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PREFACE

The Bureau of Mines Minerals Avaiabilty Program assesses the avaiabilty of nonfel minerals.
The program identifes, collects, compiles, and evaluates inormation on active, developed, and explored
properties, deposits, and mines and on mineral-processing plants worldwide. Objectives are to classif
domestic and foreign resources, to identif by cost evaluation resources that are reserves, and to analyze
the avaiabilty of mineral.

This report is part of a continuig series of reports by the Diviion of Mineral Avaiabilty analyzg
the avaiabilty of mineral from domestic and foreign sources and the factors that afect avaiabilty.
It is a revision of a report based on 1981 data that was publihed in 1984.

Analyses of other metals and mineral are in progress. Questions about the Minerals Avai-

abilty Program should be addressed to: Chief, Branch of Minerals Avaiabilty, Bureau of Mines,
2401 E Street, N.W., Washigton, DC 20241.
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AVAILABILITY OF PRIMARY NICKEL IN
MARKET-ECONOMY COUNTRIES

A Minerals Availabilty Appraisal

By Donald i. Bleiwas 1

ABSTRACT

The U.S. Bureau of Mines has evaluated the potential avaiabilty of nickel from 36 deposits or
districts in 16 market-economy countries (MECs), analyzg more than 95 percent of production in those
countries. This study indicates the quantity of nickel avaiable on the basis of net production costs and
total costs with a O-pct and a 10-pct discounted cash flow rate of return (DCFROR). Costs of produc-
tion are expressed in dollars per pound of recovered nickeL. The study also indicates sensitivities of the
cost of production to energy, labor, and other factors.

The studied deposits and properties contai approxiately 33 Mmt of recoverable nickeL. About
26 Mmt of nickel is potentialy recoverable from laterite deposits, of which 4.5 Mmt can be produced
at $2.50jlb or less with a O-pct DCFROR. Approxiately 7 Mmt of nickel is potentially recoverable
from sulde deposits, of which about 6.3 Mmt could be produced at $2.50jlb or less at a O-pct
DCFROR. The price of nickel averaged above $6.00jlb in 1988.

Sensitivity studies performed for both laterite and sulde deposits indicate that the total cost of
producing nickel from laterites is most sensitive to increases in energy costs and that the total cost of
producing nickel from sulde deposits is most sensitive to increases in labor costs; sulfides are also
affected by changes in revenues from byproducts.

lPhysical scientist/geologist, Minerals Availabilty Field Offce, U.S. Bureau of Mines, Denver, CO.
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INTRODUCTION

Nickel is considered a strategic material, a commodty
whose lack of avaiabilty during a national emergency or
strategic situation would seriously afect the economic,
industrial, and defensive posture of the United States.
This study assesses the position of the United States in
relation to other nickel-producing nations to determine the
availability of nickel in MECs and to provide a perspective
on the resources and industry structures of the centraly
planned economy (CPE) countries (see lit in appendi A).

Nickel, primarily in the form of refmed metal and ferro-
nickel, is derived from the ming and processing of nickel
sulfide and laterite deposits. Most of the nickel consumed
in the world origiates from sulde ores in Canada,

Australia, and the Soviet Union and from laterite ores in
Cuba, New Caledonia, Indonesia, South America, and the
Dominican Republic. In 1987, nearly 65 percent of U.S.
requirements for primary nickel were met by imports from
Canadian mines. Through April 1988, nearly 70 percent
of requirements for domestic nickel were met from Can-
adian nickeL. The United States is dependent on foreign
sources for its primar nickeL.

The evaluation and analysis of nickel resources and
production and the estimation of production costs and
their sensitivities permit the assessment of the United
States position with respect to the avaiabilty of nickeL.

The initial task in accomplishig thi goal was to identif
and perform engieering and economic analyses of sig-

ficant nickel producers and potential producers in the
MECs. The results are presented on cures and tables
ilustrating availabilty of resources, capacity, actual and

potential production, and costs. Portions of the data used
in the evaluations are derived from NICKDATA, Inc. (1).2

Sulfide deposits are generaly mined by underground
methods, while laterites are mined by surface methods.
Laterite resources occur regionaly, are subequatorial for
the most part, and represent a larger segment of total
resources than suldes. In general, sulde deposits are

more labor intensive and benefit from revenues received
from byproducts. Laterite deposits generaly require larger
amounts of energy to recover nickel than suldes and
usualy do not benefit from revenues received from

byproducts.
The cost and competitive relationship between suldes

and laterites are afected to various degrees by the cost of
labor, energy, material and supplies, debt on new projects,
foreign exchange, tranportation, and revenues from by-

products. The effect of these costs on the avaiabilty of
nickel from both suldes and laterites is analyzed.

Th report is a reviion of a report published in 1984
that was based on 1981 data. The cost of production has
chaned throughout the industry, owig in large part to
improved productivity and changes in energy and labor
costs, values of byproducts, and exchange rates. Other
factors have changed: Canada's production has increased
dramaticay, new mines have been brought on line in
Colombia, and signifcat mines have been closed, in-
cludig Agnew, Exibal, Nonoc, and Hana's Riddle,
Oregon.

The previous study evaluated 126 mines and prospects,
but the consolidation of Western Ming's mines in
Australa into one production center, Inco's Canadian

mines into two production centers, and Falconbridge's

Canadian operations into one production center sign-

catly reduced the number of separate evaluations. Multi-
ple operations in Greece and New Caledonia and
prospects in the Republic of the Phippines and Zim-
babwe were alo consolidated. A number of prospects
that were included in the previous study were deleted from
the current analysis because additional data indicated that
the resources are inerred and not demonstrated. Nickel
production from the Merensky Reef in the Republic of
South Africa and potential production from the Great
Dyke were not included in the economic analyses because
of their nature as byproducts.

ACKNOWLEDGMENTS

Data for the domestic deposits and properties an-

alyzed in this study were developed at Bureau of Mines

2Italic numbers in parenthese refer to items in the list of references

preceding the appendixes.

Field Operations Centers in Denver, Colorado, Juneau,

Alaska, and Spokane, Washigton. The assistance of
Wilam Kik, Bureau of Mines Nickel Specialist, is
acknowledged.
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3

WORLD NICKEL INDUSTRY

During the past three decades, signcat changes in
nickel production have had a major impact on the nickel
industry and the overal avaiabilty of nickeL. The follow-

ing sections describe forms, uses, pricing structures, major
changes in key primar nickel mines and processing facil-
ties, and general consumption patterns for nickel products.

