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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 Johanngeorgenstadt. This discovery
passed unnoticed, however, since Wagsfort thought that it
contained a black species of a zinc mineral—hence the name
‘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 UO»
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;0g, someuranates 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 Joachimsthal, 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, inthe 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 Joachimsthal 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.I.)
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 search 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 Réntgen 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 Académie des Sciences de Paris in a paper
entitled ‘Sur les radiations émises 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. 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 Sktodowska 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 (1)
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 cal/g of radium.
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
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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 234U,
235U and 2*?Th, respectively.

Table 1 2*®U series

Isotope Classical name T2 Asec™ V) Primary
decay mode

Remarks

23U Uranium 1 4.51-10%yr 4.88-107'% o
238Th Uranium X, 24.10days 3.33-1077 8
B4mpa Uranium X 1.175 min 9.83-107° 8-
23tPa Uranium Z 6.75h 2.85-107° 8-
23U Uranium 11 2.47-10° yr 8.91-107" o
20Th lonium 8.0-10% yr 2.75-1071 o
2%8Ra Radium 1602 yr 1.37-107 " «
%2Rn Radon 3.8223 days 2.10-107¢ o
218pPo Radium A 3.05min 3.79-1073 a, 8~
2}4Pb Radium B 26.8 min 4.31-107¢ 8-
218 A1 Astatine-218 ~2sec ~0.35 o
24iBi Radium C 19.7 min 5.86-107* a, B~
2JiPo Radium C' 1.64-107% sec 4.23-10° a
2011 Radium C” 1.32min 8.75-107* 8~
2i3Pb Radium D 22.0yr 1-107° 8-
219Bi Radium E 5.013 days 1.60-107¢ 8-
2}3Po Radium F 138.4 days 5.78-107% o
206Ph Radium G Stable

Isomeric transition to 2**Pa (0.13%)

Branched decay: o to *"*Pb (99.98%);
8~ to 2'8At (0.02%)

Branched decay: o to 2'°T1 (0.04%);
B8~ to *™Po (99.96%)

Branched decay: o« to 2*Hg (1.8-107%%);
B8~ to *''Bi (~ 100%)

Branched decay: o to 2°°T] (~ 10~ 3%);
8~ to *'Po (~ 100%)

*Adams J. A. S. and Gasparini P. Gamma-ray spectroscopy of rocks
(Amsterdam, etc.: Elsevier, 1970), 295 p.
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Table 2 U series
Isotope Classical name Tisz Asec™ ) Primary Remarks
decay mode

23U Actiniouranium 7.1-10%yr 3.09-107" o

24Th Uranium Y 25.52h 3.70-107* B

23lPa Protoactinium 3.48-10% yr* 6.32-107" @

2AC Actinium 21.6yr 1-10°° o, B Branched decay: 98.8% 3~ to
327Th, 1.2% a to *°F»

23iTh Radioactinium 18.2 days 4.41-1077 o

T Actinium K 22 min 5.25-107* i

%Ra Actinium X 11.435 days 7.88-107° «

212Rn Actinon 4.00 sec 0.173 o

%43Po Actinium A 1.778- 10 *sec 3.90-107 @

44Pb Actinium B 36.1 min 3.20-107* B

21iBj Actinium C 2.16 min 5.33-1073 «, B~ Branched decay: 0.32% 3~ to
2t'po, 99.68% o to 27Tl

24iPo Actinium C’ 0.52sec 0.13 @

HT Actinjum C” 4.79 min 2.41-1073 8-

27Pb Actinium D Stable

223Fr also undergoes 4- 107 3% « decay to 0.9 min %2At, which, in turn, undergoes branched decay: 3% 8~ to 2'°Rn

and 97% o to 8 min *'*Bi, which 8~ decays to *'"*Po.
* After Hyde E. K. et al. The nuclear properties of the heavy elements (Englewood Cliffs, N.J.: Prentice-Hall, 1964),

3 vols.
Table 3 ?*?Th series
Isotope Classical name T2 A(sec™h) Primary Remarks
decay mode
233Th Thorium 1.41-100yr 1.56-107'8 o
%8Ra Mesothorium 6.7yr 3.28-107° B8
28Ac Mesothorium 2 6.13h 3.14-107° 8-
28Th Radiothorium 1.910yr 1.15-107% «
2Z4Ra Thorium X 3.64 days 2.21-107° «
2%Rn Thoron 55.3 sec 1.25-1072 «
2i%Po Thorium A 0.145 sec 4.78 «
213Pb Thorium B 10.64h 1.81-107° i
22Bi Thorium C 60.60 min 1.91-1074 o, B Branched decay: 8~ (66.3%) to
) 22pg o (33.7%) to 2°°T1
22po Thorium C’ 3.04-107 " sec 2.28-10° «
20811 Thorium C” 3.10 min 3.73-107°3 8-
202Pb Thorium D Stable




Uranium in mantle processes

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

Uranium is a large ion lithophile (LIL) element that occurs in
the tetravalent (U*™), pentavalent (U*”) and in the hexavalent
(U~%) states, the U*® form being stable under highly oxidizing
conditions.! It does not enter the lattices of most rock-forming

minerals, but may be strongly concentrated in accessory .

minerals.” 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.>**

Uranium is strongly concentrated in the crust (1.26-1.8
ppm®) with respect to the mantle. Estimates of U concen-
trations in the mantle range from 0.013ppm for the undepleted
mantle’ to 0.032 ppm for the present mantle.®

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’.® 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
Bailey® and references cited therein).

Direct evidence for metasomatism is derived from petro-
chemical studies of mantle nodules. Lloyd and Bailey!® 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 repfesemed 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 eral.,'! Erlank eral.,'? '* Sutherland
and Hollis** and many others (see Table 3 in Menzies and
Murthy'® and Menzies'®).

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 LIL elements, generally some hundreds of million
years prior to the beginning of volcanism, and enrichment has
been interpreted as due to mantle metasomatism.'* 17720 ¢
has been suggested that mantle metasomatism is a necessary
precursor to alkaline continental volcanism.'!-2'-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.?? 2% 23

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* 2¢2” and can be easily mobilized and
redistributed by metasomatizing fluids. For Nyiragongo
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Vollmer and Norry?® have shown that the source region of the
nephelinites was enriched very strongly in U—also with respect
toother 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 LIL elements were enriched by mantle
metasomatism as a direct function of their ionic radii.'”?* 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. Wyllie?® proposed that mantle metasomatism is a
two-stage process. He emphasized that ‘Although the evidence
is clear for the existence of components CO; and H>O in magmas
reaching the crust, and although the involvement of carbonate
and CO; 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 CO3; the flux of CO; may trig-
ger partial melting (as was also suggested by Spera®®). 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 Tatsumoto®®
suggested another interesting possibility, which was also
favoured by Schilling and co-workers.?* 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 LIL 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 LIL elements, is transferred from the earth’s
mantle to the crust. The behaviour of LIL elements during
partial melting was quantitatively modelled by Gast®' in
a very important paper that was based on the concept of
mineral/melt partition coefficients. The work of Gast,>' 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 nor an isochemical process has
been suggested based both on general® and specific consider-
ations®*7% (the two last works*'3 are disequilibria studies).
Radioactive disequilibria represent an ideal tool for the study
and modelling of magma-forming processes*® and are dealt
with in some detail hcre.

The long-lived members of the 23U and ?*>Th radioactive
series (those of interest in disequilibria studies) and their half-
lives are listed in Table 1. In any rock that has remained as a
closed chemical system for a sufficient amount of time (about
50 years for the 2*2Th series; about 5x 10° years for the 2*%U
series) radioactive (or secular) equilibrium condition is
attained. Radioactive equilibrium means that, for every nuclide
of a radioactive series, the following relationship is valid:

)\lNl = )\ZNZ e = )\nNn
where N and X indicate the number of atoms and the decay
constant for every member of a radioactive series. This is



Table 1 2**U and 2**Th series long-lived radionuclides
Nuclide Half-life, yr Nuclide Half-life, yr
28y 4.47 % 10° 3Th 1.40x 10"
3y 2.47%x10° *%Ra 5.75

230Th 7.52x10° 28Ty 1.91

*2°Ra 1.6x10°

210pp 22

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

)\lNl >\ZNZ - )\/xAlt)anl

NN NNy "N,

=1 (O8]

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
thepresent itis assumed that radioactive equilibrium existsin 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.

[t 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 low?” *# 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) (**°Th/3%U) =
(*Ra/PPU) = 1.

Measured (3*°Th/?**U) ratios range from 0.71 (Vesuvius®?)
to 1.61 (FAMOUS area’®), but, much more important (?**Ra/
238y ratios in primitive rocks are generally higher than
unity. - 36-40.41.92 padioactive equilibrium of the 2381 series in
zero age lavas has been reported only for Hawaiian rocks.** For
Vesuvius (22°Ra/?**U) ratios range up to 10*%**—that is, ***Ra
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 Gast*® 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;** moreover,
Ra was not extracted from crustal wallrocks by other magmas
that did reside within the crust (Mt. St. Helens*? and Vulcano,
Vulcanello and Lipari*!). High (***Ra/?**U) 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 2*°Th (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 (3**Th/#?Th),, = (***U/?**Th);,
the subscripts /# and s meaning ‘in the magma’ and ‘in the
source region’, respectively.’® The *?Th/?**U ratio in the
source region of a magma, as determined by Th isotopes (Krn),
is therefore

Krw = (P°Th/***Th);' x 3.0567 @)

The 2**Th dating method*® is based on the implicit assump-

tion that magma formation is a closed-system process: the
(**°Th/?3%Th) ratios (isotopic composition of Th) of mineral
phases 4, B, C, ..., crystallizing from a magma m, should
therefore be

(.’.30—1-}.1/232—1-}.1)/‘1 — (23()—1-h/232—1-h)8
= - = (VTh/**Th), &)

These isotopic ratios will eventually evolve in time according to
their (3**U/***Th) ratios.*® Several papers have reported ‘ages’
obtained with this method*®*"-*® without the hypothesis of
equation 3 being tested. Actual measurements of (**Th/**Th)
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.?¥-#2** 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 2*°Th dating method is not valid, at least in the
above-mentioned cases. **°Th ‘ages’ were published for Etna
and Stromboli,**® 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 66 000 =+ 14000 yr*°)
the discordance with the 2*°Th ‘age’ (156000 yr*’) is large.
Other researchers®! tried to use the ***Th dating method, but
did not find any linear array in a (>**Th/?*Th) versus (***U/
232Th) diagram, as hypothesized by Allegre.** In some cases*’
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.®? There is, however, a hyper-
bolic relationship between (***Th/2*?Th) ratios and Th concen-
trations in the same materials (Fig. 1°°). This suggests that Th
was derived by mixing of two different components with
different isotopic compositions of Th, and hence different Ktn
ratios. The few available data on zero age minerals from Etna
and Stromboli are compatible with a similar interpretation.*®
These data show that in these volcanoes a Th component is
present that was derived from a source with a fow Th/U ratio
(<£2.3 for Vesuvius and Etna)—similar, in this respect, to the
source region of oceanic basalts.*® *° Th in the early crystalliz-
ing phases was essentially derived from such a low Th/U
source. The enrichment pattern of the Vesuvian lavas is
Ras 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.

Ky ratios obtained from equation 2 for zero age rocks are,
however, correct only if assumptions (1) and (2) (see earlier) are
valid.

(1) The residence time of magmas within the earth is short
in comparison to the half-life of **°Th (75200yr). This is
probably a rather safe assumption. Capaldi ef al*® and Bennett
et al.,*? 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.
St. 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.*!

(2) Radioactive equilibrium between 2*%U and #*°Th exists in
the source region(s) of U and Th at the onset of melting.
Although Allegre and Condomines®® 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.” A reasonable explanation for this apparent contra-
diction is that mantle metasomatism is a s/ow process, i.e. that
the time required for effective fractionation of U from Th is
much longer than the half-life of >3°Th. 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.

Itis 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 ?**Th but also in com-
parison with that of 22°Ra (1600 yr). In fact, disequilibria in the
232Th chain could be interpreted®® 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
Thbetween zero-age minerals and whole rocks, however, which
had not been discovered in 1976, precludes this possibility. The
leucite separated from the 1944 lava of Vesuvius (which has a
higher (***Th/%*2Th) ratio than the host whole rock; Fig. 1) has
alarge 2?°Ra excess®’ ((***Ra/?**U) = 65). Because the high K1y
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 2%%Ra.
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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 2>*Th 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.

U/Pb and U/Th 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.** 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
207pp/2%4Ph versus 2°°Pb/2%*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 ages®*). Moreover, Pb isotopic data from
many oceanic island and other volcanic areas (mid-oceanic

0 5 10

15 20 232Th (ppm)

Fig.1 (¥**Th/?*2Th)versus>**Thplot for whole-rock and mineralseparate zero-age samples from Vesuvius.
From Capaldi and co-workers.*® 1944 refers to mineral separates from the lava erupted in 1944; other
numbers are laboratory numbers of cumulate ejecta. Most cumulates have large (***Ra/***U) ratios so their
age is zero in comparison with half-life of ***Th. 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 ***Th/?*%U 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.>>"*® 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 2’ Pb/2*Pb versus 2°*Pb/2%*Pb and in
a *%®Pb/2%Pb versus 2°Pb/2™Pb plane (Fig. 2). These trends
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Fig. 2 *Pb/?*Pb versus 2**Pb/***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™”

can be interpreted in several ways (see Chase’”). Chase’” argued
that the linear 2°’Pb/2%Pb versus 2°®Pb/2%*Pb 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 studied>® may have had
a common first-stage history with the same 238U /2%*Pb (y)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 x values that can account
for the observed data.®® Here it is suggested that metasomatism
has been responsible for the px increase in the sources of many
volcanic areas. Most researchers agree that the high second-

Table 2 Comparison of 2**U/2**Pb and ***Th/***U ratios for
first-stage (u1, K1) and 232Th /23% (K>) ratios for second-stage
lead model evolution in some volcanic areas

Volcanic area Isochron 75 K; K> 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
Hawalii 0.94 7.92 4.1 2.4 55
Atlantic MORB* 1.23 7.91 3.8 34 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 35 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 25 4.8 55
Reunion 2.47 7.84 4.3 3.5 55

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

stage p values were more probably produced by U enrichment
rather than Pb depletion.'®2% 3% Therefore, metasomatism
should enrich a metasomatized mantle region more effectively
in U than in Pb.

232 /238 (K) ratios can also be calculated for the first and
second stages of Pb evolution. Table 2 reports x and K values
for the first stages (u1, K1), isochron ages and K values for the
second stages (K:), together with the values obtained by
Chase®® 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 p,, and because a comparison with the
disequilibria data for Tristan® is interesting.

Many K, values cluster around 4.2, and K, values generally
are lower. Tristan, however, like Trinidade and Kerguelen,
yields a very low K; and a high K> 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 u, values but
a single K value. Moreover, although ‘the primary u is a very
robust property of the system, and is not susceptible to masking
by noise’,>® K is not. Table 2 shows the case of Atlantic MORB;
if only selected Pb isotope composition data are used for the
correlation, u; 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.2® It seems that, in the
case of Nyiragongo, K, > K.

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 K value
of the Pb source of a magma, averaged over the entire history
of the earth (Kpp) can be obtained by simply dividing the growth
equation of 28Pb/?°*Pb by that of 2°°Pb/2**Pb. Table 3 lists
Kpv, Ktn and K, (measured **2Th/2*®U ratios) for some
volcanic areas. Kpp values cluster around 3.9, which is lower
and not very far from many K, values in Table 2; the interesting
feature is that the Kt values are a/ways lower than the corre-
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Table 3 Comparison of average measured 2**Th/?*U ratios
(K») with average ***Th/?*#U ratios as inferred from Th (Ktpn)
and Pb (Kpp) isotopic data in historical rocks from some
localities

Volcanic area Kpy Kty K, Reference
Stromboli 3.94 3.34 3.59 41,65
Vulcano, Vulcanello, Lipari  3.9-4.04 3.29 3.19 41, 65
Vesuvius 4.05 343  3.04 18, 35
Etna 3.85 3.17  3.00 40, 66
Tristan da Cunha 4.20 3.69 422 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 3.8-3.9 291 3.05 38,59, 69
FAMOUS 3.8 2.46  3.05 39,61
Mt. St. Helens — 2.18 2.28 42

Krnratios calculated from equation 2; Kpy, ratios calculated by dividing
growth equation of 2%Pb/?*Pb by that of ***Pb/?**Pb. Because
Iceland magmas were interpreted in terms of mixing of two com-
ponents® %78 two values (4 and B) listed are extreme values reported
by Condomines ez al.®®

sponding Kpy 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 p increase is generally interpreted as being due to
Uincreaserather 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.

e Stromboli
,ZB_OTh © Vulcano.Vulcanello. Lipari
238, & Etna
16 A St Helens
1 MORB
12 A
I A MAY 18
‘ L]
hd o
10 2 T
* °
084
* *
02 04 06 08 10 12 Fe03/ReO

Fig. 3 Tentative plot of (3**Th/?*®U) versus Fe;O3/FeO for zero-age
volcanic rocks from different tectonic environments. Quadrangle
labelled ‘May 18’ refers to the products of 18 May, 1980, of Mt. St.
Helens. Magmas with (***Th/?**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

Present fractionation of U/Th in the mantle can be studied
by comparing Kt with K, valucs in Table 3. K, ratios are
generally higher (Stromboli; oceanic islands and ridges), but
can be lower (Vulcano, Vulcanello, Lipari; Vesuvius; Etna)
than the corrcsponding Ky, ratios. Fig. 3 is a plot of (***Th/
238Uy versus Fe,03/FeQ ratios for some very young volcanics.
It should be remembered that (***Th/?**U) = K,/ Ktn, 50 if the
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mantle source of the measured U was inradioactive equilibrium
before magma formation, (***Th/?*8U) ratios larger than unity
indicate enrichment of Th relative to U, and vice-versa. The
plot in Fig. 3 is very tentative because the (***Th/?**U) and
Fe>O3/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
Fe>O3/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 (Fe;03/FeQ) and log (U™*/U %) are linearly corre-
lated to log Po, 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:'

log(U™*/U"") = log(Fe,03/FeQ) — 0.85 4)

The data in Fig. 3, therefore, can be replotted as a function of
the oxidation percentage of U (Fig. 4). Vesuviusis 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.>®
Data from Faial and Tristan®® (not plotted in Figs. 3 and 4)
show (3°Th/2*8U) ratios higher than unity, and confirm that
rocks from oceanic environments were prevalently enriched in
Th rather than U.

