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Introduction 
 

The first discovery of significant uranium deposits in 
Canada occurred on Great Bear Lake, Northwest 
Territories, by Gilbert LaBine of Eldorado Gold Mines in 
1930. Initially the mine was for the purpose of radium 
recovery, and thus radium and uranium salts as well as 
copper, silver and cobalt were produced until 1940 when 
the Port Radium mine was shut down. The original 
company name of Eldorado Gold Mines was changed to 
Eldorado Mining & Refining Limited in 1943, after the 
company was asked by the Minister of Munitions & Supply, 
C.D Howe of the Canadian Government, to re-open the 
Port Radium Mine, with the objective to produce uranium 
and not radium for strategic purposes. Thus the whole 
subject became one of secrecy, and even the element was 
not stated other than “compound X”, which continued for 
about 10 years. In 1944, because the project now was vital 
to not only Canada but also Great Britain and United 
States, the shares of Eldorado Mining & Refining were 
expropriated by the Canadian government and the 
company became a Crown company. Samples of the Port 
Radium pitchblende analyzed as high as 60% uranium.  

Although the uranium industry in Canada has 
developed since the mid 1940s, the application of 
hydrometallurgical unit operations was not evident until 
the late 1940s and early 1950s, when the demand for 
increased recovery and higher-grade products occurred. 
Over the next 50-60 years there was considerable 
exploration, development of properties and the opening of 
many mines. The development was somewhat cyclical, as 
dictated by the demand for uranium changed periodically. 
For example, by the mid 1960s there was essentially no 
world market. Many mines ceased operating and refining 
production was severely reduced, to the point of complete 
shutdown of those facilities for a short period. Since then, 
demand has gradually increased and recently was the 
highest in history. At present, in 2011, it is still high. 
Currently there is much exploration of new properties as 
well as metallurgical testing and R&D for possible future 
operations. There have been many successes as well as 
failures, the latter often due to decreasing ore grades or 
high operating costs relative to the price of the uranium 
product. The early operations were concerned with the 
revenue that could be achieved, with less concern for the 
energy requirements and very limited concern for waste 
content and disposal. Radiation monitoring and protection 
of the worker developed only slowly. Considerable 
research over the period in Canada and throughout the 
world has provided valuable information which has 

resulted in guidelines on levels of radionuclide discharge 
from mining operations and on levels of radioactivity 
acceptable regarding health and safety of the workers. This 
chapter details much of the history of the Canadian 
uranium industry and the accomplishments that have 
occurred. Past and present technology is discussed as new 
operations are started, and so is current R&D, which will 
provide future mines with improved technology. 

Because of the close association of thorium and the 
rare earths with some Canadian ores, particularly those in 
the Elliot Lake region of Ontario, some detail is given to 
those elements as by-products to uranium recovery at 
those sites. One mine recovered thorium, while a bulk rare 
earth precipitate was produced at two operations in Elliot 
Lake. Uranium recovery from the production of phosphoric 
acid containing small amounts of uranium is also 
mentioned, describing the single commercial operation in 
Canada. 

Uranium mining in Canada has occurred in several 
regions, initially at Great Bear Lake in the Northwest 
Territories, Elliot Lake area in Northern Ontario, the 
Beaverlodge region in Northern Saskatchewan, and the 
Bancroft region of Eastern Ontario. None of the early 
plants are presently operating. Following the Beaverlodge 
operation in northern Saskatchewan, other plants were 
subsequently brought into production in that area, 
including Rabbit Lake, Cluff Lake and Key Lake. 

More recent operations in Northern Saskatchewan are 
now major producers. In 1988, the federal and 
Saskatchewan governments agreed to the amalgamation 
of their respective crown corporations, Eldorado Nuclear 
Limited and Saskatchewan Mining Development 
Corporation. The resulting company, Cameco Corporation, 
is currently the world's largest uranium producer, having 
purchased most of Uranerz's Canadian holdings. In 1987, 
Cogema Resources Inc., a French government-owned 
company, purchased all of Amok's Canadian interests as 
well as some of the Uranerz holdings. In 2006 Cogema was 
renamed AREVA Resources Canada Inc. AREVA is the other 
major player in Saskatchewan uranium mining and also 
produces uranium in other countries, ranking third in total 
uranium production. 

All the early developments in the examination of ores 
and metallurgical testing and analytical development that 
occurred in the late 1940s through to the mid 1960s were 
performed by the Radioactivity Division of the Mines 
Branch of the Department of Mines & Technical Surveys in 
Ottawa. 

This assistance in the metallurgical development 
included the initial Port Radium mine on Great Bear Lake, 
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the several mines in the Beaverlodge area, as well as the 
Elliot Lake Mines and those in the Bancroft area Ontario. 
Limited assistance was also provided by the successor to 
the Radioactivity Division, CANMET (Department of Energy 
Mines & Resources), as the subsequent northern 
Saskatchewan mines were developed in the 1980s and up 
to the present.  

In that first generation of uranium plants, and in other 
industries in the period 1950-1970, it was not uncommon 
to have an R&D group within the organization. Two such 
companies were Eldorado Mining & Refining Ltd. which 
opened their own R&D Division in 1957 in Ottawa, and Rio 
Algom in the 1960s with their R&D laboratories at the mine 
site in Elliot Lake.  

In addition to the Reference section at the end of this 
chapter, there is a Bibliography section which contains 
much reference material to the industry. 
 

Contributions to the Development of 
Canada’s Uranium Industry 
 
Early Contributions by the Government of Canada 
Laboratories 
 
As noted, federal government research led the way in the 
development of the uranium industry in Canada during the 
period from the early geological explorations and 
metallurgical investigations to the early 1960s. Following is 
a list of the initial contributions to the uranium industry by 
the federal government laboratories of the Radioactivity 
Division of the Mines Branch in Ottawa. All contributions 
were adapted by industry. Due to constraints in the length 
of this document, only a brief listing of the major areas of 
contributions follows: 
 

Geological surveys (Geological Survey of Canada); 
Mineralogy (Radioactivity Division and subsequently 
CANMET) of Energy, Mines & Resources; 
Radiometric ore sorting through the development of 
the Lapointe Picker; 
Grinding, flotation, roasting, leaching in acid or 
carbonate, pressure leaching, pachuca leaching, 
solid/liquid separation; 
Ion exchange, precipitation; 
Flowsheet development, including the original 
processes for that of Port Radium, Beaverlodge, Elliot 
Lake; 
Pilot plants for all of the above; 
Development of analytical methods and providing a 
manual of methods; 
Organizer and secretariat of the Analytical Sub-
Committee of the Canadian Uranium Producers 
Metallurgical Committee (CUPMC) to develop 
standard analytical methods and produce analytical 
standard samples for calibration throughout the 
industry; and, 

Organizer and secretariat of the Canadian Uranium 
Producers Metallurgical Committee, formed in 1959 
for the purpose of exchanging information on research 
in uranium ore treatment, and as a clearing house for 
information pertaining to all uranium developments in 
Canada. 
 
The government (CANMET of Energy, Mines & 

Resources) continued being involved through to the late 
1980s, with the following contributions (in no particular 
order): 
 

Bacteria-assisted leaching of uranium ores that was 
implemented at mine sites; 
Continuous ion exchange recovery which was piloted 
at the Beaverlodge mill of Eldorado Nuclear at the 
1,200 foot level underground on uranium recovery 
from mine water; 
Mineralogy of ores, residues and tailings weathering; 
Solvent extraction technology; pilot plant design; 
contactor comparison; 
Continuation of solvent-in-pulp technology previously 
initiated by Eldorado Nuclear; 
Recovery of uranium from unfiltered leach slurries 
using solvent-in-pulp; 
Removal of radium226 from ores and effluents; 
Recovery of thorium and rare earths from the waste 
solutions occurring in the Elliot Lake plants due to 
many predicted potential uses for various rare earth 
compounds. Also, the prediction in the early 1970s by 
an international body stated that the uranium cycle 
for fuel would be replaced by the mid-1990s by the 
thorium cycle; 
Tailings disposal, weathering and effluent treatment;  
Assistance to several developing mines in flowsheet 
development and piloting;  
Improved technology for the future, including the use 
of chloride systems for the leaching of the ore, 
enhancement of metals separation and recovery, and 
radium rejection; and 
Publication of texts on solvent extraction, mineralogy, 
and on tailings management. 