NICKEL PRODUCTS AND APPLICATIONS

Nickel's most important use is as an additive to other
metals to form aloys. Nickel imparts strength, heat re-
sistance, and corrosion resistance. Nickel aloys generaly
can be divided into three types: general techncal aloys,
high-performance aloys (superaloys), and special-
performance aloys.

Primary nickel products are divided into two classes
based on their nickel content. Class I products have a
nickel content of at least 99 percent. Products of this tye
generaly can be used without constraits for many appli-
cations. The most common Class I products include elec-
trolytic cathodes (99.9 percent nickel) and carbonyl pellets
(99.7 percent nickel).

Class II products, suitable for specifc liited applica-

tions, contain some residual elements and have a nickel
content rangig from 20 percent to % percent. The most
common Class II product forms are ferronickel, which
generaly ranges from 25 percent to 45 percent nickel, and
niçkel oxide sinter, contaig 76 percent to 90 percent
nickeL. A Class II product introduced in 1976 is Incomet
(a trademark of Inco Ltd.), contaig 94 percent to
96 percent nickeL. Nickel salts contaig 20 percent to
25 percent nickel are also included with Class II products.

More than 80 percent of the use of nickel in its primar
forms is as an aloyig agent to add corrosion resistance

and strength to other metals. The steel industry uses more
than 60 percent of these alloys. Staiess steel production
reached an all-time high in 1988; it consumed approxi-

mately 400 kmt or 60 percent of total nickel demand in the
MECs, compared to about 45 percent in the late 1970s
and 35 percent in the late 196s (2). Other primar forms
are used in nickel aloys other than staiess steel or aloy

steels. They include super aloys, other high-temperature

alloys, and nonferrous aloys. Pure nickel is also used in
electroplating.

The general technca aloys include pure nickel, nickel-
copper, and nickel-iron-chrome. Dependig on use, these
metals are distinguished by their corrosion- andjor heat-
resistant qualties.

The super aloys are used primarily in the aerospace

industry because of their abilty to withstand very high

temperatures, strength, and resistance to corrosion. To
form these aloys, nickel is combined with numerous met-
als, includig cobalt, molybdenum, tungsten, and iron.

The special-performance aloys are produced by com-
bing nickel with chromium or iron. They are used pri-

marily in electrica resistance and magnetic aloys.
Nickel salts and nickel oxides are used as catalysts in

batteries, fuel cells, and inecticides. Ferronickel, a
Class II product, has its greatest application in the produc-
tion of staiess and aloy steel, and, as a result, its produc-
tion and share of total nickel demand have increased dra-
maticay since the 196s.

Until the mid-1980s, the prices offerronickel and nickel
oxide were generaly 6 and 15 percent, respectively, below
the price per pound of nickel in electrolytic cathodes, but
these diferences have lessened since ferronickel and nickel
oxide have gaied greater acceptance for steel production.

U.S. STRATEGIC NICKEL STOCKPILE

The current inventory of nickel in the U.S. strategic
stockpile is approxiately 33.8 kmt. Although the con-
gressionaly mandated goal for the stockpile is approxi-
mately 181.4 kmt, it is unely that it wi be attained in

the foreseeable future. About 4.5 kmt of the nickel is ex-
cellent qualty electrolytic nickel, purchased in 1984 and
1985 from Norway and Canada. The remaing tonnage
is of mixed origi and of various qualties, all below stand-
ards for superaloys acceptable to the aerospace industry.
The material is, however, suitable for use in iron alloys,
staiess stee~ and other corrosion-resistant alloys. In
1985, the adminstration proposed a new goal of 4.5 kmt
for the stockpile. This proposal would require sellng all
but the highest -quality metal. Through 1988, no action
had been taken.

PRICING STRUCTURE

Historicay, the market price of al primar nickel

products was related to the price and nickel content of
Inco Ltd.'s (Inco's) electrolytic cathodes (Inco is the
largest producer of nickel in the MECs), which produced
a relatively stable market structure for the metal. In re-
cent years, however, increased sales from the CPE coun-
tries to the West, a greater number of producers in the
MECs, increasing demand and tight supplies, and Inco's
decision to playa less important role in price setting have
made prices more volatile. The average price for nickel
on the London Metal Exchange (LME) in 1986 was ap-
proxiately $1.85jlb, but in 1987 the price increased to an
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average of about $2.2Ojlb and ended the year at over

$4.00jlb. During the same period, producers' stocks
decreased from about 110 kmt to just under 75 kmt (3).
Based on data through the thid quarter of 1988, the U.S.
Bureau of Mines estimates that nickel prices wi average
above $4.00jlb for the year.

The cash price on the LME in late Augut 1988 was
about $6.50jlb. High prices in 1988 were caused by high

demand, low inventories, and the threat of interruptions to
production by strikes and technca and political problems
at several major nickel producers. Demand, fueled by
vigorous economic growth, resulted in depletion of
producers' stocks as demand exceeded production. Nickel
prices reached al-time highs in 1988 ($10.84jlb on

March 28) as a result of very tight market conditions and
depleted stocks. Nickel demand in 1989 wi probably not
continue to increase at the same rate as late 1987 and

1988. Minng companes lie Inco are signg longer-term
contracts (up to 3 years), and barring shortfal in the

supply from production losses (strikes or politica
problems, techncal complications, and so on), produc-
tion in 1989 should increase slightly. For these reasons,
nickel prices wi remai more stable and probably
decrease in 1989, perhaps averagig signcantly more
than $4.50jlb.

NICKEL SCRAP

The industries that rely on nickel for their products
acquire it from either newly mined ores or scrap. The
ratio of nickel consumed for production of staiess steel
in the United States between primar sources and scrap
has been about 45:55. If Japan and West Germany were
included, the ratio would shit to 55:45. In 1987, total U.S.

nickel consumption (primar and scrap) was approxiately

200 kmt, of which at least 25 percent was scrap. In 1987,

consumption of staiess steel scrap increased about
45 percent over 1986. Primar staiess steel production
increased about 20 percent in 1987 as a result of increased

demand. Historicay, U.S. demand for primar nickel
increases proportionately during periods of increasing

production of staiess steel and subsequently declies

when higher amounts of scrap become avaiable or
production of staiess steel declies.

TARIFFS

Few taxes are applied to imports of nickel into the
United States. Countries with most-favored-nation (MFN)
status do not impose any import tax on nickel or its
associated products (nickel ore and concentrates, nickel
oxide, ferronicke~ unwrought nickel, waste and scrap, and
nickel powder). Non-MFN countries can import nickel
ore and concentrates and nickel oxide duty free but must
pay a $O.03j1b tarif on ferronickel, nickel powders,

unwrought nickel, and waste and scrap. A $0.14jlb tariff
is charged on nickel flakes.

