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PREFACE

Uranium has rapidly become the principal metal produced in Canadal and,
despite greatly increased production in several other countries, Canada has main-
tained her position as one of the world’s leading suppliers. This report is, therefore,
timely as a summary of information on the geology of deposits, comprising data
scattered in many publications as well as unpublished data, the latter including
generalizations based on the writers’ field and laboratory work and review of the
literature. When additional supplies of uranium are required the report will be
found to contain information useful in prospecting and in selecting properties for
further exploration of prospects already found. Thorium is included because the
two elements are related in many respects.

The first edition, published in 1952, has been out of print for some time. A
new edition rather than a reprinting was necessitated by a great increase in
geological information and in uranium discoveries and producing mines. The first
edition was an interim account, prepared to meet an urgent demand for informa-
tion. Much remains to be learned about the subject and this volume actually is a
second interim account prepared fairly quickly in order to make information avail-
able in compact form without undue delay.

This edition has been prepared by three geologists of the Mineral Deposits
Division because the author of the first edition, A. H. Lang, could devote only
part of his time to the present work. He is mainly responsible for Parts I and II
and for supervision of the work in connection with Parts III and IV; J. W. Griffith
prepared Part IV, assisted greatly with Part III, and contributed some data for
Part II; H. R. Steacy made many of the mineralogical identifications included in
descriptions of deposits, and wrote the sections on radioactivity, geochemistry, and
mineralogy. The writing of the report was completed in June 1959.

J. M. HARRISON,
Director, Geological Survey of Canada

OTTAWA, April 16, 1960

1In 1960 uranium was third in value of production, being exceeded by nickel and copper.
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CANADIAN DEPOSITS OF URANIUM AND THORIUM

Abstract

From a relatively small beginning, stemming from a radium mine operated
before World War II, uranium deposits were quickly found in several parts of
Canada and production has grown so that uranium became the leading metal
produced in Canada in 1958. The value of Canadian uranium production in
that year was more than $274,000,000. This report is a summary of information
on the geology of more than 1,000 mining properties containing uranium.
Thorium is discussed also, because it is related to uranium and occurs with it in
several deposits; a few deposits contain only thorium, or thorium with only
traces of uranium. The descripitions of areas and deposits are as of December 31,
1957; generalizations include information gained in 1958 and early 1959.

Seventy uranium or thorium minerals and varieties have been found in
Canada, but of these the only important ore minerals are brannerite, uraninite
(and its variety pitchblende), uranothorite, and uranophane. Uranium occurs
in small amounts in a wide variety of deposits, but the ores are of three main
types: 1) conglomerate; 2) pitchblende veins and disseminations; and 3) peg-
matitic granite and syenite. Occurrences are widespread, but most are in the
Canadian Shield, particularly in its margins. Most Canadian production of
uranium now comes from conglomerate ore in Blind River area, Ontario, where
ore reserves in 1958 were sufficient for about 20 years at current rates of
production. Additional ore is partly blocked out; when still more is required the
better prospects now known in various districts can be tested further, and
additional prospecting can be done in areas suggested, using techniques explained.

Résumé

Aprés des débuts relativement modestes, qui remontent a Pexploitation d’'une
mine de radium avant la Seconde Guerre mondiale, la découverte de gites
d’uranium s’est effectuée rapidement dans plusieurs parties de notre pays, et la
production a pris des proportions telles que 'uranium a tenu le premier rang
parmi les métaux produits au Canada en 1958. Cette année-13, la valeur de la
production au Canada avait dépassé 274 millions de dollars. Le présent rapport
constitue un résumé des renseignements qu'on posséde au sujet de la géologie
de plus d’un millier de propriétés miniéres qui contiennent de l'uranium. Il y
est également question du thorium, car ce métal se rattache a I'uranium et s’y
trouve associé dans plusieurs gites. Quelques gites ne contiennent que du
thorium, ou encore du thorium accompagné de traces d’uranium. Les descrip-
tions des régions et des gites sont basées sur les données connues au 31 décembre
1957. Quant aux généralisations, elles font entrer en ligne de compte les rensei-
gnements obtenus en 1958 et au début de 1959.

On a trouvé au Canada soixante-dix minéraux et variétés minérales d’ura-
nium ou de thorium, mais, parmi ceux-ci, les seuls minéraux considérés comme
minerais importants sont la brannérite, l'uraninite (et sa variété appelée
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pechblende), TI'uranothorite et l'uranophane. L’uranium se trouve en petite
quantité dans une foule de gites différents, mais les minerais appartiennent aux
trois principaux types suivants: 1) conglomérat; 2) filons et disséminations de
pechblende, et 3) syénite et granite pegmatitiques. Il existe des gisements en
plusieurs endroits, mais la plupart se trouvent dans le bouclier canadien, tout
particulierement dans les zones marginales. Le gros de la production canadienne
d’uranium provient maintenant du minerai du type conglomérat de la région
ontarienne de Blind River, oill, en 1958, les réserves de minerai étaient suffisantes
pour soutenir la production au rythme actuel durant environ 20 ans. On a
partiellement délimité d’autres réserves de minerai. S'il faut plus d’uranium &
I'avenir, les gites les plus prometteurs relevés dans diverses régions pourront
étre étudiés plus a fond, et de nouveaux travaux de prospection pourront étre
exécutés dans les régions indiquées en utilisant 4 cette fin les techniques
expliquées dans ce rapport.
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PART I
INTRODUCTION

Canada has been one of the world’s leading producers of uranium since the
metal became important as a source of atomic energy in 1942. Because of the
discovery and development of large additional supplies she has maintained this
position despite important finds in other countries. Reserves of uranium ore in the
Blind River region of Ontario are now among the largest in the world, and
possibly the largest except for by-product ores. In 1956 Canadian production of
uranium was valued at about $40 million, the metal then being eighth in value of
production among Canadian minerals; by 1958 several additional large mines had
begun operation, and the output that year had a value of more than $274 million,
uranium being the leading metal produced. High production is expected to con-
tinue at least until 1962 or 1963, when present contracts for production will expire.1

Thorium was not produced in Canada until recently, nor is it in great demand -
at present. It is, however, associated closely with uranium in many deposits, and
it occurs alone or with insignificant amounts of uranium in others. A plant for
production of thorium as a by-product of certain of the mines at Blind River was
completed in 1959.

Because of the place of Canadian uranium in world markets and in the
domestic economy, the geology of the deposits is of great importance, both for the
understanding of present operations and for the discovery and selection of addi-
tional deposits if or when required. Thorium is related to uranium in some of its
physical and chemical properties and in many deposits.

Scope and Nature of Report

The main purpose of this report is to provide as much information on the
geology of Canadian deposits of uranium and thorium as is possible in a volume
of convenient size, and to give references to more detailed literature where avail-
able. The report also contains information on other topics related to economic
geology, such as history of discoveries, regulations concerning prospecting and
mining, methods of prospecting and exploration, and minimum coverage of foreign
and domestic demands, production, and potentialities.

The attention devoted to uranium deposits in Canada during the last 10 years
has resulted in many reports and papers on individual deposits and areas, scattered
in publications of federal and provincial government departments and in scientific
journals. Much valuable unpublished information has also resulted from the work
of company geologists and has been made available to the Geological Survey of
Canada. Therefore, although the authors of this report have devoted much time

* Preliminary figures for 1960 indicated a value of about $263 million for Canadian uranium
production, this being exceeded by the values of production of nickel and copper.



Canadian Deposits of Uranium and Thorium

to field and laboratory investigations, a large part of the contents is a selection and
integration of the work of others, resulting, it is hoped, in a compact and
balanced whole.

The report is divided into four parts. Part I contains introductory material,
including brief discussions of such subjects as radioactivity and geochemistry,
which are equally applicable to deposits in any country.

Part II contains generalizations on Canadian deposits resulting from the
writers’ fieldsand laboratory observations and from tabulations, plots and other
compilations of data on roughly ten thousand occurrences. Although foreign
deposits are mentioned occasionally, where comparisons are desirable, the general-
izations are essentially Canadian. For this reason the section on geochemistry is
in Part I, whereas that on mineralogy is in Part II. In scope, the discussions are
limited so far as possible to information desirable for a mining geologist or
advanced prospector. Thus mineralogy is not discussed in detail suitable for a
specialist in mineralogy; and geophysics, economics, mining, and the treatment of
ores are discussed only so far as information on these topics is required in prospect-
_ ing for, appraising, and exploring deposits, and not to the extent required by
economists, accountants, mine operators or metallurgists. The generalizations
deal mainly with uranium, information on thorium being included where it
closely parallels that on uranium; a separate section on thorium deposits provides
generalizations that are not presented adequately in the foregoing way. The
authors are keenly aware that all discussions in Part II leave many unsolved
problems; they hope merely that the summaries may serve as stock-takings of
present knowledge and as stimuli to further research.

Part III contains short accounts of the main uranium areas and of the
producing mines. These descriptions are almost entirely geological, but some other
pertinent data are included; references to more detailed publications are also
included. Where several references are available on a topic, the more recent or
more complete have been chosen. The areas containing the larger numbers of
producing mines are described first; the descriptions of individual mines are
arranged alphabetically. These descriptions are followed by short accounts of a
few deposits that exemplify types not well represented by producing examples.
Inclusion of these examples and exclusion of others in no way signifies opinions on
economic potential,

Part IV comprises tables listing principal data for most known occurrences
reported to contain material assaying 0.05 per cent or more of urapium or
thorium oxides or from which uranium or thorium minerals have been described.
As some of the occurrences have not been examined by the writers, the informa-
tion is not guaranteed. Some occurrences are omitted because permission to
disclose them was not available. The tables are much abbreviated from more
extensive ones used in preparing some of the generalizations stated in Part II.
They were shortened partly to save space and partly because information that
discoverers or owners of properties did not wish to have revealed specifically
could be included in the generalizations but not in the tables. The addresses of
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the last-known owners of properties are included; readers wishing further informa-
tion should write the owners, not the Geological Survey of Canada.

The report closes with an index and a list of titles and sources of publications
mentioned in the text and tables. A complete bibliography is not included because
it would be very long and many of the publications would be out of date and
superseded by more recent ones. A bibliography of Canadian literature on the
subjects involved, virtually complete to the end of 1955, has been published by the
Geological Survey (Griffith, 1956)1. This and the list at the end of the present
report jointly provide a fairly complete bibliography. The index does not duplicate
information contained in the tables in Part IV or in the list of references.

The tables in Part IV were prepared as of 31 December, 1957; the few
discoveries reported during 1958 did not justify revising the lists. Wherever
possible other parts of the report include data for the year 1958, and mention of
a few important matters that became known in 1959.

The roles of the authors in the preparation of this report were as follows:
Lang studied radioactive deposits for five seasons and supervised work for six
additional years. Griffith studied deposits for two seasons. Because of the large
number of deposits to be visited these studies were necessarily brief; much helpful
information was obtained from local geologists, attention being concentrated on
specific factors for which the authors required personal observation. Steacy
examined some deposits and for eleven years was in charge of a laboratory
established to perform radiometric assays, mineral separations, and mineralogical
studies other than by X-ray methods; this work was partly a special service to
prospectors undertaken for the Atomic Energy Control Board, and partly in
connection with research projects. Steacy prepared the sections on characteristics
and uses, geochemistry, and mineralogy, and assisted in several other parts.
Griffith was responsible for the tables in Part IV; he also prepared some data for
the generalizations in Part II and assisted greatly with Part III. Lang supervised
the project and prepared the sections not mentioned above.

Usages

Conventions, abbreviations, and other usages for this report are standardized
as much as possible. Many are explained in appropriate places, and the principal
ones are outlined here.

Tons refer to short tons of 2,000 pounds.

Uranium contents are usually stated as “per cent UgOg”, but also as “pounds
of UzOg per ton” for certain ores. The compound UzQOyg is not known to occur in
nature but is the customary unit for reporting analyses. Thorium contents are
stated as “per cent ThO,”, the customary unit for reporting analyses for thorium.

In some contexts a distinction is made between small mineral ‘occurrences’
and larger mineral ‘deposits’, but in other instances, such as the title of the report,
no such distinction is implied. For statistical and practical purposes an occurrence

1Names and/or dates in parentheses refer to references listed at the end of this report.
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is not considered to be radioactive unless it contains 0.05 per cent or more of U3Og
or ThO,, but in certain contexts leaner occurrences are mentioned. A mining
property is usually regarded as a mining claim or group of adjoining claims held in
common, but in some instances occurrences that are not known to have been
staked, or whose staking may have expired, are included.

Information supplied to the Geological Survey of Canada confidentially is not
included except that some such data were reviewed in preparing the generalizations,
without in any way disclosing the locations or other information that could affect
the interests of the discoverers or property owners.
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Historical Notes
General

The element uranium was discovered as a result of studies of pitchblende,
a mineral known since 1727 at Joachimsthal in the ancient mining region of
Bohemia. In 1789, Klaproth extracted from pitchblende a yellow oxide which he
considered the oxide of a new metal and which he named after the then recently
discovered planet Uranus. Curiosity regarding marked differences in the degree of
radioactivity (see p. 12) of pitchblende and uranium led to discovery of the
element radium by the Curies in 1898. Radium was found in minute quantities in
all naturally occurring uranium, in the ratio of about 1 part radium to 3,000,000
parts uranium. It is strongly radioactive and accounts for much of the radioactivity
of impure uranium.

Important uses were soon found for radium, mainly in the treatment of
diseases, and for a time the mines at and near Joachimsthal, then in Czechoslovakia,
were the only sources. Shortly afterwards, however, important production began
in the Colorado plateau of the United States as a by-product of the mining of
vanadium ores.
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In 1915, uranium was found in the Katanga region of the Belgian Congo, as
a result of prospecting for copper. This deposit was opened in 1921 as the Shin-
kolobwe mine, which became the world’s leading source of radium. The Eldorado
mine at Great Bear Lake in Canada, discovered in 1930 and brought into produc-
tion in 1933, became the second largest source. Smaller deposits were worked for
radium at times in other parts of the world, mainly at Urgeirica, Portugal; Corn-
wall, England; the Front Range of Colorado; Madagascar; Radium Hill, Australia;
and Ferghana, Turkestan. The total world production of uranium or its equivalent,
up to 1940, is estimated at 7,500 tons; it should be noted that this figure represents
tons of uranium, not tons of ore, and that virtually all was for the extraction of
radium. This element was valued at about $170,000 a gram from 1912 to 1918;
by 1930 the price had declined to about $70,000 a gram. It was lowered further
to about $25,000 a gram after production began in Canada in 1933. The high cost
of radium was caused chiefly by the need for very elaborate refining techniques,
rather than by scarcity of the raw material, and prior to World War II the price
of uranium after the radium had been extracted was about $1 a pound.

The phenomenon of radioactivity was discovered in 1896 but it was not until
the work of Rutherford and his associates a few years later that the nature of radio-
activity and the structure of the atom began to be understood. Physicists realized
that enormous amounts of energy are stored in atoms and began to speculate on
possibilities for releasing it. Shortly before World War II, they discovered that
part of this energy could be released when uranium atoms underwent splitting, or
fission as the process came to be called. The military possibilities of this discovery
were quickly realized, and by 1940 research teams in several countries were work-
ing independently to try to develop an atomic bomb. As is well known the com-
bined efforts of teams working in the United States, England and Canada resulted
in successful development of the atomic bomb by 1945. A few years before this
date it had appeared that large amounts of uranium would be required for the allied
atomic-energy program; steps were taken to obtain these, chiefly from the Shin-
kolobwe and Eldorado mines.

After the war the demand for uranium for the stockpiling of atomic weapons,
and the great strides made in peaceful uses for atomic energy, caused intense and
world-wide interest in prospecting and mining for uranjum. Uranium occurrences
proved to be much more common than was previously supposed. Large deposits
were discovered in Canada, the United States and South Africa, and smaller or
less-known ones were found in several other countries. In a very short time com-
pared to the slow development of mining for other principal metals, uranium
changed from almost a scientific curiosity to one of the major metals.

The value of uranium mined in Canada, United States and South Africa
places it among the leading metals produced in these countries. On the other hand,
radium has become of relatively minor importance, and the superior qualities of
certain isotopes, such as cobalt 60, produced in atomic reactors, have caused a
further decline in the demand for radium. The market for radium has decreased to
such an extent that many large plants built recently to treat uranium ores are not
designed to save the radium.
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The element thorium was discovered in 1817. Deposits found in several
countries other than Canada have supplied the limited industrial requirements for
the metal to such an extent that for some time the supply has exceeded the demand.
In recent years it has been shown that thorium could be used as a fuel for certain
types of atomic reactors, but thus far this has not greatly increased the demand
for thorium,

During and immediately after World War II great secrecy regarding resources
and uses of uranium prevailed. This was reduced gradually in most countries, as
emphasis changed from military to industrial uses and as more countries became
producers of uranium. Canada was one of the first to release extensive informa-
tion. Many nations contributed varying degrees of data to the First International
Conference on the Peaceful Uses of Atomic Energy sponsored by the United
Nations in 1955, and to the second such conference in 1958. An International
Atomic Energy Agency was established in 1957 with official approval of many
countries. Its basic objective is to speed and expand the contribution of atomic
energy to the welfare of all peoples.

Prospecting and Mining in Canada

The following account covering the general history of prospecting and mining
for uranium in Canada is divided into three sections: the first deals with the
period prior to World War II when interest was in radium rather than uranium;
the second, during and immediately after the war, when all work was closely
controlled by the federal government for security reasons; and the third, from
1948 to the present, when controls were relaxed as much as possible to permit
prospecting and mining by private individuals and companies. The histories of

some important mines included in the descriptions of areas and mines are not
discussed here,

Early activities. The first Canadian uranium discovery occurred about the
middle of the last century, on the shore of Lake Superior. The mineral proved
to be pitchblende, apparently found by a Captain Stannard who was in charge of
a schooner plying the lake in connection with the fur trade. Short papers on the
occurrence, dealing mainly with mineralogy, were published in 1847, 1849, and
1857 (LeConte, Whitney, Genth), but the location was not described exactly.
Summarized accounts of this occurrence were included in three reports of the
Geological Survey of Canada (Logan, 1863; Malcolm, 1914; Ellsworth, 1932),
and prospectors and government geologists tried at various times to find it again
but for long were unsuccessful because of the vagueness of the original description.
In 1948, a prospector equipped with a Geiger counter found pitchblende at
Theano Point north of Sault Ste. Marie. At first this was thought to be the actual
Stannard occurrence but that is now believed to have been at the site of another
occurrence found in 1949 a few miles farther along the shore; in any event there
is no doubt that the find in 1948, which became known as the Camray, revealed
the general whereabouts of the old discovery. This matter is of considerable
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historical interest as the stimulation of prospecting in the general region caused
by the Camray find resulted in the first discovery of uranium-bearing conglomerate
in the Blind River area late in 1948.