 
Eldorado R&D Contributions 
 
Much of the basic technology that is now employed in the 
uranium industry in Canada and throughout the world was 
developed in Canada. Most significant developments 
occurred in the early days, in the period from the late 
1940s through the 1970s. In addition to the contributions 
by the federal government laboratories, the following are 
some of the technologies developed and implemented by 
Eldorado in their operations at Port Radium, Beaverlodge, 
and at the Port Hope Refinery: 
 

Controlled leaching of pitchblende by control of the 

220

The Canadian Metallurgical & Materials Landscape 1960 to 2011



oxidizing potential by addition of an oxidant together 
with control of the pH; 
Co-operative project with the USA (Oak Ridge National 
Laboratory and General Mills Chemicals) in the 
development of solvent extraction for uranium 
recovery from leach solutions in an upgraded product; 
piloted at Port Radium in 1956, plant start-up in 1958 
and the general technology since used throughout the 
world on uranium plants; 
Solvent-in-pulp technology and pilot plants to reduce 
the high costs of the solid/liquid separation stage; 
Precipitation and drying in the production of the final 
product; 
Pressure leaching of uranium in a carbonate system; 
Leaching of uranium ores in pachucas and the use of 
oxygen sparging and stirred agitation in a carbonate 
system; 
Use of an on-site oxygen plant to assist in the 
oxidation required in the leaching of ores in a 
carbonate system; 
Joint project with the Mines Branch for production of 
UO2 directly from the alkaline leach solution by use of 
sodium amalgam reduction which was successfully 
piloted. The product was dried, pelletized and sintered 
and successfully loop-tested at Chalk River Atomic 
Energy of Canada laboratories for suitability in the 
CANDU nuclear power reactor; 
Process for removal of Th230 from the Beaverlodge 
leach solution prior to precipitation recovery of 
uranium to meet contract specifications; 
Process for the removal of vanadium from the 
Beaverlodge product by a calcination (roast-leach) 
plant, using a multi-hearth roaster; 
Technology for the refining of numerous yellow cake 
feed materials and the development of technology for 
the production of UO2, UO3, UF4, UF6; 
Research initiated, together with the Mines Branch, 
for non-nuclear uses of uranium, such as the possible 
introduction of small amounts of uranium in steel 
(e.g., for automobiles); 
Developed technology and a plant for the treatment of 
zircon for the recovery of a high purity zirconium 
product and separation from hafnium, and production 
of zircolloy-2 for subsequent tubing for encapsulation 
of the UO2 fuel pellets for the CANDU reactor. In the 
process, the zirconium product was recovered from 
the zirconium nitrate solution by addition of 72% HF to 
produce an UF4.xH2O precipitate. Following drying, the 
product was treated by reduction with magnesium 
metal to produce metallic zirconium; and 
During the early 1960s, when the forecast for uranium 
and its use in power reactors appeared to be 
declining, the Refinery at Port Hope shut down for a 
period. Because Eldorado did not want to lose 
expertise, the decision was to maintain the plant 
operation but on a metal other than uranium. A 

considerable amount of funding was made available 
for the R&D, but no capital expenditures for additional 
plant equipment were permitted. The process had to 
fit the existing refinery as regards unit operations and 
corrosion aspects. The separation and recovery of 
cobalt and nickel products was selected, the refinery 
equipment cleaned and the novel process using 
solvent extraction separation successfully ran in the 
refinery. That process was licensed to INCO in Canada, 
and to Nippon Mining Ltd. in Japan. The latter 
company operated for about 15 years until the feed 
source was no longer available. That separation 
process has been the basis for subsequent separation 
technologies by solvent extraction. 

 
Canadian Industrial Contributions 
 
Various mining and engineering companies, involved either 
in design, applications or development of specific 
equipment, have also made significant contributions to the 
development of Canada’s uranium industry. These 
contributions include: 
 

Engineering and design of uranium plants in Canada 
and overseas by A.H. Ross & Associates Limited; 
Design and exploitation of the Lapointe Picker in the 
development for industry by Ore Sorters Limited; 
Design and engineering of the Himsley Continuous Ion 
Exchange Column, by A. Himsley of Himsley 
Engineering Ltd., 
Contributions towards the improvement of the ion 
exchange and Eluex process for enhancement of the 
ammonium diuranate product; 
Assistance, by Canadian metallurgical consultants, in 
the development of uranium technology and plants in 
many countries, including: Australia, Brazil, USA, 
China, Egypt, France;  
Contributions by Eldorado Mining and Energy, Mines 
& Resources to the Manhattan Project, to the 
International Atomic Energy Agency (IAEA), to the 
United Nations (UN) and to the Canadian International 
Development Agency (CIDA); and 
Introduction of the use of bacteria in the leaching of 
Elliot Lake ores, the recovery of uranium from 
underground bacteria-assisted leaching, and the 
development, with the assistance of CANMET, of the 
application to an underground mine and to the 
leaching of heaps on surface. 

 

Uranium Refining at Port Hope, Ontario 
 
The Eldorado Refinery at Port Hope, Ontario, situated on 
the shore of Lake Ontario, commenced operations in 1933, 
with radium as its main product. In 1942, with the creation 
of the Manhattan Project and the uranium now a strategic 
material, uranium and radium were of equal importance. 
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The initial feed to the Refinery was pitchblende 
concentrates from the Eldorado Port Radium mine 
together with concentrates from the Belgium Congo. By 
1953, radium production was terminated. Since that date, 
the Refinery has concentrated on producing nuclear grade 
uranium. 

In 1949, a smelting process developed at Port Hope 
separated uranium as a slag from radium in a gravity 
concentrate, which included cobalt, nickel, copper, silver, 
bismuth. Dissolution of the slag in nitric acid followed by 
extraction with ether or methyl isobutyl ketone (hexone) 
recovered the uranium. Pilot plants were conducted during 
the 1950-1951 period, with the hexone being preferable 
(Burger and Jardine, 1958). Also in 1951, tri-butyl 
phosphate was examined as a possible extractant, 
followed by pilot plants at Port Hope and at the National 
Lead Company, Ohio during the period 1953-1954. 
Achieving success, a new solvent extraction plant was 
constructed and commenced operation June 1955. 

This process is still used throughout the world, in 
Canada by Eldorado Mining & Refining, subsequently re-
named Eldorado Nuclear and presently by the new 
company Cameco. The process consists in the leaching of 
impure chemical precipitates of uranium (yellow cake) in 
nitric acid, followed by uranium separation and purification 
by solvent extraction using tri-butyl phosphate (TBP) as the 
extractant. The extraction, scrub, and water-stripping 
operations were in sieve-plate pulse columns. Precipitate 
feed to the Eldorado Refinery was originally a concentrate 
received from the company’s mine at Port Radium, N.W.T. 
Subsequently, precipitates from many mills have been 
processed. 

The refining process using solvent extraction separates 
uranium from many impurities, among them being 
thorium, molybdenum, vanadium, sulphate, rare earths, 
phosphate, and arsenates. The process flowsheet, as 
described by Burger & Jardine is shown in Figure 1 under 
the chapter on Hydrometallurgy “Solvent Extraction” by 
Collins et al. in this commemorative book. 

The leaching of the precipitates and concentrates with 
nitric acid results in a solution containing about 300 g/L U, 
3N in free nitric acid, and with a density of 1.6 g/ml. The 
final strip solution is uranyl nitrate, which is denitrated and 
evaporated to a UO3 product. 