GENERAL CONSUMPTION

The general pattern of nickel consumption has changed
signcantly over the past 30 years. In 1987, industrialized
countries accounted for about 70 percent of total world
consumption. Specifcay, the United States and Japan
accounted for about 50 percent, the CPE countries about
26 percent. Table 1 and figure 1 show primary nickel

consumption in the MECs in 1950, 1981, and 1987 and dis-
trbution by country, respectively. In 1950, the United

States was a major force in world steel production and a
major exporter of goods. As a result, the United States
was the world's largest consumer of nickeL. By 1981,

although the tonnage of nickel had increased, the United
States' percentage share of consumption in the MECs had
decreased from 69 percent in 1950 to 27 percent. During
the same period, Japan's share increased from a negligible
portion of production in the MECs to about 22 percent as
a result of growth in the countrs steel industry. Since
1981, only incremental changes have occurred.

Table 1.-Estimated primary nickel consumption In the MECa

1950 1981 1987
Country or Region Production Share Production Share Production Share

(kmt) (pct) (kmt) (pct) (kmt) (pet)
Europe 38 31 182 37 248 39
Japan 1 0 105 22 156 24
United States 85 69 131 27 148 23
Other MECs NA NA 68 14 90 14

MEC Total 124 100 48 100 642 100
NA Not available.

SOURCES: Manshreek.Head (3). Telewiak (4), and World Bank (5).
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1950
TOTAL = 124,000 m. t.

Europe 37%

Other MEC 14%

Japan 22%

1981
TOTAL = 486,000 m. t.

Japan 24%

1987
TOTAL = 642,000 m. t.

Figure 1.-Distribution of nickel consumption In the MECs.

Sales of primar nickel origiate from minng opera-
tions and sales from inventories. The average anual
growth rate in consumption for MECs from 1987 through
1995 is estimated for this study at between 1 and 1.5 per-
cent. At these rates, anual consumption could reach

695-723 kmt of primar nickel by 1995.
From the mid-1970s to about 1986, the average anual

growth in domestic nickel consumption was quite flat, but
in 1987 and 1988, domestic demand was fueled by in-
creased orders from the domestic automotive, petrochem-
ical, and food-processing industries. The weakened U.S.
dollar decreased demand for foreign manufactured goods
and increased demand for U.S. manufactured goods. In-
creased consumption in the United States over the last few

years is the result of several factors: increased capital

spending encouraged by low interest rates, low inventories,
low nickel prices, and high productivity. In 1987, produc-
tion of staiess steel totaled 1.8 Mmt, about 20 percent
higher than 1986 (3). In 1987, shipments of stainless steel
by U.S. manufacturers were up alost 25 percent over the
previous year. In 1987, the United States exported

approxiately 84 kmt of staiess steel, compared with

49 kmt in 1986. In 1987, the United States imported most
of its demand for primar nickel, in various forms, from
Canada, Norway, Botswana, Australa, New Caledonia, and

the Domincan Republic. Most of the Norwegian nickel
origiates from Canadian matte; therefore, total imports
from Canadian ore were nearly 65 percent of total annual
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domestic consumption of primar nickeL. Consumption in

1989 wi probably be close to that of 1988.
Japan is the world's second leadi consumer of nickel

products, accounting for about 16 percent of world con-
sumption. Japan has no domestic mine production and

must import al its primar nickel, mostly in the form of
partialy dried ore from Indonesia, New Caledonia, and the
Philippines. It also imports matte from Australa and
Indonesia. Japan's average anual growth rate in nickel
consumption since the 1950s has been the highest for any
of the world's industrialed countries.

Western Europe consumes nearly a thd of the world's

nickel, with an average anual growth rate of about
1.2 percent since the mid-1970s. Germany is the largest
European consumer and, along with France, leads the
European nations in average anual growth rate. The

consumption of nickel in other countries, such as the
Republic of Korea and Taiwan, has increased greatly as a
result of the development of industrialtion, especialy in
the automotive and steel industries. Increased consump-
tion in India and Braz was caused by the expanion of
their domestic economies, which resulted in development
of the domestic staiess steel and consumer product

industries. For exaple, India's domestic output of stai-
less ingots increased from about 43 kmt in the early 1980s
and is estimated to have exceeded 150 kmt in 1987 (2).
Production of finshed staiess steel was. approxiately
140 kmt in 1987 and is projected to approach 250 kmt by
1990 (2). India has no signcat domestic production of

nickeL.

MAJOR NICKEL PRODUCERS IN THE MECs

Four firms, Inco Ltd., Falconbridge Ltd., Eramet-SLN
(SLN), and Western Ming Corp. (WC), accunt for

about 70 percent of production from nickel mines in the
MECs. Table 2 represents historical nickel production for
the major producers in the MECs for 1975, 1985, and 1988

(estiated) .
Inco was incorporated in 1916 as the International

Nickel Co. of Canada Limited. Its name was changed to
Inco in 1976. Inco is the largest producer of nickel in the
MECs, accunting for about 39 percent of production in
the MECs in 1988, and probably has the lowest average
net production cost of any nickel producer in the MECs.
In 1982, poor markets inuenced Inco not to participate in
severe price discounting. As a result, the company's pro-
duction share among the MECs declied to a historical
low of 25 percent. Inco is alo a major producer of by-

product copper, cobalt, gold, and the platinum group
metal (PGM). Inco's and Falconbridge's principal mines
(table 3) and processing centers are located at or near
Sudbur, Ontario, and in the Thompson, Mantoba, district
of Canada. The company began production at an open-pit
operation at Thompson in 1986, becoming the lowest -cost
nickel operation among MECs. Production should con-
tinue for about 8 more years. Inco also operates a very
large laterite ming and smelting facilty in Indonesia.
Matte produced at the Indonesian operation currently is
refmed in Japan although a portion may be sent to a
new facilty in the Republic of South Korea by 1989. Inco
has smelters and refmeries at Copper Clif and at Port
Colborne, Ontaro, and Thompson, Mantoba, Canada;
Taiwan, Chia; Acton, England; Indonesia; and Clydach,

Wales. The plants in Port Colborne and Taiwan pro-
duce nickel oxide (utilty nickel), whie the one in
Thompson produces electrolytic nickeL. The Clydach and
Copper Cli plants produce nickel carbonyl pellets and
powder.