In 1904 a uranium mineral was found in Quebec, north of St. Lawrence River.
Soon afterwards, uranium minerals were found in several pegmatite deposits in
the southern part of the Canadian Shield in Quebec and eastern Ontario, but none
of these was in sufficient quantity to be of commercial interest at that time
(Ellsworth, 1922, 1932).

Interest in radium caused the governments of Ontario and British Columbia
to offer in 1914 cash bonuses for discoveries of radioactive minerals in com-
mercial quantities (Brunton, 1915, p. 91). The rewards were unclaimed and the
offers were withdrawn in 1937 and 1938, respectively.

In 1930, G. A. LaBine and E. C. St. Paul flew to Great Bear Lake to investi-
gate an occurrence of cobalt reported by J. Mackintosh Bell, who made a recon-
naissance there for the Geological Survey in 1900 (Bell, 1902). Camsell (1950)
stated that LaBine was interested in the possible association of silver with the
cobalt. They found native silver, pitchblende and cobalt at or near the locality
mentioned, and staked the discovery for Eldorado Gold Mines Limited, which
LaBine had previously organized to develop a gold property in Manitoba. The
discovery at Great Bear Lake became known as the Eldorado mine, and was
brought into production in 1933 after a concentrating plant had been built on
the property. Much pioneering was necessary, as the mine is in a remote region,
only 30 miles south of the Arctic Circle, and because there was no previous
experience in treating ore of this kind in Canada. A refinery for extracting radium
from the concentrates was built at Port Hope, Ontario. The mine produced large
amounts of silver, radium, copper and cobalt, and its discovery soon caused
several other finds of silver and pitchblende in the region, one of which produced
on a small scale.

1939 to 1947. Early in World War II the Eldorado company found itself with
large inventories of radium and its markets dislocated because of the war; the
mine was, accordingly, closed in 1940 and allowed to fill with water. Soon, how-
ever, advances in research on atomic weapons made it desirable to establish a
large source of uranium on this continent, and the company was asked to reopen
the mine in the spring of 1942 with a minimum of publicity.

In September 1943, Orders in Council were passed reserving to the Crown
all new discoveries of radioactive minerals in Yukon and Northwest Territories.
Staking and mining for these minerals by private individuals and companies were
banned, as was publication of information on uranium occurrences. Certain
provincial governments took similar action. In 1944 the federal government
acquired the shares of the Eldorado company, as a security measure, and the
undertaking was transferred to a Crown company, now Eldorado Mining and
Refining Limited. The Crown company asked the Survey to assist in searching for
new ore and in making geological studies at the Eldorado mine and in other parts
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of Canada. This work was begun in 1944 by sending three parties to Great Bear
Lake, as well as parties to other districts, Many radioactive occurrences were
found and investigated by Fldorado and Geological Survey parties. Prospecting
was facilitated by Geiger counters developed and built jointly by the Survey and
the National Research Council.

Interest in the Box gold discovery at Lake Athabasca! in northern Sas-
katchewan had caused the Geological Survey to restudy the region in 1934. The
resulting report (Alcock, 1936, pp. 36-37) recorded two occurrences of pitch-
blende at a gold-copper prospect called the Nicholson, but this information was not
then of great interest. The Box mine produced gold from 1939 to 1942, after
which the town of Goldfields that had grown nearby was abandoned. In 1944,
when all known uranium deposits were being studied, R. Murphy of the Crown
company and A. W. Jolliffe of the Survey visited the Nicholson claims, which
were in good standing although no work had been done on them since the decline
of the Goldfields camp. These geologists advised Eldorado to acquire claims in
the neighbourhood, and large blocks of claims were, accordingly, staked. Systematic
prospecting was begun by prospectors employed and supervised by Eldorado,
more detailed geological mapping was done by the Survey, and prospectors were
added to the Survey parties. This combined effort soon resulted in the discovery
of about a thousand pitchblende occurrences or radioactive indications in what
came to be called the Beaverlodge region. Several of the more promising deposits
were tested by surface trenching and diamond drilling.

The passing of the Atomic Energy Control Act in 1946 vested control of
matters pertaining to atomic energy in Canada in a board called the Atomic
Energy Control Board. It did not establish separate technical staffs, but made use
of existing government agencies. Thus, as agents for the Board, the National
Research Council continued to investigate the industrial and medical uses of
atomic energy, and established extensive research facilities at Chalk River2,
Ontario, for this purpose; the Mines Branch of the Department of Mines and
Technical Surveys continued research on the concentration and extraction of
uranium ores; and the Geological Survey continued research on the mineralogy
and geology of radioactive occurrences, made geological maps of favourable areas,
and compiled confidential data on resources of uranium and thorium.

1948 and after. Late in 1947, the government, on advice of the Atomic
Energy Control Board, decided to permit and to encourage private prospecting and
mining for uranium. The restrictions on staking in federal territories were removed,
and a minimum price for uranium oxide was guaranteed for 5 years; this period
was later extended to 1962, and development and milling allowances were added
(see p. 91). The Eldorado company was made the sole buyer of privately
produced uranium ores or concentrates. The provincial governments concerned

1The official spelling of this word was changed in 1948 from ‘Athabaska’ to ‘Athabasca’.
2 A separate Crown company, Atomic Energy of Canada Limited, was formed in 1952 to
operate this establishment.
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removed the restrictions in their respective provinces. The regulations of the
Atomic Energy Control Board concerning prospecting and mining were designed
to give all possible encouragement to the undertaking of such activities by the
public under a minimum of controls. These controls provided, however, that all
radioactive discoveries containing 0.05 per cent or more of uranium or thorium be
reported, that an exploration permit be obtained from the Board before under-
taking advanced exploration of a discovery, and that a mining permit be obtained
before beginning mining. These permits stipulated that periodical reports be
made on the work accomplished. The reporting periods have been lengthened
from time to time as needs changed; annual reporting is now required. At first
there were restrictions on publication of information on treatment methods, pro-
duction figures and ore reserves, but these were removed in 1956 or earlier. The
Survey undertook to issue special publications on uranium; to make free radio-
metric tests on samples submitted by prospectors; to identify radioactive minerals
for prospectors and companies; and to act as official agent of the Board in receiving
and compiling reports of discoveries and of work done by permit holders.

The removal of the restrictions on private prospecting and mining was quickly
followed by prospecting by qualified prospectors who had previously devoted
their attention to other metals, and who easily learned to use Geiger counters
properly, as well as the relatively small amount of special knowledge desirable for
prospecting for radioactive minerals. It was also followed by much prospecting by
novices, most of whom had formed greatly oversimplified ideas of the ease of
prospecting for uranium, largely as a result of glamorous publicity given to
insignificant discoveries and to Geiger counters, which soon were being manu-
factured in Canada and in other countries and sold widely. Radioactive occurrences
were discovered in many parts of Canada. At first, both the larger numbers of
occurrences and the most attractive prospects were found in the region north of
Lake Athabasca in northwestern Saskatchewan, and in the part of the North-
west Territories lying between Great Bear and Great Slave Lakes. Many of the
more favourable finds were acquired by companies, and soon more Canadian
prospectors were seeking uranium than any other metal, and more prospects of
uranium were being explored than those of other metals. Most of the companies
involved, however, were newly formed; the established mining companies did
not at first show substantial interest in uranium, largely because of doubt regard-
ing the economics of uranium mining and the extent to which secrecy and controls
might hamper their operations. Despite the large number of discoveries, up to 1953
none yielded results comparable to those being obtained at Eldorado’s Ace
property in the Beaverlodge region where considerable tonnages of medium-grade
material were being outlined. Extensive research was undertaken to develop
a treatment process that would make material of this grade and character economic.
Of the privately explored properties, the higher-grade ones proved small, and those
where substantial tonnages were indicated contained either very low average con-
tents of uranium or averages that were considered too low grade at that time.
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The first definite success in the establishment of additional uranium mines in
Canada occurred when the Eldorado company announced in March 1951 plans
for production at the Ace, necessitating construction of a leaching plant and many
other buildings. This was a large undertaking because the Beaverlodge region,
although much less remote than Great Bear Lake, is far north of rail facilities
and is served by a barge route. Production began in 1953 at 500 tons a day and
the plant was enlarged afterwards to 750 and again to 2,000 tons.

The first major private development occurred in 1953 when Gunnar Gold
Mines Limited announced that diamond drilling on its property discovered the
previous year in the Beaverlodge area had shown a large deposit of medium-grade
ore. A treatment plant with a capacity of 1,250 tons a day, later increased to 2,000
tons, was built and the mine began production in 1955. The demonstration of
substantial ore at the Gunnar property, the contract made by the company with
Eldorado for delivery of uranium precipitates to the value of about $77 million,1
and the demonstration that government controls did not greatly hamper private
enterprises caused increased activity by prospectors and companies and encouraged
several of the leading Canadian mining companies to take greater interest in the
possibilities of uranium mining.

During the earlier efforts to find additional uranium mines in Canada
attention was devoted largely towards the discovery of high-grade pitchblende
deposits, because the mine at Great Bear Lake as well as the one in Belgian Congo
is of this kind. As it became clear that, although many small high-grade pitchblende
occurrences were being found, nothing comparable in size to the Eldorado deposit
at Great Bear Lake had been discovered, more attention was paid to the possibilities
of deposits of medium and low grades. As a result, costs of operating such
deposits and research to develop commercial treatment processes for them were
given increased attention. Also, because there had been no private production
under the published schedule of prices, other than a few small test shipments, the
situation with respect to the purchase of ores under special price agreements was
clarified. Here it should be noted that since World War II all uranium produced
in Canada was sold by Eldorado to the United States Atomic Energy Commission
in the form of high-grade precipitates from the refinery at Port Hope. Metallic
uranium required for Canadian research reactors was purchased from the United
States authorities because the small amount then required in Canada did not war-
rant a Canadian plant for its production. In 1953, the president of Eldorado
pointed out that the authorities concerned had always been prepared to consider
special price contracts to meet special situations. He stated that the company
would be prepared to consider such negotiations on a property with a proved ton-
nage of substantial dimensions, but in such a location or with a grade such that
production would not be worth while under the published price schedule, and also
on a property which planned to produce a high-grade product after large expendi-
tures for a plant, such as a leaching plant, as such a product would not require
extensive refining afterwards. The first such special price agreement was made

1 This contract was increased later.
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with Gunnar Mines Limited. As a result of these considerations, greater attention
was paid to the possibilities of lower-grade deposits, particularly those accessible to
transportation.

The next great development after the successful testing of the Gunnar deposit
occurred in the Blind River region of Ontario, where, as previously mentioned, a
low-grade occurrence of uranium-bearing conglomerate had been discovered in
1948. Chiefly as a result of the efforts of F. R. Joubin, a geologist, the Pronto
mine was brought into production in 1955, and several other deposits of the same
general kind, but larger in size, were outlined. The Blind River area became
Canada’s main uranium district in 1957.

Many occurrences of uranium minerals in pegmatitic deposits were found in
various parts of Canada, chiefly in the southern part of the Canadian Shield in
Ontario. At first most of these were shown to contain only scattered crystals of
uranium minerals that did not, in the aggregate, form deposits of favourable size
or average uranium content, and the few exceptions that suggested fairly large ton-
nage showed average grades that were considered too low to be economic. With the
gradual emphasis on lower-grade deposits, however, and clarification of the provi-
sions for contracts at special prices, more attention was paid to the possibilities of
exceptional pegmatitic occurrences. The first deposit of this kind to be developed
successfully was the Bicroft, near Bancroft, Ontario. Production began there in
1956 followed shortly afterwards by production at the Faraday mine, and later
by two others, all in the same area.

By the end of 1956 five large private uranium mines were producing with
their own plants, one at Beaverlodge, three at Blind River, and one at Bancroft;
four smaller mines in Beaverlodge region had shipped ore to the Ace plant under
special agreements with Eldorado, and additional contracts for delivery of uranium
precipitates at special prices had been negotiated for fourteen mines in various
parts of Canada, chiefly in the Blind River area, and plants for them were either
under construction or in the planning stage. The total value of contracts for delivery
of uranium precipitates up to 1962 and 1963, when all contracts will terminate, was
more than $1,500 million. Uranium was no longer in short supply and the
government had announced that applications for contracts at special prices would
not be received after March 31, 1956. Prospecting for uranium had declined greatly
by 1956. The number of exploration permits reached a peak of 432 in that year,
but many of the properties concerned had been closed down without requests to
have permits cancelled. After this time exploration was much curtailed, although
some activities were continued with a view to the long-range demand for uranium.

Plans to build a plant at Port Hope to produce fuel elements for nuclear
reactors were announced in 1956 by a private company; this plant began operation
in 1958. In 1957 a contract was signed for the sale of uranium concentrates to the
United Kingdom. Subsequently, arrangements were made for the supply of con-
centrates to Germany and fuel elements to Switzerland and small quantities of
uranium concentrates and compounds were made available to a number of other
countries for test purposes.
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In 1958, nineteen mines in five districts were producing uranium from in-
dividual treatment plants, and ore from seven additional mines was being shipped
to certain of these plants. Uranium became the leading metal, by value, produced
in Canada in that year, and was in fifth place among commodities exported, being
outranked only by newsprint paper, wheat, lumber, and wood pulp.

Characteristics and Uses of Uranium and Thorium
Radioactivity

In 1896 Becquerel found that salts of uranium emitted an invisible radiation
that was capable of penetrating matter and of fogging a photographic plate. Much
research on the nature of this radiation followed. Rutherford and others later
showed that uranium actually emits three kinds of radiations, each possessing
characteristic properties. These radiations were called alpha, beta, and gamma
rays. Elements that emit one or more of these rays are called radioactive elements,
or radioclements, and the radiative phenomenon associated with them is termed
radioactivity. The term is derived from radius, the Latin word for ray.

The radiations. Alpha and beta rays are actually particles having both mass
and electric charge. The alpha particle has a mass four times that of the hydrogen
atom and carries two positive charges of electricity. Upon neutralization of its
charge, it becomes an atom of ordinary helium. The beta particle has only about
1438 the mass of the hydrogen atom, and it carries one negative charge.
Gamma rays, in contrast to the others, have neither mass nor charge, but are
electromagnetic vibrations, or ‘packets’ of energy, similar in nature to X-rays. A
gamma ray frequently accompanies the emission of a beta ray. All three types
of rays are emitted spontaneously and at high velocities by the radioelements, and
the emission is unaffected by either temperature or pressure.

Because the rays possess greatly different characteristics, they have different
penetrating powers. Alpha rays are stopped by a sheet of ordinary paper. Beta rays,
being smaller and travelling at higher velocities, are more penetrating, but most
of them are stopped by a sheet of aluminum one eighth of an inch thick. Some
gamma rays are strongly penetrating, even more so than ordinary X-rays, and
according to Johnson (in Faul, 1954) their absorption in air is negligible up to
about 100 feet. Most gamma rays from uranium and thorium minerals, however,
are absorbed by 3 inches of lead, or roughly a foot of granite. Thus radioactive
deposits that are buried or hidden by 2 feet or more of rock, or by about 4 feet
or more of overburden, will probably not be detected by gamma-ray counters,
regardless of the size or richness of the deposits. Experiments made by L. W.
Morley, Geological Survey of Canada (personal communication), showed that
gamma rays from a specimen of rich pitchblende ore weighing 2.4 pounds could
not be detected by a portable scintillation counter when the specimen was covered
by 25 inches of water.
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Table 1

Disintegration Series of Uranium 238
(Princig)al members only; isotopes constituting less than 0.2 per cent of the decay products are
omitte ,
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Thoriulm 234 [24.10d]
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a
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Polonium 218 [3.05m]
0o
Lead 214 [26.8m]
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Polonium 214 [1.50 X 10~%]
o
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Lead 210 [22y]
B
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8
Polonium 210 [138d]
o

Lead 206 [stable]
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Table 11

Disintegration Series of Uranium 235
Uranium 235 (actir|10-uranium) [7.13 X 10%y]
| «
!
Thorium 231 [25.64h]
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Protactinium 231 [3.43 X 10%y]
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Table III
Disintegration Series of Thorium

Thorium 232 {1.39 X 10wy]

a
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Structure of the atom. The discovery of radioactivity led to greatly increased
knowledge of the structure of the atom. The modern concept of the atom is that
it consists of a nucleus accounting for virtually all the mass, and is surrounded
by lighter particles called electrons. It may be compared with our planetary system
if we think of the sun as the nucleus and the planets as the electrons. The nucleus
is complex, the principal constituents being protons and neutrons, each of whose
mass -is approximately equal to the mass of the ordinary hydrogen atom. The
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total number of protons and neutrons in the nucleus is called the ‘mass number’
and this is roughly equal to the atomic weight. Each proton carries one positive
unit of electricity, thus causing the nucleus to be positively charged, and the total
charge on the nucleus is a characteristic of each element. The neutrons themselves
are uncharged. Revolving around the nucleus are electrons whose mass is only
about 14535 of the mass of the hydrogen atom, each carrying one negative
unit of electricity. The number of electrons is sufficient to balance the positive
charge on the nucleus. As most uranium has a mass of 238 and a charge of 92
units, it can easily be realized that atoms of uranium, and other such heavy ele-
ments, have very complex structures,

Disintegration processes. Radioelements are unstable; by emitting an alpha
or a beta particle they transform into new elements having different chemical
and physical properties. The elements produced by the transformation may them-
selves be radioactive; if so, they too will eventually change into new elements.
This process of transformation or disintegration continues until a stable element
is produced. Some varieties of elements possess the same nuclear charge but
have different atomic weights; such varieties are called ‘isotopes’, and are dis-
cussed more fully later in this section. Gamma rays frequently accompany the
disintegrations; they appear to be forms of energy released during the structural
rearrangement of an atom.

