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RÉSUMÉ

Dans ce rapport, on résume les résultats d'une étude bibliogra-
phique effectuée pour évaluer l'offre et la demande mondiales futures de
titane, cuivre et plomb. Ces métaux sont des matériaux candidats de fabri-
cation des conteneurs d'immobilisation et de stockage permanent des déchets
irradiés de combustible nucléaire du Canada destinés à un Centre de réfé-
rence de stockage permanent de Combustible Irradié. Cette installation
pourrait commencer à entrer en service vers 2020 et continuer à fonctionner
pendant environ 40 ans.

L'étude montre que le monde a d'abondantes réserves de minéraux
de titane (la plupart sous forme d'ilménite) qui doivent durer jusqu'à au
moins 2110. Néanmoins, dans le cas du cuivre et du plomb, l'équilibre
entre l'offre et la demande pourrait justifier un accroissement de la
surveillance au-delà de l'an 2000, Dans ce même rapport, on examine un
certain nombre de facteurs pouvant influer sur l'offre et la demande
futures.
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ABSTRACT

This report summarizes the findings of a literature survey
carried out to assess the future world supply of and demand for titanium,
copper and lead. These metals are candidate materials for the fabrication
of containers for the immobilization and disposal of Canada's nuclear used-
tuel waste for a reference Used-Fuel Disposal Centre. Such a facility may
begin operation by approximately 2020, and continue for about 40 years.

The survey shows that the world has abundant supplies of
titanium minerals (mostly in the form of ilmenite), which are expected to
last up to at least 2110. However, for copper and lead the balance between
supply and demand may warrant increased monitoring beyond the year 2000. A
number of factors that can influence future supply and demand are discussed
in the report.
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1. INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program (CNFWMP) is
currently in a generic research and development phase. The main objective
of this phase of the program is to assess the safety of isolating used fuel
by deep underground disposal in plutonic rock [1]. A conceptual system of
multiple barriers has been designed to supplement the natural isolation
provided by the geosphere, and hence limit the release of radionuclides to
very low levels. There are three major scientific and engineering compo-
nents of the program, namely, fuel waste immobilization studies, geoscience
research and environmental and safety assessment. Recently a conceptual
engineering study of a Used-Fuel Disposal Centre (UFDC) has been completed
(2). This study was based on a conceptual reference scenario with the
objective of providing engineering information to be used for assessing the
safety and environmental impact of a disposal facility. A principal con-
clusion of this study was that the current state of technology is already
sufficiently advanced to successfully implement the disposal concept.

Container designs for the immobilization and disposal of used-
fuel waste are being developed as part of the CNFWMP. The two principal
materials under consideration for the fabrication of the corrosion-
resistant container shell are titanium and copper. These materials were
included in an original list of four candidate materials—stainless steel,
copper, Hastelloy C-276 and dilute titanium alloys [3] — from which the
others have been eliminated as a result of extensive technical evaluations
and program considerations [4]. Lead is a candidate material for one
container concept in which a cast metal matrix would be used to surround
the used-fuel bundles within the container, and to provide support to the
container shell [5]. One consideration in the proposal to use any of these
materials for fabricating production-scale used-fuel immobilization
containers is their future supply and demand in the marketplace.

An earlier study of the current and future supply and cost
factors for the candidate metals was carried out in 1982 [6]. Its main
finding was that no future supply difficulties are anticipated for titanium
(ASTM Grade 2 and Ti Code-12) and copper. However, any such study is
invariably based on a number of assumptions that may change with time.
Therefore, it was recommended that an update of this study be done after
about five years. This report presents that update, but places signifi-
cantly less emphasis on the actual quantities of materials and total costs.
Rather, an attempt has been made to bring out the underlying factors that
might control future supply and demand. This particular approach has been
adopted because the market trends of any metal at any particular time in
history are generally determined by short-term constraints. These trends
cannot be used to predict supply and demand patterns in the distant future
(30 to 40 years). For each candidate material, a brief review is provided
of its mineral deposits, extraction technology, uses, Canadian industrial
capacity, current world supply and demand patterns, prices, projected
future supply and demand changes, and possible future technological
progress.
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In this report, the term "resources" refers to all deposits that
exist in a form such that the minerals contained can eventually be ex-
tracted, whereas "reserves" are that portion of the resources from which
the minerals can be extracted economically under currently prevailing
conditions.

2. TITANIUM

2.1 TITANIUM MINERALS

Titanium is estimated to be the ninth most abundant element in
the earth's crust, and the fourth most abundant structural metal behind
aluminum, iron and magnesium.

Titanium occurs in nature in two predominant mineral forms:
ilmenite and rutile. Ilmenite is a titanate of ferrous iron with chemical
composition FeTiO3. Rutile is essentially titanium dioxide, TiO2. Other
mineral forms of titanium occur in small amounts and in various stages of
alteration. A summary of the major and minor minerals of titanium is
presented in Table 1 [7]. The major minerals are described below.

(1) Ilmenite; Ilmenite commonly occurs in many metamorphic
rocks in the form of massive veins. Ilmenites can dissolve up to about
6% Fe2C>3 into solid solution. It is common to find only small amounts of
magnesium or manganese in ilmenite. In magnetite-ilmenite mixtures,
chromium, nickel and vanadium all tend to be concentrated in the magnetite
and manganese in the ilmenite. A pure ilmenite contains 31.6% titanium and
36.9% iron, the balance being oxygen. The compositions of typical
commercial ilmenites are given in Table 2 [8J.

(2) Rutile; Rutile is a fairly widespread mineral in metamor-
phic rocks and is also found in larger crystals in beach-sand sediments.
Pure rutile contains 60X titanium and 40% oxygen. Although rutile is
essentially TiC>2, some ores are known to contain considerable amounts of
both ferrous and ferric iron and major amounts of niobium and tantalum. In
these ores, the iron is considered to arise from the intergrowth of ilme-
nite. The composition of a typical commercial rutile is given in Table 2.

(3) Anatase; Anatase is essentially TiO2 and is polymorphous
with rutile and brookite (another titanium mineral described below). Minor
elements found in anatase can include iron and tin, but the relatively
large amounts of niobium and tantalum entering the rutile structure are not
common in anatase. Anatase is the low-temperature polymorph of T1O2 and is
found as a minor constituent of metamorphic rocks. It often occurs as an
alteration product of other titanium-bearing minerals such as ilmenite.

(4) Brookite: Brookite is a detrital mineral (formed by
disintegration of rocks) and occurs in some metamorphic rocks where it is
usually of secondary origin. Brookite is essentially Ti(>2, but generally
contains about 1.45 vt.% Fe2C>3. The different structure of brookite
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TABLE 1

VARIOUS TITANIUM MINERALS

Major Minerals Minor Minerals

Ilmenite
Rutile
Anatase
Brookite
Leucoxene
Arizonite

FeTiO3
TiO2
TiO2
TiO2
TiO2
Fe2O3"3TiO2

Pseudobrookite
Tieilite
Ansovite
Doetlerite
Hydrorutile
Fulvite
Geikielite
Pyrophanite
Ulvospinel
Kalkowskyn

Fe2Ti05

AIT1O5
Ti3O5

TiO2
TiO2-mH2O
TiO
MgTiO3
MnTiO3
Fe2Ti04

Fe2Ti309

TABLE 2

COMPOSITION OF TYPICAL COMMERCIAL TITANIUM CONCENTRATES

(weight percent)

Constituent

TiO2
FeO
Fe2O3

SiO2
A12O3
CaO
MgO
Cr2O3

v 2o 5MnO
S
Na2O
C
P2O5
ZrO2
Nb2O5

Iltnenite
from

New York

46.1
39.3
6.7
1.5
1.4
0.5
1.9
0.009
0.05
0.5
0.6
-

0.22
0.008
0.01
0.01

U.S.

Florida

64.0
1.33

28.48
0.28
1.23
0.007
0.20
-
-
-
-
-
-

0.12
-
0.10

Rutile
from Australia

(East Coast)

95.2
0.9
1.0
0.2
0.02
0.07
0.18
0.6
0.01
0.008
0.1
0.04
0.03
0.8
0.2
0.03



compared to rutile and anatase arises from the mutual arrangement of the
oxygen octahedra: in brookite these lie in zig-zag lines rather than in
straight rows. Attempts to synthesize brookite have generally been
unsuccessful since brookite yields anatase at low temperatures, which
reverts to rutile upon heating.

(5) Leucoxene: Leucoxene is found as an alteration product of
ilmenite and other titanium minerals. In most cases, the material consists
of rutile or, less commonly, of anatase. Leucoxene is nonmagnetic except
where the grains have an unaltered core of ilmenite. It may be amorphous
or show various degrees of crystallinity, and may contain some rutile or
anatase. Its titanium dioxide content depends on the degree of alteration;
an Australian company produces two grades of leucoxene concentrate
containing 71 and 91% titanium dioxide, respectively [8].

(6) Arizonite: Arizonite has the composition Fe2O3»3TiO2.
It is the ferric iron analog of ilmenite but has a higher TiO2 content.
Arizonite has been described as weathered ilmenite, although there is
controversy as to whether it exists in nature as a separate mineral.

2.2 UORLD TITANIUM DEPOSITS

The principal world reserves of ilmenite are in Australia,
Canada, Norway, South Africa, the U.S. and the U.S.S.R. Ilmenite is also
recovered in Ceylon, India, Malaysia and Brazil. The main producers of
rutile are Australia, Sierra Leone and South Africa. Brazil is planning to
mine significant quantities of anatase in the near future.

Major titanium reserves in the U.S. are owned by NL Industries
Inc. and DuPont. Reserves in Australia are held mainly by Associated Min-
erals Consolidated Ltd. (AMC); Consolidated Rutile Ltd; Westralian Sands
Ltd.; Cable Sands Pty. Ltd; and Allied Enebba Ltd. Reserves at Allard
Lake, Quebec, Canada, are held by Quebec Iron and Titanium Corp. (QIT), now
a subsidiary of Standard Oil Co. (Ohio). Major deposits in Brazil, India
and Ceylon are held by their respective governments. NL Industries con-
trols Titania A/S, owner of the large hard-rock deposit at Tellnes, Norway
[9].

Major U.S. mining operations of ilmenite are conducted in the
placer deposits of Florida, Georgia and New Jersey, and in the primary
deposits in New York. The ilmenite in Florida is found in old, partly
buried beach sands containing small amounts of rutile, leucoxene, zircon
and monazite. The deposits in the Folkston, Georgia area are similar to
the Florida deposits and contain mostly ilmenite, with some rutile. The
primary deposits in New York (principally in the Sandford Lake area) are
large deposits of coarse-grained magnetite and ilmenite [7].

Quebec Iron and Titanium is the only company that mines titanium
ore in Canada. Most of their output is exported to the U.S. and Europe,
while approximately 10 to 15# is sold in Canada to two pigment producers
[10].
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The world's major deposits of rutile are located in Australia and
Sierra Leone. Australia alone now supplies over 90% of the western world's
rutile needs. Ail rutile utilized today originates from sand deposits, the
vast majority of which are located along the beaches stretching down the
east coast of Australia. Most producers of titanium ore favour sand depo-
sits because they are relatively easy to introduce into manufacturing pro-
cesses, and hence have associated economic advantages. Consequently, exis-
ting reserves of rutile ores in the form of sand deposits are gradually
being depleted. Most of the world's remaining titanium ore deposits are in
the form of ilmenite and are contained in rock bodies. These reserves are
quite extensive in Norway and Canada and are estimated to contain titanium
sufficient for several hundred years' supply [11].

The U.S. Bureau of Mines is compiling a computerized file of
world-wide mineral deposit data called the Minerals Availability System
(MAS). When fully developed, MAS will provide a means of analyzing supply
positions relative to available reserves, mineral-related land use issues,
environmental issues and a variety of problems associated with the mining,
processing and transportation of titanium and other commodities [8].

2.3 USES OF TITANIUM

Approximately 95% of total titanium production is used for pig-
ment manufacture. The remainder is used in making titanium metal, welding-
rod coatings, carbides, and ceramic and glass formulations.

The largest use of titanium pigment is in surface coatings.
Because of its high refractive index, it imparts whiteness, opacity and
brightness to paints and is suitable for use in varnishes and lacquers.
The paint, varnish and lacquer industry accounts for about 50% of the total
demand for titanium pigment.

About 20% of titanium pigment is used in paper coatings or as
paper fillers to improve opacity, brightness and printability. Titanium
dioxide is used in photographic papers, in paper boxes that require a
light-coloured, high-gloss coating, and in practically all printing paper
except newsprint.

The third largest market for titanium pigment is the plastics
industry where its resistance to degradation by ultraviolet light, its high
refractive index, whiteness, and chemical inertness to most plastic mater-
ials affords it wide application in many products made of polyethylene,
polyvinyl chloride, polystyrene and polyolefin-type plastics.

