.0501 60) 6.510(1001 4.2201 6O) 3.2601 601 5.1901 4O) 11t:T A nUT AHUN IT E 6- 287 
3.0601 50) 6.230noo 1 3.1401 80) 3.960( 70) 3.5201 4C) CURITE 14- 267 
3.0801 80) 5. 760nOO) 8.0901 801 3.6501 70 ) 2.B601 70) GRIMSELITE 25- 679 
3.080( 80) 5.170( 70 I 10.400(100) 3.4001 501 3.470 ( 40) PHURALUHITE 33- 38 
3.0bO( 801 4.210( 60) 2.920(100) 3.5201 601 3.240( 60) KASOLITE 29- 788 
3.010nOO) 3.670( 901 4.Hl.:( ao) 3.153( 80) 2.858 I SO) RENARDITE 11- 215 
3.090( 100) 3.470( 80) 6.3901 dO) 3.1301 60) 3.510 I 40) WOlSENDORF IfE 12- 159 
3.09011001 3.lt60( 751 l.730i 40) 6.9101 351 1.913 I 60) WOLS Et-lDORF I TE 29- 786 
3.0901100) 3.410( 70) 1.9801 60) 1.9481 bO) 1.90SI 60) BAURANOITE 25-1469 
3.07011(0) 3.260( 90) 2.860( 9l) 4.1401 751 3.490( 50) CHERAlITE 8- 316 
3.090(1001 3.220( 90) 8.2301100 ) 2.900( 901 3.500( 80) MARTHOZITE 25- 320 
3.0601 90) 3.190(100) 11.0001 90) 3. HO( 90) 5.530 I 80) SEOOVITE 18-1425 
3.0381 70) 3.100(100) 3.4901 90) 3.0001 80 I 3.3851 601 MOCTEZUHITE 18- 707 
3.0501 70) 3.130(· 40) 2.98011(0) 5.540( 20) 3.450 I 20) NIOBO-AESCH'I'NlTE 29- 311 
3.0501 50) 3.110(1001 3.2501 50) 9.900( 40 ) 2.7201 40) ~ALPURGITE 8- 324 
3.090( 251 3.0201100 I 2.9501100) 5.5001 20) 2.9701 20) AESCHYNITE.HEATEO 18- 765 
3.070(100) 2.920nOO) 2.5901 40) 1.840( 40) 3.bBO( 30) SAMARSKITE.HEATED 4- 617 
3.070( 501 2.900(100 ) 3.42(,1 70) 2.850( bO) 2.2481 501 DAI/IOITE.HEATED 13- 505 
3.09011001 2.880nOOI 3.16011:}0) 7.9601 80) 5.860 I 80) PHOS PHUR ANUL ITE 19- 898 
3.09011001 2.870( 70) 3.3001 50) 4.170( 251 3.5101 251 MONAZITE 11- 556 
3.090( 50) 2.810nOO) 2.7501 'N) 2.7301 SO) 3.130( 80) 8RITHOlITE. CTI 21- 173 
3.090(100) 2.690( 501 1.9001 50) 1.6201 40) 1.540 I 20) URANINITE (UD21 13- 225 
3.070(100) 2.3001 90) ".990IlJO) 2.0701 90) 4.590 I BO) HAIIIEEITE-(I'IGI 17- 463 
3.060(100) 1.9701100) 3.24(1100) 1.910( 801 1.7061 60) FERGUSONITE.BETA-(CEI 29- 402 
3.0801 80) 1.960( 50 ) 2.S60(100) 2.1511 40) 1.738 I 40) 1'I0NA ZITE 2.9- 403 
3.090( 90) 1.680( 60) 1.2801 6il) 3.430( 50 I 1.990 I 40) I1ETACAlCIOURANOITE 25-1451 

3.040 - 3.000 

3.037, 30) 9.300UOOI 4.6201 451 4.470 I 401 3.3401 30) HAIIIEEITE 13- 118 
3.0101 60) 8.78011001 3.570(100) 5.0BO( 601 4. 300 ( 60) METAKIRCHHEII'IERITE 12- 586 
3.000( 50) B.650nOOI 3.570110;») 3.3l01 90) 5.5301 80) HETA-URANOSPINITE 1B- 309 
3.0001 10) 8.46011001 4.2201 20) 3.47.0( 20) 3.560 I 10) WYA~TITE-(17A1 12- 636 
3.0001 60) 8.1020(100) 4.1901 80) 3.270( 70) 3.5201 bO) SKLOOOWSKITE 29- 875 
3.0401 (0) 8.390 CleO) 7.29CIIJol) 3.5501 80) 6.6aO( 601 GUILLEf1INITE 18- 582 
3.000(100) 7.7701100 ) 3.25u(100) 4.1301 90 ) 6.520 I SO) FRITZCHEITE 23-1249 
3.00011001 5.Z00( 60 ) 0.40011:}0) 4.2601 601 2.126( 60) FRANCEVIllITE 21- 381 
3.03011001 4.570( 90) 3.3t10(lJ:») 1.8321 901 1.16V I 'It) HAl~EE IrE 17- 462 
3.0201100) 4.400( 801 2.8301 BO) 2.1501 80) b.0701 60) RHABDOPHAHE 12- 277 
3.01011001 4ol001 80) b.19<l11COI 5.130 I 60) 4.220 I bO) CU~rENITE 22- 402 
3.0201 351 3.440(1001 3.350110JI 4.7401 95) 6.0401 351 BRANi'lERITE 12- 1077 
3.0()Ol 801 3.160(100) 3.4'1ul ~O) 3.06S( 70) 3.3651 bO) 110CTEZUHIrE 18- 707 
3.0201 80) 3.110 I 351 2.96vIlOO) 2.6981 30 I 5.4801 2 ~) AESCHYNIfE 15- 864 
3.020'1001 2.950(100) 3.090( 251 5.5001 20) 2.970( 20) AESCHYNITE.HEATEO 18- 765 
3.0001 85) 2.950( 851 4.2701100) 3.480( 70 I 6.140 I 55) DUMONT IfE 12- 158 
3.020( 80) 2.a80UOO) 2.8401 8,») 2.7801 bO) 2.960( ~51 III10iUITE 29-1388 
3.020(100) 2.nO( 80) 201301 80) 4.3301 bO I 3.38i)( 60) NINGYOITE 12- 273 
3.020(100) 1.B60( 90) 1.5801 90) 1.0771 80 ) 1.017 ( 60) PLUM80PTROCHlORE 25- 453 
3.0301 801 1.760( 60 ) 2.160110';;) 1.9401 60) 1.8401 60) BR IT"OLITE 11- 459 
3.010(100) 1.500( 80 I 1.740 ( 701 I.B391 60 ) 1.782 ( 60) EUXENITE 14- 643 
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2.990 - 2.950 

2.976( "0) 9.000(100 ) 3.133( 8O) 4.700( 50) 1.850( 40) RANUNCUL IfE 33- 972 
2.970( 80) 6.180(100) 4.C'Ie( 9O) 4.B20( 70) b.100 ( bO) CUPROSKlOOOWSKITE 8- 290 
2.9'10( 801 7.880(1001 3.940( 901 2.910( 80 ) 1. 9b9 ( 70) URANOPH4NE 6- ""2 
2.97b( SOl 7.780(100) 3.880(100) 3.080(100) 3.440( bO) BERGENITE 20- 15-" 
2.'150( 80) b. 200 (l00) ~.250(lJ')) 1.920 ( 90) 2.190( 80) PSEUDO-AUTUNITE 18-108" 
2.970(100) 5.420( 60 ) 5.890( 601 3.340( 60) 5.140( 451 DEMES4EKERITE 18- b92 
2.990( bO) "."90(100) 3.930( 60) 2."50( bO) 11.000 ( 40) SH AI< P ITE 12- 16" 
2.970( 801 4.HO (100) S.260( 9;)) 2.59.)( 70 ) Z.030( bO) VANDEN8RANDEITE 8- 325 
2.950( <35 ) 4.270(100 ) 3.00C,1 85) 3.480( 70) b.lItO( 551 DUMONTITE 12- 15-8 
2.9'10(100) ".070 ( 90 ) i.lbO(lO')) 4.230( 70 I 5.110 ( 6bl UNNAMED-(P8) 15- 1096 
2.990( 751 3.b70( 301 2.910(lJOI 1.57lt( 30) 1.505 ( 30 ) AESCHYNITE 20-1401 
2.990(1001 3.b60( 401 2.950( 40) 2.bOO( 30 I 1.830( 30 I EUXENITE.HEATEO 9- ltit2 
2.950(1001 3.650 ( 50) Z.540( 301 2. SlO( 30 I 2.380( 301 ASHANITE 33- 660 
2.980( bOI 3.590(1001 a.b60( 7O) 5.090( 40 I 3.500 ( 30) METALODEVlTE 25--1239 
2.960(1001 3.500( 80 ) 2.67C( aOI 1.630( bO) 4.620( 501 ALLANITE.HEATEO 9- 474 
2.950( 50) 3.490( 401 10.700(1001 2.b20( 30) 3.870( 20) RAUVITE 8- 288 
2.980( 501 3.29011001 1.700( 901 3.380( 601 1.999 ( 60) UMBOZERITE.HEATEO 26-1384 
2.974( 191 3.230(1001 ~.29(;( 3;) I 3.130( 251 b.400( 191 IRIGINITE 29-1372 
2.950(100) 3.090( 251 3.02(.(1001 5.500( 20 I 2.970 ( 20) AESCHYNITE.HEATED 18- 765 
2.98011001 3.050( 701 3.130( 401 5.540( 201 3.450( 20) NI060-AESCHYNITE 29- 311 
2.980(1001 3.020( 801 3oll0( 3:» 2.69B( 301 5.480( 25) AESCHYNITE 15- 864 
2.970( 201 3.020(100) 2.9%110:)1 3.09()( 25) 5. 500 ( lO) AESCrlYNITE.HEATED 18- 765 
2.950( 401 2.990(1001 3.bbO( 401 Z.bOO( 30 I l.d301 3O) EUXENITE,HE4TED 9- 442 
2.980(100' 2.920( 90) 3.130 ( 4v) 3.230( 30 I 1.5bl! 301 SAMARSKITE,HEATEO 10- 398 
2.91l0( 551 2.880(100) 2.840( 80) 3.020( 80) 2.7BO( bOI II MOi\I If E 29-1388 
2.9bO( 90) 1.900( 501 3.12(..(1001 2. HO( 40) 1.!355( 301 FERGUSONITE.HEATEO 9- 443 
2.91>0_( 951 1.9001 75) 3.12011001 1.856( b51 2.7H( 501 FERGuSONITE.8ETA 23-1486 
2.990(100) 1.820( 40) i. 720 ( 40) 3.1l60( 30) 2.4301 30) EUXENlTE.HEATEO 5- 603 
2'.970(100) 1.820( 80 I 1.5bO( 60 I 1.190( 80 I 1.15)( 80) SAMARSKITE.HEATED 2- 690 
2.960(1001 1.8101 451 1.5;vl 40) 1.1791 201 1.482( 15 ) BETAFlTE.HEATEO 13- 191 
2.950(1001 1.710(1eO) 1.450(100) 1.190 ( 50 I i.1UO( 50) S4MARSKITE 2- 117 
2.980(1001 1.700( 901 1.4901 70) 3.I50( 50) 1.55,,1 ( ~O) YTTROPYROCHLORE.HEATED 25-1015 
2.960(1001 1.560( 80) 1.BZG( 7,)) 3.100( bOI 2.5811 501 PISEKITE.HEATEO 25-- 702 

2.(4) - 2.900 

2.938( 701 11.100(1001 3.74C( ao) 3.290( 80 I 4. b2 0 ( bOI XIANGJUNGITE 29-l't01 
2.910( 80) 8.760(1001 5.5CC(lOOI 7.310( 901 4.82,)( 801 SwAR Tl IT E 4- 111 
Z. 900 ( 901 8.23011001 3.09(;(IJO) J.Z20( 901 3.5;)01 80) MARTHOZITE 25- 320 
2.9101 801 7.880(1001 3.94~( 901 Z.990( BOI 1.9b91 70) URANOPHANE B- "42 
2.9i0( 70) 6.010(100) 3.4001 901 3.5401 70 I 1.90S( bO) 60LT wOOD ITE 29-1026 
2.920( 801 5.0bO( 401 4.29<.11001 2.090( 30 I 1. B 50 ( 80) VANDEN8RANOElTE 4- 340 
2.920(1001 4.7001 BOI b.71011Jl)) 3.490( BO) 3.310 ( 801 SOJIUM BOl TwOODITE 29-10~4 
2.940(1001 4.6001 70) 5.790( bUI 1.70ll 50 I 2.210( 40) UVAN ITE 8- 323 
2.940(1:>01 4.470( 851 2.650( 4J) 6.400( 351 3.32J( 3O) MCKELVEYITE 18- 901 
2.900(100) 3.420( 701 2.850( 60) 3.070( 50 ) 2.248 ( 50 ) DAVI0ITE.HEATED 13- 505 
2.9001l00) 3.1701 701 2.79;; ( 701 2.009( 70 I 1.9131 701 BElOVITE 17- 519 
2.nO( 901 3.130 ( 40) 2.96(,(1:'>0) 3.l30( 30 ) l.5611 30) S4MA~SKITE.HEATED 10- 398 
2.920(1001 3.060( 801 4.21\,.1 0O) 3.5l0( 60) 3.240 ( 601 KASOl IfE 29- 788 
2.910(1')01 2.990( 751 3.67G( 30) 1.574( 30 I 1. 50~ ( 301 AESCHYNITE 20-1401 
2.92 0 (100 I 2.7l0( 651 3.530( 45) 2.6271 40 ) 2.182 ( 35) AlLAt-IITE 25- 169 
2.nOl1001 2.590( 401 3.07,,(100) 1.8401 401 3.b80( 301 SA~A~SKITE.HEATED 4- 617 
2.930( 901 ·1.900 ( 701 3.13C(1)0) 1.6411 70 ) 1.5b7( 70) F ORMAN IT Eo HE A TEO 26-1478 
2.900(100 I 1.880( bO) 4.b5C( 'to) 3.500( 40 ) 2.160 ( 401 COFF It-IITE-I Y) 17- 4bO 
2.940( 1001 1.710 ( 901 2.240( ~Ol 1.4S4( 70 I 5.900( bOI UVANITE 8- 322 

2.890 - 2.850 

2.B70( 801 10.3001100 I 1.9bl.,( ~Ol 3.0801 801 5.880( 601 KI\lUITE 13- 419 
2.8b81 351 10.200 (100) B.6Z0( 8 J I 4. 3lCi ( 50 ) 3.639( 40) FURONGIfE 29- 98 
2.8781 701 8.050nOO) 3ol00( aD) 3.090( 80 ) 3.390( 50 ) PHURCAlITE 29- 391 
2.858( 151 7.340 (100 I 3.66 J I 55) 3.490( 45) 3.150( 35) SODI UM-Z IPPE ITE 29-1285 
2.87b( 701 7.2601100 ) 4.gJO( dO) 8.480( 70 I 14.300 ( 301 SC HRClECK INGER ITE 8- 397 
2.870( 40) 7.060(100 ) 3.500 ( 90·) 3.l20( 801 2.b50( 4O) ZIPPEITE 29-1062 
2.880( 601 6.910(1001 4.210( 901 5.4401 bO I 5.a70( 50) URANOP Il ITE 8- 131 
l.a60( 701 5.760(100) a.090( ao) 3.080( BO) 3.650( 701 GR IMSELITE l5- 679 
2.857( 601 5.110(1001 3.430(10:) 3.450( 60 I 2.487( bOI U03.0.BH20 10- 309 
2.857( 261 3.4061100 I 5.1511 (5) 3.434( 321 2.4d6( 271 U021OHI2 (ALPHAI 25-1116 
2.890( 401 3.302( 251 5.970(1001 3.22b( 251 3.1811 251 MOUR ITE 24-1359 
2.870( 701 3.300( 50 ) 3.090(1001 4.171l1 2:H 3.510( 251 MONAZITE 11- 556 
2.880(1001 3.160(1001 3.090(100) 7.9bO( BO) 5.8bO( 80) PHOS I>HURANULI TE 19- 898 
2.860( BOI 3.160 ( bO) 2.890(100) 2.7901 bO I 3.990( 401 BRITrlOLITE.llA) 13- 106 
2.B60(1001 3.080( 801 1.960( 5'J) 2.1511 '00 I 1.738 ( '001 MONAZITE 29- 403 
2. 8b 0 ( 901 3.070(1001 3.2001 901 4.140( 75 I 3.490( ;01 CHERAlITE 8- 3lb 
·2.85B( BOI 3.070(1001 3.670( 901 4.390( 801 3.153 ( 80) RENARDITE 11- 215 
2.8S0( 60) 2.900(1001 3.420 ( 7:) I 3.070( 501 2.24a( 501 OAVIDITE.HEATED 13- 505 
2.B90(100) 2.860( 80) 3.l6C( 0:») 2.790 ( 60 ) 3.990( 401 BR ITHOLITE, (LA I 13- 106 
2.830(1001 l.8"0( BO) 3.0201 clJI 2.7BO( bO I 2.960 ( 551 IIMORI ITE 29-1388 
2.B70( 701 2.b70( 30) 3.120(100) 2.280( 10) 2.1501 Ie) T4NTEUXENITE.HEATEO 8- 293 
2.8bO( 801 1.700(100) 1.690110JI 1.440( 90 I 2.230( 801 DAYliJITE,HEATEO 8- 291 

2.840 - 2.BOO 

2.8421 45) 3.550(1001 4.72e( ~5) 2.b80( 75 I 1.BH( 051 THOR ITE 11- 419 
2.840(100) 3.480( 801 2.alO( a 0) 1.858( BOI 4.1l0( bOI BRITHOlITE.HEATEO 17- 124 
2. BJ 0 ( 351 3.230 (l00 I 1.b90( 641 1.980( 5B I 1.284( 2 b) THORlANlTE 4- 556 
2.84Q( BOI 3.020( 801 2.880(1·)0) 2.7BO( bOI 2.9601 55) IIMORI ITE 29-1388 
2.830( 801 3.020(1001 4.4001 gO) 2.150( 80 I b.070( 601 RHA800PHANE 12- 271 
2.8l0( 80) 2.840 (100 I 3.48C( g:) I 1.S58( 801 4.120 ( 60) BRIT~OlITE,HEATEO 17- 1210 
2.BI0(1001 2.750( 90) 2.730( dO) 3.130( 801 3. 090 ( 50) BR ITHOlITE, (Y) 21- 173 
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2.8101 BO) 2.130e 80) 3.02011JJ) 4.HOe 60 I 3.380e 601 NINGYOITE 12- 273 
2.B401 78) 2.0101 231 3.280(1001 4.0201 18 ) 2.7BBI 171 CLIFFORDITE 24-1209 
l.8401 BO) 2.0101 80 ) 3.270tlJOI 2.7551 70 ) 1.712 I 70) CLIFFORDITE 25- 999 
2.B40( (0) 1.7401 60 ) 3.4')OIlOJ) 4.4101 50 I 1.b961 50) HALL IMONDI TE 16- 706 

2.790 - 2.750 

2.760( 80) 9.020nOO) 3.800(100) 3.2bOI 90) 2.1bO( 601 URAMPHITE 29- 121 
2.7911 45) 8.420nOO) 5.bOO(1:)0) 3.35(,1 78 I lb.BOO( 70) UMOHiJITE.17A 12- 778 
2.7891 451 3.4801100 I 4.640( 95) 2.6401 951 1.8J3I 701 COFFINITE 11- 420 
2.768( 171 3.2801100 ) 2.840( 78) 2.010( 23) 4.020( 18) CL IFFORDITE 2'0-1209 
2.755( 70) 3.270 ClOO) 2.840( ao) 2.0l0( 80) 1.712 ( 70) CLIFFOROlTE 25- 999 
2.760(100) 3.030( BOI 1.760( 8O) 1.940( 601 1.8401 00) BRITHOLITE 11- '059 
2. HO( 70) 2.900(1001 3.l7C( 70) 2.009( 701 1.9131 70) BELDVITE 17- 519 
2. nOI 601 2.890(1001 2.860( 80) 3 .l6Ci ( 60 ) 3.9901 ,,0) BRITHOLITE.(lA) 13- 106 
2.780 ( 00) 2.880(100 ) 2.84(,( 80) 3.0201 80) 2.960( 55) IIMORIITE 29-1388 
2.7501 90 ) 2.730 I 80) 2. 81.:IIU';') 3.130 I 80 I 3.090 I 50) BRITHOlITE.IYI 21- 173 

2.740 - 2.700 

2.7181 14) 8.170(100) ".OOO( 55) 4.1401 301 3.510( 14 ) ME:TA-AUTUNITE 14- 75 
2.7401 30) 3.5801100 ) 7.200( 30) 3.4801 80) 3.110 I bOI MAGNESIUM-ZIPPEITE 29- 876 
Z.7l01 '>51 3.HOI 45') 2.920IlJJ) 2.6271 40) 2.l82( 35) ALLANITE 25- 169 
2.nOI 30) 3.170(100) 1. BO( 351 1.7001 85) 1.632 I 4O) THORUTITE.HEATED 14- 327 
2.740( 48) 3.1601l00} 1.9301 4'1) 1.0491 47) 1.2~51 181 URANINITE (U021 5- 550 
Z.1ZlI 45) 3.140(100) 1.924( 7;» 1.04lC 50 I 1.248 I 30) URANINITE (UIt09 ) 20-134't 
2.7401 '001 3.1201100} 2.960( '101 1.9001 50} 1.8~51 30) FERGUSONITE.HEATED 9- 4't3 
Z.7341 50 I 3.120(100) 2.960( 95 ) 1.9001 75) 1.8561 05 ) FER GUS ON IT E • BET A 23-lIt60 
2.70 0 I 29) 3.1201100 } 1.910( HI 1.b301 441 1.2411 15) CERIANlTE It- 593 
2. HOI 40) 3.110(100) 3.25J( 5 0) 3.0501 50 I 9.900 ( 40) ilALPLlRGITE 8- 32'0 
2. HO( 80) 2.810(100 } l..750( 'Ill ) 3.130 ( 60 ) 3.090 ( 50) BRITHOLlTE,1Y I 21- 173 
2. nOI 301 1.nOI 25) 3.140(lJO) 2.0901 20} 1.926( 20} URANINITE IU3071 15- '0 
2.7231 30) 1.HBI 25} 3.140(100) 2.6901 20 ) 1.920( 20) UNNAMED U307 15- '0 

2.690 - 2.650 

2.b901 50) 7.660000 I 13.10JI 901 3.B30( 00 ) Z.2101 50 I BAYLEYITE '0- 130 
2.6501 40) 7.0001l00} 3.5001 'JJ} 3.1201 80) 2.IHO I 40) ZlPPEITE 29-1062 
2.0801 151 3.5'5-0 ClOO) 4.7201 (5) 1.834( 05} Z.8421 45) THORITE 11- 'tl9 
2.0901 701 3.3201100 I 4.4S0( 90) b.1401 80) 2.470( 60) SODDYITE 12- 160 
2.096 ( 20) 3.1'00 (100) 2.723( 3D) 1.9181 25) 1.9261 20) UNNA'1ED U307 15- 4 
2.0:;161 20) 3. litO (100) 2.72v( 30} 1.9201 251 l.n61 20) URANINI TE IU307) 15- '0 
2.6701 30) 3.120 (100) 2.87C( 701 2.2801 10) 2. 15Ci I 10 I TANTEUXENITE,HEATED 8- 293 
2.0:;1 tI I 30) 2.960nOOI 3.C20( qO) 3.1101 35} 5.4801 25) AE SC rlYN ITE 15- 861t 
2.670( 60} 2.900ClOOI 3.5001 <l0) 1.6301 bO) 4.620 I 50) ALLANITE.HEA TED 9- 47'0 
l.6501 40) 2d'oOClOOI 4.4701 85) b.4001 35} 3.320( 30) MCKELVEYITE 16- 901 
2.6901 50) 1.900( 50 ) 3. C90 !l0') 1.020( 40 ) 1.54CI 20) URANINITE IU02) 13- 225 
2.680 ( BO) 1.S701 60) 3.67C(1')0) 1.5401 801 3.2301 701 SODIUM META-AUTUNITE 29-1283 

2.640 - 2.580 

2.0201 30) 10.700nOO} 2.95CI 50) 3.4901 401 3.870 ( 20) R AUV ITE 6- 26B 
2.5901 501 7.6301100 ) 3.9001 90) 3.5101 60 I 30190 I 50) 8ETAURANOPHANE 6- 301 
2.6201 55) 6.350(100) 3.21011(0) 4.2801 50 ) 5.2501 451 II< IG INITE 16-1426 
2.640(100) 5.280(00) 3.310<1JO) 7. 3 bO I 80 I 3.3801 801 IRAOITE 29- 995 
2.6201 701 4.7801100 I 3.3S01 80) 3.1201 70 ) 2.0301 70) DERR ICKS ITE 25- 319 
2.MO( 25) 4.010(100) 4.JOGI 70) 3.2301 40} 3.9201 30) RUTHERFORDINE 11- 263 
2.590 ( 70) 4.4't0(100) 5.2bGI 9J) 2.970( 80 I 2.030 I 60} VANDEN6RANDEITE 6- 325 
2.5801 50) 4.170(100) 1.31GI 60) 1.3001 6O) 3.44,)1 50) MOLURANITE.HEATED 29-1371 
2.6011 231 3.866000 ) 4.9b'!l 4d) 1.927( 14 } 3.1431 121 U0210H)2 IBETA) 24-1160 
2.6201 80) 3.560(100) 3.480(100) 7.140 I 901 3.130! 90) RICHET IrE 25- 467 
2.6401 95} 3.4801100 ) 4.6'o0( 9~) 1. dO 3 I 70} 2.7891 451 COFF IN ITE 11- 420 
2.6401 40) 3.3801l00} 3.32(( 55) 5.300( 45 I 2.00QI 25) EKANITE 25- 617 
2. 590 I 40) 3.070(100) 2.920(100) 1.8401 40) 3. b8 0 ( 30) SAMARSKITE.HEATED 4- 617 
2.,,;)01 30} 2.9901l00) 3.660( ~O) 2.9501 40 I 1.6301 30) EUXENITE.HEATED 9- 4'02 
2.5811 50) 2.9001l001 1.S601 80) 1.8201 70 ) 3.100( bO) PISEKITE,HEATED 25- 702 
2.6271 40) 2.'12011001 Z.7l01 65} 3.~301 45) 2.182 I 35) ALLANITE 25- 169 

2.570 - Z.510 

2.5401 00) 8.860(100 ) 3.59011001 1.6101 70 ) 2.2801 60) METAKAHlERlTE 17- 151 
2.5301 501 8.520(100) 3.570( 90) 2.1401 00 ) 4.290( 50) METANOVACEKITE 17- 152 
2.50bl 10) 7.4'00(1001 3. ~o () I 3;;) 3.BOI 30 ) 3.5401 201 BECQUERELITE 13- 405 
2.5101 60) 4.0201100 ) 3.21\;(100) 1.0971 'to I 1.850 I 3O) PETSCHECKITE.HEATEO 29-l't26 
2.5401 301 2.950(100 ) 3.1)5 C I 50) 2.5101 30 } 2.380 I 30) ASHANITE 33- 660 
2.5101 30) 2.950(100 ) 3.650( 50) 2.5401 30 } 2.3801 3O) AS HAN ITE 33- 660 
2.5701 701 1.79511001 3.870! 70) 2.48l( 70) 1.708 I 70) UD21f)H)2 IBETA) 9- 239 
2.560( 50} 1.170( 50 ) 3.4~OllJO) 4.5501 (5) 2.150 I 25) XE NOT HIE 11- 254 
2.S001 60) 1.760e '051 3."4JII00} 4.5401 25) Z.1451 25) XENOTIME 9- 317 

2.500 - 2.440 

2.49l( 111 7.2101100) 3. 590( 4- 5) 3.1201 30 ) 1.9631 12 J NICKEl-ZIPPEITE 29-lIt34 
2.4461 10) 7.3501l00} 3.66)( 50) 3.2401 10 ) 3.2101 4 ) SCHOcPITE 13- 2'tl 
2.487( (0) 5.1101100 ) 3.'o30(lJJI 3.4501 80 I 2.8571 001 U03.0.8H2D 10- 309 
2.450( (0) 4.4901100 I 3.9301 oJ) 2.9901 601 11.000 I 401 SHARPlTE 12- 16'0 
2.5001 80) '0.0501 00} 3.20C(l)O) 1.830( 50 I 1.710 ( 30) BHAFIrE.HEATED 16-115't 
2.400( 70) 3.4201100 I 1. 'Ie 3 ( ~() 2.27,,( 70 ) 3.3201 60) BRANNERITE.HEATED B- 2 
2.43B( 27) 3.100611001 5.1511 :l, ) 3.4341 32) 2.d57t 26) U02(OH)2 (ALPHA) 25-1116 
2.4701 00) 3.320 (l00 I "t.4dQ( 10) b.1'o01 60 } 2.0901 7C1 SOOOYITE 12- 180 
2.490 ( 401 3.180(100) 4.010( (0) 1.8381 30) 1.6921 20) lIANDRATITE.HEATED 29-1435 
2.4~ 11 70) 1.795(100) 3.870( 1O) 2.570( 70 ) 1.7081 70 ) UD210rl)2 I 8E T AI 9- 239 
2. 4d 0 I (0) 1.0801100 I 3.220 ( (0) 1. 042 ( 60) 3.450 ( SCI DAVIOITE,HEATED 6- 305 

82 



2.430 - 2.370 

2.430( 30) 2.980(100) 1.320( 401 1.72iH 40) 3.660 ( 301 EUXE NITE,HEATED 5- b03 
2.380( 301 2.950110J I 3.65C! 501 2.540( 30 I 2.510 ( 301 ASHANITE 33- 660 

2.360 - 2.300 

2. 3J 0 ( 90) 4.990(100 I 3.071.1(1001 2.070( 901 4.590( 801 HAIwEEITE-!MG) 17- Itb3 
2. 340! 100) 3.190 ! 801 't.160(IJOI 3.340 ( 70 I 1.911( 50 I wIOENMANNITE 27- 281 

2.290 - 2.230 

2.230( bOI 8.8bO nOO) 3.59011001 1.blO( 70 ) 2.540( 601 ME TAKAHLER ITE 17- 151 
2.27bl 70) 3.420(1001 1.9031 301 2.4bO( 70 I 3.3201 601 BRANNERITE,HEATEO 8- 2 
2.2BOI 101 3.120(100) 2.B70( 701 2.b701 30 I 2.150( 101 TANTEUXENITE,HEATEO 8- 293 
2.2401 80) 2.94011001 1.110( 901 1.484( 70 I 5.9001 bOI UVANITE 8- 322 
2.248 ( 50) 2.9001100 ) 3.420( 7;) I 2.8S0( bOI 3.0701 501 OAVIOITE,HEATEO 13- 505 
2.230( 801 1.700(1001 1.6'l0( 1001 1.4401 901 2.BbOI 801 04VIOITE ,HEATEO 8- 291 

2.220 - 2.1bO 

2.1S81 bOI 9.b90(100 I 4.860( 901 3.470( 80) 4.390 ( 401 5 ABU GAL ITE 5- 107 
Z.1'l7! (0) 9.43011001 3.474( 80 I 3.366! 601 5.350( 501 THREADGOLDITE 33- 39 
201601 ao) 9.020(100) 3.BOOII001 3.260 I 90 I 2.760 I aOI U"AMPHITE 29- 121 
2.210( 501 7.bb011001 B.I0e( 101 3.8l0( bO I 2.690( 501 8AYLEYITE It- 130 
2. 19 O( 80) b.200(1001 3.25011001 1.nO( 90 ) 2.950 ( 801 PS EU DO-AUTUN ITE 18-1084 
Z.160( jO) 5.10011001 2.040(1001 10.100( bO) 1.462( bOI URANOCIRCITE 18- 199 
2.200( 601 4.890(100) 3.460(1001 8.590( (0) 4.250( 301 BASSETTITE 7- 288 
2.2l0( 40) 2.940nOO) 4.600( 701 5.790( 60 I 1.7011 501 UVANITE 8- 323 
2.182 ( 35) 2.920 nOO) 2.7l0( 651 3.5301 45) 2.627( 40) ALLANITE 25- Ib9 
2.1bO( ItO) 2.900 (100 I 1.880( 601 4.650 ( 40 I 3. 500 ( 40) COFF IN ITE-( YI 17- lobO 

2.150 - 2.090 

2.140( (0) 8.520(100) 3.570( 90) 4.290( 50 ) 2.530( 50) METANOYACEKITE 17- 152 
2.110( 701 8.470 (100) 3.IlIO( 35) 4.230 ( 65) 5.370( 451 META-AUTUNITE 12- 423 
2.126( 60) 8.400(100 ) 3.00011001 5.2001 bO) 4.260( (0) FRANCEYlLLITE 21- 381 
2.140( 501 7.930 ( 801 3.990( 00) 1.997( bO I 3.580( 401 URANOPHANE-I BAI 
2.150( 40) 7.810(1001 3.7bOI 70) 3.a90( 60 ) 3.2901 40) UNNAMED-IGA) 15- 609 
2.110( 80) 5.000(1001 3.230(1001 1.970( 80 ) 2.050( 501 VANURANYLITE 19-1417 
2.090( 30) 4.290(100) 2.nO( 60) 5.0bOI 40 ) 1. a 50 ( 80) VANOEN8RANDEITE It- HO 
2.150( 50) 3.590 (100 I 8.5501 90) 4.290( 60 I 5.110 I 50) METAKAHLERlTE 12- 57b 
2.150( 25) 3.450 I 100 I 2.500( 50) 1. HOI 50) 4.550( 251 XENOTIME 11-2510 
2.l45( 25) 3.440(1001 2.560( 601 1.760( 4jl 4.540( 251 )(ENOTIME 9- 377 
2.1501 10) 3012011001 2.S70( 70) Z.070( 30 ) 2.Z80( 101 TANTEUXENITE,HEATEO 8- 293 
2.1501 801 3.02011001 4.400( 901 2.830( 801 6.070 ( 601 RHABDOPHANE 12- 277 
2.130( 80) 3.020(1001 2.8H" 801 4.330 ( bO) 3.3BOI 601 NINGYOITE 12- 273 
2.15'11 40) 2.BbO(100) 3.0Be( dOl 1.9001 50 ) 1.73S( 40) MOriAl ITE 29- 1t03 

2.080 - 2.020 

2.040( 'to) 10.200(100) 5.020( 90) 3.200( 501 6.020( 30) TYUY4MUNITE b- 17 
2.040(100) 10.100( bOI 5.10011(0) 1.462( 601 2.160( 501 URANOCIRCITE 18- 199 
2.050( 50) 5.000(100) 3.230(100) 2.ll0( 80) 1.970 I 801 VANURANYLITE 19-1417 
2.070( 901 4.990(100) 3.070(1001 2.3001 90 I 4.5901 801 HAII/EEITE-(I'IG) 17- 4b3 
2.030( 70) 4.780 ClOO I 3.3BO( 60) 3.1Z0( 70 I 2.6Z0( 701 DERRICKSITE 25- 319 
Z.D30( bOI 4.HO (100 I ,.260( 90) 2.970( 80) 2.590( 701 VA NOEN8RANOE HE 8- 325 
2.039( 50 I 3.1801100 I 7.530( BOI 3.500( 70 I 3.760 ( 501 8ILLIETITE 29- 208 

2.010 - 1.940 

1.9971 bO) 7.930 ( 80) 3.990 ( bOI Z.140( 50 ) 3.580( 40) URANOPHANE-(8A) 
1.969( 70) 7.8801100 I 3.940( 901 Z.990( 801 2.910( 801 URANOPHANE 8- 1042 
1.990( 50) 7.800(1001 3.210( aD) 3.B90( bO) 8.300 ( 50) CALCURI'IOLlTE 16- 145 
1.985 ( 40) 7.250(100) 3.610(1001 3.170( 75 ) 3.530! 251 VANDENDRIESSCHEITE 13- 117 
1.963 ( 12) 7.21011 00) 3.590( 45 ) 3.1201 30) 3.4701 201 COBALT-ZIPPEITE 29- 520 
1.9631 121 7.210(1001 3.590( 't5 ) l.120( 30 I 2.491( III NLCKEL-ZIPPEITE 29-143't 
1.960( bOI 7.020(1001 3.460( 901 3.1301 90 I 1. 750 ( 50 I lIPPEITE 8- 138 
1.970( 801 5.00011001 3.23011001 2.110 ( 80 I 2.050 ( 501 VANU"ANYLITE 19-1't17 
2.00 0 ( 25) 3.380(100 I 3.320( 551 5.300( 451 2.640 ( 401 EKANlTE 25- 677 
1.9991 601 3.290(1001 1.70J( aOI 3.380{ 60 I 2.9BOI 501 UMSOZERITE,HEATEO 26-1384 
Z.OlO( 231 3.280(100) 2.840( 781 4.020( IB I 2. 78!l ( 171 CLlFFORDlTE Zit-1209 
2.010( 80) 3.270(1001 2.840( ~;j) 2.755( 70 I 1.7i2( 701 CL IFFOROITE 25- 999 
1.970(1001 3.2401100 I 3.060(1001 l.910( 80) 1.7061 801 FERGUSONITE,8ETA-(CE) 29- 1002 
l.9801 581 3.23011001 i.69C( 041 2.BOO( 35 I l.284{ 261 THORIANlTE 4- 556 
1.'l70( 801 3.17011001 3.340( 901 5. HO( 80) 1.860( 001 CLARKE ITE 8- 315 
1.9-10( 40) 3.0901 90) 1.6~O( 6j) i.280( (0) 3.430 ( 50 I METACALCIOURANOITE 25-l't51 
1. 9a O( 601 3.09011001 3.410( 7JI 1.948( 60 ) 1.908( 601 BAURANOITE 25-14b9 
1.948 ( bO) 3.09011001 3.41C( 701 1.98CI 60 I 1.908( (0) BAURANOITE 25-1469 
2.009( 701 2.900(100) 3ol7u( 7v) 2.790 ( 701 1.9l3( 701 BElOVITE 17- 519 
1.960 ( 501 2.860(100) 3.0801 801 2.1511 40) lo738( 401 MONA Z lTE 29- 403 
1.940 ( 60) 2.76011001 3.G3e( 801 1.760( 80) 1.840( (0) BRIfHOLITE 11- 459 
1.970( 100) 1.650(100) 3.2101lJOI 1.120( ao) 1.044( 801 CALCIOURANOITE,HEATEO 26-1003 

1.930 - 1.860 

1.93C( bO) 10.700(100) 3.590( 901 5.040( 80 I 3.390 ( 7t:. I ZEUNER rTE 4- 90 
1.SdZ( 40) 8.090(1001 3.420( 901 3.1801 80) 4.l0u( 501 JOll aT IT E 29-1378 
1.920 ( 901 6.200(100) 3.25CtlOul Z.950( 80 I Z.190( BC;) PSEUDO-AUTUNITE 18-1084 
1.908 ( (0) 6.010(1001 3.4UC( 901 3.540( 701 2.9101 701 BOUI/OODITE 29-1026 
l. 88 a ( bO) 4.650( 401 2. 90e 1100 I 3.500( 401 2.160( 401 COFFINITE-eYl 17- 460 
1.9111 50) 4.160tlOO) 2.34011JOI 3.l90( ao I 3.3ltO( 701 1/ I DE NMANNITE 27- 281 
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1.9271 lit 1 3.666(1001 4.9691 4d) 2.6011 231 3 •. 1431 12) U02(OH)2 (BE TA) 24-1160 
1.9101 601 3.240 (100) 3.060 nOJ) 1.970(100) 1.7061 80) FERGUSONITE.8ETA-(CE) 29- 402 
1.BoOI 60 ) 3.170(100) 3.340( 90) 5.770( 80 ) 1.970( 80) Cl ARKE IT E 8- 315 
1.926( 201 3.140(100) 2.723( 30) 1.9181 25) 2.696( 20) UNNA"IEO U307 15- 4 
1.9261 20) 3.140(100 I 2.720( 30) 1. nO( 25) 2.6961 20) URANINITE ( U30n 15- 4 
1.9201 25' 3.140(100 , 2.720( 301 2.b9bl 20) 1.9261 20) URANINITE IU307) 15- 4 
1.9161 251 3.140(100) 2.723( 30) 2.b961 20 ) 1. n6 ( 20) UNNAMEO U307 15- 4 
1. 900 I 701 3.1301100 ) 2.930( 90 ) 1. bit 11 70 ) 1. 5b 7! 701 FORM AN ITE.HE AlEO 26-1478 
1.9001 50) 3.120 (100 I 2.9bO( 90) 2.140( 40) 1.855 ( 30) FERGUSONITE.HEATEO 9- 1t43 
1.9001 751 3.12011001 2.960( 95) 1.8561 65 ) 2.134( 50) FERGUSONITE.8ETA 23-lIt86 
1.9131 80) 3.090 (100) 3.4bOI 151 l.HOI 401 6.nO( 35) WOlSENOORFITE 29- 186 
1.9081 60} 3.090000 } 3.4101 7J) 1.9801 60 } 1.9481 60) BAURANOlTE 25-1469 
1.90 a I 501 3.090(1001 2.b90( 501 1.b201 "0 I 1.540( 201 URANINITE IU02) 13- 225 
1.913 I 70} 2.900(100) 3.170( 701 2.7901 101 2.1.109 I 70) ilELOl/lTE 17- 519 
l.9301 49) 2.740 ( 4B) 3.1bOI10J) 1.b491 471 1.255( 181 URANINITE (U021 5- 550 
1.9031 80) 2.460( 10 I 3.420(100) 2.21bl 101 3.320( bO) BRANNERITE.HEATEO 8- 2 
1.n4( 50) 1.6411 50 ) 3 • litO (l00) 2.1211 451 1.248( 301 URANINITE IUIo091 20-1344 
1.9201 901 1.6100 (100) 3.1201 90) 1.2411 80) 1.ll51 801 URANINITE (U02.25) 9- 206 
1.9101 51) 1.630( 104 ) 3.12011(0) 2.7061 291 1.2411 151 CERIANITE 4- 593 
l.8001 90) 1.580( 90 ) 3 .C201l00) 1.0171 SO) 1.0111 80) PL UMIHlPY ROCHL 011 E 25- 1053 

1. B 50 - 1.780 

1.8501 Ita) 9.000(100) 3.1331 80) 4.1001 501 2.9781 40) RANUNCUL ITt: 33- 972 
1.8501 80) It.29011001 2.92CI 80) 5.0bOI 40) 2.0901 301 VANDENBR ANOE ITE It- 340 
1.8501 30) 4.021>1100 ) 3.2101101>1 2.5l01 81» 1.6HI 40) PETSCHECKITE.HEATEO 29-1426 
1.8301 801 3.8701 101 301b0(100) 5.2501 60 ) 3.4701 (0) URANOSPHAERITE 8- 321 
1.195(100) 3.810 I 10) 2.57C( 7;)) 2.4811 10) 1.10B( 701 U0210H)2 I BETAI 9- 239 
1.8341 651 3.75011001 4.7201 65) 2.680 ( 151 2.B421 45 ) THOR ITE 11- 419 
1.8031 701 3.480(100) 4.640( (15) 2.b401 95) 2.1891 45) COFFINITE 11- 420 
1.832( 901 3.380(1001 3.030( 100) 4.5101 90 I 1.1 bO I 9C) HAlWEEITE 11- 462 
1.B301 501 3.200(100 ) 2.5001 (0) It.0501 60) 1.710( 301 BETAFITE.HEATEO IB-1154 
1. 83 8 I 30) 3.180 (100) 4.010( ao) 2.4901 40 ) 1. 6n I 20) LIANDRATITE,HEATEO 29-1ft35 
1.856( 65) 3.120(100) 2.960( (5) 1.9001 15) 2.1l4( ~Ol FERGUSONITE.8ETA 23-148b 
1.B551 30) 3.120(1001 2.960( 901 1.9001 50) 2.140 I 40) FERGUSONITE.HEATEO 9- 443 
1.8401 ItO) 3.070(100) 2.921,;(100) 2.5901 40 I 3.6dOI 30) SAMARSKITE.HEATEO 4- 611 
1.8391 60) 3.010(100 ) l.5001 80) 1.740 I 10 ) 1.7821 60) EUXENITE 14- 643 
lo1821 60) 3.0101100 ) 1.500( aD) 1.740( 70 ) I.B391 (0) EUXl:NITE 14- 643 
1.B30( 301 2.990(100) 3.bbOI 401 2.950( 40) 2.bOC( 301 i:UXENlTE.HEAlEO 9- 442 
1.BlOI 10) 2. '1601100 I 1.5bD( 80) 3.100( 60 I 2.5B1< 50) PI SE KI TE.HE AlEO 25- 102 
1.8581 801 2.3"0 (lOll I l.480( 8;)1 Z.BI0( 60 ) ".120 ( 60) BRITHOLITE.HEATEO 17- 724 
1.a40( 60) 2.760(100) 3.03,,( 30) 1.7 bO I 80 ) 1.940 I 601 BRITHOLlTE 11- 459 
1.8201 401 1.120( ItO) 2.980(100) 3.6601 301 2.4301 301 EUXENITE.HEATEO 5- b03 
1.8201 801 1.5bOI BO) 2.970(1001 1.1901 80) l'150( 80) SAMARSKITE,HEATEO 2- 690 
1.BI01 45) 1.5501 40) 2.9(01100) . lol191 21> I 1.482( 15 ) BETAFITE.HEATEO 13- 197 

1.710 - 1.680 

1.7501 50) 7 .OZO (100 I 3.4BO( 90) 3.1301 90 I 1.96JI 60) ZIPPEITE B- 138 
1. b91 I 40) 4.020(100 ) 3.21011(0) 2.5101 80) 1.B501 30) PETSCHECKITE.HEATED 29-1426 
1.7701 50) 3.4501100 ) 2.56C( jO) 4.;,(,1 25 ) 2.1501 251 XENOTIME 11- 254 
1.10 O( 451 3. HO ClOO) 2. 56i>l 60) 4.5401 251 2.1451 25) XENOTIME 9- 371 
1.HOI 60) 3.400UOO) 2.S401 (0) 4. HOI 50) 1. 096 I 501 HALL IMONOITE 16- lOb 
1.0961 50) 3.400(100) Z.8401 (0) 1. 7401 60 I 4.410 I 50) HALLIM ON OIT E 16- 106 
1. 7001 BO) 3.3801 bO) 3.290(100) 1.999( bO) 2.980( 50) UMBOZERITE.HEATED 26-1384 
1.1l2( 70) 3.27011001 2.840( ~u) 2.010( 80 ) 2.1551 10) CLIFFOROITE 25- 999 
1.10 bI 801 3.2100 (100) 3.C.601l'J~) 1.970(100) 1.9101 :101 FERGUSONITE.BETA-(CE) 29- 402 
1.6BOII00) 3.Z201 80 I 2.4~0( 00) 1.042( 60) 3.4501 50) OAVIOITE.HEATEO B- 305 
L1l01 30) 3.200(100) 2.50',( dO) 4.0501 60 I 1.B301 5C) BETAFIrE.HEAlEO 1 B-1154 
1.b92( 20) 3.1801100) 4.0101 80) 2.490( 40) 1.8381 30) LIANDRATITE.HEATEO 29-1435 
1.7001 85) 3.110(100) I.HOI 85) 1.6321 40) 2.nOI 301 THOR~TITE.HEATEO 14- 321 
1.1301 40) 3.0901100 ) 3.4bO( 15) 6.9101 35) 1.913 ( aOI WOLS': NOORF ITE 29- 7Bb 
1.14 O( 70) 3.010(100 ) 1.500( 801 1.B391 601 1.1d2( bOI EUXENITE 14- b43 
1. no( 40) 2.9BO(100) I.B201 40) 3.6001 30 ) 2.4301 30) EUXENlTE.HEATED 5- 603 
1.7011 501 2.940(100) 4.bOOI 7il) 5.790 I 60) 2.210( 40) UVANlTE 8- 323 
1.73BI 40) 2.86011001 3.0dO( 8J) 1.9bO( 50) 2.1511 4(;) MONAZITE 29- 403 
1.1&01 801 2.16011001 3.0301 dO) 1.9401 bO) 1.84')1 60) SRIT,.fOLITE 11- 459 
1.HOI 90) 2.2401 80) 2.940(100) 1.4841 10 I 5.9001 60) UVANITE 8- 322 
1.6901 b41 1.980( 58) 3.230tlOO) 2.BOOI 35) 1.2841 26) THOR UNITE 4- 556 
1. nBI 70) 1.7951100 ) 3.870( 70) 2.5101 70 ) 2.4811 10) U02(OHI2 (SEU) 9- 239 
1. nOI S 5) 1.7001 85) 3.110I1JO) 1.63Z1 40) 2.1201 30) THORUTITE,HEATEO 14- 321 
1.70011001 1.690(1001 1.440( 90) 2.860( aO) 2.Z30( 80) OAVIOITE.HEATEO 8- 291 
1.700 ( 901 1.490( 70 ) 2.9BO(100) 3.1501 50) 1.5501 50) YTTKOPYROCHlORE.HEATEO 25-1015 
1. nOI 1001 1.450(100 ) 2.950(100) 1.1901 50 ) 10100 ( 50) SAMARSKITE 2- 711 
1.690(100) 1.440 ( 90) 1.700(100) 2. B 60 ( BO) 2.230( BO) DAVlilITE,HEATEO B- 291 
1. b3 a I bOI 1.2BOI 60) 3.0901 90) 3.4301 50) 1.9901 40) METACALCIOURANOITE 25-1451 

1.610 - 1.580 

l.6001 10) 10.0001100 I 3.530(100) 3.3501 80 ) 5.0901 70) HEINRICHITE 29- 210 
1.5B8( 50) 10.00011001 3.570(100) 5.020( 80) 3.351>1 40) NOI/ACE K ITE 11- 14B 
1.65S( 50) B. 930 (100) 3.73C( BOI 5."801 70) 3.230 I bO) META-URANOCIRCITE 17- 758 
1.6101 70) 8. 8bO (100) 3.590110()1 2.5401 60 I 2.280 I 60) METAKAHLERITE 17- 151 
1.bOOI 90) 8.5300001 3.b601 90) 1.5301 BO) 9.2S01 70) TROEGERITE-(P) 26- 887 
1.0201 60) 3.610(100) 9.08CI 901 1.5301 60 ) 9.4901 50) PRZHEVAlSKlTE 29- 187 
1.6031 40) 3.530(100) 11.10"1 BO) 5.550( 50) 3.5901 50) KAHLERITE 17- 145 
1.b5011001 3.210(100) 1.970(100) 10120 I BO) 1.0441 80) CALCIOURANOITE.HEATEO 26-1003 
1.6321 'to) 3.170(100) 1. BOI 35) 1.1001 S51 2.720( 301 THORUTITE.HEATEO 14- 327 
1.6491 471 3.1601100 ) 1.930( 49) 2.1401 481 1.2551 18) URAN IN IrE (U02) 5- 550 
1.6" 11 50) 3.140 (100 I 1.n41 50) 2.1211 45) 1.24S1 30) URA".INITE IUIo09) 20-1344 
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1.64U 70) 3.130 (100 I 2.9301 90) 1.9001 701 
1.640(100) 3.l201 901 1.9l01 90) 1.l471 80 ) 
1.6301 44) 3.1201100) 1.910( 511 2.706( 29 ) 
1.6201 40) 3.090(100) l.6901 501 1.9001 50 I 
1.5801 90) 3.0201100) 1.8601 901 1.0771 80 I 
1.6301 (0) 2.960(100) 3.5001 801 2.6701 801 

1.570 - 1.480 

1.5301 80) 8.530(100) 3.6601 90) 1.6001 901 
1.5701 80) 3.670(1001 l.6eO( 80) 1.5401 80) 
1.5401 801 3.6700001 2. b8 0 I 801 1.5101 80) 
1.5301 60) 3.6101100 ) 9.0801 90) 1.6201 60 ) 
1.5671 70) 3.130(1001 2.9301 901 1.9001 70 I 
1.5401 201 3.0900001 2.6901 501 1.9001 50 I 
1.56U 30) 2.98011001 2.9201 901 3 el301 40 ) 
1.550( 501 2.9801100 I 1.70CI 901 1.4901 70 I 
1.4901 10) 2.980(l001 1.7001 901 3.1501 50 ) 
1.5601 801 2.970000 I 1.8201 80) 1. 190 I 801 
1.5501 401 2.9(01100) 1.8101 451 1.1791 20 I 
1.4821 15) 2.960(100) l.8101 451 1.5501 401 
1.4841 70) 2.9401100 I 1.710 I 901 l.2401 80 I 
1.5741 30) 2.9101100 I 2.9901 751 3.6701 30 I 
1.5051 301 2.910 (100 I 2.9901 751 3.6701 30 I 
1.5601 801 1.8201 701 2.96011001 3.1001 60) 
1.5001 BO) 1.1401 70) 3.010(100) 1.839( 601 

1.470 - 1.380 

1.462 ( (0) 5.100 nOO) 2.040110JI 10.1001 60 I 
1.45011001 2.95011001 1.71(.11))1 1.1901 50 ) 
1.4401 '10) 1.70011001 1.69011:),)) 2.SbOI 80 I 

10370 - 1.000 

1.300 I 601 4.110nOO) 1. :Hel bell 3.4401 50 I 
1.1601 90) 3.380nOO) 3.030(100) 4.570( 901 
1.2e41 26) 3.230(1001 1.690! 64) 1.9801 58 I 
1.ll01 SO) 3.210noo I 1. '11(; (100) 1.65011001 
1.0441 801 3.210(1001 1.970(100) 1.65011001 
1.2551 18) 3.1 bO (l00 I 1.93C! 491 2. HOI 46 I 
1.24S( 301 3.14011001 1.9241 501 1.64l1 50 ) 
1.2411 151 3.120(00) 1.9101 511 1.6301 441 
1.2801 601 3.090( 901 1.beO( bJI 3.430( 50) 
1.077! 801 3.020UOOI l.flool ~Ol 1.5eO( 901 
1.0UI '30) 3.020noO I 1.8bul 9·) I l.ssoe 901 
1.1901 BOI 2.970ClOO) 1.82C( 80) 1.56CI SO) 
1.1501 BOI 2.97011001 I.SlO( 801 1.5601 80 I 
1.1791 20) 2.960(100) 1.81CI 45) 1.550! 40) 
1.BOI 501 2.950ClOO) 1. HOI 100) 1.4S0( 100 I 
lelaOI 501 2.95011001 L.71J(1001 1.450(100) 
1.0421 601 l.bBO(100) 3.2201 8.) ) 2. 4BO I bO I 
1.2471 801 1.640(100 ) 3.120( 901 1.9201 90 ) 
1.215( 801 1.640(1001 3.120( 901 1.920 ( 90 I 
1.310( 60) , 1.300( 60 , 4.17011001 3.4401 50 I 

THE FOLLOWING MINERALS HAVE NO RECORDED X-RAY PATTERN 
COUSINITE 
oEIIl'lOTITE 
EWAlDITE 
FERGHANITE 
HUEGE l ITE 
ISHIKAWAITE 
LERI10NTOYITE 
I1ELA"IOCERITE 
META-AUTUNITE II 
I1ET A-UR AHOPIl IfE 
MET AV ANoENORIESSCHE ITE 
ORTHOBRANNERITE 
PL UI1B OB ETAf IT E 
PLUMBOfHCROLITE 
POLYCRASE 
U3081::JH12 
URANOMICROLITE 
U~A"'OPYRf)CHLORE 
IIALPURGITE-IP) 
YTTROBETAFITE 
YTTROCOLUI1BlTE 
YTTROCRASITE 
YTTROMICROLITEIHJELMITE) 

1.5671 70) FORI1AN IfE, HEATED 26-lIt 78 
1.l151 801 URANINITE (UOl.251 9- 206 
1.2411 151 CERlANITE 4- 593 
1.5401 lOl URANINITE CUOlI 1.3- 225 
1.0l71 80) PLUI180PYROCHLORE 25- 453 
4.620( 50) ALLANITE.HEATEO 9- 474 

9.250 I 70) TROEGERITE-IP) 26- 887 
3.230 I 70) SODIUI1 I1ETA-AUTUNITE 29-1283 
3.2301 70) SOOIUM META-AUTUNITE 29-1283 
9.490( 50) PRZHEVALSKITE 29- 181 
1.6411 701 FORMANITE,HEATEo 2e.-H78 
1.620 I 401 URANINITE (U02) 13- 225 
3.2301 301 SAMARSKITE,HEATEo 10- 398 
3.150 I ~Ol YTTROPYROCHLORE,HEATED 25-1015 
1. 550 ( 50) YTTROPYROCHLORE,HEATEo 25-1015 
1. 150 I 801 SAMARSKITE.HEATED 2- 690 
l.4e21 151 BETAFITE.HEATEo 13- 197 
1.179 I 201 BETAFITE,HEATEO 13- 197 
5.900( 601 UVANITE 8- 322 
1.5051 30) AESCHYNITE 20-1401 
1.5741 301 AESCHYNITE 20-lItOl 
2.5Bl1 501 PISEKITE.HEATEO 25- 102 
1.1S21 601 EUXENITE 14- blt3 

20160 I 501 URANOCIRCITE 18- 199 
1.1001 ,,01 SAMARSKITE 2- 717 
2.230 I 801 DAVIDlTE,HEATEO 8- 291 

2.580 I 501 MOLURANITE.HEATEO 29-1371 
1.S3l1 901 HAl\/EEITE 17- 4b2 
2.S001 351 THORIANITE 4- 556 
1.0441 80) CALCIOURAHOITE,HEATEO 26-1003 
1.120 ( 601 CALCIOURANOITE,HEATEO 26-1003 
1.649 I 411 URANINITE Iue21 5- 550 
2.721 I 451 URANINITE IU4091 20-1344 
2.10bl 291 CERlANITE 4- 593 
1.'190( 401 METACALCIOURANOITE 25-1451 
1.0l7( 801 PL Ui'l BOPYROCHlORE 25- 453 
1.0771 dOl PLUMSOPYROCHLORE 25- 453 
1.150 I 801 SAMARSKITE,HEATEo 2- 690 
1.190 I 801 SAMARSKITE,HEATEO 2- 690 
1.4821 151 BETAFITE,HEATEO 13- 197 
1. lOu I 501 SAMARSKlTE 2- 717 
1.1901 501 SAMARSKITE 2- 117 
3.450 I :'101 OAVIDITE,HEATEO 8- 305 
1.21S1 80) URANINITE IU02.25) 9- 20b 
1.2471 801 vR AN INI TE IU02.25) '1- 206 
2.580 I ;01 MOLURANITE.HEATEO 29-1371 
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Appendix 2 

Optical data for uranium minerals 
Appendix 2 tabulates most of the readily available optical data 
reported for uranium mineral species. Two primary sources of 
the data are those of Larsen and Berman l and Soboleva and 
Pudovkina. 2 Other references include FrondeV Weeks and 
Thompson,4 the data as cited in the Powder diffraction files 
and original mineral descriptions. The first two sources are 
identified as LB and SP in the SOURCE column of the table. 
The other sources have not been specifically identified. 

The entries in the table have been ordered on their indices of 
refraction to provide an aid to mineral identification. The index 
columns list entries only when specific data were reported. If 
a range in an index was reported, the minimum and maximum 
values are indicated. The order is based on either the N( Y) 
index if the mineral is biaxial, w if the mineral is uniaxial and 
N if the mineral is isotropic. Where one of these indices is not 
quoted the other indices are used. No distinction has been made 
for the optical character. 