‘ ® Stromboii
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Fig. 4 Same data as in Fig. 3 plotted in log(***Th/?***U) and
—log(U™*/U"7) coordinates. Log (U~*/U"") obtained from empirical
relationship based on experimental data of Calas' (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 /ower K values in the mantle (the exceptions to this
statement, significantly, seem to be confined 10 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
indicatc 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.'® 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 Anderson®’) is that the
sources of some volcanics (e.g. MORB) are depleted in LIL
elements relative to a chondritic earth, and Sr and Nd isotopes
show that they have been depleted for along time; yet they have
very radiogenic Pb isotopes, which plot to the right of the
geochron (Fig. 2). Anderson®’ 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,?® 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 chondritic earth), but
its Pb is so radiogenic (in one case 2°°Pb/?*Pb = 62!) that it is
virtually impossible to conceive a wide mantle reservoir that can
generate such a Pb. Vollmer and Norry?® 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 proposed®® 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 Tatsumoto®® 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 Kty values of
the latter would represent a more primitive component; the
lower Krtn 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
Turcotte®®), though very effective, cannot explain the dis-
equilibriadata; theserequire theintervention of someother fluid
phase, because it is the only way to produce the recorded Ra/U
fractionation.

The p; 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 u; 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 arrays®® would then imply that
metasomatism, rather than a steady-state process, would have

pulses of activity. The range of p» values required by the Pb
secondary isochrons may be generated by erratic variations of
metasomatism?® and/or eventual depletion (melting) events.

Chase®® found a shapeless scatter when he plotted the
Hawaiian data in a 2°Pb/?**Pb-1/Pb plane, and commented
that two-component mixing is excluded for Hawaii. The writer
thinks that /arge-scale mixing (e.g. magma mixing) is excluded,
but small-scale mixing, which may have taken place withineach
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

(1) 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 p
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. It 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, fo,) 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®* oxidation state, and is insoluble in the
U** state. Mineralizing solutions may be evolved meteoric
water, formation waters and fluids released during meta-
morphism, as well 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
uranium 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

H*, Op, MINERALS
VOLATILES + A
DISPERSED
H20 LEMENTS
INPUT PROCESS OUTPUT
(LEACHANT) (SOURCE) (LEACHATE)

Fig. 2 Schemartic representation of environment of mobilization for
generation of mineralizing solutions

transported must bein 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 oxides

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 U®". 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 U*~.

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

H,0: u4,’:+0H3*, U(*OH)ZZ*,U(OH)3+,U(0H);,U(OH)5—,
© -
U0, UO0H L UOAOH)Z, UO,(OH)5 ,
+
Up(OH)S ), (UO,)x(0H),2", (U, 1a(OH)S",
u3*, vog,

SULFATE: US042'U(S04)2", U02504", UO2(S04)2°;
° 2~ 4-
CARBONATE: U0,C03",U0,(COz),> ", UOp(COg)5

PHOSPHATE : UHPOL, U(HPO4),® UHPOQ -, U(HPOZ)4"
UO2HPO4, UOo(HPO4),2 , UORHAPO Y,
UO,(HgP0,4)5” ,UO,(HoPOL) 3%,

CHLORIDE: UCI®* ,u0,CI? .

FLUORIDE: UF3*,UF,2*,UF3!,UF,°,UF5™ ,UFg®

UOLF*,UOpFp°,UOF3™,U0F42 ™.
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Fig. 4 Diagrammatic representation of process by which uranium can be mobilized from wallrock 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 I lists the complexes known to form between
various naturally occurring complexing agents and both U**

The relative stabilities of the various uranyl complexes are
evaluated by use of distribution diagrams in which the distri-
bution coefficient, «, 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~, HPOj} and CO37, are a
function of temperature and pH because their activities depend
on the ionization of such weak acids as HF, H:PO4 and H>COs3,
respectively. The concentration of the latter will depend on the
partial pressure of carbon dioxide (Pco,) and this is specified
in each diagram.

The distribution of uranyl complexes at 100°C in a solution
that contains 10 ppm fluoride, 100 ppm sulphate, and 1 m NaCl
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Fig.5 Distribution diagram showing distribution of uranyl complexes

at 100°C in solutions containing 10 ppm F, 100 ppm SO4 and | m NaCl
at Pco, of 0.1 atm

at a Pco, of 0.1atm 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 S04,
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Fig.6 Distribution diagram showing distribution of uranyl complexes
at 100°C in solutions containing 10 ppm F, 100 ppm SOy, 0.1 ppm P
and 1 m NaCl at Pco; of 1atm

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 1atm. 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 NaCl at a Pco, of 1.0atm. 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 SOs and | m NaCl
at Pco, of 1 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 1ppm
phosphorus has been added. Under these conditions phosphate
complexes predominate in slightly alkaline solutions.
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Fig.8 Distribution diagram showing distribution of uranyl complexes
at 200°C in solutions containing 100 ppm F, 1000 ppm SOs, 1 ppm P
and 1 m NacCl at Pc¢o, of latm

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 ppmF, 1000 ppm S04,
I'm NaCl, PCO = |0atm
2

Fig.9 Distribution diagram showing distribution of uranyl complexes
at 300°C in solutions containing 100 ppm F, 1000 ppm SO4 and 1 m
NacCl at Pco, of 10 atm



NaCl at a Pco, of 10atm. 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
urany! complexes in solutions similar to those for Fig. 9, except
that the fluoride concentration was decreased to 10 ppm and
[ ppm phosphorus has been added. Again, the importance of
phosphate complexes in neutral solutions is apparent.

1.0.300°C, 10 ppm F, 1000 ppm S04, 1 m NaCl,
“lippmP, Pco,® 10 atm |

Fig. 10 Distribution diagram showing distribution of uranyl com-
plexes at 300°C in solutions containing 10 ppm F, 1000 ppm SO., 1 ppm
P and 1 m NaCl at Pco, of 10atm

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. Theactivity 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 CO; 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.

Iogto2

Fig. 11

Log fo,-pH diagram showing distribution of uranyl and
uranous complexes and solubility of uranium oxides at 200°C in
solutions containing 100 ppm F, 1000 ppm S and 1 m NaCl at Pco, 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 fo,—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 Pco, of 10atm. 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 fo, 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 fo. 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: O ratios. It should be clear that this ratio will be a
function of fo,, and will decrease as fo, 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 fo, and pH values in the acid oxidizing region.
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Fig. 12 Log fo,-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 10 ppm Fe, 100 ppm F, 1000 ppm S and 1 m NaCl at
Pco, of 10atm (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
fo: and pH conditions within the boundaries of the Fe?* field.
At high fo, values hematite would be deposited; under reduc-
ing conditions pyrite would be stable; and at intermediate fo,
values and slightly acid to alkaline pH values siderite would be
the stable phase. These phase relationships indicate thatif 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 fo, 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 fo.-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 10 ppm Fe, 100 ppm F, 1000 ppm S, 1000 ppm K, 100 ppm Mg
and 1 m NaCl at Pco, of 10atm (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 (chl.) 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 fo,
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 fo,~low pH assemblage character-
ized by either alunite or kaolinite alteration accompanied by
wallrock bleaching (removal of iron). At slightly lower fo,
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 Pco, and the activity of



iron. As Pco, 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 fo,
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 U** 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
fo, conditions.
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Geochemical behaviour of uranium in the supergene environment
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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
5f3%6d7s%, 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: E° values computed from
Gibbs free energy of reaction, AG?, which is related to voltage
viarelation AG? = nFE°; AG? computed from thermochemical
data'®

Reaction E° V
U° = U + 3¢ ~1.661
U° = U*" + 4e” —1.376
U3 = U + e —0.520
U** + 2H,0 = UO7 + 4H* + ¢~ 0.380
U** + 2H,0 = UOZ™ + 4H" + 2e” 0.273
UOF = UO3 + e~ 0.165

The ionic radius of U*™ is very similar to that of tetravalent
Th, and to those of many rare-earth ions (Table 2). This fact
determines the occurrence of both Th and U in many rare earth
bearing minerals. In the surficial environment, however, U**
is readily oxidized to U%*, which forms UO3", uranyl ion.

The chemical properties of uranyl significantly differ from

Table 2 Ionic radii for some elements. From Krauskopf®
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—
238, 235 and 2**U. Their relative abundances are 99.2739 =
0.0007, 0.7204 £0.0007 and 0.0057 +0.0007%, respectively.
2341 is, in fact, a decay product of **U, so its natural abund-
ance is a reflection of radioactive equilibrium with B8y,
238y and 2*°U are parent isotopes for two separate decay
series, which ultimately yield 2°°Pb and 207pp, 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 js involved: it is just physical flow, similar to the
movement of unaltered solid rock particles.

(1) Mechanical weathering -
{Residual soil)
Igneous o B
cks Ve rocess o
re r - - ; sedimentation
1
Lithosph !
{Lithosphere} [} ‘ {Marine sediments}
. i
| 1
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t
{2) Chemical | 52[‘{1“0“ i {Non-marine
wedathering ! U compl. ) sediments)
-] I
Fig. 1 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 water to adsorbing surfaces such as large 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. Theratio
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.

With 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.

Theratio mM/y Y can also be termed ‘geochemical mobility’.
Inasmuch as M and Y are 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 wW/xX or w/x, where x, X refer to
altering igneous rocks, w and W to surface water. If Wequals
the flow 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 yY into the sedimentary lithosphere. Inas-
much as xX and »Y 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, v in the range of a few ppm U and X and Y some
150 kg/em?, m=0.001 mg/kg, M= 280 kg/cm? and, in terms
of flow, W=0.02kg/year cm® with w=0.0005mg/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.

)

Amount in igneous rocks
Amount in hydrosphere

Cl

) 2 4 6

Fi L I 1 1 . A i A

Log <

Lo Amount in sediments
g Amount in hydrosphere

Fig. 2 Geochemical mobility of elements. From Dall’ Aglio®

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
5x107*x0.02mg/year cm?, or 107 mg/year cm?. If the
amount of uranium in sediments or in the crystalline source
rocks (150kg/cm?x2mg/kg, i.e. 300mg/cm?) is divided by
the value of the flow of uranium in the drainage network, the
time obtained is 30m.y. for the surface drainage system to
transport it to the sedimentary environment or, put another
way, toremove it from the crystalline lithosphere. On the other
hand, the entire uranium in the oceans is replaced in only
0.3/107° 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 toits 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.* % !

Table 3 Uranium in igneous rocks. From Adams and co-
workers?

Rock Uranium, ppm
Silicic intrusive 1-6

Silicic extrusive 2-7

Basic intrusive 0.3-2

Basic extrusive 0.2-4
Ultrabasic 0.001-0.03
Alkaline 0.1-30
Silicic pegmatite 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 the ppb range.
Rogers and Adams'? ascribed its occurrence in major con-
stituents to one or more of the following possible factors: (1)
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 isomor phic substitution of U** for Ca®* 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-workers® estimated that 60-85% of the
uraniuin in igneous rocks is present in mineral phases that are
resistant to chemical alteration; approximately 15-40% 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.

U** oxide minerals are not common constituents of modern
placers. Uranium undergoes oxidation to U®* 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.'? Ocean water contains
uranium at a broadly uniform concentration (0.001-0.004
ppm). The average uranium concentration in stream water is
less than 1 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. and NaCl precipitate.’

A particular case of uranium enrichment is shown by
NaHCOj; waters: their high content of carbonate ions may be
responsible for véry effective leaching of uranium from
weathering country rocks as_a result of the formation of car-
bonate complexes.

Uranium speciation in natural waters

Uranium occurs in natural waters as U**, U** and U®*. Species
relationships in aqueous equilibria of the U-0,-H,O-CO;
sub-system, as a function of Eh and pH, are shown in Fig. 3
for a temperature of 25°C and 1 atm pressure (the shaded area
shows the stability field of uraninite (UO,)). 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,



Fig 3 Eh-pH diagram of U-0>~-H;O-CO; system at 25°C and
1 atm for U = 10"®M and Pco, = 10”2 atm. Modified from Langmuir.'®
Upper and lower boundaries within diagram (dotted 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 CO; is always present one way
or another in natural waters—even in rain water, where its
partial pressure is 3107 **arm. CO3~ 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'® 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 Pco,=10"2%atm, TmU®" =1078 and
TmPO,=10"% These figures are consistent with dissolved
components in typical natural waters.

Fig. 3 shows the stability field of U** species. Such U**
compounds as UO; and U(OH)4 are very insoluble, so the
concentration of U** in water is extremely small. The field of
stability of uraninite corresponds broadly with the fields in the
Eh-pH graph where U** species are dominant. In Eh-pH
fields where U®* 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 2ppm 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,'? the decomposition
of uranyl carbonate complexes and the simultaneous reduction
of uranium proceed the mcre readily with decreasing carbonate
jon concentration. In fact, the potential of the U®*-U**
couple in the presence of CO3%™ 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' reported that
only 20% 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,* 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 is 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,S, 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 UO; 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. Fe?* and sulphides, in addition to organic
matter, deserve mention. Insoluble uraninite may be precipi-
tated according to the redox reaction

4UO0%* + HS™ + 4H,0 = 4UO, + SOZ™ + 9H*
or
4UOx(CO3)4™ + HS™ + I5H"
= 4UO0> + SO + 12CO; + 8H,0
or
4UO03%* + CH4 + 2H>0 = 4UOQO; + CO; + 8H~

In the last reaction CH4 symbolizes organic matter in general.
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Anaerobic bacteria prevalent in reducing environment are
believed to play a 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, Al, 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 U®* to U**. 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 ué,
as UO3™ 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 U®* is ascribed to the
presence of organic material, pyrite, marcasite or H,S. 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 H,S may come from underlying gas
and oil deposits.?

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 [arge-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, the formation of roll-
shaped deposits of uranium ore. 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 precipitant for uranyl
ions—as insoluble uranyl vanadate (carnotite, K2(UO3)2(VO4)2
and tyuyamunite, Ca(UO2)2(VOs):). Precipitation of carnotite,
according to

2K + 2003 + 2H,VO; = K2(UO2)2(VOs)> + 4H™

may take place under such favourable conditions as () solution
pH in the range 4-8, (b) existence of an oxidizing environ-
ment, (¢) UO3" and H>VO; ionic concentrations are suf-
ficiently 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 TPOy exceeds EVOy by
roughly a factor of 500.'°
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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 cverything, 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 of times the geochemical average in the crust of the
carth in a wide variety of rock types (Table 2). Orebodies gener-
ally consist of grades greater than 0.1% U,O,, 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.® A much more complete clas-
sification was offered by Mickle.” Following this scheme,
Mickle and Mathews cdited a monograph?® that described the
recognition criteria of each category in some detail. The third
paper in this series is a field guide,? 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

U concentration Remarks Reference

Rocks 0.1-1.0 ppm Basalts, tholeiitic and plateau, andesitic and alkali 1

2 ppm Av. in carbonate rocks of North America and Russian Platform 1

2—4 ppm Av. in Texas Gulf Coast (Tertiary) at the surface 2

3.7 ppm Av. for North America and Russian Platform 1

2—-15 ppm Granites of U.S.A.. U.S.S.R. and France 1

3-20 ppm Alkaline intrusives of U.S.S.R. 1

Waters 1-4 ppb Sea water, worldwide 1

0.5 ppb Median of 155 stream water samples from Texas Gulf Coast* 2

5.2 ppb Median of 103 stream water samples from northwest Texast 3

0.7 ppb Median of 75 stream water samples from Llano area, central Texast 4

0.8 ppb Median of 323 wells from Texas Guif Coast* 2

8.6 ppb Median of 249 ground water samples from northwest Texast 5

0.6 ppb Median of 49 wells from Llano area in central Texast 4

Stream sediments 1.1 ppm Median of 463 samples from Texas Gulf Coast* 2

1.7 ppm Median of 161 samples from northwest Texast 3

1.2 ppm Median of 95 samples in Llano uplift, central Texas$ 4
Plants 0.2-0.5 ppm Median in ash of branches from 9 types of tree, Precambrian through (Table 4 of

Tertiary of Texas

this paper)

* Pleistocene throngh Eocene.
1 Tertiary, Permian, Triassic and Cretaceous.

¥ Cretaceous, Permian, Devonian, Mississippian, Cambrian and Precambrian.

Igneous rocks that concentrate uranium with other lithophile
clements 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
ncar-surface groundwater provides the environment for the
lcaching 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.

*©Dr. C. E. Nichols 1984.

Sedimentary host rocks

Sandstones

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.

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 basinward. 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

Metamorphic
Graphitic and pyritic schists
Quartz—chlorite schist
Chlorite—sericite schist
Conglomerate
Arkose
Gneiss
Psammite
Carbonate
Skarn
Tuff

The sandstones of deltas are also typically 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 itentersa
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.

Fig. 1 Typical deposit, Uravan district
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Except for the near-surface yellow 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. 1).

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,

Fig. 2 Channel sandstones in Uravan mineral belt



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 are 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. His-
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 thc west where the vanadiferous black Carlin
shale was being croded 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 1 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 occeur 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, wherc 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 § roll, which is formed by
reversing the bend of one side of a Croli 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 §, 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 the tonguc where 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 the 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
Crolls meet. The most typical arca for this shape of deposit is
the Tertiary basins of Wyoming.

Fig. 5

Mirror roll

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 bchind alteration features in the oxidized ground.
Aserosion progresses. these features may be exposed at the sur-
face or subscquently 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
subscquently 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, thesc 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
lcached from the host rock as the roll front passes through it.
Uranium districts are found in areas where the background
levels of uranium are clevated. Based on the nature of the alter-
ation, leaching of the host rock on the oxidized side of a roll can
be extremcly intense. With the remarkable efficicncy 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,’” 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 mincralized ground.

Where sulphides arc absent, or ncarly so, organic material
may be the food for other strains of micro-organisms. A third
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Fig. 6 Zonation of roll front

explanation for the precipitation of metals in the reduced
ground involves chelation by organic acids of high molecular
weight—for example, the humates 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 0.05% U,O,. 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 of the classification
of uranium deposits was given by Ruzicka."® 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 ez al.® 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 dep()si_ts of the world, Dahlkamp and
Adams' dcciphered the relationship of diagencsis, 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 thc abscnce
of sedimentary cover, intense subtropical weathering may pro-
duce a deepregolith with movement of uranium. Large deposits
are not known to have been formed at this stage. After deep
weathcring the deposition of scveral 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 varicty of 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.”® 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 of the uranium by sur-
face waters, Rich and co-workers'® 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'® showed that pitchblende 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 are associatcd 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 be 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 arc
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 mincralization.

Although not brought out in any of the 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
scems 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
arc acid volcanics and rock rich in feldspar. During the 19505
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 unlessitis 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 whcn
large volumes of rock are being weathered.