Titanium pigment and other titanium compounds are used in many
miscellaneous applications such as rubber tires, floor coverings, printing
ink, porcelain enamels, wall coverings, oilcloth, and other coated fabrics
and roof coatings. Several thousand tons of titanium dioxide are used
annually in the production of welding-rod coatings, glass fibres, ceramic
capacitors and electromechanical transducers. Commercial carbide cutting
tools generally contain 8 to 85% titanium carbide, with or without tungsten
carbide, in a matrix of molybdenum, nickel or cobalt.
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About half of the titanium metal produced is used in aerospace
applications; the remainder is used mainly in chemical processing indus-
tries, powerplants, marine applications, and in steel and other alloys.
Titanium was an important metal in the development of the modern gas
turbine engine for aircraft. Without titanium to lighten the weight of
engines and airframes, aircraft performance and economy of operation would
be seriously impaired [8].

Titanium and its alloys are used primarily in two areas of appli-
cation where the unique characteristics of these metals justify their
selection: corrosion-resistant service and strength-efficient structures.
Titanium metal surfaces passivate readily and thereby exhibit a high degree
of immunity to attack by most mineral acids and chlorides. The combination
of high strength, stiffness, good toughness and low density provided by
various titanium alloys at very low to moderately elevated temperatures
allows weight savings in aerospace structures and other high-performance
applications. Corrosion-resistance applications normally utilize low-
strength unalloyed titanium mill products fabricated into tanks, heat
exchangers or reactor vessels for chemical-processing, desalination or
power-generation plants. In contrast, high-performance strength-efficient
applications typically utilize high-strength titanium alloys [12].

Recent advances in processing titanium "near-net-shape" (NNS)
components (see also Section 2.12) [13] have further reduced manufacturing
costs, thereby expanding titanium use into more aerospace and non-aerospace
components.

2.4 TITANIUM DIOXIDE TECHNOLOGY

Titanium dioxide pigment is produced by either a sulphate or a
chloride process, depending on the method of treating the titanium-bearing
ore. An interim product of the chloride process is titanium tetrachloride,
which is required for producing titanium metal, as discussed in Section
2.5.

The sulphate process involves the dissolution of ilmenite or
titanium slag in sulphuric acid. The acid is subsequently discharged from
the process in the form of a waste liquid and crystalline iron sulphate
[9]. World reserves of ilmenite ore are sufficient to support the produc-
tion of pigment by the sulphate process. More than half a century has
passed since the commercial production of pigment started; hence the tech-
nology has been firmly established and a large-scale commercial plant can
be operated with ease. The disadvantage of the sulphate route is that it
produces a considerable amount of waste. In the process, ilmenite contain-
ing 30 to 50% impurities is dissolved in 3 to 4 Mg of sulphuric acid per Mg
of finished Ti02 product. The impurities and used acid are discharged as
waste that must be treated before disposal.

In the chloride process, rutile ore is used as feedstock and
titanium dioxide is separated by chlorination with chlorine [9]. Chlorine
is later recovered for recycling in the process. The amount of waste
discharged from the process is small, resulting in treatment cost savings
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compared to the sulphate process. The quality of titanium dioxide produced
from this process (especially its whiteness) is superior to that of the
product obtained from the sulphate process. The disadvantage of the chlo-
ride process is the limited availability of natural rutile ore. Recently,
however, titanium slag with high titanium dioxide content (85%) has been
accepted by chloride plants, and it is expected that the 80% titanium
dioxide slag now produced in Canada by QIT may also gain acceptance as
feedstock (10]. Commercial production of chloride-process titanium dioxide
started about two decades ago and the technology is still being improved.
This process requires advanced technology and processing equipment
materials to ensure smooth and stable operation of a large-scale plant.

2.5 EXTRACTION OF TITANIUM METAL

The extraction of titanium metal involves three basic steps:

(1) converting oxide ore to titanium tetrachloride by chlorination;

(2) reducing titanium tetrachloride to metal by using sodium,
magnesium, or, on a much smaller scale, by electrolysis; and

(3) purifying the titanium by distillation in vacuum, by inert gas
sweep, or by leaching to remove residual salts and unconsumed
reactants [14].

The metal produced by these techniques has a spongy, open-pore
type structure and is referred to as titanium sponge. The sponge, which is
more than 99% titanium, is blended with alloys, compacted and melted by one
of several methods (the principal ones being vacuum-arc or electron-beam)
to produce ingots for processing into mill products. Titanium sponge
production plants have very high capital and operating costs.

The magnesium reduction process is also called the Kroll process
(being first described by Kroll) and was first used to produce titanium
sponge in 1946. The sodium reduction process (also called the Hunter
process) was commercially introduced in 1955. Manufacturing plants in the
U.S., Britain and Japan use the sodium reduction process. Sodium-process
plants have lower capital costs than magnesium-process plants. In addi-
tion, the sodium process has lower residual volatiles. In the selection of
a process, the availability of raw ingredients, their cost, and the proxim-
ity to disposal sites are considered very important.

An important characteristic of the electrolytic process for
titanium reduction is that there is no need for a source of sodium or
magnesium. The reducing metals are produced in situ electrolytically.
This process is inherently more simple than the Kroll or Hunter processes
and is generally capable of producing higher quality titanium. However,
electrolytic process technology is still limited to pilot-scale plants
[14].

There are several grades of unalloyed titanium. The primary
differences between the grades are their oxygen, nitrogen and iron
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contents. Grades of higher purity (lower interstitial content) are lower
in strength, hardness, and alpha to beta phase transformation temperature
than those with higher interstitial content. Table 3 lists various
American Society for Testing Materials (ASTM) grades of titanium [3].
Grade-5 (Ti-6A1-4V) is the most widely used titanium alloy, accounting for
about 45% of tc ul titanium metal production. Unalloyed grades comprise
about 30% of production; all other alloys comprise the remaining 252 [12].
ASTM Grade-2 and Grade-12 titanium are candidate container-shell materials
under consideration for the concept assessment phase of the CNFWMP.

2.6 TITANIUM INDUSTRY IN PANADA

Canadian titanium-based industries include ilmenite mining and
smelting, titanium oxide and pigment production, titanium metal fabrication
to finished parts, the coating of welding rods, and the manufacture of
titanium carbide and titanium nitride-coated parts. Also, titanium-bearing
master alloys are incorporated into special steel and aluminum alloys [10].
The mining, smelting and pigment operations are carried out exclusively in
Quebec, whereas the downstream activities are located in several provinces.
Canada does not have any titanium metal production capacity. Capacity for
the vacuum-melting of primary titanium to produce billets exists at
Eldorado Nuclear Limited, Port Hope, Ontario. Atlas Steels division of Rio
Algom Limited has facilities at Uelland, Ontario, to custom-forge and roll
billets.

Quebec Iron and Titanium is the only company that mines titanium
ore in Canada. Ilmenite containing somewhat more iron than titanium is
mined at Havre-St- Pierre, Quebec. The raw ore is shipped to Tracy,
Quebec, where it is beneficiated and the concentrate smelted to produce
high-quality pig iron and titania slag (sorelslag). Recent plant

TABLE 3

COMPOSITIONS OF COMMONLY USED TITANIUM AI.I.OYS

ASTM
Grade

1

2

3

4

5

6

7

11

12

Composition (vt.Z)

N*

0.03

0.03

0.05

0.05

0.05

0.05

0.03

0.03

0.03

C*

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.08

H*

0.015

0.015

0.015

0.015

0.015

0.02

0.015

0.015

0.015

Fe*

0.2

0.3

0.3

0.5

0.4

0.5

0.3

0.2

0.3

0»

0.18

0.25

0.35

0.4

0.2

0.2

0.25

0.18

0.25

Al

-

-

-

-

5.5 to 6.75

4.0 to 6.0

-

-

-

V

-

-

-

-

3.5 to 4.5

-

-

-

-

Sn

-

-

-

-

-

2.0 to 3.0

-

-

-

Pd

-

-

-

-

-

-

0.12 to 0.25

0.12 to 0.25

-

Ho

-

-

-

-

-

-

-

-

0.2 to 0.4

Ni

-

-

-

-

-

-

-

-

0.6 to 0.9

* Haxiaua
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improvements have enabled the company to produce richer (80% TiCh) slag.
Although there are no production plants for titanium metal in Canada, in a
telephone conversation, QIT has indicated that if market demand were to
change, a plant for producing titanium metal could be built in Canada.
Even if a small dedicated production unit could be built, however, the cost
of metal from such a plant would be from 25 to 50% higher than the market
price.

There are two pigment producers in Canada: NL Chem Canada Inc. at
Varennes, Quebec, and Tioxide Canada Inc., at Tracy, Quebec. Both produ-
cers employ the sulphate process. In 1985, NL Chem Canada Inc. announced a
major expansion of its pigment facility at Varennes [10]. The new plant
will use state-of-the-art chloride-process technology and will enable the
company to supply a complete range of pigments including grades that are
presently imported.

A small number of Canadian companies make finished products from
titanium forgings, castings, bar, pipe, tube, plate and sheet. Uelbar of
Canada Inc. of Toronto, Ontario, and Pratt & Whitney Aircraft Services of
Canada Limited of Longueuil, Quebec, machine forgings, investment castings
and bar stock to produce turbine engine components.

Titanium Ltd. of St. Laurent, Quebec, and Ellett Copper & Brass
Co. Limited of Port Coquitlam, British Columbia, custom-produce titanium
tanks, pressure vessels, heat exchangers, fans and other equipment for
pulp, chemical, petrochemical and metallurgical industries.

Aircraft parts such as firewalls, motor mounts, nacelles and
wings are produced from titanium by De Havilland Aircraft of Canada
Limited, Downsview, Ontario; Canadair Limited, Montreal, Quebec; and
McDonnell Douglas Canada Ltd., Malton, Ontario.

2.7 WORLD SUPPLY OFT AND DEMAND FOR TITANIUM METAL

Only about 5% of the world's annual production of titanium
minerals is used to make titanium metal; the rest is used primarily to
produce white titanium dioxide pigment. About 37% of the world output of
titanium metal is produced from rutile and 63% from ilmenite. In the
U.S.S.R. and China, titanium metal is produced only from ilmenite [8].

Total world titanium metal production capacity is generally
shared among various countries as follows: the U.S.S.R. 39%, Japan 28%, the
U.S. 25%, the U.K. 4%, China 2%, and the remaining 2% by various small
producers [8].

Total world titanium metal production capacity is about
120 million kg/a, of which 31 million kg is available in the U.S. Europe
and the U.S.S.R. accounted for 52 million kg/a and the Asian capacity
(mainly Japan) was 37 million kg/a. It is expected that the world's
capacity will increase to 132 million kg/a by the year 1990, of which the
U.S. will produce about 32 million kg. The above data, along with world
supplies of ilmenite, rutile and synthetic rutile, are presented in Table
4. Estimated production capacity up to the year 2000 and beyond is not
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available; however, the forecast demand for titanium metal in the U.S. in
the year 2000 is about 36 million kg [15]. A growth forecast of 4.2% per
year has been used to arrive at this projection. The estimated total world
demand for titanium metal for the year 2000 is 172 million kg [15J.
Although Reference 15 was issued by the U.S. Bureau of Mines in 1979, a
1985 forecast (Table 13 in Reference 8) confirms a probable demand of
172 million kg/a by the year 2000. A more recent article [16], which is
dated 1989 March, projects the titanium demand growth at 3-52 for the next
few years.

No data on titanium metal consumption in Canada are available.
U.S. consumption over the last few years is shown in Table 5, which indi-
cates the cyclic nature of the demand. Demand in 1981 was high because of
significant ordering of commercial airplanes during 1980-81, whereas the
high demand in 1984 was due to major military aircraft deliveries. The
demand was once again high in 1988 because of the high rate of commercial

TABLE 4

WORLD TITANIUM PRODUCTION CAPACITY

(million kg of contained titanium/year)

Titanium
Metal

Ilmenite

Rutile

Synthetic
Rutile

Year

1984
1988
1990*

1984
1988
1990*

1984
1988
1990*

1984
1990*

World
Total

120

132

1888
3600**
2088

324
480**
440

178
300

North America/
U.S.