Table 2.-Estimated production from major nickel producers In the MECs

Primary 1975 198 1988
Company name mining Production Share Production Share Production Share

locations (kmt) (pct) (kmt) (pct) (kmt) (pet)
Inco Canada

Indonesia1 20 40 154 28 211 39
SLN New Caledonia 65 13 44 8 45 8
Falconbridge Canada

Dominican Rep. 55 11 57 11 67 12
WMC Australia 32 6 40 7 45 8
Other MECs 154 30 249 46 177 33

Total 515 100 54 100 545 100
Ilndonesia's P.T. Inco propert did not begin operating until 1977.
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Table 3.-Status and mine type of Inco's and Falcnbrldge's Canadian nickel propertes by provInce (as of 5/88)

Province Owner Acve properties1 Properties on standby Mine type
or inactive

Ontario Falconbridge East (198) Underground
Fraser Do.

Lokerby (1992) Do.

Strathcona (1992) Do.

Craig2 Do.
East Falconbridge Do.

Falconbridge (1987)2 Do.

Falconbridge (198) Open pit
Fecunis (1977) Do.
Hardy (1977) Do.

North (1978) Underground
Undsley Do.

Longvack South (1977) Do.

Onaping (1976) Do.

Inco Clarabelle Open pit
Copper Cliff North Underground
Copper Cliff South Do.

Creighton Do.

Crean Hil Do.

Frood Do.

Levack Do.

Uttle Stobie Do.

McCreey West Do.

Stobie Do.

Coleman Do.

Garson (1987) Do.

Levack West (198) Do.

Murray (1976) Do.

Shebandowan (198) Do.

Totten (1972) Do.

Manitoba Falconbridge Manibridge (1977) Do.

Inco Thompson Do.

Thompson Open pit
Birchtree (1974)2 Underground
Pipe 1 Do.

Pipe 2 Do.

Soab North Do.

Soab South Do.

lYears in parentheses are actual or estimated dates of closure, suspension of mining, or exploration.
2Being rehabilitated for production within 2 years.

Inco's Canadian operations are confronted with high
costs associated with meeting ai-qualty standards. Can-
adian legilation requies that by 1994 emisions be
reduced to a maxum of 265 kmt, about one-thid the
1985 levels (4).

In addition to cutting production costs, Inco has made
strides in reducing emissions by improvig the separation
of pyrrhotite from concentrates before smeltin. Inco is

actively modig its operations to reduce operating costs.
The Crean Hil Mine, now in production, is being con.
verted to an al-electrc mine.

Falconbridge, also a Canadian company, is the second
largest nickel producer in the MECs, providig nearly

12 percent of the total production for the MECs. The
company has been involved in ming, processing, and
marketing metal products since 1928. Falconbridge

produces electrolytic nickel, ferronickel, cobalt, copper,
zic, and precious metals. Its nickel minng operations are
located near Sudbur, Ontario, Canada (table 3), and the
Dominca Republic. Falconbridge maitains its own
cago shp, which tranports Canadian nickel-copper matte

to Falconbridge's Kristiansand refinery in Norway. Like
Inco, Falconbridge is alo confronted with ai-qualty

legilation and additional costs to reduce ai emissions.

Falconbridge is actively exploring for additional resources
in the Sudbur District to avoid potential depletion of

burgess.danielle
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reserves before the turn of the centur. The company's
Domincan Republic operations depend totaly on im-
ported oil as a source of energy. As a result, the
operation's economics are very vuerable to increases in
energy costs. In addition, the operations have recently

been affected by higher taxes based on nickel prices.
Falconbridge sells approxiately one-thid of its nickel
production to the United States, 45 percent to Europe, and
the remaider to customers in Australa, Canada, India,

Japan, Latin America, and the Far East.
SLN is a verticaly integrated French company whose

nickel laterite ming and smelting operations are locted
primarily on the west coast of New Caledonia at Nepoui
Center. The company's Doniambo smelter, the world's
largest ferronickel plant, had an origial anual capacity of
about 90 kmt of nickel, but after major cost-cutting
measures, funace closings, and renovation, the current
design capacity is approxiately 45 kmt. More than
80 percent of the faciltys production is in ferronicke1.

The ferronickel, which assays approxiately 25 percent
nickel, is shipped to France, Japan, and the United States.
The remaig nickel, contaied in a high-grade matte, is
shipped to the company's hydrometalurgical refinery at
LeHavre, France, although some has been shipped to
refineries in Japan. SLN also ships minor amounts of
lateritic ore to Japan for production of ferronickel.
Overall, SLN produces about 8 percent of the nickel
production in the MECs and is the thid largest nickel
producer among companes in the MECs. The company's
operations are vulnerable to high energy costs, sabotage by
rebels, and the potential increase in value of the French
franc relative to the U.S. dollar.

WMC averaged 6 percent of world nickel output from
1972 to 1975 and by 1987 increased its share to about
8 percent. It produces matte from several Australan

sulfide deposits (table 4) and ships a portion of it for
refining to Sherritt Gordon's Fort Saskatchewan refinery
and to Japan. Most of WMC's ming operations are
centered in the Kabalda District of Western Australa;
its processing facilties are located in Kagoorlie and
Kwiana, also in Western Australa.

The United States has no nickel ming, primar smelt-
ing, or refmig operations. Two nickel producers were

active in the mid-1980s, but neither was a major, world-
scale producer. The Hana Ming Company was the only
U.S. company to exploit a North America laterite deposit.
The mine and ferronickel plant at Riddle, Oregon, was
temporarily shut down in April 1982, reopened in 1983,

and then closed in 1987. Some interest was expressed in
reopenig the facilty in 1989. The mine accounted for

only about 1.2 percent of production in the MECs in 1981
and met approxiately 7 percent of U.S. demand. The
only other nickel producer in the United States was

AM, which refied nickel and its associated byproducts
from imported nickel mattes, mostly from Australa and
Botswana, at its Port Nickel Refmery in Louiiana. The
operation closed in 1985 because of high production costs
and low metal prices.

Table 4.-Status and mine type of WMC's nickel
mines (as of 1987) in Western Australia

Mine status

Acive:
Mine Mine type

Carnilya Hil UndergroundFoster Do.Kambalda Do.
Lanfranchi Do.
Oter-Juan Do.
Windarra Do.
South Windarra Open pit
Fisher(198)2 Underground
Hunt (198) Do.
McMahon (198) Do.
Mt. Edwards (1986) Do.
Wannaway (198) Do.Western Open pit
Jan (198) UndergroundIn development Long Do.