Identification of a uranium source rock is important because
most alteration featurcs 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 untavourable looking claystone. Near
the surface a permcable 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 adcquate 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 unconformitics habitually overlie
uranium orebodies. Presumably, the bigger and more intensc
the pcriod of erosion the better, so long as the hostrocksare not
completely destroyed. On the other extreme, with ideal condi-
tions of leaching, a good source rock and precipitationin 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."” 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 stand point 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.'® In general, however, it maybe argued
that the other materials are inadequate for thé 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 Fe

INCREASING U

OXIDIZED

REDUCED

Very light green

Very light greyish green
Very light greenish grey
Very light grey

Light green

Light greyish green
Light greenish grey
Light grey

Medium green
Medium greyish green
Medium greenish grey
Medium grey

Dark green

Dark greyish green
Dark greenish grey
Dark 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 1s largely controlled by
the oxidation state and amount of iron. Progressively, from the
most oxidized colours to the most reduced, the serics 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, 1.¢. dark red-
dish brown, medium orange brown, light brownish yellow, etc.

Fortunately, iron is a sensitive indicator of oxidation state. 1t
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 inereasing 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 outerop
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 inadvance of
the precipitation of uranium'? and may, therefore, be only
slightly radioactive. The concretions can be | m orso across and
erode to grotesque structures on pedestals. A significant form,
generally overlooked, is called ‘buck shot’ calcite after the small
rather closely packed spheres 1—2 c¢m 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 statc 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—sometimes 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 th¢ same
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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. Thisover-
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 10 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 are 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 geochemical cell in both the
roll-front situation and the less mobile tabular environment.
Wanty and co-workers' found saturation anomalies with
respect to kaolinite, illite, montmorillonite and two zeolites 12
km wide in the groundwater around two orcbodies 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 thatis available forexamination. 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 of feldspar
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 thc third dimension visible, the
axis of movement of the rolls may be seen directly from the
colour banding. Smatler 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 necar a
major unconformity between a basal metamorphic sequence of
early Proterozoic age and overlying sandstones. Uplifted grani-
tic or gneissic core complexes provide an apparent source for
thc uranium. Orebodics arc 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, sericitc, 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:” “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 becn reviewed.” 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; asymmetric 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 techniques

The measurement of radioactivity is by far the most important
geophysical method historically. In the last decade, with
advancesin 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 methods for the detection of radon in soil and
water is covered 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 States 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 countersare 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
airbornc mcasurers 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 vcestiges are the best radiometric and gco-
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 millirdntgens per hour. A signifi-
cant anomaly may be only about three times background.

[t is recommended that flux fields be measured in millirdnt-
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
survey or 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.
Alirborne 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 incxpensive evaluation of a modcrate-sizc arca
where little radiometric information is available.

For larger areas the more sophisticated modern airborne
systems are justified. Large crystalarrays 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
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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 cnrichment 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 Pemberton?® gave a good review of airborne
electromagnetic methods, but our focus here is on the system
that '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-
charyya®' and Spector.?

Paterson®® 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 covcr can mask
otherwise strong anomalies in the underlying rock. Inter-
pretations can be made aslong as some of the anomalous signal
is detected.?* Overburden can also harbour bogus anomalies
that mimic those of an exploration model.?®* 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.?® Further refinements
in qualitative and quantitiative interpretation were offered by
Palacky and West?” and Palacky.?®

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 another. Soil and stream
sedimcents 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 geochemical techniques that follow,
Levinson?® 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. Thisimplies 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
1s 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 process 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
give 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 be 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 isto
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 define 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.

Deposit

District

Log Uranium —»

Province

Background

Log km? ———»

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
isabout 1 or 2km. Where doubt remains in target identification,
additional samples may be taken at half the spacing. Asa rule of
thumb, spacing for finding districts or very large deposits might
be about 5 km. Dyck® 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 samplingis 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 resuits 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 Kkit.

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. Asasample 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 #?Rn
indicates that the ?*Ra from which it is derived cannot be far
away. Ordinarily the uranium, from which it is alternately
derived, isalso 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 serics. 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 233U
atom, and this noble gas represents the ultimate in mobility, the
measurement of heliumin groundwater can be a sensitive target
identificr. Ncarly all helium is of radiogcenic 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 rcadily lost to the atmospherc
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 stecl-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 fcw 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
Dyck® 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 gencrally 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 mostimportant 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 subtie colour changes such as those
described under Alteration 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 be 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 Nkomo®! 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-workers®* found an average uranium loss of
approximately 75% without loss of thorium. Another calcula-
tion, based on radiogenic isotopic balances for granitcs from a
670-m core hole, demonstrated uranium loss of 80% since
Cretaceous time.*® The surprise was the depth to which the
uranium loss occurred in granite that was not considered deeply
weathered: ‘Thorium anomalics in basemcnt rocks may be
better indicators of uranium provinces than uranium itself. If
the thorium anomalies are accompanied by Th/ 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.**3 The thorium content of most granites is in the range
10-30 ppm, whereas uranium in most granites averages
2-8 ppm."
Data treatment Each elcment may be 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 collecting 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 thc more mobile elements through weathering or gain
through reduction. Thesc so-called ‘active scdiments’ are
usually in the oxidized state. Where no water is present in the
stream, the most recent sediment is collected.

When sediments in siru 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 thanabout 1 cm. Where there is a choice, an effort
is made to collect the finest sediment. Except in some specific
local circumstances, samples are sieved and the fine fraction is
analysed to provide 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 times 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 atleast I m, and preferably 3 m. to improve the repre-
sentative nature of the sample.

Sample preparation 1t is recommended that stream sediments
be dried overnightat 85°C, placed in a plastic envelopc and dis-
aggregated by impact with a rubber mallet. The fraction passing
through a 100-mesh (150-um) non-metallic sieve is blended
and a ().25-g aliquot is dissolved in 10 ml of 1:1 nitric—hydro-
fluoric acid. The sample is then evaporated to near drvness on a
hot plate and diluted to 50 ml with 10% nitric acid. Further
details of analysis were given by Nichols er al. ®

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 thc 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 analysis, even the most complete extraction
methods, such as those which are typically used (Table 1), may
leave 50—90% of the total uranium in the refractory mincrals.®
A ratio of determinations from two contrasting methods can be
used to indicate the mineralogical origin of the uranium in the
sample.? ‘

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,
metasediments and many more.3%7 In addition, an overprinted
process such as manganese scavanging can be identified.

Pedogeochemistry

Soil samples are useful in a detailed survey 1o 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 be 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 Petrogeochemistry, a scintillometcr is
recommended to survey each site for the purpose of finding the
most radioactive spot to sample. In the absence of local radio-
active contrast, a multi-grab sample is recommended. Unecon-
omic uranium potential is usually indicated where radioactive
soil anomalies are related to heavy sands.

Useful elements For a soil survey the selection of elements.
preparation of sampies and interpretation of results are quite
similar to those of rock and strecam sediment surveys discussed
above. Soils do, however, present some unique problems and
opportunities. Uranium concentrations in soil are less than
those in stream sediments, which, in turn, yield concentrations
less than those of rock (Table 1). 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 sensitive than
sampling gas above the soil.

A good description of the theory and method for determin-
ing radon was given by Dyck,*® who was a pioneer in the field.
According to Morse,?® 'In areas of shallow overburden, radon
in soil gas can extend cvaluation 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 are currently available that distinguish between
222Rn from the 28U decay series and 22°Rn from the thorium
series.*® 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.*'

Although radon does enter snow from frozen soil, it does not
emanate appreciably from solid rock.*? A scintillometer should
be used to complement any radon-measuring technique and
especially in areas of outcrop. Czarnecki and co-workers®?
compared radon-measuring devices at 100 locations over a
1.5-km? 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 timcs 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 30-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 7.

Virtually all helium in the ground is generated by radioactive
decay of unstable elements. Each #8U atom, for example, gives
off 8 He? atoms in the decay chain ending with 2°¢Pb. In recent
years helium in soil has received widcer 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.

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 metrcs, cspecially
in arid climates. Thus, plants are often the best readily available
type of sample where allochthonous glacial material or acolian
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.®®

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 1X2° quadrangles accurately defined the
uranium province.?

Table 4 Uranium in trees, Texas, ppm

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

Tree type Minimum Median Maximum No. of samples Reference
Cedar 0.18 0.48 5.54 50 4
Elm <0.10 0.30 4.71 63 4
0.12 0.26 1.51 33 5
Hackberry <0.10 0.30 8.30 80 2
Huisache <<0.10 0.19 9.22 29 2
Live oak 0.10 0.37 4.92 23 2
0.12 0.34 6.64 31 4
Mesquite 0.10 0.20 5.94 103 2
<0.10 0.24 9.46 13 4
0.10 0.23 0.60" 48 5
Salt cedar 0.10 0.22 1.40 20 5
Sycamore 0.13 0.47 3.99 44 4
Willow 0.20 0.47 1.64 16 2
0.15 0.42 3.90 30 4

*Mesquite 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.®
How and whatr to sample Plant samples are generally taken
from the branches of the largest tree or shrub that isavailable 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 absence 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 c¢m 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 element—for example, arsenic—is to be deter-
mined, the sample should be ashed at a relatively low tempera-
ture to minimize sublimation. An alternate procedure with the
use of hot acid digestion® is probably safer.
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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 amean 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 (J. 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 Webb* 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'/:%
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 orotherwise. 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.*®* As with other arbitrary
methods, it is well 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 paper gives a visual basis for separating mixed
populations.®® 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
Lepeltier®™® 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 Sinclair® 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 flexible 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 iscomputer-
compatible without human interaction.

In alarge 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.>® 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-workers® 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 Ordered factor pattern matrix for results from well water

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

SO, 87 Se .08 Total alkalinity .97 Se 91 SO, 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 SO, —.19 Mo .08 A\ —.05 Ba —.13
A\ —.21 U -.24 Se .06 pH —.06 B —.15
Total alkalinity —.23 Conductivity — —.38 Conductivity — —.19 SO, —.11 Mo —.16
pH —.27 A\ —.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 ficld within geo-
statistics. In spite of titles about applications to exploration,55-%¢
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 geology®’ 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 the 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 toregenerate 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 between the 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 cle-
ments for uranium.

Uranium, which is influenced 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.® The interpretation is further
strengthened by dramatic decreases in dissolved 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 groundwater.

Good introductions to factor analysis were given by Koch
and Link,*® Klovan®® and Joreskog and co-workers.®” 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.?

Two limitations of factor analysis were put forward by
Nichol:%® the number of factors cannot be more than the
number of variables measured and processes significant to the
interpretation of the 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 thatinfluence 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, sclecting the clustcr level for plotting samplc 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 itsapproach, with-
outimposing assumptions on the process 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.5!

As elucidated by David and co-workers,% the breakthrough
is combining R-mode (variable) and Q-mode (sample)analysis
in one operation that is much simpler than O-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 influence of a factorin 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 tome® 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 itsimportance in ore
formation in the Grants region was given by Adams and
Saucier.®* The ores of thisregion 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 Saucier® 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 percent. . . . 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.®® 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’.%® Perhaps the close association of organic
carbon with ore in the Gas Hills district of Wyoming®-” also
involves unstructured humates.
Hydrogen sulphide The sandstone uranium deposits of Texas
are noted for the negligible quantities of organic material.®® The
principal reducing agent—hydrogen sulphide—evolved from
intense reduction by anaerobic bacteria. Examples are
hydrogen sulphide associated with upward leakage of hydro-
carbons, as at the Felder deposit,® or derived from the capofa
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."? 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.”®”' 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.'® Given the limited rate of inorganic oxidation of
sulphides by meteoric water, Hoag and Webber’? showed that
oxidizing bacteria create alow 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, sometimcs very sharp,
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between the oxidized (and commonly bleached) facies and the
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.”?

‘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 of the ore-stage iron
sulfide minerals are pyrite—a clear implication that bio-
chemical activity was responsible for reduction of the deposits.
Austin (1970) [see reference 75] reached a similar conclusion
based on his sulfur isotope studies of the Wyoming deposits,
noting the well-defined oxidation-reduction interface for iron,
thelack of identification of intermediate sulfur species resulting
from non-biochemical processes, and the ubiquitous nature of
sulfate-reducing bacteria.””*

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,"" 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.*?
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.' This band,
generally lessthan 1 cmin 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
canbe readily transported in neutral to somewhat alkaline solu-
tions; elements that require acid solutions for mobility, such as
copper, are lacking in the ore’.%” Harshman and Adams’™ gave
an excellent summary of the geochemistry of roll fronts, includ-
ingan 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 greatly strengthened when
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 isa 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 become 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.

A consideration of other elements associated with roll-front
deposits improves the accuracy and confidence in locating
favourable trends (Fig. 9). Sulphate concentration and conduc-
tivity increase toward the redox front and then decrease
abruptly owing to precipitation of iron sulphide, followed by
calcium 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 temperate zones.

Owing to slightly greater asymmetry in the curve, Eh, if
properly measured, is more valuable than pH as an indicator of
the direction to a redox front. The Eh and pH curves show sharp
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Fig. 9 Geochemical model for groundwater associated with U mineralization
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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 dropin
pH without any unusually high values. The key is to look for
sharp changes in adjacent wells that produce trom the same
aquifer.

Based on results from Texas and Wyoming, ‘radiogenic
radium and radon are excellent short-range indicators of
uranium mineralization’.”® Radon greater than 1000 pCi/l may
indicate zones of economic significance."

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.’

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 lease. Attcntion 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
(S1). 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 ncarby
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.”"

Geochemical modelling will probably be the most useful
technique in delineating the next generation of exploration
targets. Its utility for ncar-surface 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 of 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, Schwartzwalder in Colorado and the Massif
Central in France. Ata mining and milling cost of $50/1b 5% of
reasonably assured Western world resources are of the classical
vein type and 16% of the unconformity type.”” Subsequent to
the 1968 discovery of the Rabbit Lake deposit in Saskatchewan
and the 1970 discovery of the East 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 economic 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."
Their genetic classification, though presented provisionally, isa
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 tfor
hematite and chlorite were suggested by McMillan® 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, molybdenum, arsenic, radon, helium, sulphate, total
dissolved solids, pH and alkalinity.

Referring more strictly to vein-like deposits, Dahlkamp and
Adams' 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.’® 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-rich metasediments composed of mixed pelites,
psammites and carbonate 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.”” The host
rocks are then syngenetically and diagenetically enriched in
uranium and other elements provided by the chemically diverse
sediments. Sub-economic sedimentary preconcentrations 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 criteria’® inctude 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 of the
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. Tilsley’® 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 Sibbald®®®! 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 orcbodies 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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Uranium mineralogy
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Fleischer®” %' 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 play a 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 5% —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 ahd produced concentrations sufficient for
economicexploitation. 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 U** as the dominant valence state and an ‘oxidized’
family in which all or most of the uranium exists as U%*. Most
US* minerals involve the uranyl ion UO3*. Because of the
complexity 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 forination 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 =actinide 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
Frondel.®® His monograph followed the format of Dana’s
System of mineralogy in reviewing the synonymy, composition,
crystallography, physical and optical properties, synthesis,
identification and occurrences 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,!6® % Gerasimovsky,”® Getseva and Saveleva™
and Heinrich” are the most comprehensive, but they are con-
temporaneous and nowhere as complete as the work by
Frondel.%® Recent summaries'!® %7 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,® 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 Frondel.%® 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 U** 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.

U**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 1 U** minerals

Mineral Formula Structure type System Lattice constants, .& (symmetry)
Brannerite (F) (U,Ca,Ce)(Ti,Fe):0¢ ThTi206 Mono. a=9.79 b=3.72 c=6.87 3=118°25" (C2/m)
Coffinite (F) U(Si04);-x(OH)ax Zircon Tetra. a=6.979 ¢=6.253 (l4,/amd)
Ishikawaite (U,Fe,Y,Ca)(Nb,Ta)O4 Columbite

Lermontovite (U,Ca,Ce)PO4(OH)-H0

Mourite UMos0;2(OH);o Mono.

Ningyoite (U,Ca,Ce)(POs4)2-1-2H,0 Rhabdophane Orth. a=6.78 b=12.10 c=6.38 (P222)
Petscheckite UFe(Nb,Ta),0s UTa,0s Hex. a=6.42 ¢=4.02 (P31m)

Sedovite UMo004)2 Orth. a=3.36 b=11.08 c=6.42
Uraninite (F) UO2:x(0.0< X <0.25) Fluorite Cubic a=15.470~5.443 (Fm3m)
Uranmicrolite (U,Ca,Ce)>(Nb,Ta),06(OH,F) Pyrochlore Cubic a=10.40 (Fd3m)
Uranpyrochlore (U,Ca,Ce)2(Ta,Nb),Os(OH,F) Pyrochlore Cubic a=10.44 (Fd3m)

(F) indicates described in Frondel.®?

rare-earth tantalates and niobates. For a long time uraninite Uraninite

was the only known U** 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 U**-U®* minerals

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 (symmetry)
Ianthinite (F) U(UO32)s(OH)14-3H,0 Orth. a=11.52 b=7.15 c=30.3

Liandratite U(Nb,Ta)20s UTaz20% Hex. a=6.36 c=4.01 (P31m)

Moluranite HsUUO32)3(M004)7-18H-0O Amorphous

Orthobrannerite UUTis012(0OH); Orth. a=7.415 b=11.77 ¢ =6.830 (P2,22[?))
Unnamed U304 CaF,(fluorite) Tetr. a=5.472 ¢=5.397 (F4mmml(?])
Wyartite CaiU(UO03)6(CO1)2(0OH)5-3-5H,0 Orth. a=11.25 b=7.10 c=16.83 (Pnma)

and a=11.25 b=7.10 ¢=20.80 (P2:2:2:(?])

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

Uraninite as a mineral received considerable attention in the
1940s and 1950s, and much of this mineralogy has been re-
viewed by Frondel.%® 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 Structure type System Lattice constant, A (symmetry)
Ashanite (Nb,Ta,U,Fe,Mn)sOg Ixiolite Orth. a=15.869 b=4.873 c=5.216 (Pbcn)
Betafite (F) (Ca,Na,U)(Ti,Nb,Ta)>0s(OH) Pyrochlore Cubic a=10.29 (Fd3m)

Davidite (F) (Fe,La,U,Ca)s(Ti,Fe)15(0,0H)s6 Crichtonite Hex. a=10.37 ¢=20.87

Euxenite (Y,Ca,Ce,U, Th)(Nb,Ta,Ti)206 Columbite Orth. a=5.520 b=14.57 ¢=5.166 (Pbcn)
Kobeite (Y,U)Ti,Nb)2(O,0H)s Columbite

Pisekite (F) (As,Ca,U)(Nb,Ta,Ti)O4

Plumbobetafite (Pb,U,Ca)(Nb,Ti);06OH,F) Pyrochlore

Plumbomicrolite (Pb,Ca,U)Ta06(OH) Pyrochlore

Plumbopyrochlore (Pb,Y,U,Ca);_xNb:Oc(OH) Pyrochlore Cubic a=10.534 (Fd3m)

Polycrase (Y,Ca,Ce,U,Th)(Ti,Nb,Ta),0s Columbite

Samarskite (Y,Ce,U,Ca,Pb)(Nb,Ta,Ti,Sn)>0¢ Columbite

Tanteuxenite (U,Fe,V)(Ti,Sn),0¢ Columbite

Thorutite (Th,U,Ca)Ti»(0,0H)s Brannerite

Yttrobetafite (Y,U,Ce)2(Ti,Nb,Ta),OsOH) Pyrochlore

Yttrocolumbite (Y,U,Fe)(Nb,Ta)Os Stannocolumbite?