The disintegration of uranium 238 may be considered as an example.
This element has an atomic mass of 238 and a nuclear charge of 92 units; it
disintegrates with an emission of an alpha particle. Because the alpha particle
has a mass of four and a nuclear charge of two positive units, its expulsion by
uranium 238 will result in the formation of a new element with a mass smaller by
four, and a nuclear charge smaller by two units. This new element therefore has
a mass of 234 and a nuclear charge of 90 units. It possesses the same nuclear
charge as ordinary thorium, and is therefore an isotope of thorium: thorium 234,
also called uranium X-1. Eventually it disintegrates by the emission of a beta
particle. Because the emission of a beta particle does not appreciably affect the
mass of the element but increases the nuclear charge by one, the decay-product
of uranium X-1 will have a mass 234 and a charge of 91 units, and constitutes
an isotope of protactinium: protactinium 234, also called uranium X-2. Most atoms
of this isotope eventually disintegrate by the emission of a beta particle to form
an isotope of uranium: uranium 234. Uranium 234 therefore has the same mass
as its parent protactinium, but it has one more nuclear charge, namely 92. This
process of disintegration continues through several elements, by the emission of an
alpha or a beta particle, as the case might be, until finally a stable isotope of lead
is reached. The lead so produced is called ‘radiogenic lead’, and has a slightly
different atomic weight than ordinary lead.

In the example explained above, the third element formed (uranium 234)
has the same nuclear charge as the original element (uranium 238), although its
atomic weight is different. Because the nuclear charge determines the chemical
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properties of an element, uranium 234 has the same chemical properties as
uranium 238. Elements such as these two, which have the same nuclear charge
and, therefore, the same chemical properties, but which have different atomic
weights, are called isotopes. Isotopes are separable from one another only with
very great difficulty. Naturally occurring uranium is a mixture of three isotopes,
uranium 234, uranium 235, and uranium 238, whose respective percentages as
reported by Lounsbury (1955) are approximately 0.006, 0.720, and 99.27.

Because the atoms of radioelements disintegrate spontaneously, it is impos-
sible to predict the instant at which any particular atom will disintegrate. For
atoms in large numbers, however, it has been found that on the average the
number disintegrating in any one period of time is a constant fraction or percentage
of the number present at that time. The ratio of the number disintegrating to
the number present is known as the ‘disintegration constant’ of the element. After
one half of any given number of atoms of a particular radicelement have dis-
integrated, one half of the remaining number will also disintegrate within the same
time interval, and so on. The time taken for one half of any number of atoms to
disintegrate is called the ‘half-life period’, or more simply the half-life. This may
vary from a fraction of a second to millions of years for different radioelements
but each radioelement has a characteristic half-life.

Disintegration series. Forty-seven unstable isotopes are known to occur
naturally, most being members of three distinct radioactive families, or series. The
parent elements of the three radioactive series are uranium 238, uranium 235
(also called actino-uranium), and thorium 232. The isotopes produced are called
‘daughter elements’. The end-product of each series is a stable isotope of radio-
genic lead. The three series are illustrated in Tables I, II, and III, the data being
according to Chadwick (1953). The type of radiation emitted by each member
is indicated, and the half-life period is also shown, the letters s, m, h, d, and y
standing respectively for seconds, minutes, hours, days, and years. As will be
seen from the series, a few individual elements may disintegrate through the
emission of either an alpha or a beta particle. Two common radioelements that are
not members of these series are potassium and rubidium. These elements are not
of interest as sources of atomic energy, but their radioactive properties permit them
to be used in determining the ages of many of the rocks in which they occur.
Also, some rocks containing potassium are sufficiently radioactive to cause mis-
leading results when using radiation detectors in prospecting for uranium and
thorium.

Radioactive equilibrium. Uranium and thorium are said to be in equilibrium
with their daughter elements when the daughter elements are all disintegrating
at the same rate at which they are being formed. When this state is disturbed,
uranium and thorium are said to be out of radioactive equilibrium. The disturbance
may be caused by leaching of one or more of the daughter elements, or by loss
of one of the radioactive gases, such as radon. Specimens or samples taken near
the surface of a uranium deposit are often out of equilibrium because of the
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susceptibility of uranium minerals to alteration and leaching. On the other hand,
thorium-bearing compounds are rarely out of equilibrium, because the members
of the thorium series have relatively short half-lives, and so recover their equi-
librium quickly.

Physical and Chemical Properties of Uranium

Uranium is the heaviest of the naturally occurring elements, having an atomic
weight of 238.07 and atomic number 92. In its natural form it consists of a mixture
of three isotopes, of masses 234, 235, and 238, which are always present in a
constant proportion. The most outstanding physical property of uranium is its
radioactivity, explained in the previous section of this report. The general chemical
character of uranium is that of a strong reducing agent, particularly in aqueous
solutions (Katz and Rabinowitch, 1951, from which much of the following data
are also taken).

Metallic uranium is obtained by the reduction of uranium oxides or halides.
The metal is white on fresh fractures or freshly polished surfaces, but it tarnishes
readily—usually within a matter of hours—upon exposure to air. It has a density
of 19.05, which is about two and one-half times that of steel; is hard, but not quite
so hard as steel, and is capable of taking a high polish; is malleable and ductile.
The metal can be forged, drawn or extruded at high temperatures, or it can be
worked cold; is pyrophoric, thus will produce sparks when sawed or filed; is a
poor conductor of electricity, its conductivity being about half that of iron; and
is weakly paramagnetic. The melting point of the metal is 1,133°C, which is
approximately 50 degrees higher than that of copper and 400 degrees less than
that of iron. The ultimate tensile strength of uranium varies between 50,000 and
200,000 p.s.i., depending upon cold-working and thermal treatment of specimen;
cold-working gives the highest tensile strength.

Uranium has many chemical properties in common with chromium, tungsten,
and molybdenum. It is very reactive chemically, and combines readily with all the
non-metallic elements, especially when in finely divided form. It reacts vigorously
with fluorine and bromine, becoming hot and incandescent in the process. It may
be alloyed with most other metals to form intermetallic compounds, which vary
considerably in physical properties and chemical reactivity. The metal is dissolved
by dilute nitric acid and by dilute hydrochloric acid, and, with the addition of an
oxidizing agent, by dilute sulphuric acid. Uranium is a quadravalent element with
valencies of 3, 4, 5, and 6. It forms several oxides, the commonest of which are
uranous oxide (UQ,), uranic oxide (UQOjz), and urano-uranic oxide (UzQOyg),
which is sometimes called uranoso-uranic oxide. Uranous oxide is a brownish to
black powder that often forms an oxidation tarnish on uranium metal; it may also
be formed by the reduction of one of the higher oxides. Uranic oxide is orange to
red, and is formed by heating uranium compounds in air to a temperature of about
500°C. Urano-uranic oxide is a green to black powder that is produced by heating
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the other oxides in air to 1,000°C. It is believed to consist of a mixture of uranous
and uranic oxides, probably in the proportion UOg-2UQ;. Urano-uranic oxide is
the accepted form for reporting the results of uranium analyses, one reason being
that it is the final product weighed in some methods of analyses. A fourth oxide,
uranium monoxide (UQ), has been identified as a thin surface layer on uranium
metal. Uranium is amphoteric, acting as a base to form salts such as uranous
chloride, or as an acid to form compounds such as sodium uranate. Many uranium
compounds fluoresce under rays from an ultraviolet lamp. The position of uranium
in the electromotive series is not known exactly but it appears to be close to that of
beryllium.

Uses of Uranium

Apart from military requirements, most uranium produced is used as a fuel in
atomic, or, more accurately, nuclear reactors. So much information is now available
on these that the subject need only be outlined here. Reactors fuelled with uranium
are heavily shiclded vessels in which the uranium atoms split or ‘fission’ under
controlled conditions to release tremendous quantities of heat and large numbers of
neutrons. The amount of heat released by the fission of one pound of uranium 235
is equal to that obtained from the burning of 1,500 tons of coal.

Reactors may be classified roughly into three main groups: research, produc-
tion, and power. Research reactors were the first to be constructed and continue to
be of great importance for both research and the production of radioisotopes.
Among this class are the NRX and NRU reactors at Chalk River, Ontario. Some
reactors are designed primarily for the production of artificial fuels such as
plutonium—hence the name production reactors.

In power reactors the heat energy released in the fission process is used to
convert water into steam, which in turn is used to drive a turbo-generator. The
generation of electricity by nuclear power stations is expected to be the most
important use of uranium in terms of the quantities required. Many nations already
have nuclear power programs underway and in future an increasing share of the
world’s electric power production will be derived from uranium fuel. Nuclear
power stations are operating in the United States, United Kingdom, the Soviet
Union, and France, and several nations have plants under construction. The United
Kingdom, which has one of the largest and most advanced nuclear power programs,
is a good example. Several large nuclear power stations are in an advanced stage
of construction and a station of 1,000 megawatts—the largest in the world—has
recently been announced. This one station will require an initial fuel supply of
more than 1,000 tons of natural uranium, and more than 100 tons each year there-
after for its operation. The United States has a large advanced program of nuclear
power development, with several stations in operation and under construction.
Most European countries plan to build nuclear power stations and a large co-
ordinated program is being carried out by the “Euratom” countries (France, West
Germany, Italy, Belgium, Netherlands and Luxembourg). Other parts of the world,
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particularly the less-developed countries, are looking to nuclear power as an
important aid in their development.

In Canada, the main objective of Atomic Energy of Canada Limited is the
development of economic nuclear power. The success of this program will ensure
that nuclear power will be available wherever a new source of power is required
to supplement existing sources. The first station, called NPD-2, will be in opera-
tion in 1961. It is expected that several large stations, probably around 200 mega~-
watts each, will be built in Canada in the late 1960’s.

Nuclear reactors have important applications as propulsion units for sub-
marines and ships. The outstanding success of the American nuclear submarine is
well known, and it is expected that the navies of the world will rapidly convert
to nuclear power. Nuclear-powered ships are under construction and nuclear cargo-
submarines are being designed. As in the production of electricity, uranium fuel
will supply an increasing amount of the power requirements of the world’s ships
and submarines.

Though only the uranium 235 present in n-,tural uranium is immediately
useful as reactor fuel, any uranium 238 in the reactor is partly converted into
plutonium, another fuel. Similarly, any thorium present is partly converted into
another reactor fuel, uranium 233. Some research reactors, called breeders, can
actually produce more new fuel than they consume. The development of com-
mercial power reactors of this type would permit more efficient use of uranium
and would also permit the use of the more abundant thorium. Cockcroft (1958)
considered, however, that the “super-abundance of uranium which is forecast for
the next two decades has shown that this is not an urgent problem”.

Research has been carried out on the possibility of developing nuclear fusion
reactors in which isotopes of hydrogen may be combined to form helium, with the
release of much energy in the form of heat. If the rapid strides made in nuclear
fission during the last few years are considered, the possibility that such a process
may be developed to a point where it might supply economical power cannot be
ignored. The consensus of the Second International Conference on the Peaceful
Uses of Atomic Energy, however, was that about 20 years will be required to
develop this process.

In addition to the foregoing, uranium also has limited applications in the
chemical, electrical, glass, and ceramic industries, although the consumption in
these industries is not more than a few tons a year at present. Because of its
reactivity with ordinary gases, uranium may be used to clean argon and other
inert gases of gaseous impurities such as hydrogen and nitrogen. Hampel (1954)
stated that uranium is eminently suitable as a shield against powerful gamma-
ray emitters, like radium and cobalt-60 (pure uranium itself emits alpha rays);
he cited an instance where 850 pounds of uranium provided the equivalent shield-
ing of 3,330 pounds of lead for a cobalt-60 therapy unit. Uranium may be alloyed
with most other metals and research in this field is being pursued actively, espe-
cially to find alloys suitable for nuclear energy purposes, which require strong
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resistance to corrosion.! Because of its physical and chemical properties uranium
is unlikely to compete with the common base metals in their customary applica-
tions. The chief uses of uranium will, therefore, almost certainly be in the nuclear
energy field, although significant quantities may be used for other purposes.

The production of radioactive isotopes in nuclear reactors has already become
an important industry, and one that will doubtless increase in future. The
present annual value of sales and rentals of isotopes produced by Atomic Energy
of Canada Limited is several millions of dollars. Radioactive isotopes are
made by inserting materials such as phosphorus, iron, cobalt, etc., into a nuclear
reactor where they are bombarded with neutrons. Isotopes produced in this way
have so many uses that it would be impractical to try to enumerate them here,
but the following examples will serve to illustrate their versatility. One of the
commonest industrial uses is for gauges for measuring and automatically controlling
the thicknesses of various materials during their manufacture, such as paper,
linoleum, sheet metal, etc. In this application the material to be measured passes
between an isotope source and a detector unit, the thickness of the material being
proportional to the amount of radiation it absorbs. Gauges of somewhat similar
types have also been designed for measuring the densities of liquids and slurries
in pipes, and the levels of liquids in large tanks. Gamma-emitting isotopes are
used for detecting flaws in metal plates, castings, welded joints, etc., by radiography,
using the same principle as is used in taking an ordinary X-ray photograph.
In medicine, isotopes are used to treat blood disorders, to locate and treat thyroid
conditions, and irradiate cancerous growths. Isotopes are used extensively in agri-
cultural, biological and other forms of research, and in the sterilization of foods.
They are also much used as ‘tracers’, whose chief advantage is that they may be
detected in extremely small amounts. Tracers are used for locating leaks in
water mains and oil lines, for marking the boundaries between different petroleum
products flowing in oil lines, for studying complex chemical reactions, for con-
trolling the processing of ores, and for many other purposes. Some isotopes emit
powerful gamma rays and must be handled with special precautions and be shipped
in shielded containers.

Physical and Chemical Properties of Thorium

Thorium was discovered in 1817 by J. J. Berzelius, who named it after Thor,
the Scandinavian god of war. The element was first produced in its metallic state

*The Mines Branch of the Department of Mines and Technical Surveys, in collaboration
with Eldorado Mining and Refining Ltd., continued its program of research into non-nuclear uses
of uranium. This program was undertaken to help close the gap between Canada’s uranium
production capacity and the reduced demand for uranium as a result of the termination of
uranium contracts with the United States Atomic Energy Commission. Results of this work to
date appear promising. Experiments on a laboratory scale have shown that when small amounts
of uranium are added to certain types of steel, the fatigue strength is increased substantially,
The high-temperature strength and resistance to pitting corrosion are also increased. The possible
improvements to commonly used steels could involve additions of from one-half a pound to one
pound of uranium per ton of steel.

Late in 1960 a new organization—the Canadian Uranium Research Foundation—was formed
by the uranium mines. The mining companies will provide funds for research to determine whether
substantial amounts of uranium can be used economically for industrial applications.
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in 1828. Its radioactive properties were recognized in 1898, two years after the
discovery of radioactivity in uranium.

Thorium is a heavy, silver-grey metal having the hardness and general appear-
ance of platinum. Upon exposure to the atmosphere, surfaces of the metal tarnish
and eventually become black. Thorium has a density of 11.7, which is a little
higher than that of lead. It melts at 1,842°C; has an atomic weight of 232.05,
and the atomic number 90. Naturally occurring thorium has only one isotope, of
mass 232. Thorium is produced by electrolytic reduction of thorium salts and by
reduction of thorium oxide.

Thorium forms only one oxide: thorium dioxide (ThO, ). It forms compounds
with the halogens, and with sulphur, nitrogen, carbon, boron, and silicon. It also
forms intermetallic compounds with many metallic elements. The metal is dis-
solved by nitric acid and by aqua regia, and slowly by other acids; it is not
attacked by strong alkalis. When heated in air it burns brilliantly, forming thorium
dioxide, a white powder.

Uses of Thorium

A marked change in the technology of thorium occurred in 1957. For
decades prior to that year thorium had been used chiefly in its oxide form in the
manufacture of incandescent gas mantles, and there were only limited applications
for the metal. In 1957 the consumption of the metal greatly surpassed that of
the oxide. This reversal was due principally to the development of thorium-
magnesium alloys, which, because of their great tensile strength at high tempera-
tures, have found a place in the aircraft industry. These and other thorium alloys
will probably find new uses and it appears that they offer the most-promising non-
energy field for thorium.

Apart from its use as an alloying constituent there are few industrial applica~
tions for the metal at present. Hampel (1954) stated that low tensile strength, low
elastic modulus, and poor resistance to atmospheric corrosion eliminate thorium
from the list of structural materials. Thorium metal is used as a deoxidant in such
metals as molybdenum and its high alloys, and also in electronic tubes and lamps,
for controlling starting voltages and maintaining stability over their useful lives
(Lilliendahl, 1957).

Thorium oxide continues to be used chiefly in the manufacture of incandescent
gas mantles. These are made of thorium oxide containing 1 per cent cerium oxide,
and are generally constructed in the form of a small mesh bag; they are familiar to
persons who have used gas or gasoline lamps, in which the mantles give off a
brilliant white light. Some thorium oxide is used in the manufacture of thoriated-
tungsten compounds for the electronic and lighting industries. Thoriated-tungsten
is also used in the fabrication of electrodes for welding operations and as non-
consumable electrodes in the arc-melting of the transition metals (Hampel, 1954).
Because of its extremely high melting point, thorium oxide has been used as a
refractory material. Some thorium oxide is also used in the chemical industry,
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and some as a polishing compound. Thorium itself is not a nuclear reactor fuel
but, as mentioned previously, any thorium present in a reactor is partly converted to
a new fuel, uranium 233. Experiments have been conducted into the possibility
of ‘breeding’ uranium 233 from thorium. The thorium-uranium 233 breeding cycle
is said to be preferable, both metallurgically and chemically, to the uranium 238-
plutonium cycle (Dunworth, 1955) but a large investment in uranium 235 or
plutonium would be required to start the thorium-uranium 233 cycle (Cockcroft,
1958). It is not expected, therefore, that large quantities of thorium will be
required for nuclear reactors in the near future.

Geochemical Data

Uranium and thorium are geochemically related elements which commonly
occur together, in diverse geological environments. More geochemical data are
available for uranium than for thorium, particularly in regard to geological abund-
ance and distribution, but much basic research is necessary before the geo-
chemistry of either element is fully understood. The subject is much too large
and complex to be discussed in detail here; therefore a selection of the more
significant data has been made and is presented as an introduction to the following
sections. Much of the data that follow has been taken from Rankama and
Sahama (1950).