!Suspended mines are those that have been closed two years or

less and could possibly reopen without major capital expenditure or
lengthy rehabiltation.

2Dates in parentheses refer to actual or estimated date of closure

or suspnsion of mining or exploration.

Suspended:!

The Canadian-based ming operations have numerous
advantages over most of their competitors in the MECs.
The companes have successfuy undertaken aggessive
cost-cuttig programs over the last 5 or 6 years and have
greatly increased productivity. In addition, they receive

high byproduct credits and use relatively low cost ming
methods, makg Canadian nickel less expensive to pro-
duce than in some other countries, and the country is po-
liticay stable. Markets for Canadian nickel products are

well developed, large resources are avaiable near most
procssin facilties, and the countrys inrastructure is well
established.

COUNTRY AND REGIONAL NICKEL PRODUCTION

The structure of the world nickel industry has changed
dramaticay since 1950, as ilustrated in table 5 and fig-
ure 2. The production share of nickel from the industrial-
izd MECs of Australa, Canada, the Republic of South
Africa (RSA), and the United States dropped from 77 per-
cent in the early 1950s (5) to 36 percent in 1987 and 1988.
The share from the developin countries (New Caledonia,

countries in Central and South America, Indonesia, and
others), however, increased from 4 percent to 22 percent
in the same period.

burgess.danielle
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Table 5.-Cmparlson of estlmated world primary nickel productlon by country

195051 1987-8
Country Avg. annual Share Avg. annual Share

production (pct) production (pet)
(kmt) (kmt)

MECs:
Australia NA 0 69 8
Botswana NA 0 19 2
Brazil NA 0 14 2

Canada 119 75 20 25
Colombia 0 0 20 2

Dominican Republic 0 0 30 4
Rnland 0 0 7 1

Greece 0 0 9 1

Indonesia 0 0 42 5
New Caledonia 6 4 59 7
Philppines 0 0 7 1

South Africa, Rep. of 1 1 25 3
United States 1 1 0 0
Yugoslavia 0 0 5 1

Zimbabwe 0 0 10 1

Total MEC 127 81 525 63

CPE countries:
China 0 0 25 3
Cuba 0 0 37 4

U.S.S.R. 31 20 250 30
Other CPEs NA NA 6 1

Total CPE 31 20 318 38

Total World 158 1100 843 1100

NA Not available, but assumed to be negligible.
lNumbers may not total 100 because of independent rounding.

SOURCE: World Bank (5).

Other Indonesia 8%Canada 94%

New Caledonia 5%

S. Africa & U,S, 1%

New Caiedonia 11%

Australia 13%

1950 - 1951
TOTAL = 127,000 mt

1987 - 1988
TOTAL = 525,000 MT

Figure 2.-Dlstrlbutlon of nickel producton In the MEC..
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Canada's share of producton was afected dramatica
between the 1950 and the 1980s. In the 1950, Caada
provided about 75 percent of the total world's mine output
of nickel but in 1987 accunted for only about 25 percent.
The decrease in Canada's share of the market oced
partly because of production from new operations in
Greece and Australa but priarily becaus of the ri in

production from developin countries, specicay New
Caledonia, Indonesia, the Phippines, the Dominca
Republic, and the CPE countries of Cuba and the People's
Republic of Chia.

Production in the CPE countres as a percent of world
nickel production rose from 20 percent in 195051 (5) to
38 percent in 1987-88.

New Caledonia accunted for about 5 percent of world
production in 1950-51, increasing to about 15 percent in

1961 but droppin to a 7 percent share in 1987. Thee
other countries, Australa, Indonesia, and the Phippines,
did not begi to produce nickel until the 1970s. In 1981,
they collectively accounted for about 19 percent of world
mine output and as of 1987 represented about 14 percent.
Inco was a prime force in the development of laterites in
Indonesia.

Virtualy al of the world's primar nickel producton
originates from 18 countries, 15 of which are MECs. (A
list of operations and deposits evaluated in th study is
provided in the section titled "Nickel Resources and

Geology.") In 1987, about 70 percent of the world's nickel
was produced in MECs; the MECs with the lagest pro-
duction presently are Canada, Australa, and New
Caledonia. Canada is a major supplier of nickel to both
the United States and other MECs; however, as table 5
ilustrates, growth of the nickel industry in the Pacic
region, specifcay New Caledonia and Indonesia, has
dramaticay afected Canada's market share and world

trade patterns for the entire industry. In 197, nearly
50 percent of primar nickel production in the MECs
origiated from Canada, about 23 percent from New
Caledonia, and about 8 percent from Australa. The
Dominca Republic, Greece, and Indonesia represented
less than 6 percent each. In 1988, Canada's porton was
projected to be reduced to less than 40 percent of total
production in the MECs, New Caledonia's to about
11 percent. Australa's production share was expcted to
increase to about 13 percent, the Dominca Republic's
and Indonesia's to increase slightly. Production in the
MECs operated at near capacity through most of 1987 and
was expected to continue thoug 1988. Hig demand
caused sustaied hi market prices. Virualy al nickel

producers operated at a profit in 1988. Estimated world
primar nickel production for 1987 and 1988 is presented
in table 6. Production estiates for 1987 and 1988 were

derived from dicussions with company personnel and
industry specialsts and from the author's judgment.

Tabl &.-Emat 1987 and proJec 1988
primary nickel producton (kmt)

Country 1987 198
MECs:

Caada
Australia
Caribbean and South America1

New Caedonia
Afica2
Indonesia
Greec
Rnland
Philppines
Yugoslavia

Totl MEC

202
65
66
57
52
43

8
7
6
4

510

215
72
66
62
54
45
10
7
8
6

545

CPE countries:Soviet Union 250 250Cuba 35 40China, P.R. 25 25~her 6 6Total CPE 316 321Tota World 826 866
llncludes Dominican Republic, Colombia, and BraziL.
21ncudes Botswana, Republic of South Africa (byproduct nickel

from PGM), and Zimbabwe.