Yttrocrasite (Y,Th,Ca,U)(Ti,Fe)2(0O,0H) Columbite

Yttromicrolite (hjelmite) (Y,Ca,U)2(Ta,Nb)20s(OH) Pyrochlore

Yttropyrochlore (Y,Na,Ca,U); »(Nb,Ta,Ti),O(OH) Pyrochlore Cubic a=10.3 (Fd3m)

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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phasis has been on its role in the U-O system, which contains
many compounds between U and UQ3;. Uraninite is especially
interesting because it is the only U-O compound that occurs



Fig. 1 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
UOg, but it always shows a higher degree of oxidation. In fact,
stoichiometric UO; oo 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 UO; g0 to UO;.2s—and more probably to UO; g7
to U02,25.

Fig. 1 is a composite 7-X phase diagram for the U-O
system. The geologically significant portion of this system is
probably below 1000°C and from UO;.¢ to UOj3.. 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 UQ;z.¢7. This composition prob-
ably represents the limit of natural uraninite. If a sample of
stoichiometric UQa.q0 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 UQO;.04. Further oxidation to UQ; g7 results in a
black sample after long times in air. If the sample is heated at
100°C, it quickly oxidizes to UO;.2s and is black in colour.
Uraninite, UQ,, is isostructural with fluorite, CaF;, and
consists of U in eightfold cubic coordination (Fig. 2). Cerianite,
CeO3, and thorianite, ThO3, 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. Grenvold’® has shown that UO; oxidation occurs by
an oxygen interstitial mechanism and that the proper formu-
lation for uraninite should be UO3..x. The usual way to deter-
mine the stoichiometry is to measure the unit cell constant. For
UOz.00 a=5.470A . The cell size varies linearly with compo-
sition, ao=15.470—0.1080X, where X is the deviation from
stoichiometry of the oxygen. Willis'®® 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, UO, (figure shows cubic UOg co-
ordination polyhedra which are edge-shared in face-centred-cubic
arrangement)

way to a related tetragonal form. Frondel®® listed many
uraninite cell determinations that could be translated into
compositions in the range UO;.2; to UQO3 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 UQO».0 and UQO: ,5 are possible.

Natural uraninites with compositions above UQ, o7 usually
show broad diffraction lines, which are probably indicative of
a range of compositions. Shaner'’! 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 UO2.x-UsOy in Fig. 1 were determined in this
manner. Natural samples probably behave in a similar manner
in that the oxidation to UQ,.>s probably occurs stepwise,
affecting only part of a sample at a time.

The composition UOs.,5 usually shows a fairly sharp dif-
fraction pattern. The compound may show an ordered state if
it has been carefully annealed. Three forms of UsO¢ have been
reported by Masaki,'®? Masaki and Doi'®? and Naito,''® 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 UO,. ;s 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 UQO; »s. If samples are heated to
150°C in air, they oxidize further to UQO;.3; 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 «-U;307, and it has been reported by Voultsidis
and Clasen'”” to occur at Key Lake, Saskatchewan, Canada. By
analogy with the phase information it may imply oxidation at
a slightly elevated temperature. All the UsO7 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 of oxides in the range UO; ¢1 to UO1.67 and ultimately to
UOs3. All of these compounds have crystal structures that differ
significantly from the fluorite structure type found in phases
with compositions up to UO> 37. The phase relations imply that
v-UOj3 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 U®" minerals. If oxidation were to
occur in the absence of water, one of the U3Os forms would
probably form—a-U3;Og being the most likely. Further oxi-
dation usually produces either «-UQOj3 or v-UQj3. The o-form is
structurally related to the U3;Og 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 UO,.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'®® 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 Arribas® and has since been found in almost
all types of deposits. The composition has been reported as
U(Si04)1-x(OH)sx, 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 : Siratio deviating from unity. USiO,
has been prepared by Fuchs and Gebert®® with no evidence of
OH substitution.

Fig.3 Structure of coffinite, USiO4 (uranium is in 8-fold coordination
shown stippled; SiOs tetrahedra are ruled)

Coffinite is isostructural with zircon, thorite 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.*® % Its role in the stability of coffinite is
totally unknown.

Bayushkin and II’'menev® 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 USiOy 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 UTi>Os, 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,Fe)20s.3(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 U**U®*(Ti,Fe)sO12(OH); has been reported by the
Peking Institute of Uranium Geology.'?' 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
ThTi,06.'** The X-ray data of orthobrarnerite 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, UTi,O¢ (TiOs octahedra (ruled) share
corners and edges to form a layer bridged by UOs 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 (T1,Ta,Nb)Og 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 TiOg octahedra with UQsg
octahedra cross-linking these sheets. The sheet structure is
closely related to the anatase form of TiO,. 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 step alternates + a rather
than only +a. The cell of orthobrannerite has @ =ap, b=2by,
c=2¢p. It is not a polymorph. Orthobrannerite probably con-
forms to Kirvokoneva’s’® phase X, quoted as US*Ti,O-.

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 U303 and TiO,
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 ef a/.''* 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,_x Ca,_x RE.x (PO4)- 1 —2H,0. Synthesis of
a closely related compound UCa(POa,),-0.5H>0 suggests that
the two materials are isostructural with a coupled substitution
of 2RE3¥*=Ca%* + U** 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 suggests
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.'® % This mineral
occurs as botryoidal aggregates of radial fibrous needles. The
formula is apparently U3 (POa4)4-6H,O 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.

U** molybdates

Uranium is often associated with molybdenum in its deposits,
and several uranium-molybdenum minerals are known. Two
of these minerals contain U**—mourite and sedovite—which
were reported by Kopchenova er al.° and Skvortsova et al.'*®
to occur in the supergene zone over a uraninite-molybdenite
deposit. Sedovite is U**(Mo®*04)2 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 U**Mo$§* 0,2(0OH)0 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
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minerals were reported from only one deposit.

Moluranite is another uranium molybdate with at least some
reduced uranium.>* 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.

U** 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 4,B,06(0,0H,F), where U** (or U%*) occurs in the
A site and B=Ta,Nb,Ti,Sn. The nomenclature of the pyro-
chlore series was discussed by Hogarth.®! 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.

Fig. 5 Structure of pyrochlore, 428,07 (structure is a derivative of
fluorite (Fig. 1) in which one O in eight is missing and concomitant
atomic shifts result in A4 site (ruled) remaining 8-coordinated in a dis-
torted cubic array and B site (stippled) becoming octahedrally co-
ordinated; uranium usually occurs in A4 sites)

The pyrochlore structure is three-dimensional framework of
corner-shared (Ti,Ta,Nb)Os 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 4 cation, which
accounts for the variable compositions of most of these com-
pounds. Part of the structure is depicted in Fig. 5. The A4
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 4,B,0(0O,0H,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, 48,05 (structure is hexagonally close
packed with all 4 and B atoms in octahedral coordination; 4 octahedra
stippled and B octahedra ruled)

tutions. The U in the minerals was probably originally present
as U**, but U®* s often reported in analyses, probably as a
result of oxidation either naturally or after sampling. Chevalier
and Gasperin®’ showed evidence for ordering of atoms on the
A sites in some uraniferous pyrochlores.

U** columbites—AB20s

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 U**—most probably as a coupled sub-
stitution Ca®*+U** for a trivalent ion. Oxidation occurs
easily, however, and most specimens contain significant
amounts of U®*. 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 4 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 4 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.® 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 liandratite

Two new minerals—petscheckite and its closely related alter-
ation product liandratite—have been reported from a pegmatite
in Madagascar.!'* 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 UTa,0s,”* which is a derivative
structure of U3Og, so they are not related to minerals discussed



above. Because U3;Og 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
1-2mm thick. It probably represents the fully oxidized U®*
form. Petscheckite as found shows partly oxidized and partly
hydrated varieties. The oxy-petscheckite probably forms first
from the original UFe(Nb,Ta),03 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 opagque and very dark
in colour, which indicates that mixed valence states are present.

Minerals with minor U—probably U**

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

Table 4 Minerals with traces of uranium

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 of this 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 UO3;-H;O system. The most complete review of this
system by Hoekstra and Siegel®® is a good guide to what may
or may not exist in natural specimens.

The higher oxides of uranium (U3Og and UQO3) do not appear
to be stable in the presence of water. Neither UsOg nor UO; has
ever been found to occur naturally, though there is no real
reason other than the ubiquitous presence of water in the

Mineral Formula Structure type
Aeschynite (Ce,Ca...)(Ti,Nb)(O,0H)¢ Aeschynite
Allanite (Ce,Ca,Y,U)(ALFe)s(SiO4)35(OH) Epidote
Belovite (Sr,Ce,Na,Ca)s(PO4)3;(OH) Apatite
Britholite (Ce,Ca)s([Si,P]04):(OH,F) Apatite
Cerianite (Ce,U)O> Fluorite
Cheralite (Ca,Ce, Th)(P,Si)O4 Monazite
Ekanite (Th,U)Ca,Fe,Pb):SigO20 Ekanite
Ewaldite Ba(Ca,RE)}CO3). Ewaldite
Fergusonite YNbO4 Fergusonite
Formanite YTaOs4 Fergusonite
limoriite (Y,Ca,Zr),s(Mg,Fe,Al)(Si,Al,P)sO3,(OH) 6 Apatite
Iraqite (La,Ce,Th,U)2(K,Y):(Ca,La,Ce,Na)a(Si,Al)16040 Ekanite
Melanocerite (Ce,Ca)s(Si,B)3012(0H,F)-nH,0 Apatite
Monazite (Ce,Th,Ca,U)PO, Monazite
Niobo-aeschynite (Ce,Ca, Th)(Nb,Ti)2(0,0H)e Aeschynite
Rhabdophane (Y,..)PO4+-H,O Rhabdophane
Thorianite (Th,U)O; Fluorite
Thorite (Th,U)SiO4 Zircon
Umbozerite (Na,K)3(Sr,Ba)s(Th,U,Fe);O024 Umbozerite

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

U** 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 UO; : XO, 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 arelisted in Table 5. The list of verified synthetic
phases is presented in Table 6.8% 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 UO2.34-1.5H20
phase has been prepared by Bignand,'® which is undoubtedly
analogous based on its diffraction pattern. There was reluc-
tance on the part of Frondel®® 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!*® 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 UO; hydrates verified from nature are three slightly
different forms of UQ3-2H>O as described by Christ and
Clark.?” 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 Formula System Lattice constants, A (symmetry)

Ianthinite (F) UO,-5U03-10H,0 Orth. a=11.52 b=30.3 c=7.15

Metaschoepite (schoepite II) (F) UO3-2H,0 Orth. a=14.73 b=16.72 ¢=13.99 (Pbna)
Paraschoepite (schoepite I1I) (F) UO;-2H20 Orth. a=15.22 b=16.83 c=14.12 (Pbca)
Schoepite (schoepite I) (F) UO;-2H.0 Orth. a=14.74 b=16.66 c= 14.36 (Pbca)

Studtite* (F) UQO4-4H.0 Mono. a=11.85 b=6.80 c=4.25 3=93°51' (C2/m)
Metastudtite UO4-2H,0 Orth. a=6.51 b=8.78 c=4.21 (Immm)

* Misidentified in Frondel®® as a carbonate.

Table 6 Crystal data on synthetic UO3-H>O compounds

Compound System Lattice constants, A (symmetry)
(UO3)3-H20 = U3;03(OH); Tricl. a=6.802 b=7.417 ¢=5.556 «=108.5 =125.5° v=88.2 (P1)
UO;-0.8H:0 Orth. a=4.27-4.30 b=10.19-10.24 ¢=6.86-6.96
a-UO»(OH); Orth. a=4.242 b=10.302 ¢=6.868 (Cmca or C2ch)
UO;-H;0 = {B—UOz(OH)z Orth. a=5.6438 b=6.2867 ¢ =9.9372 (Pbca)
v-UO;(OH), Mono. a=6.419 b=5.518 ¢=5.561 =112.77° (P21/c)
UO;-2H0 Orth. 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 U3Og.>”**® 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 U3Os. 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

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 Walenta'®? by analogy with
synthetic UQ4-4H,0. It is known from only one locality and
may prove to be extremely rare. Metastudtite, UQO4-2H,0, has
recently been described by Deliens and Piret.*%®

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,
Sobry'%® and Noe-Spirlet and Sobry''® 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

mX0-2UO0s-(4 — 2m)H,0

Mineral Formula System Lattice constants, A (symmetry)
Agrinierite (K2Ca,Sr)U3010 Orth. a=14.3 b=24.07 c=14.04 (Cmmm)
Bauranoite BaU,07-4-5H,0

Becquereite (F) Ca(U03)604(OH)6-H0 Orth. a=13.82 b=14.94 ¢=12.39 (Pnma)

Billietite (F) Ba(UO;)s04(OH)s-8H,0 Orth.

Calciouranoite (Ca,Ba,Pb)U,0+-5H,0 Metamict
Clarkeite (F) (Na,Ca,Pb),U,(0O,0OH);

Compreignacite K>(UO3)604(OH)6-8H,0 Orth.
Curite (F) Pb,Us0,17-4H,0 Orth.
Fourmarierite (F) PbU40,3-6H,0 Orth.
Masuyite* (F) Pb3U3z057:-10H0 Orth.
Metacalciouranoite (Ca,Na,Ba)U:07-2H,0 Metamict
Metavandendriesscheite PbU702;-nH,0(n < 12)

Rameauite K2CaUgO30-9H,0 Mono.
Richetite (F) Pb-U oxide

Roubaultite Cuy(UO3)3(OH)10-5H20 Tricl.
Uranosphaerite (F) Bi2U204-3H,0

Vandenbrandeite (F) Cu(UO2)(OH)4 Tricl.
Vandendriesscheite (F) PbU-03,-22H,0 Orth.
Wolsendorfitet (F) (Pb,Ca)U207-2H,0 Orth.

a=14.22 b=15.02 ¢=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=13.97 §=121°1" (C2/c)
a=7.73 b=10.87 c=6.87 a=86°29' $=93°10" y=134°12" (P1)
a=7.86 b=5.44 c=6.10 =91°52' B=102° y=89°37' (P1)

a=40.85 b=43.33 c=14.07 (Pmma)
a=11.92 b=13.96 c=6.90

*Listed in Frondel®® as UO,-4H;0.
tListed in Frondel® under fourmarierite.
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or
mXOH-2UO5-(4 — 2m)H,0

The replacement mechanism is evidently either the simple sub-
stitution (H30)* < X or the coupled substitution (H;0)* < X2+
and (OH)™ < 0O?". These mechanisms suggest that the formula
can be rewritten

X5 (H30)3-m [(UO2)202+m(OH)2-m]
or
m(H30) 3-m [(UO2),02(0H);]
for m =0 both formulas give
(H30)2 [(UO2)202(0OH):]

which is a possible structural formula for schoepite.

Christ and Clark®” proposed a crystal structure for these
compounds that is a derivative of that proposed for UO.F; by
Zacharisen.'®® 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 [(UO2)(O,0H),].
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-UQ,(OH), by Taylor.!”!

Evans®’ 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 U;Og by Loopstra,” 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 O atom.
It is interesting that this pentagonal array may have three-fold
symmetry. The formula of a layer of this array becomes
[(UO2)6(O,0H)0].

The proposal of Sobry'®® 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 Clark®” but not with the structures proposed by
Evans®” or the structure of curite proposed by Mereiter.!%¢ 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 O 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-UO,(OH); exists with a hexagonal
array and both 8- and y-UO,(OH),'* 57 show a square 2-4
coordination array (Fig. 7(c)), the existence of a pentagonal
array mustbe questioned. Thestructureof U3;Os(OH),, reported
by Siegel and co-workers'*® and Taylor and Wilson,'”® 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 O substitutions in the layers
and stacking to achieve the most effective coordination and
charge compensation with the interlayer cations. All the struc-
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*The coordination of uranium in U compounds is invariably di-
pyramidal. The linear uranyl ion, (UO2)**, 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,0OH) layers in hydrated uranyl
oxides: (@) (top), arrangement with 2-6 coordination as found in a-
UO2(OH)2; (b) (centre), arrangement with 2-5 coordination as
reported for UsOs; (¢) (bottom), arrangement with 2—-4 coordination
as reported for 8- and y-UO2(OH)2
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tures are based on an orthohexagonal pseudo-cell a’ =74,
b'=4A, ¢’ =7.1A. 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 Deliens*® for
the famous Shinkolobwe deposits in Katanga, Zaire. Vanden-
brandeite!*® shows a layer structure with uranium in 2-5
coordination. UO- dipyramids share one edge to form U012
dimers that edge share with planar Cu;O¢ 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
auranyl oxide hydrate®® and a Pb-containing phase.’” Deliens*’
has verified the existence of the Pb in all examined samples and
suggested that it corresponds to the synthetic product of
Protas!®13* with the formula Pb3UsO27-10H,0. The formula
of fourmarierite also has been variously reported with 4-
8H,0 per formula unit, but to fit the Sobry scheme 6H,0 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 interlayer volume. The layers separate
and possibly shift to allow for this accommodation as in the
autunite-meta-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,®? 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.?’ 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.'®” 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 Protas'*® from the
Margnac deposit, where it occurs closely associated with
uraninite. Brindley and Bastovanov!® have presented new data
on synthetic compreignacite and its sodium analogue. A struc-
ture of a related phase K2U;02; was reported by Kovba,®* but
it does not appear to have a natural counterpart. Roubaultite
was described by Cesbron and co-workers*® 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 Frondel®® as fourmarierite, but
simultaneously recognized as a distinct specie by Protas.!*?
Deliens*® showed that the two descriptions were identical and
also showed that masuyite was a Pb mineral rather than a
straight hydrated uranyl oxide. Sobry!®® prepared synthetic
wolsendorfite, becquerelite and billietite and presented much
new data on the phases. Protas'3* '3 described a Ca-Sr

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

Mineral Formula X:U Sobry formula m
Wolsendorfite PbU»0--2H>0 1:2 Pb(H;0)[(UO;),03(OH)] 1.0
Curite PbUsO;7:4H,0 2:5 Pbs(H30)6[(UO2)10014(OH)6] 0.8
Masuyite Pbs;UzO;5-10H,O 3:8 Pb3(H30)s[(UO,)s0s(OH)s] 0.75
Fourmarierite PbU40,3-6H,0 1:4 Pb(H30)3[(UO2)40s(OH)3] 0.5
Metavandendriesscheite PbU-0,,-12H,0 1:7 Pb(H30)6[(UO2);08(OH)s] 0.28
Vandendriesscheite PbU-0;3,-22H,0 1:7 Pb(H30)6[(UO3)70s(OH)s}- 10H,O 0.28
Calciouranoite CalU,07-5H,0 1:2

Bauranoite BaUZO7-5H20} 1:2 X(H;0)[(UO2):03(OH)]-3H,0 1.0
Metacalciouranoite CaUz07-2H0 1:2 X(H30)[(UO2),03(0OH)] 1.0
Becquerelite CalUgO19- IOHzO} 1:6

Billietite BaUsO1o-10H,0 1:6 X(H;0)5[(UO2)s0-(OH)s) 0.33

The crystal structure of curite casts considerable doubt on
the Sobry scheme. The studies by Mereiter'°® and Taylor!’!2
showed that the layers are corrugated sheets of uranium in
both 2-4 and 2-5 coordination. The structural formula is
[Pbs.s6(H20,0H)41[(UO2)sOs(OH)¢l2, 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
intergrown 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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uranyl oxide from Margnac that was never named.