Throughout the Port Hope Refinery operations, 
various products have been produced. These include the 
ceramic UO2 designated for the fuel for the CANDU nuclear 
power reactors, UF4 as a precursor to UF6 production that 
is shipped to UF6 diffusion nuclear power plants, and small 
quantities of uranium metal. Developments also occurred 
in the technique of production of uranium carbide and 
uranium silicide, as well as alloys of enriched uranium, and 
enriched uranium-zirconium alloys. Presently, the Port 
Hope Refinery, now known as the Port Hope Conversion 
Facility, produces ceramic UO2 and UF6 for shipment to 
conversion plants (Özberk, 2011). 

Subsequently, around 1984, Eldorado started a new 

refinery, located west of Sault Saint Marie, at Blind River, 
Ontario. Much of the process is similar to that of the Port 
Hope Refinery described above (and also in greater detail 
in the chapter on Solvent Extraction by Collins et al. in this 
volume), except for the use of Mixco centrally-agitated 
columns, manufactured by the Lightning Company. The 
Blind River Refinery is the largest uranium refinery in the 
world, and produces 18,000 tonnes of uranium annually 
from concentrates received from Canadian miners as well 
as other countries, such as Australia and the USA (Özberk, 
2011). This refinery is still in operation, and produces UO3 

that is shipped to the Cameco Port Hope Conversion 
Facility for further processing (Özberk, 2011). 
 

Uranium in the North West Territories 
 
Port Radium, N.W.T. 
 
Canada’s first uranium mining operation, and one of the 
first in the world, was located at Port Radium, North West 
Territories, on the shores of Great Bear Lake, about 26 
miles south of the Arctic Circle, and 1,000 air miles north of 
Edmonton, Alberta. The Eldorado Mining & Refining Ltd. 
commenced operation in the 1940s, following geological 
work by the Geological Survey of Mines & Technical 
Surveys of the Canadian Government, and was supported 
in its development by the research and technical assistance 
of the Radioactivity Division of Mines & Technical Surveys 
(subsequently Mines Branch and now CANMET). In 
addition to ore concentrates being produced in the Port 
Radium gravity mill for shipment to the Eldorado Port 
Hope Refinery, a low grade uranium phosphate precipitate 
grading about 28% U was initially produced in the leach 
plant. 

The ore was crushed, ground and sorted through a 
gravity mill in which a radiometric sorter, developed by the 
Radioactivity Division of Mines & Technical Surveys, 
assisted in the rejection of the gangue and recovery of the 
uranium values. High grade ore concentrates (hand-picked, 
jigs and hutch) were bagged and shipped to the refinery. 
The lower grade was subjected to chemical treatment in 
the mill. 

Run of mill ore grade was about 0.2% U3O8 feed to 
leaching. To this material were added dredged tailings 
resulting from previous radium operations at the site, also 
about the same grade. Leaching was in a hot sulphuric acid 
solution, with the addition of sodium chlorate to provide 
for oxidation conversion of insoluble U+4 in the pitchblende 
to soluble U+6. The oxidation potential was controlled at 
about 450-500 mV to ensure complete oxidation. 
Following leaching, filtration and washing of the solids, 
uranium was recovered as a low grade precipitate by the 
addition of aluminum powder. Such a low grade of 28% 
U3O8 meant that considerable amounts of impurities were 
being shipped to the refinery, especially since the high 
grade pitchblende ore from Port Radium (shipped in bags) 
also contained considerable mineralization, with about 45 
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identified minerals (Kidd and Haycock, 1935). The main 
uranium mineral was pitchblende. Some of the other 
major minerals included the following: magnetite, 
hematite, pyrite, arsenopyrite, limonite, safflorite, 
rammelsbergite, smaltite, skutterudite, cobaltite, niccolite, 
gersdorffite, bismuth, molybdenite, sphalerite, galena, 
bornite, chalcopyrite, chalcocite, covellite, argentite, silver, 
pyrolucite, azurite, malachite, ferruginous rhodochrosite, 
quartz, dolomite.  

By 1954, the possibility of an improved grade of 
precipitate was discussed. Meetings between Oak Ridge 
National Lab, Tennessee (Keith Brown), General Mills (Joe 
House) and Eldorado (Arvid Thunaes and colleagues) 
resulted in a decision to employ solvent extraction at the 
mill site. The reagents produced at General Mills were 
evaluated at ORNL and Eldorado. These were long chain 
amines: initially tri-caprylyl amine, subsequently tri-fatty 
amine, and eventually commercialized as Alamine 336. 
Two plants came on stream during the same month in 
1958, Mexican Hat in USA and Eldorado Mining Port 
Radium in Canada, both using solvent extraction with the 
extractant being Alamine 336. The amine extraction 
process for uranium was referred to as the AMEX process. 

Mixer-settlers were used for the contact of the leach 
liquor with the extractant in a kerosene diluent. In Canada, 
at Port Radium, a local diluent was used, known as Arctic 
Low Pour Kerosene, produced at Norman Wells, about 40 
miles across Great Bear Lake from Port Radium. This was a 
highly viscous material, but was usable as long as the 
mixing was not severe to cause permanent emulsions and 
crud, and providing that the settlers were baffled. The feed 
solution or pregnant leach solution (PLS), contained about 
1.8 g U3O8/L. Following extraction, the loaded solvent was 
scrubbed with water to remove entrained aqueous 
containing impurities, such as iron, silica and others. The 
scrubbed solvent was stripped with a sodium carbonate 
solution followed by recovery of the uranium by addition 
of sodium hydroxide to produce a sodium diuranate 
(Na2U2O7) grading in the order of 75% U3O8. This first 
solvent extraction plant in Canada ran well until mine 
closure in 1960, when the ore grade decreased below 
economical recovery. The flowsheet and complete 
description is given in the chapter on Hydrometallurgy 
(Solvent Extraction). 

Figures 1 to 4 show various aspect of life in and 
around Port Radium in the 1950s. 

 

  
 

Figure 1. Port Radium (1953) 
 
 

 
Figure 2. Local Inuit (Dogrib) and bags of pitchblende 

cobbed ore concentrate (1953) 
 

  
 

Figure 3. A Sunday fishing trip on Great Bear Lake (1953) 
 

Figure 4. Bush pilot landing Norseman during ice break-
up on Great Bear Lake (1954) 
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Rayrock Uranium Mines Ltd, N.W.T. 
 
The Rayrock Uranium Mines Limited property was situated 
in the Marian River region, 100 miles northwest of 
Yellowknife, Northwest Territories, and operated from 
1957 to 1959. Not much information is available on the 
operation. The initial staking for uranium deposits was in 
1948 and the property was re-staked in 1950. American 
Yellowknife Mines Limited explored the site with detailed 
Geiger surveys and extensive trenching in the early 1950s. 
In 1954, exploration work included over 10,000 feet of 
surface diamond drilling, and the company was 
reorganized as Rayrock Mines Limited. Underground 
development began in 1955 with the driving of a long adit 
tunnel to intersect the radioactive zones 300 feet below 
surface. The mine opened in June 1957 with a 150-tonne 
per day leaching mill. Development was expanded and the 
mine reached depths of 1,000 feet by the end of 1957. The 
failure to locate ore in significant quantity below the 1,000 
foot level resulted in the cessation of mining on July 31, 
1959. 

During the operations at Rayrock Mine, the mill 
processed 78,781 short tonnes of uranium ore, yielding 
458,020 pounds of yellowcake. Rayrock Mine was a fully 
underground uranium mine. A small townsite was built by 
the company operating the mine during this period 
(Rayrock Mine, Wikipedia, November 10, 2010). 
 

Uranium in Ontario 
 
Elliot Lake, Ontario 
 
The discovery of the large deposit at Elliot Lake is generally 
credited to geologist Franc Joubin. It led to the 
development of the first mine, that of Pronto, which 
commenced operation in 1955. The Quirke and Nordic 
mines were in production during 1956. Subsequently, by 
1958, additional companies were producing, including: 
Consolidated Denison, Spanish American, Stanrock, Panel, 
Can-Met, Stanleigh, Milliken Lake, and Lacnor. An 
amalgamation occurred in 1956 when Rio Tinto acquired 
Pronto, Quirke, Nordic, Panel, Lacnor, Spanish American, 
and Millikan Lake. 