Canada

Caada's 1987 primar nickel production of approxi-
mately 20 kmt oriated from two Canadian companes,

Inco and Falconbridge. Inco produced approxiately

85 percent, or 172 kmt, of Canadian nickel from its
Sudbur and Thompson operations in 1987, compared to
13 kmt in 1986. Five years of successful cost-cutting
measures, the startup of the Thompson open pit in
September 1986, hi prices for byproducts, and relatively

hi prices for metal may have placed Inco in its best
competitive position since the mid- 1970s, and the potential
exits for Inco to increase production and its market share.
Inco alo own numerous inactive mines, such as Birch-
tree, which is bein rejuvenated, and excellent prospects

that ca replace lost production from the Thompson open
pit upon its exhaustion in the mid-l99s or sooner. These
properties could alo add to the company's production if

necssa.
In 1987, Falconbridge produced about 32 kmt of nickel

from Canadian ores, with plans to expand production by
as much as 3 kmt in 1988. Falconbridge has also been

very successfu in cost -cutting measures but is confronted
with hi costs associated with exploration and develop-

ment of additional reserves. (See table 3 for inormation
on the status of Falconbridge and Inco nickel properties.)

By late 1988, development was expected to be

completed on the Namew Lae prospect in Mantoba,
owned in partnership by Hudson Bay Mining and Smelting
and Outokumpu Oy. The capital cost of the property was
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u.s. $60 million. The property is scheduled to begi ful-

scale operation in 1989 with an anual production capacity
of about 9 kmt of nickel (6).

The Raglan prospect in northern Quebec is probably
the largest undeveloped high-grade sulfde deposit in

North America. The isolated location of the deposit, how-
ever, would require very high development costs. Total
Canadian production in 1988 was liely to be higher than

in 1987 by approximately 13 kmt.

Australia

Australian nickel production in 1987 was approxiately
65 kmt and was expected to increase by about 10 percent
in 1988. Production originates from WMC's operations
(table 4) and Dallhold Investments's Greenvale nickel
project. The Agnew operation has been on a care-and-
maintenance basis since 1986; WMC, which has processing
facilities nearby, bought it from British Petroleum (BP).
The mine was never a low-cost mine to operate, however,
and although the ore is high grade in places, the nature of
mineralization may not lend itself to less costly bulk
mining methods. WMC operated at or very near capacity
in 1987, producing about 45 kmt of nickeL. WMC has
large resources and numerous mines, some of which have
suspended operations. With continued high prices, some
of them may be reactivated.

Greenvale's local resource is nearly exhausted. In 1987,
the operation produced approximately 20 kmt of refined
nickel and, assuming continued availability of ore, was
expected to maintain the same level of production in 1988.
The company has located additional domestic resources,
but major capital expenditures for infrastructure would be
required to make them accessible. In an effort to locate
additional feed, the company has tested ore from New
Caledonia with favorable results and from Indonesia and
has contacted officials at Rio Tuba in the Philppines.
Greenvale contracted to process ores from New Caledonia
for 1988.

Caribbean and South America

The Caribbean and South America nickel producers
include Fa1conbridge's operation in the Dominican
Republic (32 kmt of nickel in ferronickel in 1987), Cerro
Matoso, Colombia (20 kmt of nickel in ferronickel in
1987), and several properties in Brazil, totaling about
14 kmt/yr of nickeL. Combined, these laterite properties
produced approximately 66 kmt of nickel in 1987 and were
expected to produce about the same amount in 1988. For
several months in 1988, Falconbridge and the Government
of the Dominican Republic disagreed about duty pay-
ments, resulting in delayed shipments.

11

Operators of the Cerro Matoso ferronickel operation
solved several technological problems in 1987, although
problems recurred with deterioration of the furnace li-

ings. Production was expected to total approxiately

20 kmt of nickel in 1988.
Several Brazilan nickel producers have anounced in-

tentions to expand, which could increase anual production
capacity by 10 kmt in the next several years. Production
in 1987 was 4.5 percent higher than in 1986. With con-
tinued development of inrastructure (including inexpensive
hydroelectric power), expanding production of staiess
steel, expansions of current producers, and the probable
near-term development of the proposed BP Mineracao's
Fortaleza (O'Toole) nickel sulde deposit (10 kmt/yr),
Brazan production could increase to alost 35 kmt/yr by
the early 199s. Braz will become a signcant nickel
producer and potentialy an important exporter.

New Caledonia

New Caledonia possesses very large, high-grade re-
sources. Development of hydroelectric power could pro-
vide the necessar incentive for development of additional
verticaly integrated facilities. New Caledonian nickel is
produced by SLN, which processes laterite ores into ferro-
nickel and minor amounts of matte, and by the Petit
Mineurs (smal independent miners), who ship most of
their lateritic ore to Japan for processing into ferronickel.
Nickel production in New Caledonia in 1986 totaled
approxiately 62 kmt of nickel contaied in ore, matte,
and ferronickel. Nickel production in 1987 was estimated

at 57 kmt, 40 kmt for SLN and 17 kmt for the independent
miners. SLN's origial installed capacity was about 90 kmt
of nickel in ferronickel and matte, but the current effective
capacity is approxiately 45 kmt (5). Any significant in-
crease in production would require a large infusion of
capital. SLN has experienced production problems in

recent years, including high operating costs, technical
problems, strikes, and sabotage by rebel separatists. A
protectorate-wide referendum in September 1987 indicated
that residents favored remaing a French overseas terri-
tory. The vote was origially seen as a possible end to
interruptions caused by sabotage at the company's facili-
ties, but in mid-1988 operations were again affected by
rebel activity. The drop in New Caledonian production
from 1986 into 1987 came as a result of reductions in Jap-
anese ferronickel production from purchased ore and less
production of ferronickel and matte by SLN.

Production in New Caledonia could have decreased in
1988 if exports of ore to the Japanese were affected by
increasing costs for transportation and processing costs or
problems continued as a result of political instability. An
offsetting factor, however, could be shipments of ore to
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Greenvale in Australa. Any major drop in production
caused by either low prices or decreased Japanese demand
wi probably afect the independent miners more than

SLN. In 1988, SLN's production was expected to return to
its fu capacity of 45 kmt of nickel (7), and total pro-

duction in 1988 for New Caledonia was estimated to in-
crease to about 62 kmt.

New Caledonia possesses very large, high-grade re-
sources. Development of hydroelectric power could pro-
vide the necessar incentive for development of addtional
vertically integrated facilties.

Africa

In 1987, the southern African region (Botswana, RSA,
and Zimbabwe) produced approxiately 52 kmt of nickeL.
Botswana Concession Limited (BCL) of Botswana pro-
duced approxiately 17 kmt of nickel, lower than its
original goal, owig to a furnace breakdown during the
early part of the year. BCL's production in 1988 was

expected to be about 20 kmt.