A provocative web of mineral associations has been pro-
posed by Deliens*® (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'”” and Vochten et a/.'”® 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



Fig. 8 Paragenesis of oxidized uranjum minerals in Shinkolobwe
deposit, Zaire. After Deliens*®

uranyl minerals.

New uranyl silicates described since 1958%% include bolt-
woodite, sodium boltwoodite, haiweeite, weeksite and several
unnamed minerals. Each of the named minerals has since been
found in multiple localities. Boltwoodite® was discovered in
sandstone deposits of the Colorado Plateau, U.S.A. Honea®?
described the mineral more thoroughly. Sodium boltwoodite
was characterized by Chernikov and co-workers** 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.'*° 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 Murdoch'™ from the Haiwee
reservoir in California, U.S.A., where it occurs as yellow
spherulitic aggregates on fracturesurfacesin granite. Chernikov
and co-workers?? 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

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 Ertl.*’
Ranquilite! is also probably equivalent to haiweeite. Several
unnamed uranyl silicate minerals have been described by
Threadgold'” from Northern Territory, Australia, Walenta'®?
from Menzenschwand, Germany, Emerson and Wright®
from Montana, U.S.A., and Stohl and Smith'®® from New
Mexico, U.S.A.

Fig.9 Uranylsilicate chain and sheet structure as foundin 1:1 uranyl
silicates (uranium 2-5 polyhedra ruled and SiOs 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'® and
Sidorenko and co-workers'*® reviewed the crystal chemistry of
these minerals. They showed that all 1:1 minerals have essen-
tially the same basic structural unit [(UO3)Si04]%**, an infinite

chain of edge-shared uranyl pentagonal dipyramids and silicate

(U02):(TO4) Mineral Formula System Lattice constants, A (symmetry)

2:1 Soddyite (F) (UO»):Si04-2H20 Orth. a=8.32 b=11.21 ¢=18.71 (Fddd)

1:1 Betauranophane (F) (H30):Ca(U0,)2(5104)2-3H20 Mono. a=6.64 b=15.55 c=14.01 3=91° (P2:/a)
Boltwoodite K2(UO,)2(Si030H),-5H.0 Mono. a=13.71 b=7.14 ¢=12.35 §=102.2 (P21)
Cuprosklodowskite (F) (H30)2Cu(UO2)2(Si04)2 - 4H0 Tricl. a=9.21 b=6.63 c=7.06

«=90° B=110° v=108°30" (P1)
Kasolite (F) Pb2(U02)2(S104)2-2H20 Mono. a=13.31 b=7.02 c=6.72 3=104.7 (P2,/c)
Sklodowskite (F) (H30)2Mg(U02)2(Si04)2-4H20 Mono. a=17.28 b=7.03 ¢c=6.56 3=105.88 (C2/m)
Sodium boltwoodite (H30)2(Na,K)2(U02)2(Si04)2-2H20 Orth. a=27.40 b=7.02 c=6.65
Uranophane (F) (H30)2Ca(U03)2(Si04)2-3H20 Mono. a=15.87b=7.05c=6.66 3=97°15' (P2y)

1:3 Haiweeite Ca(U02):Si¢015-5H20 Mono. a=15.4 b=7.05c=7.10 3=107°52" (P2/c)
Weeksite K2(UQO;)2Si60,5-4H20 Orth. a=14.26 b=35.88 ¢c=14.20 (Fmmm)

Haiweeite-(Mg) Mg(U02)2Si6015-9H20
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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 SiO4 groups is arranged. The interlayer
region contains the cations, oxonium and water molecules.
Oxonium lons 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!
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 weeksite occurs in hydro-
thermal experiments at 300°C with synthetic nuclear reactor
waste. 19

Six of the members of the 1:1 minerals have had structure
determinations. The structure of uranophane was originally

Fig. 10 Uranyl silicate chains in 1:3 uranyl silicates (uranium 2-5
polyhedra ruled and SiO, tetrahedra stippled)
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determined by Smith and co-workers'®! and has been refined
by Stohl and Smith.'®® The structure of beta-uranophane was
determined by Smith and Stohl.!®2 A structure analysis of
boltwoodite was reported by Stohl and Smith. 16% The structure
of kasolite was originally carried out by Huynen and co-
workers?” and was refined by Mokeeva''! and by Rosenzweig
and Ryan.'*! The sklodowskite structure was analysed by
Mokeeva'® and refined by Huynen and Van Meerssche,®®
Mokeeva''® and Ryan and Rosenzweig.'*” The cuprosklodow-
skite structure was originally determined by Piret-Meunier and
Van Meerssche'?® and was refined by Rosenzweig and Ryan.'*® .
An anhydrous Na,(UO),Si04 was reported by Shashkin and co-
workers, "3 which shows an unrelated structure with uranium
in 2-4 coordination.

Crystal structure analyses of weeksite and the synthetic
sodium analogue by Stohl and Smith'® and Anderson® have
shown that the basic structural unit is the [(UO2)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 SiOs 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 compounds. 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
(U0,),Ge04-2H20, a=8.179A, b=11.515A, c=19.297A .7
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
within the framework.

Seferal compositions have been reported for soddyite and
there may be several related minerals rather than only one.
Gorman’’ 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'6®
described another specimen that shows the same X-ray powder

Fig. 11 Structure of soddyite, (UO2),Si04-2H20 (uranium 2-5 poly-
hedra ruled and SiO, tetrahedra stippled; chains, as found in other
uranyl silicates, lie 90° to one another and share SiO4 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

minerals. Kivuite is from the Kobokobo pegmatite, Kivu,
Zaire, where it occurs as yellow earthy masses. Walenta and
Wimmenauer'®’ 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.*”**? Phurcalite is
from the Bergen, Vogtland, Saxony area, where it occurs as
yellow platelets with specular hematite. Phuralumite and

UO02:TO, Mineral Formula System Lattice constants, A (symmetry)
4:2 Arsenuranylite Ca(U02)4(As04)2(OH)4-6H-0 Orth. a=15.40 b=17.40 c=13.77
possibly
Caz(U02)3(As04)2(OH)4-6H20
Bergenite Ba(UO2)s(PO4)2(OH)4-8H,0 Orth. a=16.05 b=17.76 c=13.86 (Bmmb)
possibly
Bas(UO)3(PO4)2(OH)4-8H20
Kivuite (Th,Ca,Pb)(H30)2(U02)4(PO.)2(OH)s-5H.0 Orth. a=15.88 b=17.24 ¢=13.76 (Bmmb)
possibly
(Th,Ca,Pb)(H30)2(U0O2)3(PO4)2(OH)s-SH20
Renardite (F) Pb(UO2)4(PO4)2(0OH)s-7TH0 Orth. a=159b=17.6 c=13.8
possibly
Pb2(UO2)3(PO4)2(OH)s-TH20
3:2 Dumontite (F) Pb2(UO3)3(PO4)2(OH)s-3H.0 Mono. a=8.16 b=16.73 c=7.02 3=110°
Huegelite Pb»(U0O2)3(As04)2(OH)4-3H,0 Similar to dumontite
Phosphuranulite (F) (H30)2Ca(U03)3(PO4)2(OH)4-4H,0 Orth. a=15.85 b=17.42 ¢=13.76 (Bmmb)
Phurcalite Ca(UO2)3(PO4)2(0OH)s-4H,0 Orth. a=17.366 b=15.957 ¢=13.548 (Pbca)
Phuralumite Al (UO2)3(PO4)2(OH)s-10H0 Mono. a=13.87 b=20.79 ¢=9.38 3=112° (P2,/a)
Upalite Al(UO2)3(PO4)2(OH)3 Orth. a=34.68 b=16.81 ¢c=13.72 (Bbcm)
Vanmeersscheite U(UO2)3(PO4)2(OH)s-4H20 Orth. a=17.04 b=16.76 ¢=7.023 (P2,mn)
Metavanmeersscheite  U(UO3)3(PO4)2(0OH)4-2H,0 Orth. a=34.18 b=33.88 ¢c=14.074 (Fad2)
1:1 Autunite family (F) Ri-2(U0O2)2(TO,),-8-12H,0 See Table 11
Dewindtite (F) Pb(U0O3)2(PO4);-3H20 =renardite?
Meta-autunite I
family (F) R1-2(U0O2)2(T0O4)2-6-8H20 See Table 12
2:3 Coconinoite FezAlx(UO2)2(P0O4)2(SO4)(OH)2- 20H,0 Mono.
2:4 Furongite Al (UO2)(PO4)2(OH),-8H0 Tricl. =17.87 b=14.18 c=12.18
a=67.8° 3=77.5v=79.9
Hallimondite Pb(UO2)(AsOs); - nH,0 Tricl. a=7.123 b=10.469 c=6.844
a=100°34"' 3=94°48" v=91°16'
Parsonite (F) Pb(UO2)(PO4); - nH,0 Tricl. a=6.862 b=10.425 c=6.684
a=101°26' 3=98°15" v=86°17’
Pseudo-autunite (H30)4Ca2(U0O2)2(PO4)s-5H,0 Orth. a=6.95bh=6.95c=12.88
Walpurgite (F) (Bi0)4(UO2)2(As04)4-6H20 Tricl. a=7.135 b=10.426 c=5.494
a=101.47° 3=110.82° v=88.20°
Walpurgite—(P) (BiO)4(U0O2)2(POs)4-6H20 Tricl.

are expanded and listed as individual species in Tables 11 and
12. This group shows several divisions based on the UQO>:TO4
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 Frondel.®® Arsenuranylite was described by
Belova'? 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,?! and kivuite,
described by Van Wambeke,'”® 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.

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.'2’?

Coconinoite, a phosphate~sulphate, was described by
Young and co-workers'®! 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 Laboratory® as
a yellow, minutely crystalline deposit on carbonaceous shale in
the oxidized zone of an illuvial-type uranium deposit. Walenta
and Wimmenauer'®” described hallimondite from Lahr,
Baden. It is very similar to parsonsite. Pseudo-autunite was
characterized by Sergeev'*® 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.'®?

55



Table 11 The autunite family

Mineral Formula System Lattice constants, A (symmetry)

Arsenuranospathite HAI(UO3)4(As04)4-40H0 Tetr. a=7.00 c=20.64 (I4/mmm)

Autunite (F) Ca(U0,)2(P0s),;-8-12H,0 Tetr. a=7.00 ¢c=20.67 (I4/mmm)

Fritzcheite* (F) Mn(UO2)2(VOs4)2-10H,0

Heinrichite Ba(UO2)2(As504)2-10-12H,0 Tetr. a=7.13 ¢=20.56

Kabhlerite (F) Fe(UO1)2(As04)2-10-12H,0 Tetr. a=14.30 ¢=21.97 (P4,/n)
a=7.16 ¢=20.19

Novacekite (F) Mg(UO3)2(As0a)-12H0 Tetr. a=14.30 ¢=22.00 (P4,/n)

Sabugalite (F) HAI(UO32)4(POs4)s-16H,0 Tetr. a=6.96 c=19.3

Saleeite (F) Mg(UO32)2(POs4)2-10H0 Tetr. a=6.98 c=19.71 (P4/nmm)

Threadgoldite Al(UO32)2(PO4)2(OH)-8H,0 Mono. a=20.25 h=9.85¢c=19.75 3=111.4° (C2/c)

Torbernite (F) Cu(UO2)2(POa4),-8-12H,0 Tetr. a="7.06 c=20.54 (I4/mmm)

Uranocircite (F) Ba(UO03)2(P04)2-12H20 Tetr. a=7.01 ¢=20.46

Uranospathite (F) HAI(UO2)4(PO4)4-40H20 Tetr. a=7.00 ¢c=30.02 (P4,/n[?))

Uranospinite (F) Ca(UO3)2(As04):-10H20 Tetr. a=7.16 c=20.4 (I4/mmm)

Xiangjiangite (Fe,A)(UQO2)4(PO4)2(S04)2(0OH)-22H,0 Orth. a=7.17b=7.17 c=22.22

Zeunerite (F) Cu(U0O32)2(PO4);-40H0 Tetr. a=7.18 ¢=20.79 (P4/nnc)

* More likely a member of the carnotite group.

Table 12 = The meta-autunite family

Mineral Formula System Lattice constants, A (symmetry)

Abernathyite (F) K2(UO2)2(As04)2-8H20 Tetr. a=7.176 ¢=18.126 (P4/ncc)

Bassettite (F) Fe(UO2)2(POa4):-8H.0 Mono. a=698 b=17.07 c=7.01 8=90°32'

Meta-ankoleite K2(UO32)2(PO4)2-6H20 Tetr. a=6.993 ¢=8.891 (P4/nmm)

Meta-autunite (F) Ca(UO3)2(P0Os)2-6H20 Tetr. a=6.972 ¢=8.47 (P4/nmm) a=19.65 c=8.47

Meta-autunite II (F) Ca(U0O:2)2(PO4)2-4-6H20 Orth. a=6.551 b="7.053 c=8.164 (Pmmm)

Metaheinrichite Ba(U0,)2(As04):-8H0 Tetr. a=7.07 c=17.74 (P42/m)

Metakahlerite Fe(UQO3)2(As04)2-8H.0 Tetr. a=7.18 c=8.58

Metakirchheimerite Co(UO2)2(As04)2-8H20 Tetr. a=17.16 c=8.60

Metalodevite Zn(UO2)(AsO4)2-10H,0 Tetr. a=17.16 c=17.20 (P4:/m)

Metanovacekite (F) Mg(UO:3)2(As04)2-4-8H-0 Tetr. a=7.16 c=8.58 (P4/n)

Metatorbernite (F) Cu(UO2)2(PO4)2-8H20 Tetr. a=6.969 ¢c=17.306 (P4/n)

Meta-uranocircite (F) Ba(U03):(PO4)2-8H,0 Tetr. a=6.94 c=17.65 (P42/m) a=7.19 ¢c=8.81 (P4/nmm)

Meta-uranocircite 11 (F) Ba(UO1):(POs)2-6H,0 Mono. a=9.855 b=9.756 ¢c=16.84 y=90°36"' (P2))

Meta-uranospinite (F) Ca(UO2)2(As0s4)2-8H,0 Tetr. a=17.14 ¢=17.00 (P4/nmm)

Metazeunerite (F) Cu(UO2)2(As04)2-8H,0 Tetr. a=7.10 c=17.42 (P42/n)

Przhevalskite Pb(UO2)2(PO4)2-2H0 Orth.

Ranunculite (H30)AL(UO2)(PO4)(OH)3-3H>0 Mono. a=11.1 b=17.7 ¢c=18.0 3=90°

Sodium meta-autunite (Naz,Ca)(UO2)2(PO4)2-8H,0 Tetr. a=6.97 ¢c=8.96 (P4/nmm)

Sodium uranospinite (Naz,Ca)(UO3)2(As04)2-5H;0 Tetr. a=7.12 ¢=8.70 (P4/nmm)

Trogerite (F) UO,2(UO3)2(As50,),-8H20 Tetr. a=7.16 c=8.80 (P4/nmm)

Trogerite-(P) UO,(UO2)2(PO4)2-8H,0 Tetr. a=7.02 c=8.49 (P4/nmm)

Uramphite (NH4)2(UO2)2(PO4)2-4-6H,0 Tetr. a=7.01 ¢c=9.05

Several new autunite-like and meta-autunite-like minerals

include arsenuranospathite,’®® heinrichite and metaheinrich-
ite,’"77 threadgoldite,’® xiangjiangite,®® meta-ankoleite,”
metakirchheimerite, ®® metalodevite,? metakahlerite and meta-
uranospinite,'®' przhevalskite,'%* 1% ranunculite,”® sodium
meta-autunite,*? sodium uranospinite,®? trogerite-(P)!>® and
uramphite.!'” 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 UO2-PC4 or UO,-
AsO4 complexes in solution.”® 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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Chemically, the uranyl phosphates fall into five distinct
groups, depending on the UO;: TO4 ratio, though the classifi-
cation of some of the species is in doubt. Phosphuranulite, for
example, has been reported with U: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,'®® phosphuranylite,'* phurcalite'*® and
phuralumite128 verify the 3:2 ratio and show a chain unit,
[(UO2)3(PO4)2(OH)2], 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 PO, tetrahedra. Corner sharing results in a
sheet-like unit. Cations and water molecules occupy interlayer
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 PO4
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
10A (or 20A for doubled cells). These minerals comprise the
autunites. The sheet unit is usually [(UO2)>(TO4).], and the
corresponding level of hydration is usually 10-12H,O. When
the hydration level is 6-8H,O, the layers collapse somewhat,
and the layers spacing is around 9A (or 18;\). 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,'* and Ross and co-
workers,** meta-uranocircite by Zolensky!®® and Khosrawan-
Sazedj,®* threadgoldite by Piret and co-workers,’** and
hydrogen-meta-autunite by Morosin.!'? These studies verify
the general meta-autunite structure proposed by Beintema,'
but show that there are subtle structural differences among
the species. The basic unit is an infinite sheet of 2-4 UOs
polyhedra and (P,As)O4 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. (@) (fop), structure of [(UO2)(TO.)] sheet;
(b) (centre), stacking of sheets in autunite family; (c) (bottom), stacking
of sheets in meta-autunite family. After Beintema®®
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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

Fig. 14  Structure of abernathyite and metatorbernite showing
deviations from ideal structure shown in Fig. 13. (a) (rop), structure of
two superimposed [(UO2)(AsO.)] sheets showing alternating articu-
lation of polyhedra in adjacent sheets; (b) (bottom), stacking of sheets
in metatorbernite showing interlayer water and cations. Cu atom is the
small circle. In abernathyite Cusite is not occupied and K is disordered
on H;O sites. After Ross and Evans'®® and Ross and co-workers'#*
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hydrogen bonding. The actual structure of the sheet in aber-
nathyite is shown in Fig. 14(@). 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 PO, tetrahedra they link to. As proposed
by Beintema, '° 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
uranylions of the sheet. In abernathyite, meta-uranocircite and
hydrogen-meta-autunite the cation site is not occupied and
the K=, Ba™2 or (H3;O)" appears to replace one of the water
molecules of 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;** for meta-uranocircite it is at 108°C.*?* 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'?* shows a complicated derivative of the autunite
structure. The structure consists of [UO,PO4];™ layers that are
only slightly distorted from the square array. The stacking of
the layers shifts parallel to ¢ (the g-axis corresponds to the c-axis
in the tetragonal forms) to accommodate an interlayer Al2O1o
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 2-4UQO¢ edge-shared
polyhedra with attached AsO, tetrahedra.!?®® Pseudo-autunite
may berelated to the autunite family with extra PO, 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 Fairchild®® 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,® but Czsbron®! reported a Mn(UO5),V205-4H,0
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.®® In its lower valence states it forms distinct
vanadium minerals, but in its higher valence state 5+ it com-



bines with U®* to form several minerals. These minerals are

listed in Table 13.