31/31
25/25
32/32

559/182
835/260**
599/209

13/13
27/27**
18/18

56/56
91/91

South
America

-

40

40

8

64

-

Europe

52

59

409

409

6

6

-

Africa

—

216

318

91

136

-

Asia

37

41

237

272

17

27

90
145

Australia

-

427
817**
427

189
254**
189

32
64

* Forecast
** Ti02 content
Notes
(1) The data in this table are obtained from References 8, 16 and 18.
(2) North America includes the U.S., Canada and Mexico; South America is

essentially represented by Brazil; Europe includes Finland, France,
Germany, Norway, U.S.S.R., U.K. etc.; Africa essentially represents
Sierra Leone and South Africa; Asia includes China, India, Japan,
Korea, Malaysia, Sri Lanka and Taiwan.
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aircraft production [16]. The current outlook for titanium metal consump-
tion growth in the U.S. is set at about 5% per year for the next few years.
Before 1986, metal production capacity in the U.S. was 31 million kg/a.
However, at the end of 1986, after some plant closures, total production
capacity had dropped to 25 million kg/a. Actual production in 1986 was
15.6 million kg [17]. Additional capacity is being brought on line as a
result of a recent surge in demand for the titanium metal. In 1988 the
estimated production capacity was about 25 million kg/a. Based on the
current reference design of a titanium container developed for a Canadian
nuclear fuel waste disposal facility, the weight of titanium metal required
for each container will be about 125 kg. During the operation of the con-
ceptual disposal facility, approximately 3500 containers would be required
each year. Therefore, about 450 000 kg of titanium metal would be needed
each year during the 40-year operation of the conceptual facility. This
requirement is about 2% of the present (1988) actual production of titanium
metal in the U.S. (see Table 5).

Total production capacity in Japan is estimated to be about
34 million kg/a [10]. The U.S.S.R. has the world's largest production
capacity, reported to be in the vicinity of 45 million kg/a. U.K. capacity
is estimated to be about 4.5 million kg/a and China's about 3 million kg/a.
Japan, the U.S.S.R., the U.K. and China are net exporters of titanium
metal. The U.S. exports significant quantities of titanium mill products.

TABLE 5

CONSUMPTION OF TITANIUM METAL IN THE U.S.

Year

1979
1980
1981
1982
1983
1984
1985
1986
1987
1988

Consumption

(in million kg)

21.7
26.7
28.7
15.7
14.6
22.4
19.6
18.0
20.3*
22.7*

* Actual Production
Notes:
(1) The data in the above table were obtained from References 16-23.
(2) Total production capacity in the U.S. before 1986 = 31 million kg/a.
(3) Total production capacity in the U.S. in 1987 = 25 million kg/a

(because of plant closures as a result of weak demand for the metal),
(4) Total production capacity in the U.S. in 1988 = 25 million kg/a.
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2.8 WORLD SUPPLY OPr AND DEMAND FOR TITANIUM MINERALS

As noted earlier, ilmenite and rutile are currently the two main
titanium ore minerals. Table 4 lists total world production capacity for
these minerals in 1984 and the projection to 1990 (Section 2.11 discusses
synthetic rutile production). For ilmenite and rutile, the combined 1984
total capacity was 2210 million kg (titanium content), which is projected
to increase to 2526 million kg/a by 1990. Total proven world titanium
reserves are estimated to be about 263 000 million kg (titanium content),
and cumulative world demand up to the year 2000 is estimated to be about
38 000 million kg [8,24]. This leaves 225 000 million kg of titanium re-
serves beyond the year 2000. At the average projected consumption rate of
2000 million kg/a in 2000 (Table 13 in Reference 8), these reserves should
last to around 2110. This assumes that no new reserves are discovered and
that no other minerals (such as anatase, currently being developed in
Brazil) are used to produce titanium. In addition to the proven reserves,
there are other currently uneconomic titanium resources throughout the
world. These are estimated to contain about 430 000 million kg (Tables 4
and 5 in Reference 24). Recently [14], additional drilling has increased
the known reserves in Colorado to 500 000 million kg of low-grade ores
(assaying 11.5% TiO2), from earlier estimates of 390 000 million kg.

In 1986, the Brazilian government announced the development of
anatase deposits in Brazil. A plant is expected to come on line in 1988
and will produce about 570 million kg of mineral per year. Subsequently,
the anatase ore will be upgraded to a 90? T1O2 feedstock. Brazil is also
involved in the acquisition of suitable refining technology to produce
titanium metal. As anatase is more reactive than rutile or ilmenite,
alternatives to the Kroll process are being studied [25].

As the expected requirements for a Canadian nuclear fuel disposal
facility total about 18 million kg up to about 2060 (see Section 2.7), it
can be argued that, barring any unexpected prolonged surges in demand, or
future political constraints, titanium ore supplies should be reasonably
assured on the world market. At current production rates, Canadian
ilmenite mineral reserves are also estimated to last well into the next
century. Over the past few years, Canadian ilmenite production has been
around 270 million kg/a (titanium content) [10].

2.9 TITANIUM METAL PRICES

Just like any other commodity, titanium metal prices are subject
to market demand. Prices from 1981 to 1988 are shown in Table 6. Tables 5
and 6 show that the producer-published prices have closely followed con-
sumption levels during this period. In 1981, when consumption was highest,
the price of the metal peaked. Thereafter, as consumption decreased
steadily till 1983, prices dropped correspondingly. In 1984, titanium
metal use picked up and so did prices. Over the last two years, metal
consumption has been increasing and the prices in Table 6 reflect this
upward trend. Note that in Table 6, spot-market prices are generally lower
than published prices except in 1981 when, because of excessive demand, the
spot-market price was significantly higher than the published price. The
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average published price over the last eight years has been about $12/kg.
Note that the prices in Table 6 are all U.S. market prices and are
therefore quoted in U.S. dollars. Also, the prices shown are for raw metal
only. Fabricated plate costs considerably more (about three times the
price of raw metal).

2.10 FUTURE SUPPLY AND DEMAND CHANGES

As mentioned earlier, identified total world resources of tita-
nium are probably sufficient to last for at least the next hundred years.
However, most of the available future ores are in the form of ilmenite.
Natural rutile, which is used for titanium metal production, is in short
supply and available reserves are being depleted. In fact, Australia alone
now supplies over 90% of the western world's rutile needs, which makes the
titanium industry vulnerable to possible supply disruption. For example,
Australia is facing environmental constraints to the further development of
titanium reserves at some locations [26].

In an effort to find an alternative feedstock for the titanium
metal industry, a new technology has been developed over the last few
years. With this technology, ilmenite can be transformed into a product
called synthetic rutile, which is comparable to natural rucile in titanium
content. In recent years, more than 60% of the world supply of titanium
metal has been produced from ilmenite, principally in the U.S.S.R. and
China [8]. Synthetic rutile production technology is described briefly in
Section 2.11.

TABLE 6

TITANIUM METAL PRICES

(U.S. Market)

Year

1981
1982
1983
1984
1985
1986
1987
1988

Published
Price
$/kg

16.90
12.25
12.25
13.20
8.80
9.70
_
-

Spot Market
Price
$/kg

22.00
11.00
6.20
-

7.70
8.60
9.03
9.47

Notes: (1) The data in the above table were obtained from References
16-23.

(2) Prices in this table are for raw metal only. The prices for
fabricated plate are considerably higher (approximately by a
factor of three).



In recent years, the incentive for constructing synthetic rutile
plants has not been very strong because of the low demand for titanium
metal in the western economies. However, it seems likely that in future as
the demand for synthetic rutile increases, resulting in greater utilization
of higher-grade ilmenites for direct chlorination, the lower-grade ilmen-
ites may be upgraded by smelting, possibly followed by further processing
to make them suitable for chlorination.

Australian reserves of natural rutile are expected to be substan-
tially depleted by the year 2000. A potential major source of titanium
minerals that has recently begun operation is the Orissa Sand project in
India, with capacity to process 220 million kg of ilmenits into 100 million
kg of synthetic rutile and 10 million kg of rutile annually. As mentioned
earlier, Brazil's large reserves of anatase will also be developed in the
near future [8].

Lately, the U.S. titanium industry has sought to develop new uses
for titanium which, if successful, could increase future demand. An orga-
nization named the Titanium Development Association (TDA) has been formed.
TDA issues an annual 'buyers guide' for titanium, operates a hot line to
notify members quickly of product and process inquiries, and organises
various expositions and conferences [27].

If substantial price reductions could be achieved, titanium could
penetrate markets now filled by cheaper metals. Currently, there appears
to be growing activity in the development of more efficient processes to
produce and fabricate titanium metal [6]. Other developments aimed at
improving the marketability of titanium have evolved. For example, preci-
sion casting has become an important development in eliminating or minimiz-
ing the machining of forged shapes. Superplastic forming and diffusion
bonding are becoming established fabrication techniques.

Rutile and titanium metal are included in the U.S. list of
strategic and critical materials for stockpiling purposes. Stockpile
objectives have changed several times. In 1976, the objective was about
29 million kg of titanium metal (about the same as the existing inventory
at that time). In 1980, the announced stockpile goals were revised upward
to 177 million kg of titanium metal and 96 million kg of rutile. However,
the actual inventories achieved were only 20 to 40% of these figures [8].

2.11 SYNTHETIC RUTILE TECHNOLOGY

The primary consumer of all forms of titanium concentrates is the
pigment industry, which uses either the sulfate or chloride production
route. However, both chloride-route pigment and titanium metal production
require the same front-end process: the production of high-purity titanium
tetrachloride. Theoretically, either rutile or ilmenite can be chlorinated
directly to form titanium tetrachloride. However, because of its high iron
content, ilmenite chlorination produces unacceptably large amounts of
waste. Normally, the production of titanium tetrachloride requires reason-
ably pure, high Ti02-content feedstock like rutile. However, because of
ilmenite's wide geographical distribution and price advantage over rutile,
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many techniques have been proposed to upgrade its TiO2 content to make it a
more feasible feedstock for titanium tetrachloride production.

There are four main technical routes by which synthetic rutile
(upgraded ilmenite) can be produced. Two of them are currently in use
commercially; the other two are at the pilot stage. The commercial tech-
niques are called partial reduction and total reduction, respectively; the
two methods in the pilot stage are chlorination and thermal reduction [28).

Kerr-McGee's synthetic rutile production plant in the U.S. uses
the partial reduction process [28]. Ilmenite containing 54 to 60% TiCh is
fed into a rotary kiln that is heated to 900°C by burning heavy oil under
oxygen-deficient (reducing) conditions. The reduced ilmenite produced is
then batch-processed with 18 to 20% hydrochloric acid. This digestion
converts the ferrous oxide in the reduced ilmenite to soluble ferrous chlo-
ride, leaving the TiO2 portion intact. The spent acid liquor containing
ferrous chloride is then recycled to separate it into hydrogen chloride gas
and ferric oxide powder. The HC1 gas is reabsorbed into water to regener-
ate hydrochloric acid. The leached TiC>2 is washed with water to remove
excess acid and ferrous chloride, then calcined to yield a synthetic rutile
product containing 93 to 94% TiC>2. Ishihara-Sangyo of Japan [9] uses
sulfuric acid to leach iron oxides from ilmenite.

The total reduction process [28] involves reduction of the iron
in ilmenite to the metallic state; this is followed by accelerated oxida-
tion of the iron in an aqueous environment to rust-like particles. In this
technique, three major processing stages are used: oxidation, reduction
and aeration. During oxidation, ilmenite with a typical TiO2 content of
55 to 60% is heated under oxidizing conditions. This induces textural
changes in the ilmenite grains, such as substantial cracking and lattice
expansion. In the reduction stage, oxidized ilmenite is fed to rotary
kilns heated to 1200°C. Oxygen-deficient combustion of coal reduces the
ilmenitic iron to the metallic state. After cooling, the reduced ilmenite
is magnetically separated and aerated with large volumes of air. This
causes the metallic iron to rust and precipitate from the remaining tita-
nium dioxide. The typical T102 content of the synthetic rutile produced
is about 91%. This process is less energy-intensive than the partial
reduction process, which requires energy-intensive acid recycling.

The availability of commercially produced synthetic rutile has
changed the demand patterns for mined rutile. Table 7 compares the compo-
sition of synthetic rutile with natural ilmenite and rutile ores. Note
that the impurity levels in synthetic rutile are comparable to those in
the rutile ore. The synthetic rutile shown in Table 7 was produced by
Associated Minerals of Australia using the total reduction process. Syn-
thetic rutile production plants in India, Japan, Malaysia, Taiwan and the
U.S. have been designed to use the partial reduction process [24]. Refer-
ence 9 provides a list of 13 ilmenite upgrading plants in the western
world. The list is about ten years old and it appears that, except for one
new plant coming on line in India [8], no new plants have been constructed
since then. These plants are highly capital-intensive and the relatively
low and cyclic nature of the demand for titanium metal over the last decade
has not provided sufficient incentive to construct additional plants.
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TABLE 7

COMPOSITION OF TYPICAL SYNTHETIC RUTILE COMPARED TO ILMENITE AND RUTILE

Component

TiO2

Fe2O3

MnO

SiO2

A12O3

ZrO2

v 2o 5

Cr2O3

(Ca+Mg)0

Ilmenite*
Ore

60.8

29.5

1.07

0.77

0.98

0.23

0.22

0.20

0.29

Rutile*
Ore

96.1

0.50 to 0.70

0.01

0.58

0.35

0.92

0.65 to 0.70

0.15

0.02

Syntheti

Premium
Grade

92.5

3.1

1.0

1.5

1.2

0.14

0.20

0.08

0.30

: Rutile**

Standard
Grade

91.1

4.4

1.7

1.5

1.1

0.14

-

-

-

* Produced by Allied Eneabba Limited, Australia.
** Produced by Associated Minerals, Australia.