General Geochemical Characteristics

Uranium and thorium are strongly ‘oxyphile’ elements, that is, they always
occur in nature in combination with oxygen, such as oxides and silicates. They
are never found in the native state, nor do they form such compounds as sulphides
and tellurides. They may form synthetic sulphides, but Frondel (1956) considered
that the formation of these compounds in nature is unlikely on thermochemical
grounds. Uranium occurs in nature in the tetravalent (U4*) and hexavalent (U6*)
states. So far as is known it is always tetravalent in primary uranium minerals and
hexavalent in secondary minerals (Frondel, op. cit.); these minerals are discussed
in the section on mineralogy. Thorium, on the other hand, always occurs in the
tetravalent (Th#*) state. Tetravalent uranium and thorium ions, which are simply
atoms deficient in electrons, have nearly identical radii, that of uranium being 1.05
angstroms, i.e.: 1.05 X 108 cm, and that of thorium being 1.10 angstroms.
Because of the similarity in their ionic radii they may substitute for one another
in crystal lattices. For this reason most primary uranium minerals contain thorium,
and most thorium minerals contain uranium. The tetravalent ions may also
substitute for calcium (Ca?% 1.06 A), for cerium (Cett 1.02 A), and, to a limited
extent, for zirconium (Zrt 0.87 A); they are therefore frequently found in certain
minerals of these elements, such as apatite, titanite, monazite and zircon. Uranium
and thorium ions are much larger than the ions of most common elements, how-
ever, and have higher valencies. Because of this they do not appreciably enter into
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the structures of the major rock-forming minerals. Although they may substitute
for calcium they do not meet the co-ordination requirements of calcium in plag-
ioclase structures.

Uranium has a close affinity for carbon. In many parts of the world, therefore,
it is found in coal, lignite, peat, carbonaceous and bituminous shale, and other
carbonaceous substances. Uranium does not appear to be genetically associated
with carbon in such substances; its presence in most is believed to be due to
secondary processes. Certain uranium-bearing coals and lignites, for example,
appear to have precipitated or adsorbed their uranium from migrating solutions

that have dissolved it from associated rocks, because of the natural affinity between
carbon and uranium.

Geological Abundances of Uranium and Thorium

Earth’s crust as a whole. Uranium and thorium are relatively common ele-
ments. They are ‘lithophilic’ in character, that is, they are concentrated in the upper
part of the earth’s crust, or lithosphere. Estimates of their abundances in the earth’s
crust, as compiled by Fleischer (1953), range from 0.00002 to 0.0009 per cent
for uranium, and from 0.00073 to 0.002 per cent for thorium. Expressed as parts
per million, these estimates range from 0.2 to 9 ppm for uranium, and from 7.3
to 20 ppm for thorium. On the basis of Fleischer’s data, uranium is less abundant
than copper, nickel or zinc, but more abundant than gold or silver. Thorium is about
three times as abundant as uranium and more abundant than molybdenum. These
estimates indicate that uranium and thorium are fairly common elements and that
their minerals should be fairly common also. On the basis of these estimates a
deposit containing 0.1 per cent uranium oxide represents a concentration of about
300 times the estimated average abundance of uranium in the earth’s crust.

Igneous rocks. All igneous rocks contain at least traces of uranium and
thorium. These rocks have received more attention than others because they
constitute more than 90 per cent of the earth’s crust and because they are
genetically related, either directly or indirectly, to many uranium and thorium
deposits. Larsen and Phair (1954) have summarized data on the abundance of
uranium and thorium in gabbroic, intermediate and granitic rocks, which are
reproduced in Table IV. The most significant observations to be made from these
data are that thorium is consistently more abundant than uranium; that the thorium-
to-uranium ratios are fairly constant, being around 3.5-to-1; that the elements
show a progressive enrichment from basic to acidic rocks, that is, in general, from
the early to the late rock differentiates; and that the greater concentrations are
found in granitic rocks, these being generally high in silica and potash. In all
but the very last stages of the magmatic cycle uranium and thorium behave as one
element, both being present in concentrations of about the same order of magnitude,
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and because under the reducing conditions that would be expected to prevail they
are both tetravalent, with similar ionic radii. Also, their low abundance not
permitting them to form separate minerals early in the crystallization of the
magma, and as, for reasons already explained, they do not appreciably enter into
the crystal structures of the major rock-forming minerals, the elements become
concentrated in residual magmatic solutions. They therefore tend to be enriched
in the youngest, or latest-formed, rock differentiates. This progressive enrichment
is apparently continued into and during the pegmatitic stage, as evidenced by the
relatively greater abundance of discrete uranium and thorium minerals in well-
defined, coarse-grained pegmatites, as contrasted to their scarcity in normal igneous
rocks. Rankama and Sahama note that in pegmatites the uranium-rich minerals
are formed during the late stages of deposition. The relatively high abundance
of the elements in granitic rocks can be correlated, in part, with their presence
as vicarious constituents in certain accessory minerals common to these rocks,
notably zircon, titanite and allanite. In a detailed study of a massive granodiorite
in Italy, for example, more than 95 per cent of the total radioactivity was found
to be concentrated in the accessory minerals, which constituted only 0.1 per cent
of the total volume of the rocks (Mertlin, ef al., 1957). Laboratory experiments
have shown, however, that much of the uranium and thorium in some igneous rocks
may be leached by dilute mineral acids, indicating that the elements may also
occur in some form other than insoluble accessory minerals. Neverburg (1956)
considered that uranium may occur in igneous rocks in the following ways: as
discrete minerals; disposed in the structure of rock minerals by atoms or ions of
uranjium substituting for some other atom or ion, and in structural defects, such
as along twin-boundaries; held in cation-exchange positions; adsorbed on the
surfaces of crystals; and dissolved in fluid inclusions and in intergranular fluids.
The distribution of the elements in granitic rocks is discussed more fully later.

Larsen and Phair (1954) postulated that during the late magmatic stage a
change takes place that allows uranium to be carried off in the hydrothermal solu-
tions, leaving thorium to crystallize in the final silicate-rich melt. They attribute
this change to a shift in the oxidizing conditions at the late magmatic stage, in
which uranium is converted to the hexavalent state, whose compounds are highly
soluble in contrast to those of tetravalent uranium and thorium. Thorium, having
only the one stable valence, is not affected by this change and remains behind. This
may well account for the almost complete absence of thorium in hydrothermal
pitchblende-type deposits.

Sedimentary rocks. Sedimentary rocks generally show wider variations in
their uranium and thorium contents than do igneous rocks. According to Adams
and Weaver (1958), the thorium-to-uranium ratios of sedimentary rocks range
from less than 0.02 to more than 21, the ratios in many oxidized continental sedi-
ments being above 7-to-1, whereas the ratios in most marine sediments are much

25

02410-0—4



Canadian Deposits of Uranium and Thorium

below 7-to-1. The diversity in the ratios of continental and marine sediments
reflects an early separation of uranium and thorium in the sedimentary cycle,
with proportionally more uranium reaching the oceans. This separation is believed
to be due to the greater mobility of uranium in solution, and to the more refractory
nature of thorium minerals. During the weathering of rocks some uranium and
thorium is leached by surface and ground waters and some remains fixed in resistant
minerals; these minerals may accumulate near their original source or may be
reduced by attrition and be carried and deposited, largely, with clastic sediments,
probably mainly in near-shore environments. Uranium that is leached from rocks
forms soluble uranyl complexes that are fairly stable in an oxidizing environment;
the element may therefore be carried far before being precipitated or becoming
otherwise fixed in sedimentary rocks, and part ultimately reaches the ocean. On
the other hand, thorium that is leached hydrolyzes easily and accumulates largely
with the hydrolyzates, that is, shales and related rocks. A combination of the
foregoing factors presumably accounts for the relatively larger concentration of
uranium in ocean waters. Uranium that is carried in solution may be extracted
and fixed in sediments in different ways. It may be precipitated as insoluble com-
pounds; it may be adsorbed on clays and on the hydroxide gels of iron, aluminum
and manganese, and silica gel; or it may substitute isomorphously for calcium in
chemical precipitates, such as phosphorites. Carbonaceous matter is a particularly
effective precipitant of uranium because it creates a strong reducing environment;
it can also adsorb relatively large amounts of the element from solution. The role
of humic acid in the geochemical enrichment of uranium has been discussed
recently by Szalay (1958) and Vine, et al. (1958). Organisms are also believed
to adsorb uranium. Recent data on the abundance of uranium and thorium in
limestones, shales and sandstones are presented in Table IV. The data for lime-
stones and shales represent a large number of amalyses of North American and
Russian origin. The contents shown for limestones are the limits of the mean
contents of three different groups of rocks of different ages: North American
individual samples, North American aggregates, and Russian Platform aggregates;
the contents shown for shales are estimates for the average shale. The contents
shown for sandstones are averages obtained from the analyses of fifteen ortho-
quartzitic, clay-free sands. Black, carbonaceous marine shales and marine phos-
phorites generally contain higher concentrations of uranium than do other sedi-
mentary rocks. The average uranium contents of eleven black shale formations
in the United States and Europe are reported by Bates and Strahl (1958) to range
from 0.0003 to 0.0168 per cent, with one, the St. Hippolyte shale in France, con-
taining 0.1244 per cent. The same authors also report that most of the uranium in
the French shale and all of the uranium in the other shales are loosely held in the
fine-grained, organic-inorganic matrix of the rock. Marine phosphorites commonly
contain 0.005 to 0.03 per cent uranium (McKelvey, 1956).
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Considering sedimentary rocks as a whole, it seems evident that much of
their uranium and, more particularly, their thorium occur in resistant minerals in
which the elements are essential or vicarious constituents, or contained as inclu-
sions. This is because during the weathering of rocks uranium minerals alter to
hydrated oxides that are sparingly soluble (Rankama and Sahama, 1950, p. 636);
because thorium minerals are known to be strongly resistant to weathering,
especially those of greatest abundance, such as monazite; and because many
minerals in which uranium and thorium are nonessential constituents are refractory.
Even in limestones and dolomites, Adams and Weaver (1958) have concluded that
most of the thorium and approximately 20 per cent of the uranium occur in the
detrital, acid-insoluble fraction. Because many uranium and thorium minerals resist
weathering and possess a high specific gravity, concentrations of them frequently
occur in placers.

Rivers and seas. Traces of uranium and thorium are present in the waters of
rivers and seas. The contents in rivers are extremely variable, as would be expected,
because they are affected locally and regionally by differences in the composition of
the terrain. Koczy (1954) reported that the uranium content of rivers secems to
range from 0.3 to 20, or more, micrograms per litre. The uranium contents of

Table IV
Uranium and Thorium Contents of Some Igneous and Sedimentary Rocks
Uranium Thorium
(ppm) (ppm)
Igneous
Gabbroic rocks
Evans and Goodman (1941) 0.96 + 0.11 3.9 £ 0.6
Keevil (1939)........... .| 0.94 2.83
Intermediate rocks
Evans and Goodman (1941).............cccomveveerrviivvrircceerrnnee 1.4 + 0.2 4.4 + 1.2
Senftle and Keevil (1947)......covveeeerireveereeneeeeeeeeeeeeeieens 2.27 to 3.03 9.28 to 10.5
Granitic rocks
Evans and Goodman (1941)........... 3.0 +03 13 + 2.0
Keevil (1938)......ceoieiiecreeirieecee e sesaene 2.77 7.94
Senftle and Keevil (1947)......cccovomemeeveeeereerirereneeeeee e 3.84 to 4.02 | 13.1 to 13.5
Sedimentary
Limestones
Adams and Weaver (1958)........cccccvrvmerrrvnncninceeneesennens 2.1; 2.2 1.1 to 2.4
Shales (average)
Adams and Weaver (1958)...... |l 3.7 + 0.5 12 + 1
Sandstones
Murray and Adams (1958).......cccceoveeevierenrvrnererriierinenenas 0.45 + 0.05 1.7 + 0.1
27
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seas are similarly small, but show considerably less variation. Analyses by Rona,
et al. (1956) show a concentration of 3.1 to 3.5 micrograms of uranium per
kilogram of sea water; Koczy (1956) proposed a value of 2==1 micrograms per
kilogram. Determinations of the abundance of thorium are scarce, probably
because of difficulties in analyzing for minute traces. The content of thorium in
sea water is reported in Mason (1958) as 0.000001 to 0.00001 grams per ton.
An interesting observation is that sea waters contain less radium than would be
expected under conditions of equilibrium with their uranium content, whereas sur-
face layers of deep-sea sediments contain abnormally high amounts of radium.
Pettersson (1954 ) suggests that this anomaly is caused by the selective precipitation
of Th230, the parent of radium, which accumulates on the ocean floor.

Production and Reserves
Uranium
Production

Data on production and resources are far from complete because some
countries disclose little or no information. A fairly satisfactory summary can be
presented, however, because most of the ‘western’ countries that are believed to
produce significant amounts publish at least some returns. These are sometimes
stated as pure natural uranium, or as highly concentrated products, or as the
amount of UgOg contained in such concentrates.! As it is not always practical to
convert such units, the following statements are usually couched in the terms used
in the sources. Tons are listed as short tons of 2,000 pounds. Geological classes
of deposits are here mentioned briefly, if at all; some of the principal foreign
deposits are discussed elsewhere in this report.

The total production of ‘western’ countries in 1958 was estimated at 35,000
tons of uranium concentrates, and that for 1959, 42,000 tons (Johnson, 1958).
This is obtained mainly from United States, Canada and South Africa.

In 1958, production in the United States, mainly from disseminations of
pitchblende and other minerals in sandstone, was about 12,000 tons of U3Og, and
the amount for 1960 is expected to be more than 16,000 tons. Canada produced
about 13,000 tons of UzOz in 1958 and is expected to yield about 15,500 tons in
1959.2 The Union of South Africa produces about 6,000 tons of U3Og annually as
a by-product of the mining of gold-bearing conglomerate. Production figures are not
available for the Soviet Union. The following estimate of mining there in 1957
and of future possibilities is quoted from a recent review (Paone, 1958a):

Soviet Russia’s major sources of uranium were (1) the Satellite countries, (2) the

Ferghana region of the Central Asian Republics, (3) Northern Siberia, (4) Southern
Siberia, and (5) Central Kamchatka. The most important source during the year was the

1The term concentrate commonly refers to material concentrated by ore dressing, such as in
flotation or separation by gravity, and precipitate refers to material precipitated chemically. In the
uranivm industry, however, there is a tendency to use concentrate also for precipiiates from leaching
plants.

* Canadian production in 1959 was 15,909 tons of U;Og, and in 1960 it was 12,517 tons.
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Ferghana field, where the carnotite deposits closely resemble those of the Colorado Plateau
in the United States. At least half of the current Soviet production is believed to be
from Ferghana.

The fields in Northern and Southern Siberia and Central Kamchatka are less known
to the western world, although much can be inferred from the geology. Main occurrences
of uranium are in two geological regions in belts of ancient Precambrian rocks and in
widespread areas of permeable sediments (such as the Ferghana field). Such rocks
indicate either the existence or potential source of uranium. Two vast areas of Precambrian
rocks exist in the U.S.S.R.—the Angara shield of Northern Siberia, and the whole of
Southern Siberia and the Mongolian Peoples’ Republic. Scientists of the Free World are
convinced that considerable mining is being done in these areas and consider that by
1960 the Angara shield deposits and the Ukhta reserves of North Russian might well be
producing 2,000 tons of metal a year.

Another 2,000 tons of metal a year may be mined in Southern Siberia by 1960; in
addition to 1,000 tons from the Mongolian-North China field. Mining was most intensive
in the Lake Baikal area of Southern Siberia. At Slyudyanka, at the southern end of the
lake, betafite deposits, containing uranium, calcium, columbium, and tantalum were
mined. East of the lake uranium deposits were worked at Ulan Ude and at Vitim, 300
miles farther northeast on the Lena river. On the Yenisei River and about 1,000 miles
west of Lake Baikal, 2 other fields are known—Yeniseisk and Minusinsk.

Within the next 2 years possibly, the extensive Kamchatka area, northeast Soviet

Russian, may be yielding some 1,000 tons annually. Another 800 tons may come from

the Satellite countries—half from East Germany and Czechoslovakia and the remainder

from Rumania, Bulgaria, and Hungary.

Substantial mining is believed to be carried on in Australia, Belgian Congo,
Czechoslovakia, East Germany, France, India, Portugal and Rumania, as out-
lined in Table V. Argentina may also be in this category—twelve mines are
reported to be in operation there, but their sizes are not known. At least three
important mines are producing in Australia, but reserves data for only one are
available. The famous Shinkolobwe mine in Belgian Congo was believed to be
still in production in 1957. The Joachimsthal district of Czechoslovakia, which
produced radium for many years, is understood still to be an important source
of uranium. East Germany also is said to be producing important amounts.
A plant in India is reported to extract uranium from monazite sands; monazite
contains little, if any, uranium, but as the tonnages of sands are large, the aggre-
gate production of uranium is no doubt important. Urapium has been produced
from one district in Portugal for some time, and is reported to have been found
recently in another district; no production figures are available. Rumania is said
to have extensive mines, from which uranium is exported to the Soviet Union.
Information on several other countries that are understood to be small producers
is summarized in Table V. -

 Discoveries of uranium have been reported from many other countries.
Indeed, the element is now known to occur under such a wide range of geological
conditions that it could probably be found in small quantities in almost any
country. :
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Canadian Deposits of Uranium and Thorium

Reserves

In 1957 reserves of uranium ore in the United States, mainly in the Colorado
Plateau and adjacent regions, were estimated at 78 million tons averaging 0.27
per cent U3Og. Canadian reserves were estimated at 340 million tons, by far the
greater part averaging 0.1 per cent UgOg or slightly higher.l Reserves in South
Africa were stated to be 1,100 million tons averaging 0.03 per cent UzOg. These
estimates are thought to be conservative, although figures of different degrees of
accuracy are included. Additional ore can probably be found by further explora-~
tion of some deposits, and other workable deposits can probably be found by
further prospecting. At current rates of production the reserves of these three
countries appear to be sufficient for roughly 20, 20 and 50 years, respectively.
The average content of ores in the United States is the highest of those of the
three leading countries, but this is offset to some extent by higher costs, because
the conglomerate ores of the other two countries consume less reagents. It is
interesting to note that the total contents of uranium in the Canadian and South
African reserves are roughly similar, the higher grade of the Canadian ores
approximately compensating for the much larger tonnage of the South African ores.