The RSA's production origiates as a byproduct of
PGM production. The ming companes are expandig
their production of PGM, a portion of which origiates
from the UG2 Reef, which contais lower-grade nickel
than the Merensky Reef. Production in 1986 was esti-
mated at approxiately 23 kmt of nickel, and production
in 1987 and 1988 was expected to show only slight
increases, perhaps to 25 kmt. The relationship between
expanding production from the UG2 Reef and the
Merensky Reef and development of new mines com-

plicates estimates of byproducts. The potential continues
for interruptions in ming as a result of social intabilty
leading to strikes. Several companes, however, are

planning signcant increases in production of PGM,
perhaps by up to 50 percent by the early 199s, thereby

producing additional byproducts.
Zimbabwe produced less than 10 kmt of refmed nickel

in 1987, and only about 9 kmt of nickel was expected to be
produced in 1988 because of decreasing ore grades and
escalating costs. As it now stands, it is unlely that

production from currently active mines wi continue much
beyond 199. Although exploration continues, no major
development is currently under way. Nickel may eventual-
ly be produced as a byproduct if PGM are produced from
the Great Dyke.

Indonesia

Total nickel production (as ferronickel and matte) in
1987 from Indonesian laterites was estimated at 43 kmt.
Overall production in 1988 was expected to be about
the same or slightly higher. Production of nickel in
Indonesia origiated from state-owned operations and

from P.T. Inco, Inco's Indonesian operation. P.T. Aneka
Tambang, the governent-owned operation, produced
about 14 kmt of nickel in ore and ferronickel in 1987. A
major fuace faiure in May 1987 interrupted its ferro-
nickel production, and continued technca problems could
have had major effects on its 1988 output.

Exrts of laterite ore alo could have decreased in
1988 as a result of reductions in demand by Japan. The
Indonesian Government has expressed interest in at least
two plan to expand production of value-added products

(as opposed to shipping ore to Japan): the construction of
additional ferronickel facilties, which could provide an
additional 14 kmt of ferronickel, and the addition of a
hydrometalurgica plant, increasing output by up to
5.5 kmt of nickel plus cobalt as a byproduct. By the early
199s, total production from government-owned operations
could total 30 kmt, especialy if natural gas or hydro-

electric power can be further developed and if the neces-
sar capital becomes avaiable.

P.T. Inco produced 28 kmt of recoverable nickel from
matte in 1986 and increased production to about 29 kmt in

1987, which is near capacity. Production in 1988 was ex-

pected to approach 31 kmt as a result of continued tech-
nologica improvements, although damage from a recent
earthquake could possibly affect overal production for the
year. The technca improvements resulted in lower costs.
Because P.T. Inco exports al of its nickel matte to Japan
for refmig, however, high transportation costs and the

strong yen have eroded a portion of the cost-cutting ef-
forts. Thi situation may have inuenced P.T. Inco's deci-
sion to develop a plant with a capacity of 12 kmtjyr of
utilty nickel (96 percent nickel) in Korea, with Korean
Zic Co. as a partner (8). P.T. Inco recently anounced
plans to expand capacity by 30 percent in partnership with
Sumitomo of Japan at a cost exceeding U.S. $70 milon.
Construction is expected to be completed by 1991 (9).

Greece

Production of ferronickel in Greece has been decreas-
ing since 1985 as a result of high energy costs, declig
ore grades, high labor costs, and labor problems. In an
effort to cut costs and increase efficiency, Larco (a

governent-owned corporation) has converted part of the
ferronickel facity to experimental production of stainless
steel and ferrochrome. The Greek Government is con-
sidering sellg the operation to private owners or possibly

shuttin it down. Social pressures could prevent closure,

and, with the economic state of the operations and condi-
tions of sale, it is unely a private company would pur-
chase it. Further, high market prices for nickel in late
1987 and 1988 may have deferred any decision to shut
down. The Greek Government was makg plan to hold

an open auction by the end of 1988. Larco's debt, as of



the first hal of 1987, was about U.S. $220 milon (10-11).
Production in 1987 was estimated at 8 kmt of nickel in
ferronickel, down from 1986's production of nearly 15 kmt.
Depending on the outcome of these issues, the production
of nickel in ferronickel was estimated to be 10- 15 kmt in
1988.

Finland

Finsh production of nickel from domesticay pro-
duced ores was less than 7.5 kmt in 1987. Outokumpu Oy
closed the Kotalahti mine in the second quarter of 1987

(12), whie production continued from its new nickel mine,
Enonkoski, as well as from the Vammala Mine. The
Hitura Mine produced small quantities intermittently.
Rapidly decreasing reserves and underutiled smelter and

refinery capacity have forced the company to expand
explorations, both domesticay and abroad. The company
originaly hoped that it would be able to supply its
domestic smelting-refing industry with feed from its joint
venture at Namew Lake, Canada, but recently negotiated
to have its share of concentrates processed by Inco

because of high transportation costs to Finand. Finand's
decreasing domestic production may eventualy result in
only a custom (toll) industry based on smelting and
refining. Finand's primar nickel production in 1988 was

expected to be about the same as in 1987.

Philippines

Annual nickel production in the Phippines dropped
dramaticaly as a result of the shutdown of the Nonoc
operation in 1986. In 1985, the Philippines produced

approxiately 27 kmt of nickel, but in 1986 production
dropped to 1.7 kmt at Nonoc and to 7 kmt at Rio Tuba.
Total Philippine nickel production in 1987 was expected to
total approximately 6 kmt, vitualy al of it from Rio

Tuba. Rio Tuba's lateritic ore is shipped to Japan for
conversion to ferronickel, and production in 1988 would
depend on demand by the Japanese. An expanion to

8 kmt is possible if Japanese production of ferronickel

increases. Whe it is unlely that a ferronickel plant wi
be constructed in the Phippines in the near future, it is
probable that new high-grade laterite ore mines wi be
developed in order to export ore to Japan. The untable
political envionment in the Phippines reduces the
chances of signcat expansion or new development in the

very near future. Several companes and the Soviet Union
have evaluated the potential for reactivating Nonoc. It is
unlikely, however, that production wi occur during the
1980s because of the very high costs of rehabiltation and

the political cliate. The Phippine Government placed
Nonoc on its list of state-owned companes that it hoped
to sell to a private company by the end of 1988.
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Yugoslavia

Yugoslav production in 1987 was estimated at 4 kmt of
nickel in ferronicke~ signcatly below 1985's reported

capacity of about 12 kmt and below 1986's production of
about 5.5 kmt. The major reason for the drop in produc-
tion since 1985 was the closure of the Kavadarci smelter in
1985; another reason for the low estimated production in

1987 was the suspension of operations at the Kosova plant

in July. The exact reason for the shutdown was not avail-
able, although a funace faiure is a liely possibilty. With

successfu reactivation of the operation in 1988, a return to
about 6 kmt was liely.