2.12 FUTURE TECHNOLOGICAL PROGRESS

The direct-chlorination process for beneficiating ilmenite to
make rutile substitutes has shown promise [8]. One serious problem asso-
ciated with the chlorination process is the formation of large amounts of
iron chlorides that must be either discarded or decomposed to recover chlo-
rine and iron oxide. The U.S. Bureau of Mines has reported on an experi-
mental technique for the chlorination of titaniferous materials and the
dechlorination of ferric chloride that produces high rates of conversion to
chlorine and iron oxide. The Bureau is also working on the preparation of
high-content-titanium dioxide slags from low-magnesium and low-calcium
ilmenites from Florida. Work is also continuing on processes to remove
impurities (magnesium, calcium, and manganese) from the slag before chlor-
ination. By treating titanium slags with mixtures of sulfur dioxide and
oxygen, followed by leaching, a slag sample with a combined level of 5% of
these impurities was upgraded to a product containing about 80% Ti02 and
less than 0.4% impurities [8]. Buttes Gas & Oil Corp. in the U.S. is in-
vestigating the perovskite deposits in Colorado as a potential source for
producing either synthetic rutile or titanium dioxide pigment. If devel-
oped, this would be the first perovskite deposit to yield a commercial
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titanium product. Other U.S. Bureau of Mines work, directed toward achiev-
ing better utilization of potential titanium reserves includes studies on
the recovery of rutile from copper mill tailings, and on the recovery of
titanium minerals from titanium plant solid wastes [8].

Joint development of an electrolytic process for producing tita-
nium metal was started by Dow Chemical Co. and Howmet Turbine Components
Corp. in the U.S. Work on this process advanced to a demonstration plant
stage, but the venture, known as D-H Titanium Co., was terminated early in
1983 because of world-wide overcapacity for titanium sponge production.
Research on the process is being continued by Dow Chemical Co. The termin-
ation of the Dow-Howmet joint venture underlines an apparent trend toward
the use of improved conventional technology for new titanium sponge
capacity, rather than the employment of new methods [8]. Nevertheless,
Titanium Inc. in the U.S. has been building two pilot plants to develop a
process for producing titanium sponge and powder from domestic ilmenite.
The main process steps involve fluorinating the ore with an alkali metal
fluosilicate, reducing the molten titanium fluorides with aluminum in a
zinc carrier medium, and finally, distilling off the zinc to produce
titanium sponge [8J.

Ingots of titanium and titanium alloys have been fabricated
mainly with conventional steelmaking equipment to produce mill products.
The industry believes that current fabrication methods have yet to be
optimized to produce the most beneficial properties in titanium alloys.
Through thermomechanical processing research, better processing sequences
for titanium could be developed [8].

Other facets of technology development have been near-net-shape
(NNS) processing (that is, techniques to cast components requiring minimum
machining to achieve the desired shape) and powder metallurgy. Cost sav-
ings using powder metallurgy rather than forging to produce component parts
could range from 20 to 50%; however, comparable mechanical properties have
not yet been realized. The U.S. Bureau of Mines has reported on a new
investment mold for casting titanium that uses calcia-stabilized zirconium
oxide with a zirconium-dioxide-forming binder. A fume-free process for
producing commercial-grade titanium castings has also been demonstrated.
The process used bentonite-bonded olivine or zircon sand molds as an
alternative to the industrially used rammed-graphite process [8].

2.13 SUMMARY

The objective of this study was to evaluate the availability of
titanium for the CNFWMP during the potential operating life of an under-
ground disposal facility from the years 2020 to 2060. Based on the
reference container design specified for a conceptual used-fuel disposal
centre [29], the requirement for titanium metal will be about 450 000 kg/a
during the assumed 40-year operating life of the disposal facility.

Current world production capacity of titanium metal is about 120
million kg/a, of which the U.S. capacity is about 25 million kg. The
projected yearly requirements of titanium metal for the CNFWMP are about
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30% of the current production of the metal in the U.S. No titanium metal
is produced in Canada, primarily because of the high capital cost of a
production plant and low market demand. Historically, the demand for
titanium metal has exhibited a cyclic trend. It is anticipated that the
average world demand around the year 2000 will be about 170 million kg/a.
The identified mineral ores and available manufacturing capacity are more
than sufficient to meet this demand. Demand projections beyond the year
2000 are not available. Currently identified, proven world titanium ore
reserves are estimated to be about 260 000 million kg (titanium content),
and, based on the historical average increase in demand, should last up to
the year 2110. However, there are a number of unknown factors that could
influence future supply projections. For example, new sources of titanium
may be discovered, or alternatives to Ti02 pigment used in paints may be
developed. The latter would significantly affect titanium demand since
about 95£ of current production is used by the pigment industry. Alterna-
tively, new uses of titanium could be identified or future political con-
straints may seriously affect supplies. However, barring abnormal events
in the demand for and supply of titanium, it is clear that identified world
reserves could meet the needs of a Canadian nuclear fuel waste disposal
facility adequately in the years 2020 to 2060.

Although there are no production plants for titanium metal within
Canada, significant quantities of titanium minerals are available. Quebec
Iron and Titanium generates more than 1000 million kg/a of an 80% Ti02
slag, and has indicated that there are adequate supplies of titanium miner-
als in Canada over the long term [30]. This producer believes that if
market demand were to change, a plant for producing titanium metal could be
built in Canada. However, the total requirements of titanium metal for a
Canadian nuclear fuel waste disposal facility would be too small to justify
an independent production plant. It was mentioned that proven technology
exists to construct a small dedicated unit to produce titanium metal,
although the cost of metal from such a plant would be from 25 to 50% higher
than the market price. The average U.S. market price in recent years has
been around $12/kg.

3. COPPER

3.1 COPPER MINERALS

Various types of copper deposits can be distinguished according
to their geological formation, shape and mineral assemblage. The most
important are porphyry deposits, strata-bound deposits and vein deposits,
which represent 40 to 45%, 35 to 40% and close to 10% of reserves, respec-
tively. Porphyry deposits are mined mainly by open-pit methods, since the
ore minerals are widely disseminated within the host rock, and large ton-
nages have to be extracted. Average grades are generally below 1% copper.
Strata-bound deposits may be related to sedimentary or volcanic rocks.
Various types of these deposits exist, and are characterized by widely
diverse grades (up to about 6% copper) and the presence of other elements
(most commonly cobalt, zinc, and gold). These deposits are usually mined
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underground, as their higher grades justify more expensive ore extraction
methods. Vein deposits can be complex in shape, grade, and mineral con-
tent; the minerals are generally aggregated in massive bodies that are
distributed irregularly. Ocean resources of copper and other metals
(nickel, cobalt, manganese) are widespread, and ultimately may equal or
exceed land-based reserves [31].

In land-based occurrences, only a few of the more than 200
minerals in which copper is a natural constituent are of commercial
significance. These can be divided into sulphide minerals, which can be
separated from the host rock by flotation, and oxide minerals, which are
generally treated by leaching. In primary sulphide deposits, chalcopyrite
(CuFeS2> is most abundant, followed by chalcocite (CU2S), bornite
(Cu5FeS4), covellite (CuS) and enargite (CU3ASS4). The principal copper
minerals of an oxide deposit are chrysocolla (CuSiO3#2H2O), malachite
(Cu2(0H)2C03), and azurite (Cu3(OH)2(CO3)2)•

Oxide minerals originate from sulphide minerals by the influence
of near surface water and air over geological time scales. These altera-
tion processes lead to a distinct vertical zoning in most near-surface
deposits. Up to five zones can be distinguished (from top to bottom):

(1) leaching zone (copper has been removed),

(2) zone of oxidized ore,

(3) zone of mixed sulphide and oxide ore,

(4) zone of secondary sulphide enrichment, and

(5) primary sulphide ore.

Any one or all of the first four zones may be absent in a parti-
cular deposit. The zone of secondary sulphide enrichment is the most
desirable target for mining operations because the prevailing minerals
(chalcocite, bornite) are very copper-rich and the grade of the ore is
higher than that of the primary zone. Mixed ores are particularly diffi-
cult to concentrate; in open-pit operations the leached zone has to be
removed before mining can start (pre-stripping) [31].

3.2 WORLD COPPER PRODUCERS AND DEPOSITS

The principal copper-producing countries, in ranked order, are
the U.S., Chile, the U.S.S.R., Canada, Zambia and Zaire.

Within the U.S., the main copper-producing states are Arizona,
Utah, New Mexico and Montana. About 35 mines produce 94% of total U.S.
output, and four companies account for 53% of all mine production. Several
leading copper-producing companies are vertically integrated and have min-
ing, smelting, refining and fabricating facilities, and marketing organiza-
tions. Companies that operate mines, smelters and refineries in the U.S.,
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in ranked order of refined production are ASARCO Incorporated, Kennecott
Corp., Phelps Dodge Corp. and Magma Copper Corp [32J.

Most of Chile's output comes from four large mines, and the
state-owned Codeloco-Chile Corp. is the largest copper producer. Most of
Zaire's production comes from the state-owned company called Gecamines.
Copper is produced in Zambia from 15 mines owned by two companies [33].

In Canada, British Columbia is the leading copper-producing
province, followed by Ontario, Quebec and Manitoba. Details of the
Canadian copper industry in Canada are provided later in this report.

The current and potential raw-material base for the copper indus-
try comprises land-based reserves and resources, ocean resources, and the
stock of copper in existing products (called secondary copper). The U.S.
and Chile each have about 182 of world reserves, Zaire has 9% and Zambia,
Canada, Mexico and Peru each have 6%. The Centrally Planned Economies
(CPEs), e.g., the U.S.S.R. and the People's Republic of China, possess
approximately 14%, and about 17% of remaining reserves are in developing
countries. Most of the world's copper resources have already been identi-
fied. More than 25% of these are reported to be in Zaire, about 20% in the
U.S., and 15% in the CPEs [31].

3.3 USES OF COPPER

The largest use of copper is for electrical equipment and
supplies. The manufacture of electric motors, power generators, motor-
generator sets, dynamotors, fans, blowers, industrial controls, and related
apparatus requires copper for the best electrical performance. Although
aluminum is used for virtually all high-voltage overhead power transmission
lines, copper is widely used in underground cables and dominates the small-
gauge wire market [32].

The corrosion resistance of copper and its alloys results in its
many uses in the construction industry. Construction materials for roofing
and plumbing, and brass and bronze for decorative and utilitarian items for
public buildings and private homes require significant quantities of
copper. Copper and copper-based alloys that resist the corrosive effects
of seawater and have high heat-transfer capability are used for tubing and
valves in distillation plants for seawater desalination.

Copper finds widespread use in the production of non-electrical
industrial machinery, household and commercial air-conditioning and farm
machinery. It also finds application in the automobile industry, in rail-
road transportation, aeroplane manufacture and the production of marine
parts. Copper items used for ordnance include shell casings, projectile
fuses and fire-control equipment.

Miscellaneous uses of copper include chemicals and inorganic pig-
ments. Copper is also used extensively in watches, clocks, microscopes,
projectors and many types of gauges. Solid copper, brass, and bronze are
popular materials for utensils, jewellery, furnishings and decorative
items.
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The electrical and construction industries together account for
60 to 70% of total copper consumption. In Western Europe and Japan, the
electrical and electronic products sector accounts for more than 50% of
total consumption. In the U.S., the use of copper in non-electrical
consumer products is somewhat more extensive than that of the electrical
industry.

Semi-manufacturing industries are the principal consumers of
refined copper, and it is at this stage that the consumption of copper is
measured. These industries work refined copper into a variety of shapes,
such as sheets, strips, rods, tubes, wires, etc., which form the basis for
a myriad of manufacturing applications. The pattern of consumption by type
of semi-manufactured product has shown little change in the last decade.
Wire is the predominant product in all countries, particularly in the pure
copper form rather than the alloy form, and is the product for which demand
has grown fastest. The next most important categories are rods, bars and
sections, followed by sheets, strips and plates (especially in copper-alloy
form), followed by tubes [31].

3.4 COPPER TECHNOLOGY

Copper is produced in four stages: geological exploration and
development, mining, smelting and refining. A substantial portion of world
production is mined from deep deposits by underground methods. However, in
recent years, 90% of U.S. production has come from open-pit mines. In
Canada, most small mines are underground operations, whereas larger mines
are generally open-pit. Open-pit mining offers significant cost savings
compared to underground mining, but the scale of operation and initial
capital outlay are much larger [34].