Several minerals are represented by multiple entries from 

NIXI Nnl N ( II SIGN 

different sources. The additional entries are necessary because 
of the different values reported. Some of the entries are 
obviously for a different species (e.g. carnotite 2.06,2.08), but 
are retained because of insufficient data to justify discarding 
the information. Optical sign, 2 Vand colour are also included 
in the listing. The 2 V includes a range when one has been 
reported. The codes SM, MO and LG, respectively, indicate 
small, moderate and large. The colour column also includes a 
range when necessary. The abbreviations used for colour are: 

2V 

Colours 
BK = black 
BL = blue· 
BR = brown 
CL = clear 
GR = green 

o = orange 
R = red 

TA = tan 
V = violet 

W = white 
Y = yellow 

COLO~ OR 

Modifiers 
DK = dark 
EM = emerald 
LM = lemon 
LT = light 
OL = olive 
PA = pale 

MINE~AL NA'IE SOURCE 
'lIN MAX MIN MAX MIN MAX MIN MAX COLOR RANGE 

1.455 1.490 1.:'00 30 V BAYLEVlTE 
1.455 1.492 1.498 30 V BAI'LEI'ITE SP 

1.1085- 1.501 1. 540- 1. 5't 5 5 15 V-GR SC HROE CK INGE R IfE SP 
1.1094- 1.501 1.498- 1.503 1.532- 1.540 + 35 42 V-GR LIEBIGlTE SP 

1.498 1.502 1.539- 1.542 + 40 V GR LIt8IGlTE 
1.49~ 1.503 1.538 + 42 GR URAN OTHALL IfE LB 
1.502 1.50B 1.525 + 15 V RAB8ITTITE SP 
1.488 1.5'10 1.521 0 69 LM-V PA-V URANOSPATHITE SP 
1.465 1.518 1.540 40 GR SWAR TZ ITE 

1.520- 1.530 1.54v- 1.547 + 0 GR ANDERSONITE 
1.489- 1.495 1.542- 1.543 1.542- 1.544 16 V GR SCHROECK INGER ITE 

1.543 1.550 LI1-1' HAlIoIEElTE-(MGI 
1.541 1.541 1.564 + 60 EM-GR VOGL rTE SP 
1.546 1.556 U1-1' HAlolEflTE 
1.545 1.5>5>5 1.680 + LT-GR STUDTrTE SP 
1.536 1.559 1.697 + 30 40 LM-Y ZEllERITE 

1.564 '( RANQUILITE 
1.543- 1.549 1.564- 1.561 1.570- 1. j 75 65 V FURONGITE 

1.541 1.568 1.570 32 V 101 PS EUDO-AUTUN ITE 
1.560 1.511t 1. 580 52 62 V 8AS5ETTITE LS 

1.569- 1.563 V HYDROGEN AUTUNITE SP 
1.554- 1.565 1.5'10- 1.582 1.571- 1.585 0 65 LM-Y LT-V SAlEEITE SP 

1.551 1.516 1.593 '( X lANG J lANG IT E 
1.570 1.584 UNNA ME D- (u-S 1-0) 
1.559 1.516 Y SODIUM MET A-AUTUN ITE 

1.580 GR META-ANKOLEIfE 
1.518- 1.586 0 25 Y GR AUTUNITE 

1.564 1.562 1.584 0 MO ll1-,( LT-Y SABUGALITE SP 
1.560 1.5>82 1.567 46 PA-V URANOSPINITE LB 
1.573 1.563 1.583 10 Y GR THREADGOLOITE 
1.574 1.5B3 1. 568 V URANOCIRCITE 
1.560 1.586 0 Y URANJSPINITE LB 
1.550 1.588 1.590 40 PA-V COCONINOITE 

1.588 0 R FR ITZSCHEITE SP 
1.550- 1.590 1.510- 1.610 1.516- 1.606 0 45 Y-GR AUTUNITE SP 

1.582 1.592 1.592 SM GR TOR13ERNlTE LB 
1.550- 1.612 1.561- 1.618 1.572- 1.630 0 62 LI1-V GR-8R URANOSPINITE SP 
1.518- 1.592 1.590- 1.596 0 10 EM-GR TOR8ERNITE SP 
1.512- 1.571 1.592- 1.591 1.612- 1.620 72 90 GR JOHANNITE SP 

1.480 1.601 0 V GRIMSELITE 
1.596 1.603 1.606 60 Y IoIEEKSITE 
1.580 1.621 SM G~-V H'(DROGEN URANOSPINITE SP 

1.536- 1.620 1.5'10- 1.631 1.513- 1.637 0 50 V NOVACHEKITE 
1.584 1.601 0 20 OK-GR META-AUTUNITE (H I 
1.510 1.608 Y A8ERNATHVITE 
1.586 1.602- 1.615 0 GR ZEUNER ITE 
1.603 1.610 1.617 90 Ol-GR BASSETTITE 
1.584 1.612 0 Y TR DE JE R ITE 
1.612 1.615 1.624 + lG Y ZIPPEITE L8 
1.586 1.611 0 V SODIUM URANOSP IN I TE 
1.591 1.619 1.621 0 5 Y META-URANOSPINITE 

1.604- 1.611 1.616- 1.623 0 41 Y META-URANOCIRCITE 
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1.576- 1.635 1.585- 1.654 SM EM-GR METAZEUNERITE SP 
1.620 0 GR ME TATORBERN lTE LB 

1. b2J 1.621 1.630 + MO V ZI PPEITE LB 
1.596- 1.604 1.637- 1.651 SM LM-V JDLlDTITE 
1.614- 1.624 1.618- 1.632 0 30 EM-GR ME TA TORB ERN ITE SP 

1.623 1.625 + 0 GR ME T ATORBERNITE LB 
1.610 1.623 1.623 10 25 V L T-GR URANQCIRClTE SP 

1.b20- -1.624 1.623- 1.626 1.628- 1.6 J4 + 52 60 LM-V URANDPlllTE SP 
1.626 METAlELLERlTE 

1.582- 1.598 1.623- 1.632 1.621- 1. 636 SM LM-V TROEGERITE SP 
1.5BO- 1.582 1.621- 1.630 1.630 0 Lr1-V TROEGERITE LB 
1.610- 1.620 1.624- 1.635 META-AUTUNITE (8A) 

1.595 1.632 0 V METANOVACEKITE 
1.615 1.635 1. 636 21 31 V METALODEVITE 
1.609 1.637 V Gf< METAI-IEINRICHITE 

1.611- 1.613 1.635- 1.642 1.64b- 1.657 89 lM-V SKlDDDWSKITE SP 
1.640 BR-GR BR NINGYOITE 

1.562- 1.514 1.102- 1. 726 GR lE~MiJNTOVITE SP 
1.608 1.642 0 22 METAKAI-ILERlTE 

1.613- 1.645 1.645- 1.612 lG PA-Y ~ SODIUM 8 OL TWOOD ITE 
1.617 1.64ft 0 20 METAKIRCHHEIMERITE 

1.623- 1.637 1.643- 1.651 0 GR METAZEUNERITE 
1.623- 1.635 1.643- 1.651 0 EM-GR lEUNERITE SP 
1.588- 1.695 1.580- 1.720 1.581- 1.710 0 20 lr1-Y 8R PHOS PHURANUL ITE SP 

1.616 1.654 1.655 0 5 V KI VUITE 
1.655 1.655 1.662 + SM GR UR ANOC HALC IT E LB 
1.510 1.6bO 0 GR ilK MCKELVEYITE 
1.654 1.66ft- 1.667 1.664- 1.661 SM EM-GR CUPROSKLODOWSKITE 

1.654- 1.b65 1.664- 1.667 1.680- 1.700 GR CUPROSKLDDOWSKITE SP 
1.642- 1.660 1.661- 1.670 1.bb1- 1.b7b 32 45 Y URANOPHANE SP 
1.620- 1.b33 1.720 + Y-GR SHARP lTE SP 
1.645- 1.650 l.bb2- 1.685 1.699- 1.715 10 84 V GR-Y SODDVITE SP 
1.658- 1.676 1.668- 1.690 1.685- 1.104 60 65 Y 8ETA-URANOPHANE SP 
1.615- 1.725 1.650- 1.720 1.635- 1.779 lG Y 0 lIPPElTE SP 
1.b60- 1.b70 1.67D- 1.700 1.680- 1.110 40 10 Y 8ET A-URANOPHANE 

1.658 1.685 1.6 ~O 40 60 GR-Y SCI-IROE CK INGE R ITE L8 
1.660 1.690 1.698 45 '( BERGENITE 
1.630 1.690 1.138 80 Y SODIUM lIPPEITE 

1.668- 1.610 1.b9S- 1.69b 1.b98- 1.703 lG PA-Y BOl T ,/000 I TE 
1.bb~ 1.710 1.710 SM Y PHOS PHUR ANUllTE 
1. b90 1.712 1.717 SM PA-V UNNAMED-(CA-U-SI-OI 
1. b9D 1.114 1.135 89 lM-Y SC HO E P ITE SP 
l.b55 1.716 1.768 LG 0 Y lIPPElTE 
1.b91 1.720 1.120 0 lM-V PHDS PHURANYL ITE LB 
1.100 1.720 1.735 Y SC HOE P IT E 

1.126 BR O-BR CAlCIOURANOITE 
1. b90 1.130 1.149 68 Y PI-IURCALITE 

1.715- 1.720 1.720- 1.750 1.800 + 53 Y RUTHERFORDINE SP 
1.715- 1.721 1.735-1.741 1.738- 1.145 45 LG Y RENARDITE 

1.7H 1.749 1.152 30 Y GR-Y PR ZHE VAL SK ITE SP 
1.720 1.150 1.820 Y MAGNES !UM lIPPEITE 
1.700 1.150 1.710 Y PARASCHOEPITE 
1.705 1.760 1.17e 40 lM-Y PARASCHOEPITE SP 

1.680- 1.120 1.760 1.71C- 1.760 SM Y UR ANOP IL ITE SP 
1.138 1.761 1.711- 1.118 y AR SE NURANYL ITE 
1.762 1.760- 1.163 1.765 + lG Y DEWINDTITE SP 

1.730- 1.745 1.760- 1.711 1.620- 1.840 MO LG ° TA NICKeL ZIPPEITE 
1.732- 1.750 1.750- 1.190 1.85;; + MO 0 V URANOCONITE SP 

>1.710 Y UNNA ME 0- (u-NB-O' 
1.120 1.770 1.810 Y lINC Z1PPEITE 
1.741 1.779 1.840 1'10 LG 0 TA COBALT l IPPE ITE 

1.780- 1.785 1.795- 1. 800 37 Y-GR GR-IlR MARTHOZITE 
1. 783 Y WALPURGITE SP 

1.165- 1.170 1.780- 1.792 1.182- 1. 300 80 90 DK-GR 8K VANDENBRANOEITE SP 
>1.789 R-BR SEDOVITE 

1.700 1.190 1.793 Y EP I-IANTHINITE SP 
1.750 1.790 1.850 + MO lr1-Y URACONITE LB 

>1.790 1.798 1.'102 10 15 V COMPRE IGNACITE 
1.120 1.798 1. 805 Y GUIlEMINITE 
1.130 1.800 1.805 37 Y BILLIETITE 
1.100 1.800 1.820- 1.840 + GR ROUBAULTITE 
1.510 1.805 l.b5l 42 Y TVUYAMUNITE 

1.810 0-8R UNNAMED-(PBl 
1. 785 1.810 1.82;; 1'10 Y U"INAMED-(MINERAL X) SP 
1.125 1.815 1.825 32 V-O tlECOUERElITE 

1.810- 1.820 GR-Y UNNAMED-(CA) 
1.197 1.1118 1.820 10 14 Y UR AN iJPHANE-tB A) 
1.735 1.820 1.830 30 ]-Y BECOUERELITE L8 
1.730 1.820 1.930 + Y IRIG[NITE 
1.110 1.616- 1.821 1.863 V CAlCURMOLITE 

1.630 ElK LIANDRATITE 
1.b6J 1.631 1.915 65 DK-8l U"IOHO I TE-( 14A) 

1.830- 1.635 YT Tf< llPYROCHLORE 
1.b80 1.835 1. 865 45 Y ME TA TYUYAMUNITE 

1.125- 1.750 1.820- 1.610 1.830- 1. d8:> 30 Y-O BECOUERELITE SP 
1.110 1.850 1.<190 GR DERRICKSITE 
1.780 1.850 1.860 bO Y-O VANDENDRIESSCHEITE 
1. 650 1.350 1.900 44 V VANURALITE 
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1.850 1.86(, 
1.790- 1.870 1.815- 1.900 

1.85;) 1.8bO 
1.750 1.870 1.860 
1.835 1.910 + 
1.82,) 1.930 
1. til 7 1.'179 2.C 5 7 + 

1.850- 1.870 1.870- 1.890 + 
1.tiBO 

1.b74- 1.770 1.855- 1.907 1.880- 1.'115 
>1.881t 

1.B63 1.B85 1.8~C 

1.880- 1.890 
1.850- 1.900 1.870- 1.910 1.950 + 
1.670- 1.800 1.860- 1.930 1. '195- 2.ll;) 

1.785 1.695 1. 915 
1.6H 1.900 1. 920 

1.670- 1.777 I.B70- 1.930 1.895- 1.970 
1.682 1.915- 1.939 + 
I.S03 1.905 1.945 
1.75J 1.895- 1.925 1.~20- 1.950 
1.685 1.910 1.930 
1.897 1.911 1. 932 

1.911- 1.916 1.920- 1.93l 
1.950 1.920 1. 945 

1.760- 1.770 1.920- 1.940 1.940- I.HO 
1.71J 1.920- 1.950 1.950 

1.945 1.975 
1.950 1.970 

1.970- 1.980 
1. !'I7l 1.975 2 .00 ~ 
1.959 1.981 2.060 + 
1. 955 1.985 2.0 !>J + 

1.871- 1.900 1.975- 2.000 2.050 
>2.000 
>2.000 
>2.000 

2.()10 2. u 6e 
1.770 2.010 2.0 gC 

2.000- 2.070 
>2.050 >2.110 

2.050 2.080 
> 2.060 >2.120 

2.060 2.08C 
2.050- 2.J60 2.080- 2.110 2.120- 2.150 

1.997 2..09B 2.108 
>2.100 
>2.110 
>2.110 

2.2.00 
2.240 
2.248 
2.300 
2.328 

2.3lJ 2.350 2.400 
1.830 2.1t90 2.7CO 
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55 0 AGRINIERITE 
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R-O \lOlS ENOORF ITE 
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SM Y CARNJT ITE L8 
lG R-BR CUR I TE SP 
30 50 OK-8R O-BR ClARKElTE LB 
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In the 35 years following the awakening of interest in uranium 
and its uses major deposits of the element have been identified 
in several distinctly different geological environments. 
Numerous geological descriptions of these major types of 
uranium deposits have been provided, as well as many dis
cussions and interpretations of the processes that are involved 
in their genesis. It is not so well recognized, however, that these 
deposits and genetic processes have undergone time-dependent 
evolutionary changes from Archaean to Caenozoic time. The 
purpose of this paper is to review briefly the descriptive geology 
of these deposits and the current views concerning their origin, 
and particularly to outline the evolutionary changes that have 
controlled their distribution in space and through time. 
Especially emphasized are the evolutionary changes in source 
of uranium, uranium transport mechanisms and depositional 
processes that have shaped the different major types of 
uranium deposits throughout the geological record. 

Classification oj uranium deposits 
The classification of major uranium deposits followed in this 
paper is slightly revised from that of McMillan60 • 61 and in
volves a genetic division into igneous, metamorphic-anatectic, 
detrital and hydrogenic groups (Table I). The igneous group 
includes deposits associated with alkali syenitic and granitic 
suites and complex zoned pegmatites; the metamorphic
anatectic group encompasses pegmatite and skarn deposits; 
palaeo-placer ores are the only examples of detrital deposits; 
the hydrogenic group encompasses deposits formed by precipi
tation from aqueous solutions, irrespective of whether these are 
marine or continental, hot and ascending or cold and descend
ing, and includes a wide range of deposits and their generative 
processes, ranging from clearly syngenetic ores, such as those 
in black shales, to epigenetic ores, such as sandstone-hosted, 
unconformity-related and vein deposits. 

Like any other, this classification is arbitrary and involves 
some overlap among the four groups. Moreover, it is genetic 
and therefore open to interpretation and to controversy. Never
theless, it is simple, is based on the relationships of the various 
deposits to their host rocks and is consistent with current usage. 
It does not include some deposits, such as carbonatites, super
gene cappings, duricrusts and enrichments in lignites and karsts 
of restricted occurrence and minor economic significance. 

Geochemistry oj uranium 
As background for this paper it is appropriate to briefly review 
some fundamental aspects of uranium geochemistry that are 
important in ore formation. For detailed information, how
ever, the reader is referred, in particular, to Langmuir56 and 
Rich and co-workers. 74 

The two common oxidation states of uranium are U6 + 

(uranyl) and U4 + (uranous). Uranyl minerals occur in oxidized 
environments, tend to be bright yellow, red, orange or green in 
colour and are common in oxidized portions of uranium ore
bodies. Some common uranyl minerals include autunite, 
tyuyamunite, torbernite and uranophane. Uranous minerals 
occur in reduced environments, tend to be black or brown in 
colour and are variably metamict owing to natural radiation 

disordering. Important uranous minerals include urammte, 
pitchblende (which is a variably crystalline, partially oxidized 
variant of uraninite) and coffinite. 

Uranous complexes tend to be insoluble at low temperatures 
and at pH 4.5-7. At temperatures above 150°C uranous 
transport may become dominant. Depending on ligand concen
trations, uranous fluoride, phosphate, sulphate and especially 
hydroxide compounds are important species under these con
ditions, but uranous carbonate complexes are not. Uranyl 
species are soluble over a wide range of conditions. In 'normal' 
groundwater, at temperatures of 25°C, uranyl fluoride com
plexes are dominant at pH < 4, uranyl phosphates at pH 4-
7.5 and uranyl di- and tricarbonate complexes at pH >7.5. 
Uranyl silicate complexes are probably insignificant, and at 
temperatures near 100°C uranyl hydroxide.s predominate, 
whereas uranyl carbonate complexes dissociate. 56 

Isomorphous substitution of uranous (U4 +), thorium (Th4 +) 
and some rare-earth element ions occurs as a result of similar 
valences and ionic radii. This is especially common at higher 
temperatures, occurring in common accessory minerals in felsic 
igneous rocks, such as zircon, monazite, allanite, uranothorite 
and pyrochlore. In high-temperature igneous-affiliated de
posits the Th: U ratio usually exceeds 1 and commonly 
approaches the crustal ratio of 3.5-4.0. In metamorphic
anatectic pegmatites and skarns the ratio is commonly 1.0, 
though variations are observed, probably owing to the variety 
of processes and source rocks involved in remobilization. 
Because of the high solubility of uranyl compounds in oxy
genated, groundwater-type systems, and the relative insolu
bility of Th and REE ions under similar conditions, uranium 
is effectively partitioned from Th and REE, resulting in sub
sequent deposition of hydro genic minerals with a low thorium 
content and a Th : U ratio of less than I. Sandstone-type, vein 
and unconformity-related deposits therefore have considerably 
lower Th content than granitic-hosted deposits of the igneous 
group. This selective uranium enrichment and separation from 
Th and REE provides a valuable guide to genetic evaluation and 
classification of uranium deposits. 

The deposition of insoluble and hence preservable uranous 
minerals from aqueous solutions requires a process of reduc
tion or adsorption. Important mechanisms that may reduce 
uranyl to uranous ionic species, causing deposition, include 
addition to the solution of H 2S or HS- from sulphide minerals, 
degradation of organic matter or natural gas, the oxidation of 
ferrous to ferric iron in sulphide or reduced iron silicate 
minerals in adjoining rocks with concomitant reduction of U6 + 

to U4 + in the solution, and possibly methane or carbon dioxide 
reduction by the action of decaying organic matter or oxidation 
of graphite. These precipitating mechanisms are involved at 
hydrostatic redox fronts in sedimentary basins and in basement 
country rock where clay or ferrous iron rich units or carbon
aceous matter rich rocks are present. Some minerals have a 
strong adsorptive capacity for uranium: these include the smec
tites, kandites and illites, goethite, hematite, rutile, ilmenite, 
leucoxene and zeolites, as well as organic compounds. Uranium 
precipitation can also be accomplished by bacterial fixation, 
rapid pressure loss accompanied by CO2 boiling and rapid 
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Table 1 Classification of important uranium deposits. After McMillan61 

Genetic type! 
association 

IGNEOUS 
Alkali syenite or granite 

METAMORPHIC-ANATECTIC 
Pegmatite 

DETRITAL 
Palaeo-placer 

HYDROGENIC 
Shales 

Volcanic rocks 

Sandstone 
Tabular 

Stack 

Roll-front 

Unconformity-related 

Veins 

Chemical 
associations 

U,Th,P,Zr,S,REE 

U,Th,REE,Mo 

U,Ti,Au,Zr,C,S 

U,Pb,Ag,Zn,Ni,Co, 
P,C,As 
U,F,P,REE,Mo,Pb, 
CU,S 

U,V,Pb,Cu,Se, 
Mo,C,S 

U,V,Pb,Cu,Se, 
Mo,C,S 
U,V,Pb,Cu,Se, 
Mo,C,S 

U,Ni,Co,As,Au 

U ,Ni,Co,As,Ag, 
Bi,Se,Pb,Cu 

Comments 

Refractory minerals, uraninite or uranothorite 
associated with dykes and apophyses or layered 
intrusions 

'Simple' type, not zoned, no Ta,Be,Li,Ce, etc.; 
developed within high-grade metamorphic rocks; 
pegmatites discontinuous and frequently 
stratiform 

pyritic quartz-pebble conglomerate in fluvial 
channel deposits, uraninite-brannerite as matrix 
grains; age, restriction 2900-2200m.y. 

Euxenic black shale; pyritic, chert-rich; 
syngenetic to diagenetic metal enrichment 
Associated with felsic or alkalic pyroclastic 
volcanism and associated volcaniclastic rocks, in 
subaerial environment; syngenetic to epigenetic, 
related to exhalative activity 

Flat-lying, controlled by palaeo-stream channels, 
in lithic te- arkosic arenites; associated with 
organic-rich rocks; epigenetic 
Similar to tabular deposits; occur at impermeable 
buttress-like barrier (fault or diapir); epigenetic 
Shallow-dipping, developed at hydrostatic redox 
fronts between impermeable shale beds; 
epigenetic 
Developed within palaeo sol at unconformity 
between mid-Proterozoic quartz arenite and 
lower Proterozoic metasedimentary rocks; 
mineralization closely associated with graphitic 
zones, clay-rich fault breccias; epigenetic, 
disconformable 
Fracture-fillings in fault zones, breccias; as 
tabular forms of variable vertical extent; 
wall rock alteration (hematite, chlorite, quartz); 
multiphase paragenesis; epigenetic 

Examples 

Ilimaussaq, Greenland 
Baker Lake, Canada 

Rossing, Namibia 
Bancroft, Canada 

Elliot Lake, Canada 
Witwatersrand, R.S.A. 

Ranstad, Sweden 
Black Sea 
Rexspar, Makkovik, Canada 
Lazio, Novazza, Italy 

Grants, U.S.A. 
Oklo, Gabon 

Mikouloungou, Gabon 
Bolzano, Italy 
Shirley Basin and Texas 
Coast Plain, U.S.A. 

Athabasca Region, Canada 
East Alligator River, 

Australia 

Uranium City, Canada 
Massif Central, France 
Schwartzwalder, U.S.A. 

temperature or pressure decreases that result in saturation of 
the solution. 

elements and volatile-rich components, producing co magmatic 
granitic rocks with uranium contents of 2-5 ppm. 

Crustal cycling of uranium 
The average crustal abundance of uranium is approximately 
2.6ppm. 26 Oceanic crust averages 0.5 ppm, continental crust 
3.0ppm, oceanic water 1.0ppb and fresh water 0.1 ppb, and 
oceanic pelagic sediments range fr .)m 1.0 to 3.0 ppm. Fresh sea
floor basalt ranges from 0.02 to 0.08 ppm and, where altered, 
from 0.1 to 0.2 ppm up to a maximum of 4.0ppm.2 Uranium 
in sea-floor basalt and ultramafic rocks increases systematically 
away .from the mid-oceanic ridges apparently as a result of 
secondary enrichment and alteration by hydrothermal convec
tion of weakly uraniferous sea water containing 1.0 ppb 
uranium in sodium and potassium chloride rich· brines. 2 The 
enrichment in these rocks is in fractures, pillow margins and 
along contacts between flow breccias and sedimentary strata. 
The sea-floor sediment of layer 1 contains 2.0-3.0ppm U-a 
concentration level that probably reflects an equilibrium 
between pelagic detritus and sea water. 

Anatexis of subducted oceanic lithosphere generates rela
tively uraniferous magmas. Continental andesites range from 
0.5 to 1.0 ppm uranium, whereas island-arc andesites range 
from 0.2 to 0.4 ppm. Enrichment in continental andesites is 
probably due to continental crustal contamination. 31 Fraction
ation of andesitic magmas can separate uranium, alkaline-earth 
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Common uranium-enriched intrusive rocks include per
alkaline granites with 5-30 ppm, S-type granites and felsic 
volcanic rock of bimodal tholeiitic suites with 3.5-20 ppm. 
These igneous rocks tend to be late to post-orogenic and of 
high-level emplacement, characteristically in continental rift 
environments. Their petrogenesis is believed to be due to partial 
melting of water-rich pre-existing rocks-probably sediments. 
The resultant magmas, in addition to uranium, are relatively 
enriched in alkali-, alkaline-earth and halogen elements, as well 
as CO2 and water. 

Subsequent chemical weathering releases labile uranium 
from those minerals which are readily broken down under 
oxidizing conditions, such as mica, hornblende, uraninite and 
plagioclase, as well as from volcanic glass. Zircon, monazite 
and sphene, though commonly uraniferous, are refractory and 
tend to remain as detrital grains. Uranium leached from 
weathered rocks subsequently follows various paths: most 
enters the hydrological cycle and ultimately returns to the 
ocean. A minor portion, however, penetrates crustal rocks in 
groundwaters, where it is precipitated by various mechanisms 
to form uraniferous deposits. 

Uranium deposits through geological time 
There is a distinct progression through geological time in the 
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Fig. I Approximate global uranium reserves in major deposit types compared with age in formation (data from various sources; various minor 
deposits excluded) 

ages and timing of first appearance of the major uranium
producing types of deposits (Fig. 1). Thus, each major type of 
deposit has its own distinctive geological setting and charac
teristics, and predominates during a distinct epoch; the palaeo
placer conglomerates in earliest Proterozoic time, the uncon
formity-related type in middle Proterozoic time, the anatectic 
pegmatites in late Proterozoic time, the marine black shales in 
early Palaeozoic time and the sandstone type in late Palaeozoic 
through Tertiary time. Most of the major types of deposit are 
represented in Precambrian rocks (Table 2). With the import
ant exception of the palaeo-placer type, these deposits are 

alous uranium contents. In general, supracrustal sequences, 
such as those of the Malene in west Greenland, which is more 
than 3000 m.y. in age and has remarkable lithological simi
larities to younger supracrustal successions, are V-deficient, 
containing only 0.2-1.5 ppm V. 59 The oldest significantly 
uraniferous rocks known are late Archaean granitic rocks of 
the Kenoran type at 2500 m.y. These batholithic granitic bodies 
frequently contain uranium concentrations in the 0.5-2.5 ppm 
V range and some have satellitic pegmatites that contain the 
uranous minerals uraninite, pyrochlore, allanite and mon
azite. 79 The Kenoran orogeny, though inconsequential for 

Table 2 Comparison of Proterozoic and Phanerozoic uranium deposit types 

Deposit type Proterozoic examples Phanerozoic examples 

Detrital/placer 
Sandstone-hosted 

Tabular 

Elliot Lake, Canada/Witwatersrand, South Africa None known 

Stack 

Roll-front 

Oklo, Mounana, Gabon; Amer Lake, Canada 
Mikouloungou, Gabon 

None known 
Wollaston Fold Belt, Canada 
Bancroft, Canada; Rossing, Namibia 
Uranium City, Canada 

Grants, U.S.A. 
Bolzano, Italy; Karoo, South Africa; 

Shirley Basin, U.S.A. 
Shirley Basin, U.S.A. 
Ranstad, Sweden; Chattanooga Formation, U.S.A. 
Grandfather Mountains, U.S.A. 

Black shales 
Anatectic pegmatites 
Veins 
Unconformity-related 
Volcanic-hosted 

Athabasca Basin, Canada; East Alligator River, Australia 
Makkovik, Canada; South Alligator River, Australia 

Schwartzwalder, U.S.A.; Massif Central, France 
Possibly the Pitch and Pryor Mountains, U.S.A. 
Rexspar, Canada; McDermitt, U.S.A.; 

replicated in Phanerozoic rocks whenever their favourable 
supracrustal environments reappear during the several oro
genic cycles that accompany Phanerozoic plate tectonic interac
tions. The geological time scale utilized in this paper is indicated 
in Fig. 2. 

Precambrian uranium deposits 

Archaean 
A negative, but nevertheless important, worldwide charac
teristic of uranium geology is that Archaean supracrustal rocks 
greater than 2500 m.y. in age are essentially devoid of uranium 
deposits, and even of rocks containing geochemically anom-

Lazio, Italy 

formation of commercially viable uranium deposits, is import
ant because it represents the first major cycling of uranium into 
the sialic crust. 

Early Proterozoic 
Early Proterozoic time was characterized throughout the world 
by the initial deposition of layered supracrustal sequences 
composed predominantly of basal subaerial quartz-pebble 
conglomerate, shallow to deep water marine carbonate and 
clastic sedimentary rocks, iron formation and mafic volcanic 
or intrusive rocks. The depositional environments ranged from 
subaerial (fluvial) to marine, and the pre-depositional land 
surface was extensively peneplaned and chemically weathered, 
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as evidenced by thick sericite-quartz palaeosols. 81 
The most important uranium ores are within basal quartz

pebble conglomerates with a pyritic matrix. Ages of deposition 
range from 2500 to 2100m.y. for the Elliot Lake Group, 
Canada, to 2900m.y. for the Dominion Reef System of the 
Witwatersrand Triad in South Africa. Sedimentation was 
diachronous and it is important that deposition of these rocks 
predated the transition of the earth's atmosphere from oxygen
deficient and reducing to oxygen-rich and oxidizing. 12.13.82 
Common rock types, in addition to the pyritic quartz-pebble 
congloinerate, include quartz arenite and shale in thick- to thin
bedded units. Rounded pyrite clasts are ubiquitous in most of 
the rock types. Sedimentary features include cross-beds, scour 
and channel-fills, ripple and flaser bedding. Depositional 
environment was predominantly fluvial, with subordinate 
deltaic to shallow marine facies. Highest uranium content cor
relates positively with conglomeratic channel-fill bodies, with 
abundant detrital pyrite and with close packing of all clasts. 88 
Detrital minerals, in addition to quartz and pyrite, include 
uraninite, uranothorite, zircon, monazite, gold, ilmenite, rutile 
and brannerite. Subordinate carbonaceous matter is commonly 
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present, occurring as laminar masses and bedding-plane crusts 
of thucholite and kerogen in laminar siltstone or arenite beds. 
The uranium content is widely variable from 0.1070 U 308 at 
Elliot Lake, Ontario, Canada, to 0.02% U308 in the South 
African ores, where uranium is a by-product of gold mining. 
The ultimate source of the detrital uraninite is considered to 
have been late Archaean granitic rocks. 75 

These conglomerates and associated deposits are global in 
distribution. Examples include the Elliot Lake, Montgomery 
Lake and Sakami Lake Groups in Canada, 77,78,81 the 
Dominion Reef and Witwatersrand Systems in South Africa,72 
the Moeda Formation in Minas Gerais, Brazil, and the Serro 
de Corrego Formation in the Jacobina Range, Bahia, Brazil,43 
the Tarkwaian System of Ghana and the Nullagine and Green 
Hole Formation in Australia. 77 The Elliot Lake deposits are 
interesting because they are among the youngest pyritic quartz
pebble conglomerates known, and contain thucholite and 
mixed brannerite-rutile and ilmenite minerals, which occur 
down dip from the uraninite ore88_a feature strongly sugges
tive of the transport of some uranium in solution, in addition 
to transport of the detrital grains in suspension. 

Early Proterozoic sedimentary rocks deposited after the 
atmosphere inverted to oxidizing conditions at about 2100 to 
2200 m.y. display evidence of increasing chemical weathering 
of subaerial surfaces, and include the earliest true subaerial red 
bed strata; the quartz arenites of the Gordon Lake and Bar 
River Formations at the top of the Cobalt Group at Elliot Lake, 
Ontario, Canada,78 or those of the Transvaal Supergroup in 
South Africa77 are examples. These continental red beds com
prise ferruginous lithic and arkosic arenite, siltstone and shale. 
The important worldwide Superior-type hematitic iron for
mations50 also occur just above or within these fluvial to marine 
littoral sequences. Also present within these sequences are 
extensive thick carbonate strata and foetid pyritic black shale, 
both containing abundant stromatolites. Various sedimentary 
rocks of this age contain uranium. These include, first, exten
sive low-grade occurrences in marine black shale, ranging up 
to 150ppm U, that also contain geochemically anomalous 
amounts of Mo, Pb, Ni, Co and As, and, second, important 
deposits hosted in arkosic arenite, such as Oklo, Mounana and 
Mikouloungou in the Francevillian Basin of Gabon,22, 35 the 
Lianshanguan deposit in China29 and the the occurrences at 
Amer Lake, Canada. 17 These arenite-hosted deposits resemble 
the Phanerozoic sandstone-hosted ores in their lithostrati
graphic setting in sandstone units between shale interbeds, their 
significant hematite, carbonate and silica alteration, their 
common but not ubiquitous association with kerogen and their 
location adjacent to and updip from an impervious barrier, 
usually a fault contact. Moreover, their minor-element assem
blage includes Cu, Pb, Ag, Mo, Au and V. No ore bodies similar 
to the roll fronts in Phanerozoic rocks have, however, been 
documented. 

About 1800m.y. large-scale orogenic activity affected 
extensive cratonic blocks, forming regions of high-grade meta
morphic rocks that underwent intense deformation and granitic 
plutonism. This represents a second major cycling of uranium 
into the sialic crust. In Canada this terrain constitutes the 
Churchill structural province, but similar terrains are present 
in Greenland, Scandinavia, the Soviet Union, Australia, China 
and Africa. 24,34 This orogeny affected the older, Lower Pro
terozoic and Archaean rocks and led to extensive development 
of gneiss domes, tectonic interleaving and co-metamorphism of 
Archaean and Proterozoic strata, inverted metamorphic 
gradients and extensive anatexis. Large sections of basal Pro
terozoic strata apparently underwent partial melting, resulting 
in broad amphibolite-facies metamorphic terrains character
ized by abundant lit-par-lit gneiss. Uranium-rich pegmatites 
with up to 5000 ppm U are common, particularly where the 



original protoliths were early Proterozoic uraniferous shale and 
arenite. Examples include occurrences in the Wollaston Fold 
Belt, Canada,87 and the eastern half of the Pine Creek Geo
syncline, Australia. 66 These are, however, generally insuf
ficiently rich to support mining, and anatectic pegmatite 
deposits of this age are not important world producers. 

Uraniferous vein deposits, as in the Beaverlodge area, 
Saskatchewan and Port Radium, Northwest Territories, 
Canada, appear to be related to late orogenic fractures within 
these Proterozoic metamorphic terrains. These deposits are 
pitchblende-quartz-carbonate veins, commonly associated 
with a distinctive assemblage of Ni-Co-As-Ag-Bi-Pb-Se-S 
minerals. The minable veins in many instances are vertically 
extensive, occurring at fault intersections or along fault plane 
irregularities, localization being controlled by rock competency 
and associated wallrocks, many of which are graphitic meta
sedimentary or amphibolitic units. Wallrock alteration 
minerals include hematite, quartz, chlorite, dolomite or siderite 
and, rarely, albite. The mineral paragenesis is complex, com
monly involving multiple generations of pitchblende-quartz
hematite and then arsenide-sulphide and carbonate mineral 
precipitatiori. Fluid inclusion studies indicate that formational 
temperatures ranged from 440 to 80°C. 86 A metamorphic 
genetic fluid is favoured by some writers89 for these deposits. 

Late-orogenic 'Rapakivi-like' granitic, syenitic and leuco
gabbroic plutons, as well. as frequently preserved subaerial 
volcanic complexes characterized by rhyolitic, latitic to 
trachytic rocks, were generated late in the 1800m.y. orogeny. 
Examples include rocks of the Edith River Group in north
western Australia, the Aillik Group and intrusive rocks in 
Labrador in eastern Canada, and the Dubawnt Group and its 
associated intrusive suite in the Northwest Territories, Canada. 
These magmatic suites are characterized by a high content of 
U, Th, Zr, REE, F, H20 and CO2. They are thought to be 
related to post-orogenic tensional relaxation accompanied by 
late-stage intrusion of highly differentiated melts formed by 
anatexis at the base of the continental crust. 

Uranium occurrences in the intrusive rocks include uranifer
ous bostonite dykes (syenite aplites), such as those at Yathkyed 
Lakes, Canada, ranging from 250 to 500 ppm U, 17 uraniferous 
zircon-, thorite- and uranothorite-rich dykes and sills adjacent 
to syenite/leucogabbro bodies or stocks, and lopoliths of 
porphyritic granite and syenite slightly enriched in uranium. 
Uraninite-fluorite-galena-quartz veins occur in roof pen
dants and contact aureoles of these intrusions. 17 Uranium 
occurrences in the extrusive rocks are associated with ash flow 
tuffs and intercalated volcaniclastic rocks. The mineralization 
is tabular, generally conformable and believed to have been 
contemporaneous with deposition of the enclosing rocks. It 
consists of uraninite-coffinite-brannerite associated with 
anomalous amounts of Th, Zr, Ti, REE, Ba, F and P. Similar 
mineralization has been found in exposed vent breccias. 
Examples include deposits at Kaipokok, in the Aillik Group of 
coastal Labrador,37 occurrences in the Dubawnt Group, 
Northwest Territories, Canada, 17 and in the Edith River Group 
of the South Alligator River area, Northern Territory, 
Australia. 67 

Middle Proterozoic 
Middle Proterozoic rocks of 1800 to 900m.y. in age are charac
terized by thick marine biogenic and chemical carbonate strata, 
evaporites, fine-grained clastic sedimentary rocks, and exten
sive, thick subaerial tholeiitic basalts, and quartz arenite and 
conglomerate. Ophiolitic and calc-alkaline volcanic rocks are 
absent in sequences of this age. 39.48 

The most important uranium deposits in rocks of this age are 
those of the unconformity-related type. These deposits are 
found principally in the East Alligator River area, N.T., 

Australia,45 and the Athabasca Region, Saskatchewan, 
Canada.47 They are located at or within a few tens of metres 
of a major unconformity where relatively flat-lying, unmeta
morphosed, kaolin-cemented Middle Proterozoic quartz 
arenite overlies deformed older Early Proterozoic metasedi
mentary rocks. The pre-arenite palaeo-surface is commonly 
marked by a thick illitic-kaolinitic-hematitic regolith up to 30 m 
thick. Mineralized zones are characterized by alteration to 
phyllosilicate minerals, including kaolinite, illite, dickite and 
septechlorite, zones of repeated brecciation owing to fault 
reactivation or solution collapse, irregular bodies of variably 
reduced or oxidized rock and multiple generations of pitch
blende deposition. Ore minerals include uraninite and cof
finite, commonly associated with Ni-Co-As minerals. Indi
cated temperatures of formation are 260 to 60°C.20 The 
deposits are all exceptionally high-grade, ranging from 0.5 to 
3070 U308. The overlying quartz arenites are commonly 1650 to 
1300m.y. 0ld,5 whereas measured U-Pb ages of mineral
ization range from 1650 to 1200m.y., with still younger ages 
recorded in remobilized or second generation pitchblende. 21.30 
The oldest ages are obtained from high-grade pitchblende 
within the regolith where this is developed on early Proterozoic 
graphitic metapelitic or calc-silicate rocks, whereas much 
younger pitchblende is present in the immediately overlying 
Middle Proterozoic quartz arenite. There are two current 
genetic explanations for these deposits: one proposes for
mation via the passage along the unconformity of uranium
charged 'diagenetic-hydrothermal' groundwaters, which 
deposited uranium adjacent to reducing rocks in the sub
surface47 .92 and the second considers these deposits to have 
formed before arenite deposition through supergene enrich
ment processes that accompanied intense weathering of the 
Aphebian palaeo-surface. 21.55.61 In the latter case the younger 
pitchblende within the arenite is explained as a later, upward 
remobilization from the older, deeper deposit. 

Late Proterozoic 
Late Proterozoic rocks from 900 to 570 m.y. old, though 
similar in lithology and setting to those of Middle Proterozoic 
age, contain few uranium deposits. Thick, subaerially de
posited arenite of this age is common. Examples are those of 
the Adelaide System in Australia, the Borden Basin on Baffin 
Island, Northwest Territories, Canada, 52 or the Thule Basin in 
Greenland,z3 which are virtually identical to Middle Protero
zoic sequences that contain the unconformity-type uranium 
deposits. Yet no uranium occurrences are known within rocks 
of this age. A possible significant exception may be the Roxby 
Downs Cu-Au-U deposit in South Australia, for which no 
data are yet available. Late Proterozoic redistribution of 
uranium from and around pre-existing uranium deposits of the 
unconformity and vein types is well documented in the East 
Alligator River area, N.T., Australia,46 and the Athabasca 
region, Saskatchewan, Canada,47 which strongly suggests that 
conditions were favourable for uranium transport in solution. 
Yet the lack of new uranium deposits within lithologically 
favourable, unmetamorphosed rocks of this age remains an 
enigma. 

Metamorphic terrains related to the 900 to 1000m.y. 
Grenville, Damaran and Svecokarelian24. 34 orogenies contain 
important anatectic-pegmatitic uranium deposits. Like those 
formed in the late Proterozoic orogeny about 1800m.y. ago, 
these orogenies and deposits represent a third major cycling of 
uranium into the sialic crust by metamorphic reworking of older 
uraniferous supracrustal rocks, and generation of uraniferous 
granitic melts. Pegmatites of this age in places constitute 
important uranium reserves, as in the Bancroft district, 
Ontario, Canada,79 and at Rossing, Namibia.6 Minable peg
matites occur as tabular, steeply dipping, anastomosing dyke 
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complexes, characterized by homogeneous internal structure 
and a simple . quartz-microcline-albite-zircon-uraninite
magnetite mineral assemblage. Rare-earth element, CO2, F and 
sulphate concentrations may be high, but such elements as 
beryllium, lithium and caesium, which are common in zoned, 
rare-element pegmatites, are absent. 9 Grades range from 0.08 
to 0.1070 U 308 and 0.1 to 1 % Th02. The uranium deposits at 
Lagao Real, Bahia, Brazil, 32,36 are uraniferous metamorphic 
albitites related to alkali metasomatism accompanying Pan 
African aged (800-700m.y.) thrusting and metamorphism. 
Mineralization is the result of fluid circulation in Archaean and 
Early Proterozoic rocks accompanying this orogeny. 32 

Phanerozoic uranium dellosits 

Palaeozoic 
Early Palaeozoic rocks, 650 to 345 m.y. old, are widely variable 
in lithofacies, and represent markedly different tectono-strati
graphic depositional environments. They include obducted 
ophiolitic crustal sequences, volcanic island are, fore-arc trench 
and back-arc basin successions, and thick sections of shelf
deposited carbonate and clastic sedimentary rocks. Large 
volumes of continental subaerial rocks, including arenaceous 
clastic sedimentary and volcanic rocks, are generally rare and 
restricted to Cambrian and Devonian strata. 

Few important uranium deposits are associated with rocks of 
this age. Most notable are the euxenic black shales, such as the 
Alum Shale of Sweden, 7 and the Chattanooga Shale of the mid
continent, U .S.A.14 Deposits of this type constitute unmined, 
very large-tonnage, but low-grade, resources with 150-450 
ppm U associated with siliceous, pyritic black shale. Ages are 
from Cambrian to Devonian. The uraniferous strata range up 
to several tens of metres in thickness and many tens of 
kilometres in· lateral extent. The uranium content varies 
inversely with the clastic sedimentary component of the rock, 
so clastic sediment-poor but chert-rich units have the highest 
content. The uranium was probably incorporated into the shale 
during deposition, possibly fixed by reducing bacteria, organo
metallic compounds or by adsorption on clay minerals. 

Minor uranium occurs in the Devonian Old Red Sandstone 
in the British Isles.7o It is restricted to reduced, pyritic organic 
matter rich layers, and the occurrences are tabular, thin and 
erratic in both uranium content and distribution. The uranium 
content is directly correlative with local reduced lenses rich in 
plant debris. 

Late Palaeozoic sequences, 345 to 220m.y. old, contain 
extensive, shallow marine carbonate and evaporite as well as 
subaerial arenite, coal and shale, some deep-water clastic sedi
mentary rocks and late orogenic felsic volcanic and plutonic 
rocks. This was a time of formation of important uranium 
deposits, particularly in southern and eastern Europe. 83 Here 
Hercynian plutonism was closely related to the generation of 
numerous 'hydrothermal' veins in the Bohemian, Armorican 
and Central Massifs, and in the Iberian Penisula. 15,84 Her
cynian plutonism represents yet another recycling of uranium 
into the sialic crust, albeit on a smaller more restricted scale 
than the earlier Precambrian cycles. The veins are pitchblende
bearing and also contain quartz, fluorite, Pb-Cu-Fe sul
phides and minor arsenopyrite and bismuthinite. The veins are 
tabular, extend only to shallow depths, and are restricted to 
fault breccias, fault intersections and areas of intense alter
ation, both within the plutons and adjacent country rock. The 
altered wallrocks exhibit silica depletion, alkali metasomatism 
with generation of episyenitic composition, and pervasive 
hematization. Indicated temperatures of the ore fluids range 
from 150 to 350°C. The host granitic rocks are S-type, con
sidered to have been derived from partial melting of Pre
cambrian rock during Acadian to Hercynian orogenies. 15, 57, 84 
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Ore formation is considered to have resulted from a combin
ation of volatile-rich anatectic melt development and evolved 
metamorphic fluids. 

Permo-Carboniferous rocks in Europe, North America, 
South Africa and Australia contain sandstone- and volcanic
hosted uranium deposits. Sandstone-hosted deposits com
monly, though not always, occur in arkosic to lithic arenite with 
interbedded shale, deposited under subaerial fluvial and 
lacustrine conditions in post-Hercynian basins. The deposits 
contain pitchblende and coffinite, with associated pyrite, 
galena, chalcocite and molybdenite, and form restricted, 
greenish-grey sandstone lenses that contain abundant plant 
detritus and kerogen. Examples are the Deer Lake Basin, 
Newfoundland, Canada,51 Bolzano in Italy62 and Lodeve in 
France. 84 Volcanic-hosted uranium occurrences are associated 
with Mississippian and Permian subaerial dacitic to rhyolitic 
ash flow tuff, flows and volcaniclastic sedimentary rocks. The 
uranium minerals include pitchblende and brannerite, with 
associated fluorite, quartz, barite, molybdenite, sphalerite and 
galena. Favourable host rocks are coarse breccias, agglomerate 
and inter flow sedimentary strata, uranium mineralization 
forming irregular, stratiform lenses adjacent to fault zones and 
disconformities. Examples include the Rexspar deposit, British 
Columbia, Canada,71 the Maureen and Ben Lomond deposits, 
Queensland, Australia, 3,69 and Novazza, northern Italy. 18 

Mesozoic and Caenozoic 
Mesozoic and Caenozoic rocks include a variety of supracrustal 
and plutonic types similar· to most Palaeozoic suites. Of par
ticular interest for uranium deposits are the thick intermontane 
and rift-associated red bed clastic sedimentary sequences of the 
American Cordillera, Japan and the Middle East, the Laramide 
intrusions of the Cordillera and the subaerial, felsic volcanic 
rocks in the western United States . 

. Mesozoic and Tertiary continental red bed arenites host some 
of the world's most important uranium deposits. The host 
rocks include lithic arenite and volcaniclastic rock, shale and 
subordinate felsic tuff, deposited in fluvial and lacustrine 
environments. These rocks were laid down in post-orogenic 
intermontane basins and intracratonic rifts. Three sub-types of 
sandstone-hosted deposits are recognized. Peneconcordant or 
tabular sub-types (Fig. 3(a» are flat-lying, tabular bodies that 
frequently occupy organic trash-filled palaeo-stream channels. 
They form large orebodies and, in addition to pitchblende and 
coffinite, contain geochemically anomalous amounts of V, Ca, 
Se, Cu and Pb. Examples include the deposits of the Grants 
district, New Mexico, U.S.A., in the Jurassic Morrison 
Formation ,41 , 64 as well as others on the Colorado Plateau of 
the western United States, I the Blizzard deposit in Eocene beds 
of south-central British Columbia, Canada,ll,68 and Tono 
mine in Miocene strata in Japan. 54 The origin of these deposits 
is ascribed to in-situ leaching of uranium by oxygenated 
groundwaters from detrital minerals and volcanic glass in the 
arenite host, followed by groundwater transport downdip 
along palaeo-stream channels, and precipitation where re
ducing conditions envelop pockets of decaying organic matter 
in the rocks. Deposits of the stack sub-type (Fig. 3(b» are 
similar to tabular deposits, but are stacked en echelon within 
interbedded sandstone-shale sequences near an impermeable, 
buttress-like structure such as a fault zone or a salt diapir. 
Examples include some of the Gulf Coast deposits in the 
Tertiary rocks of Texas,2s some in the Jurassic Morrison 
Formation in the Grants district, New Mexico, and those of the 
Uravan district, also in the Morrison Formation in Colorado. 
Deposits of the roll-front sub-type are shallow-dipping, ribbon
like orebodies, crescent-shaped in cross-section, that occur 
within sandstone beds between shale layers. The mineralization 
is localized at the boundary between oxidized (updip) and 
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Fig. 3 Sandstone-type uranium deposits 

reduced (downdip) sandstone, and consists of pitchblende and 
coffinite, with associated pyrite, hematite and calcite, and 
geochemically anomalous amounts of V, Ni, Co, As, Ag, Cu, 
Se and Mo. Organic matter is ubiquitous in the rocks. Roll
front deposits (Fig. 3(c» are attributed to the leaching of 
uranium in situ from volcanic glass and detrital minerals in the 
sandstone, and its downdip transport by oxidized groundwater 
flow. 1 Uranium precipitation occurs at a redox front developed 
through hydrostatic equilibrium between the moving oxy
genated, uraniferous groundwater and deeper reduced for
mational waters . Examples include the many deposits in the 
Tertiary Wind River Formation of the Wyoming intermontane 
basins, 19.44. 73 in Tertiary strata of the Gulf Coastal Plain in 
Texas33 and in the Triassic Chinle and Jurassic Morrison 
Formations near Moab, Utah and Uravan, Colorado, respec
tively,63 all in the .United States. 

Coeval with much of the sandstone deposition in the western 
United States was extensive Laramide felsic plutonism at about 
30m.y. and prolonged, post-orogenic subaerial, but felsic
dominated bimodal volcanism. These igneous suites represent 
still another important and most recent recycling of uranium 
into the sialic crust. Detritus from these suites is a significant 
component in the Tertiary and younger arenites, which host 
many sandstone-type uranium deposits, and detrital uranifer
ous minerals and volcanic glass probably are the source of labile 
uranium available in the rocks themselves for redistribution 
and concentration into these deposits. In addition, extrusive 
and associated intrusive rocks are locally important uranium 
hosts . Tertiary rhyolitic centres, such as the McDermitt Caldera 
in Oregon, U.S.A., contain important low-grade « 0.1 070 
U308) uranium occurrences. The uranium occurs in large, flat
lying tabular bodies of altered volcaniclastic rock and ash flows 
that flank the caldera. The mineralization is accompanied by 
silicification and development of smectite-rich phyllosilicate 
alteration, and carries geochemically anomalous amounts of 
Hg, Be and F. The altered and mineralized zones flank late
stage radial faults formed during caldera resurgence, and 
probably resulted from fumarolic discharge during cooling of 
the volcanic pile and volatile degassing. 80.85.90 Other examples 
of comparable deposits include Sierra de Pella Blanca in 
Mexic025.4o and Spor Mountain in Utah .8. 58 

Two small but high-grade deposits in the western United 
States are possibly young examples of the unconformity-related 
type. Disseminated pitchblende mineralization at Pitch mine, 
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Colorado, is hosted in folded and brecciated Mississippian 
dolomite, shale, sandstone and coal, which is in fault contact 
with Precambrian gneiss. 65 The Precambrian gneiss is anom
alously enriched in uranium, and a Mesozoic or Caenozoic age 
of mineralization in the Mississippian host rocks, formed by 
downward percolation of uraniferous groundwater from the 
adjacent Precambrian terrain, is inferred.27 • 50 Mineralization 
in the Pryor Mountains region, Montana, is hosted in karsts 
developed with the Mississippian Madison limestone76 and 
consists of uraninite-tyuyamunite grading up to 7070 U308 
associated with clay minerals and silicified collapse breccias . 53 
A Caenozoic age of mineralization, under conditions similar to 
those of Pitch mine, is favoured. 

Interpretation and discussion 
In general, major uranium accumulations occur in rocks of 
Lower and Middle Proterozoic, Permo-Carboniferous, 
Jurassic-Triassic and Tertiary ages, but are noticeably absent 
from Archaean rocks. Except for the marine black carbon
aceous shales, there is a marked paucity of uranium occur
rences of any kind within marine Phanerozoic sequences, 
particularly in mid-ocean ridge tholeiitic, and volcanic arc calc
alkaline igneous suites and their associated marine epiclastic 
rocks. There are strong lithologic and tectonic affiliations of 
uranium with major episodes of crustal tholeiitic to alkaline 
igneous activity in continental extensional settings. These were 
accompanied by uplift, development of profound subaerial 
unconformities marked by peneplanation and intense chemical 
weathering of pre-existing terrains, and deposition of clastic 
red bed arenite. There is a strong suggestion in the geological 
record that uranium underwent periodic, successive, cycles of 
enrichment that accompanied orogenic magmatism. During 
these cycles syngenetic, primary deposits of the igneous and 
metamorphic-anatectic groups were formed. Subsequently, 
during erosional degradation of these terrains, new secondary 
uranium deposits of the detrital and hydrogenic groups were 
formed in post-orogenic basins. These deposits reflect the 
evolutionary stages in the development of various uranium 
transporting, complexing and precipitating mechanisms . 

Archaean supracrustal rocks are lacking in uranium occur
rences, except for minor occurrences associated with late 
Archaean granitic rocks . Their absence within Archaean supra
crustal rocks may appear enigmatic in view of the reducing 
nature of the Archaean atmosphere-hydrosphere and the many 
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reduced iron formations and massive base-metal sulphide 
deposits 50 in these rocks. All of these depositional environ
ments should have precipitated any uranium present from the 
generative hydrothermal systems. Conversely, however, these 
systems were themselves strongly reduced,49 precluding signifi
cant aqueous solution transport of uranium with common 
complexing agents. Thus, it is likely that uranium was simply 
not mobilized in and transported by these systems under 
Archaean supracrustal conditions. Another important contri
buting factor may be the lack of an earlier, pre-enriched proto
lith or source rock, insofar as the late Archaean orogeny 
represents the first cycling of uranium into the crust. It is 
unlikely that the earth's crust and mantle had undergone 
significant fractionation with respect to uranium prior to the 
late Archaean orogeny. The generation of weakly uraniferous 
granites in late Archaean time may mark the initial establish
ment of a thick sialic crust through development of large 
volumes of felsic magmas by partial melting of water-rich 
Archaean supracrustal rocks. 48,91 

Early Proterozoic rocks, deposited before oxygenation of the 
earth's atmosphere about 2200 m.y. ago, which host the detrital 
uraninite-gold-pyrite quartz-pebble conglomerate deposits, 
are global in distribution, constituting a 600 m.y. diachronous 
lithostratigraphic marker at the base of the Proterozoic suc
cession. Their unique lithology of rounded, clastic uraninite, 
gold and pyrite grains in a compositionally mature con
glomerate bespeaks special depositional conditions and 
provenance. The uraninite and quartz clasts are considered to 
have been derived from denudation of adjacent late Archaean 
granitic terrain. Preservation during weathering and detrital 
transport of both pyrite and uraninite are ascribed to the 
reducing nature of the Early Proterozoic atmosphere. The 
pyrite and gold clasts are classically considered to have been 
derived by weathering from pyritic lode gold sources in 
adjacent Archaean supracrustal greenstone belts. This view is 
conjectural, no definite proof having been presented. 

As a possible alternative it is suggested that gold and pyrite 
may be endogenous to these Proterozoic sequences rather than 
exogenous. They may have been derived internally from re
working of original auriferous pyritic chert strata in a shallow, 
periodically regressive-transgressive, littoral fluviodeltaic 
depositional environment. The original auriferous pyritic 
strata may have formed in these Early Proterozoic sequences 
by exhalative hydrothermal discharge into the depository. This 
fumarolic activity may have been spatially and genetically 
associated with the thick, mafic intrusive-extrusive activity 
that so commonly accompanied this distinctive Early Protero
zoic sedimentation, and also with the tensional rift faulting that 
controlled basin morphology. 10. 72 There is indirect, circum
stantial evidence to support this possibility. Minor, thin 
auriferous pyritic strata are mined in the Witwatersrand 
deposits, along with the much more important 'conglomerate' 
and 'hydrocarbon reefs'. In addition, a magnetite-rich, 
Algoman-type iron formation, which is probably exhala
tive,42.50 forms the 'contorted bed' -an important strati
graphic marker in the Hospital Hill Series of the Witwatersrand 
System. This hypothesis also would aid in explaining the 
coarse, but mature and well-rounded, nature of many pyrite 
clasts: although preserved during reducing weathering con
ditions, detrital pyrite is brittle and would not probably survive 
prolonged fluvial transport to form these clasts. Local endo
genous auriferous pyrite beds may represent a more probable 
source, and could have been 'detritalized' in the high-energy 
depositional environment described above. 

With the gradual shift to increased oxygenation ofthe earth's 
atmosphere and hydrosphere, the detrital palaeo-conglomerate 
deposits became 'extinct' as a result of termination of the 
conditions essential to their generation and preservation. As 
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was mentioned above, the Elliot Lake deposits of Ontario, 
Canada, are among the youngest of this type and they contain 
mixed brannerite-Ieucoxene downdip from the detrital 
uraninite ores, as well as thucholite in poorly developed algal 
mats. These minerals and relationships suggest some secon
dary, post-depositional solution transport of uranyl complexes 
in formational waters, possibly during sediment diagenesis and 
burial, which formed second-generation uranium minerals 
where suitable detrital collector grains were present. Although 
the overall detrital origin of these ores is not in dispute, it seems 
probable that burial diagenesis of the slightly younger 
Canadian ores spanned the period of atmospheric shift from 
reducing to oxidizing conditions, thus imparting some hydro
genic characteristics to the mainly detrital deposits. 