The Elliot Lake area of Ontario was very active during 
the late 1950s through the 1970s, with a few mines 
continuing into the early 1980s. By 1958 there were 11 
mines in operation, treating a total of 30,000 tonnes of ore 
per day. Because of the close similarity of the mineralogy 
and the ore grades, the metallurgical processes were very 
similar. The main uranium minerals were uraninite, 
uranothorite and brannerite, together with lesser amounts 
of thucholite in a matrix of quartz, pyrite, sericite, and 
chlorite. The ore body was low grade, containing in the 
order of 0.1% U3O8. Thorium and rare earths were also 
present, and were eventually recovered in two of the 
plants. A typical analysis of the ore in that area is given in 
Table 1 (Uranium in Canada, 1964, Eldorado Mining & 

Refining Ltd). The Elliot Lake area operations included the 
following: 
 

Rio Algom (Nordic, Panel, Quirke, Milliken Lake, 
Pronto, Lacnor, Preston, Spanish American) 
Denison 
Stanrock 
Stanleigh, and 
Can-Met. 
 
With the numerous developments taking place, the 

town of Elliot Lake was created. When uranium operations 
ceased in the early 1990s, the townsite continued and 
today remains essentially as a retirement community. 
 

Table 1. Typical analysis of Elliot Lake ores 
Element % 
U3O8 0.13 
U 0.11 
Th 0.028 
Rare earth oxides 0.057 
Total S 3.38 
Total Fe 3.35 
Al2O 3 6.18 
SiO2 80.26 

 
Denison was the largest operation in the area, as well 

as the largest known source of uranium in the world during 
the period of the late 1950s to 1970s. The 
hydrometallurgical plant commenced operation in 1957. 

By the early 1970s, only two operations remained at 
Elliot Lake, that of Rio Algom-Quirke and Denison. The 
production was 4,500 and 6,000 t U/day, respectively. A 
third mine remained in production in Canada, that of the 
Eldorado Nuclear Beaverlodge operation in northern 
Saskatchewan. 

For a long time, efficient extraction of the brannerite 
ores required leaching at elevated temperatures in strong 
sulphuric acid plus an oxidant, sodium chlorate, at an 
addition of about 3 lb/t ore. Following the development of 
the flowsheet (by the Radioactivity Division of the Mines 
Branch) and piloting, the plant design was initially 
implemented at the Pronto mine. 

The ore was ground to 52% at minus 200 mesh and 
leached in pachucas for 48 hours using 70-80 lb/t H2SO4 at 
160oF. Recovery was about 95%. Following leaching and 
separation from the residue solids by filtration or 
countercurrent decantation, the process at the Elliot Lake 
operations was similar, in that uranium was separated 
from the clarified leach liquor by solid ion exchange, where 
the strong base Amberlite IRA-400 manufactured by Rohm 
& Haas was the common resin. The resin is selective for 
uranium over thorium, rare earths and some trace 
elements. Both fixed bed and moving bed systems were 
used in the Elliot Lake mills. The uranium was removed 
from the resin by elution with a nitrate solution (one plant 
used chloride elution). The eluate was neutralized with 

224

The Canadian Metallurgical & Materials Landscape 1960 to 2011



lime and ammonia to pH 3.5 to remove iron, and the 
uranium was subsequently recovered as yellow cake by 
precipitation with magnesium oxide or ammonia to pH 6.8. 
The filtered precipitate was dried, using various designs of 
dryer equipment, resulting in grades to 80% U3O8. 

The iron precipitate also included some uranium, and 
therefore was recycled by leaching for recovery of the 
residual uranium values. Figure 5 presents the schematic 
flowsheet for the Rio Algom Quirke mill and Figures 6 to 8 
show the mill site, the disc filters and the tailings pond.

 

 
 

Figure 5. Flowsheet for Rio Algom Quirke (Uranium in Canada) 
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Figure 6. Rio Algom Quirke mill (1972) 
 
 

 
 

Figure 7. Rio Algom Quirke mill disc filters (1972) 
 
 

 
 

Figure 8. Rio Algom Quirke tailings pond (1972) 
 
Denison Mines 
 
Denison mines had similar ore mineralogy and a similar 
metallurgical flowsheet as Rio Algom Quirke. Figures 9 to 
11 present photos of the mill, cyclones and drum filters in 
the 1970s. 

 
 

 
 

Figure 9. Denison mines (1972) 
 
 

 
 

Figure 10. Denison mill cyclones (1972) 
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Figure 11. Drum filters at Denison Mines (1974) 
 
Agnew Lake, Espanola, Ontario 
 
The exploration for uranium in Canada was essentially 
dormant during the mid 1950s to mid 1960s, and resumed 
about 1966. This resulted in the development of two new 
properties, the first being Agnew Lake in Ontario, and the 
second the discovery of a pitchblende deposit in northern 
Saskatchewan by Gulf Minerals in 1968 (Williams et al., 
1971). 

The Agnew Lake Mine was located about 100 km east 
of Elliot Lake, Ontario, and with similar mineralogy as the 
Elliot Lake mines, including: uranothorite, uraninite, 
brannerite, monazite and thorite as the major radioactive 
minerals concentrated in a quartz-cerisite matrix. Also 
present was pyrite, pyrrhotite, rutile, feldspar, muscovite 
and traces of chalcopyrite, galena, zircon, magnetite (Wolf, 
1981). 

The deposit was discovered in the early 1950s. The 
company Kerr Addison commenced development work in 
1976, which was performed mainly at the laboratories of 
CANMET, Ottawa. The program comprised successful 
bench and pilot work and the subsequent testing of 
solution mining on a surface stockpile and in an 
underground stope (McCreedy, 1976). 

The application of bacteria to the leaching of uranium 
ores was initially researched at the Rio Algom Mines Ltd. in 
Elliot Lake in 1961 (Fisher, 1966). Commencing in 1962, 
uranium was recovered from the worked-out areas of the 
Stanrock Uranium Mines Ltd underground mine by 
recycling solution containing the indigenous strain of 
bacteria thiobacillus thiooxidans and ferrobacillus 
ferrooxidans (MacGregor, 1966). A monthly production of 
10,000 pounds of uranium oxide resulted from the high 
pressure wash of stope walls and residues, followed by a 
rest period to allow for further leaching to occur. 

The Agnew Lake plant had a capacity of 1 million 
tonnes per year of U308, at a cost of about $37 million 
(Canadian Mining Journal, 1966). The operation made use 
of in-situ underground leaching and surface leaching of 
blasted ore, both leaches using a bacterially assisted 
(thiobacillus ferrooxidans) ferric sulphate leach solution 

(IAEA, 1975). The clarified leach solution was processed by 
continuous ion exchange, using a Himsley moving-bed ion 
exchange column. The Diamond Shamrock ion exchange 
resin was Duolit ES 131 anionic resin (Wolf, 1981). The 
loaded resin was eluted with 10-13% sulphuric acid and 
the eluate was treated in an eluex circuit using the tertiary 
amine Alamine 336 with isodecanol as the modifier in a 
kerodene diluent for the solvent extraction recovery and 
purification of the uranium. Following stripping, the 
uranium was recovered by precipitation with ammonia to 
produce ammonium diuranate (yellow cake). 

Eventually the operation had to be terminated, not 
because of the metallurgy, but due to the poor mining 
control in the blasting, in which the ore pieces were much 
greater than the prescribed maximum of 8-10-inches 
diameter. The leach efficiency decreased over time from 
about 72% in 1-year to less than 30% in that same time 
period. The mine was flooded at close-out. Ore-size was a 
major factor affecting the in-situ leaching of uranium. 