Most of the ores currently processed are sulphides. During
milling, these ores are subjected to crushing, fine grinding and concen-
tration by flotation. Oxide ores, which are not amenable to flotation, are
leached with dilute sulphuric acid to dissolve the copper, which is then
recovered from the leach solution by chemical precipitation onto scrap iron
(called cementation), electrowinning (i.e., the recovery of an element by
electrolytic methods), or by solvent extraction and electrowinning. When
the ore contains almost equal amounts of sulphide and oxide minerals, com-
binations of leaching and flotation are used. Usually the ore is leached
first to recover copper from the oxidized minerals, then treated in a
concentrator where the sulphide minerals are recovered by flotation [56].

Copper smelting traditionally has been done in a reverberatory
furnace [34]. The operations involved are roasting of the ore, smelting
with fluxes to produce a suitable "matte," and conversion of the matte to
"blister copper". Excess sulphur and a few other impurities are driven off
by the roasting process. Copper matte is essentially a fusion of copper
and iron sulphides. Limestone and silica are added as flux to unite with
the earthy constituents of the concentrate. These additions enable a
liquid slag to form at the high operating temperature of the furnace. The
slag floats on the molten matte in the furnace and can be run off readily.
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Throughout the world, reverberatory furnaces are being steadily
replaced with advanced-technology smelters such as flash smelters [35,36]
or oxygen sprinkle smelters [37]. The need to modernize smelting opera-
tions exists because of increased fuel costs and the need to improve
efficiency, increase capacity, and meet new environmental regulations.

The copper matte is transferred to a converter that removes iron
from the matte as iron slag, and sulphur as sulphur dioxide. Several other
impurities are also removed by volatilization. Next, the metal is cast in
the form of copper cakes or into anodes. The top surface of the cast cakes
is rough, because of escaping gas bubbles. Such copper is normally called
blister copper.

At this stage, the copper is about 99% pure, but may still
contain small quantities of lead, iron, sulphur, bismuth, arsenic and
oxygen as well as precious metals that may have been present in the
original ore. Blister copper is porous and brittle and not amenable to
fabrication processes. Therefore, further refining is required.

Blister copper is partially refined by melting it in a furnace
and removing the principal impurity, oxygen, in a reducing atmosphere. The
metal is then cast into anodes for electrolytic refining in a tankhouse
[38]. The anodes and thin, copper-starting sheets (the cathodes) are sus-
pended in tanks containing a solution of copper sulfate and sulphuric acid.
An electric current, passed through the solution, dissolves copper from the
anodes and deposits it in refined form on the cathodes. The cathodic cop-
per is called electrolytic tough-pitch copper. The sludge that collects on
the bottom of the tank contains gold, silver and other valuable constitu-
ents that are recovered separately.

Cathodically refined copper is generally cast into wirebars,
ingots or other shapes and sent to fabricating mills for conversion to
sheet, strip, tube, rod, wire or other semi-manufactured products. How-
ever, in recent years, there has been an increased direct consumption of
cathodes, by-passing the refinery casting step [32].

3.5 COPPER INDUSTRY IN CANADA

There are about 90 producing copper mines in Canada. These can
be divided into four groups [34]:

(1) domestic marketers of refined copper (Noranda Mines Limited, The
International Nickel Company of Canada Ltd. (INCO), Hudson's Bay
Mining and Smelting Company Ltd., and Texas Gulf Sulphur Company)
who operate 22 mines accounting for about 51% of Canadian copper
production;

(2) contract shippers, some 30 mines east of the Rocky Mountains
whose output is smelted, refined and sold on a contract basis by
Noranda, accounting for about 24% of Canadian production;
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(3) eastern exporters, currently about 23 mines east of the Rocky
Mountains that export their output as concentrate or matte,
accounting for about 7% of Canadian production; and

(4) western exporters, 15 mines west of the Rocky Mountains that
export their output as concentrate, usually to Japan, accounting
for about 18% of Canadian production.

Unlike many of the copper producers in other nations, the profit-
ability of Canadian copper producers is greatly influenced by the prices of
other metals. No Canadian producer mines only copper. The largest copper
producer is the nickel producer, INCO; the second largest, Kidd Creek Mines
Ltd., derives more revenue from the sale of zinc than from the sale of
copper [39].

There are six smelters and three refineries in Canada. The
smelters are

(1) Falconbridge Limited, Falconbridge, Ontario;

(2) INCO Limited, Sudbury, Ontario;

(3) Kidd Creek Mines Ltd., Timmins, Ontario;

(4) Noranda Inc., Home Smelter, Noranda, Quebec;

(5) Noranda Inc., Gaspe Smelter, Murdochville, Quebec; and

(6) Hudson's Bay Mining & Smelting Co. Ltd., Flin Flon, Manitoba.

The refineries are

(1) Noranda Inc., Montreal, Quebec;

(2) INCO Limited, Copper Cliff, Ontario; and

(3) Kidd Creek Mines Ltd., Timmins, Ontario.

Over the last fifteen years, the average production of copper
concentrate from Canadian mines has been about 700 000 Mg/a. In any year,
actual production has been within ±10% of this average. During the same
period, total refinery output has averaged about 475 000 Mg/a. Canada
exports about 225 000 Mg of copper concentrate and about 280 000 Mg of
refined copper per year. Imports of refined copper are about 20 000 Mg/a.
Domestic Canadian consumption of refined copper averages about 200 000 Mg/a
[39,40].

Canada has an infrastructure of semi-manufacturing industrial
capability to process refined copper and produce copper bars, rods, plates,
sheets, pipes, tubes, wires, cable and other similar products. About one-
third of the refined copper exported from Canada is in a semi-manufactured
form.
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During the past two decades, a number of large copper mines have
been developed in Western Canada [34,40]. The ores from these mines are
concentrated, and then shipped to distant smelters and refineries in
Eastern Canada, the U.S. and Japan. As more copper ores have been mined,
the possibility of treating copper concentrates in Western Canada has been
studied. A hydrometallurgical process that bypasses conventional smelters
for the extraction of copper from sulphide ores is being developed by Sher-
ritt mines and Cominco mines in British Columbia. A conventional smelter
produces large volumes of sulphur dioxide gas that must be collected and
converted to sulphuric acid to comply with environmental regulations per-
taining to atmospheric pollution [34].

Canada is the third largest producer of copper concentrate in the
non-Communist world (NCW). The largest producer is the U.S., followed by
Chile. Canada is the fifth largest producer of refined copper in the
world. The largest producers of refined copper are, in order, the U.S.,
Japan, Chile and Zambia.

3.6 WORLD SUPPLY OF, AND DEMAND FOR COPPER

The NCW production of copper concentrate and refined copper for
the last eight years is presented in Tables 8 and 9. The tables also show
individual production in the U.S. and in Canada. The average NCW produc-
tion of copper concentrate during these years has been about
5 910 000 Mg/a, of which Canada produced about 12Z and the U.S. about 20X.
Similarly, the average production of refined copper has been about
5 540 000 Mg/a, of which Canada and the U.S. produced 8% and 22Z,
respectively.

The NCW consumption of refined copper during the last eight years
is shown in Table 10, including the individual consumption for Canada and
the U.S. [39-42]. On average, Canada accounts for about 4% of the total
NCW consumption, the U.S. about 28Z. It can be deduced from Tables 9 and
10 that Canada consumes about A0% of its own production of refined copper.

Based on a conceptual design of a copper container developed for
the CNFWMP [43], the weight of refined copper required for each container
would be about 1.2 Mg. During the assumed operating period of the con-
ceptual disposal facility [2] approximately 3500 containers would be
required each year. Therefore, about 4200 Mg of refined copper would be
required each year during the 40-year operation of the facility. Based on
current production rates in Canada, the yearly copper requirements for the
disposal facility would be about 0.5% of the production of copper concen-
trate, or about \% of the production of refined copper. Apparently, pro-
vided current rates of production are maintained in future years, the
copper requirements for the disposal facility would be a trivial fraction
of present Canadian production.

Beyond the year 2000, the balance between supply and demand of
copper may warrant increased monitoring. After 2000, total world reserves
of copper ore are currently projected to be 200 to 360 million Mg [33].
World demand in 2000 is expected to be about 9 million Mg/a, and to be
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TABLE 8

YEARLY PRODUCTION OF COPPER CONCENTRATE

(Hg)

Country

Canada

U.S.

Rest of
NCW*

Total

1

3

5

1981

691

297

748

737

328

532

792

652

1982

612

931

3 986

5 530

455

608

564

627

1983

653

977

4 069

5 700

040

916

467

423

1

3

5

1984

721

153

921

796

826

160

685

671

Year

1

4

6

1985

738

259

007

005

637

396

035

068

1

4

6

1986

698

216

694

609

527

720

359

606

1

3

5

1987

794

187

877

859

149

664

510

323

1988

Not
Available

1 366 540

4 679 832
(including
Canada)

6 046 372

* Non-Communist world

NOTE: The above data are obtained from References 39-42.

TABLE 9

YEARLY PRODUCTION OF REFINED COPPER
(Mg)

Country

Canada

U.S.

Rest of
NCW*

Total

1

3

5

1981

476

495

650

622

655

476

205

336

1

3

5

1982

337

087

923

349

780

784

464

028

1

3

5

1983

464

123

869

457

333

196

551

080

1

3

5

Year

1984

504

233

635

372

252

064

320

636

1

3

5

1985

499

189

617

307

626

480

976

082

1

4

5

1986

493 445

230 340

190 420

914 205

1

3

5

1987

491

265

791

548

178

752

848

778

1988

Not
Available

1 415 572

4 311 184
(including
Canada)

5 726 756

* Non-Connunlst vorld

NOTE: The above data are obtained fron References 39-42.
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TABLE 10

YEARLY CONSUMPTION OF REFINED COPPER

(Mg)

Country

Canada

U.S.

Rest of
NCV*

Total

1

3

5

1981

241

703

783

728

537

408

627

572

1

3

5

1982

158

256

740

155

587

672

365

624

1983

195

1 515

3 784

5 A9t

002

452

762

> 216

1

4

6

Year

1984

231

730

121

082

039

648

005

692

1

3

5

1985

203

604

866

673

335

436

132

903

1

4

5

1986

204

489

131

825

685

120

400

205

1

4

6

1987

215

710

132

059

677

672

732

081

1988

Not
Available

1 728 832

4 244 900
(including
Canada)

5 973 732

* Non-Communist world

NOTE: The above data are obtained from References 39-42.

growing by 3 to 4% every year. It is forecast that about 30^ of this
demand will be met by recycling scrap metal; the rest will have to be
supplied by primary metal sources. Specific supply and demand data beyond
2000 are not available for Canada. However, based on current trends
towards free trade between nations and an open world economy, it may be
prudent to base any judgments on total world supply and demand.

If economical copper reserves begin to dimish beyond 2000, this
may result in greater recycling and/or the significant exploitation of sea
nodules. Also, the then-prevailing economic conditions might favour the
development of new technologies to recover low-grade copper resources. One
of the major parameters determining the amount of economical resources is
the minimum grade of copper ore exploitable through currently available or
foreseeable technology. For example, the average grade in U.S. mines drop-
ped from 0.9£ in 1950 to 0.6£ in 1983 [33]. Some copper deposits currently
under development contain an average of only 0.4%, with an economically
recoverable cut-off grade of 0.2%. It is nearly impossible to determine
where the eventual cut-off grade may be, but some experts have suggested
~ 0.1% [31]. On this basis, land-based copper resources (deposits in a
form from which the metal contained can eventually be extracted, though
impractical or uneconomic at present), both known and unknown, have been
estimated to amount to anywhere between 1400 and 12 000 million Mg (con-
tained metal).
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3.7 COPPER METAL PRICES

Average yearly prices of refined copper from 1979 to 1988 are
presented in Table 11 [41,42,44,45]. The corresponding total consumption
of copper metal for each year is also shown. Table 11 shows that after
1980 copper prices steadily decreased until 1986, and have increased in
recent years, the average price during this period being $1.83/kg. The
high price in 1980 and 1988 seem to have occurred in response to higher
consumptions in 1979 and 1987, respectively.

During the mid-eighties, copper prices were considered to be de-
pressed, and a number of copper-producing mines have closed. Most smelters
and refineries around the world are undergoing extensive retrofits to up-
grade their processing technologies to reduce costs and remain competitive.

Canadian producers have increased their competitive position by
decreasing their estimated average costs from 11% above the NCW average
production cost in 1982, to 1% above their average cost in 1985. However,
many third-world producers with much lower labour rates have greater
potential to continue to cut costs.

TABLE 11

COPPER METAL PRICES
(U.S. prices, in U.S. dollars)

Year

1979
1980
1981
1982
1983
1984
1985
1986
1987
1988

Average
1979-1988

U.S. Producer Price
($/kg)

2.03
2.23
1.85
1.64
1.75
1.50
1.45
1.43
1.79
2.62

1.83

NCW*
Consumption

(Mg)

6 182 572
5 765 800
5 728 572
5 155 624
5 495 216
6 082 692
5 673 903
5 825 205
6 059 081
5 973 732

5 775 788

* Non-Communist world.