Of the other producing countries, figures for reserves are available only for
Australia, France, India, and Italy (Paone, 1958a). The reserves in the Rum
Jungle area in northern Australia as of 1957 were reported to be 335,000 tons
averaging 0.3 per cent U3Og. Reserves for two other mines, the Radium Hill
and Mary Kathleen, producing in the southern part of the continent, were not
stated. France reported 100,000 tons carrying 0.2 per cent U3Og in 1958. Reserves
at one Indian deposit of monazite sands were reported in 1957 to be 3,300,000
tons, from which 10,000 tons of uranium concentrate containing 0.13 to 0.4
per cent UzOg could be obtained; other large deposits of this kind are understood
to be available. Deposits in Italy, believed to be of the vein class, are reported
to contain 3 million tons averaging 0.2 per cent UzOg. The Atomic Energy
Newsletter (2 September, 1958) quoted the first report of the Euratom Commission
as stating that reserves at the Shinkolobwe mine in Belgian Congo are almost
exhausted.

J. C. Johnson, Director of the Division of Raw Materials, United States
Atomic Energy Commission, pointed out (1958) that uranium reserves fall into
two broad economic categories. The most important of these, which apparently
includes most of the reserves mentioned above, are ores from which uranium can
be recovered profitably at a price of $10 per pound of contained UgQOyg, or less.
The other category comprises ultra low-grade shales, phosphate rocks, and other
deposits whose exploitation for uranium alone would require prices from three
to six times greater than the foregoing. Johnson concluded his review as follows:
“The knowledge and experience gained from extensive geological investigations
and explorations indicate that there need be no concern about the availability of
adequate supplies of nuclear fuels for current and future atomic power require-

1 At the beginning of 1960, Canadian reserves of ore were estimated at 308.5 million tons
averaging 0.12 per cent UyO;. :
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ments.” Sir John Cockcroft, in the concluding lecture of the Second International
Conference on Peaceful Uses of Atomic Energy in 1958, in which he summarized
the main features of all data presented on uses, fuel cycles and fuel supplies,
estimated that the reserves of South Africa, Canada, United States and France
are likely to contain at least 2 million tons of uranium, and that, on the basis
of present geological data and the experience of the last 10 years, a like amount
is probably awaiting discovery and proving. He pointed out that these estimates
were two to four times higher than those made in 1955. He suggested that if it
is assumed that the reserves of the Soviet Union, China and other countries are
of the same order, world reserves of high-grade ore are likely to be about 10
million tons of uranium. He estimated that, at the 30 per cent rate of ‘burn-up’
which might be achieved by ‘breeder’ reactors, 10 million tons of uranium is
equivalent to three times the world’s estimated coal reserves, and predicted that
“we are likely to have developed fusion power long before we run out of
uranivm”.

Thorium

Production

For many years a plentiful supply of thorium for industrial uses in other
countries has been obtained from monazite concentrates derived as a by-product
of beach sands worked mainly for rutile and zircon in India, Brazil and Australia.
An interesting feature of the Indian placers is that they are reported to be
replenished annually by wave-action during the monsoon season, when mineral
grains are transported from the continental shelf and deposited on the beaches.
Some monazite was obtained from beach and stream placers in the United States,
and from various deposits in other countries. In recent years France has been
an important producer, apparently by refining concentrates derived from thori-
anite or uranothorianite ores mined in Madagascar, and large amounts of monazite
have been obtained from a quartz-vein deposit in South Africa. Increased interest
has been shown lately in the possibility of expanding ordinary industrial uses for
thorium and using it as a fuel for nuclear reactors. In Canada, construction of a
plant to recover thorium from certain of the Blind River uranium deposits was
begun jointly in 1958 by the Rio Tinto Mining Company of Canada Limited and
the Dow Chemical of Canada Limited. This plant, costing about a million dollars,
began operation in March 1959 and was expected to reach its annual capacity of
100 to 200 tons of thorium compounds in mid-1959.

Few statistics are available for current production. France claimed to be the
world’s leading producer of thorium in 1957, with an output of 250 to 300 tons
of thorium nitrate. Most of the thorium requirements in the United States and
United Kingdom were supplied by South Africa. To date requirements in the
United States have been amply supplied by thorium obtained as a by-product
of the extraction of rare earths from monazite. Information available for these
and other countries, obtained mainly from a recent review by Paone (1958b), is
listed in Table VI.
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Reserves

Economic reserves in ‘western’ countries may be about 500,000 tons of
contained thorium (Johnson, 1958). These are principally in India and Canada.
The best statistics available to the end of 1957 are shown in Table VI

The principal Canadian reserves are in the uranium ores of Blind River area,
which are estimated to contain an average of 0.05 per cent ThO,. Some large
deposits there probably average 0.1 per cent ThO,. Smaller tonnages in the
Bancroft area are estimated to contain 0.02 to 0.2 per cent ThO,.
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PART It
GENERALIZATIONS

Mineralogy

Some minerals containing uranium or thorium have been known and described
for more than a century, but until about 15 years ago they received relatively
little attention because of their limited economic importance. Advances in atomic
fission focused attention on them, research being greatly accelerated because of
the need for more systematic studies and better understanding of their character-
istics and classification. As a result much new information has accumulated for
the previously known minerals and many additional ones have been discovered,
named and described. The development of portable radioactivity detectors has
played an important role because their use by prospectors and others has revealed
thousands of new occurrences and provided a wealth of new material for study,
both in Canada and in other countries. The literature is now extensive and ever-
increasing, whole volumes having been devoted exclusively to uranium and thorium
minerals; one of the most recent and authoritative of these is that of Frondel
(1958). The subject is much too large and complex to be treated fully in this
report, therefore the following is a summary—pertaining only to known Canadian
species and varieties—of those aspects of the subject that are likely to be of
concern to geologists, advanced prospectors and others who are not mineralogists.
Further work may cause revision of some of the information given, and in time
will undoubtedly add to the species described or listed here.

Minerals containing uranium or thorium are commonly called radioactive
minerals because they emit alpha, beta, and gamma rays. These minerals contain
uranium and thorium as the principal radioactive constituents, but also present
are small amounts of radicactive disintegration products, or daughter elements,
such as radon and radium. There are no separate radium minerals distinct from
those of uranium. Sirictly speaking, minerals containing certain naturally occurring
isotopes of potassium; rubidium and other elements are also radioactive, but
potassium is relatively insignificant in this regard and the other radioactive ele-
ments are unlikely to be encountered in detectable amounts. Potassium-bearing
minerals or rocks may contain enough of the radioactive isotope of potassium
(K49) to be slightly radioactive and to cause misleading results to be obtained with
portable detectors. For this report, however, radioactive minerals are considered
to be those that contain uranium or thorium in amounts greater than 0.1 per
cent. In the following sections minerals that ordinarily contain more uranium than
thorium are classed as uranium minerals, and those that ordinarily contain more
thorium than uranium are classed as thorium minerals. Only a few minerals,
mainly Canadian ore minerals, are discussed individually. Some of the problems
that arise in laboratory identification and classification are outlined to explain
certain ambiguities and usages. Practical information is included on the field
identification of those minerals that can generally be recognized.

Table VII lists the seventy radioactive minerals and varieties now recognized
as occurring in Canada,
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Canadian Deposits of Uranium and Thorium

Problems of Identification

Few radioactive minerals can be identified specifically in the field because:
many look alike and resemble certain non-radioactive minerals; few are separable
by simple means such as blowpiping; and many deposits contain radioactive
minerals in microscopic grains only. Uraninite and pitchblende can, however, com-
monly be identified if they occur in grains or masses of sufficient size, and supergene
minerals can usually be recognized at least collectively. Otherwise, laboratory tests
are generally required and these are often time-consuming, and in some instances
ambiguous, for reasons explained below. The writers, however, recognize the fact
that with practice, and on the basis of laboratory reports, persons may become
proficient in identifying primary uranium and thorium minerals visually in a single
deposit, or in a group of related deposits.

Fortunately, it is seldom necessary to have radioactive minerals identified
unless and until a discovery shows definite signs of being of commercial size and
content, or unless the occurrence is included in a research project. The widespread
use of radioactivity detectors almost always provides the first indications of a
prospect, and assays, which are easier and cheaper to perform, are generally more
helpful than mineral identifications in distinguishing between uranium and thorium
occurrences and providing an idea of quantity. Knowledge of the mineral or minerals
involved is mainly useful later, in helping to determine the geological class of a
deposit of some size, and whether or not it would be amenable to ore-dressing and
metallurgical processes, or in connection with geological research. When laboratory
identifications are desirable, an effort should be made to obtain pieces of the richest
and least-altered material, preferably with the aid of a radioactivity detector, and
to designate them as specimens rather than as samples.

Mineral separations. Radioactive minerals rarely occur in crystals or masses
that are large enough to be readily separated in the field for identification. For this
reason, and because more than one mineral may be present in a deposit, if it is
desirable to identify the minerals selected specimens are generally taken in the
field and the minerals separated in the laboratory. These separations may be simple
or complex. Where the minerals occur in macroscopic grains their separation is
more or less incidental to their identification, because fragments can usually be
pried out, or they can be hand-picked, under a low-powered microscope, from
part of the specimen that has been crushed. But where the minerals occur in grains
that can be seen only under high magnifications, and particularly where two or
more minerals are present in the same sample, their separation becomes a problem
in itself, and one that in many instances consumes more time than the actual
identifications. Samples containing fine-grained minerals must be carefully crushed
and sized, and the separations carried out by special procedures that are based on
differences in the specific gravities and the magnetic susceptibilities of the minerals.
At the least these procedures take an hour’s time for each sample, but ordinarily
they require several hours, and not uncommonly they may take a day or more.
In special research projects where absolutely pure samples of the minerals have
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been required for chemical analyses, the separation of a single radioactive mineral
has been known to take 40 days to complete, most of this time being devoted
to tedious hand-picking of the mineral grains from concentrates under a micro-
scope. In some producing Canadian uranium deposits the minerals are so fine
grained that they can rarely, if ever, be seen with the unaided eye, and in many
instances they cannot be recognized even with the aid of a hand lens. Although
mineral separation has been highly developed, some appreciably radioactive samples
have been received by the Geological Survey that have contained minerals so
finely dispersed, or so intimately admixed with one another or with the gangue
minerals, that they have defied the most elaborate separation procedures. Work
will be continued on these samples as time permits, but it is to be expected that
similar samples will continue to be found in which the fine-grained nature of the
minerals will hinder or preclude the identifications. For this reason, the identifica-
tion of a radioactive mineral is commonly more restricted by grain size than by
other factors.

X-ray tests. Some minerals, such as allanite and thucholite, may be identified
in the laboratory by simple physical and chemical tests. Most minerals, however,
can be identified positively only by elaborate techniques, commonest among which
is the X-ray diffraction method. This is based on two main principles, namely,
that minerals have an orderly internal crystalline structure, in which the atoms
may be pictured as being arranged in a three-dimensional network of parallel
planes, and that these atomic planes will reflect X-rays in much the same manner as
a mirror reflects light rays. The X-ray diffraction method is applicable to the
identification of most radioactive minerals, but it has a few limitations and there
are certain problems associated with it. It provides a fairly reliable means of dis-
tinguishing between uraninite and pitchblende; fragments of both yield a UOQO,
X-ray pattern, but because of certain differences the pattern of uraninite is ‘spotty’,
whereas that of pitchblende consists of smooth arcs.

Metamict minerals. The atomic structures of radioactive minerals are con-
tinuously undergoing an internal bombardment by alpha particles emitted during
the disintegration of the uranium and thorium atoms. This bombardment apparently
has little effect on tightly bonded minerals with a simple crystal structure, such as
uraninite, but in certain primary radioactive minerals that are weakly bonded and
that usually have a complex structure, such as the radioactive niobate-tantalates,
the alpha particles will dislodge the various atoms from their orderly position in
the crystal lattice and in time will destroy the internal crystalline structure of the
minerals. Such minerals, which by X-ray and optical studies are found to be
amorphous, or noncrystalline, even though they may exhibit external crystal form,
are said to be metamict. Many of the common radioactive minerals belong to this
class, including most complex multiple oxides, as well as allanite, uranothorite,
and brannerite. Metamict pitchblende has been reported by Conybeare and
Ferguson (1950) but later work by Brooker and Nuffield (1952) suggests that
this may have been due to the degree of the oxidation of the specimen. As their
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amorphous character precludes the use of X-ray diffraction and optical methods
the identification of metamict minerals presents certain problems not ordinarily
associated with other minerals. A crystalline structure may be restored for X-ray
diffraction tests by igniting fragments of the minerals at a high temperature, but
it is not certain whether the original crystal structure of the mineral is reproduced
in the heating process, or whether a new structure is formed. This is the usual way
of identifying the minerals, however, and it seems satisfactory for most. Also, the
presence of impurities may be important, because they may be incorporated in the
heating process and in extreme cases they may possibly react with the mineral
under study to form a new compound altogether. The metamictization of minerals
requires further study, and although it is believed to be due mainly to alpha
particle bombardment, other factors may also be responsible.

Isomorphous series. Certain groups of elements, because of similarities in
their chemical and physical properties, may substitute partly or completely for one
another during the crystallization of a mineral, without altering the crystalline
structure. This substitution is called isomorphism. Because of this phenomenon,
groups of minerals occur in nature having identical structures but varying in
composition between arbitrary limits; these are called isomorphous groups or,
more commonly, isomorphous series. Multiple oxides of niobium and tantalum
are the commonest examples of radioactive minerals that form isomorphous series.
Because of their structural similarities, minerals of any one isomorphous series
yield similar X-ray diffraction patterns after ignition except for slight dimensional
differences; these differences are rarely sufficient to distinguish one member of a
series from another. The identification of a mineral as a particular member of
*an isomorphous series, therefore, requires subordinate chemical or other forms
of analyses in conjunction with X-ray diffraction, but because such analyses are
both costly and time-consuming the X-ray identification is often all that is reported,
and the mineral is designated simply by its series name. Identifications such as
pyrochlore-microlite and euxenite-polycrase therefore frequently appear throughout
this report, indicating that the mineral is a member of the series named, but that
insufficient data are available to identify it as any one particular member. Uraninite,
as will be explained later, is isomorphous with thorianite, but because these two
similar-appearing minerals yield simple X-ray diffraction patterns with relatively
large differences in their spacings, they can generally be distinguished from each
other by X-ray diffraction alone.

Uranium Minerals

Uranium is known to occur as an essential constituent of approximately
eighty different mineral species; it is also present as a major, but not essential,
constituent in at least some specimens of about thirty-five additional species. For
practical purposes, therefore, it may be considered that there are approximately
one hundred and fifteen different uranium and uranium-bearing minerals. Actually,
names for more than one hundred and sixty such minerals appear in the literature,
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but many of these are synonyms or varieties of well-defined species. In addition
to the number already stated approximately thirty-five additional species, such as
allanite and gadolinite, contain minor amounts of uranium, and a number of
common minerals such as biotite and apatite often contain traces of uranium as
impurities, either in chemical combination or as inclusions of radioactive minerals.
Of the long list of uranium minerals only nine constitute the principal ore minerals
in uranium mines throughout the world; a few of the remainder do occur in
relatively small amounts in some ores, but most are rare and chiefly of scientific
interest. The main ore minerals are: uraninite, pitchblende, coffinite, brannerite,
uranothorite, uranophane, davidite and carnotite, and tyuyamunite which is related
to carnotite. Davidite, carnotite and tyuyamunite are mined in other countries, but
only small occurrences of davidite, coffinite and tyuyamunite, and no confirmed
occurrence of carnotite, have been found in Canada. Carnotite is one of the
principal uranium minerals in deposits worked in the Colorado Plateau region
of the western United States, and coffinite is also important there. Davidite is the
principal uranium mineral mined at Radium Hill, Australia.

Uraninite group. The uraninite group of minerals comprises uraninite, pitch-
blende, thorianite and cerianite. Uraninite and pitchblende, being more abundant
and of greater economic importance than the others, are discussed most fully.
Although thorianite is essentially a thorium mineral, it is included here because
in its strict mineralogical classification it is a member of the uraninite group. Until
a few years ago thorianite had been found at only a few places in Canada, but it
has since been identified from several other localities. Cerianite has so far been
identified at only one locality, and there it occurs in but small amounts.

Uraninite and its variety pitchblende are important minerals of uranium
because (1) they are relatively abundant, (2) they contain large percentages of
uranium, and (3) they are amenable to established extraction processes. One or
the other is an ore mineral at every Canadian mine now producing uranium. Pitch-
blende was once considered to be a separate mineral species and was the first
uranium ‘mineral’ known, its name being doubtless applied because of its usual
pitch-like lustre, but its relation to uraninite has since been established by X-ray
studies. Most mineralogists now regard it as a variety of uraninite, but some do
not make a distinction and use the terms interchangeably; still others believe that
the term pitchblende should be dropped altogether. The writers class it as a
variety of uraninite because: it has separate and diagnostic characteristics, it
occurs in virtually distinct kinds of deposits, and it is used widely in the Canadian
literature.

Uraninite and pitchblende consist essentially of uranous oxide (UO,) and
uranic oxide (UQj;). Ideally, they both have the composition (UO.), and may
have originally been deposited as such, but because of oxidation, some of the UO,
is changed to UOj. This oxidation is generally attributed to a combination of
weathering and auto-oxidation, the latter being a theory conceived by Ellsworth
which proposes that as the uranium atoms decay their attached oxygen atoms
become available to oxidize UO, to UOj;. It is also probable that some UQO3 was
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deposited when the minerals were originally formed. Regardless of the process, no
UO,, has been found in nature that is not oxidized to at least some extent, and the
oxidation seems to increase with the age of the mineral. Pitchblende is usually
more oxidized than uraninite. Both minerals also contain appreciable amounts of
lead. Most, if not all, the lead is due to radioactive disintegration, but some of
that reported in analyses may be of primary origin or be due to microscopic
inclusions of lead minerals. The lead derived from radioactive disintegration is
called radiogenic lead. Although uraninite and pitchblende have essentially the
same compositions they display chemical and physical differences. Uraninite,
almost without exception, contains several per cent of thorium and rare earths.
Pitchblende, on the other hand, rarely contains more than a trace (less than 0.1
per cent) of these elements. Robinson (1955) stated that in concentrates from
forty pitchblende specimens from one area X-ray spectrographic analyses failed
to detect any thorium or rare earths. Specimens of apparently pure pitchblende
may show wide variations in composition, but this is usually due to fine-grained
admixtures of other minerals, such as quartz and hematite, which are observable
only under high magnification. Typical uraninite is crystalline, occurring mostly
as cubes and octahedra or in combinations of these forms. It is hard, steely black
and has a metallic lustre; on alteration it becomes soft and black, with a dull
lustre. The streak is black. Pitchblende is cryptocrystalline and almost always
occurs as disseminations and masses whose forms show no external crystal faces,
but which may be botryoidal, banded or colloform. It is generally black and hard,
with a pitch-like lustre. Both minerals are characteristically heavy and strongly
radioactive, and dissolve in nitric acid.