However it was not so simple to close out the heaps 
on surface, as leaching still continued. Ultimately the 
material had to be disposed of in deep excavated areas 
and covered. 

Figures 12 to 14 show photos of the Agnew Lake 
operation. 
 

 
 

Figure 12. Agnew Lake Mines (1971) 
 

 
 
Figure 13. Agnew Lake - preparing for heap leaching (1971) 
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Figure 14. Agnew Lake leach solution to mill (1971) 

Bancroft, Ontario Area 

There were at least three operating uranium mines in the 
Bancroft area of eastern Ontario. The largest was the 
Faraday mine, followed by the Bicroft Mine and the 
Greyhawk Mine. Milling operations were centered only at 
the Faraday and Bicroft mines, and thus toll treatment of 
the smaller operations was provided. 

The typical process consisted in the initial crushing and 
grinding to 48-50% minus 200 mesh. Following thickening, 
the slurry with 60-62% solids was pumped to two banks of 
air-agitated wood stave pachucas, each bank consisting of 
four 18 ft x 45 ft (5.5 m x 13.7 m) pachucas. Leaching with 
H2SO4 was controlled at pH 1.8, and sodium chlorate 
addition ensured the oxidation of ferrous to ferric iron 
during the 48-hour leach. 

Following leaching, filtration, washing and clarification 
on a pre-coat filter, the solution was sent to ion exchange 
for uranium recovery. The ion exchange plant consisted of 
four 9 ft. x 12 ft. (2.7 m x 3.5 m) columns, each containing 
300 cubic feet (9 cubic meters) of Amberlite IRA 400 resin. 
The uranium was recovered off the resin by elution with 
1.0 N NaCl in 0.1 N H2SO4. The yellowcake precipitate 
product was recovered by the addition of MgO slurry. The 
precipitate was filtered, washed and dried. 

The operation of the Bicroft ion exchange circuit has 
been described in detail (Edwards and Smith, 1962). The 
fixed bed ion exchange plant consisted of two sets of four 
columns, 8 ft. x 14 ft, having a capacity of 385 cubic feet 
resin. One interesting aspect of the circuit was the resin 

treatment and regeneration for impurities removal, 
particularly polythionates. Regeneration was accomplished 
using a solution mixture of 5% NaOH and 3% NaCl. 
 
Madawaska Faraday Mine 
 
The deposit was known since the 1920s, and staked in 
1948 by A.H. Shore of Bancroft (Uranium in Canada). 
Underground development commenced in 1954 and the 
mill started operations in 1957. Production continued until 
1964, when Faraday Uranium Mines was sold to Metal 
Mines Limited on the expiry of contracts. The average ore 
grade was 0.107% U308. Mining resumed in 1975 and 
production started in 1976 and continued until 1982. 

The Madawaska mill area and tailings pond are shown 
in Figures 15 and 16. 

 

 
 

Figure 15. Madawaska Mines precipitate dryer (1976) 
 

 
 

Figure 16. Madawaska Mines tailings pond (1976) 
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Greyhawk 
 
The deposit was discovered in 1955 and was a uranium 
producer from 1957 to 1969; total yield was valued at 
$834,889. Mining was by Greyhawk Uranium Mines 
Limited and the ore was treated at the Madawaska 
Faraday mill. In 1975 the property was acquired by 
Madawaska Mines. 
 
Bicroft 
 
The Bicroft deposit in the Bancroft area was discovered in 
1952 by G.W. Burns of Peterborough. Exploration began in 
1953 by Centre Lake Uranium Mines Limited. The company 
was amalgamated with Croft Uranium Mines Limited to 
form Bicroft Uranium Mines Limited in 1955. Production 
commenced in 1956. Operations were terminated in 1963. 
During the period of operation, 2,016,693 kg of U308 was 
recovered from 2,233,055 tonnes of ore. 
 

Uranium in Northern Saskatchewan 
 
Eldorado Beaverlodge 
 
The Athabasca Basin of northern Saskatchewan has been 
the site of all major Canadian uranium discoveries in the 
past 50 years. The first northern Saskatchewan uranium 
deposits were discovered in the early 1950s and Eldorado 
Mining & Refining began mining at Beaverlodge Mine in 
1953. During the early late 1940s and early 1950s, 
Northern Saskatchewan was being further explored by 
Eldorado Mining & Refining Limited. Geological exploration 
and metallurgical testing carried out by Eldorado and the 
Radioactivity Division of the Mines Branch of the 
Department of Mines & Technical Surveys indicated 
another ore deposit located on Beaverlodge Lake, about 
500 miles south east of Port Radium, in northern 
Saskatchewan. 

The initial process that was piloted in Ottawa was a 
pressure leach of a carbonate ore. This pressure leach pilot 
plant in 1952 was concurrent with an acid pressure leach 
pilot plant also in Ottawa, conducted by Sherritt-Gordon 
on nickel sulphides. Both pilot plants were successful. The 
Eldorado plant was constructed in northern Saskatchewan 
and was in production in 1953. However, after about a 
year of operation, the stainless steel autoclaves, because 
of severe corrosion, were replaced by wooden pachucas. 
The leach time in the pachucas was 96 hours in a hot 
Na2CO3-NaHCO3 solution. The uranium ore mineralization 
was mainly brannerite plus some carnotite in some ore 
zones. Recovery was initially only about 88%. Over several 
years and much research, the addition of an oxygen plant 
and the introduction of sparging oxygen into well-mixed 
pachucas helped achieve a recovery of > 92%. Following 
solid/liquid separation, the uranium was recovered from 
the alkaline leach solution by addition of sodium hydroxide 
to precipitate sodium diuranate, drying in a rotary kiln and 

subsequent roasting in a multi-hearth furnace. 
Because the ore also contained pyrite containing some 

uranium, a flotation plant was required for the removal of 
the pyrite prior to the alkaline leaching for uranium 
recovery. The flotation concentrate was leached with 
sulphuric acid to recover the uranium. That solution was 
treated to precipitate the uranium. 

Although neither solvent extraction nor ion exchange 
were used in the Beaverlodge process, after the success at 
Port Radium, the possibility of utilizing solvent extraction 
was investigated for incorporation into the Beaverlodge 
mill. That particular uranium circuit was selected for 
evaluation of a new solvent-in-pulp (SIP) process, involving 
direct solvent extraction of uranium from the acid slurry. 
The adoption and successful use of SIP would result in 
about 50% reduction in the capital costs and in a 50% 
reduction in the operating costs of the solid/liquid 
separation (Ritcey et al., 1967; Gow and Ritcey, 1969). 
Consequently, there was a real incentive to pilot the 
process on a larger scale than had been done at the R&D 
laboratory in Ottawa. 

A 10-inch diameter sieve-plate pulse column was 
constructed in Port Hope, shipped to Beaverlodge and 
used for extraction in the now-conventionally accepted 
tertiary amine (AMEX) solvent extraction process. The pilot 
plant ran for about 4 months during 1966, and mixer 
settlers were used for scrubbing and stripping. Both NaOH 
and (NH4)2CO3 were investigated and compared for 
stripping and production of the final product. Actually, the 
latter reagent was technically and economically preferred, 
since much of the reagent could be recovered for re-use as 
ammonia and carbon dioxide in the roasting cycle, and 
resulted in a higher grade U3O8, as compared to the NaOH 
or (NH4)2SO4 strip. Nevertheless, the final decision on the 
successful pilot project was to use either caustic or 
ammonium sulphate strip. Unfortunately, the plant was 
never constructed, because the geological data indicated a 
limited mine life. The flowsheet and description are given 
in the chapter on Hydrometallurgy (Solvent Extraction). 

The town site is shown in Figure 17 while Figures 18 
and 19 present a simplified flowsheet of the Beaverlodge 
plant (Canadian Mining Journal, 1960) and the mill. 