Note: The above data are obtained from References 41, 42, 44 and 45.
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The costs of producing copper vary, depending largely upon
location and the physical characteristics of the ore deposit. A typical
breakdown of costs for a representative large, open-pit copper operation
are 25% for mining, 30% for ore beneficiation, 20% for freight, smelting
and refining, and the remaining 25% for items such as discovery, develop-
ment, taxes, general overhead and marketing [33J. A major factor influenc-
ing future production costs will be the long-term declining yield of copper
from ores. Lou copper content results in the mining and processing of
large quantities of material per unit of metal produced. Additionally,
surface mines have average ratios of overburden to ore of about 2.5 to 1.
In ore beneficiation, the efficiency of copper recovery tends to decline as
the copper content of the ore declines. Both lower grades and reduced
recovery efficiency increase the quantity of tailings generated per unit of
copper produced, which, in turn, necessitates substantially greater
impoundment areas and waste treatment costs.

The overall cost structure of the copper industry covers a very
wide spectrum. At one end of the scale is copper produced as a by-product
or co-product of some other metal production. At the other end is copper
produced in some countries that operate under an economy in which produc-
tion is paramount and costs are secondary. In such countries, copper is
sometimes sold at prices below its cost of production. Between these
extremes, there is the copper that has to compete in world sales with other
copper and show a profit. Such competitive copper accounts for about 70%
of NCW production.

Most refined-copper trade in market economies is conducted
directly between refineries and semi-fabricators. However, some refined
copper (10 to 20% of a typical year's total trade) is sold through the
mediation of merchants operating on auction markets like the London Metal
Exchange (LME) or the New York Commodity Exchange (COMEX). Such copper is
sold for immediate delivery. The importance of the LME far transcends its
role as a marketplace for physical copper. Although only a fraction of
total trade in refined copper passes through the LME, the exchange provides
an equilibrating mechanism for the copper industries of the whole market-
economy area. Price changes are determined by the imbalance of supply and
demand at the LME and not by the absolute magnitudes of supply and demand.
The fact that only a small part of supply and demand appears on the LME is
irrelevant if the imbalance between the two accurately mirrors the imbal-
ance between supply and demand in the whole international market. In an
imperfect way, this is what actually happens [31].

3.8 SECONDARY COPPER

Scrap metal recovered from waste is referred to in the industry
as secondary copper. Copper recycling is especially attractive because the
secondary product can be a perfect substitute for primary metal obtained
from ore. Consequently, in comparison to other metals, copper has a
relatively high recovery rate from waste. Furthermore, the technology for
refining the metal from scrap is far simpler than the winning of metals
from ores, and the capital requirements for scrap processing are relatively
low. However, significant expansion of the recycling industry will likely
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depend not only on technological and economic considerations, but also on
changes in government policy on a broad level, for example, providing
recycling incentives [31].

Secondary copper is generally a by-product of either semi-
manufacturing and fabricating operations (new scrap) or of the obsolescence
of copper-containing manufactured products (old scrap). If the copper
scrap is sufficiently pure or in the form of an alloy of known composition,
it may be recovered by simple remelting and recasting. A great deal of new
scrap is in this category. Scrap that is not suitable for remelting must
be re-refined. Some lower-grade scrap must even be smelted first. Only a
few plants in the world can treat low-grade scrap; most are located in the
U.S., the U.K., West Germany and Japan. There are four groups of consumers
or users of secondary copper: brass mills, wire mills, foundaries and
powder plants.

The consumption of secondary copper is normally measured by the
ratio of scrap consumption to primary refined-metal consumption. On aver-
age in Western Europe, this ratio is about 0.32, in Japan about 0.42 and in
the U.S. about 0.44, but varies from year to year. Clearly, scrap metal
provides a significant part of total copper demand in most industrialized
countries. It is expected that secondary copper production will continue
to expand, but not dramatically [31,33]. Governments of developed market-
economy countries, though interested in increasing the recovery and
recycling of copper, have not yet developed policies and incentive systems
required to achieve major breakthroughs in the collection and recycling of
scrap metal.

3.9 FUTURE SUPPLY AND DEMAND CHANGES

It appears likely that a number of countries could emerge as
significant new copper producers. Examples of these are Argentina and
Columbia. Porphyry copper deposits in Iran, Indonesia and the islands of
the Southwest Pacific are also receiving increased attention. The little-
explored Brazilian shield may contain major sedimentary deposits. In the
U.S., substantial copper-nickel resources in Minnesota and Montana may
become centres of future production, and deposits of that type may also
occur elsewhere in the world. Production from deep sea nodules could begin
and become a significant factor in copper supply by the end of the century
[32,33]. Greater availability and usage of scrap metal in future years
could also significantly increase supplies. In the near future, the emis-
sion of sulphur compounds, trace elements and particulates to the atmos-
phere during smelting is probably the most: pressing problem facing the
North American copper industry. Control of such emissions has already
resulted in curtailment of production at some smelters due to the enforce-
ment of new air pollution regulations [32,33,39].

Although the properties of copper make it almost irreplaceable in
some applications, it faces competition from aluminum, plastics, steel and
other materials. The greatest replacement of copper has been in the field
of high-voltage electricity transmission. About 40£ of insulated power
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cable and over 90% of bare-conductor applications are now provided by
aluminum. Copper and aluminum are interchangeable in some heat-exchanger
applications.

Increased emphasis on safety, comfort, recreation, and a
pollution-free environment likely vill result in greater demand for elec-
trical equipment. Automation, including the use of computers, should also
spur increased electricity use. The push to develop solar energy will
increase the use of copper as a construction material. Anticipated strong
growth in the areas of air conditioning and desalination, where copper
alloys are a preferred material, should increase copper demand. A supple-
mentary consideration is the relative ease of copper fabrication, which
will become more important as labour costs rise faster than raw material
costs.

A number of contingencies that could reduce the demand for copper
are advanced power-generation systems that do not require generators, the
development of cryogenic techniques in power transmission, micro-
miniaturization of communication circuitry, fibre optics in communications,
and use of satellites for communication. Currently, the principal deter-
rent to the use of copper for a number of industrial applications is its
high cost relative to that of other materials.

Overall, it appears that copper will lose some markets and create
or find others, as it has done in the past. In between, there remains a
hard core of old markets that copper will retain. These will grow in vol-
ume as the world population increases and its standard of living improves.

3.10 FUTURE TECHNOLOGICAL PROGRESS

Advances in technology are likely to exert a significant effect
on all phases of the copper industry, from exploration through to utili-
zation. In mineral discovery, new techniques in geochemical exploration,
the detection of heat emissions and trace elements by airborne recording
instruments, and improved understanding of ore-forming processes will
assist in directing exploration to areas of greatest potential. Greater
application of geophysical instrumentation on the surface and in boreholes
should also improve exploration techniques [32,33].

Open-pit mining systems will undoubtedly continue to move toward
the use of larger equipment and, where feasible, more extensive use of
conveyor belts and draglines to reduce energy and materials handling costs.
Underground mining could be revitalized by more efficient, system-
integrated equipment for advancing mine openings, breaking ore, and hauling
materials.

The problem of sulphur dioxide, trace element and particulate
emissions from the smelters is pushing research into areas that could have
a tremendous effect on many aspects of copper production technology.
Chemical processing systems that recover copper by precipitation or
electrodeposition from leach solutions are being developed. These systems
generally recover elemental sulphur and would eliminate some of the
problems associated with the conventional smelting-refining practices [33J.
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The use of solvent-extraction electrowinning technology will
probably replace precipiration-smelting-refining practices in the recovery
of copper from waste-dump leach solutions. This practice could reduce
production costs and permit higher total yields from waste-dump sources.
As a consequence of smelter pollution controls, the availability of large
quantities of low-cost sulfuric acid, along with possible development of
new leaching agents, may contribute to increased waste-dump copper
recovery. This will also be a factor for proposed in situ leach recovery
systems for large, low-grade copper deposits that could be fractured by
large underground explosions [32,33].

3.11 SUMMARY

The objective of this study was to evaluate the availability of
copper for the CNFWMP during the potential operating life of an underground
used-fuel disposal facility during the years 2020 to 2060. Based on a
reference container design, the requirement for copper metal would be about
4200 Mg per year during the 40-year operating life of the conceptual
disposal facility.

Current world production of copper metal is about 5.75 million
Mg/a of which the U.S. produces about 1.15 million Mg and Canada about
700 000 Mg. Of the total production of copper concentrate in Canada, about
500 000 Mg is further processed into refined copper within Canada; the rest
is exported to other countries as feedstock for their copper refineries.
The copper requirements for the CNFWMP, in which a copper reference
container would be used, would only require about 1% of the current yearly
production of refined copper in Canada.

The current (1988) world demand for copper is on an upswing;
it is anticipated that demand around the year 2000 may rise to about
9 million Mg/a, based on a 3% average growth rate {33]. After 2000, proven
world copper-ore reserves are currently projected to be about 200 to 360
million Mg (copper content), and the balance between supply and demand may
warrant increased monitoring. A number of unknown factors could influence
this future balance. For example, new resources of copper may be dis-
covered, larger quantities of scrap metal may be utilized, or new technolo-
gies may be developed to economically recover lower-grade copper ores. In
addition, ocean resources of copper may be a significant factor in future
copper supply. These are widespread and have been estimated to equal or
exceed currently identified land-based resources.

There are about 90 copper mines in Canada. British Columbia is
the leading copper-producing province, followed by Ontario, Quebec and
Manitoba. No Canadian producer mines only copper. Rather, it is mined
along with other metals such as nickel and zinc. Therefore, the
profitability of Canadian copper producers is greatly influenced by the
price of other metals. There are three copper refineries in Canada. Two
of these, INC0 Limited and Kidd Creek Mines, are located in Ontario, and
Noranda Inc. is located in Quebec.
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4. LEAD

4.1 LEAD MINERALS

Although at least 60 minerals containing lead are known, commer-
cial lead is derived almost exclusively from one mineral, galena, the sul-
phide of lead. Galena (PbS) is commonly associated with sphalerite (ZnS),
pyrite (FeS?), chalcopyrite (CuFeS2), and other sulphides or sulphosalts,
any of which may be recovered to yield by-products or co-products. The
near-surface part of some galena ore bodies may be altered to cerussite
(PbCCh), anglesite (PbSO4), or other oxidized lead minerals, but galena is
generally resistant to weathering.

The types of deposits in which lead is a major constituent in-
clude stratabound, volcanic, veins, and contact metamorphic deposits. The
most common host rocks of stratabound deposits are limestones or dolomites.
The Pine Point deposits in the Northwest Territories are of this type.
Volcanic-sedimentary deposits contain massive sulphide bodies, commonly
interlayed with volcanic or sedimentary rocks. Some of the great lead
mines of the world are located in these deposits. Examples of massive
sulphide deposits are those near Bathurst, New Brunswick; the Kidd Creek
deposit near Timmins, Ontario; and the Sullivan deposit at Kimberly,
British Columbia. Replacement deposits of lead are commonly irregular
hydrothermal deposits in carbonate rocks, and are found in Utah, Nevada and
Colorado. Vein deposits are commonly situated in faults, joints or forma-
tional contacts. They are the most obvious type of deposit and consequent-
ly were the first to be exploited in ancient times. Currently, only a
small part of world lead production comes from veins. Contact metamorphic
deposits are found near igneous intrusions. Deposits of this type are usu-
ally mined for other metals, and lead is produced as a by-product [46,47],

About 72% of the Canadian lead production is mined from sedimen-
tary deposits. Recent discovaries of sedimentary lead-zinc deposits in the
Yukon are likely to increase the proportion of lead produced from this type
of deposit, although lead occurs in smaller proportions than zinc in most
of them. In the past 20 years, large deposits containing huge tonnages of
zinc-lead minerals, with zinc predominating, have been found in north-
western British Columbia [48].

4.2 WORLD LEAD PRODUCERS AND DEPOSITS

Lead mining, smelting and refining is a major basic industry
worldwide. Lead is mined in about 45 countries and smelted in about 35.
Some of the smaller producing nations do not have smelting and refining
facilities and therefore ship their raw materials to smelters in more
industrialized countries.

Australia is the leading producer of both primary and secondary
(scrap) lead [47,49]. In primary refined lead production, the U.S. ranks
second, followed by the U.S.S.R., Canada, Japan and Mexico. These six
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countries together account for about 55% of the world's refined lead
production. North America accounts for about 27% of world refined lead
capaci ty.

The lead mining industry in the U.S. is comprised of about 39
individual mines in 11 states [47]. Eight mines in Missouri produce about
90% of total U.S. lead mine output. In Canada, lead is mined in New
Brunswick, British Columbia and the Northwest Territories. Details of the
lead industry in Canada are provided later in the report. Japan and some
Western European countries, such as Belgium, the U.K. and France, do not
have sufficient reserves to support a mining industry that could supply
adequate feed to their lead smelters; hence, these countries depend on
imported concentrates.