Among mineralogists who distinguish between uraninite and pitchblende,
some base their distinction on origin, some on composition, and some on habit.
The writers believe that all these criteria should be considered, but feel that no
one is satisfactory in itself. For example, Robinson identified crystalline pitch-
blende from a Canadian deposit, and although this might well be regarded as a
mineralogical curiosity it is nevertheless noteworthy. Also, the late H. V. Ellsworth
told Steacy of a thorium-free crystalline uraninite that he had found in a pegmatite.
Accordingly, uraninite is here regarded to be the macrocrystalline form of UQ,
that occurs typically as crystals in deposits formed at high temperatures and which
contains in solid solution several per cent of thorium and rare earths. Pitchblende
is regarded to be the cryptocrystalline form of UQO, that occurs in deposits formed
at lower temperatures, which typically shows no crystal form, and which contains
no thorium or rare earths or contains them in negligible amounts.

Uraninite forms a complete isomorphous series with thorianite, its thorium
analogue, ThO,. Although the complete series has been demonstrated in the
laboratory, there are some gaps that have yet to be filled by naturally occurring
compounds. For example, and as well illustrated by Robinson and Sabina (1955)
in their study of twenty specimens of uraninite and thorianite from Ontario and
Quebec, a large gap has yet to be filled by uraninites containing from about 15 to
25 per cent ThO,. The name uraninite is applied to those members of the series
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that contain more uranium than thorium, and the name thorianite to those
members that contain more thorium than uranium; in other words, a division is
made at a thorium-to-uranium ratio of 1 to 1. A mineral containing identical
amounts of uranium and thorium is named uranothorianite, but so far as the
writers are aware it has not yet been identified in Canada. Thorianites, rich in
uranium—generally placed at 10 per cent or more—are named uranoan thorianite.
Like uraninite, thorianite contains several per cent of lead and, usually, rare
earths, in addition to its variable but always significant content of uranium,
Thorianite closely resembles uraninite in most physical properties. It commonly
occurs in small cubes and interpenetration twins of the cube, such twins being
helpful in distinguishing thorianite. It is much less soluble than uraninite under
normal weathering conditions.

Cerianite has been found in small dark greenish octahedral crystals at one
locality (Graham, 1955).

Brannerite. Brannerite is essentially an oxide of uranium and titanium, con-
taining minor but variable amounts of thorium, rare earths, calcium and iron. It
occurs as masses, imperfect crystals, and rounded grains. Unaltered brannerite
is black, with a vitreous lustre, and is about as heavy as pyrite. It closely resembles
many of the complex multiple oxides, and like most, is metamict. Upon alteration
it becomes brownish to pale brownish yellow, and the lustre then varies from
resinous to dull. The mineral alters fairly readily to anatase with which it may be
confused unless a radiometric test is made.

In heavy mineral separates of certain Canadian ores made by the Geological
Survey of Canada brannerite grains were found invariably to be altered to anatase
or rutile; they vary appreciably in colour from almost black, through brown to
light tan, and they show wide variations in their radioactivity. Chemical analyses
on hand-picked samples showed up to 41.3 per cent U3Og and up to 6.1 per
cent ThO, (Roscoe, 1959). The grains are metamict, and before ignition yield
an X-ray diffraction pattern comparable to those for anatase or rutile. After
ignition for several minutes at a high temperature the grains yield the characteristic
pattern for brannerite. Because of these X-ray observations, as well as other con-
siderations, the writers earlier thought the grains might be mixtures that formed
artificial brannerite when ignited for X-ray diffraction tests, but studics to date
appear to leave little doubt that brannerite is a definite mineral species occurring
naturally in the ores.

Niobate-tantalates. Multiple oxides containing niobium, tantalum and titanium
are among the most commonly occurring radioactive minerals in Canada. Approxi-
mately thirty such minerals are known, and of these seventeen have been identified
from Canadian localities, about one half belonging to a few well-defined iso-
morphous series. The minerals contain several elements in complex combinations,
and are popularly called radioactive niobate-tantalates. Their composition can be
expressed by the generalized formula A,B,O,, where A represents chiefly rare
earths, uranium, calcium, thorium, ferrous iron and sodium; where B represents
chiefly niobium, tantalum and ferric iron; and where O represents oxygen, hydroxyl
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and fluorine. The uranium content is generally less than 10 per cent, but specimens
of some minerals, notably samarskite and betafite, have shown more. Specimens of
samarskite have indicated up to about 17 per cent UzOg, and specimens of beta-
fite (and its varieties ellsworthite and hatchettolite) 18 to 27 per cent. Ellsworthite
and hatchettolite are listed in most publications as variants of pyrochlore but
recent work by Hogarth (1959) has shown that they are more closely related to
betafite and should be considered as varieties of betafite, as also should all pyro-
chlore containing more than 15 per cent uranium.

The minerals vary in colour from black through brown to yellow, the
more prevalent colours being black and darker shades of brown. They have a
brilliant lustre. They are hard, but extremely friable. Most are commonly found as
rounded grains or small masses, but some betafite occurs as octahedral crystals,
and imperfect crystals of some varieties, such as fergusonite, have been noted in
some specimens received by the Geological Survey. The minerals are not soluble
in acids and on this basis they may be distinguished from other common radioactive
minerals such as uraninite, uranothorite and allanite. They may be distinguished
from thucholite in that they show no apparent effect on ignition.

Thucholite. Thucholite is the name given to radioactive hydrocarbons, of vari-
able composition, that occur in many pegmatitic and vein-type deposits. Detailed
studies have shown that thucholite is not a true mineral species but a mixture com-
posed of one or more hydrocarbons and uraninite or pitchblende, usually present
as microscopic disseminations (Davidson and Bowie, 1951; Bowie, 1953). Because
thucholite is fairly common, however, and because it has separate characteristics,
it may for practical purposes be regarded as a separate mineral. The name was
improvised by Ellsworth from the first letters of five main constituents of an
occurrence near Parry Sound, Ontario, namely: thorium, uranium, carbon, hydro-
gen and oxygen. The name is now generally applied to any hydrocarbon that is
significantly radioactive, though thorium may be entirely absent. Thucholite is jet
black and commonly resembles a high-rank coal such as anthracite; in fact, the
first recorded occurrence was described as coal. In such instances it is hard and
brittle, and breaks with conchoidal fracture. The lustre may be dull on external
surfaces, but is brilliant on fresh fractures. The ‘mineral’ is not dissolved by acids,
though admixed minerals may be removed in the acid treatment. Powdered
thucholite burns when ignited at a high temperature, and yields variable amounts
of ash; this is usually light brownish, and is proportionally more active than the
unburned material. Like coal, the mineral has a low specific gravity. Thucholite
occurs as nodules or masses, or as intimate intergrowths with pitchblende and
uraninite. It has also been recognized in a disseminated sooty form in some pitch-
blende deposits (Robinson, 1955). The origin of thucholite has not been com-
pletely resolved but it is generally attributed to the polymerization of fluid hydro-
carbons by radiations from radioactive minerals.
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Supergene minerals. Some uranium minerals, particularly uraninite and
pitchblende, oxidize and decompose fairly readily under surface or near-surface
weathering conditions—that is, in the zone of oxidation—to form a large number
of secondary or ‘supergene’ minerals. One or more of these minerals therefore
commonly occur on or near outcroppings containing primary uranium minerals.
The decomposition is especially pronounced in the acidic environment resulting
from the alteration of sulphides, such as in pitchblende deposits containing pyrite
and chalcopyrite. Many of the species closely resemble one another and often two
or more are intimately admixed in the same occurrence, therefore positive identi-
fications usually require extensive laboratory tests. Because of the limited economic
importance of the minerals, however, such tests are seldom considered necessary
on routine samples, and for this reason the minerals are commonly referred to as
‘uranium stain’, ‘uranium ochre’, or collectively as ‘secondary uranium minerals’.
The different species identified from Canadian localities are listed in Table VII,
uranophane and gummite being the commonest. Gummite has been shown by
X-ray tests to be actually a mixture of several different secondary minerals, but
the name has been retained because it is a useful term to describe collectively the
alteration products of uraninite, and because it frequently appears in the literature.
Supergene minerals of uranium are characterized by their bright colours, these
being typically hues of yellow, orange, and occasionally green; by their relative
softness; and by their strong radioactivity; also, some varieties fluoresce when
exposed to the rays of an ultraviolet lamp. Because of their high uranium con-
tent they will produce a strong positive test for uranium by the fluoride bead
method; this is probably the best single method for identifying them in the field
because secondary iron stains or even lichen growths are known to have been
mistaken for the minerals, and if such substances should occur on rocks containing
thorium minerals misleading interpretations could be made from tests with a
Geiger counter.

Thorium Minerals

According to Frondel (1956) only six minerals contain thorium as an
essential constituent; these are the four silicates: thorite, huttonite, thorogum-
mite and pillbarite; the silico-phosphate: cheralite; and the oxide: thorianite. Many
other minerals, however, contain thorium as an accessory constituent, approxi-
mately sixty being listed by Frondel of which specimens have shown more than
0.1 per cent ThO,. Thorium accompanies uranium in all its primary minerals
except pitchblende, but is absent in its secondary minerals because in these uranium
occurs in the hexavalent state. The principal thorium minerals in Canada are
thorite, uranothorite, monazite, allanite, and the large family of niobate-tantalates.
As opposed to uranium minerals, thorium minerals are chemically stable and
strongly resistant to weathering; therefore very few supergene thorium minerals

47



Canadian Deposits of Uranium and Thorium

are known or described. In Canada, Traill (1954) records the presence of thoro-
gummite at one locality, and thorium has been detected in samples of weathered
radioactive rock in which it may be present in some secondary form, but these are
the only examples known to the writers. The stability of thorium minerals is
evidenced by their frequent occurrence in placers in many countries of the world.

Monazite. Monazite is essentially a phosphate of the cerium group of rare-
earth elements. It generally contains between 4 and 13 per cent ThO,, but only a
few tenths of one per cent UzQg, although Roscoe (1959) described some
monazites that show unusually high amounts of uranium. Monazite is commonly
yellowish, reddish, or clove-brown, with a resinous lustre. It is brittle and has a
good cleavage. The streak is almost white. The mineral typically occurs as crystals
in primary deposits, and as rounded grains in detrital deposits. The crystals may
be minute and poorly developed, and discernible only with a hand lens; as such
they have been observed in biotite-rich samples from migmatites. But where large
and well-developed in pegmatites the crystals are mostly thick and tabular, or they
may be wedge-shaped like those of titanite; and where unaltered they are more
or less translucent. Monazite is sometimes associated with uraninite, whose presence
can usually be ascertained by panning finely crushed portions of the rock. Monazite
is the principal ore of thorium and one of the principal sources of the lighter rare-
earth elements. Because large deposits are already known additional occurrences
are not likely to be of any interest in Canada unless the demand for thorium and
rare earths should improve.

Uranothorite. Uranothorite is a hydrous, uranium-rich variety of thorite,
thorium silicate. The name is used arbitrarily and sometimes loosely, because all
thorites contain at least some uranium, but it here defines those species of thorite
in which the uranium content exceeds 5 per cent. Specimens of thorite in which
uranium has been detected but not measured are occasionally referred to as
‘uraniferous thorite’. Most Canadian uranothorites contain between 5 and 15
per cent U3Oyg, although contents up to 20.73 per cent UzOg have been reported
by Robinson and Abbey (1957). Uranothorite is a non-metallic mineral with a
greasy to resinous lustre. It is commonly black, but may be brick-red or yellow
when free of miscroscopic inclusions. It is hard and brittle and yields a greyish
powder that is soluble in heated nitric acid. It commonly occurs as ovoidal-shaped
grains or irregular masses, and less commonly as crystals; these are usually
slender, and square in cross-section. The strong radioactivity, brittleness, greasy to
resinous lustre, and solubility are diagnostic features. Uranothorite is a sub-
ordinate ore mineral of uranium in some producing mines.

Allanite. Allanite is one of the commonest radioactive minerals in Canada.
A separate description seems appropriate because persons prospecting for radio-
active minerals commonly find it, and because masses or local concentrations will
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cause readings of several times the background count. Allanite is a complex silicate
of rare earths, iron, aluminum and calcium; it may sometimes contain up to 3 per
cent of thorium but rarely contains more than a small fraction of 1 per cent of
uranium. It occurs as platy crystals, as masses, and as embedded grains that are
usually cigar-shaped in cross-section. When fresh, the mineral is jet black with a
vitreous lustre, but most specimens are altered around their margins to a dull
brownish compound. It is hard and brittle. The powdered mineral is light brownish
and is soluble, and gelatinizes, when heated in hydrochloric acid. Slender fragments
of allanite will fuse and intumesce, or swell up, easily when held in a sufficiently
hot flame; the intumescence of the mineral is remarkable and one of the best single
distinguishing characteristics.

Types of Deposits

Including minor occurrences, uranium has been found in almost all the more
common types of deposits that are characteristic of metals in general. At least
minor examples of almost all these have been found in Canada. The number of
types from which uranijum is produced, both in the world as a whole and in Canada,
is much smaller. Canadian uranium ores are of three broad classes: the most pro-
ductive now being uraniferous conglomerate, and the others being pitchblende-
bearing veins, stringer-systems and disseminations, and pegmatitic granite. Thorium
occurs in much the same types of deposits as uranium; in fact, most classes of
uranium deposits contain at least some thorium, the distinction being mainly a
matter of degree rather than of types. There is, however, an important exception;
pitchblende deposits do not contain significant amounts of thorium.

A classification is a necessary aid to description and arrangement of data, but
no classification is entirely satisfactory or final. The producing deposits can be
classified according to their importance, but the possible future importance of
some nonproductive ones is uncertain; in any case, a classification of this kind
would not be appropriate for geological discussion. The deposits can be classified
according to their contained minerals, but several different types contain the same
minerals. They can be grouped according to their form—that is, whether they
occur as veins, disseminations, sedimentary beds, etc.—but such groupings fail to
take into consideration several other important characteristics. Deposits can be
classed according to the kinds of host rocks in which they occur, but excepting
the conglomerates, deposits otherwise similar occur in such a wide variety of rocks
that such a system does not seem well suited to Canadian purposes. The writers
consider, therefore, that a classification based primarily on origin—that is, a
genetic classification—provides the best treatment for the present discussion and
for the needs of Canadian prospectors and geologists.
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Canadian Deposits of Uranium and Thorium

A tentative genetic classification was used in the first edition of this report,
but soon required revision in the light of further research and additional uranium
discoveries. A revision was made by Robinson (1958); this was revised further
by Robinson and Lang (Griffith, et al., 1958); and with a few additional changes is
the one shown in Table VIII. This is still far from satisfactory, because several
deposits are border-line cases representing deposits in a succession that blends
from one fairly distinct type into another fairly distinct one, instead of being
divisible into sharply defined categories. For example, some deposits have all the
characteristics of pegmatites except that their average grain-size is smaller than
that of rocks strictly classable as pegmatites; petrographically these rocks are
granites or syenites, or pegmatitic granites or syenites, but in form and mineral asso-
ciations they are more closely related to pegmatites than to large bodies of granite
or syenite. Again, certain deposits apparently formed at fairly high temperatures
have most of the characteristics of veins, but partly resemble pegmatite in appear-
ance and mineralogy. Another serious disadvantage is that the origins of certain
types, most notable the conglomeratic, are not yet fully known. Problems of origin
are outlined in the discussions of various types.

Most of the principal divisions of the classification are arranged as nearly as
possible in descending order of temperature of formation, beginning with granitic
deposits, which are formed at high temperatures, and ending with supergene
deposits, which are products of alteration by surface waters. Regardless of whether
large bodies of acid igneous rocks are derived from magma in the classical sense,
or from deep-seated alteration of crustal rocks, they appear to be the first stages in
cycles that include most of the various types of deposits. Most of the uranium and
thorium in an acid ‘magma’ appear to remain uncrystallized during the main stages
of rock formation and to be expelled later to form pegmatites, veins and other
deposits, successive fractions containing increasing amounts of uranium (Everhart,
1958). Some uranium and thorium, however, crystallize in accessory minerals in
granitic rocks. Everhart (op. cit.) pointed out that Machin and others have sug-
gested in a personal communication that “at least some of the uranium in the
Miocene magmas of the Great Basin of the western USA may have been incor-
porated into rock-forming and accessory minerals early in the process of crystalliza-
tion and released into interstitial fluid of the rocks by endomorphic alteration late
in the consolidation process. This implies that uranium may be released from a
magma in both early and late stages during its consolidation, and thus any frac-
tion may contain uranium concentrations.”

Certain types are included for completeness although the only known Cana-
dian examples contain uranium or thorium in amounts far below the quantity of
0.05 per cent, which is, in this country, usually considered to represent an
occurrence.

Granitic Deposits

Plutonic rocks. Large bodies of granitic rocks in the earth’s crust as a whole
have long been known to contain small amounts of uranium and thorium, and
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allanite, uraninite and a few other radioactive minerals have been described as
accessory minerals in them. Uranium and thorium also occur as substitutes
for other elements in the crystal lattices of minerals that do not contain uranium
or thorium as essential constituents. The elements may also be deposited in the
interstices between mineral grains in igneous rocks in quantities too small to be
detected microscopically. Uraninite has not been reported as an accessory con-
stituent of Canadian examples of undoubtedly plutonic granitic rocks, although
it occurs in special classes of granitic rocks. This lack of information on uraninite
may be partly because most attention has of necessity been devoted to richer kinds
of deposits, and probably also because the opaque characteristics of most radio-
active minerals render them difficult to detect during ordinary microscopic studies;
autoradiographs, or mineral separations on bulk samples, or both are required for
thorough investigations.

The emphasis placed on richer deposits has also limited greatly the amount
of analytical data on the uranium and thorium contents of Canadian plutonic
rocks. Studies of radioactivity by ordinary methods are inconclusive because
radioactivity may be caused by the potassium in feldspar as well as by uranium
or thorium, therefore, further tests are necessary to indicate the source of radio-
activity.

Slack (1949) studied the radioactivity of the Round Lake, Elzevir, and
Cheddar batholiths in Ontario and the Bourlamaque batholith in Quebec. He
found that the central parts of all four showed least radioactivity, and that the
rims or parts of the rims were most radioactive.