Early Proterozoic rocks deposited after the atmospheric
hydrospheric change from reducing to oxidizing conditions 
reflect the major change from uranium deposits of the detrital 
group to those of the hydrogenic group, as well as the develop
ment of uranium reservoirs in oxygenated sea water, the 
appearance of new complexing and transporting agents, and 
the increasing importance in uranium precipitation of both 
inorganic and organic reductants, and of adsorbing clay and 
Fe-Ti hydroxide minerals. The presence of uraniferous black 
shale in shallow- to deep-water marine carbonate and clastic 
sections marks the development of the oceanic reservoirs, the 
elevated uranium content of which was presumably maintained 
by increased concentration of uranyl-complexing bicarbonate 
and sulphate ions. These shales also suggest that sea-water 
composition toward the end of Early Proterozoic time was 
similar to that of the present, particularly with respect to 
carbonate compensation depths controlled by water depth, Eh, 
pH and microbilil activity. 

Sandstone-hosted uranium deposits formed toward the end 
of Early Proterozoic time exhibit host rock and geochemical 
associations similar to those in Permo-Carboniferous, Meso
zoic and Tertiary sandstones. An important difference is the 
absence in Proterozoic deposits of the roll-front sub-type on 
any scale. Roll-front deposits apparently represent dynamic, 
hydrologic redox fronts, locally enriched in uranium, that are 
migrating in subsurface groundwaters through porous con
tinental sandstones. Perhaps their absence in older strata is 
simply due to the great age of these rocks, which has permitted 
ultimate stabilization and fixation by reduction of migratory 
uranium. Although roll fronts may have developed in Protero
zoic sandstones, they have subsequently been stabilized, or 
modified through time by renewed hydrogenic remobilization 
into their present configurations. Like the other sandstone
hosted blanket and stack sub-types in Phanerozoic rocks, they 
represent remnants or variants somehow preserved by 
'insulation' from renewed hydrological remobilization. This 
may be due to reduced permeability of their host rocks or some 
other barrier to groundwater flow, to simple lack of ground
water supply, or to the local abundance of carbonaceous 
matter, pyrite or clay minerals that fix the uranium in reduced 
uranous form. 

The 1800m.y. orogenic event at the end of Early Proterozoic 
time was the second recycling of uranium into the sialic crust. 
This involved generation of uranium-enriched granitic and 
syenitic intrusive and associated volcanic roc~s, and the 
development of uraniferous anatectic pegmatites in related 
high metamorphic grade gneissic terrains. In comparison with 
the 2500m.y. old Archaean granitic rocks, which introduced 
relatively minor quantities of uranium into the upper crust, this 
second major recycling introduced much larger amounts, 
probably by reworking older preconcentrations in Early 
Proterozoic arenite and black shale. It is important in this 
regard that all known exposures of Early Proterozoic supra
crustal rock contain occurrences of uranium mineralization. 



The numerous Early to Middle Proterozoic uranium occur
rences in subaerial alkalic volcanic rocks are the oldest of this 
type. They are similar to others in Permo-Carboniferous and 
Tertiary rocks. All are related to post-orogenic, intracratonic 
rift -associated igneous activity. These occurrences are currently 
attributed to volcanogenic exhalative activity, 17.61.83 but there 
are significant problems with this interpretation. First, the host 
volcanic rocks are subaerial and commonly oxidized, with 
intense hematitic and argillic alteration owing to the passage of 
groundwaters. Secondly, the occurrences are strata-bound but 
not stratiform. They may represent some form of hydrogenic 
enrichment in which uranium was leached and transported 
within the volcanic sequence and precipitated at reducing sites 
of fumarolic discharge. 

Early to Middle Proterozoic uranium veins, such as those at 
Uranium City, Saskatchewan, and Port Radium, N.W.T., 
Canada, have been among the world's most important produc
ing vein-type deposits. Current genetic hypotheses strongly 
favour deposition from an evolved metamorphic fluid. Again, 
however, there are problems in this interpretation. First, the 
stratigraphic succession in each area records several qepo
sitional hiatuses, with several periods of subaerial, continental 
sedimentation and subaerial weathering in rocks younger than 
those that host the veins, but roughly coeval with the age of 
initial mineralization. Examples are the Martin and Athabasca 
Formations in the Uranium City area, Saskatchewan, Canada. 
Secondly, it is questionable whether metamorphic fluids would 
have been sufficiently alkaline and oxygenated to transport 
uranyl compounds, particularly the favoured bicarbonate 
complexes. If not, uranous complexes, transported at low pH 
and elevated temperatures, are implicated. Yet these reduced 
fluids are incompatible with the prominent hematization of the 
wallrocks. Alternatively, these deposits may be of hydrogenic 
supergene origin, formed by downward percolation of oxi
dized, uraniferous groundwater during the pre-Martin and pre
Athabascan weathering hiatuses. Precipitation occurred by 
reduction near graphitic and pyritic metasedimentary rocks and 
amphibolites. 

Middle Proterozoic rocks contain the important uncon
formity-related ur~nium deposits. It is interesting that these are 
essentially restricted to a profound, deeply weathered uncon
formity surface of this age. Similar unconformities of younger 
age are not known to host deposits of this type, with a few rare 
exceptions-such as the Caenozoic age deposits in the Pryor 
Mountains, Wyoming, and Pitch mine, Colorado. A simple 
hydrogenic supergene origin is favoured. The minor- and trace
element assemblage is compatible with that of other hydrogenic 
deposits, such as the sandstone-hosted types. Repeated post
depositional resolution and precipitation probably account for 
the younger radiometric ages of remobilized mineralization in 
the overlying quartz arenite. 21 Phyllosilicate and other uranium
adsorbing minerals were probably important in concentrating 
uranium. 38.56 The regolith beneath the quartz arenites, such as 
the Kombolgie Formation in Australia, the Athabasca, Thelon 
and Hornby Bay Formations in Saskatchewan and the North
west Territories in Canada, are unique both in extent and 
degree of development. This regolith probably represents a 
prolonged period of lateritization, thus accounting for these 
well-developed palaeosols. 21 

The abrupt changes in depositional environments, styles and 
tectonic setting of Middle and Late Proterozoic rocks and their 
associated uranium deposits are significant evidence of exten
sive changes in supracrustal processes. Calc-alkaline volcanic 
and ophiolitic oceanic crustal suites are lacking in strata of this 
age. 39.48.50 Rock sequences are dominated by shallow marine 
to fluvial arenaceous clastic and carbonate sedimentary strata, 
and subaerial tholeiitic basalt and related shallow intrusions, all 
deposited in passively subsiding, rift-controlled basins. Oro-

genic belts of this age are rare. It is likely that this period of 
earth history was characterized by rift tectonics, stable cratons 
undergoing intense chemical weathering and peneplanation. 
Although the exact mechanisms are not understood, the 
apparent absence of compression-generated, subduction
related sequences and obducted ophiolites, together with the 
dominance of rift-controlled and stable platform sedimentary 
sequences, supports the theory that the Middle to Upper 
Proterozoic was a period of global expansion.48 • 5o In addition 
to the important and distinctive unconformity-related uranium 
deposits, clastic-hosted copper and massive lead-zinc-silver 
sulphide deposits are best developed and distinctive in rocks of 
this age, whereas marine volcanic-hosted lode gold and massive 
base-metal sulphide deposits are lacking.48 • 50 These relation
ships can also be attributed to widespread tensional tectonics. 

Metamorphic gneissic terrains related to widespread late 
Proterozoic orogenesis about 1000 to 700 m. y. ago contain 
numerous uraniferous anatectic pegmatites and granitic stocks. 
This orogeny marks the third recycling of uranium into the 
sialic crust and, as in its predecessors, uranium redistribution 
and concentration resulted from partial melting during oro
genesis of pre-existing, uraniferous supracrustal rocks. Con
sequently, the most important deposits of the igneous and 
metamorphic-anatectic groups, such as those of Bancroft, 
Ontario, Canada, Rossing, Namibia, or Lagao Real, Brazil, are 
in rocks formed during this third orogenic recycling of 
uranium. 

Lower Palaeozoic stratigraphy and palaeontology reveal 
two features that were probably important in concentrating 
uranium in rocks of this age-an abundance of marine carbon
ate rocks and rapid proliferation and diversification of life 
forms. The former, combined with continual addition of 
uranium into the oceanic reservoir by continental drainage, 
suggests that the ocean during this time contained abundant 
uranium, probably as uranyl sodic bicarbonate compounds. 
The worldwide occurrence of uraniferous black shale of this 
age4 probably reflects this condition. Biochemical transport 
and reduction are important causes of uranium concentration 
and precipitation, and the restriction of these black shales to 
anaerobic organic oozes deposited in moderate to deep water 
and isolated basins probably reflects the profusion of biological 
activity in the near-surface phototropic zones of the early 
Palaeozoic seas. Conversely, the paucity of pre-Devonian 
terrestrial life severely restricted uranium precipitation owing 
to biogenic activity in pre-Devonian continental clastic sedi
mentary rocks. 

Upper Palaeozoic rocks provide evidence of a fourth re
cycling of uranium into the sialic crust during the Taconian and 
Hercynian orogenies. Hercynian veins and volcanic-hosted 
deposits are directly related to this event. Permo-Carbon
iferous sandstone-hosted deposits were formed during 
post-Hercynian denudation and weathering of the uranium
enriched, late orogenic Hercynian plutonic and extrusive suites. 
Uranium deposition occurred in the fluvial, continental clastic 
sedimentary rocks deposited at this time, and precipitation was 
in structural traps and organic-rich strata. With the notable 
exception of the unconformity-related type, the uranium 
deposits, tectonics and stratigraphy all are similar to those that 
followed the Early Proterozoic 1800m.y. orogeny and con
stitute a repetition of these conditions, though on a reduced 
scale of both time and space. 

Mesozoic and Caenozoic strata, especially in the western 
United States, contain many important sandstone-hosted 
uranium deposits of blanket, stack and roll-front sub-types, 
with fewer volcanic-hosted types. As may be expected, the 
dynamic, migrating roll-front sub-type predominates in the 
youngest Tertiary rocks of the Wyoming basins, where final 
fixation of the migrating uranium is yet to be attained. In con-
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trast, the more stabilized blanket and stack sub-types are more 
abundant in older Mesozoic rocks of the Colorado Plateau. The 
latter were generated periodically during Mesozoic time follow
ing successive local uplifts, such as the Antler, Uncompaghre, 
and Zuni, again followed by denudation, weathering, con
tinental clastic sedimentation and uraniferous groundwater 
flow. The Laramide orogeny and uplift, about 30m.y. ago, 
also generated alkalic and felsic intrusive and extrusive rocks. 
It represents yet another, though more local and most recent, 
recycling of uranium into the sialic crust. It ultimately shed 
important uraniferous clastic detritus into the post-orogenic 
intermontane basin that contains the epigenetic roll-front sub
type deposits. In post-Laramide Caenozoic rocks extreme 
uranium mobility is evident even today by metastable to actively 
migrating uranium deposits, such as those in the Latium region, 
Italy, and some of the Wyoming roll-front sub-types. 

Summary and conclusions 
Two broad processes, orogenesis accompanied by gramtlc 
plutonism and surficial weathering, have combined through 
geological time in varying manner and degree to form the 
world's major uranium deposits. Orogenesis together with 
accompanying granitic plutonism and anatexis of pre-existing 
rocks has produced primary, though economically less import
ant, granitic, syenitic, related volcanic and pegmatitic uranium 
deposits of the igneous and metamorphic-anatectic groups. 
Variations among these deposits are due to various metasoma
tic or crystallization differentiation processes. Weathering has 
produced larger, economically more important, secondary 
deposits of the detrital and hydrogenic groups, by surficial 
degradation of sialic crust followed by uranium transport and 
precipitation under widely varying conditions. Uranium 
deposits fall into both syn-depositional and diagenetic to epi
genetic categories: those of the igneous, metamorphic-anatectic 
and detrital groups, as well as the marine black shales of the 
hydrogenic group, were formed essentially coevally with their 
host rocks, but the others of the hydro genic group are dia
genetic-epigenetic, formed after deposition of their host rocks. 

Uranium deposits exhibit marked evolutionary changes in 
geological setting and characteristics through geological time. 
Palaeo-placer conglomerate deposits are restricted to earliest 
Proterozoic rocks, deposits of the unconformity-related type 
are associated principally with Middle Proterozoic strata, 
anatectic pegmatites are most important in late Proterozoic 
gneissic terrains, the uraniferous marine black shales are wide
spread in the Lower Palaeozoic succession, and sandstone
hosted deposits are most common in Mesozoic and Caenozoic 
rocks. The changes that resulted in the development of these 
different types of deposit can be usefully summarized by con
sidering the particular evolutionary changes that occurred 
through time in the fundamental aspects of deposit genesis, 
including sources, mobilization, transport and deposition of 
uranium. 

Geochemical abundance data indicate that uranium is en
riched in ensialic environments, particularly in felsic and alkalic 
granitic and syenitic igneous rocks and in shales. These rocks 
are sometimes sufficiently enriched to be minable. Normally, 
however, they constitute important sub-marginal grade but 
pre-enriched sources of uranium for both of the broad gener
ative processes. Significantly uranium-enriched felsic igneous 
or metamorphic rocks and shales are rare in Archaean rocks, 
and apparently had not evolved at that time. Absence of these 
source rocks is one important factor in explaining the lack of 
any significant uranium deposits. 

Each of three successive, major, worldwide Precambrian 
orogenies about 2500, 1800 and 1000 m.y. ago recycled 
uranium and thorium by magmatic-anatectic reworking of 
rocks of its predecessors and their erosional products. Con-
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sequently, the abundance and uranium content of these source 
rocks has increased through time, and the best deposits of the 
igneous and anatectic-metamorphic groups occur in rocks 
formed by the third orogeny about 1000 m.y. ago. Still 
younger, Phanerozoic orogenies have generated similar uran
iferous rocks and deposits, but these are smaller and less 
important, though diverse, widespread and of local economic 
significance. 

Important uranium-mobilizing processes were plutonic and 
dominated by high-temperature fluids for the primary deposits 
of the igneous and anatectic-metamorphic groups. Each major 
orogeny, Precambrian and Phanerozoic, was followed by a 
period of uplift, erosion and weathering. These released and 
thereby mobilized uranium by surficial low-temperature 
aqueous processes from these pre-enriched source rocks for 
subsequent transport to form secondary successor deposits of 
the detrital and hydro genic groups. 

Uranium transport for deposits of the igneous and meta
morphic-anatectic groups involved high-temperature differen
tiates or fluids related to relatively oxidized silicate melts, and 
uranium probably moved as uranous hydroxide, fluoride or 
phosphate complexes. Hydrothermal uranium transport 
appears to have been relatively unimportant throughout time, 
probably because of the predominantly reduced nature of these 
fluids. Uranium transport prior to oxygenation of the atmos
phere at about 2200 m.y. was accomplished by aqueous suspen
sion of detrital grains in surface runoff waters, along with 
thorium and titanium minerals, pyrite and gold. During all 
subsequent weathering periods uranium was transported essen
tially free of thorium, in solution in oxygenated groundwaters, 
as uranyl carbonate, fluoride and phosphate complexes. In 
Middle Palaeozoic time land-based plants had become suf
ficiently established that organometallic complexes may have 
been locally important uranium complexing agents. Transport
ing fluids were both oxygenated surface runoff waters and 
oxygenated groundwaters, which carried hexavalent uranium 
to localized sites of reduction and deposition within watershed 
sub-strata, as well as ultimately to the sea. 

Uranium-depositing processes in igneous and metamorphic
anatectic deposits involve precipitation from a melt, probably 
by changes in pH, oxygen or carbon dioxide partial pressure, 
or complexing anion activity. Concentration of uranium into 
late-stage igneous and anatectic differentiates is well docu
mented, but was apparently not sufficiently effective to 
produce deposits with uranium concentrations in excess of 
0.10/0 U 30 g over minable widths. Before the atmospheric
hydrospheric change to oxidizing conditions, uranium depo
sition was in clastic detrital form in littoral and fluviodeltaic 
environments. Deposition was by physical separation, depend
ing on size and specific gravity of suspended grains where the 
flow velocity of surficial runoff waters suddenly decreased. 
Palaeo-placer deposits, concentrated in this manner, were 
subject to physical limitations on heavy mineral enrichment, 
and concentrations rarely exceed 0.12% U30S over minable 
widths. 

After the establishment of global oxidizing conditions the 
processes that deposited uranium from solution in oxidizing 
groundwaters involved fluid reduction. Moreover, this was also 
a highly effective concentrating mechanism-more so than 
earlier depositional processes-and resulted in richer deposits 
grading up to several per cent U30 g • This was probably due 
both to prolonged weathering, which generated uraniferous 
groundwater, and highly effective, strongly reducing environ
ments. Following orogenesis at 1800m.y. oxidizing ground
waters moved in porous, clastic continental sediments along or 
near the underlying basal, major subaerial unconformity 
surface. Deposition of uranium was by inorganic precipitation 
at the reduced groundwater-table, by graphitic or pyritic rocks 



in the subsurface, or by adsorption on to clay minerals or 
iron-titanium hydroxides. The resulting deposits formed just 
below or above this palaeo-surface and comprise the unique 
and economically important unconformity-related hydrogenic 
deposits. Hydrogenic vein deposits, characteristic of the 
Middle Proterozoic and also late Palaeozoic rocks, were 
similarly precipitated; though smaller, they have greater 
vertical extent relative to the unconformity. Deposition by 
reduction of oxygenated uraniferous groundwater has persisted 
until the present, with an important change in Middle Palaeozoic 
time to buried terrestrial organic detritus that increasingly took 
the place of inorganic reductants as the prime precipitating 
agent. 

Since the establishment of global oxidizing conditions waters 
draining the continents have carried uranium into the ocean, 
where precipitation occurred by organic reduction, primarily in 
euxenic basins. The resulting black shale occurrences rarely 
exceed 0.050J0 U30g. Where oxygenated, uraniferous ground
waters flowed through continental clastic sediments, local 
reducing conditions due to a high content of buried organic 
matter, or to the standing groundwater-table resulted in 
uranium deposition to form the various sub-types of sandstone
hosted deposits. 
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Uranium exploration 
Richard H. De Voto 
Colorado School of Mines, Golden, Colorado, U.S.A. 

This paper is a review of the methodology and technology that 
are currently being used in varying degrees in uranium explo
ration activities worldwide. Since uranium is ubiquitous and 
occurs in trace amounts (0.2-5 ppm) in virtually all rocks of 
the crust of the earth (Table 1), exploration for uranium is 
essentially the search of geologic environments in which geo
logic processes have produced unusual concentrations of 
uranium. Since the level of concentration of uranium of 
economic interest is dependent on the present and future price 
of uranium, it is appropriate here to review briefly the economic 
realities of uranium-fueled power generation. 

Table 1 Average uranium contents, ppm 

Crustal abundance 
Sea water, ppb 
Basalt 
Andesite 

2 
3 
0.5 
2 

Granite 
Shale 
Sandstone 
Limestone 

4 
3.2 
2.2 
1.3 

All natural occurrences of uranium, with the exception of 
one known occurrence in Gabon, where a natural fission 
reaction (the 'Okla phenomenon') has occurred in Proterozoic 
rocks, contain the three isotopes of uranium in the following 
relative abundances: 

238U 99.28 wtOJo 
235U 0.7lwtOJo 
234U 0.0054 wtOJo 

The 235U isotope, which constitutes only 0.71070 of any 
uranium occurrence, fissions naturally and is the principal fuel 
in conventional burner reactors (power plants). The 238U 
isotope, which constitutes the bulk (99.3070) of any uranium 
occurrence, can be transformed into a useful fuel, the 239pU 

Burner reactor 

U products + ,eu rons, + ea C235_[FissionJ NtH t 

~---) 
Converter and breeder reactors 

235 U _ [~:~~~oc~sJ + ,Neutrons, + Heat 

>----,-----.J~ 
~F ' . j ~ 238u _239p _ Isslon + Neutrons' + 

u products Heat 

Fig. 1 Nuclear reactor schematic 

isotope, which does not occur in nature, by bombardment of 
the 238U with high-energy neutrons generated in the 235U fission 
reaction in converter or breeder reactors (Fig. 1). Thus, through 
increased sophistication of engineering nuclear power plants 
and their political acceptance, it is possible to increase some 
five- to fifty-fold (Table 2) the energy obtained from the same 
pound of uranium. 18,28 

Present-day economic factors display a rough economic 

equivalency for newly constructed electricity-generating facili
ties (power plants) between $12/bbl for oil, $25/t for coal, and 
$80-100/Ib U308, even with the relatively resource-inefficient 
burner e35U only) reactor. Thus, at current (1983) uranium 
prices of approximately $20/1b U308, there exists a significant 
economic incentive (in a free market economy) for most new 
electricity-generating facilities in the world to be nuclear power 
plants, all other factors (political, environmental, etc.) being 
equal. In other words, even at today's prices, and certainly 
more so as the labour- and transportation-intensive coal prices 
and international cartel- and politics-susceptible oil prices 
increase, the price of uranium will respond to achieve its own 
balance within the framework of uranium supply and demand. 

Table 2 Cumulative uranium requirements for market 
economy countries to A.D. 205028 

Reactor type or system 

Light-water-no Pu recycle 
Light-water-Pu recycle 
Light-water-thorium breeder 
Thorium cycle CANDU 
Fast breeder 
Liquid fuel thorium breeder 
Liquid fuel + fast breeder 

Natural uranium, t X 106 

Low nuclear High nuclear 
growth growth 

38 
25 
23 
17 
10 
9 
5 

60 
43 
44 
30 
15 
16 
10 

The price of uranium has a significant effect on the uranium 
resources available to man. Fig. 2 graphically displays the 
general relationship between the price of uranium and the grade 
of a large near-surface deposit of uranium-bearing rock that 
may be economically viable as a uranium resource. The figure 
is a generalized statement in that the minimum economic grade 
level for any market price depends on (1) the size and geometry 
of a uranium deposit, (2) the depth and mining characteristics 
of the deposit, (3) the chemistry and extractive characteristics 
of the ore and (4) other factors of capital and operating costs. 
Fig. 2 does display, however, the general fact that as the price 

10000 
(1 '10) 

1,.000 

1000 

E 400 
"-
"-

<I> 

"" :: 100 
0) 

'" 0 40 '" => 

10 

2 

J' 'fc-o "0,"'0 
' .. , '?/ 

"0 " "'0 
'?/(, 

5 10 

} 
Vein and unconformity- type <I> 

deposits ~ ~ 

1 
O)m 

1° 
.c;"-
0)<1> 

Sandstone deposits I"" 

l:~~::::~~:~:-~--""VI 
o~ 

'- }PhO}SPhate rocks ri 
'-"\,- Block sholes ...J 

"'\.."\ )~~~nltes 
"\ granites 

30 60 100 200 500 1000 

Price, $/lb U30S 

Fig. 2 Uranium grade versus price and different types of uranium 
resources 

101 



of uranium rose from $6/lb U 308 to the $40/lb U 308 range 
from 1973 to 1976, the minimum economic grade decreased 
from the 0.20-0.30 U308 range to the 400-500ppm U308 
range. With this price-dependent decrease in minimum econ
omic grade, several types of geologic resources of low-grade 
uranium became economically viable. The discovery and devel
opment of the vast high-grade unconformity-type deposits in 
Australia and Canada have effectively reduced exploration for 
and development of the lower-grade resources. 

Principal uranium-concentrating geologic environments 
The first and fundamental step in any uranium exploration 
programme is the development of an integrated geologic and 
geochemical analysis and understanding of the genesis of the 
potential uranium accumulations under investigation. The 
U. S. Department of Energy has recently attempted to categorize 
uranium occurrences into general classes to facilitate the 
recognition of favourable uranium-concentrating geologic 
environments. IS. I? 29 Whereas there are a myriad of uranium
concentrating geologic environments, there are but a few that 
have, to date, been important in the development of most of 
the world's known uranium reserves, historically produced or 
economically viable at today's prices. The general aspects of 
these most important geologic environments and the geologic 
and geochemical factors that are important in controlling the 
uranium occurrence"s are described elsewhere in this volume. 

The bulk of the world's uranium has been produced histori
cally from (1) lower Proterozoic uraninite placer deposits in 
quartz-pebble conglomerates, (2) epigenetic uranium deposits 
in sandstones located in many cases at, or near, groundwater 
oxidation-reduction interfaces and (3) hydrothermal vein 
uranium deposits. These three distinctly different geologic 
environments provided most of the uranium that was produced 
from the 1940s to the early 1970s and they continue to be 
important exploration targets in the search for new uranium 
deposits. 

Exploration for economic uranium deposits has expanded to 
many geologic environments that have been generally over
looked in the past. Most notable among these are (1) granitic 
uranium deposits, (2) alkalic igneous-hydrothermal uranium 
deposits, (3) altered acidic or alkalic volcanic ash, ash flow or 
volcaniclastic uranium deposits, (4) unconformity-related 
uranium deposits and (5) calcrete uranium deposits in desert 
groundwater environments. 

These and other relatively underevaluated geologic environ
ments received substantial exploration attention in the 1970s 
and results of this cycle of exploration indicate that significant 
uranium deposits have been discovered in each. 

The expanded search for economically viable uranium 
resources and the improved market and technology factors 
have caused exploration and development efforts to advance 
far beyond pre-1970 levels. Low-grade uranium resources that 
have been long known and ignored, such as uraniferous, black, 
organic-rich shales and marine phosphorites, are being devel
oped for uranium production. In-situ solution-mining activities 
have permitted economic exploitation of uranium deposits that 
heretofore have been uneconomic because of their small size, 
low grade or depth. Exploration drilling and development 
activities for unknown uranium deposits have expanded to 
greater depths. 

Exploration technology 
A tabulation of techniques used in uranium exploration would 
include most techniques that are employed in the search for oil, 
gas and all other mineral commodities, as well as some unique 
to uranium. The emphasis here will be to review those 
techniques of widespread use or emerging usefulness in uranium 
exploration. 
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Exploration techniques are generally reviewed or tabulated 
according to discipline-for example, geology, remote sensing, 
geophysics, geochemistry, geobotany and exploration drilling. 
As such, a long and complete list of exploration tools or 
techniques can be elaborated. The approach here is to stress 
cost-effective techniques at the expense of those of limited 
value and to review their usefulness in exploration programmes 
that evolve from reconnaissance programmes to more local or 
detailed programmes. 

Reconnaissance exploration techniques 
Exploration techniques of widespread use in reconnaissance 
uraniu_n exploration programmes include (1) geologic mapping, 
basin analysis and search for favourable geologic environ
ments, (2) remote-sensing data analysis and synthesis, (3) 
gamma-ray spectrometry (airborne and ground) and (4) hydro
geochemical and stream and lake sediment sampling. 

Depending on the nature and scope of the exploration pro
gramme, the above-described reconnaissance steps are often 
conducted simultaneously in a first phase of exploration and 
their results are integrated and analysed to select local favour
able areas for more detailed exploration techniques in a second 
phase of exploration. In other cases the reconnaissance steps 
are conducted more or less sequentially, so the area and scope 
of subsequent steps are determined by the results of the 
previous steps. Thus, gamma-ray spectrometry need not be 
flown or conducted on the ground over the entire area, but only 
in the restricted areas of favourable geologic environments 
resulting from step 1. 

Geologic mapping 
Geologic mapping on a reconnaissance basis is essentially the 
compilation of all available, existing geologic mapping or 
initial mapping by means of the use of remote sensing imagery, 
principally aerial photographs, with reconnaissance field 
checking. The purpose of such reconnaissance geologic 
mapping in a uranium exploration programme is to locate and 
delineate geologic environments potentially favourable for 
uranium occurrences. Thus, the above review of the principal 
uranium-concentrating geologic environments serves essen
tially to describe the favourable geologic environments that 
should be evaluated in each area of reconnaissance geologic 
mapping. For sedimentary basins basin-wide stratigraphic 
analysis of the stratigraphic units and their alteration patterns 
may help to focus subsequent exploration efforts on the favour
able area within the basin. 11 

Remote sensing data 
Readily available remote sensing data, such as Landsat and 
ERTS imagery and aerial black and white and colour pho
tography, are inexpensively and logically utilized to assist in the 
reconnaissance geologic mapping and delineation of favour
able geologic environments. The combined use of medium
altitude (= 1 : 62 000) black and white photography and low
altitude ( = 1 : 12000) colour photography has been effective in 
uranium exploration efforts when going from the small-scale 
reconnaissance mapping to the larger-scale more detailed 
mapping. 1O Colour infrared, multi-band spectral and radar 
data have had limited application in uranium exploration, 
though recent expansion of the wavelength of multi-band 
spectral data has been shown to increase its utility in mapping 
clay-mineral alteration patterns and soil and rock types. 20 

Gamma-ray spectrometry 
Most of the known large uranium districts in the world have 
been discovered radiometrically by airborne or ground 'gross 
count' radiometric surveys where the high-energy gamma 
radiation from radioactive decay of the 238U series eI4Bi), the 



232Th series e08Tl) and the 4°K has been measured as a total 
gamma radioactivity. 22 As such, radiometric surveys have been 
the primary exploration tool for prospectors and geologists 
alike for many years. More sophisticated (and expensive) 
instruments, gamma-ray spectrometers, which have greater 
sensitivity than earlier instruments and also selectively measure 
the gammas derived from each of the uranium series eI4Bi), 
thorium series e08Tl) and 4oK, are in widespread use today. 

Thus, the gamma-ray spectrometer has received widespread 
use in airborne and ground radiometric surveys in reconnais
sance and detailed phases of uranium exploration programmes. 
Reconnaissance spectrometry surveys on widely spaced flight 
lines are useful in assisting geologic mapping, as well as in the 
delineation of generally favourable areas of occurrences of 
radioactive anomalies. 

The ultimate limitation on gamma-ray surveys is that they are 
essentially two-dimensional. Gamma-rays only penetrate 6 in 
to 1 ft of soil or rock and are attenuated or absorbed by air, 
water, vegetation and snow. As exploration activities for 
uranium resources investigate deeper subsurface environments, 
airborne and surface gamma-ray surveys become less useful 
(borehole gamma-ray logging, however, is standard practice). 
Nevertheless, a surface radioactivity anomaly is still a good 
starting point for subsurface exploration. 

A lesser limitation on gamma-ray surveys is that the gamma 
radioactivity anomaly (spectrometric ally) is due to the 
anomalous content of 214Bi, a daughter in the decay chain of 
238U. Thus, the uranium may be geochemically separated from 
the 214Bi. The separation should, however, not be extreme and 
the 214Bi detection offers an indirect 'pathfinder' to the parent 
238U. 

Hydrogeochemical and stream and lake sediment surveys 
Most of the known, large uranium districts in the world could 
have been discovered by uranium in ground- or surface water 
or uranium in stream or lake sediment surveys. These surveys 
are extremely useful in both reconnaissance and more local 
exploration programmes in that they commonly yield anomalies 
that are broader and, therefore, more readily detectable than 
the smaller uranium (radioactivity) anomaly itself and they, 
particularly groundwater hydrogeochemical surveys, can pro
vide a meaningful investigation into subsurface environments. 5 

Hydrogeochemical surveys are of varying usefulness, 
depending on rainfall, runoff and background characteristics. 
Surface hydrogeochemical surveys are not as meaningful and 
useful in areas or times of high rainfall and runoff as in arid 
areas or times, because of dilution of any significant anomalous 
uranium content in the water. Groundwater hydrogeochemical 
surveys are not subject to these climatic variations and, hence, 
are more uniformly useful. Different host rocks, however, have 
different background levels of uranium content (the Wind 
River Formation (Eocene) in the Wyoming Basins commonly 
has a background level of 1-5 ppb uranium in groundwater, 
whereas the White River Formation (Oligocene) has a 10-20 
ppb uranium background level), so the groundwater hydro
geochemical data should be interpreted carefully. 

Stream and lake sediment surveys generally do not provide 
meaningful information of subsurface environments, but 
insofar as surface drainages are efficient collectors of soil 
constituents, these surveys can be used effectively, on re
connaissance and local bases, to systematically sample the 
uranium content variations of the bedrock terrain over large 
areas and in any kind of vegetative and soil cover. The remark
able example of the discovery of the Key Lake uranium
nickel deposit beneath more than 200 ft of glacial drift in 
northern Saskatchewan by lake sediment sampling down-ice 
from the deposit27 illustrates the utility of these sediment 
sampling surveys. 

Detailed exploration techniques 
Detailed exploration techniques are applied generally on 
favourable 'target' areas that have been delineated by the 
reconnaissance or more regional exploration techniques. 
Exploration techniques used commonly in various combin
ations in local or detailed programmes include (l) detailed 
geologic and alteration mapping, (2) detailed hydrogeo
chemical surveys, (3) detailed radiometric surveys, (4) radon 
and helium soil-gas surveys, (5) soil and rock geochemical 
surveys, (6) subsurface stratigraphic analysis, (7) non-radio
metric geophysical surveys, (8) geobotany and biogeochemistry 
and (9) exploration drilling and logging. 

The geology of the area of detailed exploration and the 
nature of the potentially favourable geologic environments 
determine the relative utility and sequence of use of these and 
other detailed exploration techniques. All of these techniques 
are not used uniformly on all types of geologic targets. Some 
of their principal uses are emphasized here. 

Detailed geologic and alteration mapping 
Many genetic types of uranium deposits are associated with 
host rock alteration. I Thus, alteration mapping commonly is 
an extremely useful exploration technique in many geologic 
environments. For example, the oxidation-reduction inter
face, the locus of many epigenetic uranium deposits in sand
stones, is often readily discernible on the outcrop or in drill 
samples owing to the oxidation alteration of m'any indigenous 
constituents of the rocks; pyrite is altered to limonite or 
hematite or leached, carbonaceous debris is destroyed, iron
magnesium silicate minerals and feldspars may be altered or 
destroyed and clay mineralogy may change. 13,16 These alter
ation evidences may be mapped lithologically, and they may 
also be detected indirectly by magnetic susceptibility (iron 
mineral alteration) or IP (pyrite or clay mineral alteration) 
logging in boreholes. 

Detailed hydrogeochemical surveys 
Hydrogeochemical surveys are effectively used in detailed 
exploration programmes as well as in a reconnaissance mode. 
Careful analysis of the uranium, radon and helium content of 
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water wells in southern Powder River Basin, Wyoming" 

groundwaters, as well as other chemical parameters, such as the 
pH, Eh, alkalinity, S04", HeO) and Cl-, and an understanding 
of the groundwater hydrology permit maximum utilization 
of groundwater hydrogeochemical surveys in detailed explo
ration for uranium deposits. 6,25 The example of the southern 
Powder River Basin, Wyoming, is illustrative in this regard. 
Fig. 3 shows the uranium content in shallow groundwater 
within the Wind River and Ft. Union strata with respect to the 
uranium ore deposits of the southern Powder River Basin. 
Interpretation of the uranium data is imprecise because the 
groundwater samples are from several sandstone aquifers 
within a mudstone-sandstone sequence. A general pattern 
exists, however, that shows (1) ~2 ppb uranium and negligible 
SO,, - in groundwater in the area of reduced, unaltered sand
stone in the down-groundwater direction from the oxidation
reduction interfaces at which the uranium ore occurs; (2) > 2 
ppb and up to 230 ppb uranium and == 50 ppm S04" - in 
groundwater up the groundwater gradient from the uranium 
deposits in the oxidized, altered portions of the sandstones; and 
(3) that the geologic mechanism of uranium and SO" - travel
ling in solution in the oxidized interior and being efficiently 
withdrawn from the groundwater by precipitation of uraninite 
and pyrite at the oxidation-reduction interface was detected 
by the hydrogeochemical survey. 

In this case the geologic analysis of the uranium and S04"
groundwater data should have resulted in exploration efforts 
being concentrated at the transition zone from high to low 
uranium contents-not within the area of high uranium 
content. 

The helium content of the groundwater within the same area 
is shown in Fig. 4. The helium pattern generally shows an area 
of anomalous helium content in groundwater (;;;: 6.0 ppm) 
offset down the groundwater gradient from the uranium 
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deposits. Insofar as helium is generated in the radioactive decay 
of uranium and its daughters, helium formed at the sites of the 
uranium deposits is apparently moving in the groundwater as 
it moves to the northeast. The schematic cross-section of Fig. 
5 shows a possible reason, related to the cross-aquifer flow of 
groundwater in recharge and discharge areas, for the offset of 
the detectable area of anomalous helium derived from the 
uranium ore deposits in the shallow groundwaters. Thus, a 
uranium and helium groundwater hydrogeochemical survey, 
combined with analysis of the hydrology of this area, would 
have provided excellent data for focusing on prospective areas 
for exploration drilling in a detailed exploration programme. 

Even more significant is the suggestion (Fig. 6) that helium 
migrates vertically from its progenerator uranium accumulation 
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Fig. 5 Groundwater flow paths in relation to helium and uranium 
content in groundwater samples and uranium ore deposits, southern 
Powder River Basin" 
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Fig. 6 Schematic geologic cross-section of uranium and helium 
content of groundwater with respect to aquifers of water samples and 
uranium ore deposits, Grants-Ambrosia Lake district (note high 
helium content of groundwaters from aquifers thousands of feet above 
ore deposit at right end of diagram 9) 

through thousands of feet of overlying shale, coal and sandstone 
and is detectable as anomalous helium concentrations in ground
water in aquifers stratigraphically distant from the uranium host 
rock. If this is indeed the case, the implications for the usefulness 
of helium in groundwater surveys in both reconnaissance and 
detailed exploration programmes are far greater than are 
currently being exploited in most uranium exploration pro
grammes. Certainly, these studies suggest that groundwaters 
should systematically be collected, if necessary by packer 
isolation of the potential host aquifer, so that the helium distri
bution in ground waters can be used in conjunction with hydro
logic data in exploration for uranium. 

Complete analyses of the groundwater chemistry and com
puter calculation of saturation indices for uranium minerals 
and other indicator species have been demonstrated to be a 
potentially powerful tool in uranium exploration in areas where 
abundant groundwater samples are available. 6,23 

Detailed radiometric surveys 
Detailed radiometric surveys are useful in detailed exploration 
programmes where the distribution of outcrop radioactivity 
with respect to lithologies and alteration patterns may have 
significance to the favourable geologic environment under 
exploration. For example, outcrop radioactivity along hematite
stained, brecciated vein structures would have important sig
nificance in exploring for a vein-type hydrothermal uranium 
deposit, whereas outcrop radioactivity surveys may not be of 
much value in exploring for deeply buried epigenetic uranium 
deposits in sandstones. Detailed radiometric surveys have been 
useful in the Athabasca Basin of northern Saskatchewan in the 
detection of radioactive boulders in glacial drift. By use of 
glacial geomorphology and reconstruction of ice movement 
directions these radioactive boulders have been traced to their 
source bedrock material and discoveries of uranium deposits 
have been made. 14. 27 

Thus, detailed radiometric surveys should be used selectively 
according to the geologic terrain and the nature of the favour
able geologic environment under exporation. Needless to say, 
in the exploration for uranium in near-surface environments 
radiometric surveys can still be an effective and inexpensive 
tool to the explorationist. 

Radon and helium soil-gas surveys 
Radon and helium soil-gas surveys may be useful in detailed or 
semi-regional exploration programmes by virtue of the fact that 
both are inert gases derived from the radioactive decay of 
uranium and its daughters. As such, the gases may migrate 
away from a buried uranium deposit to yield anomalous con
centrations of radon and/or helium in soil gas. Thus, a buried 
uranium deposit may be remotely detectable indirectly by 
detection of anomalous radon and/ or helium concentrations in 
soil gas. 

The first generation of sophistication of radon and helium 
soil-gas surveys-that of collection of a soil-gas sample in the 
field at an instant and analysis of its radon or helium content
has had highly variable usefulness. 25 As in all soil-gas explo
ration surveys, commonly meteorologic variations and diurnal 
thermal and plant respiratory effects cause greater variations 
in trace gas content of the soil gas than does the ore deposit 
induced anomaly. Therefore, the utility of radon and helium 
soil-gas surveys has been greatly enhanced and will be more so 
in the future through the development and use of 'accumulator' 
measurements, whereby the amount of radon or helium that 
reaches the soil or soil-gas over a period of time (a month or 
two) is measured. 

Cumulative radon in soil-gas measurements, by means of 
alpha-particle detection with photosensitive film or alpha 
electrometers placed in the soil for a period of time, have 
received widespread use in detailed exploration programmes. A 
fundamental limitation on the usefulness of radon soil-gas 
surveys, however, is the 3 .S-day half-life of 222Rn, the long-lived 
radon daughter in the 238U decay series. This relatively short 
half-life means that radon derived from a buried uranium 
deposit must migrate to the soil within 20 days or so in order 
to be detectable as an anomaly. With this time limitation it is 
not likely that a radon soil-gas anomaly would be present in 
detectable levels above a uranium deposit buried more than 
several hundred feet, unless open faults or fractures facilitated 
radon movement to the surface from the deposit. Nevertheless, 
cumulative radon in soil-gas surveys provide an important 
detailed exploration tool in expanding the explorationist's view 
into the subsurface. Excellent examples of the use of cumulative 
radon in soil-gas surveys in detailed exploration programmes 
are provided in the example of the discovery of the buried 
uranium deposit at Spokane Mountain, Washington,21 and in 
the uranium vein exploration in the Front Range of Colorado.lO 

Helium soil-gas surveying is in its infancy, but early work is 
indicating that its utility may be far greater than radon soil-gas 
surveying. 8,9 Helium does not suffer the short half-life limit
ation of radon in that it is not a radioactive material itself and, 
therefore, does not decay away. Helium derived from a buried 
uranium deposit can therefore travel a greater distance from the 
deposit, such as from a deeper deposit, and be detectable as 
anomalous helium in soil-gas (or groundwater). The relatively 
high level of helium content in the atmosphere (5.2 ppm), 
however, makes a helium anomaly in soil-gas difficult to detect 
in a non-cumulative survey. Meteorologic and diurnal plant 
respiratory effects are such that the non-cumulative helium 
soil-gas measurements must be corrected for variations in the 
major gas content-an expensive step at best. The development 
of cumulative helium collection systems should extend by 
orders of magnitude the usefulness of helium soil-gas surveys 
in exploration programmes for buried uranium deposits. Soil 
moisture may serve as a partial accumulator of helium, and 
collection and analysis of helium in soil moisture may provide 
a useful means of implementing helium in soil-gas surveys. In 
any case, soil-gas surveys will be of expanding use to the 
explorationist in his efforts to understand and unravel the 
distribution of uranium in subsurface environments. 

Soil and rock geochemical surveys 
Soil and rock geochemical surveys may be usefully conducted 
in detailed exploration programmes where the uranium or other 
associated trace-metal content of the bedrock or soil of an area 
may be a useful guide to a buried uranium deposit. 5.21 For 
example, uranium-, or copper- or molybdenum-in-soil geo
chemical surveys may be of value in detailed exploration 
programmes in the search for uranium vein deposits in terrain 
where uranium vein accumulations occur in association with 
copper and molybdenum sulphides. 
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In the search for epigenetic uranium deposits in sandstones, 
however, other than deposits at the ground surface, such soil 
or rock geochemical surveys have negligible value. Of possible 
future value, however, is the search ~or anomalies of solid 
daughter products of the gaseous 222Rn (and, therefore, the 
238U decay series), such as 2IOpO, 210Pb, 206Pb or 206Pb/208Pb, 
in soil geochemical surveys in any geologic environment th'lt 
might have a subsurface uranium deposit as a possible source 
for upward migration of radon and subsequent generation of 
its solid daughters in the soil. Thus, soil and rock geochemical 
surveys should be used selectively according to the geologic 
terrain and the nature of the favourable geologic environment 
being explored. 

Subsurface stratigraphic analysis 
Subsurface stratigraphic analysis may be an extremely effective 
tool in regional or sub-regional exploration programmes in 
sedimentary basins in the search for epigenetic uranium 
deposits in sandstones or for Proterozoic uraniferous quartz
pebble conglomerates. Obviously, the availability of subsurface 
data is an important factor in the utility of these analyses. As 
in all geologic analyses, subsurface data should be integrated 
with all other available data, particularly outcrop data, as they 
essentially represent extension of geologic mapping into sub
surface envir:mments. 

Detailed subsurface stratigraphic analysis is an integral part 
of any exploration drilling programme. The lithologic data 
obtained from drill-holes should be fully utilized and integrated 
to map the subsurface rock, alteration and mineralization 
patterns. 11 

Non-radiometric geophysical surveys 
Non-radiometric geophysical surveys are recelvmg greater 
utilization in uranium exploration activities as exploration 
expands into deeper subsurface environments and as the under
standing of the geologic controls on the favourable uranium
concentrating environments increases. 26 Non-radiometric 
geophysical surveys of selective use in uranium exploration 
include gravity, magnetic, electrical (electromagnetic, resis
tivity and IP) and seismic surveys. The uses of each of these 
non-radiometric geophysieal techniques are similar to those in 
exploration programmes for other mineral commodities (Table 
3). 

Thus, the different non-radiometric geophysical techniques 
should be selectively used as appropriate to solve specific 
geologic problems or to provide particular information to assist 
in the understanding of the geology of an area. 

Excellent examples of recent uses of non-radiometric geo
physical surveys are provided by the experiences in the 
Athabasca Basin of northern Saskatchewan, where airborne 

Table 3 

Non-radiometric 
geophysical 
techniques 

Gravity surveys 

Magnetic surveys 

Electrical surveys 
Electromagnetic 

Resistivity 
IP 

Seismic surveys 
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Geologic uses (mapping) 

Geologic structures, regional and local; 
buried channels, local 
Geologic structures, regional and local; 
alteration of magnetic minerals, local 

Graphitic conductors, pyrite concentrations, 
buried channels, fault structures 
Buried channels, fault, vein structures 
Sulphide minerals, clay mineralogy changes 
Geologic structures, regional and local; facies 
changes; buried channels, local; 
unconformity mapping 

magnetometer and electromagnetic surveys and ground electro
magnetic surveys have been conducted routinely in attempts to 
map fault offsets within the basement or of the unconformity 
at the base of the Athabasca sandstone and to detect conductive 
shear zones and/or graphitic schist units within the basement 
terrain. Such surveys, on drilling, have led directly to dis
coveries of several uranium deposits in the eastern Athabasca 
Basin.4. 7 • 14 Similarly, airborne and ground magnetometer 
surveys were found to be useful in the delineation of favourable 
geologic conditions and induced polarization surveys in indi
cating sulphide minerals within the newly discovered uranium 
deposit at Spokane Mountain, Washington. 21 

Geobotany and biogeochemistry 
The use of geobotany in uranium exploration has generally not 
been extensive. In expanded utilization of remote-sensing 
imagery and multi-band spectral data, detection of distressed 
vegetation or of certain vegetation types that prefer particular 
soil and/or bedrock conditions may provide for more extensive 
use of geobotany in geologic and alteration mapping in uranium 
exploration programmes. 

Biogeochemistry can be of significant use in detailed 
exploration programmes and may provide a means of effec
tively sampling several tens of feet below the ground surface. 
The vegetation may contain significantly anomalous levels of 
uranium or other trace elements associated with uranium 
deposits and, by virtue of the depth penetration of their root 
system, may provide a depth penetration of investigation" that 
soil geochemical surveys do not yield. Suggestions of anom
alous uranium contents in eucalyptus trees in the vicinity of 
uranium deposits of the East Alligator Rivers district, Northern 
Territory, Australia,2 and in pine trees near vein uranium 
deposits of the Front Range, Colorado, 10 have been observed. 
The analysis of the uranium content of the humic content in 
soils has also proved to be an effective exploration technique 
in certain areas. 21 

Exploration drilling and logging 
Exploration drilling and logging is not only the ultimate test of 
any uranium exploration effort but is in itself an extremely 
important exploration technique in that it provides invaluable 
direct information concerning the subsurface geology. As an 
exploration technique, therefore, exploration drilling and 
logging are extensions of geologic mapping into subsurface 
environments. Fig. 7 displays how an exploration drilling and 
logging programme can be used to define the subsurface 
geology so that subsequent drilling is focused on favourable 
geologic environments. 

Logging of exploration drill-holes is itself an extremely 
useful exploration technique. 24 Borehole logging should 
include, at a minimum, systematic lithologic and alteration 
logging, gamma-ray logging and spontaneous potential
resistivity logging. 

In specific circumstances magnetic susceptibility (alteration 
of magnetic minerals), IP (clay and sulphide mineral changes) 
and gamma-ray spectrometry logging may be warranted and 
useful. Delayed neutron logging has been developed that 
permits direct measurement of uranium in the borehole-an 
expensive logging technique of particular value in development 
activities. 

Conclusions 
Exploration for uranium is essentially the search for geologic 
environments in which geologic processes have produced 
unusual concentrations of uranium. Favourable geologic 
environments in which significant economically viable uranium 
deposits occur include the following: (1) lower Proterozoic 
uraninite placer deposits in quartz-pebble conglomerates; (2) 
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Fig. 7 Drilling sequence (generalized) for uranium in hypothetical Tertiary basin in Wyoming3 

epigenetic uranium deposits in sandstones in most cases located 
at or near groundwater oxidation interfaces; (3) hydrothermal 
vein uranium deposits; (4) granitic uranium deposits; (5) alkalic 
igneous-hydrothermal uranium deposits; (6) altered acidic or 
alkalic volcanic ash, ash flow or volcaniclastic uranium 
deposits; (7) unconformity-related uranium deposits; (8) cal
crete uranium deposits in desert groundwater environments; 
and (9) black, uraniferous organic-rich shales. 

Exploration activities worldwide today are principally 
concentrated in the search for outcrop radioactivity and 
anomalies in favourable geologic environments and subsurface 
exploration in favourable geologic environments with known 
uranium mineralization. 

Improved market and technology factors in the 1970s per
mitted exploration and development activities to expand to 
include lower-grade uranium resources, greater depths and 
smaller uranium deposits. Exploration techniques of wide
spread use in reconnaissance uranium exploration programmes 
include geologic mapping and search for favourable geologic 
environments, remote sensing data analysis and synthesis, 
gamma-ray spectrometry (airborne and ground) and hydro
geochemical and stream and lake sediment sampling. 

Detailed exploration techniques that are generally applied to 
favourable 'target' areas delineated by the reconnaissance 
exploration include (1) detailed geologic and alteration 
mapping, (2) detailed hydrogeochemical surveys, (3) detailed 

radiometric surveys, (4) radon and helium soil-gas surveys, (5) 
soil and rock geochemical surveys, (6) subsurface stratigraphic 
analysis, (7) non-radiometric geophysical surveys, (8) geo
botany and biogeochemical surveys and (9) exploration drilling 
and logging. 
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Geochemistry· of uranium in the hydrographic network 
Bernard Soyer 
Section de Geochimie, COGEMA, Paris, France 

In France regional geochemistry is based on the sampling of the 
elements of the hydrographic network, water and stream
sediment sampling always being carried out. Uranium contents 
are determined in both elements of the hydrographic network
liquid and solid. For regional surveys hydrogeochemistry is best 
suited for elements that produce very soluble complexes-for 
eyample, uranium. At this stage no other elements are assayed, 
uranium being its own best tracer in water. 

Hydrogeochemistry 

Uranium solubility 
Uranium is a strong oxiphile element, occurring as the tetra
'valent ion U4+ and the hexavalent ion U6+ (uranyl ion). Oxi
dation of the former is possible over a wide pH range by 
alteration of the primary sources of uranium, oxygen being 
supplied by air dissolved in water. Uranium is then separated 
from all the naturally radioactive products of disintegration. 

The uranyl ion is extremely mobile, forming complexes with 
several anions (COJ-, SO~-, PO~-, F-), uranyl carbonates and 
sulphates, and also hydroxides and organic complexes. For the 
uranyl carbonate complexes bicarbonates (U02 (C03)z)2- and 
tricarbonates (U02(C03h)4- prevail at pH values greater than 
4.5. For the uranyl sulphate complexes the bisulphates 
(U02(S04)z)2- and trisulphates (U02(S04h)4- are stable at pH 
4, whereas humic and fulvic complexes arise at close to neutral 
pH values. 

Precipitation occurs as a result of the reduction of the hexa
valent ion to a tretravalent ion with modification of pH, 
pressure, temperature, etc. Uranium is fixed by clay minerals, 
iron and manganese hydroxides, phosphates and organic 
matter. 

Sampling 
The advantage of sampling water over other materials is based 
on its homogeneity, which ensures a representative sampling 
of the environment. Water is always taken in the clearest 
flowing part of the stream as far away as possible from the 
banks. Water is stored in a soft polyethylene bag, which is 
sealed. Analyses are made as quickly as possible, but the use 
of the polyethylene bag ensures negligible changes in uranium 
content with time, which is not always true of rigid polyethylene 
bottles. 

Uranium analysis 
The water sample is analysed after a short decantation period 
(24 h). After the dissolved content of the water has been con
centrated on a strip of chromatographic paper, uranium is 
isolated and assayed by fluorimetry. It is especially important 
not to acidify the water to avoid precipitation of organic 
material and leaching of suspended particles. Filtering of the 
water is not recommended-to avoid fixation of uranium on 
the filter paper. Thus, every effort should be made to obtain 
the clearest possible sample. 

In regional prospecting pH measurements are not very satis
factory, but conductivity measurements do indicate the degree 
of water salinity. 

Two types of assays are carried out on the water sample. 
Dissolved uranium is the form of analysis that is most widely 
used by geochemists. The inconvenience of this method lies in 
the low levels, usually expressed in ppb, and the poor contrast 

between anomalous and background values. Of primary 
importance is the uranium content in the dry residue: variations 
in the uranium content in water as a result of fluctuating water 
levels are virtually eliminated by this method. 
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Fig. 1 Comparison of uranium content in dissolved water and dry 
residue, Coutras, France 

Comparison at Coutras, France (Fig. 1) of frequency curves 
of uranium content dissolved in water and that of the dry 
residue and in the stream sediment reveals different results. The 
first peaks indicate background value. It is interesting that for 
uranium dissolved in water and stream sediment uranium 
content they represent a significant proportion of the assays in 
comparison with the anomalous values. For the uranium con
tent in the dry residue, however, background values are denoted 
by a series of assays between 0.5 and 1.5 ppm. The anomaly is 
not only marked by a sharp peak but by an anomalous back
ground (2 ppm) that progressively declines, despite many 
analyses of higher values (66 at 3.5 ppm and 36 at 5 ppm). 

As is shown for the Goulor River, Coutras, the uranium 
content in the dry residue is not specific to the location of the 
mineralization but extends over a wide area, which is not so for 
other types of assay. 

Hydrogeochemistry and prospecting 
Even though the considerable mobility of uranium is a good 
regional pathfinder, it is appropriate to conduct detailed 
sampling, the grid being a function of relief, geology and, of 
course, type of drainage. In sedimentary terrain sampling is 
carried out at a density of lIkm2, whereas in crystalline terrain 
the density must be much greater. 

A study with widely spaced sampling would only give indi-
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cations of regional geochemistry that could be obtained just as 
easily with stream or lake sediment samples. 

An orebody can produce an anomalous trend of several 
kilometres in sedimentary terrain, but rarely more (at Coutras, 
the anomalous aureole is smaller). In crystalline terrain, such 
as the orebodies in La Crouzille, France, the anomalies are 
always very close to the mineralization. A sudden increase in 
the uranium content of water is undetectable unless dense 
sampling is used. 

The use of hydrogeochemical prospecting is often criticised 
because of the lack of reproducibility of sample values. It is true 
that background and anomalous values are inconsistent, 
changing with the seasons and the passage of time in line with 
water-level variations and the environment in general. These 
variations are more pronounced for levels of uranium dissolved 
in water than for those expressed in the dry residue. It is possible 
to obtain consistent and representative values by sampling from 
basin to basin. 

The absolute value of a sample is not always the most 
interesting feature: in hydrogeochemistry it is the increase of 
value along a line of drainage that is most significant. 

An anomaly corresponds to an increase in uranium values 
and an increase in water flow: normally, values would decrease 
as a result of progressive dilution. The importance of the 
anomaly may change over the year, but the anomaly is denoted 
by the persistent increase downstream. 

Coutras orebody 
The discovery of the Coutras orebody was mainly due to the 
geochemistry of waters and stream sediments, this example 
illustrating the value of this method and also its limitations. 

The orebody, of Middle to Upper Eocene age, is located in 
the Jean Vincent and Le Fieu formations of interbedded 
sequences of sandstones and shale. The average grade is low 
(10700), but very extensive. 

Mineralization occurs in several areas, each with a different 
geochemical response. On the right-hand bank of the Dronne 
River, from Chamadelle to La Barde, the mineralization is 30 m 
thick and sub-outcropping. The geochemical response (see 
Figs. 3 and 4) is very clear, especially in the dry residue. The 
example from the Goulor (Fig. 2), a small river draining part 
of the mineralized formations, is outstanding. 

10ppm-
Dry residue 

5ppm-

Stream sediment 

Oppm- ________ ...:.:..:."'.::....!oIM:..:.;..:in;c:eccr.::.a;:.liz::;a::.:t..:.:io:.:.n:!..l _~vConfluence 

Goulor drainage with Dronne 

9 15.00 m 

Fig.2 Halo indicated by dry residue results in Goulor River, Coutras, 
France 

After a progressive decline in uranium values both in stream 
sediments and dry residues, owing to background changes, the 
content again increases. The dry residue continues to increase, 
indicating an anomaly of interest at the position of known 
mineralization, whereas the stream sediment decreases sharply. 

The sector west of Coutras gave better results from dry 
residues than stream sediments, coinciding with an.extension of 
the orebody. On the other hand, the extension of the orebody 
located near Le Fieu is not at all evident from the geochemical 
survey, apart from one high value of the dry residue of a sample 
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taken from a creek on the left-hand bank of the Dronne River 
(dry residue, 19ppm; stream sediment, 5.1 ppm). 

Only these values measured in water provide evidence of 
mineralization to the south of the Dronne River, corresponding 
with a deep mineralization (30-100m below surface) un
touched by the hydrographic network. In this case groundwater 
geochemistry, though difficult to interpret, would be the 
appropriate tool for a blind detailed study. 

Limitations of hydrogeochemistry 
In flat-lying areas with deeply dissected drainage (e.g. the Paris 
Basin) anomalies occur within particular aquifers and the 
problem of hydrogeological interpretation is not necessarily 
easy to solve. 

In mountainous terrain, especially with carbonates (the Alps 
and Pyrenees) water is not always reliable. Cold water has a 
high capacity to dissolve carbon dioxide, which increases the 
leaching potential of the water. Uranium values are therefore 
frequently higher than normal, but no real significance can be 
presumed. 

Detailed hydrogeochemistry 
Hydrogeochemistry is infrequently used for detailed prospect
ing, but it can be effective. Two types of detailed survey are 
in use in France. Sample density is increased where background 
values rise significantly along a line of drainage: complimen
tary sampling of stream sediment and water is carried out every 
200 m, or even every 100 m, to locate precisely the anomalous 
source area. This high-density sampling procedure is reliable 
and led to the discovery of a number of showings in Coutras. 

Detailed study of all sites of groundwater discharge at the 
surface (springs and seepages) constitutes a good technique. 
Such a study was conducted in La Crouzille in France along 
mines and known showings to test the potential of the method. 

In addition to the usual analyses (dissolved uranium in water, 
uranium content of dry residues and stream sediments), 
sampling also includes radon, since its short half-life (3.8 days) 
limits its possible displacement from its source. For radon 
sampling a hypodermic syringe (30 cm3) is used to collect the 
water at the site of discharge and the sample is inserted into a 
vacuum-sealed test-tube. 

The La CrouziIIe study was a good test of the method. The 
bedrock of the area is homogeneous (Saint Sylvestre leuco
granite) and 2150 samples were taken within a 95-km2 area (23 
samples/km2). Altogether the results are positive as each known 
mineralization was associated with geochemical anomalies. 
The real difficulty lies in the concordance of results for 
different types of analysis. 