Table 13 Uranyl vanadates

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

Mineral Formula System Lattice constants, A (symmetry)

Carnotite group

Carnotite (F) K2(UO,);V,03-3H0 Mono a=10.471 b=8.41 ¢c=6.59 3=103°50" (P2,/a)

Curienite Pb(UO0,),V,05-5H,0 Orth. a=10.40 b=8.45 c=16.34 (Pcan)

Francevillite Ba(UQ0,).V,0s-5H,0 Orth. 1=10.41 b=8.51 ¢=16.76 (Pcan)

Fritzcheite (F) Mn(UQO,)2V,03-10H,0 Orth. a=10.59 b=18.25 c=15.54* (Pnam)

Margaritasite Cs(U02)2V205-1.5H:0 Mono. a=10.51 b=8.45 ¢=7.32 3=106°5' (P2\/a)
Metatyuyamunite (F) Ca(U0,)2V20z-3-5H,0 Orth. a=10.54 b=8.49 c=17.34 (Pnam) _
Metavanuralite Al(UO»);V;05(OH)-8H0 Tricl. a=10.46 b=8.44 c=10.43 a=75°53" $=102°50" v=90° (P1)
Sengierite (F) Cux(U03);V,03(OH)2-6H:0 Mono. a=10.62 b=8.10c=10.11 3=103°36" (P21/a)

Strelkinite Na(U03),V2035-6H,0 Orth. a=10.64 b=8.36 c=32.72 (Pnmm)

Tyuyamunite (F) Ca(U0,);V,05-8H,0 Orth. a=10.36 b=8.36 c=20.40 (Pnan)

Vanuralite Al(UO2);V,05(OH)-11H,0 Mono. a=10.55 b=8.44 ¢=24.52 3=103° (A2/a)

Vanuranylite’ (H30)2(U0»),V203-4H,0 Mono. 2=10.49 b=8.37 ¢=20.30 3=90°?

Unclassified
Ferghanite (F)
Rauvite (F)
Unnamed
Unnamed
Uvanite (F)

(U02)3V105-6H20
Ca(UOZ)zv 10023 . 16H20
Ca-U-V-0O-H;0
Pb-U-V-O-H,0O
(UO:):VeO17-15H20

* Data from synthetic Mn(UQ,)2V203-4H,0.% (F)%?

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.
Langmuir®® 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.’®® Usually, the minerals occur as fine
coatings on sand grains and in the pore spaces. Rarely are they
sufficiently coarse-grained 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’s®® monograph. Curienite was identified as a new
mineral by Cesbron and Morin®® from the mineralized sand-
stones of Mounana mine, Gabon, where it occurs with france-
villite. Francevillite was recognized by Branche et al.'® 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.? from Palaeozoic carbonaceous—
siliceous shales and has since been found in other related rocks.
Vanuralite was first characterized by Branche e a/.'® from
Mounana, Gabon. Cesbron?’ 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.?? Margaritasite, the newest
mineral to be described, was found in Mexico by Wenrich-
Verbeek et al. 18

in the structures. The V>* may form discrete VO, 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 (V205)%~ and (V0028)°~
have been verified in uranium vanadates. The structural unit in

S\

Fig. 15 Complex vanadate ions found in uranyl vanadate minerals.
(@ (top), (V20g)®" unit of carnotite family. After Cesbron and
Boréne.” (b) (bottom), (V10O2)°” ion as found in rauvite. After

Swallow and co-workers!”®
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uvanite is not known, but it may be (V¢Oi17)*".

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 ¢ and b dimen-
sions, the structures having V,Os polyanions. The V;0s 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(a)).
All the minerals of this family are comprised of a sheet of
uranyl pentagonal dipyramids and these V,Os 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(UO»):V,03-5H,0. (a) (fop),
structure of [(UO,)2V20z] unit; (b) (bottom), stacking of sheets
showing interstitial cations and water molecules (uranium 2-5 poly-
hedra ruled and V2Os groups stippled. After Shashkin'*?)
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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.” Curienite was solved by Boréne and
Cesbron, ' francevillite by Shashkin,'*? sengierite by Piret and
co-workers'?® and a synthetic Ni analogue by Boréne and
Cesbron.' Structures for vanuralite and metavanuralite have
been proposed by Boréne and Cesbron.'® The structures do
differ in that adjacent sheets may be parallel or antiparallel and
they may be directly over the underlying sheet or shifted signifi-
cantly. Fig. 16(d) 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.

The differences in stacking between the various minerals

Fig. 17 Stacking of adjacent [(UO,),V20s] sheets in minerals of
carnotite family. (@) (above), Ni(UO,),V,0s-4H,0, Pnam; (b) (top
left), Carnotite, Ky(UO2),V205-3H;0, P2i/a; (c¢) (bottom lef?),
curienite, Pb(UQ3)2V203-5H20, Pcan; (d) (top right), metavanuralite,
Al(UO,),V;,05(OH)-8H,0, P1; (¢) (bottom right), vanuralite,
Al(UO2),V205(0OH)-11H20, A2/a. After Boréne and Cesbron'* (V20s

" groups shown along with positions of uranium) (See also facing page)






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 Al.
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 (V10025)% . The structure of this
ion was found by Evans®® for K3Zn,V,0025-H;20 and Swallow
and co-workers!”® in pascoeite, CasVi902s- 17H,0. Its structure
is shown in Fig. 15(b). This ion probably occurs in rauvite. It
has been verified in hureaulite, NasMgV,0025-24H;0. The
mineral uvanite appears to have a group (Vs0;7)* 7, but this unit
has not been found in any other vanadium compound.

Two unnamed and poorly characterized uranyl vanadates
have been reported by Threadgold'” from El 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,?° 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 U®* were recognized, but the
occurrence of such minerals as sedovite'*® shows that U** com-
pounds also exist.

Table 14 Uranyl molybdates

through hydrogen bonds between the OH ions and the O 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 interlayer 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 O ™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 a/.'*°
The structure is quite different from that of umohoite. The
uranium is in 2-5 coordination and the molybdenum is 6-
coordinated. The MoOs(H-0) octahedra share edges in pairs
and with the UO> 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 VO4, PO4 and AsO4. They

Mineral Formula System Lattice constants, A (symmetry)
Calcurmolite Ca(U03)3(M004)3(OH),;-11H,0

Cousinite Mg(UO3)2(M004)2(OH)2-5H,0

Iriginite (UO2)Mo0,07-3H20 Orth. a=12.77 b=6.715 c=11.53 (Pca2;)
Moluranite H4U(UO2)3(M00O4)-

Mourite UMo05012(0H);0 Mono. a=24.426 b=7.185 ¢=9.895 3=102°10’
Sedovite UMo00s4):2

Umohoite (F) (UO2)(M00O2)(OH)s-2H20 Mono. 2=6.32 b=7.50 ¢c=57.8 3=94° (P2,/¢)

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 Appleman®! and at Katanga,
Zaire.'?® It usually occurs at the edge of the unoxidized zone
as intergrowths with other minerals, including uranium oxides.
It is definitely a U®*Mo®* compound and evidently represents
one of the first oxidized uranium compounds to form. It is a
difficult mineral to recognize when associated with U**
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'#® from a hydrothermal vein, and cousinite,
recognized by Vaes!™ from Katanga, Zaire. Iriginite and
moluranite were described by Epstein®® from a granulated
albitite in the U.S.S.R. Mourite®* and sedovite'*® contain U**
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, - #1-89:126,160 o 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'% 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 [(UO2)(MoO2)(OH),4l.. 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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are usually found very close to actively oxidizing uraninite and
sulphide minerals. Most commonly, they form in cracks and
veinlets 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 adit 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 ez a/.%° 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 Csz(U0,)2(S04)s solved by Ross and Evans'*? has a
sheet structure with uranium in 2-35 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 UO0,S04.2.5H;0 by Van der Putten and
Loopstra!” and U0,S04-3.5H,0 by Brandenburg and



Fig. 18 Structure of umohoite, UO:M00O4-4H>O (uranium 2-6
polyhedra ruled and molybdenum 2-6 polyhedra stippled). (a) (top),
projection of one [UO:MoO2(OH).] sheet; (b) (bottom), stacking of
sheets. Modified from Makarov and Anikina'®

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

The minerals uranopilite and meta-uranopilite were ade-
quately discussed by Frondel.> New data on johannite are
available.1%%* A synthetic (U02)sSO4(OH)10-13H,0 has been
prepared by Cordfunke,*? but it does not seem to correspond
to uranopilite. The sulphate-containing minerals coconinoite

Fig. 19 Structure of iriginite, UO2Mo020--3Hz0 (uranium 2-5 poly-
hedra ruled and MoQg octahedra stippled; interlayer water molecules
shown as circles)

Fig. 20 Structure of sheet found in Cs2(U0O2)2(S04)3 (uranium 2-5
polyhedra ruled and SO tetrahedra stippled)

and schroeckingerite are discussed eisewhere in this paper.

Walenta'®® has described an unnamed mineral of Na, Mg, U,
with borate and sulphate. A Ca, Mg uranyl sulphate has also
been described by Kiss.®! 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,"*' 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 ail 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:TO, Mineral Formula System Lattice constants, A (symmetry)
6:1 Meta-uranopilite (F) (U0O1)6(SO4)(OH)16-5H20
Uranopilite [1D] (UO02)6(SO4)(OH)10:12H,0 Mono.
2:1 Cobalt zippeite Co2(U02)6(S04)3(OH)0- 16H0 Orth.
Magnesium zippeite Mga(UO2)s(S04)3(OH)10- 16H20 Orth.
Nickel zippeite Niz(UO2)6(S04)3(OH)10- 16H20 Orth.
Sodium zippeite Nay(UO2)6(SO4)3(OH)0- 16H0 Orth. a=8.80 b=68.48 c=14.55*
Zinc zippeite Z1n,(U02)a(504)3(OH)10-1 6H,0 Orth.
Zippeite (F) K4(UO2)6(S04)3(OH)0-16H,0 Orth.
1:1 Johannite (F) Cu(U02)2(S04)2(0OH)2-8H,0 Tricl. a=8.903 h=9.499 ¢=6.812
a=109.87° 3=112.01° y=100.40°
(P1)
2:3 Coconinoite FesAlx(U02)2(P04)2SO4(OH);-20H,0 Mono.
1:2 Schroeckingerite (F) NaCa3(U0,)2(C0O3)3S0O4F-10H0 Tricl. a=9.60 b=9.62 c=14.46

a=91°42" 3=91°48" 4=120°05' (P1)

* Pseudo cell ¢ =8.82, b=17.12, ¢=7.32.

Fig. 21 Structure of UO>SO4 chains in 1:1 uranyl sulphates as found
in U0,S04-3v2H,0 (uranium 2-5 polyhedra ruled and SO, tetra-
hedra stippled. After Brandenburg and Loopstra'”)

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 veinlets in cracks. Many members of this group
were described in Frondel.®® 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 and bayleyite 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 UO;: COs ratios,
the minerals fall into several groups. The 1:3 group is the most
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populated, probably because of the ease of formation of the
structural unit [UO>(CO3)3]*~. This unit has been found in the
structures of andersonite and liebigite'®* and has been verified
as astablesolution complex by Langmuir.®* The structure of this
complex is shown in Fig. 22. Three COj; groups edge share with
a uranyl ion to form a 2-6 coordination around the uranium.
In the structure of andersonite®® and liebigite® 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 [UO2(COs)s]*” unit as found in liebigite and andersonite
(three CO: 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-workers®® and
exhibits a layer structure. The carbonate groups lie in planes
arranged in a close-packed hexagonal array. Four COj; groups
surround a UO3" 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 interlayer 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
Frondel.®* Wyartite was described by Guillemin and Protas,”®
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

U0,:CO, Mineral Formula System Lattice constants, A (symmetry)
3:1 Wyartite Ca;UUO2)6(CO3)2(0H) 13- 3-5H20 Orth. a=11.25 b=7.10 c=16.83 (Pnma)
a=11.25 b=7.10 ¢=20.80 (P2,2,2;)
1:1 Joliotite (UO2)(CO3)-1.5-2H,0 Orth. a=8.16 b=10.35 ¢=6.32 (Pmmm)
Rutherfordine (F) (UO)(CO;3) Orth. a=4.845 b=9.205 ¢ =4.296 (Pmmn)
Sharpite (F) (UO2)(CO3)-H:0 Orth.
1:2 Metazellerite Ca(UO2)(CO3)2-3H0 Orth. a=9.718 b=18.226 ¢ =4.965 (Pbnm)
Zellerite Ca(UO2)(CO1)2-5H,0 Orth. a=11.220 b=19.252 C=_4.933 (Pmnm)
1:3 Andersonite (F) Na2Ca(UO;)(CO3)3-6H:0 Hex. a=18.009 ¢=23.838 (R3)
Bayleyite (F) Mgz(UO:)(COs)3-18H20 Mono. a=26.65 b=15.31 ¢=6.53 3=93°4" (P2/a)
Grimselite K3Na(UO)(CO3)3-H20 Hex. a=9.30 c=8.26 (P62c)
Liebigite (F) Cax(UO:)(CO3)3-11H0 Orth. a=16.699 b=17.577 ¢=13.697 (Bba2)
Rabbittite (F) CaiMg3(UO1)2(CO3)s(OH)4-18H,0 Mono. a=32.6 b=23.8 ¢=9.45 3=90°
Schroeckingerite (F) NaCa3(UO;)(CO3)3SO4F-10H,0 Tricl. a=9.60 b=9.62 c=14.46
a=91°42' 3=91°48" v=120°05"
Swartzite CaMg(UO2)(CO3);-12H20 Mono. a=11.21 b=14.72 ¢=6.47 3=99°26' (P2,/m)
Widenmannite Pb2(UO:)(CO3)s Orth. a=8.99 b=9.36 ¢c=4.95 (Pnmm)
1:4 Voglite (F) Ca;Cu(UO:z)(CO3)4-6H:0 Mono. a=25.94 b=24.50 ¢=10.70 3=104.0° (P2,/*)
1:6 Mckelveyite Ca;Na(Ca,U)Y(CO3)s-3H:0 Hex. @=9.174 ¢=19.154 (P3)

Fig. 23 Structure of rutherfordine, UO2CO; (uranium 2-6 poly-
hedra ruled and COs triangles stippled. After Christ ez al.>)

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,*® which
show different c-axis lengths.

Joliotite and widenmannite were described by Walenta and
Wimmenauer'®” and Walenta'®* 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-workers*? 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.'%?
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*?? on speci-
mens from Jachymov, Czechoslovakia, and Utah, U.S.A.

Mckelveyite has been described by Milton et al. 198 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
Donnay®! showed that mckelveyite was intergrown with
ewaldite, another carbonate with a trace of uranium included.
Donnay and Preston®? reported a structure for ewaldite.