In a study of the Preissac-Lacorne batholith, Dawson (in preparation) found
that the mean uranium content did not vary greatly from the abundance values of
Rankama and Sahama (1950) for igneous rocks as a whole. He found that con-
centrations of uranium are distributed irregularly, with highs of up to 10 parts
per million; that there is no evidence of concentration in peripheral zones; that
there is a slight increase from intermediate to acidic facies; and that the Preissac
and La Motte massifs are more homogeneous than the Lacorne.

In connection with a study of North American igneous rocks Senftle and
Keevil made analyses on four composite samples from about nine hundred localities
in Canada, the results being tabulated in Table IX. This was an interesting and
stimulating study, but the following points should be noted: (1) the number of
localities from which samples were obtained is relatively small 'in proportion to
the large regions involved; (2) the specimens tested may have included some from
dykes or other non-plutonic bodies; and (3) although the thorium analyses were
made by the thoron-line method, which is believed to be the most reliable, the
uranium contents were calculated from analyses for radium. This could permit
inaccuracies if the precautions taken to account for disequilibrium (see p. 17)
were not entirely effective (the fluorimetric method of uranium analysis has since
been considered most suitable for low-grade samples).
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Table IX

Analyses of Certain Canadian Igneous Rocks
(after Senftle and Keevil)

No. of | Uranium | Thorium | Th/U

Region Rocks Localities | (ppm) (ppm) Ratio

Ont. and Que...........ocererercreremrinnee. Acid 396 2.90 8.89 3.06
Labrador, Maritime Provinces,

[ o Acid 123 4.98 19.8 3.98
Alta., Sask., Man., Yukon,

NWTereeree e Acid 126 4.68 11.2 2.40
B.C,, and Alaska Panhandle.......... Acid 92 3.52 12.2 3.47
Ont. and Que.........cccevrveeevirvnienean. Intermediate 72 2.09 7.95 3.81
Labrador, Maritime Provinces,

[ (OO URO Intermediate 31 3.80 8.86 2.33
Alta., Sask., Man., Yukon,

NWT. e, Intermediate 23 3.70 12.9 3.50
B.C,, and Alaska Panhandle.......... Intermediate 49 2.56 7.42 2.90

In connection with the origin of uranium deposits at Blind River, Roscoe
and Steacy (1958) collected and studied thirty-two samples of granites and grani-
toid rocks. Twenty samples were found to contain zircon in amounts up to 0.1
per cent by weight. Allanite was present in five samples in amounts up to 0.3
per cent. Four samples contained up to 0.06 per cent monazite. One sample
contained 0.1 per cent thorite. Uranium and thorium determinations were made
on twenty-seven of the samples, uranium being determined fluorimetrically and
thorium by the thoron-line method. These determinations showed ranges of
0.0003 to 0.0030 per cent UzOg, and 0.0005 to 0.0095 per cent ThO,. By
plotting the results graphically the mean averages were estimated to be 0.0008
per cent UzOg, and 0.0022 per cent ThO,. The ThO.-to-UzOg ratios of the
twenty-six samples ranged from 0.6 to 5.0, two-thirds of the ratios being between
2.0 and 4.0; the mean ratio was estimated to be 2.8. In contrast to the uranium
and thorium contents, this mean ratio is somewhat lower than the ratio for granitic
rocks as a whole; it may indicate deuteric emplacement of uranium and that
lower-than-normal ratios may be expeeted within uranium provinces; or it may
indicate that there is a preferential enrichment of uranium in deeper parts of
plutonic masses.

As a result of studies of pegmatitic deposits in the Parry Sound area, Ontario,
Ellsworth became interested in the radioactivity of a body of granite on and
near lot 7, concession X, Conger township. The granite is red, fine grained, and
mainly gneissic. It contains streaks of rock that is much coarser grained but not
sufficiently coarse to be regarded as pegmatite in the strict sense of the term.
Preliminary studies showed that the granite possessed a fairly uniform radio-
activity of 0.01 per cent U3Og equivalent. Because of the unusually high activity
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additional samples were collected by Steacy. A radiometric assay on a 100-pound
grab sample indicated 0.010 per cent UzO; equivalent. Radiometric assays on
separate samples showed the gneissic rock to be more radioactive than its coarser
grained inclusions.

More detailed analyses showed that the gneiss contained 0.0063 per cent
U30g and 0.0042 per cent ThO,. In the outcrops examined the granite contains
a pegmatite dyke that was once worked for feldspar and that contained local, but
small, concentrations of radioactive minerals. At one end of this dyke the granite
is only slightly gneissoid. A representative sample of this showed 0.0037 per cent
U3Og and 0.0040 per cent ThO,. It is interesting to note that although the
thorium contents of both types of this granite are almost identical, the uranium
content of the rock adjacent to the dyke is roughly one half that of the gneissoid
material taken at a distance of about 75 feet from the dyke. A test showed that
70 per cent of the radioactivity was lost after leaching with hydrochloric acid,
suggesting that at least most of the uranium is not in refractory minerals but in
soluble minerals or films on mineral grains., Nearby pegmatites contain uraninite,
euxenite and probable monazite, but radioactive minerals have not yet been
isolated from granitic samples.

A study of a sample from a body of red, fairly fine grained granite near
Essonville, some 20 miles west of Bancroft, Ontario, was made by Brown and
Silver (1955). The total uranium content of the sample was 2.74 parts per million.
Most of the uranium was in zircon, an intermediate amount was in titanite
(sphene) and apatite, and very small amounts were found in magnetite, perthite,
plagioclase and quartz.

‘Pegmatitic’ granites and syenites. Several radioactive deposits have some
of the characteristics of granitic rocks and some of the characteristics of pegmatites.
They have the forms—dykes, sills, lenses and irregular masses—of pegmatites,
and their radioactive and associated minerals can be matched by those of definite
pegmatites. Their average grain size is, however, smaller than that of typical
pegmatites, which, the writers believe, can be considered to be an inch or more.
On the basis of grain size, Robinson and Hewitt (1958) classed several deposits
in the Bancroft area, including those of the producing mines, as granites and
syenites. The writers concur with this, but because the deposits are so much like
pegmatites except for their grain size and are so different in form from large
plutonic masses, they are here called ‘pegmatitic’ granites and syenites. The main
characteristics of the principal deposits of this kind in Bancroft area are: only
certain deposits that have average uranium contents of about 0.1 per cent UgOg
have thus far been considered economic; commonly several bodies are sufficiently
close to one another to form parts of a single mining operation; the bodies are
mostly lenticular and irregular; they are not zoned in the technical sense; most are
granites but some are syenites; soda feldspar is generally more abundant than
potash feldspar; most bodies contain ore shoots as well as parts that are too lean
to mine, in some instances rich shoots being used to bring low-grade material up
to an economic average; the richest shoots contain relatively much pyroxene,
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magnetite and biotite; the principal radioactive minerals are uraninite and urano-
thorite, others being allanite, betafite, zircon and fergusonite. Some deposits or
parts of deposits appear to be typical fracture fillings, whereas others show
evidence of replacement of wall-rocks or earlier granitic phases, and some deposits
contain patches that resemble metasomatic deposits more than pegmatites or
granites. The deposits are described more fully in Part ITI.

Other examples of these deposits occur in Saskatchewan, where some of
the bodies usually called pegmatites and migmatites are, strictly speaking, coarse-
grained granites. Uraninite-bearing deposits of this kind are fairly common in the
Charlebois Lake area, occurring along contacts between granite-gneiss and meta-
sedimentary rocks. They have not been productive, but are described briefly in
Part III.

A few of the deposits listed as pegmatitic in Part IV are probably granites, and
vice versa, as the distinction is arbitrary and, also, because some deposits are not
known in sufficient detail to permit an accurate estimate of average grain size.

Pegmatites

Pegmatitic deposits containing one or more radioactive minerals are common
in many parts of Canada. They are of several kinds, some of which would
probably not be called pegmatites by specialists in these deposits, but which seem
to be best called pegmatites for general geological purposes. They are coarsely
crystallized; most are roughly tabular; they are composed of minerals that
crystallize at high temperatures; and metallic minerals are relatively minor
constituents.

The most typical, and probably most abundant, pegmatitic deposits are
simple, unzoned granite pegmatites. These are so well known that little description
is required. Many were worked for feldspar or mica during periods of favourable
demand for these minerals. Radioactive minerals, if they occur at all, are commonly
allanite or uraninite, generally scattered as minor accessory constituents. Although
these minerals may cause radioactivity detectors to react strongly, and yield
selected samples from which high assays may be obtained, no deposits of this kind
have become producers of uranium, except certain of the finer grained bodies
classed and described above as pegmatitic granites and syenites. Ellsworth (1922,
1932) pointed out a tendency for radioactive minerals to occur in pegmatites
that were worked or investigated for their contents of mica or feldspar, whereas
those of possible interest for lithium or beryllium rarely contained radioactive
minerals. This generalization is still fairly applicable. Another rough generalization
is that many pegmatites contain uraninite or uranothorite, or both, as the only or
principal uraniferous minerals, whereas others contain complex uraniferous min-
erals such as euxenite, pyrochlore and fergusonite; pegmatites of the latter type
carrying complex minerals are commonly zoned.

Many pegmatites consist of well-developed or partly developed zones or
‘shells’ having different textures or mineral contents, or both. In some the zones
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are clearly visible, whereas others require careful mineralogical investigations. A
deposit of this kind—the Richardson—is described in Part III as an example.
Another, at Drope Lake, Saskatchewan, has been described by Mawdsley (1958).
It is one of a group of pegmatites and, probably, pegmatitic granites on the
property of La Ronge Uranium Mines Limited which that company estimates to
have a large aggregate tonnage averaging 0.083 per cent UzOg. Most of the
uranium is in supergene minerals. Other radioactive zoned pegmatites have been
described by Robinson (1955, 1958), Ford (1955), Satterly (1957), and
Mawdsley (1958).

In addition to fairly typical unzoned and zoned pegmatites there are several
unusual types of deposits that are difficult to classify. Some have certain character-
istics of granites, metasomatic deposits, or veins, and probably represent gradations
between pegmatites and one of these types. Their principal features and the
reasons the writers group them under the general heading of pegmatites are out-
lined below, and examples of several are described briefly in Part IIT.

Many deposits seem best described as migmatites. They comprise interbeds
of schistose or gneissic rocks and lenses or bands of pegmatite or pegmatitic
granite. Some of the pegmatitic bands resemble ordinary injections, but many
appear to be of metasomatic origin. Because of this uncertainty the writers have
designated them as ‘Charlebois type’ in the tables in Part IV, because many occur
in the Charlebois Lake area of Saskatchewan, including those on the Row claims
which are described in Part III as examples. The writers believe that these deposits
represent a ‘border-line’ case between pegmatitic and metasomatic deposits, and
discuss them here under the general heading of pegmatites because they have many
characteristics of pegmatites and are so-called in much of the literature.

Several occurrences near the East Arm of Great Slave Lake are considered
to be ‘intermediate’ or ‘basic’ pegmatites because of the coarse crystallization of
the dominant mineral, which is actinolite. Apatite, magnetite, calcite, fluorite and
uraninite are present in minor quantities. The Rex occurrences are described in
Part III as the best-exposed examples.

Several deposits in the Haliburton-Bancroft region of Ontario have been
described in other reports, including the first edition of this one, as calcite
pegmatites and calcite-fluorite pegmatites. Ellsworth (1932, p. 216) suggested
two theories to account for the abundance of calcite: one, that ordinary pegmatitic
solutions reacted with limestone country rock and dissolved more calcium
carbonate than could be assimilated by chemical combination, so that calcite
crystallized from the excess; the other is that the calcite bodies are partly
recrystallized and pegmatized inclusions of limestone. Robinson (1958) and
Satterly (1957) who have studied the deposits more recently consider most to
be metasomatic rather than pegmatitic, and Satterly considers some fissure fillings
to be hydrothermal veins. The writers consider most to be metasomatic, and that
those that are called veins or vein-dykes, such as the Cardiff described in Part ITI,
represent ‘border-line’ examples between metasomatic and hydrothermal deposits.
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Metasomatic Deposits

General. As already intimated, several deposits that have some of the char-
acteristics of pegmatites, and which contain some of the same radioactive minerals
as occur in pegmatites, are now considered to be of metasomatic origin. They
are formed by either solutions or gases, or both, that emanate from igneous bodies
and replace or react with country rocks, notably those of limy composition. The
deposits so formed are commonly more irregular in shape than most pegmatites
and veins, but this is not so in some instances where a definite bed or series of
beds of sedimentary rock is affected. Deposits of this general class are called
contact metasomatic or contact metamorphic by some writers because they com-
monly lie at the contact between igneous and invaded rocks. Others call them
pyrometasomatic, in allusion to their high temperature of formation. The writers
omit the word ‘contact’ because all deposits are not immediately at contacts, prefer
‘metasomatic’ to ‘metamorphic’ because the latter term usually implies re-arrange-
ment of elements already in a rock rather than introduction of elements, and prefer
‘metasomatic’ to ‘pyrometasomatic’ because it is shorter.

Some of these deposits, particularly those that seem to be mixtures of types
or border-line examples, have already been mentioned. Others are characterized
by salmon-coloured calcite, sugary diopside, and commonly, by uraninite higher
in thorium than is usual (Robinson, 1958); the Yates deposit described in Part III
is an example containing uranothorite instead of uraninite. Still others, which com-
monly contain molybdenite, occur in lime-rich amphibolites (Robinson, 1958).

Fenites. Another group, termed fenites, are associated with alkaline igneous
rocks that commonly form complexes of several rock types in roughly circular
arrangement. The principal radioactive mineral in these deposits is pyrochlore.
Some extensively explored deposits of this kind have shown large tonnages of
niobium-bearing material with a smaller content of uranium; none is yet in full
production but a pilot plant has been operated in connection with the Beaucage
near North Bay, Ontario. The deposit of Quebec Columbium Limited near Oka,
Quebec, is described as an example in Part III.

Hydrothermal Deposits

The term ‘hydrothermal’ seems the most appropriate one to apply to the large
class of vein and disseminated uranium deposits that are believed to have been
formed by hot solutions at temperatures usually, if not always, lower than those
at which pegmatitic and metasomatic deposits were formed. By derivation, the
term implies only ‘hot waters’. Certain difficulties arise in using the term, however,
because in its classical sense it implies that the solutions and their dissolved metals
emanated directly from a primary magma. Modern theories require that other
possibilities be considered. Magmas may be formed from crustal rocks by processes
of granitization; thus there may be cycles in which metals are eroded from early
mineral deposits, transported to sedimentary basins, consolidated with the enclosing
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sediments into crustal rocks, and these converted into igneous rocks. It seems
possible that, in modified cycles, metals contained in crustal rocks are not incor-
porated in magmas during processes of granitization, but are dissolved from crustal
rocks, transported, and deposited as veins or disseminations by hydrothermal solu-
tions or other agencies derived from the process of granitization. Another possibility
is that surface waters percolating through crustal rocks leach metals from them, are
heated by proximity to molten or cooling igneous bodies, and deposit veins and
disseminations. These theories, although imperfectly developed, may help to acount
for the fact that, in the principal pitchblende-bearing areas of Canada, it has been
impossible to relate the deposits genetically to any exposed bodies of granitic rocks.
According to the classical concept, in such cases the parent granitic bodies are
assumed to lie at depths not yet exposed by erosion. If the uranium in the present
pitchblende deposits was re-cycled by a process only remotely connected with
igneous processes, the lack of exposed related igneous rocks may be accounted
for more readily. In any event, most or all the deposits here classed as hydro-
thermal seem to be related at least remotely to igneous processes and to have
been deposited by hot solutions.

Uraninite-bearing veins, A few vein deposits in central British Columbia
appear to belong to the hypothermal (high-temperature) class of hydrothermal
deposits (Stevenson, 1951). Parts of the veins, however, contain pegmatitic ma-
terial, suggesting that the deposits either represent ‘border-line’ cases between
pegmatites and hydrothermal deposits, or are ‘telescoped’ deposits formed partly
under pegmatitic conditions and partly at lower temperatures. The deposits are
characterized by the presence of crystalline uraninite, monazite, and allanite, toge-
ther with cobalt-nickel sulpharsenides, molybdenite and other metallic minerals,
and by hornblende as a gangue mineral.

Pitchblende-bearing veins, disseminations, etc. Veins, stringers, lenses,
pods, stockworks, breccia-fillings, disseminations and combinations of these forms,
all containing pitchblende, are numerous. Many of the disseminations seem to have
been formed by the filling of open spaces in crushed or brecciated rock, but some
may have resulted from replacement. Most deposits appear to have been formed
under mesothermal (medium-temperature) or epithermal (low-temperature) con-
ditions, but Robinson (1955, pp. 97-100) presented evidence that some of the
early pitchblende in Beaverlodge area may have been deposited at temperatures
as high as 500°C. Many deposits were evidently formed at successive stages, in
part by solution and redeposition of earlier pitchblende. Some ‘sooty’ pitchblende
may be supergene.

Excepting thucholite and related hydrocarbon materials which are not strictly
minerals and which occur relatively scarcely, pitchblende is the only primary
radioactive mineral in these deposits. With respect to associated metalliferous
minerals the deposits are divisible into two broad groups which, although not
completely separate, constitute a useful distinction. In most pitchblende deposits
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hematite is the only other abundant metalliferous mineral (it appears to be com-
pletely lacking in a few deposits). Such deposits commonly contain occasional
grains or masses of sulphide or selenide minerals. The other class comprises very
complex mineral associations, including, as well as hematite, abundant cobalt-
nickel sulpharsenides, and, in some deposits, native silver, selenides, vanadium
minerals, gold and platinum. The complex type is rarer than the simple type, and
is best represented by the veins of the Eldorado and Nicholson mines. In most
deposits of both simple and complex types the principal gangue minerals are
quartz, carbonates, or chlorite, all three not occurring in all deposits.

The so-called ‘giant quartz veins’ common in parts of the Northwest Ter-
ritories are an interesting and unusual variety of the simpler mineralogical type.
They are large stock-works composed of quartz stringers and silicified wall-rocks,
commonly occupying major fault zones and being traceable for miles. Some
can be seen readily from the air or on air photographs because of their resistance
to erosion and their light colour. Some appear to be barren of radioactive minerals,
and others contain scattered streaks and pods of pitchblende and hematite. The
Rayrock mine (see p. 193) is related to one of these deposits.