The U.S. and Australia have the largest lead reserves and
resources in the world. The U.S. has about 20% of the total world lead
resources; Australia, Canada, Mexico and South Africa have about 20, 13, 3
and 4%, respectively [47]. In terms of reserves, the U.S., Australia,
Canada, Mexico and South Africa have about 22, 17, 13, 3 and 4%, respec-
tively, of total world estimates. The U.S.S.R. has about 13% [46,47].

4.3 USES OF LEAD

Lead uses are probably more varied than any other metal. Some of
the principal characteristics of lead include high density, softness,
malleability, low melting point, low strength, low elastic limit, ability
to alloy with certain other metals, lubricity, low electrical conductivity,
high coefficient of expansion and high resistance to corrosion under a wide
variety of conditions. Lead is ordinarily selected for use because of one
or more of these properties.

Lead's malleability allows it to be rolled to thicknesses of
50 to 0.01 mm in varying widths and shapes for use in gaskets, washers,
impact extrusion blanks, sound-proofing, radiation protection and architec-
tural applications. Lead can also be extruded in the form of pipe, rod,
wire or other cross sections and can also be extruded around power cables.
Its low melting point allows simple casting for massive counterweights,
sailboat keels and minute die castings for instruments. Type metal is
noted for its ability to reproduce fine detail. Storage battery grids may
be cast or rolled and expanded. Grids, together with battery posts and
battery oxides represent the largest uses for lead. Lead and lead alloy
powder, particles and flakes are added to pipe joint compounds and powder
metallurgy products such as bearings, brake linings, clutch facings, etc.
Lead particles are also incorporated into rubber and plastics for sound-
proofing curtains.

Calcium, antimony, tin or arsenic are generally added to impart
castability, strength or hardness to lead alloys. When added to steel,
brass or bronze, lead improves machineability. Alloyed with tin, lead is
used as a hot-dip coating alloy to produce terne-coated steel. Lead oxides
and other compounds are also used in paints, pigments, glazes and a wide
variety of chemicals. Tetraethyl lead—a gasoline additive—continues to



decline in importance but still represents a significant market, particu-
larly for primary refined lead. New uses and existing ones have been
evaluated by the International Lead and Zinc Research Organization [49,50].

4.4 LEAD TECHNOLOGY

Except for a few mining operations scattered throughout the
world, almost all lead and lead-zinc ores are produced from underground
mines. Ore is processed through milling, smelting and refining.

In the milling operation, rod mills are commonly used to grind
the ore because they have less tendency to overgrind the relatively soft
and friable galena. Fine grinding is performed by ball mills with hydro-
cyclones to prepare feed for flotation, which is the major concentration
method used to recover lead and zinc concentrates. Pre-concentration by
gravity methods is used on certain ores containing relatively coarse
minerals that can be broken free easily at an early stage in the crushing-
grinding operations. This procedure includes sink-float systems placed
ahead of the fine-grinding part of the circuit. The objective is to remove
part of the waste rock ahead of the grinding and flotation processes, and,
in effect, to increase the capacity of the system and reduce the cost of
grinding and flotation [46,47].

After flotation, the ore is sintered (roasted). This step
agglomerates the fine concentrates and removes most of the sulphur as
sulphur dioxide, which, at most smelters, goes to an acid plant for
conversion to sulphuric acid.

The sintered product is smelted with coke and fluxes in a blast
furnace to produce impure lead bullion [51,52]. The lead goes from the
blast furnace to the drossing kettle. The slag is crushed and treated in a
slag fuming plant to recover zinc oxide. A drossing kettle and furnace are
used to reduce impurities and remove copper from the bullion by controlled
cooling to the point where copper becomes insoluble. The dross (slag con-
taining useful metal), containing copper, is treated in a reverberatory
furnace to make a copper matte. The lead bullion is then ready for refin-
ing. This technique of lead smelting is called the Imperial smelting
process and was developed in England to produce sintered, mixed lead-zinc
concentrates from complex lead-zinc ores. The process produces zinc metal,
lead bullion and copper matte. Blast furnaces of this type are now
operating in 11 countries [46,47].

The lead bullion is refined to remove silver and any remaining
copper through the addition of zinc dust. The last traces of zinc are
removed by vacuum dezincing; caustic soda is added to remove minor amounts
of arsenic and antimony. When required, bismuth is removed from lead
bullion by the Betterton-Kroll process [46,47] by adding calcium and
magnesium. The refined lead product contains more than 99.9% lead.

Canadian and Peruvian smelters use an alternative, electrolytic
refining process, called the Betts process. In this process, anodes of
lead bullion are electrolyzed in a solution of lead fluosilicate and free
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fluosilicic acid and the electrodeposited lead on the cathode is melted,
dressed, and cast into refined lead pigs [46].

4.5 LEAD INDUSTRY IN CANADA

Lead is principally mined in Canada as a co-product with zinc in
New Brunswick, British Columbia and the Northwest Territories but smaller
amounts are also produced as a by-product of base-metal and precious-metal
mines in Ontario, Manitoba and the Yukon Territory. The principal mine
producers in Canada are as follows:

(1) Brunswick Mining and Smelting Corp. Ltd. (New Brunswick),

(2) Kidd Creek Mines Ltd. (Ontario),

(3) Noranda Inc. (Ontario),

(4) Mattabi Mines Ltd. (Ontario),

(5) Hudson Bay Mining and Smelting Co. Ltd. (Manitoba),

(6) Cominco Ltd., Sullivan and Beaverdell Mines (British Columbia),

(7) Dickenson Mines Limited (British Columbia),

(8) Westmin Resources Ltd. (British C"3umbia),

(9) United Keno Hills Mines Ltd. (Yukon Territory),

(10) Pine Point Mines Ltd. (Northwest Territories),
(operations discontinued in 1987 due to drop in lead demand)

(11) Nanisivik Mines Ltd. (Northwest Territories),

(12) Cominco Ltd. Polaris Mine (Northwest Territories), and

(13) Caribou mine; Bathhurst, New Brunswick.

There are two smelting and refining plants for lead in Canada:

(1) Brunswick Mining and Smelting Corp. Ltd.,
Smelting Division, Belledune, New Brunswick, and

(2) Cominco Ltd., Trail, British Columbia.

In addition to these two primary lead metallurgical works, there
are nine secondary lead plants in Canada. The secondary plants recycle
lead scrap and are located in Quebec, Ontario, Manitoba and British
Columbia.

The largest deposit of lead ore, not yet in production, is at
Howard's Pass in the Yukon Territory. It is currently being developed by
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Placer Development Limited and United States Steel Corporation. The ores
are estimated to be about 120 million Mg, with a lead content of about 2.5
million Mg (48,50).

Recently, the Canadian federal government awarded a large finan-
cial package to Cominco Ltd., as part of the company's $270 million program
to replace its 40-year-old lead smelter at Trail, British Columbia. The
conventional sinter-blast furnace smelter will be replaced by a new flash-
smelting process with significant operating-cost savings [49,50].

Hudson Bay Mining and Smelting Co. Limited's Snow Lake and Flin
Flon concentrators in Manitoba, which are fed by seven underground copper-
zinc mines, produce only a small amount of by-product lead concentrate at
the Snow Lake mill.

Westmin Resources Limited opened its new zinc-copper mine and
mill complex at Myra Falls, on Vancouver Island, British Columbia, in 1985.
The operation yields about 2000 to 3000 Mg of lead in concentrates
annually.

Over the last fifteen years, average production of lead from
Canadian mines has been about 290 000 Mg/a. In any year, actual production
has been within ±20% of this average. During the same period, total lead
output from the refineries has averaged about 170 000 Mg/a. In this
period, Canada exported about 140 000 Mg/a of lead concentrate and about
124 000 Mg/a of refined lead. Imports of refined lead were about
4000 Mg/a. In Canada, domestic consumption of refined lead has been about
104 000 Mg/a. These data on lead consumption include lead obtained from
both primary and secondary (scrap metal) origins [49,50].

Total primary refined lead production capacity in Canada is about
210 000 Mg/a, of which 140 000 Mg/a is located at Cominco Ltd. in British
Columbia; the rest is produced at Brunswick Mining and Smelting Corporation
in New Brunswick.

Within Canada, about 41% of total mine production of lead comes
from British Columbia. The Northwest Territories and New Brunswick contri-
bute about 30 and 26%, respectively. Ontario produces about 2%; less than
0.5% each is mined in the Yukon and Manitoba.

Canada is the fourth largest producer of lead concentrate in the
world, after Australia, the U.S. and the U.S.S.R. Australia, the U.S. and
Canada produce about 19, 16, and 15%, respectively, of NCW total production
from lead mines. Currently, Canada is the fourth largest producer of
refined lead in the world, after the U.S., the U.S.S.R. and Australia,
although the installed production capacities of lead refineries in Germany,
Japan and Mexico are higher than Canada's [50].

Canada has an infrastructure of semi-manufacturing industry to
process refined lead into lead bars, rods, plates, sheets, pipes, tubes and
other similar products. About 10% of the total export of refined lead from
Canada is in the form of fabricated materials.
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4.6 WORLD SUPPLY OF, AND DEMAND FOR LEAD

Non-Communist world (NCW) production of lead concentrate and
refined lead has been compiled for the years 1981 to 1988, and is shown in
Tables 12 and 13. Also shown is individual production in Canada and the
U.S. Average world production of lead concentrate during these years has
been about 2.4 million Mg/a, of which Canada produced about 13% and the
U.S. about 16%. Average production of refined lead has been about 4 mil-
lion Mg/a, of which Canada and the U.S. produced 6 and 242, respectively.
Production of refined lead is significantly higher than the supply of lead
concentrate, indicating a large market of secondary lead (scrap metal)
processing throughout the NCW.

Mine output of lead concentrate jn the NCU totalled about
2.4 million Mg in 1988 (Table 12), which was virtually unchanged from the
average output of the prior years. Mine output in 1987 rose in Canada as a
result of increased output from the reopened Faro mine. Output also rose
in Australia (not shown in Table 12) because of a relatively strike-free
year compared to the previous year [58]. The output of refined lead from
primary and secondary sources in the NCW reached 4.25 million Mg in 1988
(Table 13), which was 2% above the previous year's output. In 1987,
refined output rose in Australia (not shown in Table 13) from the strike-
impacted level of the previous year, but this increase was offset by a
reduction in Canada, where a labour dispute reduced output at Cominco [58].
The largest increase in refined lead output occurred in the U.S., mostly
because of a rise in secondary lead output.

The NCW consumption of refined lead during the last eight years
is shown in Table 14, which also gives the individual consumptions in
Canada and the U.S. On average, Canada accounts for about 3% of total NCU
consumption, and the U.S. about 28%. From Tables 13 and 14, it can be
deduced that Canada consumes about 45% of its own production.

Refined lead consumption in the NCW totalled about 4.3 million Mg
in 1988 (Table 14), marginally above the previous year's level. NCW
consumption has risen steadily but slowly since 1981, with growth totalling
less than 13% during the period (about 6% of this growth was during 1987
and 1988). This growth has occurred despite significant reductions in the
use of lead to manufacture gasoline anti-knock compounds. In the U.S., the
battery industry continued to increase its importance to the lead market by
providing the only consistent growth market. In 1987, lead consumption for
the production of lead-acid batteries reached about 76% of total demand for
lead in the U.S.

Based on the conceptual design of a "TEC-II" metal-matrix con-
tainer [60] developed for the CNFWMP, the weight of refined lead required
for each container would be about 6.5 Mg. During the assumed operation of
a Used-Fuel Disposal Centre (UFDC) [2] from the year 2020 to 2060, approx-
imately 3500 containers would be required each year. Thus, if a lead-
matrix container were to be selected as the reference design for used-fuel
disposal, about 22 560 Mg of refined lead would be required during each of
the 40 years of operation of the UFDC. Based on the current production
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TABLE 12

YEARLY PRODUCTION OF LEAD CONCENTRATE (Mgi [49.53-591

COUNTRY

Canada

U.S.

Rest of
NCW*

Total

YEAR

1981

313 000

477 000

1 623 000

2 413 000

1982

341 000

381 000

1 686 000

2 408 000

1983

252 000

463 000

1 734 000

2 449 000

1984

307 000

333 000

1 720 000

2 360 000

1985

285 000

424 000

1 764 000

2 473 000

1986

350 000

352 000

1 685 000

2 387 000

1987

414 000

324 000

1 662 000

2 400 000

1988

369 000

390 000

1 595 000

2 354 000

TABLE 13

YEARLY PRODUCTIION OF REFINED LEAD (Hg) [49.53-59]

COUNTRY

Canada

U.S.