 

 
 

Figure 17. Eldorado Beaverlodge town site (1960) 
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Figure 18. Eldorado Beaverlodge simplified flowsheet of the mill (Canadian Mining Journal, 1960) 
 

 
 

Figure 19. Eldorado Beaverlodge fay shaft (1956) 
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Gunnar Mining Limited, Northern Saskatchewan 
 
The deposit was discovered in 1952, with production 
commencing in 1955. The discovery and development was 
by Gilbert Labine, the former president of Eldorado. The 
property was located on the north shore of Lake 
Athabasca, in the Beaverlodge area of northwestern 
Saskatchewan. The mine operated for about 11 years. 

The uranium ore minerals consisted of pitchblende 
and lesser amounts of uranophane, together with gangue 
which included calcite and hematite. Mining commenced 
as open pit and later continued underground. The plant 
design in 1953 was initially for 1,130 tonnes per day and 
increased to 1,650 tonnes per day in 1957 and gradually 
increased to 1,996 tonnes per day by 1962. 

The metallurgical plant design involved the ore being 
crushed, ground, and then leached in sulphuric acid in 
agitated tanks. Liquid-solids separation followed. Uranium 
was subsequently recovered from the filtrate by ion 
exchange, and this was followed by batch precipitation, 
pressure filtration and drying of the product. 
 
Rabbit Lake, Northern Saskatchewan 
 
The Rabbit Lake deposit was discovered in 1968 in 
northern Saskatchewan by Gulf Minerals Ltd. and the 
German-owned Uranerz Exploration and Mining Limited. 
By 1975 the mine and mill were in operation. Rabbit Lake 
was subsequently sold to Eldorado Nuclear (now Cameco 
Corporation) in 1981. The deposits at Rabbit Lake include 
the mined-out original Rabbit Lake open pit, the mined out 
Collins Bay open pits, as well as the currently operating 
Eagle Point underground mine, which has reserves of 21.3 
million pounds of U3O8 for production to 2015. The ore 
from Cigar Lake is planned for processing in the Rabbit 
Lake mill. 

Rabbit Lake is the second largest uranium milling 
operation in the world, with a capacity of 16 million 
pounds. Having begun production in 1975, it is the longest-
operating uranium production facility in Saskatchewan. 
The total production for the 1975 to 2009 period is 178.7 
million pounds (Cameco website, 2010). The total 
production for 2009 was 3.8 million pounds of U3O8. 

The uranium minerals in this deposit include 
pitchblende and coffinite, while other minerals include 
clays, galena, chalcopyrite, and nicolite. As a result, some 
As, Ni, and V are present (IAEA, 1993). 

Leaching is in seven stages, with sulphuric acid plus 
sodium chlorate oxidant maintaining a terminal EMF of 
450 to 500 mV (using platinum and saturated calomel 
electrodes). The free acid is 15 g/L H2SO4. Following 
counter current decantation (CCD), washing, flocculant 
addition, clarification and sand filtration, the solution is 
sent to solvent extraction. Residues and waste solutions 
are sent to the mined-out Rabbit Lake open pit for the 
current tailings disposal and impoundment. 

 

The clarified leach solution is contacted in a solvent 
extraction plant using 3.5% Alamine 336 and 3.5% 
isodecanol in a kerosene diluent, at a temperature of 27oC, 
in four stages of extraction. Lightnin pump mixer settlers 
with internal organic recycle are used. The original 
construction of the mixer settlers consisted of 
polyurethane lined concrete, but failed and was replaced 
with fiber-reinforced plastic (FRP). No scrub stage was 
included in the design. Stripping was originally with 
ammonia-ammonium sulphate, and controlled at pH 4.0 to 
4.3, but was subsequently changed to a strong acid strip 
using 425 g/L H2SO4 in five stages. The stripped solvent is 
regenerated with a single stage 5% sodium carbonate 
solution. 

The acidic strip solution is adjusted to pH 3.5, using 
lime to initially precipitate gypsum. Following filtration, the 
precipitate is returned to CCD for uranium recovery. The 
filtrate, containing the major uranium, is adjusted to pH 
3.5 with magnesia in four agitated fibreglass tanks in 
series. Hydrogen peroxide is added to precipitate uranium 
peroxide. The product is passed through a Bird centrifuge 
and dried in a Bethlehem rotary screw dryer. The discharge 
temperature is 110oC. The flowsheet is shown in Figure 20 
(IAEA, 1993). Figure 21 is a photo of the mill in early 1970s 
while some drums of yellow cake production are shown in 
Figure 22. 

 

 
 

Figure 20. Process flowsheet at Rabbit Lake (IAEA, 1993) 
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Figure 21. Rabbit Lake mill (1971) 
 

 
 

Figure 22. Rabbit Lake drums of yellowcake production 
(1971) 

 
Cluff Lake, Northern Saskatchewan 
 
In 1975, Amok, a French-owned company, discovered the 
Cluff Lake deposit in Saskatchewan. The Amok operation of 
Cluff Lake in Saskatchewan commenced operation in late 
1980 and operated until 2002. The design was for an initial 
production of 1,500 tonnes uranium annually from their D 
orebody. Later, the Claude and N deposits were treated. 
Total production during the mine's 22-year operating life 
was over 62 million pounds of yellowcake. 

In the early operations, when the ore grade could be 
typically 7% uranium, a pitchblende concentrate was 
produced by jigging and tabling grading 25-30% U, which 
was then leached in sulphuric acid. Following solid/liquid 
separation on belt filters, the addition of lime precipitated 
iron, and uranium was recovered by precipitation with 
magnesia (Fournier, 1983). 

In subsequent operations at Cluff (Schnell and 
Fournier, 1984), the processing of a more conventional ore 
involved rod and ball mill grinding, leaching in sulphuric 
acid at 50oC with the addition of sodium chlorate as an 
oxidant, CCD solid/liquid separation, and clarification by 
sand filters. This was followed by solvent extraction of the 
uranium, stripping and precipitation of a final product. 

Amok later became Cogema Resouces Inc., and 
presently this French company is known as AREVA. It is the 

largest nuclear company in the world (website of Canadian 
Nuclear Association, 2010). 
 
Key Lake Uranium, Northern Saskatchewan 
 

The discovery of the large Key Lake deposit in 
northern Saskatchewan by Uranerz Canada Ltd. in 1975 led 
to a 50% interest in this deposit being sold to 
Saskatchewan Mining Development Corporation, a 
provincial Crown corporation. Production began in 1983, 
and Key Lake became the highest grade and largest 
uranium mine in the world at the time. The plant is now 
part of Cameco. Although mining ceased in 1997, the Key 
Lake mill continues production through the treatment of 
ore from the McArthur River mine. 

The plant commenced operation in 1983, with a 
designed production of 5,443 tonnes of U3O8 per year 
(4,600 t U/y) that has since been increased (IAEA, 1993). 
The reported design capacity is 18.7 million pounds 
(Özberk, 2011). The mineralization is complex, with an 
average of 2.5% uranium, 2.6% nickel, about 1% graphite, 
3.5% iron, 9% aluminum, 3% magnesium, 1.4% arsenic, 1% 
sulphur, and 50% silica (IAEA, 1987). Following the 
comminution steps, the ore is leached in two stages. The 
first stage leaching takes place at atmospheric pressure, in 
four pachucas (3 m diameter x 12 m high) for 8 hours, 
which results in the dissolution of 35% of the uranium. The 
second stage leaching occurs in a series of ten vertical 
rubber-lined autoclaves for a period of 3 to 4 hours (Floter, 
1987, 1988; IAEA, 1993). Flocculant is added followed by 
an eight-stage CCD washing circuit and solid/liquid 
separation, and clarification through a sand filter. The 
resulting PLS contains about 5 g U/L. 