Recent Placers

It is, perhaps, inconsistent to begin the discussion of sedimentary deposits and
those possibly of sedimentary origin with unconsolidated placers of Recent age
instead of with deposits in consolidated rocks, but certain matters that pertain to
the latter can best be explained by first describing Recent placers.

Radioactive minerals have been found in several stream placers in British
Columbia and Yukon Territory, and in some instances the lodes or rocks from
which the minerals were eroded and deposited in sand or gravel are evident.
Pyrochlore, allanite and monazite are the most common radioactive minerals. To
date, only one group of placers, at and near Bugaboo Creek, British Columbia, are
known to have been investigated as possible commercial sources of radiocative
minerals; these were explored as possible sources of niobium and, perhaps, of
other metals as by-products. Radioactive minerals reported are: a member of
the pyrochlore-microlite series, a member of the euxenite-polycrase series, allanite,
uraninite and uranothorite. The deposits are described further on page 198.

Uraninite is commonly considered to be a rare constituent of placers because
of its brittleness and solubility, but the following evidence indicates that it may
not be as rare as hitherto supposed. Another occurrence, at Nation River,
British Columbia, has been reported by Steacy (1953) from concentrates sent to
the Geological Survey. An attempt made to find this occurrence for further investi-
gation failed as the prospector who sent the sample had left the country. Steacy
recently separated a few microscopic, euhedral grains that gave a spotty UO,
pattern by X-ray tests, from concentrate collected by R. W. Boyle of the Geologi-
cal Survey from the Barker Placer on Haggart Creek in Yukon Territory. A recent
study by Koen (1958) on the attrition of uraninite in a laboratory mill showed
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that after grains were worn to small size little further attrition took place.This sug-
gests that the common failure to find uraninite in placer concentrates may be due
partly to its presence in fine rather than in coarse fractions. The study by Koen
also showed that uraninite is slightly more resistant to dissemination than monazite.
This suggests that, apart from grain size, the scarcity of uraninite in placers is more
a matter of solubility than brittleness.

A small low-grade thorium placer probably containing monazite was found at
the shore of Yamba Lake, Northwest Territories, where wave action has con-
centrated material from an esker. It is described further on page 211.

Conglomeratic Deposits

Precambrian conglomerates containing uranium and thorium in the Blind
River area are now Canada’s principal uranium ores. Associated with the con-
glomerate in a general way are smaller amounts of quartzite and other rocks con-
taining uranium and thorium minerals. The ore conglomerates contain tightly
packed, moderately rounded quartz pebbles in an arkosic matrix in which pyrite
is abundantly disseminated. These rocks lie on, or short distances above, a
prominent erosion surface which distinguishes early and late Precambrian times.
The matrix of the ore conglomerate contains relatively small amounts of brannerite,
uraninite and monazite, almost always in grains of microscopic sizes, and several
other minerals of apparently minor economic significance which are listed in the
more detailed description of the deposits in Part III. The ores average about 0.1
per cent UzOg and about 0.05 per cent ThO,. Many other beds and lenses of
similar conglomerate in the area contain smaller amounts of uranium and thorium,
and some beds low in uranium appear from preliminary sampling to contain as
much as 0.1 per cent ThO,.

Evidence regarding the origin of the conglomeratic ores is conflicting. The
hypotheses put forward by different geologists and mineralogists are, briefly: (1)
that the ores are simply ancient placers derived from the erosion of earlier Pre-
cambrian terrain and subsequently lithified; (2) that the ores went through an
alluvial (placer) stage but were later modified by diagenetic processes that did not
greatly affect the bulk composition of the placers; (3) that the ores are entirely
epigenetic, all the uranium and other metals having been introduced by hydro-
thermal solutions or some other metallizing process; and (4) that the ores resulted
partly from alluvial processes but were much modified, probably with introduction
of certain metals as well as sulphur, and that these changes were caused hydro-
thermally or by some other process.

Superficially it would appear that the theories of origin outlined above would
be easy to prove or disprove, but many factors that seem to indicate sedimentary
origin can be used also to point to sedimentary features that would favour the
entry of mineralizing solutions and resulting crystallization of epigenetic minerals.
These problems are by no means restricted to the Blind River ores. They have been
debated for a much longer time in connection with the gold-uranium conglomeratic
ores of the Witwatersrand in South Africa, which are analogous in many respects,
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the main differences being that the latter are essentially gold ores, from which
uranium is recovered as a by-product, and that they contain uraninite but not
brannerite.

The writers are not specialists on the origin of the Blind River deposits,
although Steacy has done much laboratory work in connection with a special field
and laboratory study undertaken by S. M. Roscoe of the Geological Survey. All
that is attempted here is to record the following list of what appear to the writers
to be the main factors respecting syngenetic and epigenetic origins, and combina-
tions thereof, and to state their present opinions regarding the most plausible
explanations.

Factors suggesting syngenetic detrital origin. 1. The ores are unquestion-
ably related to sedimentary features. The most notable of these features is the con-
glomerate itself, which strengthens the concept of detrital origin.

2. Most of the mine geologists, who are able to study the deposits as they are
developed day by day and whose opinions must therefore be respected, believe in
detrital or modified detrital origin and say that successful mine geology requires
a detrital outlook.

3. Many of the minerals in the conglomeratic matrix are heavy or resistant
minerals (or both) occurring in rounded or subrounded grains. Many of these
minerals are typical constituents of Recent placers.

4. The deposits are on or close to a widespread erosional surface. Samples
from rocks beneath this surface show small contents of uranium and thorium.

5. ThO3/U30g ratios of samples from basement rocks and overlying con-
glomerates are more or less comparable. The ratios are considerably lower than
ratios for the earth’s crust as a whole, thus suggesting a genetic relationship between
the basement rocks and the conglomerates.

6. The uraninite is of the variety high in thorium and rare earths, typical of
granitic and pegmatitic deposits, not the pitchblende variety typical of hydrothermal
deposits.

7. Virtually no signs of macroscopic veins or replacement by quartz or
metalliferous minerals have been found.

8. Little sign of the red alteration typical of Canadian hydrothermal uranium
deposits has been reported from outcrops, drill-cores, or underground workings.
This factor is not entirely cogent because red alteration is much less noticeable in
the Theano Point pitchblende area some 100 miles to the northwest than in
the pitchblende areas of Saskatchewan and the Northwest Territories.

9. Monazite and thorite have been found both in basement rocks and in
conglomerates. Although monarzite is reported to occur with pitchblende in the Bel-
gian Congo, it and thorite are characteristic of granitic and pegmatitic rocks; they
are fairly heavy and resistant.

Factors suggesting epigenetic or modified detrital origin. 1. Pyrite seems
to be present in much larger quantities than in Recent gold-bearing and other
placers, and it is relatively unoxidized. It is characteristic of many epigenetic de-
posits. However, some of the pyrite occurs as rounded grains.
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2. Magnetite is virtually absent, whereas it is abundant in most Recent placers.
The absence of magnetite seems to be more contradictory of a detrital origin than
is the abundance of pyrite. '

3. The Blind River area lies between the great epigenetic sulphide deposits
of the Sudbury area, and formerly large although less important epigenetic copper
deposits at Bruce Mines. Many smaller epigenetic deposits lie in the intervening
terrane, which includes a zone of prominent faults. The Blind River deposits are
thus situated so that hydrothermal or other epigenetic origins are plausible
geographically.

4. Uraninite is fairly brittle and soluble and has seldom been reported from
placers. Three occurrences in Recent placers in Western Canada have, however,
been reported. Furthermore, a recent study mentioned above in connection with
unconsolidated placers suggests that fine-grained uraninite is more resistant than
monazite to attrition.

5. Uraninite and brannerite have not been found in samples from basement
rocks. The sampling of basement rocks, however, has not been exhaustive. The
source may have been farther from the site of the ores, and was undoubtedly at
horizons that were reduced by erosion.

6. Factors that suggest sedimentary deposition of ore minerals can also be
considered favourable for epigenetic mineralization. Roscoe and Steacy (1958)
stated, however, that sharp, very large, contrasts in uranium content cannot be
correlated with large differences in permeability.

7. In at least one specimen a veinlet of pyrite cuts a quartz pebble. This is
not a vital factor because it could be an accidental veinlet unrelated to the pyrite
of the matrix; or it could be formed by subsequent migration and recrystallization
from matrix pyrite.

Tentatively, the writers consider that the factors outlined above suggest
deposits that were in part detrital but which later underwent considerable changes.
They believe that the main problems are the amount of these changes, and whether
they involved only rearrangement of elements within the sediments or included
introduction of elements. It appears almost certain that magnetite was converted
to pyrite, but this could have been by processes of low-grade regional meta-
morphism (Roscoe and Steacy, 1958) rather than by hydrothermal action. Most
or all of the thorium seems most plausibly explained by detrital origin. All the
uranium may have been contributed to the sediments in detrital mineral grains
which have not since been altered or which may have been partly recrystallized.
On the other hand, some or most of the uranium may have been introduced
hydrothermally, or uranium may have been carried into the sedimentary basin
as impurities in other minerals, or in solution in surface waters and later been
deposited as films on mineral grains; subsequent metamorphism or hydrothermal
action would then be postulated to have transported the uranium slightly and
crystallized it as uraninite or brannerite, or both. ‘Brannerite’ shows evidence,
as mentioned in the section on mineralogy, of being a mixture of two minerals,
but such mixtures could have been deposited detritally. The writers are not so
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favourable to the suggestions as to the need for transforming magnetite to pyrite,
but believe that serious consideration should be given to them because some
uraninite is fairly sharply crystalline rather than rounded.

Deposits in Sandstone

Deposits comparable to the important deposits in sandstone characteristic of
the Colorado Plateau region in the United States have not yet been found in
Canada. A deposit in sandstone, containing autunite and phosphuranylite at
Middle Lake, Saskatchewan is of this general type. It is uncertain whether
this deposit is syngenetic, epigenetic, or supergene. Robinson (1958) suggested
that it may have been formed by deposition in sand before its consolidation.

Several radioactive occurrences associated with carbonaceous material in
sandstone are mentioned below.

Deposits in Dolomite

A few low-grade deposits near the south shore of Great Slave Lake, North-
west Territories, contain a little fine-grained monazite and uraninite (or pitch-
blende). It is uncertain whether these deposits are of syngenetic or epigenetic
origin. Their association with structures that appear to be algal suggests that they
may be of biogenic origin. On the other hand, a pitchblende vein deposit and
several occurrences described above as pegmatites of intermediate composition
have been found in the same area, therefore it is not unreasonable to conjecture
that the radioactive minerals were introduced into the dolomite epigenetically.
The largest known occurrence, the McLean Bay, is described on page 201.

Phosphate Rocks

Although phosphate rocks of Jurassic age, more or less comparable to those
mined for uranium in the northwestern United States, occur in the Fernie forma-
tion of the Canadian Rocky Mountains, virtually no uranium has been found
in them. Only brief reconnaissance investigations have been made on uranium
deposits of this kind in Canada, however, because of the low grade of the
deposits in the United States. A few samples taken by Lang from the Fernie
area showed up to 0.005 per cent UgOg equivalent, and up to 0.0045 per cent
U305 by fluorimetric analysis. Robinson (1958) found that the radioactivity is
associated with collophanite.

Carbonaceous Deposits

A few small or low-grade occurrences of uranium associated with carbona-
ceous material found in Canada are briefly described below. It may be of interest
to note incidentally that preliminary tests on certain drill-cores from the Athabasca
tar sands showed no significant radioactivity, and that twenty of twenty-one
samples showed traces to 0.002 per cent UsOg equivalent, which is within the
range of activities found for common rocks and sands. One sample, supplied
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by A. W. Norris of the Geological Survey, showed 0.0043 per cent U300y equiv-
alent; the ash of its extracted oil showed 0.07 per cent UzOg equivalent, but
this represented an activity of only 0.00002 per cent in the tar sand sample itself.
A heavy mineral concentrate made from the sample was found to contain some
grains of monazite. This preliminary sampling is, however, not exhaustive.

Marine shales. Radioactive logs of wells drilled for oil and gas in the Great
Plains show black carbonaceous shale of the Exshaw formation to be the most
radioactive rock, but it is only slightly radioactive. From samples collected by
Lang, from several occurrences of such shales in Alberta and British Columbia,
the highest assays obtained by fluorimetric analyses were 0.0070 per cent UgOg
for a sample from the Banff formation, and 0.0047 per cent U;Og for a sample
from the Exshaw. Five samples from the Exshaw showed up to 0.005 per cent
U3z Oy equivalent (Haites, 1959).

Radioactive nodules in shale. Small weakly radioactive nodules were found
by T. L. Tanton in specimens of mudstone and shale he collected from the Sibley
series, considered to be of late Precambrian age, near Nipigon, Ontario (Tanton,
1948). The radioactivity, which was detected by means of autoradiographs, is
concentrated in small black spots at the core of the nodules. The writers under-
stand that uranium was detected chemically but that because of the slight amount
no quantitative tests were made. The nodules are similar in some respects to radio-
active, vanadiferous nodules in Permian red clay near Budleigh Salterton, Devon,
described by Carter (1931) and Perutz (1939).

Coal and lignite. Many deposits of coal and lignite in various parts of Canada
were tested with a scintillation counter by B.A. Latour of the Geological Survey.
Radiometric assays on the ash from 355 samples from the most radioactive
localities gave the following results:

Number of samples Per cent Us0Og equivalent (beta)
107 0.001 or less
139 0.002
66 0.003
27 0.004
8 0.005
2 0.006
4 0.007
2 0.008

Some of the radioactivity of the samples mentioned above may be caused
by potassium or thorium. However, the fact that much of it is due to uranium is
shown by the following results of fluorimetric analyses for uranium made on five
of the samples, which were from seams in Alberta and Saskatchewan:

Per cent Ug0g equivalent Per cent Ug0g
0.007 0.008
0.007 0.006
0.006 0.004
0.005 0.001
0.005 0.001
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A sample of ash from a coal seam in the Eastend area of Saskatchewan, sent
to the Geological Survey by the Saskatchewan Department of Mineral Resources,
showed 0.057 per cent UzOg equivalent. As a result of further tests it was con-
cluded that most of the radioactivity of this sample was caused by uranium.

Hydrocarbon in fault zones. Uranium-bearing hydrocarbon occupies fault
zones at the Hampton property in New Brunswick (Gross, 1957, pp. 6, 12-14),
The hydrocarbon is believed to have migrated from oil shale of the nearby Albert
formation. Analyses show the presence of uranium in fairly pure hydrocarbon,
but no uranium mineral could be isolated. The source of the uranium is not clearly
evident, but it may have been leached by ground water from sedimentary rocks
and have been precipitated by the hydrocarbon.

Hydrocarbon in felsite dykes. Very finely disseminated pitchblende or
uraninite has been found in specks and veinlets along the borders of felsite dykes
cutting black carbonaceous slate and argillite, at Coxs Brook, New Brunswick
(Gross, 1957, pp. 4, 6, 11). Gross stated that the hydrocarbon was probably
derived from the slate during cooling of the dykes, but that the dykes are believed
to be the source of the uranium. A somewhat similar occurrence was found in the
same general region at the contact of a quartz-feldspar porphyry dyke with black
slate (Gross, 1957, p. 10).

Deposits associated with fossil carbon in sandstone. Occurrences of uran-
ium associated with fragments of fossil wood and ‘trash pockets’ in carboniferous
sandstone have been found at Shippigan Island, New Brunswick, and Black
Brook, Nova Scotia (Gross, 1957, pp. 6, 17-21). In places, the uranium is
associated with chalcocite, pyrite, and hematite or malachite in the woody material.
A little uraninite or pitchblende associated with hematite was isolated in material
from Shippigan Island. No uranium mineral could be isolated in specimens from
Black Brook and it is thought that the uranium may be present in the ionic state
instead of as a distinct mineral. The copper and uranium are believed to have
been precipitated from circulating ground water.

Supergene Deposits

The outcrops of most Canadian uranium deposits contain cappings of super-
gene (secondary) minerals, but these rarely extend to significant depths. This is
probably because the fairly cold climate retarded supergene action and because
glaciation removed some supergene accumulations. The supergene minerals are,
therefore, rarely separate deposits but are surface and near-surface phases of
primary deposits. They are commonly important as guides in prospecting because
of the bright yellow, orange, and green colours of the supergene minerals, but as
a rule do not occur in large quantities. The most common Canadian supergene
uranium mineral is uranophane. Supergene thorium minerals are rare.

Exceptions to the above statement are the Gunnar and Fish Hook Bay
deposits in Beaverlodge area, Saskatchewan, where large amounts of uranophane
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as well as some sooty pitchblende persist to depths of a few hundred feet. This un-
usual mode of occurrence, so far as Canadian deposits are concerned, is evidently
caused by movement of artesian surface water through porous rocks and mineral
deposits. The Gunnar deposit is described on page 158.

A few deposits comprise supergene minerals transported laterally from their
primary sources. Examples of this kind that have misled prospectors have been
found in the Northwest Territories and Saskatchewan. They comprise thin films
of yellow minerals on smooth glaciated outcrops that appear to have been painted
yellow. Uranium has evidently been leached from lean occurrences by rain water
or meltwater which has then stood in ponds long enough for the contained uranium
to crystallize out. The deposits are spectacular, and because of their lateral extent
they cause strong reactions on radioactivity detectors, but the rock beneath is
barren or only slightly radioactive. A larger transported supergene deposit on the
Bolger claims at Beaverlodge is described on page 198.

Very low-grade supergene uranium occurrences, associated with chalcocite,
in carbonized plant fragments in the Pictou formation of Nova Scotia are described
by Brummer (1958).

Radioactive Springs and Related Deposits

A type of radioactive deposit that apparently contains little or no uranium or
thorium is exemplified by several springs in various parts of Canada, and by tufa
deposited around some of them. Satterly and Elworthy (1917) reported that
water from several springs contained a little radon and that some contained a
little radium, but not in amounts likely to be recoverable commercially. They
attributed the presence of these elements to solution of small amounts of radium
contained in common rocks. The writers are indebted to S. S. Holland of the
British Columbia Department of Mines for informing them that at the Liard hot
springs in northeastern British Columbia high counts were obtained at the springs
themselves, from pannings from several of the pools, and from tufa deposited
around them. A specimen of tufa tested by the Geological Survey was fairly
radioactive but X-ray fluorescence analyses showed no uranium or thorium; special
radiometric tests indicated that the radioactivity was probably due mainly to the
radium group of elements. These springs are in the Liard Plateau and in a
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