Rest of
NCW*

Total

1

2

3

1981

235

008

674

917

000

000

000

000

1

2

3

1982

239

034

650

923

000

000

000

000

2

3

1983

243 000

965 000

699 000

907 000

1984

254

922

2 829

4 005

000

000

000

000

YEAR

1

2

4

1985

240 000

048 000

947 000

235 000

2

4

1986

257

918

897

072

000

000

000

000

1

2

4

1987

219

001

953

173

000

000

000

000

1

2

4

1988

269

035

946

250

000

000

000

000

TABLE 14

YEARLY CONSUMPTION OF REFINED LEAD [49.53-59]

COUNTRY

Caaau.3

U.S.

Rest of
NCV*

Total

YEAR

1981

119 000

1 054 000

2 670 000

3 843 000

1982

99 000

1 107 000

2 594 000

3 800 000

1983

96 000

1 136 000

2 575 000

3 807 000

1984

122 000

1 094 000

2 748 000

3 964 000

1985

100 000

1 122 000

2 822 000

4 044 000

1986

109 000

1 120 000

2 863 000

4 092 000

1987

103 000

1 203 000

2 930 000

4 236 000

1988

96 000

1 190 000

3 037 000

4 323 000

Non-Coaaunist world
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rate in Canada, this represents about 6% of yearly lead concentrate produc-
tion and about 10% of yearly refined lead production. Provided current
rates of piaduction are maintained in future years, lead requirements for
the disposal facility could be met easily from available Canadian supplies.

However, beyond the year 2000, the balance between supply and
demand of lead may warrant increased monitoring. Based on assumptions of
the growth of major end uses, the possible world demand for primary lead in
the year 2000 has been forecast as about 3.85 million Mg/a. The secondary
lead demand at that time is forecast to be about 3.45 million Mg/a [47).
In the year 2000 it is expected that the total available world reserves of
lead (including some of those that are currently subeconomic) will be about
80 million Mg [47]. About 35 to 50X of the total world use of lead is
estimated to be met from secondary materials. It is probable that dimin-
ishing lead reserves beyond the year 2000 may result in greater recovery of
scrap. Worldwide total lead resources, including nonconventional forma-
tions and inferred mineralized sediments and nodules of the ocean basins
and rift zones has been estimated by the U.S. Geological survey [47] to be
as high as 1500 million Mg.

4.7 LEAD METAL PRICES

Table 15 shows the yearly average prices of refined lead in the
years 1981 to 1988 [53-59,61]. Also shown is the corresponding yearly
consumption of lead. World lead prices are affected by supply, demand,
general economic conditions and international markets. More specific
factors include battery demand, producer and consumer inventories, London
Metal Exchange activity and the strength of the U.S. dollar.

Although not shown in Table 15, lead prices peaked in 1979. The
average prices during 1978, 1979 and 1980 were 0.74, 1.16 and 0.94 'JS$ per
kg, respectively [61]. Due to recession and high interest rutes, prices
kept declining in 1981. During 1982, lead consumption dropped and the
producing industry had an unusually high level of inventory, which resulted
in further price reductions in 1982 and 1983 (see Table 15). Inventories
hit their lowest level in 1984, which resulted in an upward push on prices.
Another reason for the upward push in 1984 was an anticipated shortage of
metal due to the pending strikes at lead producing plants [55]. However,
in 1985, these labour disputes were resolved at the primary lead producing
plants, and the industry again was faced with plummeting prices. In
addition, reduced consumption resulted in higher stocks, which maintained
the downward pressure on prices [56]. This excess supply was consumed in
1986, releasing the downward pressure. Several planned and unplanned
supply interruptions [58] caused lead output to fall short of demand in
1987. Prices reacted to continued stock erosion, and rose to their highest
level since 1981. During 1988, a record metal consumption resulted in
still higher prices inspite of significant increases in mine outputs [59].

4.8 SECONDARY LEAD

Lead recovered from scrap lead, or waste, is referred to in the
industry as secondary lead. Worldwide, the secondary lead industry is of
major importance in the lead supply pattern. There are approximately 113
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TABLE 15

LEAD METAL PRICES [53-59, 61]
(U.S. prices in U.S. dollars)

Year

1981

1982

1983

1984

1985

1986

1987

1988

Average
1981-1988

U.S. Producer Price
(U.S. $/kg)

0.805

0.515

0.478

0.563

0.423

0.486

0.792

0.815

0.61

Total NCW* Consumption
in the year (Mg)

3 843 000

3 800 000

3 807 000

3 964 000

4 044 000

4 092 000

4 236 000

4 323 000

4 032 000

* Non-Communist world

plants throughout the world [46] that produce lead and lead alloys for
industrial use from recycled materials. About 35 to 40% of the total lead
use is estimated to be met from secondary materials.

In the U.S., the production of lead from scrap has become
increasingly important in recent years, amounting in some years to more
than 50£ of total domestic production. Fifteen companies operating 28
plants account for over 80£ of the secondary U.S. lead production. The
principal source of lead scrap is worn-out storage batteries. Sheet, pipe,
cable sheathing and other lead products are also used. Considerable ton-
nages of scrap solder, bearing metals and type metal are recovered and
reused, generally after the addition of sufficient new metal to adjust the
composition. Additional secondary lead is recovered from process scrap,
largely drosses and residues generated during the fabrication of lead
products, and recycled to secondary smelters to produce refined lead.

In the U.S. and other industralized countries, up to 902 of the
lead used to manufacture storage batteries is recycled. Much of the
secondary lead produced is sold as lead alloy; this is particularly true of
lead from reclaimed batteries and cable coverings, which contain small
percentages of antimony and other metals. The bulk of secondary lead
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containing antimony is resold to battery manufacturers. Secondary lead
containing tin is most often reused to manufacture solder, bearing metals
and other lead-tin alloys. Through proper refining techniques, soft pig
lead meeting primary lead specifications is also recovered from lead-based
scrap [46,47].

4.9 FUTURE SUPPLY AND DEMAND CHANGES

Environmental constraints related to standards proposed to
improve or preserve the quality of air, water and land will affect lead
supply. The impact of these constraints on mine and smelter output will
depend, to a great extent, upon technological solutions to pollution
problems and the adoption of measures necessary to maintain production at
the levels required to meet future demand.

The growth in world output and identified lead resources in
recent years has generated high expectations of additional discoveries of
lead reserves. The most apparent factors that could restrain or retard
future North American lead mine development and production include short-
ages of skilled labour, energy shortages, environmental restrictions and
shortages of investment funds at moderate costs [47]. Offsetting these
adverse factors are the favourable locations and large sizes of those ore
deposits comprising the bulk of lead resources that are amenable to rela-
tively low-cost mechanized mining methods; the probable continuance of high
price levels of associated by-product and co-product metals (particularly
zinc and silver); and probable technological advances that will be effec-
tive in reducing extraction and processing costs, curtailing toxic emis-
sions, and stimulating resource development and production.

Changing demand patterns could also affect mine production. If
the potential for lead-acid battery use in electrically powered vehicles
and electrical load-leveling systems materializes, increased lead produc-
tion could be stimulated. Recent targets of extensive research aimed at
increasing lead use include:

(1) architectural applications such as the use of lead slag in
manufacturing floor tiles, and the development of lead composite
shingles and lead sheet for extended roof service;

(2) the use of lead-sheathed cable, in view of some recent failures
in polyethylene sheathed cable systems;

(3) battery research, including basic issues such as preventing early
battery failure due to corrosion of the positive grid, and
improving the energy density and life of the lead-acid battery to
increase its capabilities for load leveling in the electrical
utility industry and for vehicle propulsion;

(4) lead in ceramics; and

(5) extensive work in the field of environmental health to determine
toxicity associated with occupational lead exposure, on which air
quality standards can be based [46].
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A.10 FUTURE TECHNOLOGICAL PROGRESS

In future, the most likely advances in the technology of lead
production will be related to the solution of environmental problems. Im-
proved techniques are needed to control emissions from smelters and dispose
of solid and liquid wastes from mills, foundries and lead-fabricating
plants. Research efforts may result in improved electrochemical methods of
refining, new techniques for smelter charge preparation and better methods
for preparing lead scrap materials for smelting. More efficient techniques
to impound and treat liquid effluents from these plants, to remove metal
contaminants, will have to be adopted to minimize groundwater pollution-
Some progress has been made in solving these problems and in developing new
pyrometallurgical and hydrometallurgical processing techniques to recover
lead from concentrates and from scrap [46,47].

As part of an ongoing research program to advance hydrometallur-
gical technology, the U.S. Bureau of Mines [62] has applied the chlorine-
oxygen system to lead sulphide mattes, which are currently not fully util-
ized at lead smelters. The metals were converted from insoluble sulphides
to soluble chlorides and recoveries ranged from 92 to 98X. Additional work
investigated the effects of impurities in electrolytes on the electro-
winning of lead from lead chloride that is produced after ferric chloride
is leached from galena. A new technique is also being used to recover 95%
of the cadmium, zinc and lead from lead smelter flue dusts by sulphation
roasting followed by water leaching, an electrolytic conversion process,
and subsequent electrowinning. These three metals comprise an estimated 70
to 75% of typical lead smelter flue dusts.

In pyrometallurgical research performed by the U.S. Bureau of
Mines [62], the behaviour of lead and the associated accessory elements
indium, thallium, and antimony, as a function of slag composition, has been
investigated under equilibrium lead smelting conditions. The slag ratios
of iron oxide, calcium oxide and magnesium oxide to silicon dioxide were
varied to determine how minimal loss of lead to slags could be obtained.

A comprehensive coverage of lead-related research investigations
and an extensive review of current world literature on the extraction and
uses of lead and its products can be obtained from the International Lead
and Zinc Research Organization, Inc. [63].

4.11 SUMMARY

The objective of this study was to present an overview of lead
resources and technologies and to evaluate its availability during the
potential operating life of an underground nuclear fuel waste disposal
facility in the years 2020-2060. Based on a conceptual container design
[60], the requirement for lead would be about 22 560 Mg/a during the
40-year operating life of the disposal facility, were such a container to
be selected as the reference container for disposal.

Current world production of lead concentrate s about 2.4 million
Mg per year, of which Canada produces about 414 000 Mg and the U.S. about
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324 000 Mg. Of the total production of lead concentrate in Canada, about
220 000 Mg is further processed into refined lead within Canada and the
rest is exported to other countries for feedstock to their lead refineries.
Therefore, lead requirements for the CNFWMP would be about 10% of current
yearly production of refined lead in Canada.

It is anticipated that the average non-communist world demand for
lead in the year 2000 will be about 7.3 million Mg/a. A significant part
of this demand (about 50%) will be met by secondary lead. After 2000,
proven world lead reserves are currently projected to be about 80 million
Mg, and the balance between supply and demand may warrant increased
monitoring. A number of unknown factors could influence future supply
projections. For example, new resources of lead may be discovered, larger
quantities of scrap metal may be utilized, or new technologies may be
developed to economically recover more lead from process waste streams.

There are 12 lead mines in Canada; the leading lead producing
provinces are New Brunswick, British Columbia and the Northwest Terri-
tories, followed by Ontario, Manitoba and the Yukon Territory. No Canadian
producer mines lead exclusively; rather, lead is mined along with other
metals, such as zinc or precious metals. There are only two primary lead
smelting and refining plants in Canada: one in New Brunswick (Brunswick
Mining and Smelting Corp. Ltd. Belledune), the other in British Columbia
(Cominco Ltd., Trail). In addition to these primary lead plants, there are
nine secondary lead plants that recycle lead scrap. These are located in
Quebec, Ontario, Manitoba and British Columbia.

5. CONCLUSIONS

Based on the historical average increase in demand, the currently
identified and proven world titanium-ore reserves should last up to the
year 2110. However, there are a number of factors that could influence
future supply projections. These include the discovery of new resources of
titanium, the discovery of an alternative to titanium dioxide pigment for
paint manufacture, and the development of new uses of titanium. The
potential requirements of titanium metal for the CNFWMP are expected to be
about 2% of the present (1988) yearly production of the metal in the U.S.
At present, there is no titanium-metal production plant in Canada; however,
Canada possesses significant quantities of titanium minerals. If future
market demand were to change, a Canadian plant for producing titanium metal
might be economically viable; however, the total requirement of this
material for the CNFWMP would likely be too small to provide an incentive
to establish an indigenous production plant.

The current (1988) world demand for copper is growing steadily
and the balance between supply and demand may warrant increased monitoring
beyond the year 2000. A number of factors such as the discovery of new
copper resources, the future utilization of larger quantities of scrap
metal, and the development of new technologies to economically recover
lower-grade land-based copper ores and resources in the sea could alter
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future supply and demand patterns. The yearly copper requirements for the
CNFUMP would be about \°A of the current yearly production of refined copper
in Canada.

Lead usage is also currently in an upswing and the balance bet-
ween supply and demand may also warrant increased monitoring beyond the
year 2000. Again, a number of variables could change the future supply and
demand scenario. Canada accounts for about 17% of total world lead
production. If the metal-matrix container design were used to dispose of
Canadian used-fuel waste, the yearly lead requirements for the CNFWMP would
be about 10% of the current yearly production of refined lead in Canada.
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