At Montmassacrot (Fig. 5) the mineralized formations trend 
WSW-ENE and dip 60-80° to the north. They consist of very 
brecciated seams of disseminated pitchblende and coffinite 
(average grade, 0.8%0). Radon clearly indicates the mineral
ization with anomalous values close to the ore deposit. There 
is a good correlation between these results and those of the dry 
residual uranium content. 

At La Borderie (Fig. 6) the formations are similar (sub
vertical or dipping 70° to the north), but with a less brecciated 
seam. The mineralization occurs as coffinite (grade, 2.8%0), 
mostly concentrated in the intersection of tectonic trends. 

Geochemistry on slopes 
Hydrogeochemistry does not end with the study of the flow 
load, liquid and solid: one must consider what feeds that flow. 
This essential phase at the detailed prospecting stage, especially 
around an anomaly, must therefore include a slope study. This 
can be conducted by hydrogeochemistry if springs and seepages 
are abundant (see above). In the absence of water a soil survey 
must be undertaken on the slopes, close to the anomalous area. 
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Fig. 5 Ra results in emanations (top) and U content (ppm) in dry residue 

In this case, it can be helpful to use the decay products of 
uranium to focus on the source and to understand the arrange
ment of the anomalies in the hydrographic network. 

Stream sediments 
Stream sediment sampling is a common method that provides 
values high enough to be expressed in ppm. The contents of the 
stream sediment are consistent because they are not affected by 
meteorological fluctuations. 

Sampling 
For uranium the sample is usually taken from the flowing part 
of the stream, thereby yielding a sample that is sufficiently rich 
in clay or silt but with negligible organic content. Analyses are 
carried out on the - lOO-ftm fraction. A weak HN03 acid 
attack is used to extract the uranium. The dissolved uranium 
is measured by fluorimetry after chromatographic separation. 

The interpretation of the assays may not always be reliable 
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because of variation in the constituents of the sediments in the 
stream. Stream sediments themselves may ,be leached or they 
may represent a rock that has already been leached to the point 
at which uranium is no longer accessible to the stream sedi
ments. That is so for certain sedimentary environments in 
which values are too weak to enable the variation in uranium 
content to be assessed. 

Importance of complementary water and 
stream sediment sampling 
Only by sampling both water and stream sediment can a 
complete geochemical prospecting study be achieved. 

In crystalline terrain conductivity varies within very narrow 
limits, without regard to the dissolved materials, even measured 
in the dry residue. It is therefore useful to sample stream 
sediments, the water being poorly mineralized. In addition, 
rapid lithological changes can obliterate the variation in the 
uranium content in water. 
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Fig, 6 Ra results in emanations (top) and U content (ppm) in dry residue 

In sedimentary terrain the contrary is true. Stream sediments 
are themselves easily leached, the extreme case being that of 
limestones, where uranium is readily leached. Thus, uranium 
will be present in water rather than in stream sediments . In this 
environment ur'lnium content varies in accordance with con
ductivity, even though there may be fluctuations of the local 
water-table. Uranium content in the dry residue of a water 
sample constitutes the best method of analysing water for 
uranium. 

Commonly, if the sampling is sufficiently detailed there is a 
certain concordance between the uranium content in water, the 
dry residue and the stream sediment. Nevertheless, the 
anomalies in sedimentary terrain 'are more evident in the dry 
residue, whereas in crystalline terrain stream sediment sampling 
provides the best results. 

Detailed geochemistry in regions oj heavily leached soils 
The Mikouloungou ore deposit in Gabon is a significant 

example of the potential use of soil geochemistry, despite 
intensive leaching. The uranium content of the soils developed 
on the Congolian sedimentary formations (Francevillian) is 
very low. This area is not favourable for such a study as pre
cipitation is marked and the lateritic soils can be very thick 
(10 m and more). 

A classic stream sediment survey was at the origin of the 
selection of the Mikouloungou area for a detailed soil geo
chemistry programme. A 200 m x 200 m grid was therefore laid 
out over a large area. 

Geological setting 
The Mikouloungou ore deposit is situated on a WNW-ESE 
fault of more than 7 km in length. This important tectonic 
feature is at the foot of a great escarpment that borders the 
Ogoue plain. 

The mineralization is distributed in preferential beds and is 
always located in proximity to the fault, which is steeply 
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dipping (70°). The mineralization occurs in geometrical traps 
produced by several transverse displacements, forming a 
monocline and dipping gently (5-10°) and consistently to the 
south. The mineralization has a significant average thickness 
(approximately 2m) and a rather high average grade (3.511700), 
but distributed as pockets along the fault (Fig. 7). 

In addition, owing to the tectonic deformation, the mineral
ized pockets occur at different levels from surface to significant 
depth, and with a pelitic cover. 

Geochemical results 
The anomalies that indicate the presence of the mineralized 
fault vary in intensity and extension. 

In the western part (A, B, C, D and E in Fig. 8) the geo
chemical anomalies are well marked. The 2 ppm contour 
encircles extended surfaces. On the other hand, the eastern 
points (F, G, Hand l) related to the same fault are not so well 
indicated by geochemistry. This is explained not by the change 
in soil thickness but by a different type of response at these 
mineralized points: the western part corresponds to anomalies 
in residual soil and the mineralization is sub-outcropping; the 
eastern part is far from the surface and the geochemical 
response is that of a leakage anomaly. 
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Fig. 8 U soil geochemistry at Mikouloungou, Gabon 
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Thus, two kinds of soil anomalies-directly lying on the 
mineralization or indicating the presence of an anomaly at 
depth-are possible in regions of heavy leaching. The anom
alous threshold is very low (1 or 2 ppm), but still reliable. 

Use oj radium in detailed soil geochemical exploration 
Because of its weak mobility in relation to uranium, it is parti
cularly useful to determine the radium content in the soil during 
detailed prospecting. The contrary geochemical behaviour of 
radium and uranium (mobility in reducing conditions, im
mobility in oxidizing conditions) may be used to interpret 
specific anomalies (swamps, stream beds, etc.). 

Radium solubility 
The reduced mobility of radium in comparison with uranium 
is explained by the solubility difference between the two 
elements, which occur in nature as sulphates and carbonates: 
at 18°e radium sulphate = 1.410- 3 gil; uranyl sulphate = 205 
gil; radium carbonate is insoluble; and uranyl carbonate = 

60 gil. With the acidity and alkalinity of water, however, 
radium solubility changes . The radium content of water also 
depends on the salt concentration of certain elements-mainly 
alkaline chloride (radium replaces sodium). Radium precipi
tates with complexes of barium (S04Ba) and with calcium 
carbonates (travertine) . Radium is also fixed by clay, organic 
matter, iron and manganese hydroxides. 

Application to soil geochemistry 
Lagadaillere (Forez, France) is a significant example of the use 
of radium in focusing exploration over an uraniferous mineral
ization. 

A siliceous vein that cuts through granite with a pitchblende 
mineralization forms smalllenticulations unevenly distributed 
throughout the gangue. This setting lies in the middle of a slope 
230 m from a stream. Soil sampling (at the limits of the A and 
B horizons) with a 20 m x 20 m grid was carried out and samples 
were analysed for mobile uranium and radium. Uranium 
results (Fig. 9) present the highest anomalies in the stream bed, 
but no important value was found close to the vein, with the 
exception of a small value related to a small thalweg that cuts 
the slope. Radium, however, remains very close to the vein. The 
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Fig. 9 U and Ra dispersion in soil, Lagadaillere, France 

10 ppm contour starts from the vein and reaches the edge of the 
stream bed. 

This example illustrates the different behaviour of the two 
elements according to topography and environment. Uranium 
is rapidly removed from the slope in a well-drained area and 
trapped in the valley floor, where organics are normally more 
abundant and conditions frequently more reducing . The leach
ing of radium towards the base of the slope is difficult as the 
soil is an oxidizing environment in which radium is rather 
immobile. For this reason radium remains close to its source
the pitchblende vein (Fig. 10). 

Uraniferous 
mineralization 

Radium 

Uran ium 

Fig. 10 U and Ra migration on slope, Lagadaillere, France 

River 

Lagadaillere illustrates a classic situation where the uranium 
anomaly is restricted to the valley floor with no relation to the 
position on the slope of the uraniferous mineralization. The 
judicious use of radium soil geochemistry establishes the 
relationship. 

Conclusions 
The hydrographic network provides an appropriate tool for 
uranium prospecting undefthe following conditions: water and 
stream sediment samples must be taken at the same location 
and assays in water must include uranium content in the dry 
residue, which appears to be the most suitable and reliable 
value. 

Depending on the terrain under investigation, water (in 

sedimentary areas) or stream sediment (in crystalline areas) will 
be of major significance. In practice, there will be fluctuations 
in the same sense, but not of the same magnitude. 

For regiomil reconnaissance uranium is its own best indi
cator, being readily oxidized to the hexavalent state and then 
remaining very mobile under oxidizing conditions. For detailed 
prospecting uranium and its decay products are interesting for 
assay purposes. The low mobility of radon and radium from 
their source makes them good tracers . To date, experience in 
France shows the results for radon always to have been better 
in water and for radium in soils. 

Other decay elements have been tested-with contradictory 
results and low reliability-but, no doubt, they will be added 
to the range of tools available to the geochemist in the search 
for uranium in the future. 
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Uranium deposits of the world, excluding Europe 
Robert G. Young 
Consulting Geologist, Grand Junction, Colorado, U.S.A. 

Description o!types of deposits 
This paper is an overview of the diverse types of uranium 
deposits that are recognized in the world, exclusive of Europe, 
and presents brief descriptions of selected deposits of each 
major type. Descriptions of geology, mineralogy, genesis and 
economics of each type of deposit precede summaries of 
selected occurrences of most types. The locations of described 
deposits are shown in Fig. 1. 

o 

relative importance of major types of occurrences in relation 
to current reserves is shown in Fig. 2. 

Sedimentary deposits 
One of the major categories of uranium occurrences is that of 
sedimentary deposits. Such deposits are considered secondary 
occurrences in that they owe their existence to exogenic pro
cesses, but in these types the uranium was deposited at the same 
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Fig. 1 Location of uranium occurrences described 

Uranium is a lithophile element that is enriched in the earth's 
upper crust, where it has an abundance of about 2 ppm.25 ,42 It 
is enriched in acid igneous rocks, such as granites, to about 
4 ppm (occasionally to 20 ppm), whereas basic igneous rocks 
average 1 ppm. Uranium is known to have formed economic 
deposits in a great variety of igneous, metamorphic and sedi
mentary rocks, ranging in age from late Archaean to Holocene. 
Because of this ubiquitous nature and its habit of forming 
concentrations in diverse geologic environments, uranium 
deposits of one or more types are present in nearly every 
country. 

One problem that is created by such a plethora of deposits 
is the difficulty of placing them in a rigid classification scheme. 
Many classifications have been proposed, but that used here 
(Table 1) is modified from that of Dahlkamp30 and is based on 
the presumed time relationship of host rock to uranium em
placement. A few of the types of occurrences that are described 
here are not characterized by currently economic deposits, but 
they do represent potentially enormous uranium resources. The 

time as the enclosing sediments. They formed as a consequence 
of erosion of previous uranium deposits under both oxidizing 
and reducing conditions. Some formed in late Archaean-early 
Proterozoic time (2800-2200m.y. ago) when a non-oxidizing 
atmosphere favoured mechanical weathering and led to the 
formation of placer deposits with detrital uranium. 64,93,94 
Many other sedimentary uranium deposits formed after the 
development of an oxidizing atmosphere in mid to hite Pro
terozoic time about 2200m.y. ago.103, 112, 113 From that time 
chemically liberated uranium has moved in aqueous solution to 
numerous litho chemical environments in which it has formed 
secondary concentrations. Sites of reconcentration include (1) 
the sea, where it has accumulated in muds, organic oozes and 
phosphates or has remained in solution in brines, (2) terrestrial 
sediments in intercratonic and intermontane basins, (3) littoral 
clastic sediments and (4) the weathering crust surface. 

Quartz-pebble conglomerates 
Qua!"tz-pebble (Oligomictic) conglomerate uraniuPl depositf 
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Table 1 Classification of uranium deposits 

Mode of origin 

Sedimentary 

Effusive 

Host rock/type deposit 

Quartz-pebble conglomerate 
Black shales 
Muds 
Phosphorites 
Bauxites 
Placers 
Brines 
Silicic volcanics 
Mafic volcanics 

Example 

Blind River-Elliot Lake (Canada) 
Chattanooga Shale (U .S.A.) 
Walvis Bay (Namibia) 
Western U.S.A. 
Arkansas (U .S.A.) 
Southeastern U.S.A. 
Sea water 

Intrusive Peralkaline nepheline syenites 
Carbonatites 

Peiia Blanca (Mexico) 
Olympic Dam (Australia) 
Ilimaussaq (Greenland) 
Araxa (Brazil) 

Metasomatic 

Metamorphic 

Uncertain (vein-like) 

Epigenetic 

Anatectics 
Pegmatitic alkali tic granites 
Granites 
Pegmatites 
Hydrothermal veins 

Contact 
Sodic 
Phyllites 
Schists 
Unconformity-related 

Vein-like in metamorphics 

Vein-like in sediments 
Sandstones 

Peneconcordant 
Roll-type 
Stack 

Calcretes 

Rossing (Namibia) 
Bokan Mountain (U.S.A.) 
Spokane Mountain (U .S.A.) 
Bancroft (Canada) 
Schwartzwalder (U .S.A.) 
Shinkolobwe (Zaire) 
Mary Kathleen (Australia) 
Ukranian Shield (U.S.S.R.) 
Forstau (Austria) 
Portugal 
Rabbit Lake (Canada) 
J abiluka II (Australia) 
Beaverlodge (Canada) 
Echo Bay-Eldorado (Canada) 
Orphan mine (U .S.A.) 

Grants (U.S.A.) 

Lignites, coals and carboniferous shales 
Limestones 

Gas Hills (U .S.A.) 
Franceville Basin (Gabon) 
Yeelirrie (Australia) 
Williston Basin (U.S.A.) 
Todilto LS (U .S.A.) 
Baukoma (Zaire) Epigenetic phosphates 

occur in quartz-pebble conglomerates with a quartzite matrix 
and abundant pyrite. They contain probable detrital primary 
uranium minerals (uranite, brannerite, thucholite and urano
thorite), and in some districts gold is an accessory. Economic 
concentrations are apparently restricted to the late Archaean
early Proterozoic (2800-2200m.y. ago), but other uraniferous 
pebble conglomerates occur at various horizons in Precambrian 
shields throughout the world. The economic occurrences 
represent approximately 15.5070 of known uranium reserves. 

The origin of these deposits is controversial. They appear to 
be controlled not only by their proximity to unconformities (Le. 
immediately above the post-Archaean unconformity) but also 
by hydrodynamic processes,responsible for the packing density 

SHORT TONS 

U3 08 % 

Pebble Conglomerote 380 000 15.54 

Volconic 380000 15.54 

Plutonic - MetamorphiC 298 000 12.20 

Veinlike 596 000 24.40 

Sandstone 700000 28.64 

Other 90000 3.67 

of the quartz pebbles, the abundance of pyrite and its pre
decessors, and its proximity to a uranium-rich Archaean source 
terrain. Many of the conglomerates were deposited in fluvial 
channels, but others appear to have been laid down in lacus
trine, littoral marine and deltaic environments. Whether the 
uranium and other metals in the conglomerates are syngenetic 
(placer), hydrothermal or redistributed has not been completely 
resolved, but most recent Iiterature8o , 92, 97 supports a detrital or 
placer origin. If they are true placers, these Precambrian 
uranium-bearing conglomerates are unique. The ore minerals, 
uraninite, brannerite, thucholite, etc., are rarely seen in Upper 
Proterozoic and Phanerozoic placers because of their instability 
during weathering and transport in an oxidizing environment. 

Fig. 2 Distribution of Western world uranium reserves ($30/lb) by host 
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Their preservation is presumably an indication of an anaerobic 
environment during late Archaean-early Proterozoic time. 

Precambrian quartz-pebble conglomerates are low-grade 
uranium resources in which uranium may be just a by-product 
of gold mining with a grade as low as 0.01070 U30 8, or it may 
be the major ore mineral with grades from 0.10 to 0.15% U 308. 
Individual deposits range in size from 5000 to 150000 ton U 308. 

Classic quartz-pebble conglomerate districts are the Blind 
River-Elliot Lake district, Canada, and the Witwatersrand, 
South Africa. Similar deposits are known in Australia, Brazil, 
Finland, Algeria, India, the U.S.S.R. and the U.S.A. 

Black shales 
Uraniferous black shales are of marine origin and, in addition 
to colour, are characterized by high sapropelic organic content, 
abundant pyrite or marcasite in thin lenses, nodules or dis
seminated particles, and the paucity of calcium and magnesium 
carbonates. The shales also contain small quantities of such 
other metals as Mn, Ti, V, Cu, Cr, Mo, P and REE. Most of 
these metals are dispersed in the shale, but phosphate may also 
occur as nodules or phosphate-rich layers. 124 

Uraniferous shales are generally relatively thin, widespread 
units interbedded with other shales, limestones, phosphorites, 
cherts or bentonites. Some are members of cyclic units that 
consist of shale, sandstone and limestone, but others are 
siliceous and may be lateral equivalents of siliceous volcanic 
rocks. Most black shales are evenly laminated and dense, 
breaking with conchoidal fracture when fresh. 

All black shales contain more uranium than the average 
sedimentary rock, but to be classified as a uraniferous black 
shale they must contain more than 0.005% U308. Uranium 
content differs from bed to bed, but the grade of a particular 
bed is remarkably uniform and predictable over large areas. 
Uranium content seems to be highest in closely laminated beds 
or those that are the finest grained, and also increases with 
increase in organic matter. Phosphate nodules are commonly 
richer in uranium than surrounding shale, but there are excep
tions. No uranium minerals have been identified from the 
shales. It is probably adsorbed in organic or phosphatic 
molecules or absorbed by clays. 

Uraniferous black shales are believed to have been deposited 
very slowly on or adjacent to tectonically stable continental 
platforms. Some of the richest and thickest deposits seem to 
have formed near platform margins. Pre-orogenic stability 
appears to be a requisite. The uranium seems to have accumu
lated syngenetically with the sediment. The marine waters may 
have been greatly enriched in soluble uranium by nearby vol
canism or by intense weathering of granitic source terrain under 
oxidizing conditions. The uranium may have been extracted 
from the sea water (under reducing conditions), by organic 
matter, phosphate minerals, pyrite or colloidal clay. 

Uranium deposits are typically several feet thick and cover 
tens, hundreds or thousands of square kilometres. Uranium 
content ranges from less than 0.001 % to more than 0.05070 
U308; but, because of the immense volume of black shales, 
uranium resources are very large. The only near-economic 
deposit (Ranstad, Sweden) averages about 0.035% U30875 and 
has potentially recoverable resources of about 300000 ton 
U30 8. Other uraniferous shales have almost an order of magni
tude less uranium. Problems common to the development of 
these deposits are the difficult and costly metallurgy and the 
enormous environmental impact. Most of the deposits can be 
mined only by large open-pit operations that must be conducted 
in moderately populated areas. 

All the larger and higher-grade uraniferous black shales are 
of Palaeozoic age, but some of the smaller deposits in Canada 
are Precambrian and some in the U.S.A. are of Mesozoic and 
Caenozoic age. The best known black shales are the Cambrian 

Kiilm Shale of Sweden and the Devonian-Mississippian 
Chattanooga Shale of the U.S.A. Similar shales are present in 
Brazil, Canada, France, Norway, Portugal, the U.S.S.R. and 
West Germany. 

Muds 
Many of the world's large anaerobic water bodies contain 
relatively thin deposits of Recent mud with a uranium content 
nearly an order of magnitude larger than that in average marine 
sediments. The muds range in thickness from 1 to 15 m and 
consist of planktonic ooze, sapropel and clay. Uranium 
averages about 25 ppm and most of it seems to be bound to 
planktonic matter (coccoliths and diatoms). Like black shales, 
uraniferous muds represent a very large uranium resource
perhaps 10000000-20000000 ton U308-but exploitation 
problems are enormous. 

The two largest deposits of uraniferous muds are in the Black 
Sea (Turkey and U.S.S.R.)33 and in the Walvis Bay area, South 
Africa. 78 Similar deposits are known from the Caspian and 
Baltic Seas and some Norwegian fjords. It thus appears that 
restricted environments with a trend to euxenic conditions 
favour uranium accumulation. 

Phosphorites 
Sedimentary marine phosphorites are composed principally of 
phosphatic minerals, and many contain significant amounts of 
disseminated uranium. These phosphorites have been classified 
as either miogeosynclinal or platform types. Four additional 
types that are low in uranium and of little economic importance 
are residual phosphorites, phosphatized rock, river pebble 
deposits and guano. 

Phosphorites that are richest and thickest and contain the 
most uranium are the miogeosynclinal type deposited on the 
outer parts of continental shelves where upwelling of deep 
marine waters has occurred. These waters were saturated with 
respect to phosphate and were probably the source of the phos
phate in the phosphorites. These phosphorites are commonly 
present in thick miogeosynclinal sequences, where they are 
associated with carbonates, black shale, chert, carbonaceous 
mudstone and minor amounts of mudstone. 74 The Phosphoria 
Formation of the western U.S.A. is an example. 

Platform phosphorites are generally nodular, rather than 
bedded, and are associated with sandstone, limestone and 
glauconite. Most are low in uranium, but an exception is the 
Bone Valley Formation of the southeastern U.S.A. This unit 
has been reworked and enriched by re-exposure to sea water 
during a subsequent transgression. These phosphorites differ 
from shelf phosphorites in that they are near-shore sub-tidal 
and shoreline deposits, and they change facies oceanward to 
carbonate sediments. 

All marine phosphorites consist mostly of microcrystalline 
apatite (carbonate fluorapatite) in the form of laminae, pellets, 
oolites, nodules and skeletal or shell debris. Uranium, con
sidered syngenetic, may be present in carbonate fluorapatite as 
a substitute for calcium. Uranium in sea water was probably 
incorporated during or shortly after precipitation, and it is 
usually disseminated rather uniformly throughout a given bed 
or horizon. Primary uranium minerals are rarely present, but 
secondary uranium minerals (tyuyamunite, autunite, torber
nite) have been identified in a few localities. 

Because most of the world's phosphate resources are marine 
phosphorites, the uranium content of phosphate products is 
relatively uniform, ranging from 60 to 130 ppm. The phosphate 
product from the principal phosphate-producing fields of 
central and southern Florida (U.S.A.), Morocco, Idaho and 
Utah (U.S.A.), the Western Sahara, Mexico, Jordan, eastern 
Florida (U.S.A.), Peru and Iraq has a relatively uniform 
concentration of 100-120ppm uranium. Other major phos-
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ph ate-producing areas (North Carolina, Wyoming, Montana, 
other Florida districts, U. S. A., Australia, Tunisia and Algeria) 
have a concentration of 60-90 ppm uranium. DeVoto and 
Stevens38 estimated that uranium in the 292727000000 ton of 
the Western world's total estimated recoverable phosphate 
product is 29532000 ton. The U.S.A. has the bulk of these 
phosphate deposits (223 342000000 ton recoverable) with an 
estimated recoverable resource of 22459000 ton uranium. 
Other countries with sizable resources of uranium in phosphate 
are Morocco (4950000 ton uranium), Western Sahara (555000 
ton uranium), Mexico (415000 ton uranium) and Jordan 
(360000 ton uranium). 

Bauxites 
It has long been known that most bauxites are moderately 
radioactive. Assays of bauxite samples from throughout the 
world show ranges of concentration for the three radioactive 
elements present-thorium (8-132 ppm), uranium (3-27 ppm) 
and potassium (0-0.3UJO).1 Approximate median values are 
thorium, 42 ppm; uranium, 8 ppm; and potassium, 0.1 %. In 
general, bauxites developed on mafic igneous rocks are lowest 
in uranium (averages 4.2 ppm). Those formed on other rock 
types are higher-shales, 10.5 ppm; carbonates, 12.9 ppm; and 
acid igneous, 15.9 ppm. There are also indications that Th and 
U concentrations may reflect the grade of the bauxite ore. 

Experiments indicate that much of the thorium and uranium 
is contained in resistate minerals, such as zircon, and that very 
little uranium is carried over into commercial alumina and 
aluminium metal. 

In the aluminium industry the most widely used method for 
the extraction of alumina (Ah03) from bauxite is the Bayer 
process, in which aluminium and silica are leached from bauxite 
under pressure with hot caustic soda. The residue is 'red mud' , 
a silt-like mixture of iron oxides, titanium dioxide, silica, 
caustic and many impurities. Roughly one ton of insoluble 
residue of red mud is produced for each ton of alumina. The 
liquors, following appropriate treatment to recover alumina, 
are recycled. In view of its high solubility in nature, it seems that 
most of the uranium must also be leached and possibly build 
up in the leach liquors. Small mills are now recovering this 
uranium, but analyses of red muds show uranium contents that 
vary from 12 to 40 ppm uranium, which suggest that it is not 
all leached. 

Present annual world production of bauxite is about 
70000000 ton, which results in the production of 35 000 000 ton 
of red mud. Many plants throughout the world have been 
operating for 40 years or more, and the resulting red mud 
wastes may exceed 1000000000 ton. Assuming an average of 
10 ppm uranium in this mud, the volume of uranium is very 
large. The bulk of the radioactive bauxites are in B;·azil, 
Cameroon, Surinam and the U.S.A. 

Placers 
Placer deposits are concentrations of heavy minerals that form 
in high-energy fluvial and littoral environments. Here currents 
and waves selectively concentrate high-density mineral grains 
and winnow out finer and lighter material. Placer minerals are 
generally dense and resistant to weathering, solution, abrasion 
and impact. In radioactive placers most radioactivity is from 
thorium-bearing minerals (i.e. monazite, zircon, thorite and 
euxenite). These minerals are generally more resistant than 
uranium to weathering and destruction during transport. 
Modern placers32 show a total absence of uraninite, but trace 
amounts of uranium occur as minor constituents in monazite, 
xenotime and thorite. Conversely, ancient placers (quartz
pebble conglomerates) commonly contain uraninite and, in 
places, brannerite. 

Radioactive placers consist of minerals derived from the 
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weathering of silicic and alkalic igneous and metamorphic 
rocks. They are on and peripheral to shields or regions of 
strongly deformed and intruded rocks. Two types of placers 
can be recognized on the basis of depositional environment
stream and beach. 

Stream placers, because they occur in mountainous high
energy environments, are ephemeral deposits formed close to 
their source areas. Seldom are they preserved by lithification. 
Stream placers are known in North Carolina, South Carolina 
and Idaho in the U.S.A., British Columbia in Car.ada, India 
and Japan. 

Beach (littoral) placers are generally deposited near base level 
and are more susceptible to burial and preservation. Thus, they 
are more common in the geologic record. Included in this group 
are placers that form either as beaches or various types of bars 
(longshore, baymouth, shoal, etc.). Unlike stream placers, 
beach placers may form tens or hundreds of kilometres from 
their source areas. The greater the distance of transport the 
greater are the attrition and reduction in grade by abrasion and 
solution. Generally, only the most resistant minerals (monazite 
and zircon) survive. The most radioactive placers are those in 
Upper Cretaceous beach sandstones in the western U.S.A. and 
those in Holocene sediments in China, Egypt, India, Brazil, 
Korea, Malagasy Republic, Taiwan and Alaska, and Georgia 
and Florida in the U.S.A. 

Placers are a low- or very low-grade uranium resource and 
many of their sometimes uraniferous minerals, such as mona
zite and zircon, are refractory and difficult to process. The low 
grade and refractory nature tend to make placers unattractive; 
but, on the other hand, the volume of individual placers may 
be millions of cubic metres and they may contain hundreds of 
thousands of tons of heavy mineral concentrate. Uranium may 
be recovered as a by- or co-product from large placers if they 
also contain economic concentrations of such minerals as 
ilmenite, rutile, cassiterite or gold. 

Brines 
All natural waters, such as surface water, groundwater, hot 
springs, oilfield brines, sea water and mine and mill waters, 
contain uranium. None of these is a 'deposit' in the usual sense, 
because they are not concentrations of crystalline minerals in 
rocks. Typical values for fresh surface and groundwaters are 
in the range 0.05-10 ppb uranium.101 Such values are too low 
to constitute an economic source of uranium at present. Sea 
water and mine and mill waters are most likely to yield uranium 
economically, but some saline and playa lakes may also be 
profitable on a small scale. Fresh water from some mining 
districts may contain several hundred to several thousand ppm 
U. Mine waters of this type hav(' been processed in the Grants 
mineral belt, U.S.A. Leach solutions at some copper mines and 
mills average as much as 10 ppm U.!3, At Bingham Canyon 
copper mine, Utah, by-product uranium is recovered. Sea 
water contains about 3 ppb U and is present in enormous 
volume. Pilot plants for its extraction from sea water have been 
built in Japan. Saline and playa lakes, common to hot dry 
climates, attain their high salt concentrations through evapor
ation. Most have concentrations of 5-lOppb U,63 but their 
volume is relatively small. 

Effusive igneous deposits 
In many localities anomalously high concentrations of uranium 
of probable hydrothermal origin have been noted in, or asso
ciated with, volcanic rocks. Volcanic rocks serve as hosts for 
important uranium deposits in several countries. Uranium is 
most commonly associated with highly silicic types of volcanic 
rocks, but peralkaline and peraluminous variants also can be 
uraniferous. Some deposits in Australia bear some relation to 
basaltic eruptives. It is estimated that about 15.5% of the 



Western world's reasonably assured uranium reserves are 
found in volcanic rocks. 

Silicic volcanics 
It is generally recognized that alkaline rock provinces are 
anomalously enriched in uranium and other trace elements, 
such as F, Mo, Be, Li and Hg. Uraniferous alkaline volcanic 
rocks occur in taphrogenic zones that may flank orogenically 
uplifted areas or may represent foundered rift systems. Effu
sive activity within taphrogenes can produce a co magmatic 
sequence of alkaline volcanic rocks and their associated sedi
ments, constituting a volcanogenic system. 

Dewey and Bird,39 in their model for the subduction of an 
oceanic plate beneath a continental plate, ~escribed the 
mechanisms and distribution of structural elements and asso
ciated rock types resulting from mountain building and sub
sequent relaxation tectonics. They concluded that igneous 
rocks become more alkaline and more differentiated with 
increasing distance on to the continent from the subduction 
zone. Deep-seated magmas arise from the melted zone of the 
subducting plate, and the deeper the magma the more time it 
will have for differentiation. 

For a magma to differentiate sufficiently to concentrate 
elements necessary for the deposition of uranium it must 
remain undisturbed for considerable time at a relatively shallow 
depth in an environment such as that of a taphrogene. Any 
premature release of pressure may permit the escape of volatiles 
and preclude uranium mineralization. 

A great variety of deposit forms and structural settings are 
found in volcanic uranium deposits84 and, commonly, several 
types of deposits occur in the same district. Uranium deposits 
are associated with rhyolitic plugs and domes at several localities 
in the western U.S.A. 26.29.107.122 Deposits at Marysvale, 
Utah, occur in faults cutting hypabyssal intrusives and outflow 
tuff, probably above an unexposed intrusive. 29 Similar deposits 
were reported from China and the U.S.S.R.69 Deposits may 
occur in volcaniclastic sediments filling caldera moats 
(McDermitt Caldera, U.S.A.), filling grabens (central Italy) or 
filling palaeo-valleys. Some uranium deposits occur in, or are 
associated with, ignimbrites, agglomerates, ash flow tuffs and 
other outflow (extra-caldera) rocks at Rexspar, Canada, Pefia 
Blanca, Mexico, Maureen, Australia, and Thomas Range, 
U.S.A. 

Most writers have proposed a magmatic source for the 
principal elements of these deposits (U, F, Be, Hg, Th, Mo, 
etc.), also postulating elevated temperatures. Solutions with the 
same elements could, however, be produced by diagenetic or 
mildly hydrothermal alteration of volcanic sediments. Local
ization of uranium in some deposits appears to be controlled 
by carbonaceous material (Maureen, Australia; Anderson 
mine, U.S.A.), but in others the controls are not understood. 

Mineralization style in volcanogenic rocks is variable. Where 
porosity and permeability changes are rapid, reduction in 
temperature and pressure may be sufficient to reduce hexa
valent uranium and form pitchblende. Where porosity and 
permeability changes are less abrupt, cooling of the silica-rich 
uranium-enriched fluids may produce uranosilicates. 

Silicic volcanogenic uranium deposits range in size from a 
few tons to several thousands of tons U 308, and ore grades vary 
from 0.05 to 0.30070 U 30g. Reasonably assured reserves for 
silicic host rocks in the Western world are probably of the order 
of 5000-10000 ton U30g. 

Mafic volcanics 
Mafic volcanic rocks appear to be relatively poor hosts for 
uranium deposits, but a few occurrences have been described. 
Most important is that in the McDermitt district of the U.S.A., 
where mafic flows in a caldera moat contain 8.5 ton at an 

average grade of 0.05% U30g. 102 In this deposit fine-grained 
pitchblende and coffinite are associated with abundant pyrite 
and leucoxene. 

It has been suggested that the large Cu-U deposit at 
Olympic Dam (Roxby Downs), Australia, is in some way related 
to alteration of associated basaltic flows, but this has not been 
fully documented. 

Intrusive igneous deposits 
High concentrations of uranium (> 10 ppm) occur in many 
types of intrusive igneous rocks. Generally, the uranium con
tent of large igneous bodies does not exceed 20 ppm, but the 
most differentiated components of these bodies may show 
extreme enrichment of uranium with respect to the mean value 
for the entire body. 86 Uranium, along with other incompatible 
elements, generally enters into the silicate melt and late-stage 
magmatic fluid or gas phases rather than into the liquidus 
minerals. In granites the highest uranium concentrations are 
most commonly in pegmatitic or aplitic portions of plutons. 
Studies by Rosholt and co-workers lO4 and Bohse et al. 15 indi
cated that magmas that have retained their volatiles also have 
retained uranium, so rocks with high bulk-rock volatile content 
should have high uranium concentrations in late differentiates. 
Intrusive igneous and associated metamorphic rocks are host 
to approximately 12.2% of the Western world's reasonably 
assured $30/1b resources. 

Peralkaline nepheline syenites 
Peralkaline nepheline syenites are alkaline rocks characterized 
by a chemical composition with a Na20 + H201 Ah03 molecu
lar ratio greater than 1.2. Rocks with this composition are 
termed 'agpaitic' by petrologists. Agpaitic nepheline syenites 
with unusually high concentrations of U, Th, Nb, Zr and REE 
occur in many localities: most notable are those of Ilfmaussaq, 
Greenland, Pocas de Caldas, Brazil, Lovozero, U.S.S.R., and 
Pillanesberg, South Africa. Lesser known examples occur in 
India and Bolivia and elsewhere in Brazil. These rocks contain 
very little of the Western world's reasonably assured $30/1b 
U 30g resources, but they may contain as much as 70000 ton of 
the $50/1b U30g resources. 

Carbonatites 
Carbonatites have been designated as a separate class of 
igneous rocks because of their unusual composition. They are 
characterized by an abundance of incompatible elements (U, 
Nb, etc.) and a large proportion of carbonate minerals, such 
as calcite, dolomite, ankerite and other rock-forming car
bonates. 

There are more than 300 known carbonatites, but most cover 
less than 20 km2 in area. g7 They have been reported from all 
continents' except Antarctica and commonly show a tendency 
to cluster into belts or provinces. Some of the more important 
carbonatite provinces are the East African Rift Zone, the 
Monteregian province of eastern Canada, the South Atlantic 
occurrences of southern Brazil, Paraguay, Angola and 
Namibia, the Finland-Kola Peninsula provinces, southern 
Peninsular India and the Colorado Rocky Mountain Province 
in the U.S.A. Other carbonatites are found in Bolivia, 
Ecuador, Sweden, the Canary Islands, Germany, Greenland, 
Canada and the U.S.A. 

Most carbonatites contain insufficient uranium to constitute 
a minable uranium deposit, but some are mined for other 
minerals and uranium is recovered as a co- or by-product. 
Valuable elements contained in, or associated with, carbon
atites include Cu (Palabora, South Africa), REE (Mountain 
Pass, U.S.A., and Araxa, Brazil), Nb (Araxa, others in Brazil, 
Africa, Canada and the U.S.A.), Th (Wet Mountains, U.S.A.), 
Ta (U.S.S.R.) and V (Magnet Cove, U.S.A.). 
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Non-refractory primary uranium minerals are rare, but 
uranothorianite has been reported from Palabora46 and 
uraninite from Lake Nipissing, Ontario, Canada.48 Most car
bonatite uranium-bearing minerals are refractory phases. 
Uranium occurs as a minor or trace element in zircon, apatite, 
baddeleyite, perovskite, monazite, pyrochlore minerals, 
goyazite, bastnaesite, allanite, anatase, rutile, etc. The 
secondary mineral autunite occurs in soil covering the Araxa 
carbonatite.24 

The average uranium content of carbonatite is about 57 ppm, 
thorium is about 649 ppm and the Th/U ratio is 11.4.49 The 
spread of values is large for both U (0.05-400 ppm) and Th 
(0.1-2500 ppm), however, as was shown by Nishimori and 
Powell. 87 It is estimated that carbonatites contain at least 
150000 ton recoverable U308, most of it in the reasonably 
assured $50/1b category. 

Anatectics 
Uranium released from sedimentary and igneous rocks by 
ultrametamorphic processes may become concentrated in 
anatectically derived quartzo-feldspathic melts. Liquidus 
crystallization of such uranium-enriched melts produces 
anatectic uranium concentrations in pegmatites, alaskites and, 
occasionally, aplites. Alkali feldspars and quartz are the major 
mineral components, but small amounts of biotite and altered 
ferromagnesian minerals are generally present. Muscovite is a 
common accessory mineral and trace amounts of garnet occur. 
Anatectic uranium concentrations are found in structurally 
complex, highly metamorphosed and migmatized terrains 
formed in deep metazonal and catazonal regions of mobile 
belts. They are characterized by steeply plunging, tight isoclinal 
folds. 

Euhedral to subhedral primary uranium minerals, primarily 
uraninite and uranothorite, are finely disseminated throughout 
anatectic alaskites and pegmatites, but quartz-rich zones and 
pods may contain localized concentrations of uranium 
minerals. Secondary uranium minerals may be present in either 
the palingenetic rocks or host rocks. 

Anatectic uranium occurrences are tabular to lenticular 
quartzo-feldspathic bodies that generally show sharp contacts 
with the host rocks. Dyke-like pegmatites and alaskites are 
most generally concordant to foliation, but locally may be 
discordant along axial folds. The size and grade of anatectic 
uranium occurrences depend on such factors as uranium con
tent of source rocks, degree of cementation in the palingenetic 
melt and extent of uranium retention during subsequent 
crystallization. They range from small sub-economic occur
rences to very large low-grade deposits. Grades range from 
about 0.01 to 0.20070 U308, and the size of deposits ranges from 
a few to as much as 150000 ton U308. 

The largest and only currently economic deposit is the 
Rossing deposit in Namibia, but smaller deposits exist, such 
as those at Crocker Well, South Australia, Serido Province, 
Brazil, Saskatchewan and Manitoba Provinces, Canada, 
Travancore, India, Kenema, Sierra Leone, Wheeler Basin, 
U.S.A., and localities in Zimbabwe. 

Pegmatitic alkali tic granites 
Pegmatitic alkalitic (peralkaline) granites are distinct both 
geologically and chemically from calc-alkaline granites and 
granodiorites. They generally are holocrystalline and leuco- to 
mesocratic and consist of 25-40% quartz, about 50% alkali 
feldspar (microcline, perthite, or late forming albite) and 10-
25% accessories (pyroxenes, amphiboles, etc.). 

The origin of pegmatitic alkalic granites is somewhat in 
question. Some writers believe that they are derived from the 
mantle,127 but others7. 17 contended that they form through 
anatexis of lower crustal material. Murphy et al. 83 suggested 
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that they can be explained by a combination of genetic models, 
along with such factors as tectonic setting, crustal contami
nation and volatile segregations. 

Uraniferous peralkaline granites are known in Scotland and 
in the ring complexes of Niger and Nigeria, but the only such 
granite with a history of uranium production is the albite
riebeckite granite at Bokan Mountain, Alaska. All these 
occurrences are characterized by (1) the strongly peralkaline 
nature of the host granite-a result of extreme chemical 
differentiation; (2) the concentration of incompatible elements 
(U, Th, Nb, Zr, Be, Li, etc.) in the volatile stage from the parent 
magma; (3) high oxygen fugacity, as shown by high Fe3+ IFe2+ 

ratios and normative acmite; (4) reinjection of late-stage fluids 
either as a deuteric or metasomatic event; (5) additional enrich
ment of the volatile phase in the form of pegmatites; (6) hydro
thermal reinjection of fluids into the host rock along faults; and 
(7) pervasive albitization of the pluton. 

Uranium may occur as deuteric or autometasomatic concen
trations in the albitized granite, syngenetic emplacements in 
pegmatite, epigenetic hydrothermal replacement veins or as 
epigenetic deposits in the adjacent country rocks. Primary 
uranium minerals are uranothorite, uranian thorianite and 
coffinite. Associated minerals include calcite, fluorite, pyrite, 
galena, hematite, quartz and clays. Grades of uranium mineral
ization range from 0.01 to 1.00% or more U308. Peralkaline 
granites host only a few hundred tons of the Western world's 
reasonably assured and estimated additional uranium 
resources. 

Granites 
In a series of granitic rocks the greatest uranium concentrations 
generally are in the youngest, most highly differentiated rock 
unit. Many granites have a bulk concentration of more than 
IOppm, but entire granite plutons with more than 20 ppm are 
rare. 86 The best examples of uranium-rich granites are the 
Hercynian massifs of France, but granites and quartz monzon
ites with 2-15 ppm U are known in Canada (lohan Beetz, 
Quebec), Australia (Elizabeth Creek, Queensland), the 
U.S.S.R. (Ognitsk, East Sayan), Ireland (Donegal) and the 
U.S.A. (Conway, New Hampshire; Granite Mountains, 
Wyoming; Mount Spokane and Midnite mine, Washington; 
Bingham Canyon, Utah). 

Most high-uranium granites are post-orogenic, epizonal 
plutons that have not lost their uranium-bearing aqueous fluids 
during an orogenic episode. Because the uranium content of 
these granites is uniformly low, it is unlikely that any large 
syngenetic orebodies exist. In some areas, however, where 
other metals are present in sufficient quantity the disseminated 
U may be recovered as a by-product (Bingham copper mine, 
U.S.A.). 

In some localities weathering of uranium-bearing granites 
may produce concentrations of secondary uranium minerals in 
vein-like bodies along and adjacent to major fracture systems 
within the parent pluton. Associated minerals may include 
sphalerite, pyrite, galena, chalcopyrite, fluorite, limonite and 
quartz. Fracture and joint systems may be expansion features 
related to pluton deroofing. Shear intersections are particularly 
favourable sites for deposition of secondary uranium minerals, 
so ore zones are generally lenticular to pod-shaped. Deposits 
are generally small, but may be high-grade: an example is the 
Daybreak mine, Washington, U.S.A., where uranium occurs 
as meta-autunite crystals along fractures, microfractures and 
cleavage traces in pegmatitic and alaskitic phases of a Cre
taceous porphyritic quartz monzonite. Similar deposits occur 
in the Lachaux district of France. 

In other areas uranium liberated by weathering from 
uranium-bearing granites has migrated into low- to medium
grade metamorphic rocks surrounding shallow-seated plutons. 



Because potential host rocks must be capable of reducing hexa
valent uranium in aqueous solution, ideal host lithologies are 
carbonaceous slates, graphitic schists and calc-silicate rocks. 
Uranium transportation may be a continuous process. Pitch
blende and coffinite are the principal uranium minerals, but 
secondary uranium minerals may occur in the near-surface 
portions of the deposit. Gangue is variably abundant in the 
form of quartz, carbonates and fluorite. Examples of this type 
of occurrence are Spokane Mountain, U.S.A., Nisa, Portugal, 
and Mina Fe, Spain. Average uranium contents vary from 0.05 
to 0.3070. Thickness of ore zones ranges from a few centimetres 
to metres or tens of metres, and lengths range from tens to 
hundreds of metres. They may extend vertically to depths of 
100 to 200m. Granitic deposits contain about 30000 ton of 
reasonably assured $30/lb uranium, but they contain much 
larger amounts of reasonably assured $50/lb uranium. 

Pegmatites 
Pegmatitic and aplitic uranium occurrences form from 'peg
matitic' fluids produced by saturation during late-stage 
magmatic evolution. Uranium, because it does not readily enter 
into common rock-forming minerals during orthomagmatic 
crystallization, becomes progressively concentrated in residual 
melts. Such pegmatitic fluids may become still more concen
trated in a second boiling of the magma. For this reason 
pegmatitic phases of a comagmatic sequence are generally 
enriched in uranium relative to the main body of a given pluton. 

Uraniferous pegmatites differ from non-uraniferous peg
matites primarily in their uranium content, which can be attri
buted to original uranium content of the parent magma, extent 
of uranium removal prior to saturation, and degree of concen
tration in the pegmatitic fluid. Other differences are in their 
contents of F, Nb, Ta, REE, primary hematite, sodic amphi
bole and/or sodic pyroxene. In general, the more complex the 
chemistry the more likely it is that a pegmatite will contain 
radioactive elements.2 Uraniferous pegmatites are also charac
terized by temporal,. spatial and probably genetic association 
with plutons with an anomalously high uranium content. They 
commonly occur within or at the margins of such plutons, but 
they may be injected into country rock. In general, their size, 
number and complexity decrease with increasing distance from 
the parent pluton.79 

Pegmatitic uranium concentrations occur in areas of extreme 
crustal mobility. They occur most frequently in intercratonic 
mobile belt terrains associated with deep epizonal to mesozonal 
plutons produced from crustal materials. They are character
istically Precambrian or Devonian-Carboniferous and occur 
in high-grade metamorphic rocks as well as granitic intrusives. 
Because of their occurrence in high-grade metamorphic rocks, 
some writers have classified such pegmatites as ultra-meta
morphic or anatectic. 

Uraniferous pegmatites are generally granitic, consisting 
mostly of alkali feldspars and quartz with mica and a few sodic 
amphiboles and/or pyroxenes. Common accessory minerals 
are fluorite, topaz, hematite, zircon, garnet and apatite. 
Uranium and uranium-bearing minerals (uraninite, allanite, 
uranothorianite, brannerite) are disseminated throughout the 
dykes, but quartz-segregation blobs may contain higher con
centrations. Much of the uranium is tied up in accessory 
minerals, such as apatite and zircon, but some may be present 
within or on the surfaces of rock-forming minerals. 

Most uraniferous pegmatites occur as tabular discordant 
dykes, but some are elongate pods. Some are structurally 
simple, but others are zoned. Regardless of type, radioactive 
pegmatite minerals rarely occur in sufficient quantities to 
constitute an economic source of uranium or thorium. Grades 
range from a trace.to more than 0.37% U30s, but average 
about 0.01070. 

Several hundred tons of complex oxide minerals has been 
produced from pegmatites in Malagasy. In recent years there 
has been exploration for uranium in both zoned and unzoned 
pegmatites in Canada. Most important are the unzoned red 
pegmatites in the Bancroft, Ontario, area, but there are also 
important unzoned white pegmatites and some zoned peg
matites in other parts of Canada. 6S It is estimated that Bancroft 
reserves are of the order of 2000 ton U 30S averaging 0.11 %. IS 
Other uraniferous pegmatites are known in Argentina, 
Australia, Brazil, Ethiopia, Finland, India, Norway, Sri 
Lanka, Sweden, the U.S.S.R. and the U.S.A. Total reasonably 
assured $30/lb resources do not exceed a few thousand tons. 

Hydrothermal veins 
Hydrothermal (classical) uranium vein deposits are those with 
predominant structural control that are generally spatially and 
probably genetically related to uraniferous plutonic hypabyssal 
and/or pegmatitic bodies. Such deposits occupy relatively 
simple fault and fracture zones, some extending to depths of 
300-500 m in a variety of host rocks, but display many miner
alogical and geochemical similarities. Some veins occur in 
metamorphic rocks, such as in the Beaverlodge and Great 
Bear Lake districts of Canada, Schwartzwalder mine, U.S.A., 
Pribram and Freiberg districts of eastern Europe and 
Shinkolobwe mine, Zaire. Others occur within the parent 

. pluton (intragranitic), such as the well-known deposits in 
France, Spain and Portugal. 

Hydrothermal solutions responsible for these veins are 
generated during the final stages of magmatic differentiation. 
Continued magmatic evolution causes progressive increase in 
volatiles and, ultimately, a separate, very hydrous phase that 
may contain a wide variety of dissolved constituents. High oxy
gen fugacity causes oxidation of uranium, but not vanadium, 
bringing about an effective fractionation of the two elements. 
When hydrothermal solutions are released from the magma 
chamber it is by way of permeable channelways, such as 
fault and fracture zones that have been active for long periods. 
Such systems are of considerable length and depth and provide 
the most favourable sites of deposition. Here reductantsfor the 
hexavalent uranium are generally absent, but the mechanically 
induced decrease in oxygen fugacity of the system as the tem
perature, pressure and pH of the hydrothermal fluid change 
with upward migration into dilatant zones may result in 
reduction. 79 

Two types of vein deposits are recognized: (1) monometallic 
veins of pitchblende and (2) polymetallic veins of U with (Co, 
Ni, Bi, Ag) or (Ni, Co and Cu). Both types of deposits generally 
occur in brecciated veins and vein systems, and multiple stages 
of brecciation are common. The breccias normally consist of 
fragments of the enclosing wallrock. Quartz, both massive and 
cryptocrystalline, composes the bulk of the vein material. 
Associated minerals include Fe, Zn and Pb sulphides, barite, 
purple fluorite and carbonate minerals. (Cu, Ni, Ag and Bi) or 
(Ni, Co and Cu) enrichments are present in some veins as the 
result of telescoping of multiple primary mineralizations. 30 The 
major uranium mineral is uraninite, which may occur as finely 
disseminated euhedra, intergranular coatings, fracture fillings 
or as a replacement product. Ore-grade concentrations are 
intermittent along the veins, but grade tends to be highest along 
zones of maximum dilatancy. Grades of these deposits range 
from less than 0.10% to more than 1.0% U 308. Hydrothermal 
vein deposits contain about 50000 ton of the Western world's 
reasonably assured $30/lb uranium resources. 

Metasomatic deposits 

Contact-metasomatic occurrences 
Contact-metasomatic uranium occurrences form by replace-
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ment reactions between magmatic emanations and pre-existing 
rocks during the late stages of magmatic evolution. Most 
commonly, metasomatism occurs as a halo in older metamor
phic and igneous rocks intruded by the magma, but in places 
it occurs in outer zones of the pluton and in cataclastic rocks 
of shear zones bordering the pluton. 

Some uranium and part or all of the uranium-transporting 
fluids that form contact-metasomatic deposits may be derived 
from the host rock, but uranium can also be introduced into 
the host rock as magmatic emanations. Berezina and co
workers!3 recognized a systematic increase in uranium content 
from the outer portions toward the centre of a 'metasomatizing 
column'. Uranium becomes progressively more concentrated 
along micro fractures, cleavages and crystal defects, especially 
in ferromagnesian minerals. Distances of uranium transport in 
metasomatizing fluids and the sites of deposition are primarily 
governed by the temperature gradient and the effective 
porosity, permeability and composition of the host rock. 

There seem to be two major types of metasomatic uranium 
occurrences: (1) carbonate-metasomatic and (2) alkaline or 
sodic-metasomatic (albititic), characterized by pervasive 
albitization of host rocks. Carbonate-metasomatic uranium 
deposits are normally found in middle- to high-rank dynami
cally metamorphosed rocks adjacent to silicic uraniferous 
plutonic and/or pegmatitic rocks in mobile belt terrains. The 
high-rank host rocks may indicate a deep-seated environment 
for evolution of the magma that would enable uraniferous 
fluids to permeate the country rock rather than escape along 
fractures. Common host rocks include ferruginous quartzites 
(taconite), iron ore, mafic and calc-silicate schist, gneisses and 
impure marbles. Primary uranium and uranium-bearing 
minerals (usually uraninite and thorianite) are finely dissemin
ated in the host rocks, and some uranium may be within rock
forming minerals. Uraninite is the dominant uranium mineral, 
but uranium may occur in monazite, zircon, aegirine, riebeckite 
and biotite. Albitization, carbonatization and chloritization are 
the most common forms of alteration in these occurrences. Size 
and grade of the pod-shaped orebodies vary greatly. Most ore 
is low-grade, but secondary enrichment may make them 
economically viable. The most important occurrence is Mary 
Kathleen, Australia, but other deposits are known at many 
localities in Brazil, Canada and the U.S.S.R. 

Contact-metasomatic uranium deposits contain only a few 
thousand tons of the Western world's reasonably assured $30 
uranium resources. Grades range up to about 0.15070 U30s, but 
associated metals, such as REE, tend to make them more 
economic. 

Sodic-metasomatic occurrences 
The sodic-metasomatic (albititic) uranium occurrences are 
largely confined to the Ukranian Shield of the U .S.S.R.,59 but 
similar occurrences may be found in association with the 
mantled gneiss domes of North America. Uraniferous sodic
metasomatic deposits occur in tectonic-metasomatic zones 
developed along large faults in ultra-metamorphic rock ter
rains. The faults are associated with fold structures of the base
ment and with exo-contacts of major (hundreds to thousands 
of km2) abyssal granitoid massifs. 59 The uraniferous albitites 
replace interlayered granites, gneisses and pegmatites (mig
matites?) near the fault contacts, as well as cataclastites and 
mylonites at the fault contacts. Most albitites have cataclastic 
textures that have been inherited largely from epidote-chlorite 
cataclastites formed prior to the sodic metasomatism. The ore 
minerals (uranotitanate, nenadkevite, brannerite, pitchblende, 
coffinite, uranophane, beta-uranophane and others) are evenly 
distributed in the albitites, where they impregnate and partly 
replace the fine-grained matrix and form discontinuous seams 
of micro-breccia. Ore bodies are both vein type and dissemi-
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nated. Both the uranium deposits and the host rocks have a 
similar age (-1800-2000m.y.). They formed at shallow depth 
and are considered medium-temperature hydrothermal. 

Vein-like type deposits 
Much of the world's currently minable uranium is found in 
vein-like deposits of uncertain origin. They consist of three 
general types of unequal importance. Most important are 
unconformity-related deposits and vein-like deposits in meta
morphic rocks. Least important and probably of different 
origin are vein-like deposits in sedimentary rocks. The origin 
of all three types is a matter of much conjecture. Major un
solved genetic questions are the source of the uranium and its 
mode of transport, the source of the mineralizing solutions, the 
nature and role of reductants and the control exerted on uranium 
deposition by structural and lithologic features of the host 
rocks. Unconformity-related deposits and vein-like deposits in 
metamorrhics commonly occur in brecciated and foliated 
metamorphic rocks in stable Precambrian Shield areas. They 
contain about 24.4070 ofthe Western world's reasonably assured 
$30 uranium resources. 

Deposits of all three types are associated with faults and/or 
shear zones, but unconformity-related deposits are also closely 
associated with major regional unconformities where coarse 
terrestrial clastics overlie metamorphosed basement rocks. 
Unconformity-related deposits and vein-like deposits in meta
morphic rocks are all of Precambrian age, whereas vein-like 
deposits in sedimentary rocks are found only in strata of 
Palaeozoic and Mesozoic age. 

Unconformity-related deposits 
Unconformity-related deposits are large moderately high-grade 
deposits consisting of epigenetic concentrations of primary 
uranium minerals in veins and strata-bound deposits spatially 
associated with major regional Middle Proterozoic uncon
formities. In Northern Territory, Australia, they are associated 
with the pre-Carpentarian unconformity and in northern 
Saskatchewan, Canada, with the Palaeohelikian uncon
formity. 

Most unconformity-related deposits occur near the erosional 
edge of terrestrial units that overlie the unconformities. These 
terrestrial units are mostly unmetamorphosed Middle Pro
terozoic buff to red orthoquartzitic to feldspathic fluvial sand
stones that may contain lenses of polymictic conglomerate near 
the unconformable contact and lenses of shale and siltstone 
higher in the sequence. 

Metamorphosed sedimentary and igneous rocks of Early 
Proterozoic age underlie the unconformities and host most of 
the uranium deposits. Grade of metamorphism and degree of 
structural complexity of the host rocks show no correlation 
with uranium content, but most such uranium deposits are 
confined to, or are concentrated below, reducing horizons 
within metasedimentary host rocks. Graphite- and chlorite
bearing schists are the most common host lithologies. Quartz
ites, sericite schists, chloritic gneisses, calc-silicate rocks and 
marbles are present, but generally contain less uranium. 

Uranium occurs as concentrations of pitchblende with some 
coffinite in vein lets along faults, in brecciated zones and in 
satellite structures associated with the major structure. These 
minerals may occur also as fine disseminations in selected 
horizons in the host rocks. Secondary uranium minerals are 
locally abundant, especially in near-surface portions of 
deposits. Small amounts of quartz and carbonates are the 
gangue minerals. Associated minerals vary in type and abun
dance and determine whether a deposit is classified as mono
metallic or polymetallic. The latter may contain a wide variety 
of associated minerals, including sulphides. Hematitization 
and chloritization are the most common forms of alteration 



present. Hematitization generally precedes uranium mineral
ization, and higher-grade uranium concentrations commonly 
coincide with the most intense alteration. 

Mineralization straddles the unconformity in some deposits, 
but is mostly restricted to the metamorphic rocks. Most occur 
at the erosional edge or 'a short distance in front of it. 
Ojakangas89 discussed the probability of their presence under
neath the terrestrial sediments. The uranium deposits vary in 
size and shape, their geometry depending on whether lithology 
or structure is the dominant factor in localization. They rarely 
extend more than 100m below the unconformity, and they may 
extend horizontally for considerable distances. Structurally 
controlled,deposits tend to be elongate, whereas those which 
are stratigraphically controlled are commonly amoeboid. 
Grades range from 0.01070 to more than 50.0070 U30 8. 

The origin of these deposits is unknown, but any genetic 
hypothesis must explain (1) their presence in or near sequences 
of metamorphic rocks formed from marginal marine sedi
mentary units, (2) their proximity to Archaean granite-gneiss 
complexes with reactivated migmatite fringes, (3) ore occur
rences in repeatedly faulted and chloritized zones and (4) their 
proximity to Middle Palaeozoic unconformities. 62 

Unconformity-related deposits are known only from 
Northern Territory, Australia (Rum Jungle, South Alligator 
Valley and Alligator River regions), and Saskatchewan, 
Canada (Athabasca Basin). They include many of the world's 
largest and richest deposits, such as Koongara, Ranger I, 
Ranger II and Jabiluka II in Australia and Rabbit Lake, Key 
Lake and Midwest Lake in Canada. 

Vein-like deposits in metamorphic rocks 
Vein-like deposits in metamorphic rocks also occur in Pre
cambrian Shield areas, but they differ from unc;onformity
related uranium deposits in that they are not associated with 
major regional unconformities, the geometries of orebodies are 
different and they extend to greater depths. Vein-like deposits 
are closely associated with steeply dipping, brecciated major 
fault systems. Uranium minerals (pitchblende with some 
coffinite and brannerite) occur as open fracture fillings and as 
fine disseminations adjacent to the fractures in Proterozoic 
meta-igneous and metasedimentary rocks. Common associated 
minerals are chlorite, hematite and pyrite. 