The solvent extraction circuit consists of thirteen 
mixer settler units of the Krebs design, constructed of FRP 
(Floter, 1988; IAEA 1993). Extraction is in four stages using 
6% Alamine 336 + 3% isodecanol in kerosene diluent. The 
flows to extraction are O/A 1.5/1. The acidity of the PLS is 
15-20 g H2SO4/L. The raffinate contains < 0.001 g U3O8/L. 
The loaded solvent (approx. 6.5 g U3O8/L) is scrubbed in 
three stages using 30 g H2SO4/L for the removal of As. The 
resulting scrub aqueous is recycled to extraction. Stripping 
is in four stages using (NH4)2SO4 at a controlled pH 
between 3.5 and 4.5 by the addition of gaseous ammonia. 
The stripped organic phase is water-washed in a single 
stage for the removal of entrained ammonium sulphate. A 
bleed of the stripped solvent is contacted with an alkaline 
solution (e.g., 5% Na2CO3) to remove accumulated humic 
acids and zirconium.  

The final product is produced by addition of gaseous 
ammonia to the strip liquor in order to precipitate the 
yellow cake, which is filtered through pre-coat filters and 
calcined to 750oC in a six-hearth roaster. The product 
contains only traces of impurities (0.05% As, 0.1% Mo, and 
0.15% S). By-product ammonium sulphate is produced by 
crystallization of the salt from the strip solution, 
generating 700 tonnes per month. 
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The raffinate from extraction, together with water 
from the mining operation and tailings dam water, is 
neutralized with lime. Next come solid/liquid separation, 

discharge of the solids to tailings, treatment of the 
separated solution with BaCl2, and ion exchange to remove 
radium. The flowsheet is shown in Figure 23 (IAEA , 1993). 

 

 
Figure 23. Schematic Flowsheet of the Key Lake Process (IAEA 1993) 

 
McClean Lake, Northern Saskatchewan 
 
COGEMA owns a 70% interest in the operation, together 
with Denison (22.5%) and OURD (7.5%) (Ednie, 2002). The 
mine-mill is located in northern Saskatchewan in the same 
area as the other Canadian uranium plants still operating. 
Mining began in 1997. By the end of 1999, McClean Lake 
had produced 1.5 million pounds of yellowcake, and was 
operating at its design capacity. Presently the operation is 
above design, at a target of 6 million pounds U3O8 per year 

and a recovery of 97%. The mill can handle a range of ore 
grading between 2% and 30%. Because of the very high 
grade and the associated high gamma radiation, extreme 
shielding and numerous radiation protection measures are 
taken to ensure worker protection. 

Following comminution, the slurry is sent to a primary 
leach circuit, consisting of three tanks where the PLS from 
the CCD thickeners is mixed with the incoming ore. The 
underflow goes to a secondary leach circuit, where seven 
cylindrical pressure vessels are used. The leach solution is a 
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mixture of H2SO4 + H2O2 (Caro’s Acid, H2SO5). The 
solid/liquid separation is made possible by a CCD circuit, 
followed by clarification, and finally the solution is passed 
through sand filters. 

The PLS contains 6 to 7 g U/L uranyl sulphate and is 
contacted with a tertiary amine plus isodecanol in a 
kerosene diluent, in four stages of mixer settlers. A single 
stage of water washing removes any arsenic present. It is 
followed by stripping with ammonium sulphate in five 
stages of mixer settlers. The strip product contains 70 g/L 
uranium. The uranium is recovered by precipitation with 
gaseous ammonia to precipitate ammonium diuranate, 
(NH4)2U2O7. The separation of the precipitate from the 
precipitation barren is by a thickener. The underflow ADU 
wet cake is passed through a multi-hearth calciner to 
convert the ADU to black uranium oxide. 

The thickener overflow solution is fed to a crystallizer 
to recover ammonium sulphate crystals for a fertilizer 
product. 
 
Cigar Lake, Northern Saskatchewan  
 

Although the Cigar Lake deposit was discovered in 
1981, it was not until 1997 that construction began. The 
Cigar Lake ore body has an average ore grade of about 18% 
U3O8 (uranium oxide). This high grade ore, with probable 
resources equivalent to 230 million pounds of yellowcake, 
makes it the second richest uranium deposit in the world 
(Ednie, 2002). It is also one of the largest, with geological 
reserves totalling 103,000 tonnes of U3O8. Cameco holds 
50% and Cogema owns 37.1% of Cigar Lake. Cameco is the 
operator of the joint venture. The plan is to mine from 
tunnels above and below the ore zone, using a water-jet 
boring technique on the ore after is has been frozen. The 
ore will then be crushed, ground, mixed with water, and 
pumped as slurry to the surface for transportation to the 
mill. About one-half of the Cigar Lake production will be 
trucked as a uranium-rich solution for processing at the 
Rabbit Lake mill. Special remote-control mining methods 
will be necessary due to the high radiation fields. The 
annual production is expected to be 18 million pounds of 
uranium. 

Production was expected to commence in 2007 
(Canadian Mining Journal, February 2006). However, the 
Cigar Lake mine flooded in October 2006 during 
construction due to a rock fall. Pumping out of water 
commenced in 2008. Production is now scheduled to start 
during 2013 (Özberk, 2011). 
 
McArthur River Uranium Mine 
 
The McArthur River Uranium Mine, in northern 
Saskatchewan, is the world's largest high-grade uranium 
deposit (Cameco website, 2010). The mine is owned by 
Cameco Corporation (70%) and AREVA Resources Canada 
Inc. (30%) – formerly COGEMA Resources Inc. Cameco is 
the mine operator. The deposit was discovered in 1988, 

and is situated 620 air kilometres north of Saskatoon, 
Saskatchewan, and 80 kilometres northeast of the Key 
Lake mill, in the uranium rich Athabasca Basin. Mine 
construction began in 1997, with production commencing 
in 1999. The mine achieved full commercial production in 
November 2000. Production, at 18.7 million pounds of 
yellowcake a year, is processed at the Key Lake mill 
(Özberk, 2011). 

As of December 31, 2009, the mine has proven and 
probable reserves of 778,500 tonnes at an average grade 
of 19.53% U3O8 (335.2 million pounds). 

The ore at McArthur River is ground underground, 
pumped to the surface, and subsequently trucked to Key 
Lake operation as a slurry with 50% solids and an average 
grade of 20% U3O8. At the Key Lake mill, because of the 
high radioactivity in the feed slurry, waste material from 
previous processing is added to dilute the uranium content 
to 4% U3O8 (Bronkhorst et al., 2009) and thus reduce the 
radioactivity hazard in the mill. Following leaching, solvent 
extraction processing, precipitation and calcining (as 
shown in the typical flowsheet of Key Lake), the yellow 
cake product grades 98% U3O8. Although production is 
18.7 million pounds annually of U3O8, consideration has 
centered on an increase to 24 million pounds. 
 

Cameco Mining Operations Outside 
Canada 
 
Crow Butte 
 
The deposit, in Nebraska, was discovered in 1980 with 
production commencing in 1991 (Özberk, 2011). The 
recovery is by in-situ leaching, with an annual production 
of 1 million pounds of U3 O8. 
 
Smith Ranch & Highland 
 
Both operations are in Wyoming and have separate 
recovery facilities (Özberk, 2011), each with an annual 
production of 2 million pounds of U3 O8. 
 
Inkai 
 
This project is a joint venture in Kazakhstan, where 
production began in 2010 using in-situ leaching (Özberk, 
2011). The Cameco share in 2010 was 2.6 million pounds of 
U3 O8. 
 

Uranium from Phosphoric Acid in 
Fertilizer Manufacture 
 
Phosphate rock contains small amounts of uranium, 
ranging up to approximately 200 ppm. In the process of 
treatment with sulphuric acid, the resultant phosphoric 
acid would contain small quantities of uranium. A number 
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of plants world-wide have treated the phosphoric acid for 
the recovery of uranium. The recovery is at a high cost, 
with a range of $22-54/pound U3O8 reported. Because of 
the high cost, the plants have been shut down. 