Uranyl selenates and tellurates

A totally new group of minerals, all of which have been des-
cribed since Frondel,*® 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-
terite®”-%8-%° 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 UO;: XOj3 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, cliffordite” and
schmitterite,”® 1% and a related Pb2(UO;)(TeO3);.'® Although
the structure for none of the selenate minerals has been solved,
the structure of UO,SeO; has been determined by Loopstra and
Brandenburg®® and shows some interesting contrasts to
UO:TeO; that may be of significance in the mineral kingdom.
The compound UO,SeQs; is unstable in air and with respect to
water, whereas UO,TeOj3 is quite stable. The crystal structures
shown in Fig. 24 have almost the same topologies; however, in
UO,TeO; the uranium shows a 2-5 coordination and the Te is
4 coordinated, whereas in UO,SeO; 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 UO,: XOj 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 TeO, tetra-
hedra that corner share to form a framework that creates the
main structural unit, which encloses the uranyl ion. Evidently,
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Table 17 Uranyl selenates and tellurates

U0,2:X0; Mineral Formula System Lattice constants, A (symmotry) Colour

3:2 Guilleminite Ba(U0O;)3(Se03)2(0OH)4-3H0 Orth. a=7.25b=16.84 c=7.08 Yellow

1:1 Marthozite Cu(U0O,)3(Se03)s(0OH),-7TH,0 Orth. a=16.40b=17.20c=6.98 Yellow-green
Schmitterite UO;TeOs Orth. a=7.860 b=10.089 ¢c=5.363 (Pbcm) Straw yellow

1:2 Derricksite Cus(UO32)(Se03)2(OH)6-H>0 Orth. a=5.57 b=19.07 c=5.96 Green
Moctezumite Pb(UO:)(TeO3) Mono. a=7.189 b=7.070 c=13.836 3=93°37" Orange

1:3 Cliffordite UO0,Te;0+ Cub. a=11.371 (Pa3) Yellow
Demesmaekerite Pb3Cus(U02)2(Se03)s(OH)s-2H-0 Tricl. a=11.94 b=10.02 c=5.62 Green

=90 =100 y=91°55"

Fig. 24 Structure of schmitterite, UO2TeQOs, and UO;Se0s. (a) (top),
schmitterite (uranium 2-5 polyhedra ruled and TeOs pyramids
stippled. A fter Meunier and Galy'??). (b) (botron), UO,SeQ; (uranium
2-6 polyhedra ruled and SeO; pyramids stippled. After Loopstra and
Brandenburg®®)

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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Fig. 25 Structure of cliffordite, UO,Te;0» (heavy outlined TeO4
units have Te close to Z=0.75; lightly outlined UOs and TeQy4 units
have U at Z=0.5 and Te close to Z=0.5; uranium 2-6 polyhedra
ruled and TeOs tetrahedra stippled. After Galy and Meunier’")

altered dolomite at Musonoi, Katanga. Pierrot and co-
workers'?? described guilleminite from some coatings in the
oxidized zone and in some geodes. Marthozite was charac-
terized by Cesbron and co-workers®® as millimetre-size green
crystals in the oxidized zone that appear to have formed prior
to the closely associated guilleminite and demesmaekerite.?®
Derricksite,?! 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 U** 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
1000°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
U** 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'*' 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 fall out 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 Sobry'® 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-
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11.000C 40) 4.490(100) 3.930( 50) 2+990( 60)
12.200C 30) 4.130(109) 3,202 59) 3,150( 40)
13.120( 90) 3.830( 60). 7.660(100) 2.690( 50)
11.120(100) 3.740C 8C) 3.29C( 33) 2.9380 70)
13.030C 80} 3,620(100) 3.41C(¢ 92) 5,210( 3C)
10.700(100) 3.590( 90) 5.04C( 80) 3.39C( 70)
13.200(1970) 3.580( 90) 2.050( 32) 3.350( 509
10.000(100) 3,570(100) 5.020( 89) 1.538( 50)
10.306(100) 3.540(100) 3.2200 70) 5.490( 60)
10.0u3(100) 3.530(100) 3.350( 80 5.090( 73)
11,000t 901} 3.370( 90) 3.190(130) 3.060( 30)
10.,4006G(100) 3,.080¢ 80) 5,170 70) 3.406C 350)
10.700(100) 2.950( 50) 3.,490( 40) 2.6200 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.
Thetableis 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 di, d2, ds, ds and ds are the d-spacings listed in order of
decreasing intensity, the five entries are as follows:

d dy di dy ds
dr di dy dy ds
dy dv d» di ds
d4 d1 dz d3 dS
ds di d» di dy

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
any one 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.

D I MINERAL NAME PDF NGO,
4.3200 50) VOGLITE 33- 274
2.368( 35) FURONGITE 29=- 98
2.791( 45) UMOHOITE»17A 12~ 778
4,715( 70) RAB3ITTITE 7~ 365
5.880( 60) KIVUITE 13- 419
5.230( 380) ANDERSONITE 20-1092
3.593( 60) ARSENURANOSPATHITE 31- 586
0.,000( ) URANJISPATHITE 31- 587
2.376( 70) SCHROECKINGERITE 8- 397
47400 20) UMOHOITE»14A 11- 375
3,183¢€ 30) VANURALITE 23~ 769
4.290( L&) COCONINDOITE 25~ 16
1.603( 40) KAHLERITE 17~ 145
4.480( 2C) AUTUNITE 12~ 418
7.620( 5) WYARTITE=-(20A) 12- 635
2,1600 %0) URANOCIRCITE 18~ 199
6,620 30) TYUYAMUNITE 6~ 17
6610 4C) TORBERNITE 8- 360
24500 60) SHARPITE 12~ 164
€.180( 3¢) UMOHOITE.12A 12~ 693
2.2100 50) BAYLEYITE 4= 130
4.620( 60) XIANGJIANGITE 29-1401
4.970( 38Q) URANOSPINITE 29~ 390
1.930( 60) ZEUNERITE 4= 90
6.800( 4C) NOVACEKITE 8- 286
3.350¢( 40) NOVACEKITE 17= 148
5.030( 40) NOVACEKITE 17- 147
1600 70) HEINRICHITE 29- 210
5.530( 30) SEDGVITE 18-1425
3.470( 40) PHURALUMITE 33- 38
3.870( 2C) RAUVITE 8- 288

* Powder diffraction file (Swarthmore, Pa.: Joint Committee on
Powder Diffraction Standards, International Centre for Diffraction
Data).
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9.992 - 8.000

9.650( 80)
8.720(190)
8,070C 30)
3.250( 79)
3.,300( 50)
8.,240(100)
8.410( 80)
8.180( 40)
8.3320(100)
3.430C 70)
8.980( 80)
9.620( 35)
8.420(100)
8.7560(130)
3.630( 90)
9.790( 30)
9.820(100)
8.590( 60)
9.690(120)
9.660(100)
5.1690100)
9.300(100)
9.1560(100)
9.260(100)
8,.,620C 80)
Be220( 30)
9.180( 80)
8.340( 80)
B.450(100)
8.420(100)
8.400(130)
9.920(100)
8.180(100)
8.170€100)
9.100(100)
9.020(100)
9.130€100)
8.590(100)
9.030(100)
3.4900(100)
8.,933(100)
3.920(100)
84860(100)
8.7100100)
8.530(100)
8.420(1001)
9.490C 50)
8.250(100)
8.470(100)
8.860(100)
8.350(1001)
8.780(100)
8,650(100)
8.522(120)
9.430(100)
9.630( 35)
8.,990(100)
9.000(100)
3.300( 40)
B+050(100)
8.230(100)
8.090( 80)
8,130(100)
3.43001301)
3.150(100)
8.0660C 70)
9.080( 90)

'7.999 - 7.000

72

7.65001001)
7.1200 601}
7.600( 5)
7.090(C 30)
7.120(100)
7.310C 90)
7.910(100)
7.740( 90)
7.730(100)
7.930(120)
7.110€100)
7.36C( 80)
7.2300100)
7.630(100)
7.260(100)
7.790( 80)
7.976(100)
7.930( 80)
7.680(100)
7.830(100)
7.8300(100)

12.600(160)
9.650( 80)
9.160(100)
8.530(100)
7.800(100)
7.790( 80)
7.720(100)
7.680(100)
7.290(100)
74260(100)
7.110(120)
7.080(120)
5.600(100)
5.500(100)
5.400( 90)
5.000( 80)
4.910( 83)
4.390(100)
4.860( 93)
4.850( 50)
4.820( 90)
4.620( 45)
4.590( 70)
4.530( 80)
4.310( 50)
44290 ¢ 69)
4.280( 80)
4.230( 40)
4.220( 20)
4.190¢ 80)
4.180( 80)
4.,170( 90)
4.090( 90)
4.000( 55)
3.830( 85)
3.800(100)
3,790( 50)
3.790( 90)
3.780(100)
3.750( 80)
3.730( 80)
3.730( 65)
3.730(100)
3.680(100)
3.660( 90)
3.630( 90)
3.610(100)
3.610( 90)
3.610( 85)
3.590(100)
3.590( 90)
3.570(100)
3.570(100)
3.570( 90)
3.474( 80)
3.450(100)
3.420( 90)
3.133( 80)
3.110(100)
3.100( 80)
3,090(100)
3.080( 80)
3.910(100)
3.000(100)
2.990(100)
2.980( 60)
1.620¢ 60)

13.100(C 90)
12.600(100)
10.300(100)
9.260(100)
9.180( 80)
8.760(1001)
7.329( 90)
6.880( 80)
6.160( 90)
5.670(100)
5.570( 90)
5.280(100)
5.083( 70)
4+930(100)
4,800( 80)
4.370( 80)
3.990C 90)
3.990( 60)
3.950( 80)
3.940(¢ 90)
3.900¢ 90)

8.70C(120)
12.6C0(100)

4.59C(
3.660¢(
3.210¢(
4.370(

70)
30)
330)
3

3.850(100)

3.950¢(
3.550¢(
4.800¢(
5.9570¢(
3.540¢(
3.35¢C(
7.31¢cl

ac)
83)
80)
3J)
50)
73)
93)

©.8310(100)
3.500(109)

3.740¢

60)

3,460(100)

3.470¢(
5,590t
6.060¢(
4,470
4.430¢
4.4iC¢

30)
35)
79)
40)
69)
521

10.200(1993)
3.99u(1uJd)
7.120(100)
3.600(109)

3.470(¢
3.270(
3.430¢(
3.160¢(
2.9731
44140¢
3.3401¢
3.260¢(
4,700¢(
3.300¢
3.270¢
55401
5.4801(
3.250¢
54570(
3.480(
1.600(
3.270¢(
9.0801¢
54390¢(
2.110¢(
1.610¢
3.3401¢
5.980¢(
3.310¢(
241401
3.3661
7.10G¢
3.184¢
4.7001
3.250¢
3.030¢
3.220¢

29)
79)
30)
90)
8d)
301
83)
30}
35)
39)
39)
ad}
79)
55)
33)
80)
90)
33)
30)
70
70}
70)
89)
69)
39)
6J)
60)
95)
80)
50)
50)
39)
93)

5.760(100)

4.1C0¢
242001
4.070¢(

39)
601
39}

3.593(132)
3.610(109)

3.830¢(

59)

8.708C100)

54190
4.530(
4.2801

30)
30)
83)

5.500(102)

3.280¢

69)

5.5501100)

3.410¢

30)

13.00C(122)

8.98C(

39)

3.310(100)

3.440¢(

25%)

15,200(109)

Be480(

72)

8.240(100)

5.5830G(
1.997¢(
4.080¢
2499C¢
3.510¢

8))
60)
60)
30)
6J)

7.100¢
7.100¢
4.430¢(
1.600¢
3.890(
4.710¢(
3.130¢
4.080¢(
6.680¢
2.876¢(
3.550¢
3.440¢(
16.800¢
4.820¢(
44550(
4.480(
3.197¢
2.200¢
2.1881
3.6501
3.530¢
3.340¢
3.2C0¢
3.180¢(
3.6391
. 116¢
3.650(
442701
3.560(
3.520¢(
3.170¢
4.,090¢(
4.820¢(
3.51C¢
3.590¢(
24760
4. 800¢(
5.500¢
3.510¢
4.420(
3.230¢
4+930¢(
3.300¢(
3.230¢
1.530¢(
54440¢(
1.620¢(
3.210¢
4.230¢(
24540¢(
5.100¢(
4+300¢(
5.530¢(
44290¢(
201971
3.100¢
44100¢(
2.9781
3.050¢
2.878(
2.930¢
3.650¢
5.130¢(
4.260¢(
4.230¢(
5.09C(
1.530¢

2+690¢(
9.650¢(
3.470¢(
4.410¢
3.650¢(
4.8201
3.5601
3.450¢(
3.870¢(

60)
60)
60)
90)
60)
79)
80}
60)
60)
70)
70)
35)
70)
890)
60)
60)
60)
60)
69)
35)
70)
30)
40)
40)
43)
20)
50)
35)
10)
60)
70)
30)
70)
14)
75)
80)
35
70)
80)
60)
60)
50)
80)
30)
80)
70)
60)
70)
65)
s0)
70)
60)
83)
50)
60)
65)
50)
40)
50)
70)
90)
70)
60)
63}
70}
4Q0)
60)

50)
839)
10)
50)
50)
80)
40)
80)
70)

3.680(100)

3.550¢

70)

2.640(100)

3.660¢(
3.500¢(
2.876(
4.710¢(
3.130¢
2.140¢
3.200¢
2.910¢(
3.190¢

15)
80)
70)
70)
80)
50)
20)
80)
50)

4.320¢(
4.320(
3.2001¢
l.5301
1.990¢
11.3380¢(
3.420¢(
3.200¢
3.0401
14,300¢(
3.30C¢
3.100¢
2.791 ¢
249130 ¢(
3.100¢(
3.3101
3.179¢
4.253¢(
44390 ¢
4e410¢(
3.290¢
3.037¢(
8,072¢(
7.090¢
2.868(
241504
545101
54350 ¢
3.020(
3.000¢(
4.240¢(
3.240¢
6.100¢
2.7181
54640 (
2.160¢
4.550(
44350¢(
5.530¢(
3.550(
l.658¢
3.490¢
3.570¢
54440 ¢(
9.250¢(
3.550¢(
1.530¢
44250¢(
5.370¢(
2.280¢(
5.570¢(
3.010¢
3.000¢
24530¢(
53501
3.560(
1.3882¢(
l.8501
2.720¢
3.390¢
3.500¢(
2.8601
4,220
2.1261¢(
5,110
3.500¢
94490 ¢(

2.210¢(
4¢320¢(
3,280¢
3.183¢(
5.510(
2.910¢
5.810¢(
3.230¢(
3.130¢(
5.230(
3.300¢
3.380¢
3,510¢(
0.000¢
1443001
11.300¢
3.090¢
3.530¢
84180(
1.969¢(
24590

20)
5C)
40)
30)
50)
501}
70)
5C)
6G)
30)
70)
25)
45)
30)
63)
6C)
60)
30)
40)
25)
40)
30)
3G)
30)
35)
20)
40)
30)
10)
60)
6C)
80)
60)
l4)
70)
80)
18)
70)
7C}
60)
50)
50)
70)
75)
70)
70)
60)
60)
45)
60)
60)
60)
5C)
50)
50)
40)
40)
40)
40)
50)
80)
70)
60)
60)
60)
30)
50)

50)
50)
10)
40)
4Q)
80)
30)
8c)
70)
80)
7C)
80)
12)

<)
30
50)
8C)
4C)
40)
7¢)
50)

VOGLITE
VOGLITE
HAIWEEITE
TROEGERITE~(P)
CALCURMOLITE
RABBITTITE
ARSEMURANYLITE
STRELKINITE
GUILLEMINITE
SCHROECKINGERITE
WEEKSITE
ZINC=-ZIPPEITE
UMOHOITE»17A
SWARTZITE
LIEBIGITE
SALEEITE
SENGIERITE
BASSETTITE
SABUGALITE
ZELLERITE

CUPKISKLOOQOOWSKITE

HAIWEEITE
HAIWEEITE
HAIWEEITE
FURONGITE
MeTAKAHLERITE
URANJPILITE

META-URANOCIRCITE I1

WYARTITE=-(17A)
SKLOOOWSKITE
UPALITE
METAVANURALITE

CUPRISKLODOWSKITE

META-AUTUNITE
ABERNATHYITE
URAMPHITE
METAZELLERITE
TROEGERITE
META~ANKOLITE
METAAEINRICHITE
META-URANOCIRCITE
META-ANKOLITE
METAZEUNERITE
METATORBERNITE
TROEGERITE=(P)

SO0IUM URANDSPINITE

PRZHEVALSKITE

META-URANOCIRCITE II

META-AUTUNITE
METAKAHLERITE
META-URANOSPINITE

METAKIRCHHEIMERITE

META-URANOSPINITE
METANOVACEKITE
THREAOGOLOITE
NICKEL-ZIPPEITE
JOLIOTITE
RANUNCULITE
WALPJRGITE
PHURCALITE
MARTHOZITE
GRIMSELITE
CURIENITE
FRANCEVILLITE
UNNAMEOQ—-(PB)
METALOOQEVITE
PRZHEVALSKITE

BAYLEYITE
VOGLITE
WYARTITE~(20A)
HALWEEITE
URANIJPILITE
SWARTZITE
UO3.H20 UNNAMEO
ROUBAULTITE
JOHANNITE
ANOERSONITE
WEEKSITE
IRAQITE
SCHOEPITE
URANOSPATHITE
SCHROECKINGERITE
RABBITTITE
RENARQITE
URANJPHANE=-(BA)
STRELKINITE
URANJPHANE
BETAURANOPHANE

33- 274
33- 274
22= 160
26— 887
16— 145
7- 365
l4~ 268
27— 822
18- 582
8~ 397
12— 462
29-1395
12~ 778
4- 111
11- 296
29~ 874
8~ 398
7- 288
5- 107
19- 257
19- 413
13- 118
22- 160
12- 721
29- 98
12~ 576
8= 443
25-1468
12- 636
29~ 875
33- 37
23- 770
8- 290
l4= 75
16- 386
29- 121
19- 258
8- 326
29-1061
24~ 128
L7~ 758
19-1008
17— 146
16~ 404
26=- 887
8= 446
29=- 787
17~ 789
12~ 423
17~ 151
8-~ 319
12- 586
18~ 309
17- 152
33- 39
29 944
29-1378
33- 972
B~ 324
29~ 391
25=- 320
25= 679
22~ 402
21~ 381
15~ 496
25-1239
29~ 787
4=~ 130
33- 274
12- 635
12- 721
8- 443
4= 111
15~ 569
25=- 318
17- 530
20-~1092
12— 462
29= 995
13-~ 407
31- 587
8- 397
7- 365
8- 328
27~ 822
8= 442
8- 301



7.730(100)
7.720(100)
7.630(100)
7.810(100)
7.350(100)
7.340(100)
7.250(100)
7.370(100)
7.218(100)
7.210(100)
7.230(120)
7.140( 30)
7.430(190)
7.290(100)
7.030(100)
7.400(100)
7.080€100)
7.530( 80)
7.120(100)
7.050(100)
7.620(100)
7.200C 80)
7.320€100)
7.320C 90)
7.77C(100)
7.370(100)
7.350(100)
7.100€(130)
7.800(1230)
7.430(100)
7.440(100)
7.960C 80)
7.080(100)
7.130(C 95)
7.960( 90)

6.990 ~ 6,000

6.610( 40)
6.839( 40)
6.620( 30)
6.310(100)
6.680( 60)
6.100( 60)
6.060( 70)
6.520( 80)
6.830( 80)
6.140( 55)
6.510(100)
6.970(100)
6.130( 30)
6.9565(100)
6.350(100)
6.040( 35)
6.160( 90)
6.010(100)
6.140( 30)
6.20C(100)
6,400( 19)
6.350(100)
6.230(100)
6.560(100)
6.910( 35)
6.330( 80)
6.070( 60)
6.400( 35)
6.710(130)

5990 = 5,500

5.670(130)
54640( 18)
5.880( 60)
5.530( 35)
5.640( 70)
5.530( 70)
5.570( 90)
5.540( 60)
5.570( 380)
5¢570( 50)
5.530( 30)
5.530C 70)
5.760(130)
5.830( 30)
5.810C 30)
5.550(130)
5.530(100)
5.51C( 40)
5.870( 50)
54980C 90)
5.55G( 50)
5.880(100)
5.600(190)