These uranium deposits are generally elongate and steeply 
dipping. They have very long strike lengths in comparison with 
their thickness, and they may extend to depths of several 
hundreds of metres. Some deposits are in anastamosing vein 
systems associated with cymoid structures related to the major 
fault systems. Other deposits may occur as individual veins or 
as a series of complex anastamosing veins and veinlets with a 
width up to 50m. The long, deep major fractures may have 
been active over long periods of time9 and may have served as 
passageways for hypogene or supergene mineralizing solutions. 

Favourable host rocks are carbonaceous slates, chloritized 
schists and gneisses, graphitic units, metacarbonates and meta
volcanics. All these rocks are characterized by retrogressive 
chloritization that predates uranium mineralization. Hematite 
haloes are common around ore, and carbonatization and 
chloritization are also normal features of the deposits. Both 
monometallic and polymetallic types of deposits are recog
nized. 6 Pitchblende is the principal uranium mineral in both 
types of deposits, and Ag, Ni, Cu and Co form accessory 
minerals (sulphides and arsenides) in the polymetallic deposits. 
Mineral assemblages, wallrock alteration types and mineral 
formation temperatures suggest that these deposits form from 
medium- to low-temperature hydrothermal solutions. 

Vein-like deposits in sedimentary rocks 
Vein-like deposits of uranium in sedimentary rocks are epi-

genetic deposits in brecciated, tabular bodies and pipe-like 
structures orientated transverse to stratification in Palaeozoic 
and Mesozoic rocks. 58 They occur in areas of thick sedimentary 
sequences and of moderate structural deformation. 

Pipe-like structures are generally cone-shaped, and they 
become progressively narrower with depth. They range up to 
a hundred metres or more in diameter, but rarely attain a depth 
of more than 200 or 300 m. They consist of an inner core of 
brecciated downdropped blocks surrounded by a steep inward
dipping circular fault system. They occur at intersections of 
fracture systems in structurally stable areas and are underlain 
by massive carbonate and/or evaporite units. The pipe-like 
structures may terminate in these carbonates or evaporites, 
suggesting that they are produced by solution collapse. They 
may have acquired their uranium from remobilization of 
uranium in uranium-bearing strata cut by the pipe-like struc
ture. Other suggested origins are CfYptovolcanic explosions or 
pipe-drilling by gases from an underlying magma. 

The types of rocks that comprise a collapse structure depend 
on the types of rock that are cut by the structure, the amount 
of underlying material removed by solution and rock units 
overlying the structure at the time of development. Blocks of 
sandstone, siltstone, shale and carbonates may be found in the 
collapse. Sandstone and some siltstones are the common 
uranium hosts. Well-known pipe-like bodies include Woodrow 
Pipe, New Mexico, Orphan mine, Arizona, and Temple 
Mountain, Utah, all in the U.S.A. 

Tabular vein-like deposits may be associated with regional 
fractures, shear systems and/or growth faults. Breccia frag
ments within these deposits are generally limited to blocks of 
the host rock. 51 

Pitchblende is the dominant uranium mineral in all these 
vein-like deposits in sedimentary rocks. It occurs as small 
veinlets along fractures within and surrounding the structures 
and as finely disseminated crystals in porous breccia fragments 
within the structures. Pitchblende concentrations may be 
distributed zonally within the ore, and in some deposits may be 
concentrated in the upper levels of the structure. Associated 
minerals may include sulphides and sulpharsenides. Calcite and 
quartz are the most common gangue. Types of alteration 
include bleaching of red sediments, silicification, carbonatiz
ation and argiIlization. 

Vein-like deposits in sedimentary rocks are generally quite 
small and relatively low-grade, ranging from a few to several 
hundred tons of U308 at grades of 0.05-0.250/0 U308. They 
represent less than 1000 ton of the Western world's reasonably 
assured $30 uranium resources. 

Epigenetic uranium deposits 
Epigenetic uranium deposits are similar to sedimentary 
uranium deposits in that they occur in sedimentary rocks and 
they owe their existence to exogenic processes. They differ, 
however, in that the sediments formed prior to introduction of 
uranium. Epigenetic deposits form by precipitation of uranium 
from solutions moving through previously deposited sediment 
or pre-existing rocks. Uranium-bearing solutions include 
hydrothermal solutions, connate and meteoric waters. 
Uranium in these oxidized groundwaters may be reduced and 
precipitated by organic matter in sandstone, limestone, lignite, 
coal and carbonaceous shale. Evaporites may contain secon
dary uranium minerals that precipitate on the outcrop or in 
pore spaces, solution cavities and fractures within the oxidized 
zone. 

The largest and highest-grade epigenetic deposits are those in 
sandstone, but other types are important in a few areas. Epi
genetic uranium deposits contain about 32070 of the Western 
world's reasonably assured $30 uranium resources. 
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Sandstone 
Sandstone-type uranium deposits occur primarily in sandstone, 
but may be found in silty and conglomeratic rocks as well. The 
host rock may be quartzose, feldspathic to arkosic, and 
tuffaceous to volcaniclastic. The most common hosts are 
medium- to coarse-grained, poorly sorted, quartzose and 
arkosic fluvial sandstones. The normally red or brown host 
sandstones are typically reduced (bleached) (0 grey, green or 
tan in the vicinity of uranium deposits. Most sandstones also 
contain iron sulphides that, together with the bleaching, reflect 
the reducing environment required for deposition and preser
vation of epigenetic uranium. 

Host sandstones are of fluvial, lacustrine, eolian, deltaic, 
paludal and marginal marine origin, but deposits in fluvial 
sandstones are most common. Finch45 calculated that, of 4600 
sandstone deposits other than vein-like, 97fJ1o are in continental, 
2fJ1o are iri mixed continental and marine and 1070 are in marine 
(marginal marine) rocks. Fluvial sandstones are most favour
able because they are interbedded with mudstones and they 
commonly contain disseminated plant debris. Eolian sand
stones are poor hosts because they lack mudstone partings and 
plant debris. Marginal marine sandstones are fair hosts because 
they may contain organic matter and are interbedded with 
carbonaceous marine, deltaic and lagoonal muds. Mudstones 
and shaly interbeds are important because they impede or stop 
groundwater movement. 

Organic material in the sandstone and interbeds commonly 
acts as a reducing agent. A reducing environment is necessary 
to precipitate hexavalent uranium from solution to form 
insoluble tetravalent uranium (when vanadium is present it can 
cause uranium to precipitate in an oxidizing environment). The 
reductant may be a complex organic acid or it may be H2S 
produced or introduced from one or more of these sources: 
anaerobic destruction of organic material in the sediment, oil 
and gas, or oxidation of pyrite. Most epigenetic uranium 
deposits in continental sandstones are Devonian or younger 
because of the absence of land plants prior to that period. 
Occurrences in marine sandstones as old as Precambrian are 
possible because of the earlier presence of marine organisms. 

Uranium in epigenetic sandstone deposits is believed to have 
come from such varied sources as weathering of granitic rocks, 
siliceous tuffs or other uraniferous rocks in the source area for 
the sandstone; devitrification of tuffaceous sediment in or 
interbedded with the sandstone; hydrothermal solutions from 
nearby magmas; and recycling and redistribution of earlier
formed uranium deposits. 

Three types of epigenetic uranium deposits in sandstone are 
recognized on the basis of their relationship to bedding or struc
ture-peneconcordant, roll-type and tecto-lithologic (stack). 
Uraninite and coffinite are typical minerals of unoxidized 
portions of all three types of sandstone uranium deposits. They 
replace organic material, coat mineral grains and fill interstices 
in the host rock. Oxidation produces such secondary minerals 
as tyuyamunite, carnotite and uranophane. Cu, V, Cr, Mo and 
Se are common accessory elements in both economic and sub
economic occurrences. Grades in sandstone deposits range 
from less than 0.01 to more than 1.0fJIo U30 8. Deposits range 
in size up to 45000 ton U30 8. Most of the U.S.A., Argentina 
and Niger production is from sandstone uranium deposits. 
About 28.6fJ1o of the Western world's reasonably assured $30 
resources is in sandstone deposits. 

Peneconcordant deposits 
Peneconcordant uranium deposits are those that generally lie 
parallel to bedding in nearly flat-lying sandstones, but in detail 
they are locally discordant. In cross-section they may be 
tabular, lenticular or irregular; in plan they are equidimen-
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sional to amoeboid (blanket-like) or elongate in one direction 
(trend). Thicknesses range up to 10 m and lengths may reach 
several thousands of metres. 

Dominant ore minerals in the reduced zone are pitchblende 
and coffinite and, in some deposits, associated primary 
vanadium oxides-for example, montroseite. In oxidized zones 
the important uranium minerals are the uranyl vanadates 
(carnotite, tyuyamunite or francevillite). Accessory elements 
include Mo, Se and Cu. Average uranium content ranges from 
0.01 to 0.40fJIo U308. 

Peneconcordant uranium deposits occur primarily in Permo
Carboniferous, Triassic, Jurassic and Tertiary sediments. 
Principal ore districts are the Colorado Plateau and Grants 
Mineral Belt, U.S.A., Agades region, Niger, sub-Andean zone, 
Argentina, and Lake Frome, Australia. Lesser deposits occur 
in Algeria, Brazil, China, Egypt, Gabon, India, Italy, Japan, 
Mexico, New Zealand, Pakistan, Spain, Turkey, the U.S.S.R. 
and other areas in the U.S.A. 

Roll-type deposits 
Roll-type uranium occurrences were first noted in mines on the 
Colorado Plateau, but they are best developed in the Wyoming, 
U.S.A., deposits. In vertical section these deposits are C- or S
shaped and cut sharply across bedding. They form at the 
boundary between altered and unaltered sandstone. This 
boundary or 'solution front' is the result of oxidizing uranifer
ous groundwater moving progressively through a body of 
reduced (unaltered) sandstone bounded by shale partings. 8,128 
The roll front, which represents the farthest downdip or outer 
penetration front of the oxidizing waters, may extend in 
sinuous fashion across a broad front or may be elongate in one 
direction. In some areas rolls are closely associated with or 
gradational into stratiform peneconcordant ore deposits. 

Roll-type ore bodies are generally crescent-shaped in vertical 
section, the sharp concave margin facing the alteration. The 
highest-grade ore generally occurs near the contact with the 
altered sandstone, and the grade diminishes away from the 
alteration. Low-grade mineralization (prot ore) may extend for 
up to 100 m away from the roll front in unaltered rock. Modifi
cations of the crescent shape are common and may produce S
shapes, compound crescents and other forms. Crescent horns 
are commonly elongated and are generally confined by less 
permeable strata above and below. Ore bodies are elongate 
parallel to the roll front. They may be as much as 30 m wide 
and 2 km long and may be up to 10 m thick. Many deposits are 
less than 5 m wide al.1d 3 m thick. The main ore minerals are 
pitchblende and coffinite. Selenium may be enriched on the 
convex side and molybdenum and calcite on the concave side. 
Grade of mineralization ranges from 0.01 to >0.50fJIo U308. 

Roll-type uranium deposits occur in intracratonic sedi
mentary basins in the U.S.A. Best known are those in Tertiary 
strata of Wyoming (Powder River, Shirley and Wind River 
basins) and the Texas Gulf Coast. Smaller deposits are present 
in Jurassic rocks of the Colorado Plateau. 

Stack deposits 
The term 'stack deposit' was first used to describe uranium ore 
deposits associated with peneconcordant deposits in the Grants 
Mineral Belt, New Mexico. Stack deposits are also called 'tecto
lithologic', 'redistributed' or 'post-fault' ore because they 
represent uranium that was mobilized from earlier penecon
cordant or roll-type occurrences and redeposited in near
vertical bodies. The geometry of stack deposits commonly is 
controlled by faults or fractures that post-date the formation of 
the other uranium deposits. Stack deposits generally have 
greater thicknesses than the associated peneconcordant or roll
type deposits, but their shape is irregular. 

In most cases red sandstone with'hematite staining is closely 



associated with stack deposits, which indicates that oxidized 
groundwater invaded the environment and redistributed the 
uranium. It is now concentrated as pitchblende and some 
coffinite along permeable fault zones with linguiform impreg
nation of the adjacent sandstone. Uranyl vanadates may be 
present in the oxidized zone. Thicknesses of ore range from a 
few tens of centimetres to more than 10 m. Lateral dimensions 
may be 100m or more. Grades average from 0.10 to 0.40070 
U30 g. 

The best-known deposits are those in the Precambrian 
Franceville Basin, Gabon, and in the Jurassic of the Grants 
Mineral Belt, U.S.A. Other occurrences are in the Miocene
Pliocene of Pakistan, the Miocene of Japan, the Permian of 
Europe, the Karoo Formation of South Africa and the Pro
terozoic of Canada. 

Calcretes 
Calcrete, dolocrete and gypcrete uranium deposits in arid 
Western Australia and the Namib Desert of Namibia contain 
uranium derived by weathering of granitoid rocks and trans
ported laterally as uranyl carbonate complex ions in vadose and 
phreatic waters within the regolith. 22,23 Carnotite, the only 
uranium mineral present in most deposits, is deposited with 
authigenic carbonate (occasionally gypcrete or dolocrete) in 
trunk subsurface drainages and calcrete deltas. Mineralization 
occurs in areas of constricted flow or where waters are forced 
close to the surface. Carnotite is precipitated in, adjacent to, 
and commonly just below a valley calcrete mass, close to the 
water-table and in an oxidizing environment. It fills cavities and 
fractures in the calcrete and gypcrete and associated sediments. 

Calcrete host rocks are crudely lenticular masses of alluvium 
and soil cemented by calcium or calcium-magnesium car
bonates into masses that are up to tens of metres thick, several 
hundred metres to a few kilometres wide, and tens of kilometres 
long in the axial portions of palaeo or modern drainages in arid 
regions. In Australia these 'valley calcretes' cement and replace 
detritus derived primarily from the kaolinitic portions of 
lateritized granitic rocks. The calcretes are fine-grained to 
earthy, but are highly permeable because of shrinkage cracks 
and collapse structures, particularly within mound-like masses. 
In Namibia the uraniferous valley calcrete cements coarse to 
fine alluvium, and in areas near the ocean they are commonly 
overlain by gypcrete that can also contain uranium. 

Because of their ephemeral nature there are no known 
uraniferous calcretes older than about 300 000 years.23 The 
known deposits contain, however, about 2.4% of the Western 
world's reasonably assured $30 uranium resources. The largest 
and best-known are those at Yeelirrie, Western Australia 
(believed to contain about 50000 ton U30s), and Langer 
Heinrich, Namibia. Other occurrences are in these countries as 
well as in Angola, Botswana, Mauritania and Somalia. 

Lignites, coals and carbonaceous shales 
Lignite, coal and non-marine carbonaceous shale are among 
the least uraniferous sediments when deposited, but they may 
become sufficiently enriched locally by later processes to 
constitute a low-grade resource. Among the coaly rocks, high
ash lignite and sub-bituminous coal are the best hosts. Most 
beds of uraniferous coaly rocks are relatively thin, ranging 
from a few centimetres to a metre or more. The mineralized 
zone in the host rock is also thin, ranging from 1 to 25 cm. Thin 
beds may be completely mineralized, but in thicker units only 
the top is mineralized. Identifiable uranium minerals are sparse 
or absent. The uranium is probably present in organic ionic 
compounds similar to humic acids (uranyl humates). Some 
secondary minerals (meta-autunite and meta-tyuyamunite) 

may occur in higher-grade deposits. 
Most uraniferous coaly rocks were deposited in structural 

basins, and many are interstratified with acid tuffs or tuf
faceous sedimentary rocks. Others are within the drainage 
basin of rocks known to contain uranium (granite, uraniferous 
sandstone, etc.). Uraniferous coaly rocks appear to have been 
mineralized by uranium-bearing groundwaters that leached 
uranium from overlying tuffs or tuffaceous sediments and 
transported it to the reducing environment created by plant 
debris of the host rocks. Some uranium may have been leached 
from vein occurrences or marine black shale. 

Uranium in uraniferous coaly rocks ranges from 0.005 to as 
much as 0.8% U30g. Deposits range in size from less than 1 km2 
to more than 250km2 and contain from 100to 10000 ton U30g. 
They are low-grade, relatively small and localized and most 
can be upgraded by burning or retorting. Most of the uranium 
remains in the ash along with small amounts of Ti, Ni, Co, Mo, 
Sn, V and REE. These deposits do not represent a sizable 
portion of the Western world's reasonably assured $30 
resources. Best known of the uraniferous coals are those of the 
Williston Basin. 34 

Limestones 
Limestone is not a favourable host for syngenetic uranium 
deposits. Both tetravalent and hexavalent uranium are highly 
soluble in the presence of concentrations of carbonate or 
bicarbonate ions; thus, in carbonate-forming environments 
most uranium will remain in solution. If any syngenetic 
uranium is present, it will be associated with such impurities as 
heavy mineral resistates, marine apatite, fluorite and some 
kinds of organic material. 12 The only favourable carbonate 
rocks are those which are capable of serving as hosts for epi
genetic uranium. There are three types of epigenetic uranium 
deposits in limestone-peneconcotdant, efflorescent and 
karstic. Most important are the peneconcordant deposits
tabular, lenticular or irregular masses concordant with gross 
sedimentary structures of the host rock. Best examples are the 
Todilto Limestone, U.S.A., and the Buda Limestone, Mexico. 
Others are known in Canada and the U.S.A. 

Efflorescent deposits are unimportant powdery encrus
tations formed on rock surfaces by evaporation of uranium
bearing waters. Minerals such as tyuyamunite, carnotite and 
uranophane occur in cavities, on fractures and on exposed rock 
surfaces. 

Karstic deposits are those in which secondary uranium 
minerals occur in large caverns, cave breccias and in bedded 
cave-fill deposits of clay and silt in karstified limestone. Best 
known of these deposits are Tyuya-Muyum, U.S.S.R., and 
Pryor Mountains, U.S.A. Tyuyamunite is the principal 
uranium mineral at both localities. These deposits are also of 
minor importance and contribute little to the $30 uranium 
resources. 

Epigenetic phosphates 
Most uraniferous phosphates are classified as syngenetic types 
because they acquired their uranium at the time of deposition. 
One exception appears to be the occurrence at Baukoma, Zaire, 
where uranium occurs in an Eocene phosphatic clay beneath a 
shallow lake. The phosphatic clay, with an average content of 
3000 ppm uranium, rests on a limestone and in places on a 
sandstone that overlies the limestone.7o 

Tetravalent uranium replaces calcium in the apatite structure. 
Hexavalent minerals (autunite, meta-autunite and torbernite) 
are also present. Reserves are estimated at 10 000 ton uranium. 
The origin of this occurrence is uncertain, so an exploration 
model for this type deposit has not been constructed. 
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Examples of important types of deposits 

Quartz-pebble conglomerates 

Blind River-Elliot Lake district, Ontario, Canada 
The Blind River-Elliot Lake district is on the north shore of 
Lake Huron, about 400 km northwest of Toronto. Uranium 
occurs here in lowermost Proterozoic fluvial conglomerates at 
the base of the Huronian Supergroup. The Huronian consists 
of a thick sequence of .quartzite, conglomerate, argillite, arkose 
and siltstone. Deposition of the supergroup (Fig. 3) was cyclic, 
each cycle beginning with a conglomerate. The Matinenda 
Formation, at the base of the sequence, contains the oldest 
Huronian conglomerates, the ore-bearing quartz-pebble con
glomerates. The lower part of the Matinenda consists of 
greenish arkose and conglomerate. The upper part is grey 
quartzite, and it is overlain by grey argillite of the McKim 
Formation. The two formations constitute a fining-upward 
transgressive sequence that onlaps Archaean basement rocks 
progressively toward the north. 
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basement surface that are underlain by greenstone. The courses 
of some palaeostreams may have been controlled by tholeiitic 
basalt flows that occur locally in the Matinenda. 

Typical ore-bearing conglomerates consist of well-rounded, 
well-sorted quartz pebbles in a matrix of abraded quartz, 
feldspar, sericite and pyrite grains. Pyrite content ranges from 
10 to 12070 and occurs as rounded to subhedral grains or in 
massive form. Rarely does it replace or fill fractures in the 
quartz pebbles. ArnoldS postulated that the pyrite was formed 
by sulphidization of detrital magnetite, and he reported grains 
with cores rich in leucoxene, believed to have formed from 
ilmenite exsolved from the original magnetite. The ore minerals 
(brannerite, uraninite and monazite) are in the matrix. Thucho
lite is present both in ore and as post-ore secondary material in 
fractures. Gummite (soddyite and uranophane), uranothorite 
and coffinite have also been reported. A great variety of 
minerals, especially heavy minerals, have been described from 
the conglomerates, but their quantity is very small.32 

Brannerite occurs typically as ovoid, reddish-brown to black 
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Fig. 3 Uranium deposits in Quirke syncline . Modified from Robertson98 

The Matinenda ranges in thickness from zero to about 213 m 
in the south, but thickness varies because of basement irregu
larities. Ore-bearing conglomerates are generally at or near the 
base of the Matinenda, but may be as much as 45 m above the 
base. The pebble conglomerates are lenticular and range from 
a few centimetres to 6 m in thickness. Large-scale trough cross 
bedding is the most prominent sedimentary structure. It is 
probable that the conglomerates were deposited in anastamos
ing or braided stream channels, lateral migration coalescing the 
channels into broad thin sheets or ieefs. 97 Cross bedding and 
pebble orientation indicate a northwest source; but, locally, 
currents were influenced by basement topography. Uraniferous 
conglomerates are best developed above old valleys on the 
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grains, which suggests that it is detrital. 36 Ferris and Rudd44 

stated that brannerite is a low-temperature diagenetic mineral 
formed when uranium replaced iron in decomposing ilmenite. 
They also believed that the released iron combined with vol
canic sulphur to form the pyrite in the matrix. 16. 96 

Uraninite generally occurs as black subhedral to rounded 
grains about 1 mm in diameter. Again the rounding indicates 
a detrital origin . Derry36 noted that the 5-6070 Th02 content 
of the uraninite is more typical of pegmatitic uraninite than 
hydrothermal types, thus supporting a detrital origin, but J. 
Patchett97 suggested that uraninite may have resulted from 
leaching of brannerite by hydrothermal solutions . Carbon 
sometimes partly replaces uraninite and fills micro fractures in 



urammte grains. Some uranium appears to have dissolved 
locally and reprecipitated as pitchblende with carbonaceous 
material (thucholite). 

The origin of the Blind River-Elliot Lake uranium minerals 
is uncertain and controversial, but most workers favour a 
detrital beginning. McDowelf2 suggested that the source area 
was an area of low-grade uraniferous pegmatites and late 
Precambrian pitchblende occurrences some 210-400 km to the 
northwest. Robertson98 favoured a source in bodies of red 
quartz monzonite and associated pegmatites (eroded) that 
occur in Archaean terrain just north of the Elliot Lake area. 
These monzonites contain anomalously high concentrations of 
uranium and are readily detected by airborne gamma-spec
trometry surveys. 31.95 

The uranium deposits occur in three different southeast
striking channel systems or zones of mineralization controlled 
by topography.36 They are, from west to east, the Moon Lake, 
Quirke and Nordic zones. The Quirke ore zone is 13 000 m long 
and 1800-5500 m wide, whereas the Nordic zone is 19500 m 
long and 1400-8000m wide. In the Quirke zone some eight 
orebodies or reefs are known. They range in thickness from 1.8 
to 6 m and are separated by 3.6-30 m of quartzite. In the 
Nordic zone three or four reefs that vary in thickness from 1.5 
to 3 m are being exploited. 

Grade of ore is generally higher where conglomerate thick
ness and degree of pebble packing (least matrix) are greatest. 
Locally, conglomerate beds may contain as much as 1.0070 U, 
but in mining widths of 2.7-9m the average grade is 0.1-
0.15% U30 8. Between 1955 and 1973 the Blind River-Elliot 
Lake district produced uranium valued as $1500000000 from 
ore averaging 0.10% U 308. Robertson98 estimated that identi
fied and partly identified uranium resources in the rlistrict were 
at least 400000 ton recoverable U308. Other geologists place 
the figure nearer 300000 ton. 

Black shales 

Chattanooga Shale, eastern U.S.A. 
The Devonian-Mississippian Chattanooga Shale of Kentucky, 
Alabama and central Tennessee is a massive, siliceous, pyritic 
shale lying unconformably on the Ordovician Leipers Lime
stone. 60 It averages about 9 m in thickness and is divisible into 
two members-the Dowelltown Member at the base and the 
Gassaway Member at the top. The Dowelltown is about 4.5 m 
thick and carries low uranium values (28 ppm in the lower 1.5-m 
'A' unit and 11 ppm in the upper 3-m 'B' unit). The Gassaway 
is also about 4.5 m thick and is divided into three units. The 
lower ('C') unit is about 2 m thick, the middle ('D') unit is about 
1 m thick and the upper ('E') unit varies from 1.5 to 2.5 m in 
thickness. The uranium content of the Gassaway ranges from 
55 to 70 ppm and is generalfy greatest in the 'E' unit, which also 
.contains phosphate nodules in its upper part in some areas. 82 

Carbonized plant material is abundant in the Chattanooga. 
It consists mostly of macerated and unidentifiable fragments 
that constitute about 20% of the shale by weight. The remains 
are those of land plants that drifted into the sea and indigenous 
planktonic marine algae. Oil yield by pyrolitic destruction of 
organic matter in the Gassaway Member is as much as 8 
gal/ton.27 

The Chattanooga shales were deposited at the southern end 
of a shallow sea, bordered on the southeast, south and west by 
a stable, nearly peneplained lowland formed on carbonates. 
Uranium was probably deposited syngenetically with the clay, 
silt and organic material that constitute the shale. The uranium 
is more or less evenly distributed throughout the shale, and was 
probably adsorbed from sea water on plant debris and clay 
particles. 123 

The Chattanooga constitutes a very large low-grade uranium 

resource. 124 The richer black shales of the Gassaway Member 
underlie an area of 10 000 km2 and contain an estimated 
30000000 ton U 308 plus large amounts of V, Mo, petroleum 
and other potentially valuable by-products. 

Muds 

Walvis Bay area, Namibia 
The Walvis Bay area, as used here, refers to an area of some 
40000 km2 off the coast of Namibia between latitudes 19°5 and 
25°30' S. Water depths in this area range from 40 to 160 m. 
Investigations have revealed four depositional 'basins', the 
largest lying between 21° and 24°S.78 Diatomaceous mud 
covers an area of about 19000 km2 within the basins and 
reaches a maximum thickness of 15 m. The diatomaceous ooze 
is underlain in most places by a layer of shells that, in turn, rests 
on hard grey siltstone, uncompacted silt, grey medium-grained 
sandstone, viscous 'grey clay, fine breccia or calcarenite. 

The mud, dated as Eocene, is relatively homogeneous with 
an average solid content of 7% by weight in the upper part and 
23% by weight in the lower part of the unit. It is greenish-grey 
to dark grey and emits H2S odour. The mud is very fine
grained, 70-80% by weight of the grains being smaller than 
6.3/tm and 15-25% between 6.3 and 20/tm. Most of the mud 
consists of disc-shaped diatoms, but some foraminifera, 
ostracods, pteropods, gastropods, lamellibranchs and a few 
shark teeth are present. 

Uranium, which seems to occur in an amorphous state, has 
not been directly correlated with organic content. It occurs both 
in the mud and the underlying sediments. It varies in concen
tration from 7 to 70 ppm (average, - 21 ppm). Other average 
metal contents include Mo (112 ppm) and V (112 ppm). Based 
on the average of 21 ppm, it is estimated that the 19000 km2 of 
diatomaceous sediments contain 4000000-5000000 ton U30S. 

Phosphates 

Western U.S.A. phosphate field 
Phosphates in the western U.S.A. phosphate field occur in the 
Permian Phosphoria Formation in an area of 350000 km2 in 
southeastern Idaho, northeastern Utah, western Wyoming and 
southwestern Montana. The Phosphoria consists of two trans
gressive-regressive marine cycles, each cycle composed of a 
lower carbonaceous phosphatic shale member overlain by a 
chert or carbonate member. The phosphatic shale member is a 
complex of black carbonaceous shales, pelletal phosphorites 
and phosphatic shales. Phosphorite and mudstone are the litho
logic end-members of the phosphatic shales. The lower phos
phorite-chert couplet (Meade Peak Phosphatic Shale Member 
and Rex Chert Member) is thickest in southeast Idaho, where 
it ranges up to 396m. The upper couplet (Retort Phosphatic 
Shale Member and Tosi Chert Member) is thickest in north
western Wyoming and southwestern Montana, where it may be 
as much as 91 m thick.74 Most of the phosphorite mining has 
been in the thick lower phosphatic shale member. Eastward in 
Wyoming the phosphatic shale and chert members change 
facies to carbonate rocks that, in turn, change facies still farther 
east in Wyoming to evaporites and red beds. 

The phosphorites consist of carbonate-fluorapatite mixed 
with varying amounts of quartz silt, clay minerals, calcite, 
dolomite, chert and carbonaceous matter. Most of the phos
phate occurs as pellets with amounts of oolites, intraclasts, 
scales, phosphatic shells and replaced skeletal grains. The 
pellets are cemented with dolomite, calcite, phosphate or, 
rarely, chert. Some phosphorite beds are composed of phos
phate mud. There is a general decrease in size and abundance 
of intraclast fragments and an increase in carbonaceous content 
in the phosphorite beds toward the west. These characteristics, 
plus the close association of phosphorites with cherts and 
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carbonaceous shales and their shoreward facies change to 
carbonate rocks, suggest that the Phosphoria accumulated on 
a moderately shallow shelf edge with prolific planktonic life or 
in an anoxic basin with restricted circulation. 

Where fresh and unweathered, phosphorite beds are hard 
and dark brown or black, and interbedded mudstones are 
pyritic. Weathered phosphorites are friable and brown to grey, 
and they are commonly enriched in phosphate and depleted in 
uranium. Phosphatic shale members are most phosphatic at 
both top and bottom or at the bottom only. In southeast Idaho 
the Meade Peak averages 11-12070 PzOs, but beds 1-3 m thick 
near the base and at the top assay 25-33% PzOs. Nearly all 
phosphorites and phosphatic beds contain U, but content varies 
from 0.001 to 0.65%. Uranium content generally increases with 
increase in PzOs, and both uranium and P20S increase west
ward. McKelvey and Carswe1l73 determined that phosphate 
beds of minable thickness (l m + ) that contain more than 31 % 
P 20 S generally contain 0.01-0.02% U. It is estimated that this 
phosphate field has reserves of 202324000000 ton of recover
able phosphate product (about 30% PzOs) containing 
20783 000 ton U. 

Brines 

Uranium in sea water 
Uranium concentration in sea water ranges from 1 to 4 ppb, 101 
except in inland seas, such as the Caspian Sea, where uranium 
content ranges from 3 to 10 ppb. The total amount dissolved 
in the oceans is estimated at 5000000000 ton uranium. 131 
Research on extraction has been conducted by several countries, 
including Japan, the United Kingdom, the U.S.A. and West 
Germany. 

Methods considered for uranium extraction include desali
nation-uranium plants, pumped-water plants, tidal-powered 
plants and masses of floating logs. Although all these methods 
can recover uranium from sea water, a profitable method of 
recovery has yet to be devised. The major difficulty with most 
processes is the problem of ensuring large and constant volumes 
of untreated sea water and to prevent processed water from 
being recycled through the plant. Llewelyn66 estimated that to 
obtain 1000 ton uranium per year would require the processing 
of one trillion ton of sea water. 

Silicic volcanics 

Sierra Pena Blanca district, Chihuahua, Mexico 
The Pefia Blanca uranium district is about 50 km northeast of 
Chihuahua, Mexico, on the east side of a large Basin and Range 
horst block and near the eastern edge of the Caenozoic Sierra 
Madre Occidental volcanic province. The bulk of the uranium 
deposits, which total about 5000 ton of reasonably assured 
U30s resource, occur in extracaldera ash-flow tuffs overlying 
Cretaceous limestones. so The source of the tuffs is unknown, 
but some appear to be related to a large caldera south of 
Chihuahua. Other tuffs appear to have a western source. 

The volcanic sequence at Pefia Blanca consists of about 
200m of limestone conglomerate and welded, unwelded and 
epiclastic tuffs. The volcanics were laid down on a surface of 
considerable relief. A Cretaceous rudistid reef complex was 
being exhumed with the formation of local limestone con
glomerates prior to deposition of the oldest volcanics. 

Uranium occurs in at least five different environments in the 
district. 
(1) Mineralized step faults in welded members: jointing or 
faulting of the brittle massive ignimbrite provided pathways for 
solutions and sites for precipitation. Deposits average 300-
500 ton U30s at grades of 0.30-0.40% U30S. Examples are 
Nopal nos. 1,3 and 5 deposits. 
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(2) Mineralization within the more porous and permeable units, 
such as lapilli tuff: porosity was provided by pumice and lithic 
fragments. 
(3) Mineralization in altered vitrophyre at the base of a welded 
tuff: larger lower-grade deposits, such as the Margaritas, are 
of this type. It is about 2 km long, 100-200 m wide and several 
metres thick, and it contains about 4000 ton U 30S at an average 
grade of 0.20%. Uranium occurs mostly as uranophane with 
some carnotite and autunite. Alteration is characterized by the 
formation of hematite and montmorillonite. The position of 
this deposit adjacent to a slightly petroliferous rudistid reef 
complex suggests possible palaeo-hydrologic and organic
reductant influences on mineralizing fluids. 
(4) Mineralization of a pumice zone below an ignimbrite, as at 
Margaritas. 
(5) Mineralization in underlying rudistid limestones: uranium 
occurs in faults, solution cavities, palaeo-karsts and other 
zones in fetid limestone beneath volcanics at Domatilla mine. 

Mafic volcanics 

Olympic Dam, South Australia 
An important discovery of uranium, apparently related in part 
to mafic volcanic rocks, is the very large Cu-U orebody in 
probable Proterozoic rocks at Olympic Dam (Roxby Downs), 
South Australia. This blind orebody, covered by 350 m of 
unmineralized rock,s4 was discovered by utilizing the concept 
that continental basaltic rocks release Cu during alteration. 54 

Uranium occurs here in hematitic granitic breccia or arkose 
about 800 m thick overlain by more than 100 m of hematite
sericite-altered volcanic rocks and 100 m of shale. Pitchblende, 
brannerite and davidite occur with chalcopyrite, cobaltite and 
gold. REE are also abundant. Gangue is hematite, barite, 
fluorite, magnetite, quartz and sericite. lOS 

The origin of this deposit, and a similar one at Mt. Painter 
250 km to the east,133 is not fully understood, but may be 
related in some way to submarine volcanism. S4 The thick 
breccia and conglomerate units are also a key element, prob
ably indicating active faulting along platform boundaries. 
Hydrothermal solutions moving up the flanks of a shallow 
marine basin from a nearby intrusive source created a sulphidic 
environment where they encountered the granitic debris. 
Uranium, concentrated here with Cu, combined with Ti 
liberated by sulphidization of Fe-Ti oxides in the arkose to 
form brannerite and davidite. 

The orebody is about 1.5 km by 0.5 km and up to 170 m thick. 
It contains thick zones of 0.05-0.10% U30s in 1-2% Cu, and 
early estimates 13Z are that it contains about 600000 ton U30S 
and 11 000000 ton Cu. Patterson and Pitman91 gave an esti
mate of 375000 ton U30S. 

Peralkaline nepheline syenites 

!lfmaussaq, Greenland 
At Ilimaussaq at the southern tip of Greenland uranium occurs 
within a large per alkaline syenite intruded into lavas, intraflow 
sandstones and the Julianehaab granite about 1020 m.y. ago. 19 

In its later stages the intrusion crystallized by accreting crystals 
under an impervious roof (foyaite and naujaite zone) at the 
same time as a layered mass (kakortokite zone) accumulated 
near the base of the magma chamber. Finally, a lujavrite 
formed in between.43 The lujavrite commonly contains 200-
300 ppm Th, but numerous xenoliths and dykes make U-Th 
values highly erratic. Local zones exceed 1000 ppm U and 5000 
ppm Th, but minable zones in excess of 400 ppm are thin and 
the ore is refractory. IS The principal ore mineral is the rare 
mineral steenstrupine, which contains 0.2-1.5 wt% U and 
2.0-7.5wt% Th.119 Other radioactive minerals, such as 
eudialyte and monazite, are also present. It is estimated that the 



I1imaussaq deposit contains about 35000 ton U 308 reasonably 
assured resource at $50/Ib. 88 

Carbonatites 

Araxd, Brazil 
The best-known and probably most important uranium
bearing carbonatite in Brazil is Araxa, located north of Pocos 
de Caldas in Minas Gerais. The Araxa pipe is an intrusion of 
biotite-carbonatite that strongly domes the intruded Pre
cambrian Araxa Group. Uranium and thorium are associated 
with pyrochlore and apatite in a highly decomposed mass of 
carbonatite. The roughly circular pipe is about 4.7 km in 
diameter and is almost completely surrounded by fenitized 
quartzite. The carbonatite consists largely of magnesian calcite 
with oxides of iron, titanium and apatite. Lesser components 
include pyrite, sphene, barite, ilmenite, zircon and monazite. 77 

The entire carbonate mass, except for one outcrop, is covered 
by a weathered mantle up to 300 m thick. The mantle is com
posed of manganese and iron oxides, phosphate, barite, pyro
chlore and monazite. Pyrochlore occurs in the residual crust 
and as disseminations and stockworks in fresh rock, but the 
richest material is in a centralized body just below the weathered 
mantle. This is one of the largest niobium deposits in the world 
(300000000 ton easily accessible ore). Phosphate is associated 
with the pyrochlore and is concentrated in the weathering 
mantle. Uranium is present in small amounts throughout the 
carbonatite. The niobium deposit contains from 0.023 to 
0.05070 U 308, the phosphate deposit contains about 0.01 % 
U 308, REE concentrations average about 0.03% U308 and the 
weathering mantle averages about 0.01 % U 308. It is estimated 
that the entire deposit contains 139700 t U 308 and 1 323000 t 
ThOz.71 

Anatectics 

Rossing deposit, Namibia 
The Rossing deposit is a large low-grade uranium occurrence 
on the southwestern flank of a large do mal structure in the 
central part of the late Precambrian Damaran orogenic belt in 
Namibia (Fig. 4). Uranium minerals occur in syntectic alaskites 
within steeply dipping isoclinal folds of the migmatized Khan 
and Rossing Formations. These formations consist of highly 
metamorphosed and migmatized pyroxene and hornblende 
gneisses, amphibolites, schists and marbles. Three stages of 
dynamothermal metamorphism and accompanying defor
mation have affected the host rocks. A younger thermal event 
is recognized adjacent to the alaskite. 1z9 

Syntectic alaskites range from small secretionary lenses to 
large intrusive and replacement bodies. They show concordant, 
discordant and replacement relations with the folded meta
sediments. The alaskites were emplaced along shears, fractures, 
bedding planes and axial planes of isoclinal folds. The alaskites 
are mostly pegmatitic, but hypidiomorphic-granular textures 
are common. They consist of quartz, microcline and micro
cline-perthite together with accessory amounts of zircon, 
fluorite, molybdenite, apatite, biotite and sphene. 

Uraninite, the dominant ore mineral, occurs as small euhedra 
poikilitically enclosed in quartz and feldspar and as finely 
disseminated euhedra interstitial to and along micro fractures 
in major rock-forming minerals. Secondary uranium 
minerals, mostly beta-uranophane, are concentrated in the 
upper part of the deposit and constitute nearly 40% of the ore. 
They formed as replacements of uraninite or as films along 
micro fractures as the result of upgrading in the unusual Namib 
Desert climate, where nightly fogs form small amounts of 
moisture. 14 
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Rossing is the largest known anatectic or ultra-metamorphic 
deposit, containing about 150000 ton U 30S at an average grade 
of 0.035070 U30S. 

Peralkaline granites 

Bokan Mountain, Alaska, U.S.A. 
The Bokan Mountain uranium occurrence is associated with 
the late Cretaceous to early Tertiary Bokan Mountain granite 
pluton on Prince of Wales Island in southernmost Alaska. The 
granite is an epizonal, circular ring-dyke complex intruded into 
eugeosynclinal metasediments and a Devonian(?) plutonic 
sequence. 125 Its epizonal nature is shown by contact effects, 
roof pendants and associated hypabyssal intrusives. The lack 
of internal structures, discordance with structures in the meta
sediments and extensive alkali metasomatism suggest that it is 
a postorogenic intrusive. 

The border zone of the 6.5-km2 complex is a riebeckite 
granite pegmatite/aplite up to 13 m thick. Next inward is an 
aegirine granite porphyry shell about 180m thick that grades 
inward into a 15-m thick transition zone in which riebeckite is 
the dominant ferromagnesian mineral. Ring dykes of riebeckite 
aplite porphyry were injected into these marginal zones. 
Interior portions of the complex consist of banded or massive 
riebeckite-bearing granites cut by aplitic plugs and ring dykes. 

The uranium-thorium mineralization is localized in highly 
albitized shear zones as vein-like or irregular pipe-shaped 
bodies formed by concentrations of uranium-bearing micro
veinlets. The ore zones occur within or on top of syenitic masses 
and show intense albitization, chloritization and hematitiz
ation. MacKevett6S and Staatz l21 also reported minor syn
genetic concentrations within the magma body and in the 
pegmatites. They considered the veins and pipe-like bodies to 
be postmagmatic hydrothermal. 

Uranothorite and thorian uraninite are the main ore 
minerals, but coffinite, brannerite and pigmentary materials 
are also present. Accessory minerals include calcite, fluorite, 
quartz, sulphides and tourmaline. U/Th ratios range from 10 
to 100 in ore, but are less than 10 outside ore. The Ross-Adams 
mine produced about 1000 ton U30s at a grade of about 1.00% 
U30S between 1957 and 1971. 

Granites 

Midnite mine, Washington, U.S.A. 
At Midnite mine, about 64 km northwest of Spokane, 
Washington, uranium occurs in a roof pendant of the late Pre
cambrian Togo Formation, adjacent to a late Cretaceous 
quartz monzonite. The Togo consists of steeply dipping, low
grade metamorphosed black shales (metapelites) with lenses of 
calcareous material. It contains up to 2% iron sulphides and 
ubiquitous graphite. The monzonite is composed of large 
feldspar phenocrysts in a groundmass of quartz, potash feld
spar, plagioclase and biotite. Accessory minerals are muscovite, 
sphene, zircon, apatite and flUorite. 

The average uranium content of the intrusive is about 12 
ppm. Primary uranium minerals (pitchblende and coffinite) are 
concentrated along small step faults and shears in the meta
sediments. lO Uranium minerals occur as replacements, dis
seminations along foliation planes and fracture fillings. 
Ore bodies are roughly tabular, have nearly horizontal upper 
surfaces and are bordered on one or more sides by unmineral
ized monzonite. Dimensions range up to 380m long, 210m 
wide and 50 m thick. S5 Midnite mine has produced about 6000 
ton U 30S at a grade of 0.21 % U 30S since 1957. S4 

Pegmatites 

Bicroft mine, Bancroft district, Ontario, Canada 
Bicroft mine near Bancroft, Ontario, is within the Cardiff 
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plutonic complex, conslstmg of two gneissIc granites and a 
gneissic syenite intruded into late Precambrian metasedi
ments. The Bicroft pegmatites occur at the contact between the 
Centre Lake granite and the metasediments. The uranium
bearing pegmatites are in paragneisses and para-amphibolites 
adjacent to the granite. Four types of pegmatites are recognized 
here (pyroxene, pyroxene granite, granite and quartz-rich 
pegmatites), but uranium is largely restricted to the quartz-rich 
pegmatites. 

Ore minerals are uraninite, uranothorianite, allanite, pyro
chlore and betafite in a gangue of smoky quartz with accessory 
zircon, molybdenite, amphibole and anatase. Minor calcite and 
fluorite are present. Unzoned pegmatites have U30s contents 
of 0.024-0.117% in widths of 1-4 m. III Reserves for Bicroft 
are unknown, but for the entire Bancroft area they are 2200 ton 
U30S at a grade of about 0.13%. 

Hydrothermal veins 

Schwartzwalder mine, Colorado, U.S.A. 
An example of veins with simple mineralogy is the Schwartz
walder mine, 25 km west of Denver, Colorado. Host rocks for 
this deposit are metasediments of the late Precambrian Idaho 
Springs Formation-a complex of sandstone, shale, carbonates 
and mafic intrusives. 114 Large breccia-reef fault zones formed 
during late Precambrian cataclastic deformation were reacti
vated about 50-70m.y. ago. Structures hosting the uranium 
are subsidiary to the major structures (Fig. 5). 

Uranium occurs in flat or horsetail veins with low dip in the 
hanging-wall of the major Illinois vein, but they steepen near 
the major faults. 9o Mineralized portions of faults are con
tinuous for more than 900 m vertically, but strike lengths are 
less than 200 m. 37 Brittle metasediments are the favoured hosts. 
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Fig. 5 Cross-section, Schwartzwalder mine. Modified from Downs 
and Bird4 ! 



Pitchblende and coffinite along with jordesite and adularia 
were formed during the main mineralization. A later base
metal stage added chalcopyrite, chalcocite, ankerite, pyrite and 
marcasite. Chloritization and sericitization are the main types 
of alteration. The Schwartzwalder has produced about 5500 
ton U 30s and has an equal amount of reserves. 90 

Shinkolobwe deposit, Zaire 
An example of veins with complex mineralogy is the mined-out 
uranium deposit at Shinkolobwe, Zaire, at the northwest end 
of the African Copperbelt. It occurs in a faulted transported 
fold in metamorphosed dolomitic shales of the middle Pro
terozoic Mine Series of the Roan Group.21 Uraninite and 
uranophane mineralization (about 620m.y. ago) was followed 
by several later mineralizations in which pyrite, molybdenite, 
monazite, selenium, Co-Ni sulphides and selenides and 
copper minerals were formed. It is believed that this orebody 
was formed by redistribution of metals originally deposited in 
marine sedimentary rocks. 47 The uranium, originally weathered 
from granites and deposited in the marine sediments, was in low 
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concentrations (50-100 ppm), but was remobilized during the 
post-tectonic metamorphism and 'dammed' under a large 
nappe to form the Shinkolobwe deposit. 

Contact meta soma tics 

Mary Kathleen deposit, Queensland, Australia 
The Mary Kathleen uranium deposit3s • S3 is in metamorphosed 
and metasomatized nearshore clastic and carbonate sediments 
of the lower to middle Corella Formation in northeastern 
Queensland, Australia. The uppermost unit of the Corella is a 
breccia-conglomerate formed as a cobble beach. This unit 
hosted most of the ore at Mary Kathleen. 

The Corella metasediments occupy a broad syncline bordered 
on the east by the post-orogenic Mount Burstall granite. This 
differentiated pluton has an unusually high uranium content 
(1-12 ppm) and late-stage pegmatites extend westward to 
within 3 km of the Mary Kathleen orebody. A large north
trending eastward-dipping shear zone, extending through the 
metasediments toward the granite, may have served as a 
channel way for metasomatizing fluids from the granite. 
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Fig . 6 Map and section, Rabbit Lake orebody, showing lithology. After Sibbald" 5 
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The orebody, totally within the garnet-rich breccia con
glomerate near the axis of the syncline, consisted of 40070 garnet, 
35% allanite, 10% apatite and 15% 'other', including still
wellite, albite and scapolite. 130 Uranium occurs chiefly as 
uraninite within allanite and stillwellite. The adjacent beds were 
variously enriched in REE, Th, B, P, S and Fe. Production at 
Mary Kathleen was about 12000 ton U30S at an average grade 
of 0.14OJo U30s, 0.02% Th02 and 3.6OJo REE. 

Vein-like types 

Unconformity-related 

Rabbit Lake, northern Saskatchewan, Canada The Rabbit Lake 
occurrence in northern Saskatchewan is an example of a mono
metallic unconformity-related uranium deposit. 57,61,65,75,76 

It is in Aphebian metasediments of the Wollaston fold belt, 
along the eastern erosional edge of the unconformably over
lying Helikean Athabasca Formation. The metasediments 
include meta-arkose, biotite paragneiss, calc-silicate rocks and 
marble. The Athabasca is a series of red to brown quartz sand
stones and conglomerates. 

The Rabbit Lake deposit, the upper surface of which is only 
15 m below the plane of the unconformity, is in a steeply dipping, 
highly chloritized breccia zone in the metasediments (Fig. 6). 
Breccia fragments are cemented by dolomite, calcite and 
quartz. Massive and sooty pitchblende occur in vein lets and as 
fracture fillings and are associated with minor galena, sphaler
ite, pyrite, marcasite and chalcopyrite. At depth the breccia 
zone is terminated by a low-angle thrust that placed the 
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Aphebian metasediments above the Athabasca sediments 
locally. Chloritic alteration is pervasive and zonal around the 
ore. Two stages of mineralization are recognized-deposition 
of massive pitchblende preceding chloritization and deposition 
of sooty pitchblende and coffinite following an intervening red 
alteration and leaching stage. The deposit is dated at 1100 m, y. , 
whereas the Athabasca is dated at = 1350m.y. This deposit is 
reported to contain about 21000 ton U30 S at a grade of 10-
15% U30 s. 

Jabiluka II, Northern Territory, Australia The labiluka II 
uranium deposit4o,SI, 105 , 116 is a polymetallic unconformity
related occurrence. This uranium-gold deposit is in the East 
Alligator River district, Northern Territory. It occurs in 
brecciated metasedimentary rocks beneath the unconformably 
overlying Middle Proterozoic Kombolgie Sandstone. The 
metasediments (Cahill Formation) consist of pyritic quartz
chlorite-graphite schist, chlorite-graphite schist and some 
calc-silicate rocks (Fig. 7). They have been folded into an open 
asymmetric syncline. Near labiluka II a thrust fault truncates 
the sub-Kombolgie unconformity and has placed the Kombolgie 
in fault contact with the Cahill. 

Pitchblende, the principal uranium mineral, coats breccia 
fragments and forms veinlets up to 2 mm wide. Native gold, 
which assays 0.44 oz/ ton, is associated with the pitchblende in 
part ofthe deposit. Associated minerals are pyrite, chalcopyrite 
and hematite. Ore is generally confined to extensively chlorit
ized and brecciated zones and is most concentrated within and 
below graphite schists . Ore reserves at labiluka II are believed 
to be about 224000 ton U30S at a grade of 0,45OJo U30s. 

s 

HANG I NG WALL SE~IES 

DOLOMITE MAGNESITE 

o 10 20 30 .0 ~O METE~S 
E=3 E3 I 

. - -':-... . 

LOWER SCH I ST SERIES 

Fig. 7 Cross-section, labiluka II deposit. After Rowntree and Mosher105 

134 

U~ANIU" I;:: :.:1 MIN ERAuZATION 



Vein-like deposits in metamorphic rocks 

Beaverlodge area, northern Saskatchewan, Canada 
The Beaverlodge area in northern Saskatchewan is character
ized by monometallic vein-like uranium deposits in metamor
phic rocks. II. 67. 110, 126 Underlying this area is metamorphosed 
and granitized gneiss of the Lower Huronian Tazin Group. 
The gneiss is unconformably overlain by continental red beds of 
the Middle Huronian Martin Formation. 

Pitchblende and calcite occur in veins and multiple-vein 
systems in the Tazin, and some pitchblende occurs in the over
lying Martin. Uranium-bearing veins have a strike length of 
more than 4500 m and they extend to a depth of more than 
1645 m. The pitchblende occurs as vein fillings in shears, frac
tures and brecciated zones within 100 m of the St. Louis Fault. 
It is also disseminated in rocks adjacent to the veins. Initial 
pitchblende deposition (l780m.y. ago) was followed by a 
thermal event that remobilized and redeposited the uranium 
about 1140m.y. ago. 

Echo Bay-Eldorado mine, Northwest Territories, Canada 
The Echo Bay and Eldorado uranium-silver mines in northern 
Canada are polymetallic vein-like deposits in metamorphic 
rocks.99, 100. 106 The two mines are in a vein system containing 
U, Ag, Ni and Cu. The veins occur in roof pendants of 
Aphebian sedimentary and volcanic rocks (Echo Bay Group) 
within a Hudsonian granitic intrusive. The margins of the 
pendants were thermally metamorphosed, but the centres are 
little metamorphosed. Mineralization occurs in green and red 
banded andesitic tuffs in the pendant centres. Ore occurs in 
three steeply dipping veins that average 0.5 m in thickness, 
1500m in length and more than 400m in depth. Veins contain 
pitchblende, native silver, native bismuth with small amounts 
of base-metal sulphides and Co-Ni arsenides. Veins are sur
rounded by a halo of feldspatization, hematitization, chlorit
ization and carbonatization. 

Epigenetic types 

Sandstones 

Peneconcordant deposits The largest concentration of high
grade uranium in peneconcordant deposits is in the Grants 
Mineral Belt near Grants, New Mexico. 28. 52.56.109, 134 The 
uranium hosts are massive green to reddish-brown arkosic 
fluvial sandstones in the Westwater Canyon and Brushy Basin 
Members of the late Jurassic Morrison Formation (Fig 8). 
These sandstones have thin mudstone partings and contain 
much woody trash. In the Ambrosia Lake portion of the Belt 
the mineralized trend is as much as 2.5 km wide and more than 
6km long. 

Individual peneconcordant deposits are tabular bodies 
generally elongate parallel to palaeo-drainage and clusters of 
orebodies show the same alignment. Orebodies range from 0.5 
to 9 m in thickness, 20 to 240 m in width and 100 m to 2 km in 
length. Ore boundaries are generally sharp. Bedding planes 
commonly form the lower boundaries of orebodies, but the 
upper boundaries may be gradational. Ore tends to concentrate 
parallel to intraformational disconformities, along mudstone 
contacts and coincident with subtle low-amplitude synclinal 
folds. In some cases ore terminates against sharply curved 
surfaces (rolls). 

Coffinite is the principal uranium mineral, but organo
uranium complexes and uraninite are also present. They coat 
sand grains black and fill interstices. In places masses of 
jordesite and vanadium and manganese minerals occur mar
ginal to ore. Secondary uranium minerals are not common, but 
they include phosphates, silicates and hydrous oxides. Alter
ation consists of bleaching from red to green or grey, kaolinit
ization of feldspars and formation of calcite haloes. Production 
plus reserves in the Grants Mineral Belt total about 221 300 ton 
U308 at a grade of 0.15070 U308. 
Roll-type deposits In the Gas Hills district of Wyoming roll-
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type uranium deposits occur in the upper part of the Eocene 
Wind River Formation. 3,4,118 The Wind River is a 90- to 245-m 
thick unit of cross-bedded arkosic fluvial sandstone with inter
beds of mudstone, carbonaceous shale and conglomerate. 

Roll-type orebodies, found below the water-table, vary from 
0.3 to 8.0 m in thickness. Rolls are tongue-shaped in plan and 
concentric C-shaped in vertical section (Fig. 9). Solution fronts 
have been traced for several kilometres and individual ore
bodies extend for 1000 m or more. The thickness of the 
individual sandstone bed that contains the solution-front 
controls the ore thickness. 

Ore-bearing zones have much coaly material and carbonized 
wood. The ore consists of uraninite and coffinite, which occur 
as black coatings on grains and as interstitial fillings. They are 
accompanied by Se, Mo and As enrichment. Oxidized zones 
(above the water-table) contain uranium phosphates, silicates 
and hydrous oxides. It is estirri.ated that the Gas Hills district 
will ultimately produce about 75000 ton U30 g • 

Calcrete deposits 
The most important uraniferous calcrete deposit is Yeelirrie, 
Western Australia. 20,23 Yeelirrie is an area of interior drainage, 
deep valley fills, abundant evaporite lakes and clay pans in an 
arid region. Valley calcretes are typically elongate masses of 
carbonate-cemented alluvium deposited parallel to subsurface 
valley drainage courses, but some form delta-like deposits that 
fringe salt lakes. 

Uranium from weathered granites and vanadium derived 
from greenstones are present in the groundwater and valley-fill 
sediments . Uranium, vanadium and potassium concentrate 
downstream by evaporation and combine in the oxidizing 
environment to form carnotite, which fills cavities and frac
tures in the calcrete. Carnotite also forms in a clay-quartz 
unit beneath the calcrete . Resources at Yeelirrie are estimated 
at 47000 ton U 30g at grades of 0.05-0.10070. 
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Uranium deposits in Europe 
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Outline of geological structure of Europe 
The purpose of this section is to review briefly the major geo
tectonic features of the European continent and their associ
ations in order to present a consistent geological background 
for the distribution of the different uranium districts in this part 
of the world. More detailed descriptions may be found in the 
list of references to this paper, on which the present authors 
have drawn extensively. 

As is well known, Hercynian-Alpine Europe is enclosed 
between the Fenno-Scandinavian Precambrian Shield to the 
north, the Russian Precambrian Shield to the east and the 
African Shield to the south. The Fenno-Scandinavian (or 
Baltic) Shield is formed of (a) an Archaean core (Saamo
Karelian) for most of Finland, apart from the southwest, (b) 
a Lower Proterozoic unit (Sveco-Fennian) that extends from 
this Archaean unit southwards to southwest Sweden and (c) a 
Middle Proterozoic unit (Sveco-Norwegian), almost entirely 
rejuvenated by the Gothian and later Precambrian orogenies. 

To the west this shield is bordered by the Caledonian orogen, 
which extends from the north of Norway through Scotland and 
the north of England to Ireland. This orogen is incomplete: as 
a result of continental drift it was split conformably to the 
general trend into a European part and a northeast Greenland 
part. There is evidence of the Caledonian orogeny within the 
Hercynian and Alpine sections, but such considerations are 
beyond the scope of this paper. 

Between the Precambrian-Caledonian area, the Alpino
Carpathian front and Africa occurs the most characteristic 
central Western European geotectonic unit-the Hercynian 
(Variscan) orogen. Nevertheless, the area occupied by this 
orogen does not represent the total original Hercynian space, 
numerous Hercynian fragments being set within the Alpine 
orogen. 

Since 1927 (Kossmatt21-from Poland to Ireland) and 1942 
(Lotze27 -the Iberian section) several attempts have been made 
to subdivide the Hercynian orogen into successive geotectonic 
zones that represent the different structural units of the 
Hercynian geosyncline. For our purpose we have merely indi
vidualized its most central zone (inner zone), corresponding to 
the area of maximum orogenic, metamorphic and plutonic 
activity. In central Western Europe it is commonly recognized 
as the 'Moldanubian zone' and in the Iberian peninsula as the 
'Galician-Castillian' zone. Julivert and co-workers20 merged 
it with Lotze's Lusitanian-Alcudian zone adjacent to its 
southern limit into a single Central Iberian zone. 

The outer zone is generally subdivided into a Saxo
Thuringian zone, followed by the Rheno-Hercynian zone, etc., 
but as that does not appear to be essential here they were not 
differentiated in our geostructural sketch map (Fig. 1). 

The Alpine orogen occupies a large area of Europe-the 
whole of Italy and Switzerland, a major part of Austria, the 
whole of Hungary, Yugoslavia, Greece, a major part of 
Rumania and Bulgaria, Turkey and, at the opposite side, the 
northern, eastern and southern parts of the Iberian peninsula. 
Nevertheless, as was stated above, this space incorporates 
numerous and often large fragments of the Hercynian 
orogen-for example, the Bergamask Alps in Italy, the Pannon 
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Basin in Hungary, the Romanian Transylvanian Basin and the 
Rhodope Massif in Yugoslavia, Greece and Bulgaria. 