One such plant operated in Canada. This was the Earth 
Sciences Inc. fertilizer plant in Calgary. The phosphoric acid 
was treated by solvent extraction separation using DEHPA-
TOPO (di(2-ethylhexyl phosphoric) phosphoric acid + tri-
octyl phosphine oxide) mixture. The original plant in the 
early 1980s used the Kenics In-Line Mixers for the mixing 
contact of the phases. However, the same design of 
contactors was used in the stripping operation and the 
mixing ultimately proved to be insufficient for optimum 
recovery. The product was a yellowcake precipitate.  

The plant was shut down in the late 1980s, re-built 
and operated and subsequently again shut down in the 
1990s. 

Presently there is on-going research by at least one 
other Canadian company on the possible recovery of 
uranium from phosphoric acid. 
 

Thorium and Rare Earths 
 
Thorium 
 
Many uranium ores contain quantities of thorium and rare 
earths. In the Elliot Lake Ontario ores, the uranium ore 
mineralization was essentially brannerite and uranothorite 
plus rare earth minerals, pyrite, chalcopyrite, quartz and 
clay minerals. During the late 1960s and early 1970s, it was 
predicted that nuclear energy generation could switch 
from uranium-based to thorium-based by the year 2000. 
Because the Elliot Lake uranium operations were sending 
to tailings considerable barren solutions containing 
thorium and rare earths, that source was considered as an 
ideal feed to thorium production. A report by the Mineral 
Resources Branch of Energy, Mines & Resources in 1971 
(Williams et al., 1971) stated that the resources associated 
with uranium reserves exceeded 100,000 tonnes ThO2. 
However, although technology was developed, the 
uranium cycle has continued to this day. 

In the leaching of uranium from the Elliot Lake ores, 
about 75% of the thorium associated with uranium, plus 
considerable rare earths, were solubilized in the sulphuric 
acid leaching process. In the uranium circuit, the uranium 
was recovered by solid ion exchange from the clarified 
leach solution. The thorium and rare earths remain in the 
ion exchange barren that would normally go to tailings 
waste. 

The Rio Algom thorium production occurred during 
the period from 1959 to 1968. The ion exchange uranium 
barren solution was sent to a small solvent extraction plant 
to extract the residual uranium. After stripping with strong 
acid (500 g H2SO4/L), the result was the crystallization-
precipitation of thorium sulphate. The crude thorium 
sulphate product contains some acid after pressure 
filtration, but was stated to be suitable for the production 

of high purity salts, oxide or metal. 
The thorium sulphate product was shipped to Thorium 

Limited in Britain for further purification. In addition, small 
amounts were refined by Rio Algom to a grade of 99.8% 
ThO2 and shipped to Dominion Magnesium in Haley, 
Ontario for the production of metal, pellets and powder 
(Williams et al., 1971). 

CANMET developed technology for the recovery of 
high purity thorium from the Elliot Lake uranium barren 
solutions that went only as far as the piloting stage (Ritcey 
and Lucas, 1972; Ritcey and Wong, 1983). Because of no 
immediate demand at that time, no further investigations 
were warranted. 
 
Rare Earths 
 

Both Denison and Rio Algom produced a bulk rare 
earth precipitate that was marketed (e.g., Molycorp in the 
USA) for further separations by solvent extraction. The ore 
mineralization contains brannerite, uraninite and 
uranothorite (Kaimen, 1968), from which the uranium is 
derived, and contains La, Ce, Pr, Nd, Sm, Yb, Y, and Th as 
the major elements, together with lesser amounts of Dy 
and Er. Leaching resulted in only 20% of the total rare 
earth dissolution, while 75% of the Y, U and Th were 
solubilized. Initially a precipitation process was used, and 
later, like thorium, rare earths were recovered by solvent 
extraction from the ion exchange barren solutions 
following the ion exchange recovery of uranium (Ritcey, 
2006). 

Although both Denison and Rio Algom produced a bulk 
rare earth precipitate, only Denison continued in 
production until mine closure. Initial production had 
started in January 1967. 

The process involved treating the pH 2 ion exchange 
barren solution with lime addition and air sparging at pH 
8.5 in pachuca tanks. The resultant precipitate slurry, 
including iron and aluminum together with rare earths, 
was thickened and the overflow discharged to tailings. The 
underflow containing the values was acidified with 
sulphuric acid to pH 4.2 to re-dissolve the yttrium and the 
rare earths. Filtration removed the solubilized values from 
Fe, Th, and Al. The rare earths (RE) were precipitated from 
the filtrate with ammonia gas, thickened and dried. The 
final concentrate contained 8-15% Y22O3 and 15-30% total 
RE2O3 including yttrium. 

Subsequently at Denison Mines, the use of solvent 
extraction was adapted, using an alkylphosphoric acid 
(DEHPA) as the extractant in contact with the pH 2.4 
barren feed solution in a single extraction centrifugal 
contactor in order to make the chemical and physical 
separations of the aqueous and organic phases. The new 
plant commenced production in October 1967. A smaller 
centrifugal contactor was used for stripping the rare 
earths, where nitric acid was used to recover the yttrium 
and rare earths. The strip solution then was adjusted in pH, 
first with lime addition followed by ammonia gas to 
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precipitate a bulk rare earth concentrate containing 
approximately 30-35% Y22O3 and 60-70% RE2O3 including 
yttrium. 

Because the strip operation was only about 60-80% 
efficient, considerable values remained on the solvent 
after stripping. A bleed stream was treated with strong 
sulphuric acid that removed the thorium by precipitation. 

CANMET investigated the possibility of upgrading the 
Elliot Lake rare earth products as well as separation of 
groups of rare earths (Ritcey and Lucas, 1969; Lucas and 
Ritcey, 1975). In Canada and elsewhere throughout the 
world, there is intense interest at the present in the 
development of rare earth-containing deposits and the 
recovery of separate products. 
 

The Future 
 
With increased use of nuclear power predicted worldwide, 
the future for Canada’s uranium industry appears excellent 
as more demand has resulted in increased exploration and 
development of uranium properties. Because of the higher 
ore grades in Canada, the economics of mining and 
processing are most attractive compared to lower grades 
elsewhere. However, any deposit that emerges in the 
present exploration as a possible mine has to be developed 
by a team of technical experts, including metallurgists. 
Processes are required to treat and recover uranium from 
the ores in a manner that satisfies the demands and 
constraints of economics, energy and environment. Thus, 
although the actual technology for the treatment of 
uranium resources and the recovery of a product has not 
changed significantly in the past 50 years, processing 
technology in the future must change in order to satisfy 
the above three constraints—to produce a high grade 
uranium product economically while minimizing the 
energy requirements of the process and minimizing the 
environmental impact of the process.  

Past technology has been more concerned with 
economics, with only small attention paid to energy, and 
virtually no concern with the development of 
environmentally sound technology. The results have been 
large expenditures on tailings systems and maintenance 
rather than changes in the processing technology that 
would minimize long term environmental effects and high 
costs associated with tailings discharge and storage. In the 
development of improved technology, objectives might 
include the separation and isolation of the radionuclides 
for safe disposal, as well as increased recycling of reagents 
and water for re-use. Mill process improvements should 
also include improvements in the design of tailings 
impoundment and disposal systems. In order to design 
effective impoundment structures and their covers, we 
need to understand the biogeochemical interactions that 
can occur with long term impoundment and weathering, 
and how these affect contaminant migration. Small, easily 
managed structures that can be easily dewatered and 
closed out during the life of the mine would be preferable 

to the typically extremely large impoundment areas, which 
are presently left after a mine ceases operation and which 
then must be decommissioned. 

In addition to the concern for the safe storage of mine 
residues and waste solutions and precipitates from mining-
milling plants, the safe long-term storage of spent fuel 
from power plants has yet to be resolved. Much research 
has been on-going since the mid 1970s in Canada and 
other countries to determine the best route for storage of 
high-level wastes from nuclear plants. The solution to this 
major question may well dictate the ultimate global 
acceptance of nuclear energy and therefore the real future 
of the uranium industry. 
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