3.880(100)
31.850(100)
31.810( 80)
3.760( 70)
3.660( 50)
3.660( 55)
3.610(100)
3,590(100)
3.590( 45)
3.590( 45)
3.580( 50)
3.560(100)
3,550( 80)
3.550( 80)
3.540( 50)
3.530( 80)
3.520( 70)
3.500( 70)
3.500(100)
3.500( 93)
3.490( 90)
31.480( 80)
3.480( 90)
3,280( 60)
3,250(100)
3.220(100)
3.220( 50)
3.220( 50)
3,210( 80)
3.210( 80)
3.200( 35)
3.160(100)
3.130(100)
3.100( 65)
3,080( 80)

10.300(100)
10.200(100)
10.,200(100)
8.,680( 90)
8.390(100)
8.180(100)
8.160(100)
7.770(100)
5.550(100)
4.270(100)
4,220( 80)
4.210( 90)
4.130(100)
3.600( 70)
3.530( 80)
3.440(100)
- 3.410( 80)
3.400( 90)
3.320(1C0)
3.,250(100)
3.230(100)
3.210(100)
3.140( 80)
3.120( 70)
3.090(100)
3.090(100)
3.020(100)
249400100)
2.920(100)

13.000(1u0)
11.100(100)
10.300(100)
9.660(100)
9.100(100)
9.090(100)
8.980( 80)
8+900(100)
8.860(100)
8.850(120)
8.650(100)
8.590(100)
8.090( 80)
7.970(100)
7.910(100)
7.740( 90)
7.310C 90)
7.1200100)
6.970(100)
3.980( 80)
3.530(100)
3.390( 30)
3.35C( 78)

3.080(102)
8.410( 82)
3.240C 80)
3.390( 63)
3.240( 10)
3.490( 45)
3.17G(C 75)
3.240( 30)
3.120( 30)
3.12CC 39)
3.180( 50)
3.480(1930)
3.202( 80)
3.390(100)
3.620( 35)
3.19G( 80)
3.12CC 3590)
3.180(139)
3.14C(120)
3.12¢C 80)

14.620(120)

3.550(130)
3.130( 92)
7.910(100)
3.00C¢(100)
3.7G6CC 890)
3.59C( 49)
14.100C 25)
3.89Q( 080)
3.550( 40)
3.730( 30)
3.09G(100)
3.490C 99)
3.450(100)
10.300(100)

4.940( 30)
3.580( 93)
5.020( 99)
5.400( 9G)
7.290(103)
4.090( 90)
4.823( 90)
3.250(100)
7.740( 30)
3.000( 85)
3.260( 60)
5.44C( 60)
3.20C( 50)
3.344( 70)
3.21¢( 89)
3.350(100)
7.73G(100)
3.540( 70)
4.48C( 93)
1.920( 90)
5.290( 30)
2.629( 55)
3.960( 701
3.530( 50)
3.460( 75)
3.476( 30)
4.40G( 83)
4.470( 83)
4.706C( 8d)

7.930(10Q)
5.560( 40)
7.960( 93)
4.8500 53)
3.83C( 35)
3,73C(100)
7.110(100)
3.75C( 33)
3.730(130)
3.590( 30)
3.57G(100)
3.79CC 39)
3.083( 30)
3.990C 90)
7.323C 30)
6.88u( 33)
8.760(100)
9.180v( 83)
4,216 99)
12.0000100)
11.100C 380)
3.400( 20)
8.420(130)

2.976(
3.13C¢(
3.590¢
3.290¢(
244461
3.150¢(
1.985¢
3.520¢
3.470¢(
1.963¢(
3.550¢
3.130¢
3.140¢(
6.0680¢(
3.440¢
3.700¢
3.560(
3.760¢

80)
80)
60)
40)
10)
35)
40)
60)
20)
12)
18)
90)
60)
60)
35)
60)
35)
50)

3.120(100)

2.870¢(
5.030¢(
3.110¢
1.960¢(
3.5601(
4.130¢
3.610¢(
3.160¢
3.180¢
84300¢(
3.740¢
3.540¢(

40)
80)
60)
60)
40)
90)
80)
30)
25)
50)
35)
20)

2.880(100)

3.153¢
3.560¢
2.870¢

3.580¢
5.0601(
3.200¢
46550C1(
3.550¢(
2.970¢(
3.530¢

90)
40)
80)

90)
80)
50)
60)
80)
80)
70)

3.000(100)

3.450¢
2+4950¢(
3.050¢
2.880¢
3.150¢(
3.489¢(
4.220¢
4.740(
3.870¢
24910¢(
24690¢(
2+950¢(
3.130¢
44280¢(
3.060¢
442500
1.730¢
3.130¢(
24830¢(
2.650¢(
3.490¢

80)
85)
60)
60)
40)
70)
60)
95)
70)
70)
70)
30)
25)
50)
50)
30)
40)
60)
80)
40)
83)

3.680(100)

3.300¢
3.080¢(
3.650¢
3.340¢(
3.270¢
3.550¢(
44420
3.300¢
3.340¢
3.310¢
3.300¢
3.650¢
3.130¢(
3.280¢(
3.450¢
4.820¢
4.280¢(
5.440¢
3.230¢(
3.590¢
3.490¢(
16.800¢(

20)
80)
35)
80)
90)
70)
60)
80)
80)
90)
80)
70)
80)
60)
30)
80)
890)
60)
830)
50)
18)
70)

3.440¢
3.420¢(
3.350¢
2.150¢
3,210¢
2.858(
3,5301¢
3.170¢
1.963(
2.491¢(
3.140¢(
2.620¢(
3.730¢
3.040¢(
3.100¢
3.580¢(
3.480¢(
2.C39¢
3.570¢(
2.650(
3.590¢(
2.743¢
1.750¢
5.810¢
64520(
3.160¢
3.670¢(
4.7401¢
1.990¢(
3.1601¢
2.566(
5.8601(
3.520¢
9.630(
5.880¢(

3.510¢
3.350¢(
2.040¢(
3.100¢
3.040¢(
4.820¢(
3.293¢(
4.130¢(
3.230¢(
3.480¢(
5.193 ¢
5.873¢(
12.200¢
3.231¢
3.1401
3.020¢(
3.130¢
1.908(
2.470¢(
24190
2.974(
5.2501
3.520¢
3.250¢
1.913¢
3.5101¢
24150¢
3.320¢(
3.379¢

5.230¢(
4.590(
2.870¢(
4.410¢(
3.590(
3.510¢(
3.300¢
3.55C(
3.570 ¢
5.100¢(
3.000¢
4.350(
24860
3.090¢(
3.560(
3.2301¢
24910 ¢(
3.6501
2.880(
3.180¢
1.6031(
4.230(
24791 ¢(

60)
70)
60)
40)

4)
15)
25)
590)
12)
11)
12)
80)
40)
60)
25)
60)
20)
50)
9¢)
40)
60)
30)
50)
30)
80)
80)
23)
20)
50)
30)
10)
80)
80)
35)
60)

801
50)
40)
60)
60)
7¢)
40)
90)
80)
70)
40)
50)
30)
50)
60)
35)
70)
60)
60)
30)
19)
45)
40)
30)
8GC)
40)
80)
30)
80)

8C)
14)
8¢)
25)
75)
80C)
70)
60)
70)
700
50)
70)
70)
80)
40)
80)
80)
50)
60)
30)
4Q)
12)
45)

BERGENITE
ARSENURANYLITE
IANTHINITE
UNNAMEO-(GA)
SCHOEPITE
SODIUM-ZIPPEITE
VANDENDRIESSCHEITE
SCHOEPITE
COBALT~ZIPPEITE
NICKeEL-ZIPPEITE
FOURMARIERITE
RICHETITE
BECQUERELITE
GUILLEMINITE
ZINC-ZIPPEITE
COMPREIGNACITE
MASUYITE
BILLIETITE
RAMEAUITE
ZIPPEITE
ARSENURANOSPATHITE
MAGNESIUM-ZIPPEITE
ZIPPEITE

UO3.H20 UNNAMED
FRITZCHEITE
vog2(oH4)2
U03.2H20 (BETA)
UMOHOITEs14A
CALCURMOLITE
BECQUERELITE
BECQUERELITE
PHUSPHURANULITE
AGRINIERITE
NICKEL~-ZIPPEITE
KIVUITE

TORBERNITE
NOVACEKITE
TYUYAMUNITE
LIEBIGITE
GUILLEMINITE
CUPROSKLODOWSKITE
CUPROSKLODOWSKITE
FRITZCHEILTE
ROUBAULTITE
DUMONTITE
METATYUYAMUNITE
URANDPILITE
UMOHOITE»12A
MARGARITASITE
CARNSTITE
BRANNERITE
JOHANNITE
BOLTWOODETE
SOODYITE .
PSEUDO-AUTUNITE
IRIGINITE
IRIGINITE

CURITE

CARNOTITE
WOLSENOORFITE
WOLSENDORFITE
RHABOOPHANE
MCKELVEYITE
SODIUM BOLTWOODITE

ANDERSONITE
COCONINOITE
KIVUITE
ZELLERITE
ABERNATHYITE
META-ANKOLITE
WEEKSITE

METAHE INRICHITE
METAZEUNERITE
META-URANOSPINITE
META-URANOSPINITE
TROEGERITE
GRIMSELITE
RENARDITE
UO3.H20 UNNAMED
ROUBAULTITE
SWARTZITE
URANDJPILITE
URANDOPILITE
VANURALITE
KAHLERITE
STUDTITE
UMJHOITE»17A

20~ 154
14~ 268
12— 272
15- 609
13- 241
29-1285
13- 117
29-1376
29- 520
29-1434
13- 116
25~ 467
12- 176
18- 582
29-1395
17- 167
13- 408
29- 208
25~ 631
29-1062
31- 586
29- 876
8- 138
15- 569
23-1249
28-1415
18-1436
11- 375
16- 145
29- 389
13- 405
19- 898
25— 630
29- 944
13- 419
8- 360
8- 286
6- 17
11- 296
18- 582
8- 290
19- 413
23-1249
25~ 318
12- 158
6- 287
8- 131
12- 693
11- 338
12- 477
17- 530
29-1026
12- 180
18-1084
29-1372
18-1426
l4= 267
8- 317
29- 786
12- 159
12- 277
18- 901
29-1044%
20-1092
25- 16
13~ 419
19- 257
16- 386
29-1061
12— 462
24- 128
17- 146
8~ 319
18- 309
8- 326
25~ 679
8- 328
15- 569
25- 318
4- 111
8~ 443
8- 131
23~ 769
17- 145
16- 206
12- 778
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5.490 -

42990 -
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5.560( 40)
5.530( 80)
5.770( 30)
5.860( 80)
5.500( 20)
5.540( 20)
5.890( 60)
5.930( 60)
5.790( 60}
5.,970(100)

5.,039( 80)
5.230( 80)

544300 60)

5.030( 40)
5.,040( 80)
5.173¢ 70)
5,000( 30)
5.,290( 70)
5.020( 30)
5.350( 50)
5.480( 79)
5.130( 70)
5.030( 60)
5.420( 75)
5.390¢( 70)
5.370( 45)
5.4400 70)
5,200( 50)
5.130( 60)
5.11CG0 60)
5.440( 60)
2.400(C 90)
5.190( 40)
5.250( 45)
5.420( 30)
5.000( 40)
5,2160 380)
5.350( 30)
5.110( 50)
5.09%( 40)
5.L130( 50)
5.000( 80)
5.190¢( 30)
5.080( 70)
5.151C 85)
5.1193(100)
5.300( 45)
5.2430(100)
5.02C(100)
5,020( 90)
5.250( 60)
5.290( 30)
5,350( 30)
5.430( 25}
5.260( 90)
5,140( 45)
5.130(100)

4.930(100)
4.620( 60)
4.960( 25)
4.800( 35)
4.,700( 35)
4.700( 50
4.930( 50)
4.820( 80}
4.800( 80)
4.710( 70)
4.820( 70)
4.740( 20)
4.700( 8D)
4.820( 90)
4.600( 70)
€.850( 50)
4,620( 45)
4.610(130)
4.910( 80)
4.730( 30)
4.970( 30)
4.940( 90)
%4860( 90)
4.890(100)
4,740( 95)
4.73G(120)
4.990(100)
4.620( 50)

5. 009

44600

3.300( 20)
3.190(100)
3.170(1090)
3.160(100)
3,020(100)
2.980(100)
2.970(100)
2.940(100)
2.940(100)
2.890( 40)

14.620(100)
13.000(100)
10.900(100)
10.300(100)
10.700(100)
10.400(100)
10.200(100)
10.200(100)
10.200(100)
9.430(100)
8.930(100)
8.850(100)
8.780(100)
8.710(100)
8.550(100)
8.470(100)
8.420(100)
B8.400(100)
8.190(100)
8.160(100)
6.370(100)
6.810(100)
6.510(100)
6.350(100)
5.890( 60)
4.290(100)
3.620(100)
3.600(100)
3.590(100)
3.590(100)
3.580( 45)
3.500(100)
3.470( 10)
3.440( 25)
3.434¢ 32)
3.430(100)
3.380(100)
3.310(100)
3.230(100)
3.200¢ 50)
3.160(100)
3.130( 25)
3.100( 90)
2.980(100)
2.970( 80)
2.970(100)
2.040(100)

15.200(100)
11.100€100)
10.400¢(100}
9.100(109)
9.100(100)
9.000(100)
8.920(100)
8.760(100)
8.480( 70)
8.240(100)
8.180€(100)
7.100€100)
6.,710(100)
6.060( 70)
5.790( 60)
5.590( 35)
4.470( 40)
4.300( 70)
3.740( 601
3.680(1001}
3.620(100)
3.580¢ 901}
3.470( 80)
3.460(100}
3.440(100)
3.380( 80)
3.070(100)
2.960(100)

11.400(10)
11.00¢( 930)
3.340( 30)
3.090(100)
2.95C(109)
3.05u( 70)
5.42¢( 30)
1710 93)
4.600( 70)
3.302¢ 25)

7.62C(17%3)
7.930(100)
3.545(100)
3,540(129)
3.3290( 30)
3.0800 82)
3.53C(C 90)
3.530(L00)
3.570(100)
3.4740 30)
3.736( 32}
3.290( 992)
3.575(120)
3.680(132)
3.616( 9v)
3.610( 85)
3.630(0 30)
3.600(199)
3,010€(100
2.99C{100)
4.2100 93)
846800 90)
4,2200 3))
3,21¢(120)
24973(100)
2.920( 83)
3.410( 90)
843430 32)
£.55¢( 32)
ga.660( 73)
13.4CC(133)
3.790( 90
10.300(100)
7.28u0(10)
3.400(109)
3.450( 30)
3.326( 55)
2.640(100)
2,1i0C 80)
10.,200(1301}
1.83G( 30)
3.230(100)
3.630(100)
3.020¢ 8y)
4.,440(100)
5+42G( 32)
10.100( 69)

7.600(100)
3.74C( 80)
5.190( 50)
3,790 50)
3.790( 50)
3.133( 80)
3,730 65)
5.5C0(100)
7.260(100)
7.790( 82)
4,090( 90)
3.220( 50)
2,92G(100)
8.,160(100)
2.94G(130)
9.660(100)
9.,300(130)
3.230( 40)
9.82C(100)
2.350( 90)
3,410( 933)
10.30C(100)
9,690(100)
8.590( 60
3.350(130)
3.120( 70)
2+300( 99)
3.50G( 380)

5.640( 18)
3.370( 30)
1.970( 80)
2.880(100)
3.090( 25)
3.130( 40)
3.340( 60)
2.240( 80)
1.701¢ 501
3.226( 25)

3.4900 99)
5.670(100)
3.220( 70)
3,2200 70)
3.390( 70)
3.400( 50)
3.350( 50)
3.350( 80)
1.583( 50)
3.366( 60}
3.230( 60)
3.340( 80)
4.300( 60)
3.4800C 30)
3.2140 700
2.110( 70)
3.27¢C 82)
4+260( 60)
4.100( 80)
4,070( 90)
2.880( 60)
4.550( 60)
3.260( 60)
2.620( 55)
3.340( 60)
2.090( 39)
1L0,000(C B0)
4.230( 40)
4.290( 60)
2.980( 60)
4.960(0 25)
4.480( 60)
3.280( 10)
3.660( 15)
2.488( 27)
2.857( 60)
2.640( 40)
7.360( 80)
1.970( 30)
2.040( 40)
3.870C 70)
6,4%0( 19)
4.730( 80)
3.110( 35)
2.590( 70)
5.890( 60)
l.462( 60)

3.500( 80)
3.290( 80)
3.580( 45)
4,700( 35)
4.800( 35)
2.978( 40)
3,250( 55)
7.310¢( 90D)
2.876( 70)
4.370( 80)
2.970( 80)
14.100( 25)
3.490( 80)
3.530( 70)
1.701(¢ 50)
3.650( 35)
3.34GC( 30)
3.920( 30)
3.197( 60)
3.100( 90)
10.000( 80)
3.510( 801
2.1838( 60)
2.200( 60)
6.040( 35)
2.62C( 70)
2.070( 90)
2.670( 80)

44590 ( 14)
3.060( 90)
1.862( 60)
7.960( 80)
2.970( 20)
3.450( 20Q)
5.140( 45)
1.484( 70)
2.210( 40)
3.181( 25)

3.592¢ 601
3.680(10C)
5.,030( 49)
3.490( bL)
1.930¢( 60)
3.470( 490)
6.800( 40)
1.600¢( 70)
3.350( 4C)
2.1970 60)
1.658¢( 50)
5.570( 60)
3.010¢( 60)
3.230¢ 8C)
4.250( 60)
4.230( 65)
3.550( 70)
2.126( 60)
442230 63)
4.2300 70)
5.870( 50)
3.130¢ 60)
3.0500 6C)
4.280( 50)
5.140( 45)
1.850( 80)
4.970( 80)
4.270( 35)
2.152( 50)
3.500¢( 30)
4.480( 20)
3.31C¢ 60)
7.6301 5)
3,51CG( 12)
2.857( 26)
244870 60)
2.,000( 25)
3.,380( 80)
2.050( 50)
6.620( 30)
3.,47G( 60)
2.974( 19)
3.,170( 80)
2.598( 39)
2.030( 60)
3.340( 60)
2.160( 50)

0.000( 0)
2.938( 70)
4.480( 20)
4.550( 18)
4.553( 18)
1.850( 40)
3.490( 50)
2.910( 80)
14.300( 30)
11.300¢( 50)
6.100( 60)
3.180( 25)
3.370( 80)
3,290( 40)
2.210( 40)
4.410{ 25)
3.037( 30)
2.640( 25)
3.179( 60)
3.170( 80)
5.210¢ 80)
6.610( 40)
4.390( 40)
4.250( 30)
3.920( 35)
2.030( 70)
4.590( 80)
1.630( 60)

COCONINQITE
SEDOVITE
CLARKEITE
PHOSPHURANULITE
AESCHYNITESHEATEO
NIOBOJ-~AESC