In addition, although not a component of the European 
continent, Greenland is nevertheless a province of Denmark 
and contains all the uranium resources of that country. This 
large island, apart from its northern fringe (lnnuitian Belt) and 
northeastern margin (Caledonian Belt), is built up of Pre
cambrian rocks. Nearly four-fifths of its surface is covered by 
a glacier, the thickness of which is locally 3000 m. The uranium 
is restricted to the southwestern extremity, formed of Lower 
Proterozoic rocks bordering, to the north, an Archaean block. 
This zone underwent important magmatic reactivation between 
1300 and 1030 m.y. along an ENE general trend, giving rise to 
the Gardar magmatic province, which is characterized by 
alkaline intrusions. 

Distribution of main European uraniferous districts 
and their relation to geology 
Uranium mineralization is present in all these different geologi
cal provinces, but its economic importance and the geological 
types of occurrence vary considerably from one geostructural 
unit to the next. 

Southern Greenland is known to contain a huge natural stock 
of uranium in low-grade material from which extraction is 
difficult and recovery poor (the so-(;alled refractory ores). It is 
related to alkaline intrusion. 

The Precambrian European province proper contains limited 
resources in vein-type deposits in northern Sweden and, again, 
a huge low-grade uranium natural stock in Cambrian black 
shales. Grades, under present market conditions, are not 
economic. 

The Caledonian province contains no known economic 
deposit, but some granite-related and sandstone-bound 
uranium occurrences occur in Scotland and Ireland, and there 
is some promise for these. 

The Hercynian region is by far the major economic uranium 
province. From the Iberian Meseta in the west to Lysa Gora to 
the east, with the exception of the Ardennes and the Harz 
Mountains, practically all the Hercynian outcropping massifs 
reveal uranium occurrences. The two major uranium districts 
(Western Massif Central, Vendee district, and the Western 
Bohemian Massif district), as well as all other significant 
uranium districts, however, occur within the Moldanubian 
zone, which corresponds to the inner unit of the Hercynian 
orogen or to the immediately adjacent outer zone. 

Uranium deposits in this unit are of numerous geological 
types, but three are typical of the Hercynian orogen: (1) intra
granitic deposits related to leucogranites, (2) deposits bound to 
the contact-metamorphic haloes of granite intrusives in Lower 
Palaeozoic shales (the so-called 'Iberian type') and (3) deposits 
bound to Permian cover rocks or Permian acid volcanics. Other 
types are veins in less differentiated granites, veins in meta
morphic environments, sandstone-type deposits in Mesozoic or 
Caenozoic cover rocks in basin structures of the Hercynian 
space included in or adjacent to the Moldanubian zone (or its 
Iberian equivalent). 

Less important is the Alpine region in regard to uranium 
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resources, though some economic deposits have been identified 
in Western Europe and, apparently, some major deposits by 
European standards are or were mined in Eastern Europe 
(Hungary, Romania and Czechoslovakia). A striking feature is 
that, with few exceptions, they are bound to Permian sedi
mentary or volcano-sedimentary rocks covering Hercynian 
nuclei set within the Alpine orogen. Some examples of genuine 
Alpine mineralization are, nevertheless, encountered. A 
characteristic type of occurrence is related to Permian shales 
that have undergone greenschist metamorphism during the 

Alpine orogeny, as in the Italian Western Alps, Switzerland and 
Austria. Another is connected with Tertiary volcanics, as in 
Macedonia, or Pleistocene-Quaternary volcanics, as in 
Latium in Italy. 

Uranium districts in the Precambrian 

Gardar alkaline province, southwest Greenland 
This area, located at the southwest tip of Greenland, pertains 
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to the Ketilidian structural Hudsonian (1800 m.y.) province, 
reactivated during the Gardar (1300-1030 m.y.) magmatic 
period and characterized by alkaline intrusions: the Ilimaussaq 
complex presents an elliptical horizontal section of 17 km x 10 
km. Two genetic stages can be distinguished (Fig. 2): during the 
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first an augitic syenite shell, a few hundred metres thick, was 
formed with an alkaline granite in the apical zone and in the 
second stage a stratoidal agpaitic suite developed inside the 
shell, represented from bottom to top by (a) thick, banded 
kakortokite rich in eudialyte (concealing huge zirconium 
resources), (b) green (aegirine) lujavrite, (c) black (arfved
sonite), fine-grained lujavrite, (d) eudialyte-rich naujaite and 
(e) sodalite foyaite. 

There is no typical vertical age relationship between the 
different facies, the kakortokite containing roof-pendants of 
all other rocks. Lujavrite is probably the most recent, a coarse
grained block variety extending dyke intrusives in all the upper 
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Besides the magmatic steenstrupine there is a second
generation variety contained in the coarse-grained black 
lujavrite variety, which, at the intersections with analcite veins 
and mainly with volcanic or gabbroic country rocks, fine
grained lujavrite, etc., is locally enriched in uranium up to 
3000 ppm. It can form orebodies averaging 300-400ppm U, 
the total known resources of this type being estimated at some 
30000t U. 

This type of deposit is characterized by a Th/U ratio of the 
order of 2.5, whereas in all other economic occurrences thorium 
occurs as a trace element. 



Arjeplog-Arvidsjaur uranium district, northern Sweden 
Located in the north of the Sveco-Fennian Lower Proterozoic 
unit, the district is built-up of continental-type pre-Sveco
fennian basement associated with younger greenstone belts and 
unconformably covered by aerial volcanics with widely 
developed acidic rocks, including ignimbrites. 

To the south a basin with marine metasediments is devel
oped. Both units have undergone the Svecofennian orogeny 
(approximately equivalent to the Hudsonian in the North 
American Shield). 

Two types of economic, or potentially economic, uranium 
occurrences are known. The first, at Pleutajokk, is represented 
by veins or lenticular disseminations, preferentially in fractures 
of acid volcanics or acid intrusives of the early stage of the 
Svecofennian orogeny. The deposits are related to the latest 
phases of tectono-magmatic reactivation responsible for (a) 
large-scale sodium metasomatism developing metasomatic 
albitite, (b) brecciation of the metasomatites followed by 
irregularly scattered skarns associated with clinopyroxene, 
garnet, calcite, Pb-Zn, eu-Fe sulphides and magnetite, and 
(c) the introduction of uranium mineralization-uraninite 
pitchblende(?) and uranotitanates. A similarity with Ukrainian 
deposits is commonly suggested. The age of the uraniriites is 
1750±26 m.y. Known resources are of the order of 5000t U, 
but the grade is rather low. 

The second type of mineralization, at Duobblon, some 80 km 
south of Pleutajokk, is related to subaerial volcanics subse
quent to the major orogenic phase. Uranium is bound to two 
rhyolite-ignimbrites horizons separated by a conglomeratic 
horizon. Unfortunately, the average U content is 200-300 
ppm, individual samples varying from 20 to 3000 ppm. The 
orebodies are almost 1000 m long and 5-25 m thick. Mineral
ization is represented by uranotitanates, uranium-bearing 
micas and fine-grained pitchblende in microfractures. The 
main associated elements are Pb, V and Mo. 

Uraniferous Alum shales, Billingen-Ranstad, Sweden 
Quite often the black shales show a clear uranium enrichment, 
the Lower Palaeozoic shales containing millions of tonnes of 
uranium with average contents grading from some 10 to almost 
100 ppm U. Their extraction cannot be envisaged with present 
technology for environmental and technical reasons and under 
present market conditions. 

In the Viistergotland and Niirke provinces of Sweden, 
however, the Alum shales (average 70ppm U) present a 2- to 
3-m thick horizon (Fig . 3) enriched in uranium, probably by a 
diagenetic process, to an average of some 300 ppm U. These 
shales are of Middle and Upper Cambrian plus Tremadoc age, 
and, have a thickness of several tens of metres. 

The, enriched horizon, characterized by Pe/lura Scaro
baeoides, is enclosed at bottom and top by layers of hydro car
bides, locally called 'kolm', 4-5 m thick and containing up to 
10000 ppm U (generally, 3000 ppm U). 

At one stage mining took place in the Niirke province for the 
extraction of oil (content 4070), sulphur, lime, ammonia, etc. 
Elements associated with uranium are V (same content as U), 
W, Mo, Ni, Zn and Ca-but pyrite and melnikovite are the 
most abundant (6-7% S). The total amount of resources 
reported was 1 000000 t U, but only 300000 t U is considered 
as potentially recoverable. 

Similar shales, but without the enriched horizon, occur 
elsewhere in the Baltic Shield. 

Uranium districts of the Caledonian 
To date, there are no proved economic resources within the 
Caledonian region, though in northern Scotland and the 
Orkneys further investigations of already identified occur
rences could reveal economic interest. 

The area of concern here is composed of Precambrian base
ment overlain by Lower Palaeozoic geosynclinal, strongly 
metamorphosed sediments that grade southwards to coarser 
terrigenous facies. The major orogenic phase took place in the 
Upper Silurian. After peneplanation the Caledonian orogen 
was overlain by the famous Devonian Old Red Sandstones 
(ORS). 
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Limited uraniferous concentrations have been discovered in 
association with granitoids in the Northern Highlands-in 
particular, in association with the Helmsdale granite-in dis
crete veins. Uranium often appears in supergene minerals in the 
hexavalent form. 

Uneconomic uraninite mineralization (though with some 
high local contents) has also been reported in the Southern 
Uplands near Dalbeattie in a bismuth vein intersecting the 
contact zone of a granodiorite. In the lower part and at the 
bottom of the middle part of the ORS-in particular, in the 
extreme northeast of Scotland-resting on a metamorphic 
Precambrian basement intersected by Caledonian granitoids 
and syenites, are the main uraniferous occurrences in Britain. 
There appears to be a very strong correlation between uranium 
and the high content of the rock in phosphate or organic 
material. The concentrations vary between 200 and 300 ppm U 
in cumulative thicknesses of 10 or so m. Exceptionally, contents 
of up to 1000 ppm U have been found in a lO-m thick phos
phatic horizon. These sandstones cover a total area of around 
3000 km2 and extend to the north into the Orkney Islands. 
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Uranium districts of the Hercynian 

Uranium districts in leucogranites 
The term leucogranite refers to highly differentiated granites, 
of crustal origin, with an average mineralogical composition of 
some 36070 quartz, 27% orthoclase, 27% albite and 10% 
muscovite. In addition to their high potassium content, they 
present abnormally high contents of such lithophile elements as 
Be, Li, F, W, Sn, Th and U. The most representative area 
worldwide for this type of deposit is France, where the 
distribution of leucogranites is remarkable (Fig. 4). With a few 
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exceptions they occur along linear belts. The outcropping 
masses form a belt that runs from the western tip of Brittany 
to the central western Massif Central, with some minor 
branches. Inferred leucogranites, concealed by the Mesozoic 
southern margin of the Paris Basin, extend along a line east of 
Brittany to the Vosges. East of the Sillon Houiller, in the Massif 
Central, leucogranites are less developed and apparently 
randomly scattered. The spatial connexion between uranium 
districts (other than those bound to Permian or Palaeogene 
cover rocks) and outcropping leucogranites is conspicuous, 
even in the eastern Massif Central. 

., 

\ ......... ZRH 

200km 

Fig.4 Uranium deposits and concentrators in France: 1, Pontivy; 2, Pennaran; 3, Le Chardon, L'Ecarpiere (Ecarpiere); 4, Beaurepaire; 5, La 
Chapelle Largeau, La Commanderie, La Dorgissiere; 6, Le Bernardan (Mailhac); 7, Le Brugeaud (Bessines); 8, Bellezane; 9, Fanay, Le Fraisse; 
10, Margnac, Peny; 11, Henriette; 12, Hyverneresse; 13, St-Pierre du Cantal (Saint-Pierre); 14, Cerilly; 15, Grury; 16, Les Bois Noirs; 17, Coutras; 
18, Le Cellier, Les Pierres Plantees (Le, Cellier); 19, Mas Lavayre (St-Martin du Bose) . 

Geological key: 1, Icartian basement (Early Proterozoic); 2, basement with Caledonian structure (Brabant-Ardennes area); 3, Cadomian (pre
Variscan) basement; 4, Variscan orogenic domain (with hatching: aluminous leucogranite); 5, Internal Variscan (or Moldanubian) zone; ZST Saxo
Thuringian zone, ZRH Rheno-Hercynian zone; 6, Permian; 7, Mesozoic; 8, Palaeogene; 9, Neogene and Quaternary; 10, fault; 11, thrust; 12, 
thickness, km, of sedimentary cover; 13, deposit being mined, under development, mined out; 14, operating uranium mill 

144 



La Crouzille-Limousin type district 
Fig. 5 shows the general geological setting of the La Crouzille
Limousin district. The leucogranitic complex includes three 
units from west to east-the Briiine, St. Sylvestre and St. 
Goussaud granites. 

1+ + + + .1 Biot i te gran ite 

Gran i te -gneiss 

Sylvestre granite at 285 m.y. and, at the same time, mica-epi
syenitization created further sites of concentration of uranium 
and led to the dissolution of quartz and muscovitization of 
other minerals. Another type of episyenitization, more strictly 
bound to diaclases and fissures, consists in the dissolution of 
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Fig. 5 Geological sketch map of Saint Sylvestre massif. After Marquaire and Moreau29 and Ranchin36 

This complex is partly intrusive in the monzogranite
granodiorite of the Gueret complex (360-345 m.y.) (phase 
PI). There is disagreement with respect to the emplacement of 
the leucogranitic complex. On the one hand, according to 
Autran and Guillot,4 and, quite independently, Moreau,30 the 
Brame unit, characterized by a planar texture, was emplaced 
first (during phase P2) under parautochthonous conditions. 
The St. Sylvestre and St. Goussaud units, of allochthonous or 
diapyric type, were intruded during phases P3 and P4 (320-
300 m.y.). The contact zone between the Brame and St. 
Sylvestre granites is underlain by numerous pegmatite and 
aplite bodies. On the other hand, Lerol5 and, earlier, 
Chenevoy13 and Ranchin,36 considered that the whole leuco
granite complex was intruded during phase P2 in parautoch
thonous conditions. But, during phases P3 and P4, further 
tectonic magmatic (intrusion of the fine-grained Chateau
ponsac granite in the Brame unit) and deuteric processes have 
shaded off differentially the primary characteristics. In particu
lar, through an incomplete isotopic homogenization they 
deduced an age of 315 m.y. for the St. Sylvestre leucogranite. 

Leroy25 considered the contact between the Brame and St. 
Sylvestre granites as gradual. Unfortunately, a younger shear 
zone parting those two units obscures their relationships. 

Lamprophyre and microgranite dykes intruded the St. 

quartz, the formation of albite and/or microcline and hemati
tization. The latter is not related to mineralization. 

The main factors that control the mineralizing processes are 
listed below. 
(a) The significantly high uranium contents of these leu co
granites resulting from deuteric processes: this uranium occurs 
mainly as uraninite, which explains the abnormally low Th/U 
ratios. Table 1 shows these values within the three leucogranitic 
units. 

Table 1 

Leucogranite facies U, ppm Th, ppm Th/U 

La Brame 8.70-14.88 ?-12.67 ?-0.86 
Chateauponsac (fine- 18.24 8.71 0.41 

grained facies 
intrusive in Brame) 

St. Sylvestre 16.00-22.09 23.37-34.67 1.13-2.17 
St. Goussaud 14.90-21.20 18.11-26.27 0.85-1.75 

(b) This easily leachable uranium could have been remobilized 
during phases P3 and P4 processes. The thermal flow induced 
by the intrusion of lamprophyres and micro granites could have 
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produced convective systems in the aquifer as well as the rise 
of C02-rich fluids from the north-south fractures, thus 
increasing the dissolution of the uraninites of the granites by 
formation of uranyl carbonate. 
(c) The depression occurring in the micaceous episyenites and 
in the brecciated rocks (porosity effect) is responsible for the 
release of CO2 and the accompanying reduction of uranium 
from valency 6 to valency 4, thus resulting in the deposition of 
pitchblende, followed by that of pyrite and silica at tempera
tures of 345°C: contacts with lamprophyre dykes, involving an 
additional chemical factor, increase the rate of precipitation. 
(d) Following the C02 release, the convective cells are restored 
and contribute to the first reworking of pitchblende, which is 
thus altered into coffinite with simultaneous crystallization of 
quartz, montmorillonitization of muscovite (at temperatures of 
330-140°C), and deposition of fluorite, barite and calcite. 
(e) The succeeding decrease in temperature interrupts the con
vective system and the primary history of the deposits ends. 
(f) The further processes involve meteorological factors
erosion and weathering, with a climax during the Oligocene. 
They result in the production of ore bodies that associate 
Permian primary uranium ores with reworked secondary low
temperature minerals. 
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Fig. 6 Structural map, Siege de Fanay. After Leroy25 
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In the Limousin district all economic occurrences are re
stricted to the St. Sylvestre unit and, more precisely, to its 
western part corresponding to the less homogeneous zone 
where the pegmatites and aplites occur. 

Uranium orebodies present two main morphological types. 
The classical vein-like linear bodies result in the association of 
east-west directions with the northwestern. The resulting 
trends vary from WNW to northwest (Fig. 6). Only the east
west sections present mica-episyenite alteration. The same is 
observed in vertical sections (Fig. 1). When intersecting or partly 
following lamprophyre dykes, veins often present conspicuous 
uranium enrichment. This was the case of the famous Henriette 
orebody, which was the first economic deposit in France. It 
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produced 103 t U at an average grade of 31.21170 U. The ore was 
extracted from a column 250 m high with an average length of 
5 m and width of 0.40 m. Fig. 8 shows this exceptional 
morphology. 

The other variety of orebody is represented by mica-epi
syenite bodies, usually developed at the intersections of east
west and north-south fractures. This brittle and vesicular 
rock forms extremely irregular three-dimensional bodies able 
to exceed significantly 100 m in height. Fig. 9 shows such a 
typical body of the Margnac deposit of the La Crouzille district. 
They are sometimes vertically interrupted (Fig. 10). The main 
uranium-bearing minerals are pitchblende and coffinite. 

In both kinds of orebodies the deposition of pitchblende, 
associated with pyrite, is followed by a rapid precipitation of 
silica accompanied by hematitization. Then followed the 
deposition of marcasite and crystalline quartz, accompanied by 
a first reworking, producing coffinite. This stage ends with 
deposition of fluorite, barite and calcite. In general, the 
associated sulphides and gangue minerals are quantitatively 
insignificant. 

Other uranium districts related to leucogranites 
Other uranium districts assignable to this type are known in 
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France. The most important, from the resources viewpoint, is 
that of Vendee. As Fig. 11 shows, deposits in that district 
present a less intragranitic position. The bulk of resources 
occurs in the granite in the vicinity of the contact. But mineral
ization also occurs in the metamorphic country rock, again 
close to the contact, recalling the Iberian type examined later 
in this paper. Less important in size, but economically very 
important, is the Creuse-North Limousin district. East of the 
Sillon Houiller uranium mineralization in mica-episyenites is 
mined in the Langogne area. One of the ore bodies reveals 
remarkable development and shape (Fig. 12). 

Outside France the Krunkelbach-Menzenschwand in the 
southern Black Forest of the Federal Republic of Germany 
belongs to this type. 
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Uranium deposits in less differentiated granites 
This type is much less represented in the European Hercynian 
belt. But the most important individual vein-type mine in 
Europe, the Bois Noirs-Limouzat in the area of the Massif 
Central called Montagne Bourbonnaise or Forez (France), 
belongs to this type. 
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Fig . 9 Margnac Point 132: vertical and horizontal cross-sections of 
micaceous 'episyenite' oreshoot. After Leroy25 

Bois Noirs-Limouzat deposit 
The Lachaux-Bois Noirs granite is not characterized by any 
remarkable geostructural position, contrary to leucogranites in 
France, except that it also occurs in the Moldanubian zone of 
the Hercynian orogen. The country rock is a Precambrian 
(600-700 m.y.) metamorphic basement with 520 m.y. grani
toids and unconformably overlain by a non-metamorphic 
Devono-Dinantian sequence of shales and sandstones capped 
by Upper Visean rhyo-dacitic tuffs. This structure was invaded 
by three sets of granites between 335 and 300 m.y. ago-from 
south to north (Fig . 13) the typical syntectoni~ leucogranite of 
Vimont (300 m.y.), the equigranular Lachaux-Bois Noirs
Madeleine 'epileucogranites' and the large porphyroidal 
monzogranite of Mayet de Montagne-Arfeuilles. 

The term 'epileucogranite' was used by Moreau3o to qualify 
a variety of acid aluminous granites, poor in biotite, with some
times muscovite and tourmaline. They occur in pre-existing 
metamorphic and granitic basements, exhibit no evidence of 
diapirism and present some chemical and petrographical zoning 
with increasing Si-Na-K and decreasing Ca-Fe-Mg contents. 
They may result from the percolation of magmatic fluids at 
temperatures below the solidus. Uranium deposits are limited 
to the Bois Noirs epileucogranite, but significant occurrences 
are known in that of Lachaux. Both are intersected by 
numerous lamprophyre and micro granite dykes 316 m.y. old. 

Table 2 

Rocks U, ppm Th, ppm Th/U 

Leucogranite of Vi mont 8.4 11.6 0.7 
Epileucogranites (Bois Noirs) 7.4-11.9 32-33 3-4 
Monzogranites (Mayet de Montagne) 9.7 38.6 4 

Upper Visean rhyolites 6-7 40 4-6 
Lower Visean detrital shales 2-2.5 6-12 3-5 

The uranium and thorium contents of the different Hercynian 
granites and of the pre-existing Palaeozoic rocks are given in 
Table 2.30 

In comparison with similar data from Limousin the follow
ing remarks can be made: although the uranium contents of 
granites are significantly higher than normal, they remain well 
below those of Limousin; as the thorium contents are higher, 
the Th/U ratios are, in turn, significantly higher than the 
overall lithosphere average (with the exception of the Vimont 
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leucogranite); and similar values for uranium, but higher for 
thorium, are recorded for rhyolites, leading to higher Th/ U 
ratios. 

The bulk of the uranium in granites is contained in micas and 
heavy minerals. Uraninite (containing 3-15070 Th) is the major 
uranium-bearing mineraL 
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Fig. 12 Les Pierres Plantees (Lozere): morphology of main 'epi
syenite' oreshoot between surface and - 135 level. After Cariou 10 

The Bois Noirs deposit, now exhausted, produced some 
7000t U. Its maximum extension was 1500m and it was mined 
to a depth of 400m and drilled down to 520m. As Fig. 14 
shows, the deposit is related to a fracture complex, with a 
general northwest trend and with development of a stockwork 
southeast of shaft P3 between the 'filon toit' (hanging-wall 
vein)-BN6 system, dipping 70° northeast, and the 'filon-mur' 
(footwall vein) system, dipping 65° northeast. The major 
trends within the stockwork are close to east-west. 

Mineralization occurs (a) in east-west veinlets and veins 
varying from a few centimetres to a few metres in width: they 
occur together between levels 80 and 40 m and beyond up to the 
surface, forming a locally very rich stockwork, and (b) in the 
fractures of the 'filon-toit'-BN6 and 'filon-mur' systems, 
where mineralized veins show thicknesses from several metres 
to a few tens of metres carrying sooty pitchblende, hexavalent 
uranium minerals in a jasper and banded quartz gangue. 

Although uranium predominates, the elemental and ore
mineral associations are very broadly represented here. In 
addition, gangue filling and, mainly, silica are very abundant. 

Pitchblende, with some comb quartz, accompanied by 
pyrite, marcasite and lollingite, is introduced at the early stage. 
Then comes the bulk of hematitized jasper, brecciating the 
earlier pitchblende and partly reworking it as coffinite; galena, 
fluorite and then chalcopyrite accompany this stage. During 
further stages new generations of the same sulphides plus 
carbonates are introduced; later comes crystalline quartz with 
more sulphides, including bismuthinite (and native bismuth). 
During the final stages sooty pitchblende and hexavalent 
uranium minerals result from the alteration of primary ores. 

It is interesting to stress the marked difference between veins 
of this type of deposit, characterized by the abundance of 

gangue material, mainly hematitized jasper, alternating with 
crystalline comb quartz, often smoky, and the orebodies asso
ciated with leucogranites where gangue material is very scarce 
and veins look simply like shear zones in the granite. 

According to Cuney, 14 the Bois Noirs granite results from the 
anatexis of U- and Th-rich sediments under granulite-facies 
type conditions (800°C, weak partial water pressure, presence 
of C02). The alteration, enhanced by residual fluids of magma 
crystallization, of major and mainly accessory minerals, 
mobilized contained uranium. The uraniferous fluid phase then 
migrated and precipitated uranium contemporaneously with 
quartz-muscovite alteration. The thermal activity lasted from 
the intrusion of the granite (335 m.y.) until the intrusion of 
quartz porphyry (270 m.y.), inducing hydrothermal convective 
cells. The mixing of water, of probably meteoric origin, with 
the C02 from depth enhanced the dissolution of uraninite and 
its further transfer as uranyl carbonate, and east-west breccias 
were reopened and H2S circulated in the fractures. The pressure 
drop resulted in C02 release and oxidation of sulphides, thus 
producing the reduction of uranyl carbonates and, subse
quently, the deposition of pitchblende, pyrite and marcasite 
(between 77 and 100°C). Deposition of pitchblende still lasted 
some time with variations of temperature and composition of 
solutions. Pitchblende was then partly altered to coffinite. The 
later stages of weathering are attributable to the Oligocene 
tectonics with the formation of the per descensum supergene 
sooty pitchblende and coloured uranium minerals. 

Other districts 
As has already been mentioned, the type of deposit discussed 
here seems to present in Europe much less importance than that 
related to genuine leucogranites. Nevertheless, other districts, 
comparable with the Bois Noirs, are known in the Iberian 
Meseta, where they are often also related to the Iberian type of 
deposits described later. 

The well-known Urgeiri<;a and the neighbouring Cunha 
Baixa deposits in the province of Beira Alta in Portugal are the 
most important (of the order of 1000 t U) of this type of 
deposits in the Iberian Peninsula. In Spain the Los Ratones 
deposit in the Caceres district is almost of the same magnitude; 
Villar de Peralonso in the Ciudad Rodrigo district is only half 
as large. The even smaller deposit of La Virgen, in the Andujar 
district, is characterized by a larger proportion of copper. 

Uranium districts in perigranitic shales (Iberian type) 
In Europe the privileged zone of occurrence of this type of 
deposits seems to be the outer zone immediately bordering 
the inner zone of the Hercynian orogen, characterized by 
maximum metamorphism and granitization. It is, in particular, 
the case in the Iberian Peninsula, where these deposits are 
scattered within sub-zone (b) of the Central Iberian zone of Fig. 
1. In Bohemia, however, the Pribram and J achymov districts 
belong to the Moldanubian zone, though being attributable to 
the same type of deposit. 

Perigranitic deposits in Ciudad Rodrigo, Spain, and 
Nisa-Portalegre, Portugal, districts 
This type of deposit is frequent in the Iberian Meseta (or Iberian 
Hercynian Massif), but assumes economic importance only in 
the Nisa-Portalegre district and mainly in that of Ciudad 
Rodrigo (Fig. 15). Deposits of this type are distributed in the 
exometamorphic contact haloes of Hercynian granites, intru
sive in Lower Proterozoic shales, little or not modified by 
general metamorphism. Wherever such deposits have been 
identified the shales present, in some horizons, abundant 
evidence of organic material, generally transformed into 
graphite, at least within the contact-metamorphic haloes. The 
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Fig. 13 Geological sketch map of Montagne Bourbonnaise. I, Permian sedimentary rocks; II, Vi mont 
two-mica granite; III, Busset and La Guillermie granites; IV, Mayet-Arfeuilles-Droiturier granites; V, 
porphyritic microgranite cover; VI, fine-grained granites; VII, Madeleine granite; VIII, northern facies 
of Lachaux-Bois Noirs granite; IX, central facies of Lachaux-Bois Noirs granite; X, Devonian and 
Visean sedimentary rocks; XI, St. lulien-la-Vetre-south Bois Noirs granite; XII, metamorphic base
ment. Star (northwest of St. Priest la Prugne) is Bois Noirs-Limouzat deposit. After Cuney14 
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Fig. 14 Plan of Bois Noirs, 
level 240, Limouzat vein system. 
After FaUre16 

latter, of kilometre width, are formed of hornfels, with 
andalusite-cordierite schists carrying porphyroblastic con
centrations of sericite and muscovite and, in places, chlorite, 
biotite, quartz and graphite. 

Granites responsible for these haloes often contain intra
granitic uranium vein-type deposits, economic or not, wherever 
uranium concentrations were identified within those haloes. It 
is, in particular, the case for the Villar de Peralonso (Ciudad 
Rodrigo district), Tarabau, Palheiros de Tolosa occurrences 
(Nisa district) and, of course, Urgeiric;a and Cunha Baixa in the 
Beira Alta, where large low-grade uranium mineralization in 
shales is known in the southern contact area (Sinde-Azere). 
These deposits present three kinds of occurrence. 

, .. -- .... , 
( ~~ 'Central section' 

(a) In the immediate vicinity of the granite contact within a belt 
of some 1000-1500m: the contact itself is quite often offset 

... _--
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Fig. 15 Peri granitic deposits in Ciudad Rodrigo and Nisa-Portalegre districts. After Dardel et al.32 (1, uranium deposit; 2, town; 3, Pre
Ordovician schist-greywacke; 4, Silurian-Ordovician formation; 5, Caenozoic and Quaternary cover; 6, granitoids) 

by orthogonal faulting, so 'drawer-like' compartments of 
shales are 'pushed' within the granite, thus forming preferential 
sites of occurrence for uranium deposits. This is typical of the 
Alameda, Esperanza and Caridad deposits in the Ciudad 

Rodrigo district of Spain and Nisa in Portugal (Fig. 16). 
(b) In roof-pendants of shales within the granite the orebodies 
acquire a vein-like morphology. This is particularly true of the 
Senhora das Fontes deposit, north of the Guarda district (Fig. 

151 



- GrJnll~ pl">rph) wide. - PorpJn'fllh KrUll/It" 

RADIDACTlVIIE RADIOACTIVITY 

l. ~ 
3D 40 100 Chon ,I' neonda 

Counts per Second 

- (umplt.· 1,.' '1t..In'(I)·.F!-f.JU\\ 11,.J...t:U\. - ScJIIJI·XrJ.l'\\r.}e.'k{ C"mp!t.:x 

- GrJnlll'it gr.t.1Jl fin. - I-"Hu"gramt J wamh' 5 ~ FII,ln de qU.lrtf Qua,,: I','''' 
- Cornr.' .. 'nn .. ·, C'I .. dn."lc, mlluII:hc-h." fl I .1.111 .. • "'( lonl.: hro~ ".... ,",wit ""d lh('(/,- :mH 

lIomJdj (/11(/ S(hHh',J .s('/W(I 

Fig. 16 Nisa deposit. After Dardel et at. 32 

15), which produced about 90t U to some 100 m in depth. 
(c) Between a set of granite outcrops, but at relatively important 
horizontal distances (several kilometres) from them, as at Fe, 
the best-known deposit in Spain (Fig. 17). It occurs, however, 
in an area where the reappearance of the hornfels facies could 
indicate the vicinity of granite in depth. 
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In all these deposits uranium mineralization impregnates 
fracture zones or any kind of heterogeneity in shales, offering 
enough permeability for preferential circulation of solutions. 
This, at least, can be observed above the water-table, but 
exploration below it was not developed sufficiently to provide 
reliable information. Present known minable resources lie 
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almost completely in the oxidation zone within a vertical range 
of some 15-25 m from surface. 

In the Ciudad Rodrigo district, however, as well as in that 
of Nisa, some deeper drillings have reached levels between 100 
and 200 m from the surface: few have intersected steep veinlets 
of pitchblende. 

The bulk of the known resources in these deposits is formed 
of uranium hexavalent minerals-mainly autunite. Other 
supergene minerals are torbernite, ianthinite, kasolite, saleeite, 
sabugalite, coracite and gummites, but some pitchblende was 
identified in Fe (D zone) and Esperanza, and coffinite in those 
two as well as Caridad. Small amounts of sulphides (pyrite, 
galena, sphalerite, chalcopyrite and marcasite) were identified. 

This type of deposit is generally characterized by rather low 
grades (of the order of 1000 ppm U or even less), but resources 
may be quite important. 

In Nisa, where the horizontal extension is considerable (some 
4000 m) the resources are of the order of 2000 t of uranium, but 
they are several times larger in the Ciudad Rodrigo district, 
where part occurs beneath Tertiary cover rocks. 

The genesis of this type of deposit remains controversial, but 
the supergene theory has attracted more supporters. According 
to Fernandez Polo l7 and others, weathering and erosio_1. of the 
neighbouring granites during the Caenozoic enhanced the 
leaching of uranium, further deposited in topographic lows and 
in the brecciated zones close to granites, and resulting in super
ficial concentrations, without significant extension in depth. 
More recently, Moreau3o produced an interesting hypothesis in 
connexion with the Spokane deposit, Washington, U.S.A., 
which has quite similar characteristics. According to him, an 
enrichment of uranium in magmas occurred during the anatexis 
of the uranium-rich pre-existing sedimentary sequences (black 
shales, etc.). It was further concentrated in the residual fluid 
phase and later deposited (pressure release) in the hetero
geneities of the contact, uranium being associated with such 
high-temperature minerals as molybdenite and arsenopyrite 
and also magnetite. Later on this primary mineralization was 
redistributed to yield the present orebodies. 

Nevertheless, another effect of the granite intrusion may be 
evoked-that of· the high-temperature isotherms rising as 
thermal domes in a 'cold' environment close to the surface. 
Such thermal domes could enhance in the intruded sediments, 
rich in surface waters, convective cells mobilizing uranium 
from such rocks as black shales and concentrating it in some 
privileged zones as fractures and other heterogeneities. It is 
possible to imagine that this effect can be superimposed on that 
developed by Moreau. 3o 

The genetic model may have major significance for the 
identification of additional resources in these deposits. A very 
simple calculation shows that if pure pitchblende veinlets only 
1 cm thick were repeated at 20-m intervals, the uranium content 
of the whole rock volume would average 1000 ppm, which is the 
grade of the oxidized ores presently mined. Therefore, the 
presently known resources could possibly be increased several 
times in depth. It therefore appears highly desirable to under
take major scientific research on this type of deposit. 

Other occurrences 
The most interesting European uranium districts that contain 
comparable deposits occur in Czechoslovakia. The most similar 
is that of Pribram (Fig. 1), where mineralization is located in 
the exocontact halo developed in Eocambrian shales meta
morphosed into biotite, biotite-cordierite hornfels and 
andalusite-cordierite schists. In this area, however, fractures 
are discrete and, subsequently, uranium mineralization 
presents a steady continuity in depth and primary mineral
ization is widely developed. In addition, the paragenetic asso
ciation, much more diversified here, includes three phases: 

first, carbonates, quartz, Co-Ni sulphides and sulpharsenides, 
sphalerite and galena; second, carbonates and pitchblende; 
and, third, calcite and some pyrite. 

Minerals of the different phases may occur in separate veins 
or as a single orebody. There is no formal information available 
on the uranium resources of that district, but it is likely that 
they are important by European standards. 

The Jachymov district (Fig. 1) is less typical as the country 
rock had already undergone a general metamorphism. Uranium 
deposits again occur within the exocontact zone, developed in 
the metasediments, around an 'autometamorphic' late Car
boniferous or early Permian granite (probably submitted to an 
intense deuteric process). The orebodies are typically vein-like. 
The northeast veins contain the Ni-Co-Bi-Ag-U association. 
The northeast fractures present clay and quartz breccia fillings 
and at the intersections with the north-south fractures the 
five-metal association: plus Zn, again appears. 

Uranium vein-type deposits in metamorphic environment 
without apparent connexion with granites 

Tirschenreuth, Oberpfalz uranium district 
(east Bavaria, Federal Republic of Germany) 
The type of deposit dealt with here was generally ignored until 
recently, but the uranium occurrences discovered and presently 
under active investigation in the northern part of eastern 
Bavaria are, in our opinion, assignable to tqis type. The 
Tirschenreuth, Oberpfalz district, lies in the Saxothuringian 
zone of the western margin of the Bohemian Massif, against the 
contact with the Moldanubian zone. The country rock assem
blage is composed of late Precambrian and Cambrian for
mations from north to south (Fig. 18): (a) Cambrian flat-lying 
lustrous schists; (b) Precambrian biotite-sillimanite schists 
intruded by Assyntic granodiorite; (c) mica-schists; (d) 
cordierite-sillimanite gneiss interbedded with gneissic grani
toids and amphibolites; (e) cordierite-silicate gneisses. Units 
(c), (d) and (e) are intruded by Moldanubian elongated granites 
with northwest axes perpendicular to the northeast general 
trend of the area. The early ENE sub-conformable fracture 
system is offset by a dense system of northwest fractures. 

Two deposits were identified in unit (b)-Hohenstein, some 
1.5 km north of Poppenreuth, and Waldel, some 2 km north of 
Mahring. In turn, some 1.5 km north of Waldel, across the 
Czechoslovak border, the Dylen and Slatina deposits occur in 
the same geological unit. The area dealt with here is the western 
extension of the Czechoslovak uranium district of Marianske
Lazne. 

The Waldel deposit contains two mineralized structures: one 
is a north-south shear zone and the other is related to a north
west quartz vein. Uranium mineralization is contained in pitch
blende and coffinite, in close association with pyrite. Evidence 
of major reworking within the reduced zone was recorded. In 
the upper parts numerous hexavalent uranium minerals were 
identified. It seems that the Dylen deposit is also bound to a 
quartz vein. 

In the Hohenstein deposit mineralization is related to frac
tures and, preferentially, to intersections of fractures. The 
main uranium-bearing mineral is pitchblende (with coffinite). 
Again, evidence of major reworking is recorded. It would be 
unwise at this stage to propose genetic assumptions regarding 
these deposits, more information and much more scientific 
research being required. As uranium mineralization is dis
covered in other districts of this eastern Bohemian Massif 
margin, and as reconnaissance programmes are still in pro
gress, we are hopeful that a better knowledge of this interesting 
area will soon be acquired. 

Uranium deposits in Stephanian sediments 
Uranium deposits associated with sedimentary rocks in general 
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Fig. 18 Geological-tectonic map of Saxonian-Thuringian-Moldanubian border. I, Tertiary; 2, granite 
of Falkenberger Massif; 3, 'Moldanubian' granite; 4, Redwizite; 5, Cambrian micaceous schists; 6, quartz 
vein; 7, fault; 8, diaphthorites II, phyllonites; 9, Assyntic granodiorite; 10, biotite and sillimanite Pre
cambrian micaceous schists and biotite, muscovite and sillimanite schists; II, muscovite and biotite gneiss; 
12, amphibolites; \3, marbles; 14, hornfels; 15, siliceous metaschists; 16, graphitic rocks; 17, granitoid 
gneiss; 18, cordierite and sillimanite gneiss associated with diaphthorite gneiss; 19, cordierite and sillimanite 
gneiss . After Stettner42 

are numerous and vary in terms of location, type and age of 
their surroundings. They are found in a number of places in 
Europe-for example, in the Ranstad, Sweden, Cambrian 
carbonaceous shales, in the Mullenbach, Germany, Stephanian 
sandstones and carbonaceous siltites, in the Lodeve, France, 
Permian lutites and siltites and in the Permian to lower Tertiary 
sandstones in many other localities. 

Miillenbach deposit, Baden- Wiirtemberg, 
Federal Republic of Germany 
The Mullenbach deposit occurs in the small Triassic-Carbon-

Carboniferous basin of Oos- Salle (180 km2) on the northern 
border of the Variscan Blac'k Forest Massif . The following 
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materials have been deposited on a granitic basement (For bach 
two-mica granite, 293±2 m.y.; Fig . 19). 
During the Upper Carboniferous (Stephanian), more or less 
coarse light arkoses with conglomerates (granite, quartz and 
rhyolite pebbles), and finer-grained sediments (grey-blackish 
siltite, sandstones rich in carbonaceous material); the minimum 
thickness of the Stephanian is 250 m. 
During the Permian, first, Autunian conformable red clays 
with some grey interbeds (a few tens of metres); then a thick 
rhyolitic unit ( - 150 m thick); and, finally, an unconformable 
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conglomeratic unit (rhyolite, including red clay brindles). 
During the Triassic, non-feldspathic sandstones. 

The sedimentary cover reaches a thickness of some 2000 m 
in the centre of the basin and 125 m above the deposit. Uranium 
mineralization occurs mainly in the Stephanian, especially in 
carbonaceous siltites and argillaceous sandstone lenses with 
organic matter, at the contact between both layers. Mineral
ization occurs conformably or as scattered clusters, uranium 
being contained in pitchblende, coffinite, autunite, torbernite, 
heinrichite and uranophane. 

Also worthy of mention is a deposit in carbonaceous shales 
of similar age at St. Hippolyte, Haut-Rhin, France. 

Uranium deposits in Permian and Triassic sediments 

Deposits of Lodeve, Herault, uraniferous district
Mas Lavayre and Mas d'Alary 
Present-day reserves in the Lodeve area amount to some 
20000 t of uranium contained in ores with an average content 
of 0.2070. 
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In this district the deposits occur in the Permian basin of 
Lodeve in the folded north Pyrenean foreland on the eastern 
border of the Montagne Noire. The basin has an area of about 
150 km2 and is a diamond-shaped, southwest-northeast
trending depression, 26 km long, dominated by the 200-300 m 
high Jurassic limestone plateau (Figs. 20 and 21). 

The Permian cover rests unconformably on a schistose Pre
cambrian basement with rhyolitic tuff, sometimes overlain by 
Cambrian sandstones and. dolomite. The Permian of Lodeve, 
which is roughly 2000 m thick, is mainly composed of 600-
700 m of Autunian sediments (lower third, grey; middle, grey 
and red; upper third, red) and 1300 m of slightly unconform
able, entirely red, Saxonian sediments. With the exception of 

a few tens of metres of coarse sediments at their base (con
glomerates and sandstones for the Autunian microconglomer
ates and sandstones for the Saxonian), the Permian sequences 
are composed of remarkably fine-grained deposits. The 
Autunian sequence in the Lodeve basin is characterized by its 
specially fine grain (mostly arkosic siltites with carbonates), 
cyclic depositional features, lateral regularity and the presence 
of sulphates and boron. During Autunian time there was an 
abrupt evolution from an originally predominating saline 
environment to a flood plain with a few saline intercalations. 
The Autunian of the Lodeve area is thus composed of unitary 
sequences (more than 70) a few metres thick (Fig. 22). Each of 
these includes (from bottom to top )23,24 grey arkosic siltites, 
mostly tidal; dark bituminous laminites of lagoonal origin 
(relics of sulphates and rock salt), sometimes with cineritic 
levels; their evaporitic top is invaded by dolomite; green 
paludal argillites; and red argillaceous siltites from flood plains 
with sandstone-like fillings in channels, 

The Saxonian sequence follows a red conglomerate, slightly 
unconformable with the Autunian; it is composed of a sandstone 
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pelitic unit (about 100 m thick) followed by a thick monotonous 
unit of red argillaceous lutites. 

In the Lodeve basin the Permian age shows an equatorial 
climate with cycles of dry and wet seasons. The Permian pile 
underwent a strong diagenesis, characterized by a tight com
paction accompanied by fracturation of the palaeo-reliefs and 
palaeo-channels, segregation of the alkaline elements (pot
assium in the grey facies, sodium in the red), disappearance of 
volcanic glass, crushing of some clays and presence of oil in the 
laminites. During a north-south tension phase the recurrent 
late Variscan wrench faults controlled the subsidence of the 
basin, which then developed into a semi-graben. The sediments 
were progressively tilted as they deposited (I5-200S).38 Prior 
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to the deposition of Trias a number of tension periods reacti
vated the Permian faults. During the Eocene north-south 
compression produced thrust and transcurrent faults and 
folding along pre-existing discontinuities. 

The major mineralization at Mas Lavayre occurs in the 
Autunian grey or grey and red alternating units. The uranifer
ous mineralization23 is found in trap structures and drainage 
systems; in ass.Jciation with hydro carbides apparently younger 
than the mineralization itself; and in the form of oxides 
(uraninite) or silicates (coffinite, complex silicates similar to 
clay minerals and zirconium silicates) invariably associated 
with titanium: zirconium is found at the bottom and molyb
denum at the top of the sequence. Three types of mineralization 
were noted: 6 the early diagenetic mineralization (1 % 0 f reserves) 
in the form of large areas in the bituminous laminites of the red 
Autunian; the late diagenetic mineralization (10% of reserves) 
associated with molybdenum, which could result from the trap
ping of uranium contained in volcanic glass, montmorillonite, 
red sediments, in the vicinity of synsedimentary fractures, and 
in the bituminous laminites and grey arkosic siltites at the 
contact with nascent oil; and the epigenetic mineralization-the 
major and richest resources-related to pre-Triassic fracturing, 
which occurs as long thin belts, sometimes as accumulations, 
along the faults. 

Deposits of Cerilly, Allier, uranium district 
Present resources of the deposits around Cerilly (Lombre, 
Ainesse) amount to some 1500t of uranium in ore averaging up 
to 1% U. 

The Lombre deposit is located on the northern margin of the 
Massif Central, at the western border of the large Aumance 
basin (500 km2) in the subordinate Permian basin of Cerilly 
(50 km2) (Fig. 23). 

The argillaceous fluviatile detrital sediments of the Cerilly 
basin rest on a granitic basement. They are cut by a marine 
sequence (Early Mesozoic) of the southern rim of the Paris 
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Basin (Fig. 24). At Cerilly, the Autunian reveals (from bottom 
to top):9 a conglomerate with arkosic matrix (Mont con
glomerate), O-lOOm thick; a grey Autunian (maximum thick
ness, 150 m) mostly composed of inter bedding sandstones, 
siltites and clays, including two beds enriched in organic 
material; and an upper Autunian, composed of a unit with 
dominant red clay and ash-like kaolinitic sandstones. 

Ul 

« 0"",,0."0 <> <"Q 
~ ~OQOOdQOClO~ 0 

_~ ____ ~:OQ~oa~o~ ~::~:c 
--------
, . ' . .,;;:, - ~-. ,',,::, .' ~ . " Claystane, siltstone 

with sandstone 

Congl'Omeratic sandstone 

leucogranite congLomerote 

Fig.24 Synthetic succession in Cerilly basin (Allier). After COGEMA 
unpublished work and Capus9 

In the Cerilly basin Autunian sediments are immature and 
arkosic, but in the Aumance basin they are much more mature 
and are developing into lutites. The grey Autunian sediments, 
which carry the uranium mineralization of the Cerilly basin, 
arise from a torrential scattering type over the marginal swamps 
surrounding the edge of a larger basin (Aumance) during an 
active tectonic period (Fig. 25). The immature character of the 
sediments involves rapid transportation and weak mineral 
diagenesis. The palaeo-burial of these sediments is unlikely to 

be more than 200-300 m. 6 

The mineralization at Lombre occurs in lenticular orebodies 
associated with meandering fluviatile channels (Fig. 25). 
According to Brulhet et al., 6 the loci of concentration occur 
along the banks (mainly on the convex banks where meander 
bars penetrate the silty surrounding environment enriched in 
organic materials) at the bottoms and tops of the channels. 
Mineralization occurs within fine-grained sediments with 
organic material, containing the channel system, but often 
extends into sandstones and conglomerates when enriched in 
iron sulphides and organic matter (synsedimentary or resulting 
from an early migration). The high grades are to be found in 
indentations of coarse sandstones into carbonated sediments 
and greenish lutites layers containing organic mattet specks. 

The fine-grained levels with organic matter are barren where 
they occur far from the fluviatile channels (a few tens of 
metres). The mineralization occurs as pitchblende and coffinite 
specks. 

Other districts 
In the European Permian sandstones other deposits occur in the 
Mecsek Mountains, Hungary, Zirovski Vrh, Yugoslavia, and 
K6nigstein, German Democratic Republic. 

To date, only a small number of deposits are known in 
Europe in Triassic sandstones; the only notable prospect is 
located at Mazarate in the Guadalajara Province of Spain. 
Mineralization occurs in Lower Triassic red arkosic sandstones 
rich in volcanic debris and organic matter. Uranium appears as 
pitchblende and sooty pitchblende in reduced facies. 

Uranium deposits in Cretaceous and Palaeogene sediments 

Hamr deposit, Czechoslovakia 
The Hamr deposit occurs in a Cretaceous basin of the Bohemian 
Massif, in Cenomanian sandstones of continental to epicon
tinental facies. Uraniferous mineralization occurs in coarse 
sandstones interfingered with siltites, covered with lutites, in 
local depressions and generally close to the unconformity. The 
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Fig. 25 Schematic cross-section of Lombre deposit (Allier) . I, Sandstone and conglomerate (fluviatile channel); 2, siltstone and finely laminated 
sandstone, lutite, sandstone tongues (lateral and paludal organic matter-rich sediments); 3, uranium ores . After Brulhet et a/6 

average uranium content is as high as 0 .2070 and the main asso
ciated elements are titanium and, more notably, zirconium, 
which are more concentrated than uranium. 

In the vicinity of the basaltic intrusives the boundaries of the 
deposits are locally parallel to them. 

Saint-Pierre du Canta! deposit, Canta!, France 
The deposit is located in sand lenses of a small Oligocene 
outlier. Present reserves are only 200t, 1800t of uranium 
having already been extracted at an average grade of 0.14% U. 
The Saint Pierre Oligocene outlier (3.5 km2), preserved in a 
small rift valley trending NNW-SSE, rests on a peneplaned 
basement of metamorphic rocks and intrusive granites. The 
outlier is, on average, 20-30m thick in the area of the 
deposit. 11 It is composed of a channel-shaped sandy member, 
additionally characterized by the occurrence of kaolinite and by 
considerable alkali leaching, and a silty argillaceous member, 
characterized by the stability of the inherited biotites and by the 
predominance of montmorillonite in a less leached and more 
alkali environment. 

Both detrital members interfinger and progressively merge. 
They can be interpreted as fluviatile deposits of meanders over 
a flood plain. The uraniferous mineralization is totally con
trolled by sandy lenses of the channel-shaped member, two
thirds of the metal occurring in the lower sequence and the 
remainder in the upper. Uranium-bearing species are mainly 
phosphates and vanadates (francevillite-tyuyamunite, autunite, 
uranocircite); uranium is associated with selenium, arsenic, 
zinc and lead. 

Coutras deposit, Gironde, France 
In the north of the Aquitaine basin the Coutras deposit is 
located in Eocene argillaceous sandy sediments. Reserves 
amount to some 20000 t U. This deposit, quite considerable in 
itself, is also particularly interesting in that it indicates that 
similar deposits may occur in formations that, to date, have 
seldom been prospected in Europe. 

Uranium districts in the Alpine 
At the present stage of reconnaissance at least, a striking 
feature of the Alpine orogen, from Western Europe to the Far 
East, is its paucity of uranium deposits and, with few excep
tions (Siwaliks Formation in Pakistan, India, Bangladesh), 
almost all the Alpine uranium resources are located in Europe. 
Again, all the major deposits are found in Permian cover rocks 
that overlie Hercynian basement fragments. It is true that this 
setting does not occur east of Turkey in the Alpine Belt; in 
addition, the richest section of this belt in Europe is that of the 
Carpathian-Balkan region. We consider here as genuine 
Alpine uranium mineralization the deposits genetically related 
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to the Alpine orogeny, that is uranium concentrations in meta
morphic Permian sediments, in Alpine intrusives and in 
Tertiary and Pleistocene-Quaternary volcanics. 

Uranium deposits related to Permian voJcanosedimentary 
cover rocks 
The best examples are those of the deposits of Novazza and Val 
Vedello in Italy. 43 Ruzicka3? has described a deposit of this type 
in the Czechoslovakian West Carpathians-Spis-Gemer. 

The volcanosedimentary Permian sequence overlies uncon
formably Middle Carboniferous graphitic shales. It contains 
basal conglomerates, sandstones and siltstones and is inter
bedded with tuffaceous horizons. The whole set was folded and 
faulted after ore deposition. 

The volcanic activity was followed by pneumatolytic and 
hydrothermal processes. Mineralization occurs in tuffites, 
quartz porphyries and arkosic shales and is represented by 
pitchblende, molybdenite, chalcopyrite, tetrahedrite, galena, 
sphalerite, arsenopyrite, magnetite, ilmenite, hematite and 
supergene minerals . Surprisingly, according to Ruzicka,3? 
there is no host-rock alteration. 

Uranium districts related to Permian sedimentary cover rocks 
A remarkable feature of European uranium geology is that, 
wherever continental or epicontinental Permian cover rocks are 
found, they contain uranium occurrences often of economic 
value. Apart from Italy,43 many other areas can be men
tioned. 28 Well known is the Yugoslav deposit of Georenja 
Vas-Zirovski Vrh in northern Slovenia. 

The Permian here is in an unusual position, forming, to
gether with the Permo-Carboniferous, an overthrusted pile of 
sheets lying on autochthonous Triassic carbonate rocks, sub
sequently folded and faulted. The deposit is in the Middle 
Permian so-called Groeden beds-sandstone, siltstone, clay 
and conglomerate. Their general colour is red, but in the lower 
parts grey and greenish facies occur, often with red inter
calations. This last setting is characteristic of the mineralized 
section. The grey sandstone sequences are formed of three 
sedimentary cycles, uranium occurring in the upper, which 
starts with brecciated red conglomerate, resting on the red 
clastics of the top of the preceding cycle and followed by cross
bedded sandstones that contain organic matter and mineral
ization. Stratification is often obscured by tectonic cleavage of 
the rocks. The orebodies present very complicated'S' vertical 
sections resulting from the overthrusted emplacement of this 
sheet (Fig. 26). The foot- and hanging-walls of the orebodies 
are accompanied by red interfaces. In addition to this mor
phological complication, the distribution of the ore bodies is 
very irregular. Mineralization is bound to three to five 
lenticular bands separated by interbeds of red slaty sandstone. 
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Fig. 26 Geological cross-section through Zirovski Vrh uranium 
deposit (recent interpretation). After Lukacs and FlorjanCic2S 
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deposit (recent interpretation). After Lukacs and FlorjanCic2B 

Uranium is contained mainly in pitchblende, impregnating 
the matrix of the sandstone with arsenopyrite, pyrite, galena, 
chalcopyrite and supergene minerals. There is a marked corre
lation between organic material and ore. The generally accepted 
genetic assumption is that uranium was primarily introduced in 
the sediments while they were being deposited or still lay in their 
original basin. It was redistributed later as a result of consider
able tectonic deformation. 

Deposits related to detrital Permian in the Alpine region of 
Europe are known in the Mecsek Mountains in the Pannonian 
Basin of Hungary and also in the southern and eastern 
Carpathians of Romania. 

Uranium deposits related to Alpine granitoids 
The single deposit of this type in the European Alpine occurs 
in an unspecified area of the Romanian Carpathians. 31 The area 
is built up of a pile of overthrust sheets on a crystalline base
ment partly covered by autochthonous Mesozoic carbonates. 
The lower sheet is formed of the same Mesozoic carbonates, 
followed by a Permian nappe of continental detrital Permian 
rocks interbedded with clay and rhyolitic volcanics. At the top 
occur two further sheets of crystalline rocks, the total thickness 
being 6000 m. The pile is intruded by an intermediate to acid 
volcanic complex followed by plugs of dioritic or alkaline 
granites (locally known as banatites) and, later, by lampro
phyre, andesitic and quartz-porphyry dykes and sills. 

Deposits of different elements are related in that area to 
magmatic activity-U, Mo, Bi, Cu, Pb, Zn and B. Uranium 
deposits occur as conformable lenticular orebodies made up of 
vein disseminations or stocks. Mineralization was preceded by 
strong alteration processes, including diopsidization, albitiz
ation, epidotization, zeolitization, chloritization, sericitization 
and silicification. The ore bodies occur either in the meta
morphic schists or in the Permian (and Werfenian ?) grey 

sandstone packs enclosed within red sandstones. There is no 
indication of the economic importance of the deposits. 

Uranium deposits in epimetamorphic schists 
Occurrences of this type were identified in the early 1950s in the 
Italian Western Alps and in the Savoy region of France. None 
has proved to be of economic value. More recently, the Forstau 
deposit in the Austrian Alps in the eastern margin of the famous 
'tectonic window of the Hohe Tauern' was discovered. 

Regional tectonic structure is extremely complicated: very 
roughly it can be represented as a huge pile of overthrust com
plexes of, from bottom to top, Helvetic nappes: non-meta
morphic Trias; Lower Austro-Alpine nappes, the central zone 
of which contains the uranium-bearing Permian schists; Upper 
Austro-Alpine nappes (Triassic carbonates); super-Alpine 
nappes (Triassic special facies); and Dolomites (Julian Alps/ 
Triassic limestones and marls). 

The Forstau deposit occurs within a narrow west-east belt 
of Permian schists, dipping 50-60 0 N and containing uranium 
anomalies along an extension of some 10 km. A 4-km section 
was explored by drilling and a 1000-m section by underground 
workings. Lenticular orebodies present horizontal extensions 
up to some 100m and are contained in a belt 1O-20m thick. 
Unfortunately, the average grade is rather low ( -700 ppm U); 
resources may exceed 1000-2000t U. 

The mineralized Permian varies from quartz schists to 
sericite (phengite) and chlorite schists. Mineralization, empha
sized by hematitization, is formed of microscopic pitchblende, 
a titaniferous uranium mineral (uranium-titanium hydroxide 
(?» with pyrite (and tetrahedrite (?». 

According to Petrascheck and co-workers,34 the uranium 
mineralization could derive from an original preconcentration 
in Permian black shales subsequently remobilized during the 
Alpine metamorphism. 

Owing to the persistence of reducing conditions the displace
ment from the original site to that of deposition may have been 
rather short and uranium reconcentrated in the shear zones and 
hinges of folds. According to M. Moreau (personal communi
cation), these remobilizations and reconcentrations result from 
the pyrite-hematite buffer effect. Moreau compares this 
deposit with the Savoy occurrences, where the even stronger 
reducing conditions have more greatly limited the lengths of 
transfer. 

Uranium deposits related to Tertiary and 
Pleistocene-Quaternary volcanics 
The deposits linked to Pleistocene-Quaternary volcanics in 
Latium are not described here as they are dealt with elsewhere 
by Tedesco.43 

Deposits related to the Tertiary volcanics are limited in the 
European Alps to the Macedonia area, where the main occur
rence is that of Zletovska Reka in southeast Yugoslavia. This 
area is located in the northwest of the Rhodope Massif, which 
is a fragment of the cystalline metamorphic Hercynian base
ment. It underwent major volcanic activity from the Eocene, 
which developed in three phases. 35 The first phase was charac
terized by andesitic flows covering extensive areas, accom
panied by pyroclastics (tuffs, breccias). The second phase 
produced dacitic ignimbrites and the third corresponds to the 
intrusion of green, partly propylitized, andesites and dacite, 
latite, dacite-andesites and even quartz monzonite. The area 
was submitted to strong faulting, to which the volcanic activity 
was related, with major trends NNW and ENE-EW with very 
steep dips. 

Hydrothermal activity was controlled by the NNW trend in 
respect of sulphide deposits (mainly Zn-Pb), but the uranium 
deposits of Zletovska Reka were controlled by the ENE-EW 
system. 
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Alteration is intensely developed-propylitization, carbonit
ization, argillitization, chloritization, sericitization, silicifi
cation, alumitization and zeolitization. 

Uranium mineralization is mainly pitchblende, occurring as 
veinlets and stains along fracture zones. It is accompanied by 
sphalerite and, sometimes, by pyrite and galena. 

The deposit is of rather low grade-a few hundred ppm-and 
publicly stated resources are of several hundred tons of 
uranium. 

Concluding remarks 
In comparison with each of the major uranium provinces that 
of Europe is not insignificant (see De Vivo and Ippolito).44 
Some 35 years after the start of nuclear energy development 
entire European geological megastructures remain virtually 
unexplored-the Caledonian orogen and its cover rocks, the 
Fennoscandian Shield, Hercynian outcrops in Germany, Italy 
and their cover rocks, the Western Alpine orogen, etc. In recent 
years a considerable effort has been made, strongly supported 
in most member states by a European Economic Community 
subsidy system. Favourable results can therefore be expected 
within the next few years. Many types of deposits may be 
discovered and special attention should be devoted to the 
variants of vein-type deposits in general metamorphic environ
ments. In spite of the fact that they are usually much more diffi
cult to identify and define at our present stage of experience, 
they appear to be quite promising for the future. 

Naturally, deposits related to fine- and coarse-grained 
detrital sediments may conceal large additional resources in 
Europe. Again, it appears that in our province the ore controls 
may considerably differ from the conventional controls that 
characterize the North American scene. In addition, economic 
concentrations are necessarily hidden by more or less thick 
barren rock or water cover. Even in better explored areas, such 
as France, new resources in such conditions can be foreseen. 
They are, nevertheless, almost inaccessible with present tech
niques. A tremendous effort in the field of uranium geology 
and exploration techniques is therefore necessary. Equally, 
significant progress in ore-treatment processes could rehabili
tate not insignificant resources in the refractory or argillaceous 
ores that exist in Europe. 
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Uranium in the economics of energy* 
B. De Vivo 
Centro di Studio per la Geocronologia e la Geochimica delle Formazioni Recenti, CNR, Istituto di Geochimia, Rome, Italy 

F. Ippolito 
Istituto di Geologia e Paleontologia, Rome, Italy 

Studies into the use of fissile elements and uranium for the 
production of atomic weapons in particular and of energy in 
general were initially kept a strict secret when research was 
begun during the second world war. Even after the war, until 
1952, the U.S.A., which possessed almost all the scientific and 
technological information on the refining and uses of uranium, 
kept its knowledge even from its most loyal allies. The 
MacMahon Act forbade the U.S.A. from giving any help, 
which included the transfer of information and technology, to 
any other country. 

American policy was rapidly changed, however, when the 
Russian thermonuclear explosion in 1953, preceded to a lesser 
degree by progress in work carried out in England, France and 
Scandinavia, showed clearly that the American monopoly had 
come to an end. 

In December, 1953, President Eisenhower, in his historic 
speech at the United Nations, announced his' Atoms for Peace' 
programme, and the UN became the promoter of the first world 
conference, held in Geneva in the summer of 1955, on the use 
of nuclear energy for peaceful purposes. From 8 to 20 August 
of that year 1700 delegates, 3000 observers and some 1000 
journalists exchanged technical and economic information on 
all the problems connected with the use of nuclear energy in 
peace time, mainly for the production of electrical power. 
Thus, all the barriers that until then had existed in this field 
were broken down. Reserve was maintained, however, in two 
fields-those of military application and, among the Soviet 
bloc countries, the quantitative evaluation of uranium (and 
thorium) mineral resources. 

As a result of this change in policy, the second UN Geneva 
conference, held in 1958, led to the creation of IAEA (Inter
national Atomic Energy Agency), which was intended to be a 
kind of 'uranium bank' with responsibility for the inspection 
of the safety of all nuclear plants in use in various countries to 
guarantee the use of uranium for 'peaceful' purposes. At the 
same time the 1958 Rome Treaty, signed by the six European 
countries that had previously combined to form the European 
Coal and Steel Community (ECSC) , led to the establishment of 
the European Atomic Energy Community (EAEC). 

Both the ECSC and the EAEC were later amalgamated in the 
vaster and more comprehensive European Economic Com
munity (EEC), of which ten countries are now members. In the 
euphoria of the detente of the late 1950s, however, neither the 
IAEA nor the EAEC-Euratom-developed in the way that 
their founders had intended. 

Among the various aims that were associated with the 
launching of the 'Atoms for Peace' programme the U.S.A. 
clearly intended not only to achieve an industrial and com
mercial exploitation, in a monopoly regime, of the technology 
stored up in the military field but also to control the industrial 
development of the other countries, though at that time there 
was not a high demand for nuclear energy, oil dominating the 
energy scene with a market price of about $2.00 a barrel. This 
state of affairs was abruptly turned upsidedown with the 1973 
Arab-Israel crisis, when the price of oil began to soar, 
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automatically rendering nuclear energy competitive. * 
The American trend conflicted strongly with the interests of 

the other industrialized countries, however, since many of them 
had acquired, in a little more than a decade, the necessary 
technology and technicians to compete in the world markets 
with American industries. 

This possibility of competing technologically with the 
U.S.A. meant that some of the countries, by carrying out 
national nuclear programmes, were not confined to a sub
ordinate political role. This happened, though, where strong 
and farsighted politicians took the right decisions at the right 
time, whereas other industrialized countries are still paying for 
not selecting the 'nuclear' option during the 1960s after the 
euphoria of the preceding years, and they are forced to accept 
a subordinate economic and political role. 

In that regard the case of Italy in emblematic. In 1963 that 
country already had three nuclear power plants, which indi
cated possession of an advanced nuclear technology. Never
theless, because of refusing the 'nuclear' option, despite the 
lack of conventional sources of energy, Italy became an im
porter country, subject to heavy restrictions as regards its own 
industrial development. 

In this regime of competition orders for the construction of 
nuclear power plants awarded to the U.S.A., which still main
tains an important supremacy over other countries in terms of 
availability of uranium, advanced technology and enrichment 
plants, decreased from 850/0 in 1972 to 40% in 1976. 

Time has shown quite clearly that the continuous oil crisis 
makes recourse to uranium more and more necessary, but the 
quantitative and qualitative expansion of nuclear power plants 
has led to greater reflection on the problems that surround 
nuclear energy. In this sense the anti-nuclear movement has not 
been completely negative as it has prevented attention from 
being focused exclusively on nuclear energy and has shown the 
importance of other energy sources-which are, however, 
integrative not alternative-such as solar and geothermic and 
a return to coal. 

Reserves and resources 
Uranium, relatively abundant in the earth's crust, being present 
on average at a concentration of 4 ppm, is also present in sea 
water at concentrations of the order of 0.003 ppm. Enormous 
resources of uranium are therefore available, ocean waters 
containing an amount equal to some thousand million tons. 
The effective available uranium resources are, however, esti
mated on the basis of deposits that contain higher concentrations 
from which uranium can be extracted at various costs, though 
not more than $130/kg. On this basis the 'reasonably assured' 
and 'additional estimated' uranium resources are shown in 

*Since 1958, however, the results of a study carried out in Italy and 
sponsored by the World Bank (IBRD) were presented at the second 
Geneva conference. The study predicted the cost of nuclear-generated 
electricity becoming competitive with that of oil-generated electricity 
within a few years. Hence, on the basis of this study, italy was granted 
a loan by the World Bank for the construction, by means of inter
national tender, of a 150-MW nuclear power plant. 



Tables 1 and 2 for different geographic areas. The data are ex
pressed in physical (tons) and not energetic units as, for 

Table 1 Reasonably assured resources, ton x 103 U I 

Total at 
Cost range <$80/kg U $80-130/kg U <$130/kg U 

Algeria 
Argentina 
Australia 
Austria 
Brazil 
Canada 
Central African Republic 
Chile 
Denmark 
Finland 
France 
Gabon 
Germany, 

Federal Republic of 
Greece 
India 
Italy 
Japan 
Korea, Republic of 
Mexico 
Namibia 
Niger 
Portugal 
Somalia 
South Africa 
Spain 
Sweden 
Turkey 
U.S.A. 
Zaire 

Total (rounded) 

26 
25 

294 
o 

119.1 
230 

18 
o 
o 
o 

59.3 
19.4 

1.4 
32 
o 
7.7 
0.04 
2.9 

119 
160 

6.7 
o 

247 
12.5 
o 
2.5 

362 
1.8 

1747 

o 
5.3 

23 
0.3 
o 

28 
o 
0.02 

27 
3.4 

15.6 
2.2 

4 
4 
o 
2.4 
o 

11 
o 

16 
o 
1.5 
6.6 

109 
3.9 

38 
2.1 

243 
o 

546 

26 
30.3 

317 
0.3 

119.1 
258 

18 
0.02 

27 
3.4 

74.9 
21.6 

5 
5.4 

32 
2.4 
7.7 

11.04 
2.9 

135 
160 

8.2 
6.6 

356 
16.4 
38 
4.6 

605 
1.8 

2293 

Table 2 Estimated additional resources, ton x 103 U I 

Total at 
Cost range < $80/kg U $80-130/kg U < $130/kg U 

Argentina 
Australia 
Austria 
Brazil 
Canada 
Chile 
Denmark 
Egypt 
France 
Gabon 
Germany, 

Federal Republic of 
Greece 
India 
Italy 
Mexico 
Namibia 
Niger 
Portugal 
Somalia 
South Africa 
Spain 
Sweden 
United Kingdom 
U.S.A. 
Zaire 

Total (rounded) 

3.8 
264 

0.7 
81.2 

358 
o 
o 
o 

28.4 
o 

1.5 
2 
0.9 
o 
3.5 

30 
53 

2.5 
o 

84 
8.5 
o 
o 

681 
1.7 

1605 

9.6 
21 

o 
402 

6.7 
16 
5 

18.1 
9.9 

7 
5.3 

24.2 
2 
2.6 

23 
o 
o 
3.4 

91 
o 

44 
7.4 

416 
o 

1115 

13.4 
285 

1.7 
81.2 

760 
6.7 

16 
5 

46.5 
9.9 

8.5 
7.3 

25.1 
2 
6.1 

53 
53 

2.5 
3.4 

175 
8.5 

44 
7.4 

1097 
1.7 

2720 

uranium, the 'calorific power' cannot be defined unequi
vocally. 

On the basis of these estimates Western countries (the 
resources of the U.S.S.R., China and Eastern Europe are not 
known) should be able to count on about 5000000 ton of 
uranium that can be extracted at costs of not more than 
$130/kg, of which about 3300000 ton is extractable at costs of 
less than $80/kg. 

The OECD-IAEA estimates l agree with those which were 
presented at the World Energy Conference held in Munich in 
September, 1980, which indicated values of 2 200000 ton for the 
'reasonably assured' resources and global values of 4000000 
ton for those resources which can be exploited economically. 

One ton of completely fissioned uranium provides in energy 
terms about 2 Mtep (million tons equivalent petroleum), so the 
5000000 ton of uranium at a low extraction cost would give, 
if used in light water reactors (energy yield=0.50Jo), about 
250000 Mtep of thermic energy. That is equivalent to, in terms 
of quantity, known and estimated oil resources. 

Table 1 shows that the U.S.A. and Canada alone possess 
approximately 36% of total world reserves, excluding China, 
the Soviet Union and Eastern Europe. 

The entity of uranium resources, because of the very nature 
of the deposits, is, on the other hand, strictly linked to the cost 
of extraction. This is true, generally speaking, of all minerals, 
but is particularly relevant for uranium. If gradually higher 
extraction costs are accepted, larger quantities of low uranium 
concentration become available-for example, from materials 
such as schists and granites, where the uranium concentrations 
range from 80 to IOppm. 

Besides the resources estimated at $l30/kg there exist other 
uranium sources, generally with a lower content and at a higher 
extraction cost. These are either an extension of conventional 
uranium deposits cultivated at $l30/kg or conventional 
deposits the extraction cost of which exceeds $l30/kg because 
of their limited size, deep location or presence in remote areas. 
Examples of these additional uranium sources are the vast high
cost resources associated with the Elliot Lake deposits in 
Canada, the 5000-10000 ton of uranium at costs of more than 
$l30/kg in Italy, the 12000 ton contained in granitic rocks at 
a cost of $l30-$260/kg in Namibia, the 141000 ton contained 
in the conglomerates and the 46000 ton in the surface sediments 
in South Africa at a cost of $l30-$260/kg and the vast 
quantities of uranium contained in the sandstones of Colorado, 
Wyoming and New Mexico. 

Other additional uranium sources, associated with uncon
ventional deposits or exploited as a by-product of other 
minerals (e.g. copper and gold), are those found in old mine 
dumps (gold mines in South Africa) , phosphate rocks (Morocco, 
the U.S.A. and the U.S.S.R.), with a content ranging from 
0.001 to 0.07%, in copper deposits, such as the 'porphyry 
coppers', in marine black shales with a content ranging from 
0.001 to 0.008% (the U.S.A. and Sweden), in coal and lignite 
deposits with a content normally of 0.001 %, exceptionally 
reaching 1% (the U.S.A.), in monazite deposits with 0.3% 
(India, Brazil, Australia and Malaysia), in igneous rocks, such 
as the alkaline intrusives distributed in various parts of the 
world, and, as has already been mentioned, in sea water. 

September, 1980, World Energy Conference estimates gave 
additional figures of l3 000000 ton of uranium present in 
minerals (schists) with a uranium content ranging from 25 to 
80ppm. 

The importance of considering ore deposits with such high 
extraction costs is apparent when one compares the enormous 
amounts of energy produced by nuclear fuel with the amounts 
produced by conventional fuels. In fact, the energy content of 
a conventional fuel, like coal, oil or natural gas, is an intrinsic 
property of the same and is equal to the quantity of energy freed 
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during the combustion of a unit of weight of the fuel (calorific 
power). On the other hand, in the case of nuclear fuel, the 
energy produced depends not only on the amount of combust
ible material contained in the unit of weight but also on the 
particular characteristics of the process used to obtain the 
energy. 

The characteristics of the reactor and the combustion cycle 
used bring about an important variation in the energy that is 
obtained from the unit of weight of the starting material. There 
exists a ratio of about 100 between a light water reactor with 
no recycling of the unburnt fissile and a fast reactor that com
pletely recycles plutonium. Although the former exploits barely 
0.50,70 of the potential energy contained in natural uranium, the 
latter can exploit from 40 to 60%. 

Thus, the fast reactors yield, using only those uranium 
resources which are economically exploitable (in light water 
reactors) 25000 billion tep of thermic energy; if it is remem
bered that the use of fast reactors makes high-cost extraction 
deposits economically exploitable, and perhaps even sea water, 
it is clear how this kind of reactor is able to provide practically 
inexhaustible quantities of energy. 

Table 3 Uranium production, ton U! 

Country Pre 1977 1977 

Argentina 340 100 
Australia 8159 356 
Brazil 0 0 
Canada 112180 5790 
Finland 30 
France 23133 2097 
Gabon 8464 907 
Germany, Federal Republic of 151 15 
Japan 38 3 
Namibia 594 2340 
Niger 6183 1609 
Portugal 1932 95 
South Africa 75332 3360 
Spain 476 177 
U.S.A. 209800 11500 
Zaire 25600 0 

Total 472237 28891 

Table 4 Attainable production capabilities, ton U! 

Country 1981 1982 1983 

Argentina 180 240 240 
Australia 2600 4500 4500 
Brazil 100 n.d. n.d. 
Canada 8400 9500 10800 
Central African Republic 0 1000 1000 
France 3706 3900 3900 
Gabon 1000 1200 1500 
Germany, Federal Republic of 40 40 40 
India 200 200 200 
Italy 
Japan 30 30 9 
Mexico 212 593 
Namibia 3939 3923 3923 
Niger 4500 4500 5800 
Portugal 107 126 126 
South Africa 6700 7200 7800 
Spain 145 110 110 
U.S.A. 17100 16900 19500 
Yugoslavia 100 100 

Total 48747 53681 60141 
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World uranium production (Western countries) 
From 1943 to 1960 uranium production was mainly concerned 
with military aims. From 1960 to 1975 uranium production was 
kept at a stable level of about 20000 ton/year, increasing to 
about 44000 ton/year in 1981 (Table 3). 

Of the above production, 70% is attributable to the main 
producer countries (the U.S.A., Canada and South Africa). As 
regards estimates for the coming decades, production will 
obviously be linked to market demand: the OECD-IAEA 
report! estimated a production of about 72000 ton/year in 1985 
and about 70000 ton/year in 1990 (Table 4). Naturally, before 
such production levels can be reached the growth of the nuclear 
energy industry must become stable so that the mining com
panies enjoy the incentive necessary to make long-term invest
ments in the finding and developing of new mineral deposits. 

As regards the substitution of oil power plants by nuclear 
power plants, some important data follow concerning the 
principal European countries. The contribution of the primary 
sources to the production of electrical energy will be 75% in 
France in 1990, 40% in West Germany, more than 20% in 
Great Britain and less than 10% in Italy. The corresponding 

1978 1979 1980 1981 
(planned) 

126 134 187 180 
516 705 1561 2600 

0 0 0 100 
6800 6820 7150 8400 

2183 2362 2634 2824 
1022 1100 1033 1000 

35 25 35 n.a. 
2 2 5 3 

2697 3840 4042 3939 
2060 3620 4100 4500 

98 114 82 107 
3961 4797 6146 6700 

191 190 190 145 
14200 14400 16800 13500 

0 0 0 0 

33891 38109 43965 43998 

1984 1985 1986 1987 1988 1989 1990 

240 500 500 500 500 500 500 
4500 3800 6000 6000 5200 4700 4700 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

14800 14700 14000 12900 12300 11500 10500 
1000 1000 1000 1000 1000 1000 1000 
3900 3900 4050 4050 4050 4050 4050 
1500 1500 1500 1500 1500 1500 1500 

? ? ? ? ? ? 
200 200 200 200 200 200 200 

170 170 170 170 
9 9 9 9 9 9 9 

593 593 539 593 394 394 276 
3923 3923 4154 4154 4154 4154 4154 
8000 10500 12000 12000 12000 12000 12000 

126 346 346 346 346 346 346 
8200 8000 7900 7800 7800 7700 7600 

110 382 670 797 882 967 1052 
20500 23000 24700 23500 23000 22300 21800 

100 220 220 220 220 220 370 

67701 72573 77842 75685 73725 71710 70227 
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Fig. 1 Percentage contribution of primary sources to production of 
electric power. For France, FDR and UK data produced by ENEL on 
basis of Unipede CEE Committee (August-September, 1979) docu
ment following operative programmes indicated by these Community 
countries6 

percentages for hydrocarbons (gas + oil) will be 6, 17, 22 and 
47 (Fig. 1). In Belgium, by 1985, nuclear-generated electricity 
will reach 58"10 (by means of eight PWR plants), whereas 
hydrocarbon (gas + oil)-generated electricity will be only 17% 
and coal-generated 23 %. * 

It should also be borne in mind that in 1980 the cost of electric 
energy in Western Europe, taking 1 as the cost of a nuclear 
kilowatt, is about 1.7-1.8 for coal and more than 2.5 for oil. 

Uranium market 
Between 1950 and 1960 uranium transactions were carried out 
mainly for military purposes and at prices of the order of $lO/lb 
U30g. Between 1960 and 1972 the price of uranium dropped to 
$6/1b as a result of the reduced demand for uranium for military 
purposes and only limited demand for peaceful uses. The 1973 
oil crisis caused the price of uranium to soar to $24/1b in 1974. 
The price of uranium continued to rise from 1974 to 1979, when 
it reached more than $40/Ib. The sharp decline in the demand 
for uranium, owing to the well-known difficulties in carrying 
out nuclear programmes, has meant that during the last few 
years the price of uranium has fallen to less than $40/1b ($30/Ib 
on the European market). The future uranium market will, of 
course, be influenced by a series of factors, such as orders for 
new reactors, stockpiling, uranium and plutonium recycling, 
increased production capacity and the appearance on the 
market of new producer countries. 

Need for uranium 
The most reliable estimates on the short- and medium-term 
need for uranium can be found in documents of the INFCE 
Working Groups. These estimates hypothesize that electro-

·PWR, pressurized water reactor; LWR, light water reactor; FBR, fast 
breeder reactor. 

Table 5 Estimates of installed electro-nuclear power plants 
from 1985 to 2025 (GWe) , excluding U.S.S.R., China and 
Eastern Europe! 

Year Low growth High growth 

1980 124 126 
1985 232 258 
1990 361 401 
1995 451 562 
2000 585 804 
2005 725 1120 
2010 880 1503 
2015 1034 1928 
2020 1180 2366 
2025 1311 2794 

nuclear power will increase from the present = 130 OWe to 590 
GWe (low growth) or 800GWe (high growth) in the year 2000 
and to 1300 OWe (low growth) or 2800 OWe (high growth) in 
the year 2025 (Table 5 and Fig. 2). 

The significant divergence between low and high growth 
indicates the uncertainties that exist in forecasting the increase 
in energy consumption. This divergence becomes even more 
apparent when the two growth conditions refer to the medium-
long term (from the year 2000 to 2025). 

Installed capacity (eWe) 
--------

3000 

2000 High case-

r 
1000 

\ 
Low case 

1980 1990 2000 2010 2020 year 

Fig. 2 World installed nuclear capacity (1980-2025), excluding the 
U.S.S.R., China and Eastern Europe! 

The evolution in the demand for uranium in the period 
1980-2025 obviously depends not only on the electro-nuclear 
capacity that will be installed but also on other factors, the most 
important of which is the type of reactor used (light water, heavy 
water or fast breeder). 

The INFCE study hypothesizes various possible strategies 
(preserving for each one the hypothesis of a high and low 
growth in the demand for electricity) ranging from the use of 
open-cycle L WR alone to considerable penetrations of the FBR 
(3.6% in the year 2000; from 26 to 80% in the year 2025). 

The results of this complex analysis show that the annual 
production of natural uranium in the year 2000 will range from 
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a minimum of 90000 to a maximum of 200000 ton/year, and 
in the year 2025 from a minimum of 50000 to a maximum of 
600000 ton/year. 

Another interesting result of the INFCE analysis is the 
cumulative need of natural uranium for the various strategies 
considered. This need ranges from 1 300 000 to 2 200 000 ton in 
the year 2000 and from 3500000 to 12000000 ton in the year 
2025. 

The minimum production and cumulative need values natur
ally refer to an extensive use of fast reactors; the maximum 
values to the use of open-cycle L WR reactors alone. These data, 
related to the economically exploitable uranium resources, 
show that no problems of uranium supply should exist before 
the year 2000; thereafter the choice of an adequate strategy 
(including, if possible, a non-marginal use of FBR) becomes 
fundamental in providing a satisfactory answer to the problems 
of fuel supply. 

Nuclear proliferation 
'Nuclear proliferation' indicates the spread of nuclear know
ledge and technology that, though initially may be for the use 
of nuclear energy for peaceful purposes, can eventually enable 
many nations, even those of the Third World, to build their 
own nuclear weapons. The INFCE report dwelt mainly on this 
subject, but perhaps, in conclusion, the most sensitive points 
regarding the proliferation of the nuclear fuel cycle should be 
examined here. 

The sensitive points with regard to the risks of illegal action to 
which a government may be subject have been listed by Simen: 5 

unrefined fuel containing enriched uranium or plutonium; 
uranium enrichment; reactors; stockpiling of irradiated fuel; 
reprocessing, including stockpiling, of the plutonium produced 
and the production of mixed uranium and plutonium oxide 
fuels; waste disposal or disposal of the irradiated not repro
cessed fuel. 

The risk of transporting fuel was considered essentially as 
that of theft, but this would still be a violation of the internal 
rights of the country involved. 

As far as the first point is concerned, unrefined fuel, ob
viously excluding any risks for the fuel containing natural 
uranium, is declared as unsuitable for weapons, even though 
insufficiently enriched for use in the existing nuclear power 
plants that use ordinary water; but highly enriched fuel used 
in some research reactors is considered as very sensitive. 

Mixed oxide unrefined fuel, used both in thermic and in fast 
reactors, should also be considered as sensitive as it can contain 
up to 20070 plutonium. 

The material that is found in enrichment plants is to be 
considered as sensitive because of its possible illegal transfer to 
other plants capable of enriching it until the material becomes 
of weapon grade. 

It should be noted, however, that plants that enrich the 
material for existing commercial reactors do not exceed an 
enrichment of 3-4% of fissile content, whereas weapon-grade 
enrichment is closer to 100%. It is also true, however, that the 
technological knowledge that is required for the setting up of 
a commercial plant can be profitably used for the construction 
of one for military aims and that the relative difficulties in time 
are reduced. As regards the kind of technology used, such as 
ultra-centrifugation, gaseous diffusion and chemical enrich
ment, from the proliferation risk standpoint the advantages 
and disadvantages of the various kinds balance. 

Nuclear reactors as sources of proliferation pose one of the 
most significant points of the whole study, since it relates to one 
of the problems that brought into being the study itself. It is 
common knowledge that the U.S.A., in order to stem the 
proliferation of nuclear weapons, has taken as its target the 
development of fast reactors, because such technology activates 

166 

the plutonium cycle, and, secondly, the reprocessing of irradi
ated fuel from which plutonium is obtained. It is just as well 
known that this aspect of American policy has caused much 
anti-American controversy in some European countries, 
which, having no or very few uranium resources, rightly see in 
the fast self-fertilizing reactors a chance to multiply by fifty- or 
sixty-fold the energy potential of the fuel cycle. 

Pursuing the aim of energy-independence, or at least trying 
to loosen the oil vice, is undoubtedly respectable and worthy 
of international protection for the reasons of world balance 
mentioned above. Not so respectable is the goal of absolute 
supremacy of some countries in decisions regarding the export 
of technology and materials, especially to the world's 'hot' 
areas. Maintaining that from the proliferation standpoint the 
introduction of fast reactors does not present greater risks or 
the need for fewer safeguards compared with the thermic 
reactor cycle, INFCE had no intention of closing the dispute 
with an unfavourable judgement passed on the Americans, as 
has been stated: its purpose was only to reinforce the argument 
for the necessity of new anti-proliferation measures to be intro
duced with international agreements. 

A possibility that many experts see, even though it is a long
term possibility, as may be the point of arrival of any agree
ments, is to oppose any possible negative effects of the spread 
of fast reactors with a stockpiling system of plutonium surplus 
in deposits put under international control-for example, of 
the IAEA. Indeed, the control of isolated plutonium (plutonium 
is found in this state once separated from the products of fission 
contained in the irradiated fuel) is the essential factor on which 
the most realistically conceivable international security system 
is based, according to INFCE, presupposing a recourse to fast 
reactors. 

In fact, to safeguard reprocessing plants or plants where 
mixed oxide material with uranium or plutonium is produced 
would be much more difficult, whereas, because of the no more 
than slight danger, of little interest are the temporary deposits 
of irradiated fuel, where the deposited elements maintain high 
levels of radioactivity-so high, in fact, that any clandestine 
extraction of plutonium would be practically unfeasible. 

Just as few threats, from the point of view of proliferation, 
are presented by the final deposits of radioactive wastes. 
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Role of high heat production granites in uranium province 
formation 
P. R. Simpson 
Jane A. Plant 
British Geological Survey, London, England 

A genetic relationship has long been indicated between acid 
magmatism (granite intrusion, rhyolitic and tuff vulcanicity) 
and the formation of uranium provinces as a result of the high 
mean clarke values of uranium in acid igneous rocks (4 ppm)l. 2 

and their relative abundance in uranium provinces. Studies of 
the occurrence and distribution of uranium in granites3- 8 and 
in acid volcanics9 enable further progress to be made in under
standing this association. It has been suggested, 6.10 for example, 
that major uranium provinces can be formed by mass transfer 
of radio elements entrained in acid magmas characterized by 
high heat production from subcontinental lithosphere to the 
upper crust during cratonization following orogenesis. Rapid 
uplift and displacement along deep faults, hot spring activity 
and circulating groundwater (as a result of high geothermal 
gradients characteristic of such tectonic settings) may then 
redistribute uranium into various types of hydrothermal ore 
deposits. These may be closely associated with granites and acid 
volcanics, and epigenetic uraniferous phosphatic hot spring 
deposits may also occur in diatremes related to basement
controlled faults. 

Rapid subaerial erosion of uraniferous acid igneous rocks in 
newly formed and uplifted cratonic segments is likely to result 
in the generation of sedimentary deposits: for example, detrital 
uraniferous conglomerates may develop in outwash zones from 
geomorphologically young, glaciated, mineralized and moun
tainous terrain. Progressive reworking favours uranium enrich
ment relative to thorium in associated distal organic-rich low
energy environments. As the continental setting matures, the 
regime evolves into a red bed environment in which uranium 
is concentrated on. basement unconformities and in discrete 
reduced facies of the basin infill and in later discordant, 
possibly hydrothermal, structures. Subsequent reworking by 
laterally migrating oxidized water generates higher-grade 
deposits, such as ore rolls. 

Criteria for the recognition of high heat production acid 
intrusions indicative of uranium provinces have been devel
oped3 •4 and the geochemical, geophysical and geological 
signatures of uraniferous granites in the Scottish Caledonides, 
which contain about 12 ppm U, are useful for the recognition 
of such granites in the identification of uranium provinces in 
the western U.S.A. and elsewhere with the use of indices or 
binary classification systems. II Indeed, comparison of data sets 
on a normalized basis with the mutually exclusive ranges estab
lished for different magma types in the Scottish Caledonides is 
also proving to be a powerful discriminator for Archaean and 
Early Proterozoic high heat production granites in the 
Kaapvaal Craton, South Africa. 12 

Such 'metalliferous' intrusions (in which uranium and associ
ated metals are present in relatively high primary magmatic 
concentration, predominantly in silicate minerals) may form 
large-volume low-grade sources of uranium. Although uranium 
occurs in accessory minerals at the present level of erosion, such 
intrusions may represent the eroded root zones of mineralized 
plutonic/volcanic complexes, the uranium being leached during 
erosion and concentrated in adjacent sedimentary basins to 
form ore deposits. Moreover, metamictization of uraniferous 
accessory minerals, which is likely to be particularly important 
in old Precambrian intrusions, would also provide large-

volume sources of uranium for leaching. It has been demon
strated that such intrusions emplaced at 2370 m.y. could be the 
indirect primary sources of uranium for Tertiary calcrete 
deposits. 13 

Uraniferous granites may also be 'mineralized' in the sense 
of Plant et al. 4 with secondary enrichment of uranium in ore 
minerals and other leachable sites and greater variation in the 
uranium content of the granite, but the relationship between 
granites, hydrothermal uranium mineralization and uranium 
provinces is more complex. In the Scottish Caledonides, for 
example, large quantities of uranium and Sn-Be-Li-K-Rb
Th-F are contained in the Cairngorm-Mount Battock late 
tectonic alkaline granite batholith, as indicated by regional 
geochemistry and associated lithogeochemistry. 4 Recorded 
occurrences of uranium or other mineralization associated with 

Cairngarm 
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Fig. 1 Comparison of high heat production 'metalliferous' Cairn
gorm granite in Scottish Caledonides with samples from 'mineralized' 
Cornubian batholith of southwest England away from mineralization. 
Degree of geochemical evolution in the two batholiths is very similar 
with but minor differences, though Cairngorm has no significant 
mineralization and Corn ubi an batholith is the focus of a major 
metallogenic province 
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Hercynian province of southwest England. The Cornubian 
batholith, which has a chemical composition (particularly in 
terms of the contents of U, Sn and other metals) comparable 
with that of the Cairngorm-Mount Battock batholith3 (Fig. 
1), is associated with extensive mineralization, mainly of Sn, W 
and Cu 14,15 and an estimated 2000 ton of uranium ore has also 
been recovered. 16 

The distinction between 'metalliferous' granites with high 
primary magmatic contents of uranium and 'mineralized' 
granites in which uranium has been further concentrated into 
secondary mineral occurrences has been attributed to reaction 
of the granite magma with epizonal (metamorphic-forma
tional-meteoric) water. According to the model of Simpson et 
al., 3 mineralization initially involves high-temperature reaction 
with metamorphic and formational water evolving at lower 
temperatures into a hydrothermal circulation system with flow 
of meteoric water through fracture systems. Such a model 
suggests that the type of uraniferous mineralization associated 
with granites depends not only on the chemistry of the intru
sions but also on the crustal setting in which they are emplaced, 
particularly lithology, metamorphic grade and fracture systems. 
It is suggested that characterization of 'mineralized' granites 
and their distinction from 'metalliferous' granites, their crustal 
setting-especially the role of regional fracturing in controlling 
granite emplacement and mineralization-and their geo
chemical and geophysical 'signature' can help in the design of 
exploration programmes by indicating the likely mode of 
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concentration of uranium and associated mineralization in the 
basement and sedimentary cover sequence. The occurrence of 
'mineralized' granite, for example, would indicate the likely 
presence of high-grade uranium vein and hydrothermal 
deposits in addition to sedimentary and roll-front deposits 
derived from uraniferous intrusions generally. 

Models for mineralization associated with granites 
Exploration for uranium or tin mineralization associated with 
granites is often based on the I and S models of granite genesis, 
and one example of this approach is the work of Wilson and 
Akerblom 17 in Sweden. Although Cu-Mo porphyries are 
generally attributed to an igneous (I-type) origin at destructive 
plate margins, the mineralization being related to formational! 
meteoric water-magma interaction, the genesis of 'two-mica' 
tin and uranium granites is usually ascribed to crustal anatexis 
in areas of thickened sial in 'geosynclinesd 8 or in arc-conti
nent or continent-continent collisions. 19 The origin of tin and 
uranium mineralization in such granites has been attributed to 
palingenesis of wet sediments,zo pitchblende vein mineral
ization resulting from downward percolation of solutions from 
the weathering zone. 20,21. These are the sedimentary-proto lith 
granites (S-type) of Chappel and White,22 characterized by 
relatively low sodium with high potassium and alumina, a 
restricted range of composition of predominantly high Si02 
lithologies, irregular elemental variation diagrams, high initial 
strontium isotope ratios, the absence of hornblende and the 
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presence of biotite and muscovite with accessory monazite and 
garnet rather than sphene-properties that are attributed to the 
sedimentary pile from which the granites formed by partial 
melting . More recently, Beckinsale,23 in a discussion of the tin 
granites of southeast Asia, has added the criteria of 180 enrich
ment and low ferric: ferrous iron ratios. Where S-type and J
type granites are found together, the former are expected to 
occur on the 'oceanic' side of the latter. 

Other workers3,4, 10 use a different model for mineralization 
associated with granite intrusion. Following Mitchell and 
Garson,24 they suggested that suites of metalliferous granites 
are related to subcrustal processes at destructive plate margins 
(Fig. 2) and that the granites are emplaced along deep faults at 
the end of the orogenic cycle. For granite magmas to rise in the 
crust they must be water-deficient25 and mineralization is 
thought to occur initially as a result of hydration of the granite 
by host rock fluids at high (metamorphic) temperature. Reduc
tion of silicate and primary accessory minerals will also 
commence at this stage, evolving into deuteric alteration of the 
granite magma and, as the magma cools and fissures, hydro
thermal convection with flow of formational and, finally, 
meteoric water through fracture systems (Fig. 3). Fluid 
inclusion studies of the southwest England batholith, which 
identify early saline fluids containing B, S, Sn, Cu, Pb and W 
in the Dartmoor granite, low- to moderate-salinity fluids in the 
Sn-W-Cu mineralized Carnmenellis granite and pervasive 

low-temperature low-salinity fluids in the southwest England 
granites generally, are consistent with such a model. Sn 
(cassiterite) deposition occurs as the hydrothermal system 
begins to be established at temperatures in the range 450°C,26 
probably also accompanied by minor amounts of disseminated 
uraninite, whereas finer-grained pitchblende mineralization 
occurs later at lower temperatures (l50°C or less) in well
developed vein systems. According to this model, such S-type 
characteristics as the high initial Sr ratios, 180 enrichment and 
low ferric/ferrous ratios result from reaction between the 
granite and its host rocks. Independent studies27 , 28 also indicate 
that the high boron content of the southwest England batholith 
is the result of metasomatic alteration of granite by host rock 
(greywacke, shale) fluids. 

Studies of metamorphic aureoles provide support for such a 
model of mineralization and Yardley and Long29 have shown 
in the Easky adamellite in Ireland that formation of a meta
morphic aureole involved flow of H20 from the host rocks into 
a water-undersaturated granite magma, giving rise to desili
cation (and the formation of corundum-bearing assemblages) 
and oxidation (resulting in alteration of garnet and biotite to 
magnetite) of the aureole. The formation of magnetite could 
account for the magnetic aureoles around such intrusions,4, 30 
though their formation will depend on the buffering assem
blage and they are likely to form only in a relatively anhydrous 
crustal setting. For the Ardara granite. Donegal. Atkin31 
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demonstrated that the iron ore mineral suite of the intrusion 
was a function of host rock lithology of the intrusion as a result 
of oxidation-reduction reactions. 

This model for uranium mineralization associated with 
granites requires (1) a 'metalliferous' Sn-U mildly alkaline 
type or 'transitional' granite to rise to a level in the crust where 
it will create a thermal anomaly; (2) adequate water of suitable 
chemistry for hydration and reduction of primary silicates (thus 
rocks of low metamorphic grade and more pelitic composition, 
particularly graphitic shales, will favour mineralization); and 
(3) a well-developed fracture system, particularly for low
temperature mineral deposition. 

This model is evaluated with particular reference to the 
British Caledonian and Hercynian granites. The geochemistry 
and crustal setting of the Cairngorm-Mount Battock 'metal
liferous' granites are compared with the 'mineralized' Helms
dale granite and those of the southwest England Cornubian 
batholith. Factors (1) and (2) are the most important for the 
formation of high-temperature mineralization, such as 
cassiterite and uraninite, and factor (3) for lower-temperature 
deposits, such as those of pitchblende or Bi in vein-type 
mineralization. 

Relationship between crustal setting, regional fracturing 
and mineralization 
The late Caledonian 'metalliferous' granites, such as those of 
the Cairngorm-Mount Battock batholith, were emplaced in a 
continental crust composed mainly of Precambrian rocks 
previously metamorphosed at moderate to high metamorphic 
grades. 32,33 The lower 15-20 km have high seismic velocities 
and are thought to include granulites similar to those in the 
Lewisian basement of northwest Scotland. 34 In the west around 
Cairngorm the upper crustal layer consists of medium- to high
grade Moinian metasediments (northern and central Highlands) 
and in the east around Mount Battock of low- to high-grade 
Dalradian metasediments and metavolcanics (Grampian High
lands). Both of these assemblages had undergone repeated fold
ing and metamorphism long before the emplacement of the late 
granites-the Moinian at or before 900 m.y. and again in early 
Caledonian time, the Dalradian during an early Caledonian 
event that reached its climax at 500-470 m.y.35 In contrast, 
the southwest England batholith, which is also a late discordant 
intrusion of similar dimensions to the Cairngorm-Mount 
Battock batholith, was emplaced in Devonian and Carbon
iferous shales, limestones and thin sandstones, which had been 
metamorphosed only weakly prior to granite intrusion. 

Most of the 'metalliferous' Caledonian granites in the 
Scottish Highlands are located on linear fractures that are 
independent of the local structure and that appear to be deter
mined by faults in the lower crust giving access to fluids or melts 
of subcrustal origin. The Hercynian granites of southwest 
England have a comparable relationship with a WSW feature 
that is oblique to the east-west structural trend of the Upper 
Palaeozoic country rocks and which also represent a deep 
dislocation. A relationship between very large fractures in the 
lower crust and emplacement of 'metalliferous' granites is also 
recorded elsewhere, e.g. in the Peruvian batholith36 and 
Proterozoic granites associated with uranium in the Canadian 
Shield,6 which supports the deduction of Simpson et al. 3 that 
subcrustal sources contributed to the formation of the parent 
magmas. 

Although major crustal fractures at depth may provide entry 
to the upper crust for 'metalliferous' granites, the later hydro
thermal reworking of uranium and associated metals to form 
vein-type mineralization after emplacement requires the 
development of a mesh of fractures in the upper crust capable 
of transmitting large volumes of fluid through both the granites 
and their envelopes. The swarms of minerallode~ that occupy 
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systematically arranged fissures in and around the granites of 
southwest England appear to have opened in response to a 
regional stress field. 37 In Scotland mineral lodes are very rare 
and even barren pegmatites and quartz veins are of restricted 
occurrence. The low water content of the metamorphic com
plexes through which the granites rose limited the volume of 
volatiles absorbed prior to consolidation and the semi-arid 
climate of Devonian times may have reduced the availability of 
meteoric water. Thus, although saussuritization of granite is 
seen locally along joints or faults and is associated with limited 
redistribution of uranium (giving rise to high values of U in 
water), the bulk of the metalliferous granites are fresh and carry 
uranium only in stable accessories.3 It is worth noting that in 
the Cairngorm-Mount Battock batholith rotted and saussuri
tized granite recorded metalliferous occurrences and high 
values for U in water have been noted, mainly from the 
marginal parts of the granites; these occurrences are commonly 
located in lowland areas or valleys excavated by glacial and 
river erosion, whereas the fresh interior parts of the granites 
form upland massifs traversed by only a few deeply excavated 
valleys. It therefore seems possible that scavenging of uranium 
by water was restricted by (1) the limited amouts of formational 
or metamorphic water that could initiate hydration and expan
sion of the granite during consolidation; (2) the lack of meteoric 
water in an arid climate for hydrothermal circulation; and (3) 
the scarcity of major fractures at the contacts or in the interiors 
of the granites. 

In these conditions the emplacement of uranium-rich 
granites at high crustal levels did not generate hydrothermal 
mineralization. These conditions were, however, suitable for 
remobilization of uranium by sedimentary processes, since the 
uranium-rich granites were eroded before and during the 
accumulation of Old Red Sandstone in internal basins. The 
organic-rich lacustrine Middle ORS sediments of the Orcadian 
basin, which was flanked on the south by the Cairngorm
Mount Battock batholith, has local syngenetic concentrations 
of uranium and of associated metals and shows higher values 
of uranium in water than those of other Highland formations. 

Small quantities of epigenetic fault-controlled uranium 
mineralization occur in association with the Helmsdale Granite 
and overlying Ousdale Arkose38 and in the Stromness region of 
Orkney. Although these deposits are small, they illustrate the 
distinction between magmatic processes that transported U 
from depth and high-level processes that generated ore deposits 
in near-surface environments. 

Geochemical signatures of high heat production granites 
Geochemical criteria for distinguishing between 'metalliferous' 
and 'mineralized' granites are discussed in relation to the 
'metalliferous' Cairngorm-Mount Battock granite batholith 
and the 'mineralized' southwest England Cornubian batholith, 
which are both high heat production subalkaline Sn-U 
granites. 

The chemistry of the two batholiths shows many similarities 
when data for portions of the Cornubian batholith away from 
centres of mineralization are compared with data for the 
Cairngorm-Mount Battock batholith. Paired-element plots 
for a wide range of LIL and HFS elements-for example, Zr IU 
(Fig. 4), Sr/U (Fig. 5), Sn/U and Sr/Rb (Fig. 6), Sr/K, BalK, 
Ba/Rb, K/Rb and Zr/Rb-show very good agreement, which 
suggests that these values represent primary magmatic concen
trations of these elements with a similar degree of magmatic 
evolution. Detailed mapping of Dartmoor,39 however, indi
cates much variability in grain size between different samples 
of granite, but the different textural varieties, when classified 
into six groups, bear no systematic geochemical relationship 
within or between groups28 and the geochemical variations for 
all six groups, taken together, lie within the field previously 
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Fig. 4 Zirconium: uranium-Dartmoor data shown as mean values for each of six textural varieties shown in Fig. 7 (note similarity between 
Cairngorm and Dartmoor data; C indicates mean for Lewisian basement) 

established for Cairngorm4 (Fig. 7). Thus, there is no textural 
or geochemical evidence that the Cornubian batholith generated 
the associated ore deposits by progressive high-level magmatic 
fractionation. 

Samples from Dartmoor are, however, notably enriched in 
Li, Sn and B in comparison with those from Cairngorm, as is 
indicated by Li/Sr, Sn/Zr, B/Si and B/Ga paired-element 
plots. It is suggested that this may be due to widespread per
vasive high-temperature metamorphic and formational 
water-rock interaction, which probably occurred prior to 
vein-type mineralization (see also fluid inclusion evidence of 
Rankin and Alderton26). 

Regional geochemical maps40 and lithogeochemistry28 

suggest that secondary enrichment of Li and Sn has occurred 
within the granite, as was suggested previously for uranium by 
Simpson et al. 3 The enrichment in boron is not so readily 
explained. In the Caledonian uraniferous granites boron levels 
are generally below 10 ppm and the Cairngorm granite has only 
about 1 ppm-figures tha,t are comparable with clarke values 
for boron in granite. Higher average values of up to 50 ppm B 
are, however, obtained from crustally derived granites. The 
boron content of the Dartmoor granite away from centres of 
mineralization ranges up to 900 ppm B, however, with a con-

siderably higher mean and standard deviation than any of the 
Caledonian granites (Fig. 8). Detailed mineralogical studies3 • 27 

indicate that the boron in the southwest England granites is in 
secondary tourmaline: hence it is argued that the source of the 
boron in the Dartmoor granite is most probably the sedimentary 
rocks in the metamorphic aureole of the Cornubian batholith 
from which it was probably remobilized by thermal meta
morphism and hydration of the granite. 

Thus, the high and variable content of boron in 'mineralized' 
granites, such as the Cornubian batholith, provide evidence of 
granite host rock-fluid interaction that can thus be detected in 
samples that lack discrete mineralization. 

In confirmation of these findings it should be noted that Li, 
Sn and B are all closely associated with the subsequent hydro
thermal ore-forming events in the Cornubian batholith. Li in 
stream sediments shown on the Wolfson atlaS"° is in the range 
200-400 ppm in the vicinity of hydrothermally altered and 
kaolinized granite. Sn has a widespread occurrence in vein-type 
mineralization and boron is the matrix of diatremes such as the 
Wheal Remfry breccia in the St Austell granite.41 

It is therefore proposed that, on the basis of the studies of 
British Caledonian and Hercynian granites, in a search for 
vein-type hydrothermal mirieralization in high heat production 
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Sn-V-type mildly alkaline granite a study be made of element 
pair diagrams-first, for element distributions mainly con
trolled by magmatic processes, such as Sr, Rb, K, Ba, Zr and 
V and, second, for Li, Sn and B (Le. LilSr, Sn/Zr, B/Si or 
B/Ga), which record the pervasive metamorphic rock-water 
interaction event(s). 

Geophysical signatures of high heat production granites 
The geophysical criteria of large negative Bouguer gravity 
anomalies associated with large-amplitude aeromagnetic 
anomalies for 'metalliferous' granites, such as the Cairngorm
Mount Battock batholith in the Scottish Caledonides previously 
described by Plant et al. ,4 are discussed in relation to the 
'mineralized' Cornubian batholith of southwest England, 
which also has a large negative gravity anomaly, thus indicating 
that both batholiths have similar dimensions and persist in 
depth to 12-15 km in the crust. The magnetic anomalies are 
very variable, however, since the anomaly at Cairngorm
Mount Battqck is centred over the batholith, whereas the 
Cornubian batholith has no central anomaly but two linear 
anomalies along the northern contact zones of the Dartmoor 
and Bodmin granites. 

Etive granite in the Scottish Caledonides has a large circular 
aeromagnetic anomaly centred over the aureole. If the presence 
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of magnetic anomalies over aureoles indicates the presence of 
magnetite, however, there are three possibilities, according to 
Yardley:42 (1) isochemical metamorphism of Fe2+ and Fe3+ 

original minerals, (2) oxidation of a relatively reduced pre
cursor or (3) reduction of a relatively oxidized precursor. 

Because the partial pressure of oxygen is so low in natural 
fluids options (2) and (3) would require extensive fluid circu
lation. 

In the light of fluid inclusion data,26 geochemical data, 
especially for boron, and the textural evidence cited, it is ten
tatively suggested that massive hydration of the Cornubian 
batholith has occurred together with reduction of magnetite to 
ilmenite, whereas Cairngorm-Mount Battock is unreacted 
and Etive has only partially reacted with resultant oxidation of 
the aureole. A large negative gravity anomaly over a granite 
that lacks a central aeromagnetic anomaly therefore probably 
indicates 'mineralized' granite. 

It has been demonstrated above that, in the British Isles, 
uranium province formation depends on acid magmatism for 
the transfer of large amounts of uranium entrained within high 
heat production granite magmas from beneath the crust to a 
high level in the crust, and many aspects of uranium distribution 
associated with granites in the British Caledonian and Her
cynian Provinces that have been outlined here can also be' 
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fore probable that they are the product of postmagmatic recrystalliz
ation in a hydrous and volatile-rich environment. It is important to note 
that such variation is absent from the Cairngorm granite, which is 
emplaced in an anhydrous high-grade metamorphic environment 

recognized in other geological settings. For example, uranium 
mineralization at Helmsdale depends mainly on factor (3) in the 
model for mineralization described here (formation of a well
developed fracture system for low-temperature deposition). 
This also appears to be the case for uranium mineralization 
associated with granites elsewhere in the Caledonides. 7. 8 

The South Mountain batholith of Nova Scotia,43.44 which 
has many features in common with the 'mineralized' Cornubian 
batholith, has a large negative gravity anomaly but no aero
magnetic anomaly centred over the intrusion. Fracture-bound 
uranium mineralization occurs within the granite and tin 
mineralization is located at a site in the aureole of the granite 
where the regional metamorphic grade is low.4s 

An example of the application of the granite model described 
here to uranium province formation in the Archaean-Early 
Proterozoic is presented below to illustrate the potential of this 
approach for the general understanding of ore-forming pro
cesses and genetic modelling in mineral exploration. 

Role of high heat production granites in 
Archaean-Early Proterozoic uranium provinces 
Tilsley46 pointed out that recognition of the correct geological 
controls of mineralization has important implications for the 
success of the mineral exploration industry, which is usually 
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based on well-defined concepts and models. He also emphasized 
the time-bound character of uranium deposits through geo
logical time, which were placed into four main categories
conglomerates, palaeo-surface-related vein-type, shales and 
sandstones. The major uranium deposits located in Archaean
Early Proterozoic conglomerates, though not exceptional in 
being confined to a particular period of the geological record, 
were, nevertheless, considered46-50 to be evidence for reducing 
or anoxic atmospheric conditions during their formation. 
Following detailed mineralogical studies by Simpson and 
Bowles/I. 52 Windley and co-workers 12 have proposed that the 
Witwatersrand uraniferous conglomerates can be accounted 
for more readily by emplacement of high heat production 
granites some 3000 m.y. ago into thick crust (60-70 km) 
followed by tlieir rapid uplift and erosion into voluminous 
clastic-filled basins. Nd-Sr relationships of these early Pre
cambrian granitic rocks suggest derivation from the mantle. By 
analogy with comparable granites in the Phanerozoic these 
granites were probably highly uraniferous and could have been 
the principal control in the formation of the uranium provinces 
in the Archaean. 

The Witwatersrand Basin is encircled by a series of domed 
inliers of granite greenstone basement. Viljoen and co-workers53 
suggested that the source of the gold is likely to be found in the 
greenstone belts. The uraninite was probably derived from 
granitic plutons located in Archaean greenstone belts and from 
granite plutons in high-grade gneisses that are common between 
greenstone belts (e.g. in the Rhodesian Craton), and granites 
in high-grade gneiss belts, such as the Limpopo mobile belt. 

Whereas the greenstone belts have not been highly uplifted, 
the high-grade gneisses, which typically have indications of 
metamorphic recrystallization at 7-11 kb pressure, have been 
so uplifted that the whole of their upper crust has been eroded. 
Moreover, the synclinal-shaped greenstone belts in places 
overlie at their margins high-grade gneisses and geophysical 
studies suggest the belts to be underlain by gneissic basement. 

The uranium and gold mineralization of the Witwatersrand 
deposits occurs in high-energy conglomerates in the lower 
Dominion Reef and in high-energy conglomerate and low
energy carbonaceous reefs of probable microbial mat origin in 
the Upper Witwatersrand. These Supergroups, together with 
the Ventersdorp Supergroup, are grouped together as the 
Witwatersrand Triad. 54 The deposits of the Witwatersrand 
Triad are constrained within the period 2800-2300 m.y. 
approximately by a Rb-Sr age of 2820±55 m.y. for whole 
rock samples of an underlying granite55 and a U-Pb zircon 
age of 2300 ± 100 m.y. for an interbedded quartz porphyry lava 
from the Ventersdorp Supergroup.56 Uranium data for the 
granites are sparse and may be unreliable as indicators of 
primary magmatic concentrations owing to the age and com
plex geological history of the region. The limited number of 
epithermal neutron activation analyses, however, that is avail
able for uranium in granites from Barberton Mountain Land 
indicates values in the range 0.5-1.08 ppm U for Ancient 
tonalitic gneisses of 3350 m.y. age and 1-14ppm U on Homo
geneous Hood granites of 3000 m.y. age. 57 This suggests that 
anomalously uraniferous granites were probably emplaced in 
the Kaapvaal Craton about 3000 m.y. ago. 

A survey of granitic events in the Kaapvaal Craton by 
Hunter58 indicates events at 3350, 3310, 3100, 3000, 2900, 
2600-2700,2600,2300 and 2000 m.y. that vary widely in both 
major- and minor-element composition, though data for 
uranium are lacking. The 3000 m.y. granites quoted by 
Hunter58 are from the Vryburg area, the Klerksdorp area and 
some Hood granites from the Barberton region. Both the 
Vryburg and Klerksdorp granites lie within a possible westerly 
source region for the uraninite concentrated in the Witwaters
rand Basin, which has a U-Pb age of 3050±50 m.y.59 

In the present study selected whole rock geochemical data58 
for the granitic events of the Kaapvaal Craton are normalized 
to primordial mantle and compared with the geochemical data 
ranges previously established for 'barren' and 'metalliferous' 
granites in the Scottish Caledonides lO (Fig. 9). The results 
indicate that there is an important change in the chemistry of 
the granites as a function of age of emplacement in the 
T' 
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Fig. 9 Caledonian 'metalliferous' and 'barren' granites compared 
(note mutually exclusive ranges for all elements shown except K). Data 
from Howarth et al. II 

Prior to 3100 m.y. all the granites are of the 'barren' type 
(Fig. 10). At 3100 m.y., however, there is a 'transitional'-type 
granitic event prior to the introduction of 'metalliferous'-type 
granites at 3000 m.y. All subsequent intrusions are also of this 
type, except for the 'barren '-type 2900 m.y. granitic event (Fig. 
11). The 'metaIliferous'-type plutons of 3000-2000 m.y. age 
differ from younger granites of similar type. They generally 
have lower levels of Sn, which may indicate chemical differ
ences in the source area for the granites or high-level loss during 
hydrothermal reworking. These alternative possibilities can 
only be resolved by further study. 

Nevertheless, it is possible to account in this way for the 
Kaapvaal Craton becoming a uranium province at 3000 m.y. as 
a result of a 'metalliferous', high heat production granitic event 
with granites containing an estimated 12 ppm uranium. The 
variation in magma type is well illustrated by plotting one of 
the criteria for the recognition of 'metalliferous' granites49• 50_ 
the Rb: Sr ratio-against age of intrusion (Fig. 12). 

The well-defined hiatus in the ratio between < 0.31 for 
'barren' granites and> 2 for 'metalliferous' granites supports 
the suggestion that there are primary differences in source 
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Fig. 12 Rb: Sr diagram constructed from Hunter's data58 to indicate 
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m.y. to 'metalliferous' (M) granites. Large gap in data suggests that 
barren and metalliferous granites originate in different source regions, 
as previously suggested for the Caledonian granites by Simpson et al. 3 

regions for these granites, as was previously suggested for the 
Scottish Caledonian granites, 3.4,5 where the 'barren' granites 
are thought to be crustally derived and the 'metalliferous' 
granites derived from metasomatized upper mantle/lower 
crust. 

The predominance of uraninite-bearing placer deposits in the 
Archaean-Early Proterozoic was therefore partly attributed 
by Windley and co-workers 12 to high-temperature hydro
thermal reworking of the source granites in a high heat flow 
regime, resulting in extensive redistribution of mobile elements, 
such as uranium, to form thorian uraninite mineralization in 
granite-associated with pegmatites (now removed by erosion) 
but evident from a study of the sediments. 

In the Phanerozoic uranium oxide mineralization in granites 
tends to occur as a lower-temperature phase, such as low 
thorium pitchblende in veins, which is less resistant to weather
ing than euhedral thor ian uraninite crystals and, hence, 

Fig. 11 Data for Kaapvaal granites from HunterSS (all 3000 m.y. or 
younger) with similar ranges to 'metalliferous' Caledonian granites 



unlikely to form detrital deposits. Thus, the absence of major 
economic placer concentrations of uraninite in younger sedi
ments may also be a reflection, in part, of the reduced levels 
of thorian uraninite mineralization in a generally lower
temperature thermal regime. 

The application of this model to exploration for new 
uraniferous deposits in deeply buried sediments emphasizes the 
importance of correctly identifying potential source granites, 
which may lack discrete mineralization at the present level of 
exposure but which could, nevertheless, be the source of major 
sedimentary deposits. 

Conclusions 
The J- and S-type model for high heat production 'metalliferous' 
and 'mineralized' granite genesis is not applicable for the 
Scottish Caledonides or the southwest England Cornubian 
batholith. On the other hand, the identification of 'metal
liferous' granites on regional geochemical and geophysical 
maps and study of the crustal setting of granites with particular 
reference to lithology, metamorphism and fracture systems of 
the host rocks point to 'mineralized' granites that merit further 
exploration. The development of uranium mineralization 
associated with granites depends on magma emplacement in an 
adequately hydrous environment. Thus, the contrast in styles 
of mineralization between the Hercynian and Caledonian 
Provinces is thought to be related more to the nature of the 
crust of the Caledonides and Hercynides than to primary 
differences in granite magmatism. The model can also be 
successfully applied to understanding the genesis of uranium 
provinces ranging in age and location from the Archaean of 
southern Africa to the Hercynian of southwest England and 
probably elsewhere, thus enabling reliable exploration criteria 
to be established and targets identified. 
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Uranium deposits in Italy 

Claudio Tedesco 
AGIP, Direzione Attivita Uranifere, Rome, Italy 

Uranium exploration: history and results 
Uranium exploration in Italy was begun in the early 1950s by 
private companies, which evaluated known radioactive occur
rences. In 1954 two state-owned organizations-the Comitato 
Nazionale Ricerche Nucleari (CNRN) and the Ente Nazionale 
Idrocarburi (ENI)-became active in the exploration field and, 
a few years later, were the sole operators. 

Maximum exploration effort was apparent in the period 
1958-60, the dramatic reduction in the 1960s following the 
depressed state of the uranium market. Since 1974 responsi
bility for uranium supply to meet national needs has rested with 
ENI, which continues to explore potential Italian uranium 
targets. 

From the outset exploration activity has been focused on the 
crystalline and continental volcano sedimentary formations of 
the Alps, Sardinia and Calabria and the alkaline Quaternary 
volcanics of central Italy.!4 Uranium occurrences have been 
found in all these geological settings (Fig. 1), numerous 
mineralized showings and the Novazza and Val Vedello 
deposits occurring in the volcano sedimentary formations of the 
post-Hercynian basins of the Alpine range. 

In the Western Alps these formations were metamorphosed 
in Alpine time and, consequently, the host mineralization was 
metamorphosed and redistributed-as, for example, at Preit, 
Cuneo. The results of the investigation of the Hercynian 
granitoids have proved to be of no significance: a few vein-like 
occurrences were discovered in the mylonites of the Monte 
Bianco massif and in the peribatholitic schists of southern 
Sardinia; minor occurrences related to recent continental 
coarse deposits overlying, or adjacent to, the granitoids have 
also been found in Calabria and Sardinia. Tabular, low-grade 
uranium mineralization controlled by the groundwater-table 
occurs in the Quaternary alkaline volcanoes of central Italy. 12 

Collio Basin 
The Permian Collio Basin, located in the Lombardy Alps, is 
particularly important in terms of uranium geology, both the 
economic deposits that have so far been discovered in Italy 
(Novazza and Val Vedello) occurring in this basin. It is one of 
the several continental basins, filled mainly with acid volcanics 
and sediments derived from the erosion of metamorphic and 
volcanic formations, that formed at the edge of the Hercynian 
chain at the end of the orogenic event in the late Carboniferous. 

The Collio formation outcrops over an area of 800 km2 ; its 
original extension is not known, as it is bordered to the north 
and to the south by two major structural features (Fig. 2). The 
maximum thickness is about 1500m. To the north the Collio 
formation is in tectonic contact with the crystalline basement 
as a result of reverse faulting. To the south the Permian 
formations are in tectonic contact with Mesozoic marine 
formations. Two structural highs limit the basin both to the east 
and to the west, where the younger (Upper Permian) Verrucano 
formation unconformably overlies the crystalline basement. 

The general late Palaeozoic stratigraphy of the central Collio 
Basin! is outlined below (Fig. 3). 

The first post-Hercynian sedimentary formation is the 'basal 
conglomerate', which comprises coarse- to medium-grained 
sediments typical of a high-energy environment; it overlies 
unconformably the basement gneisses, mica-schists and phyl
lites. The basal conglomerate is present only locally. The Collio 
formation overlies either the basal conglomerate or, directly, 

the basement and is composed of fluvial and lacustrine sedi
ments, interbedded with volcanic deposits. Alluvial fan, 
marginal and lacustrine deposits are the prevailing sedimentary 
facies. 

The alluvial fan deposits consist of polygenetic conglomerates 
with a clastic and/or tuffaceous matrix. The fragments are of 
volcanic and crystalline basement rocks. The marginal lacus
trine deposits are coarse to fine micaceous grey to green sand
stones and blackish silty sandstones. The offshore lacustrine 
deposits are varved terrigenous carbonate sediments and, 
occasionally, calcareous dolomites. Gypsum concretions may 
indicate a local evaporitic environment. Numerous volcanic 
units are interbedded with the sedimentary facies: acid volcanics 
predominate, the intermediate facies being uncommon. Lava 
flows, mud flows, tuffs and ash flows have been identified. 

The 'Verrucano Lombardo' formation overlies, often 
unconformably, the Collio formation. Consisting of reddish 
conglomerates, sandstones and siltstones, its depositional 
environment evolves from that of high energy to a more mature 
environment that is indicative of the Triassic marine trans
gression. 

The Collio formation has been affected by both Permian and 
Alpine structural deformation, the effect varying throughout 
the basin as a result of the lithostratigraphic changes and the 
distribution of tectonic events. Alpine folding is more devel
oped within the plastic lacustrine facies, whereas rigid defor
mation prevails in the coarse, poorly stratified alluvial fan 
facies. 

Novazza deposit 
The Novazza uranium deposit, located in a Permian acid 
ignimbrite, lies on the western side of the Seriana Valley 2 km 
west of Gromo. It was discovered in 1959 by Somiren. Mineral
ization in Permian sandstones had previously been discovered 
in the Alps (see later). Stlidy of such occurrences had shown 
that a part of the uranium minerals was disseminated in the 
clasts derived from volcanites, which led to the supposition that 
uranium mineralization might have existed in the Permian 
volcanics. 6.7 As a consequence, such formations had become 
a specific target for uranium exploration. 

Surface anomalies located by the ground radiometric survey 
were examined by underground work and 1500 t U30S (average 
grade, 0.08GJo) has been proved. 16 Exploitation will depend on 
the uranium market and the solution of certain environmental 
problems. 

Recent work by Bakos and co-workers 1 has led to a better 
understanding of the geology and controls of the deposit (see 
below). 

Geology 
The Novazza deposit is located near the southern border of the 
Collio Basin in one of the volcanic units of the lower Collio 
formation. In the area of the deposit the crystalline basement 
is composed of para-schists of low-grade metamorphic facies. 
These are unconformably overlain by a thick volcanosedi
mentary sequence that forms the lower portion of the Collio 
formation (Fig. 4). The lower sedimentary units (SI, S2 and 
S3, Fig. 4) are mainly coarse-grained basement-derived clastic 
deposits, typical of a high-energy environment. The upper units 
(S4 and S5) are mainly finer sediments indicative of evolution 
to a more mature lower-energy environment (the last is mostly 
made up of volcanic fragments). The thicknesses of all the 
sedimentary units vary markedly over short distances (Fig. 4). 

The interbedded volcanic units are mostly acid ignim
brites. The lower units (/1 and 12, Fig. 4) are thin (maximum 
20-m thickness) fine-grained vitro clastic hyalo-ignimbrites. 
The 'Abete unit' (13 in Fig. 4) is a porphyritic ignimbrite 20-
40 m thick. Its basal portion is mostly fine-grained, whereas 
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large pumices and glass shards are abundant in the upper 
portion. 

The 'Novazza unit' (14, Fig. 4) is a coarse-grained porphyritic 
single cooling unit composed of multiple ignimbrite flows. The 
average thickness is 40 m, but varies from 12 to 90 m. Lithic 
fragments are abundant in its lower portion. The unit is over
lain by two volcanic complexes (15 and 16, Fig. 4) made up of 
multiple aphanitic pyroclastic flows, coarse-grained ignim-
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brites, lithic and crystal tuffs, volcanic breccias and agglomer
ates and lava flows of intermediate (probably trachyandesitic) 
composition. The maximum aggregate thickness of these two 
complexes is 120m. 

Monogenetic and polygenetic breccia pipes related to east
trending faults cut the volcanic sequences: they are probably 
the vents of volcanic units that exist in a higher stratigraphic 
position in the CoBio formation. 



~lra'l NORTHERN LIMIT (Mostly tectonic) 

...... - ......... - SOUTHERN LIMIT (Dashed where inferred) 

Tectonics 
The volcanosedimentary sequence dips about 25°SW. This 
monoclinal tilt is the main Alpine structural feature of the 
Novazza deposit area; further to the south the Alpine Val 
Canale fault places the Permian formations in tectonic contact 
with the Mesozoic carbonate sequence. Within the ore deposit 
the important structural features are syndepositional faults. 

A succession of three main pre-Alpine (Permian) defor
mation phases has been recognized. I Phase 1 is older than the 
S4 sedimentary units and is responsible for the thickness vari
ability of the lower Collio units. Phase 2 comprises northwest
trending faults that are older than the 15 volcanic complex; they 
are responsible for the formation of the palaeo-structural highs 
in which the uranium mineralizations are, for the most part, 
confined (Fig. 4). Phase 3 comprises east-striking normal faults 
that were probably active after the deposition of units 16 and 
S5 (the above-mentioned volcanic pipes are related to this last 

.. 72 Km 

tectonic phase). The distribution ofthe uranium mineralization 
is also related to this structural trend. 

Polyphase syndepositional tectonism has strongly influenced 
the evolution of the lower Collio formation in the Novazza 
deposit area, affecting both the spatial distribution and the 
thickness of the various volcanosedimentary units and giving 
rise to palaeo-structural features to which the location of the 
uranium orebodies seems to be related. 

Mineralization 
The uranium mineralization forms east-striking, flat, elongate 
strato-concordant bodies that are hosted in acid ignimbrites 
affected by strong deuteric alteration and sulphide mineral
ization. The main features of the mineralization and of its 
geological setting are described below. 1 

The volcanics of the Novazza area are generally affected by 
more or less intense deuteric alteration, which results in a 

VAL VEOELLO AREA NW 

Basement complex Alluvial fan-fluvial deposits l::::~=j Marginal lacustrine deposits 

Volcanic deposits Offshore lacustrire defXJSIls Volcanic mud flow 

Fig. 3 Diagrammatic cross-section of central Collio basin showing major stratigraphic and structural relationships at end of Collio deposition. 
After Bakos and co-workers! 
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Fig.4 Novazza area: palaeo-structural sketch shows syndepositional volcano-tectonic block-faulting and distribution of uranium mineralization 
(CE, crystalline basement; 51, sieve deposit; II, hyalo·ignimbrite; 52, conglomerates and sandstones; 12, hyalo-ignimbrite; 53, conglomerates 
and sandstones; 13, porphyritic ignimbrite (Abete unit); 54, coarse- to fine-grained clastic sediments; 14, coarse-grained ignimbrite (Novazza unit); 
15-16, volcanic sequence of ignimbrites, volcanic agglomerates, lavas, lithic tuffs, volcanic breccias; 55, fine-grained sediments; U, uranium 
mineralization). After Bakos and co-workers l 

quartz-albite-K-feldspar-sericite-tourmaline-pyrite-arseno
pyrite association; finely disseminated chalcopyrite, sphalerite 
and other sulphides are also occasionally present. 

Uranium mineralization occurs in the deuterically altered 
volcanics, and all the orebodies of economic interest lie within 
the 14 Novazza unit (minor mineralization is present in the 13 
(Abete), 15 and 16 units). The uranium mineral is pitchblende, 
accompanied by a second generation of sulphides-mainly 
sphalerite, galena, tennantite and Mo sulphides. The pitch
blende-sulphide mineralization is distributed as fine stock
works in the volcanic host rock and intersects the initial deuteric 
sulphide mineralization. At the larger scale the uranium sul
phide mineralization forms strato-conco;·dant, elongate, east-

50 100 m 

than that of the third tectonic phase. No definite absolute age 
determinations are yet available. 

The main ore deposit controls are litho geochemical (acid 
volcanics, deuteric zones), stratigraphic (lower CoIIio for
mation, close to the basement) and structural (syndepositional 
faults, palaeo-structural highs). 

The Novazza deposit may be classified as the 'acid volcanic 
type' of Dahlkamp. S It is considered to be of hydrothermal 
origin, and its genesis might be analogous to that of similar 
deposits in the U.S.S.R.17 and China. 5 

Val Vedello deposit 
The presence of radiometric anomalies in the Vedello Valley on 

• 

Fig. 5 Novazza deposit: horizontal sections of orebodies at different levels. From Ravagnani l6 

striking bodies up to 400 m long, 100 m wide and of a maximum 
thickness of 30 m (Fig. 5). Pyrite and sphalerite are the 
most abundant sulphides, but the zinc content is not economic. 

The upper volcanic units (15 and 16) and, in particular, the 
intermediate lavas have been subjected to occasional intense 
propylitic alteration, which has resulted in a carbonate-sericite
Fe,Mn oxides association. No uranium or sulphide mineral
ization is present in the propylitic rocks and even their geo
chemical uranium content is abnormally low. 

The uranium deposit occurs mainly in structural highs of the 
14 volcanic unit and appears to be related to the last east-striking 
Permian tectonic phase: the age of uranium deposition is, 
presumably, younger than the 16 volcanic complex, which has 
occasional mineralization, and is coincident with or younger 
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the southern side of the ValteIIina (Sondrio province, central 
Alps), was first noted by CNEN geologists in 1969. 13 Signifi
cant spectrometric anomalies were found in the area in 1975 by 
Agip during an experimental helicopter-borne survey; succes
sive ground surveys outlined major uranium mineralization at 
an altitude of 2000 m above sea-level that is being evaluated 
by underground work. Some 4000t U30S (average grade, 
0.1 0/0) has been proved. 2 

Study of the deposit continues and its nature is at present a 
topic of controversy: some Agip geologists do not agree with 
the views that are expressed below. The principal points at issue 
are those which concern the basal CoIIio palaeogeography and 
volcanism and their relationship with the formation of the 
uranium deposit. 



Geology 
The Val Vedello deposit lies in the Orobic Alps about 10km 
south of the Insubric line that divides the northern and southern 
Alpine regions. Its location is therefore intermediate between 
the zones of prevailing Alpine deformation and metamorphism 
to the north of the line and those in which Alpine metamorphism 
is almost absent and tectonism is weaker (Orobic Alps). The 
morphology of the area is very rough owing to glacial action 
and successive landslides. 

The deposit is related to the tectonic contact between the 
crystalline basement, metamorphosed mostly in Hercynian 
time, and the post-Carboniferous clastic sequence. The 
'Morbegno gneisses', mostly paragneisses of amphibolite facies 
locally transformed to greenschist facies, are the basement 
rocks of the area. In the ore deposit zone they are mainly 
albite-biotite-muscovite gneisses, with rare granate and 
staurolite; the greenschist facies is therefore dominant, with 
relicts of amphibolite facies. Deformation was intense and 
polyphase, the main metamorphic and tectonic phase being the 
pre-Carboniferous (Hercynian cycle). 

The lower levels of the Collio formation, fanglomerates 
with boulders up to several metres in diameter, minor sand
stone and tuff beds, outcrop in the Val Vedello deposit area. 
The clasts comprise heterogeneous basement rocks (gneisses, 
schists, phyllites) and volcanics (rhyolitic products and rare 
andesite lavas); the volcanism was probably penecontem
poraneous with the sedimentation. The formation dips about 
400N in the ore deposit area. Large fragments of arenaceous 
shales, recognized as mud-flow or debris-flow deposits, con
sisting of basement-derived clasts, are locally present in tectonic 
contact between the basement and the Collio conglomerates. 
Arenaceous and argillaceous sediments (Carona schists, beyond 
the Val Vedello deposit area) were deposited above or alongside 

'h~ ~tne'congTomerates . 
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A typical situation of an active margin of a sedimentary 
basin, with high-energy gradients, synsedimentary tectonics 
and volcanism, may be recognized. 

Tectonics 
The Permian sequences were subjected to strong polyphase 
Alpine deformation, some phases being mostly plastic (folds), 
other mainly rigid. Obviously, such tectonics involved also the 
basement being superimposed on the older pre-Alpine defor
mation. Detailed structural studies4 led to the recognition ofthe 
following succession of main deformation phases in the Val 
Vedello area (Fig . 6). Phase 1 involved tectonic contact between 
the Collio sediments and the Morbegno gneiss. Such a phase 
may tentatively be interpreted as a Permian synsedimentary 
event-possibly a normal basin border N600E-trending fault, 
dipping 60 o SE, rejuvenating an ancient basement fault. 
Mylonites related to such an event formed both at the Collio
basement contact and, within the two formations, up to several 
tens of metres from the contact. Phase 2 involved isoclinal 
recumbent folding with axial plane schistosity. Axial planes 
strike eastwards and dip to the north. Phase 3 comprises a 
north-striking normal fault dipping 50o E. The western block 
has been upthrown several hundred metres, mylonites being 
produced. This phase is clearly later than phases 1 and 2. Phase 
4 comprises east-striking compressive rigid deformation that 
produced slaty cleavage of the sediments and numerous reverse 
faults (700S) and uplifting the southern blocks 100-120 m. 
The spacing between the major faults is about 300-500 m. 
This phase is later that the others (Figs . 6 and 7) . 

Massive rock slides took place in the Quaternary postglacial 
age on the Vedello Valley slopes. 
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Fig . 7 Cross-section of Val Vedello deposit area. Uranium-bearing mylonitic contact is displayed by east-striking reverse faults . After Brancaleoni 
and co-workers2 

Mineralization 
The study of Cancelliere and Martinotti4 resulted in a better 
understanding of the relationships between tectonic events and 
uranium mineralization. The Val Vedello uranium mineraliz
ation of economic grade is placed in well-defined structural 
positions related to phases 1 and 3. 

The uranium ore related to the N60oE-striking fault of phase 
1 is emplaced at the tectonic contact between the basement and 
the Collio formation and in the cataclastic zones of the two 
formations-to a maximum distance of 15 m from their contact 
(C. M. Pessina, personal communication). The uranium 
deposition was probably not much later than the Collio sedi
mentation and/or diagenesis, according to some absolute age 
determinations. The horizontal width of the mineralization 
varies between 600 m in outcrop to 200 m at the altitude of 
1400m. Its average thickness is 3-4m.2 

The mineralization related to the phase 3 north-striking fault 
is also emplaced at the contact between basement and Collio 
conglomerates; it forms parallel, 100 m wide, flat bodies 
elongate along the dip and separated by barren bands. The 
average thickness of the orebodies is 2 m (C. M. Pessina, 
personal communication). The probable age of uranium 
deposition is Alpine. Minor mineralization is related to the 
phase 4 east-striking faults close to their intersection with the 
mineralization described above. 

Pitchblende, the main uranium mineral, is commonly asso
ciated with pyrite, chalcopyrite and rare galena, quartz and 
carbonates . The distribution of all these minerals is related to 
the cataclastic zones. Pitchblende is always accompanied by 
sulphides, but these may well not carry uranium (C. M. Pessina, 
personal communication). 

In conclusion, uranium deposition is clearly related to two 
main structural events, both distinguished by widely spaced 
tension faults with wide vertical displacement.· Two major 
controls on mineralization have been identified to date
structural (N and N600E-trending faults) and lithogeochemical 
(contact between the basement and the Collio formation or its 
immediate surroundings). The deposit can tentatively be stated 
to be of the hydrothermal vein type, though some aspects are 
typical of the vein-like type. 8 
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Uranium occurrences in Permian continental sandstones 
oj the southern Alps 
A number of 'sandstone-type' uranium occurrences have been 
found in the Permian continental sandstones of the southern 
Alps-the 'Collio' and 'Verrucano Lombardo' formations in 
the central Alps, the 'Val Gardena sandstones' in the Trentino
Alto Adige region and the eastern Alps (Fig. 1). These clastic 
fluvial deposits overlie either directly the pre-Hercynian 
crystalline basement or the post-orogenic volcanics and are 
overlain by epicontinental sediments. 

The 'Val Gardena sandstones' formation was studied by 
Cadel. 3 The alluvial fan deposits prevail in the basal part of the 
formation; the braided stream deposits are by far the more 
abundant. The palaeo-climate was rather hot and arid and 
favoured the penecontemporaneous oxidation of a large part 
of the sequence (red sandstones). In places sediments accumu
lated sufficiently rapidly to prevent oxidation and unoxidized 
beds could be preserved (grey sandstones in the lower part of 
the sequence) . The rock-forming material was mostly derived 
from volcanics and metamorphics. 

The upper Collio-Verrucano sequence of the central Alps 
was described earlier. 

Uranium occurrences in these clastic formations are wide
spread, the most important being located in the Rendena Valley 
area (western Trentino) and in the Seriana Valley (Lombardy). 
Uranium mineralization is tabular and peneconcordant with 
the sandstone beds; it is commonly associated with organic 
matter, the best occurrences being located in the grey beds close 
to the geochemical boundary with the red beds. 

Uranium is mostly microcrystalline uraninite; pitchblende 
forms local tectonic or diagenetic remobilization. Pyrite is 
abundant; other sulphides are present but are quantitatively 
subordinate to uraninite. Uranium mineralization is related to 
high Pb, Cu, V, Zn and As geochemical values. 6 

The most promising uranium occurrences were investigated 
by Somiren in the Val Rendena area (1958-60) and Agip in 
Val Seriana (1976-78). Individual ore lenses proved to be 
small in size, variable in grade and fragmented by tectonics. 
Reserves total some 100 t of uranium. Genetically, the mineral-
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ization may be ascribed to 'sandstone-type' epigenetic uranium 
deposits. 

Uranium occurrences in Permian metamorphosed 
volcanosedimentary formations of western Alps 
The most relevant uranium occurrences in the late Palaeozoic 
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metamorphosed sequences of the western Alps are located in 
the 'Briancon zone' of the Cottian and Maritime Alps (Fig. 8). 
The host formation is a volcano sedimentary sequence of mostly 
acid ignimbrites, ash tuffs and argillaceous sandstones due to 
reworking of volcanic material; it was deposited in a conti
nental environment in the Permian and metamorphosed to 
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Fig. 10 Type and distribution of U and Th mineralization in Vulsini, 
Vico and Sabatini volcanic groups . Substratum formed mainly of Plio
Pleistocene clays and Cretaceous-Oligocene flysch. Relationships 
between faults and calderas, with solfataras (full black triangles) and 
peri volcanic kaolinic fields (full black lines with cross hatching where 
fields are buried) may be seen . After Locardi and Mittempergher11 
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greenschist facies in Alpine time. 15 The most significant 
uranium mineralization occurs in the Preit Valley near Cuneo. 
The Permian formation is tightly folded in the area (Fig. 9) . 

Radioactive anomalies were located in the Preit Valley in the 
year 1956 by CNEN geologists and exploration work under
ground was carried out by Somiren. A new campaign (15 500 m 
of drilling) was performed by Agip in the period 1978-80. Six 
strato-concordant lens-shaped orebodies have been delineated, 
their diameters varying from 50 to 150m; the maximum thick
ness of each mineralized bed is 2 m and several superimposed 
lenses exist in a stratigraphic interval 5-10 m thick (A. De 
Bonis, personal communication) . Present proven reserves are 
some 200t U30g; the average grade is ca 600ppm. 9 

Prato has described the results of geological investigations in 
the area. 15 Tabular, lens-shaped bodies occur in apatite-rich 
quartz mica schists composed of alternating muscovite and 
quartz + feldspar beds interbedded with the acid metavolcanics; 
petrochemical analyses of the host rocks indicate a composition 
intermediate between feldspathic sandstones and argillites. The 
mineral association is pitchblende + pyrite + chalcopyrite + 
tetrahedrite + hematite, the first two being the most abundant. 
The uranium + sulphide mineralization is parallel both to the 
schistosity and to the younger tectonic deformations produced 
by the Alpine dynamo-metamorphism; in particular, pitch
blende is confined to the apatite-rich micaceous beds. Apatite 
is clearly replaced by pitchblende. 

The neoblastic quartz beds contain neither uranium nor sul
phides; on the other hand, neoblastic fluorspar crystals are 
abundant. Fluorspar is also present in the quartz veins that cut 
the schistosity. 

Geostatistical analysis of the distribution of the minor 
elements shows a Pb-Mo-Hg-U-P association; no associ
ation exists between U and organic matter. The organic carbon 
values were always very low. 

Uranium was emplaced after aDatite deDosition. as the 
,he r 5' A, F rpot"~w Pi1-

I I I , , ' 
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Fig. II Ore formation mechanism and typical uranium distribution in volcanic deposits of northern Latium. After Locardi and Mittempergher" 
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replacement phenomena show. On the other hand, the age of 
the mineralization is clearly pre-metamorphic. Absolute age 
determinations indicate a Permian age of deposition for the 
uranium minerals. 

Uranium mineralization in Quaternary volcanics oj 
northern Latium 
Low-grade uranium deposits occur in the Quaternary alkaline 
volcanics of northern Latium (Fig. 10).12 Thin stratiform 
peneconcordant uranium mineralization is found in reworked 
loose tuffaceous deposits and, locally, in diatomite layers. lO 

Widespread kaolinization and pyrite-marcasite mineralization 
occur in the host volcanic beds. ll Uranium mineralization is 
related to the supergene environment. 

The uranium content of the alkaline volcanics of northern 
Latium is very high (20-70 ppm U). The mineralizing process 
is related to HzS rising from the volcanic pile or from deep 
faults: uranium leached from the volcanics by meteoric waters 
is reduced and precipitated at the water level by HzS dissolved 
in the groundwater. The process is still active (Fig. 11). 

Aggregate sub-marginal resources in the area are in the range 
5000-10000t U30S at a grade of a few hundred ppm. 
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of uranium in 5, 8 

Fe deposit, Spain 152, 153 
Felder deposit, Texas, U.S.A. 38 
Ferghanite, chemical and structural 

classification of 59 
Fergusonite, chemical and structural 

classification of 49 
Forbach granite, Federal Republic of 

Germany 154 
Forstau deposit, Austria 159 
Formanite, chemical and structural 

classification of 49 
Ft. Union formation, Wyoming, 

U.S.A. 104 
Fourmarierite, chemical and structural 

classification of 50, 52 
Franceville deposit, Gabon 59, 127 
Francevillite, chemical and structural 

classification of 59, 60 
Freiberg district, Democratic Republic 

of Germany, hydrothermal veins in 
123 

Fritzcheite, chemical and structural 
classification of 56, 58, 59 

Front Range deposits, Colorado, 
U.S.A. 105, 106 

Furongite, chemical and structural 
classification of 55 

Gardar alkaline province, southwest 
Greenland 141-2 

Garfield mine, Colorado, U.S.A. 38 
Gas Hills deposits, Wyoming, 

U.S.A. 38, 135-6 
Gassaway Member, Chattanooga 

Shale, eastern U.S.A. 129 

Gastunite, chemical and structural 
classification of 53 

Generation of uranium deposits 89ff 
Geochemical uranium exploration 

techniques 30-4, 35, 103, 105-6 
Geochemistry of uranium 18ff, 89-90 
Geologic uranium exploration 

techniques 27-9, 102, 103 
Geophysical uranium exploration 

techniques 29-30, 102, 103 
Georenja Vas-Zirovski Vrh deposit, 

Yugoslavia 158-9 
Gordon Lake Formation, Elliot Lake, 

Ontario, Canada 92 
Goulor River mineralization, Coutras, 

France 109, 11 0 
Granite Mountains mineralization, 

Wyoming, U.S.A. 26, 122 
Granites, uranium deposits in 32, 48, 

53,65,91,92,94, 102, 107, 114-5, 
122-3,144-9, 163, 167-78 

Granites, high heat production, role 
of, in uranium province 
formation 167-78 

Grants deposits, New Mexico, 
U.S.A. 37, 38 

Grants mineral belt, U.S.A. 94, 120, 
126, 127, 135 

Great Bear Lake mineralization, North 
West Territories, Canada 123 

Green Hole Formation, Australia 92 
Green River Formation, Wyoming, 

U.S.A. 65 
Grimselite, chemical and structural 

classification of 65 
Groeden beds, Yugoslavia 158 
Guaymas Basin, Mexico 26 
Gueret complex, France 145 
Guilleminite, chemical and structural 

classification of 66 
'Gummite' minerals, chemical and 

structural classification of 46, 
49-50 

Hachettolite, see Uranpyrochlore, 
chemical and structural classification 
of 

Haiweeite, chemical and structural 
classification of 53, 54 

Haiweeite-(Mg), chemical and 
structural classification of 53 

Half-lives, decay constants and modes 
of decay of 238U, 235U and 232Th 
series 2-3 

Hallimondite, chemical and structural 
classification of 55 

Hamr deposit, Czechoslovakia 157-8 
Happy Jack mine, Utah, U.S.A. 62 
Hawaii volcanic area, distribution of 

uranium in 5,7, 8, 9 
Heinrichite, chemical and structural 

classification of 56 
Helmsdale granite, Scotland 143, 170, 

173 
Henriette deposit, France 146 
Hexavalent uranium minerals, chemical 

and structural classification 
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of 18ff, 49-66, 89-90 
Hjelmite, see Yttromicrolite, chemical 

and structural classification:::>f 44 
Hohe Tauern mountains, Austria 159 
Hohenstein deposit, Federal Republic 

of Germany 153 
Hood granites, South Africa 175 
Hornby Bay Formation, Canada 97 
Hospital Hill Series, Witwatersrand 

System, South Africa 96 
Huegelite, chemical and structural 

classification of 55 
Huronian Supergroup, Canada 128 
Hydrogen meta-autunite, chemical and 

structural classification of 56, 57, 
58 

Hydrogeochemistry, use of, in uranium 
exploration 23ff, 27, 30, 31-2, 34, 
33-40,41, 103-5, 109-16 

Hydrothermal systems, transport and 
deposition of uranium in 12-17 

Hydrothermal veii1 uranium 
deposits 62,94, 102, 107, 123, 
132-3 

Ianthinite, chemical and structural 
clG'ssification of 44, 46, 49, 50, 64 

Idaho Springs Formation, U.S.A. 132 
Identification of uranium 

minerals 66-7 
Iimoriite, chemical and structural 

classification of 49 
Ilimauss<,.q deposit, Greenland 121, 

130-1, 142 
INPUT surveys, use of, in uranium 

exploration 29, 30 
International Atomic Energy 

Agency 162, 166 
Intrusive igneous uranium deposits, see 

under Uranium deposits, types of 
Iraqite, chemical and structural 

classification of 49 
lriginite, chemical and structural 

classification of 62 
Ishikawaite, chemical and structural 

classification of 44 

Jabiluka II deposit, Northern 
Territory, Australia 125, 134 

Jachymov deposits, 
Czechoslovakia 65, 149, 153 

Jean Vincent formation, Coutras, 
France 110 

Johan Beetz mineralization, Quebec, 
Canada 122 

Johannite, chemical and structural 
classification of 62, 63, 64 

Joliotite, chemical and structural 
classification of 64, 65 

Kaapvaal craton, South Africa 167 
Kahlerite, chemical and structural 

classification of 56 
Kaipokok deposits, Labrador, 

Canada 93 
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'Kaolin nests' 28 
Karoo Formation, South Africa 127 
Kasolite, chemical and structural 

classification of 53, 54 
Kenema deposit, Sierra Leone 122 
Kerguelen volcanic area, distribution 

of uranium in 7 
Key Lake deposit, Saskatchewan, 

Canada 40,41,46, 103, 125 
Khan Formation, Namibia 131 
Kivuite, chemical and structural 

classification of 55 
KlerksdOlp granites, South 

Africa 175 
Kobeite, chemical and structural 

classification of 44 
Kobokobo pegmatite, Kivu, Zaire, 

mineralization in 55 
Koenigstein ceposits, German 

Democratic Republic 157 
Kombolgie Sandstone, Northern 

Territory, Australia 134 
Koongara deposit, Northern Territory, 

Australia 125 
Krunkelbach-Mem:enschwand deposit, 

Federal Republic of Germany 146 
Kiilm Shale, Sweden 119 

La Borderie mineralization, La 
Crouzille, France 110 

Lacbaux deposits, France 122 
Lachaux-Bois Noirs granite, 

France 147 
Lachaux-Bois Noirs-Madeleine 

epileuco-granite, France 147 
La Crouzille-Limousin deposits, 

France 110, 145-6 
Lagadailiere mineralization, 

France 11.1-5 
Lagao Real deposits, Bahia, 

Brazil 94, 97 
Lahr, Baden, Federal Republic of 

Germany, mineralization at 55 
Lake Frome deposits, South 

Australia 126 
Lake Nipissing mineralization, 

Ontario, Canada 122 
Langer Heinrich deposit, 

Namibia 127 
Langmuir's saturation index 40 
Langogne mineralization, France 146 
La Petrazza lava, Stromboli volcanic 

area, distribution of uranium in 5 
Large ion lithophile elements, see 

Mantle processes, uranium in 
La Virgen deposit, Spain 149 
'Lead paradox' 9 
Le Fieu formation, Coutras, 

France 110 
Leipers Limestone, eastern 

U.S.A. 129 
Lermontovite, chemical and structural 

classification of 44, 47 
Uandratite, chemical and structural 

classification of 44, 48-9 
Lianshanguan deposit, China 92 
Liebigite, chemical and structural 

classification of 64, 65 
Lignites, coals and carbonaceous 

shales, uranium deposits in 55, 95, 
127 

LIL elements, see Mantle processes, 
uranium in 

Limestones, uranium deposits in 127 
Limousin deposits, ?rance, see La' 

Crouzille-Limousin deposits, France 
Limpopo mobile belt 175 
Llano area, Texas, U.S.A., exploration 

in 34 
Lodeve (Herault) deposits, France 94, 

154, 155 
Lodochnikite 47 
Lombre deposit, France 156, 157 
Los Ratones deposit, Spain 149 
Lovozero deposit, U.S.S.R. 121 

McDermitt Caldera, Oregon, 
U.S.A. 95, 121 

Mckelveyite, chemical and structural 
classification of 65 

McKim Formation, Ontario, 
Canada 128 

MacMahon Act (U.S.A.) 162 
Madison limestone, Montana, 

U.S.A. 95 
Magnesium zippeite, chemical and 

structural classification of 64 
Magnet Cove mineralizati;:m, 

U.S.A. 121 
Malene, Greenland, supracrustal 

sequence, uranium-deficient 91 
Mantle processes, uranium in 4-11 
Mapping, geologic, use of, in uranium 

exploration 102, 103 
Margaritasite, chemical and structural 

classification of 59, 60 
Margnac deposit, France 52, 146 
Marthozite, chemical and structural 

classification of 66 
Martin Formation, Saskatchewan, 

Canada 97, 135 
Mary Kathleen deposit, Queensland, 

Australia 124, 133-4 
Marysvale deposits, Utah, U.S.A. 62, 

121 
Mas d' Alary mineralization, 

France 154 
Mas Lavayre mineralization, 

France 155 
Masuyite, chemical and structural 

classification of 50, 52 
Matinenda Formation, Ontario, 

Canada 128 
Maureen deposit, Queensland, 

Australia 94, 121 
Mayet de Montagne-Arfeuilles 

monzogranite, France 147 
Mazarate deposit, Spain 157 
Meade Peak Phosphatic Shale 

Member, Phosphoria Formation, 
western U.S.A. 129, 130 

Mecsek Mountains deposits, 
Hungary 157 

Melanocerite, chemical and structural 



classification of 49 
Meta-ankoleite, chemical and 

structural classification of 56, 57 
Meta-autunite family, chemical and 

structural classification of 52, 55, 
56, 57-8 

Metacalciouranoite, chemical and 
structural classification of 50, 52 

Metaheinrichite, chemical and 
structural classification of 56 

Metakahlerite, chemical and structural 
classification of 56 

Metakirchheimerite, chemical and 
structural classification of 56 

Metalodevite, chemical and structural 
classification of 56, 57 

Metamorphic host rocks, uranium 
deposits in 26-7, 29, 93-4, 97, 98, 
125, 135 

Metanovacekite, chemical and 
structural classification of 56 

Metaschoepite, chemical and structural 
classification of 49, 50 

Metasomatic uranium deposits 123-4, 
133-4 

Metasomatism, mantle, see Mantle 
processes, uranium in 

Metastudtite, chemical and structural 
classification of 50 

Metatorbernite, chemical and 
structural classification of 52, 56, 
57, 58 

Metatyuyamunite, chemical and 
structural classification of 59 

Meta-uranocircite, chemical and 
structural classification of 56, 57, 
58 

Meta-uranocircite II, chemical and 
structural classification of 56 

Meta-uranopilite, chemical and 
structural classification of 63, 64 

Meta-uranospinite, chemical and 
structural classification of 56 

Metavandendriesscheite, chemical and 
structural classification of 50, 52 

Metavanmeerscheite, chemical and 
structural classification of 55 

Metavanuralite, chemical and 
structural classification of 59, 60 

Metazellerite, chemical and structural 
classification of 64, 65 

Metazeunerite, chemical and structural 
classification of 56 

Midnite mine, Washington, 
U.S.A. 122, 132 

Mid-oceanic ridge basalts, distribution 
of uranium in 6, 7, 9 

Midwest Lake deposit, Canada 125 
Mikouloungou deposits, Gabon 92, 

113 
Mina Fe mineralization, Spain 123 
Minerals, uranium, see Uranium 

minerals 
Mine Series, Roan Group, Zaire 133 
Moab deposits, Utah, U.S.A. 95 
Mobility, geochemical, of 

uranium 19-20 
Moctezuma mineral deposit, 

M~xico 65 
Moctezumite, chemical and structural 

classificadon of 65, 66 
Moeda Formation, Minas Gerais, 

Brazil 92 
Moluranite, chemical and structural 

classification of 44, 48, 62 
Monazite, chemical and structural 

classification of 49 
MC'ntagne Bourbonnaise area, France, 

mineralization in 147-9 
Mont conglomerate, Cerilly, 

France 157 
Montgomery Lake Group, Canada 92 
Montmassacrot mineralization, La 

Crouzille, France 110 
Moon Lake ore zone, Ontario. 

Canada 129 
MORB, see Mid-or.eanic ridge basalts, 

distribution of uranium in 
'Morbegno gneisses', Italy 183 
Mo~rison Formation, southwestern 

U.S.A. 38,94, 95, 135 
Mounana mine, Gabon 59,92 
Mouet Battock granite, Scotland, see 

Cairngorm-Mount Battock 
batholith, Scotland 

Mount Burstall granite, Queensland, 
Australia 133 

Mt. St. Helens volcanic area, 
distribution of uranium in 5, 8 

Mourite, chemical and structural 
classification of 44, 47-8, 62 

Muds, uranium deposits in 119,129 
Miillenbach deposit, Federal Republic 

of Germany 154-5 
Musonoi deposits, Katanga 66 

Niirke province, Sweden, uraniferous 
shales in 143 

Nickel zippeite, chemical and structural 
classification of 64 

Ningyoite, chemical and structural 
classification of 47 

Ningyo-toge mine, Tottori Prefecture, 
Jar-an 47 

Niobo-aeschnyite, chemica! and 
structural classification of 49 

Nisa-Portalegre deposits, 
Portugal 123, 149, 150, 151, 153 

Nordic ore zone, Ontario. 
Canada 129 

Novacekite, chemical and structural 
classification of 56 

Novazza deposit, Italy 94, 158, 
179-82 

Nyirangongo volcanic <'.rea, 
distribution of uranium in 4, 7, 8 

Ognitsk mineralization, East Sayan, 
U.S.S.R. 122 

Olympic Dam (Roxby Downs) deposit, 
Australia 93, 121, 130 

Optical data for uranium 
minerals 86-8 

Orphan mine, Arizona, U.S.A. 125 

Orthobrannerite, chemical and 
structural classification of 44, 47 

Oursinite, molecular formula of 67 
Ousdale Arkose, Scotland 170 

Palabora uranium-bearing carbonatite, 
South Africa 121, 122 

Palangaila uranium deposit, Texas, 
U.S.A. 38 

Palheiros de Tolosa deposit, 
Portugal 150 

Paraschoepite, chemical and structural 
classification of 49, 50 

Parsonit~, chemical and structural 
classification of 55 

Pascoeite, chemical and structu~al 
classification of 62 

Pedogeochemistry, use of, in uranium 
exploration 33, 105-6, 113-5 

Pegmatites, uranium deposits in 43, 
41, 48, 55, 59, 91; 92-3, 94, 96, 98, 
123 

Pegmatitic alkaline granites, uranium 
deposits in 91, 122, 132 

Peltura scarobaeoides 143 
Peiia Blanca deposit, Chihuahua, 

Mexico 121, 130 
Peneconcordant deposits 24-5, 40, 

94, 97, 98, 126, 127, 135 
Peralkaline nepheline syenites, uranium 

deposits in 121, 130-1 
Petrogeochemistry, use of, in uranium 

exploration 32, 105-6 
Petscheckite, chemical and structural 

classification of 44, 48-9 
Phosphates, uranium deposits in 55, 

127 
Phosphoria Formation, western 

U.S.A. 129, 130 
Phosphorites, uranium deposits 

in 1l9-20, 129-30 
Phosphuranulite, chemical and 

structural classification of 55, 56 
Phuralumite, chemical and structural 

classification of 55, 56 
Phurcaiite, chemicd and structural 

classification of 55, 56 
Pilanesberg deposit, South 

Africa 121 
Pine Creek Geosyncline, Australia 93 
Pisekite, chemical and structural 

classification of 44 
Pitchblende, as variety of 

uraninite 46 
Pitch mine, Colorado, U.S.A. 95, 97 
Placer uranium deposits 20, 91, 98, 

120 
Pleutajokk deposit, northern 

Sweden 143 
Plumbobetafite, chemical and 

structural classification of 44 
Plumbomicrolite, chemical and 

structural classification of 44 
Plumbopyrochlore, chemical and 

structural classifIcation of 44 
Pocas de Caldas deposit, Brazil 121 
Polycrase, chemical and structural 
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classification of 44 
Port Radium deposits, Northwest 

Territories, Canada 93, 97 
Powder River Basin deposits, 

Wyoming, U.S.A. 104, 126 
Preit Valley mineralization, Italy 187 
Pribram deposits, 

Czechoslovakia 123, 149, 153 
Prices, uranium 101-2, 165 
Production, world, of uranium 164-5 
Prospecting, uranium, see Uranium 

exploration 
Pryor Mountains deposits, 

U.S.A. 95,97, 127 
Przhevalskite, chemical and structural 

classification of 56 
Pseudo-autunite, chemical and 

structural classification of 55, 58 

Quartz-pebble conglomerates, uranium 
deposits in 47, 91-2, 98, 102, 106, 
117-9, 128-9 

Quirke ore zone, Ontario, 
Canada 129 

Rabbitite, chemical and structural 
classification of 65 

Rabbit Lake deposit, Saskatchewan, 
Canada 40, 125, 134 

Radioactivity as science, history 
of 1-3 

Radiometric surveys, use of, in 
uranium exploration 29-30, 102-3, 
105 

Radium, use of, in detailed soil 
geochemical exploration 114-5 

Rameauite, chemical and structural 
classification of 50, 52 

Ranger 1 deposit, Northern Territory, 
Australia 26, 125 

Ranger 2 deposit, Northern Territory, 
Australia 125 

Ranquilite, chemical and structural 
classification of 53, 54 

Ranstad deposits, Sweden 119, 143, 
154 

Ranunculite, chemical and structural 
classification of 56 

Rauvite, chemical and structural 
classification of 59, 62 

Renardite, chemical and structural 
classification of 55, 56 

Reserves and resources of 
uranium 162-4 

Resources of uranium, see Reserves 
and. resources of uranium 

Retort Phosphatic Shale Member, 
Phosphoria Formation, western 
U.S.A. 129 

Rex Chert Member, Phosphoria 
Formation, western U.S.A. 129 

Rexspar deposit, British Columbia, 
Canada 94, 121 

Rhabdophane, chemical and structural 
classification of 47, 49, 65 

Richetite, chemical and structural 
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classification of 50 
Rifle mine, Colorado, U.S.A. 38 
Roan Group, Zaire 133 
Rock sampling, see Petrogeochemistry, 

use of, in uranium exploration 
Roll-type deposits 22, 25-6, 37-40, 

62,94-5,96,97,98,126,135-6 
Ross-Adams mine, Alaska, 

U.S.A. 132 
Rossing deposit, Namibia 93,97, 

122, 131-2 
Rossing Formation, Namibia 131 
Roubaltite, chemical and structural 

classification of 50, 52 
Roxby Downs deposit, South 

Australia 93, 121, 130 
Rum Jungle deposit, Northern 

Territory, Australia 40, 125 
Rutherfordine, chemical and structural 

classification of 64, 65 

Sabugalite, chemical and structural 
classification of 56 

St. Austell granite, southwest 
England 171 

St. Goussaud granite, France 145 
St. Hippolyte deposit, France 155 
St. Louis Fault, Saskatchewan, 

Canada 135 
Saint-Pierre du Cantal deposit, 

France 158 
St. Sylvestre lel,lcogranite, La 

Crouzille, France 110, 145, 146 
Sakami Lake Group, Canada 92 
Saleeite, chemical and structural 

classification of 56 
Samarskite, chemical and structural 

classification of 44 
Sandstones, uranium deposits in 22, 

23-6,27-9,37-40,46,53,55,57, 
59, 62, 91, 94-5, 96, 97-8, 102, 107, 
126-7, 135-6, 163 

San Juan Basin deposits, New Mexico, 
U.S.A. 39 

Savoy deposits, France 159 
Sayrite, molecular formula of 67 
Schmitterite, chemical and structural 

classification of 65, 66 
Schoepite, chemical and structural 

classification of 49, 50, 51,62, 65 
Schroeckingerite, chemical and 

structural classification of 63, 64, 
65 

Schwartzwalder deposit, Colorado, 
U.S.A. 40, 132-3 

Sedimentary host rocks, uranium 
deposits in 23-6, 43, 92, 125, 153-8 
(see also Sandstones, uranium 
deposits in) 

Sedimentary uranium deposits, see 
under Uranium deposits, types of 

Sedovite, chemical and structural 
classification of 44, 47-8, 62 

Sengierite, chemical and structural 
classification of 59, 60 

Senhora das Fontes deposit, 
Portugal 151-2 

Serro de Corrego Formation, Bahia, 
Brazil 92 

Shales, uranium deposits in, see Black 
shales, uranium deposits in; Lignites, 
coals and carbonaceous shales, 
uranium deposits in 

Sharpite, chemical and structural 
classification of 64, 65 

Shinko,lobwe mine, Zaire 52, 65, 123, 
133 

Shirley Basin deposits, Wyoming, 
U.S.A. 126 

Sierra de Pefia Blanca deposit, 
Mexico 95 

Sinde-Azere contact area, Portugal, 
large low-grade mineralization 
at 150 

Siwaliks Formation, Pakistan, India, 
Bangladesh 158 

Sklodowskite, chemical and structural 
classification of 53, 54 

Slatina deposit, Czechoslovakia 153 
Soddyite, chemical and structural 

classification of 53, 54-5 
Sodium boltwoodite, chemical and 

structural classification of 53 
Sodium meta-autunite, chemical and 

structural classification of 56 
Sodium uranospinite, chemical and 

structural classification of 56 
Sodium zippeite, chemical and 

structural classification of 62, 64 
Soil sampling, see Pedogeochemistry, 

use of, in uranium exploration 
South Alligator River deposits, 

Northern Territory, Australia 93, 
125 

South Mountain batholith, Nova 
Scotia, Canada 173 

Spis-Gemer deposit, 
Czechoslovakia 158 

Spokane Mountain deposit, 
Washington, U.S.A. 105, 106, 122, 
123, 153 

Spor Mountain deposits, Utah 95 
Stack deposits 94,96,97,98, 126-7 
Stream sediment geochemistry, use of, 

in uranium exploration 30, 32-3, 
35, 103, 112-3 

Strelkinite, chemical and structural 
classification of 59 

Streuberg, Democratic Republic of 
Germany, bergenite in dumps at 55 

Stromboli volcanic area, distribution 
of uranium in 5, 8, 9 

Stromness deposits, Scotland 170 
Studtite, chemical and structural 

classification of 50 
Supergene environment, uranium in, 

geochemical behaviour of 18-22 
Swartzite, chemical and structural 

classification of 65 

Tanteuxenite, chemical and structural 
classification of 44 

Tarabau deposit, Portugal 150 
Tarkwaian System, Ghana 92 



Tazin Group, Saskatchewan, 
Canada 135 

Temple Mountain mineralization, 
Utah, U.S.A. 125 

Tetravalent uranium minerals, 
chemical and structural classification 
of 43-9, 89-90 

Texas Gulf Coast deposits, 
U.S.A. 25,27, 34, 39 

Thelon Formation, Canada 97 
Thomas Range deposits, U.S.A. 121 
Thorianite, chemical and structural 

classification of 49 
Thorite, chemical and structural 

classification of 49 
232Th series, half-lives, decay constants 

and modes of decay of 3 
Thorutite, chemical and structural 

classification of 44, 47 
Threadgoldite, chemical and structural 

classification of 56, 57, 58 
Thule Basin, Greenland 93 
Time-dependent evolutionary changes 

in uranium deposits 89ff 
Tirschenreuth (Oberpfalz) deposits, 

Federal Republic of Germany 153 
Todilto Limestone, U.S.A. 127 
Togo Formation, Washington, 

U.S.A. 132 
Tono mine, Japan 94 
Torbernite, chemical and structural 

classification of 56, 89 
Tosi Chert Member, Phosphoria 

Formation, western U.S.A. 129 
Transport and deposition of uranium 

in hydrothermal systems 12-17 
Transvaal Supergroup, South 

Africa 92 
Travancore deposits, India 122 
Triangulite, molecular formula of 67 
Trinidade volcanic area, distribution of 

uranium in 7 
Tristan volcanic area, distribution of 

uranium in 7 
Trogerite, chemical and structural 

classification of 56, 58 
Trogerite-(P), see Hydrogen meta

autunite, chemical and structural 
classification of 

Tyuyamunite, chemical and structural 
classification of 22, 59, 89 

Tyuya-Muyum deposit, U.S.S.R. 127 

Umbozerite, chemical and structural 
classification of 49 

Umohoite, chemical and structural 
classification of 62 

Uncompaghre uplift, western 
U.S.A. 98 

Unconformity-related uranium 
deposits 29,93,95, 97, 98-9, 102, 
106, 107, 124-5,134 

Upalite, chemical and structural 
classification of 55 

Uramphite, chemical and structural 
classification of 56 

Uranium City deposits, Saskatchewan, 

Canada 97 
Uranium deposits, types of 

effusive igneous 4ff, 94, 95, 97, 98, 
102, 107, 121, 130 

epigenetic 125-7, 135-6 
in calcretes 102, 107, 127, 136 
in lignites, coals and carbonaceous 

shales 55, 95, 127 
in limestones 127 
in phosphates 55, 127 
in sandstones 22, 23-6, 27-9, 46, 

53, 55, 57, 59, 62, 91, 94-5, 96, 
97-8, 102, 107, 126-7, 135-6, 
163, 184-6 
peneconcordant 24-5,40, 94, 

97, 98, 126, 127, 135 
roll-type 22, 25-6, 37-40, 62, 

94-5, 96, 97, 98, 126, 135-6 
stack 94,96,97,98, 126-7 

intrusive igneous 90, 93, 107, 
121-3, 163 
in anatectics 93, 122, 131-2 
in car bonatites 121-2, 131 
in granites 32, 48, 53, 65, 91, 92, 

94, 102, 107, 114-5, 122-3, 163, 
167-78 

hydrothermal veins 62, 94, 102, 
107, 123, 132-3 

in pegmatites 43, 47, 48, 55, 59, 
91,92-3,94,96,98, 123 

in pegmatitic alkaline 
granites 91, 122, 132 

in peralkaline nepheline 
syenites 121, 130-1 

in metamorphic host rocks 26-7, 
29, 93-4, 97, 98, 125, 135 

metasomatic 123-4, 133-4 
sedimentary 91, 117-20 

in bauxites 120 
in black shales 91, 92, 94, 97, 

98,99, 107, 119, 121, 129, 163 
in brines 20, 90, 120, 130 
in muds 119, 129 
in phosphorites 119-20, 129-30 
placer 20, 91, 98, 120 
in quartz-pebble 

conglomerates 47, 91-2, 98, 
102, 106, 117-9, 128-9 

in sedimentary host rocks 23-6, 43, 
92, 125 (see also Sandstones, 
uranium deposits in) 

unconformity-related 29, 93, 95, 
97,98-9, 102, 106, 107, 124-5, 
134 

vein-type 93, 97, 99, 102, 106, 124, 
125, 134-5 
geologic model for 40-1 

Uranium exploration 23-42, 101-8 
detailed 103-7 
models for 37-41 

geochemical 37-40 
geologic 40-1 

reconnaissance 102-3 
techniques used in 27-37, 102-6 

drilling and logging 106 
geochemical 30-4, 35, 103, 105-6 

biogeochemistry 33-4, 106 
hydrogeochemistry 23ff, 27, 

30,31-2,34,38-40,41, 103-5 
pedogeochemistry 33, 105-6 
petro geochemistry 32, 105-6 
stream sediment 

geochemistry 30, 32-3, 35, 
103 

geologic 27-9, 102, 103 
geophysical 29-30, 102, 103 

INPUT surveys 29, 30 
radiometric surveys 29-30, 

102-3, 105 
Uranium minerals 

chemical and structural classification 
of 43-66 
alkali and alkaline-earth uranyl 

oxide hydrates 50-2 
agrinierite 50, 52 
bauranoite 50, 52 
becquerelite 50, 52 
billietite 50, 52 
calciouranoite 50, 52 
clarkeite 50 
compreignacite 50, 52 
curite 50, 51, 52 
fourmarierite 50, 52 
masuyite 50, 52 
metacalciouranoite 50, 52 
metavandendriesscheite 50, 52 
rameauite 50, 52 
richetite 50 
roubaltite 50, 52 
uranosphaerite 50 
vandenbrandeite 50 
vandendriesscheite 50, 52 
wolsendorfite 50, 52 

brannerite 43, 47 
coffinite 43, 46-7, 89 
lermontovite 47 
liandratite 48-9 
ningyoite 47 
orthobrannerite 47 
petscheckite 48-9 
uraninite 44, 46, 52, 64, 89 
uranium columbites 47,48 
uranium molybdates 47-8 
uranium niobates 44 
uranium pyrochlores 48 
uranium tantalates 44 
uranium titanates 44 
uranyl arsenates 55-8 

arsenuranylite 55 
autunite family 22, 55, 56, 

57-8, 60, 65, 89 
hallimondite 55 
huegelite 55 
meta-autunite family 52, 55, 

56,57-8 
walpurgite 55, 58 

uranyl carbonates 63-5 
andersonite 64, 65 
bayleyite 64, 65 
grimselite 65 
joliotite 64, 65 
liebigite 64, 65 
mckelveyite 65 
metazellerite 64, 65 
rabbitite 65 
rutherfordine 64, 65 
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schroeckingerite 63, 64, 65 
sharpite 64, 65 
s'vartzite 65 
voglite 65 
widenmannite 65 
wyartite 44, 65 
zellerite 64, 65 

uranyl molybdates 62 
calcurmolite 62 
cousinite 62 
iriginite 62 
moluranite 44, 48, 62 
mourite 44, 47-8, 62 
sedovite 44, 47-8, 62 
umohoite 62 

uranyl oxide hydrates 49-50 
ianthinite 44, 46, 49, 50, 64 
m::tastudtite 50 
metaschoepitc 49, 50 
paraschoepite 49, 50 
schoepite 49, 50, 51, 62, 65 
studtite 50 

uranyl phosphates 55-58 
autunite family 22, 55, 56, 

57-8, 60, 65 
bergenite 55 
coconinoite 
dewindtite 
dumontite 
furongite 
kivuite 55 

55, 58, 62, 63 
55, 56 
55,56 

55 

meta vanmeerscheite 55 
meta-autunite family 5), 55, 

56, 57-8 
parsonite 55 
phosphuranulite 55, 56 
phuralumite 55, 56 
phurcalite 55, 56 
pse1ldo-autunite 55, 58 
renardite 55, 56 
upalite 55 
vanmeerscheite 55 
walpurgite-(P) 55 

uranyl selenates 65-6 
demesmaekerite 66 
derricksite 66 
guilleminite 66 
marthozite 66 

uranyl silicates 52-4 
betauranophane 53, 54 
boltwoodite 53, 5L' 
cuprosklodowskite 53, 54 
haiweeite 53, 54 
haiweeite-(Mg) 53 
kasolite 53, 54 
sklodowskite 53, 54 
soddyite 53, 54-5 
sodium boltwoodite 53 
uranophane 52, 53, 54, 55 
weeksite 53, 54 

uranyl sulphates 62-3 
cobalt zippeite 64 
johannite 62, 63, 64 
magnesium zippeite 64 
meta-uranopilite 63, 64 
nickel zippeite 64 
sodium zippeite 62, 64 
uranopilite 62, 63, 64 

zinc zippeite 64 
zippeite 62 64 

uranyl tellurates 65-6 
cliffordite 65, 66 
moctezumite 65, 66 
schmitterite 65, 66 

uranyl vanadates 58-62 
carnotite 22, 59, 60 
curienite 59, 60 
ferghanite 59 
francevillite 59, 60 
fritzscheite 56, 58, 59 
margaritasite 59, 60 
metatyuyamunite 59 
metavanuralite 59, 60 
rauvite 
sengierite 
strelkinite 

59, 62 
59,60 
59 

tyuyamunite 22, 59 
uvanite 59, 62 
vanuralite 59, 60 
vanuranylite 59 

identification;)f 66-7 
optical data for 86-8 
X-ray data for 71-85 

235U series, half-lives, decay constants 
and modes of decay of 3 

238U series, half-lives, decay constants 
and modes of decay of 2 

Uraninite, chemical and structural 
classification of <!3, 44-6, 52, 64, 
89 

Uranmicrolite, chemical and structural 
classification of 44, 48 

Uranocircite, chemical and structural 
classificat:on of 56 

Uranophane, chemical and structural 
clas:;ification of 52, 53, 54, 55, 89 

Ura!1opilite, chemical and str11ctural 
classification of 62, 63, 64 

Uranosilite, molecular formula of 67 
Uranosphaerite, chemical and 

structural classification of 50 
Uranospathite, chemical and structural 

classification of 56 
Uranospinite, chemical and structural 

classification of 56 
Uranpyrochlore, chemical and 

structural classification of 44 
Uravan deposits, Colorado, 

U.S.A. 24, 38, 94 
Urgeirica deposit, Portugal 149, 150 
Ursilite, chemical and structural 

classification of 53, 54 
Uvanite, chemical and structural 

classification of 59, 62 

Val Canale fault, Italy 181 
Val Vedello deposit, Italy 158, 179, 

182-4 
'Val Gardena sandstones', Italy 184 
Val Rendena deposits, Italy 184-6 
Val Seriana deposits, Italy 184-6 
Vandenbrandeite, chemical and 

structural classification of 50 
Vandendriesscheite, chemical and 

structural classification of 50, 52 

Vanmeerscheite, chemical and 
structural classification of 55 

Vanuralite, chemical and structural 
classification of 59, 60 

Vanuranylite, chemical and structural 
classification of 59 

Vii."tergotland province, Sweden, 
uraniferous shales in 143 

Vein-type uranium deposits 93, 97, 
99, 102, 106, 124, 125, 134-5, 153 
geologic model for 40-1 

Vendee deposits, France 146 
Ventersdorp Supergroup, South 

Africa 175 
'Verrucano Lombardo' formatio!!, 

Italy 179, 184 
Vesuvius volcanic area, distribution of 

uranium in 5, 8, 9 
Villar de Peralonso deposit, 

Spain 149, 150 
Vimont leucogranite, France 147 
Voglite, chemical and structural 

classification of 65 
Volcanic area, distribution of uranium 

in, see Mantle processes, uranium in 
Vulcano, Vulcanello and Lipari 

volcanic area, distribution of 
uranium in 5, 8 

Vryburg granites, South Africa 175 

Waldel deposit, Federal Republic of 
Germany 153 

Walpurgite, chemical and structural 
classification of 55, 58 

WnJpurgite-(P), chemical and 
structural classification of 55 

Walvis Bay uraniferous muds, 
Namibia 119, 129 

Water sampling, see 
Hydrogeochemistry, use of, in 
uranium exploration 

Weeksite, chemical and structural 
classification of 53, 54 

Westwater Canyon Member, Morrison 
Formation, U.S.A. 135 

Wet Mountains mineralization, 
U.S.A. 121 

Wheal Remfry mineralizati-:m, 
southwest England 171 

Wheeler Basin deposits, U.S.A. 122 
White River Formation, U.S.A. 103 
Widenmannite, chemical a.1d structural 

classification of 65 
Williston Basin mineralization, 

U.S.A. 127 
Wind River Formation, Wyoming, 

U.S.A. 95, 103, 104, 126, 136 
Witwatersrand deposits, South 

Africa 96, 119, 175 
Witwatersrand Triad, South 

Africa 92, 175 
Wollaston fold belt, Canada 93, 134 
Wolsendorfite, chemical and structural 

classification of 50, 52 
Woodrow Pipe, New Mexico, 

U.S.A. 125 
Wyartite, chemical and structural 



classification of 44, 65 
Wyoming basin deposits, U.S.A. 22, 

25,95,97, 103, 104, 126, 136 

Xiangjiangite, chemical and structural 
classification of 56 

X-ray data for uranium 
minerals 71-85 

Yeelirrie deposit, Western 
Australia 127, 136 

Yttrobetafite, chemical and structural 
classification of 44 

Yttrocolumbite, chemical and 
structural classification of 44 

Yttrocrasite, chemical and structural 
classification of 44 

Yttromicrolite, chemical and structural 
classification of 44 

Yttropyrochlore, chemical and 
structural classification of 44 

Zellerite, chemical and structural 
classification of 64, 65 

Zeunerite, chemical a!1d structural 
classification of 56 

Zinc zippeite, chemical and structural 
classification of 64 

Zippeite, chemical and structural 
chssification of 62, M 

Zirovski Vrh deposits, 
Yugoslavia 157 

Zletovska Reka deposit, 
Yugoslavia 159 

Zuni uplift, western U.S.A. 98 
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