U.S.S.R. and Cuba

The U.S.S.R. and Cuba currently are the world's first
and sixh largest nickel producers, respectively. In 1950,

the U.S.S.R. produced approxiately 31 kmt of nickel,
whie Cuba produced none. Combined, they currently pro-
duce about 385 kmt of nickel, alost 30 percent of the

world's total primar nickeL.

The Soviet nickel industry started a program of mod-
ernition in 1983 with the instalation of Outokumpu-type
flash funaces at Norilsk. Outokumpu Oy recently won a
contract to supply equipment to the Pechenga concentrator
on the Kola Penisula to modernie grinding, flotation,
and chemica preparation plants through 1989 (13), but
how it wi increase capacity in the short term is not
known. Information relating to Soviet nickel production is
dicult to acquie. Estimates range from 30 kmt to

350 kmt of nickel anualy. Some of the Soviet Union's
nickel production is actualy a product of PGM production.
It is possible that PGM production wi increase, with a
commensurate increase in production of nickeL.

In 1986, from 36 kmt to 42 kmt of Soviet nickel was
exported to the MECs. That year, the Soviet Union en-
tered into a marketing agreement with Philipp Brothers,
whereby the tradig company committed to marketing be-
tween 20 kmt and 40 kmt of electrolytic nickel in Europe
and elsewhere (14). The Soviets might have increased ex-

ports in 1988 because of higher metal prices and loss of
revenue from petroleum sales (the Soviet Union's major
source of currency exchange). Decreased demand for
nickel from the miltar as a result of demilitarization
could result in an increase in exports or increased use in
the industrial sectors such as transportation, food process-
ing andjor consumer products. In addition, exports to the
West could increase as technca problems at Cuban facili-
ties are solved, thereby creating less demand on Soviet
nickel operations to meet domestic requirements.

Cuba is one of the few countries where a major expan-
sion in production is expected. The country produced
about 35 kmt of nickel (about 70 percent of currently
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instaled capacity) in 1987 and might have improved to
over 45 kmt in 1988 as technologica problems plagug
Punta Gorda were slowly resolved. Labor and technca
problems have occurred at Puta Gorda, and the startup
date of Las Camariocas (30 kmt/yr) has been delayed

until about 1995 (14). The country has targeted a capac-
ity of 100 kmt by 1995 when projects financed by the
U.S.S.R., Hungar, East Germany, and other Eastern Bloc
nations are scheduled to be in production (15).

About 10 kmt of Cuban nickel was traded diectly to
the West in 1986.

People'S Republic of China

Except for importing and exprtin smal amounts,

Chia was historicay self-suffcient in nickel, but in the
last several years, it has become a net exporter. Nickel
production in 1988 was expected to be approxiately

25 kmt, about the same level as 1987. By 199, Chia
could consume as much as 70 kmt/yr; by 20, it could

consume approxiately 120 kmt/yr (16). To guantee
self-sufficiency, the Chiese are instituting high-capacity,
advanced ming technques at their Jin Chuan oprations
and are planng a major expanion of processin facities.
They are undertakg these projects with the assistance of
Soviet and Western experts, includig Atlas Copeo,

Boliden, Inco, and, most recently, WMC. WMC wi asist
in the operation of a licensed Outokumpu nickel flash-
smelting facilty. When implemented, about 199, the
vertically integrated operation wi have the capacity to
increase production to about 40 kmt/yr of nickel (from the
1987 level of 25 kmt/yr) and 80 kmt/yr by 1995. Potential
nickel production of the Jin Chuan district is such that the
People's Republic of Chia could eventualy become one
of the world's largest nickel producers.

PATTERNS IN SMELTING,
REFINING, AND TRADE

Despite the dramatic increase in nickel production from
developing countries, industrialed countries stil dominate
the criticay important smelting and refmig industry (see
table 7). Recently anounced expansions and development
of processing facilties in Braz~ Indonesia, and the
Republic of South Korea ilustrate the shiing of a portion

of the industry from the highy industrial nations to

several developing countries.
Canada has the largest nickel smelting and refmig

capacity of the MECs. In 1987, it produced over 20 kmt
of nickel from domestic sources. Canada's smelter

capacity is liited to approxiately 210 kmt of nickel

because of clean ai standards. Without thi constrait,

capacity probably exceeds 25 kmt. Canada has four
refieries with a combined capacity of nearly 180 kmt.

Inca shipped about 25 kmt of nickel in matte to its
Clydach, Wales, plant to be refmed, and Falconbridge

shipped 33 kmt of nickel in matte to its refinery in
Krtianand, Norway. The Norwegian refiery also
receives matte from BCL's operation in Botswana (15 kmt
of nickel) and procsses some scrap and Soviet matte. In
1985, the refiery had an anua capacity of approxiately
45 kmt of nicke~ 32 kmt of copper, 2 kmt of cobalt, plus
gold, siver, and PGM. Over the last 3 years, a U.S.
$43 mion expanion program was implemented, increas-
in the anual capacity to about 55 kmt of nickeL. Most of

the production is sold to Western Europe and the United
States. The Sherritt -Gordon hydrometalurgical plant in
Alberta receives CÐncentrates from Inco's Canadian opera-
tions as well as some Australan feed from WMC. The
facilty processed about 80 mt of nickel from Australa's
Agnew operation until the mine shut down. Sherritt-
Gordon's contract to process Thompson's concentrates

(15 kmt anuay) expires in 199. The facilty is to proc-
ess 60 percent of the concentrate from the Namew Lake,
Mantoba, mine when it is put into production (6). The
remaig concentrate wi go to Inco. The Sherritt-
Gordon facilty has an anual capacity of about 25 kmt of
nicke~ 1 kmt of cobalt, and some copper (which is refined
elsewhere).

Althoug Japan does not have any domestic nickel
mines, it is the second leadig producer of smelted and
refied nickel products among MECs. Japan's ferronickel
capacity in 1986 was approxiately 74 kmt (from four fer-
ronickel facities), but by 1987 the permanent closure of
Nippon Ming's Saganoseki ferronickel plant reduced the
company's capacity by approxiately 10 kmt. In 1988,

Japan was expcted to produce approxiately 55 kmt of

nickel in ferronickel, or about 65 percent of total available
capacity. Laterite ores for Japan's ferronickel industry

origiate from Indonesia (40 percent), New Caledonia

(40 percent), and the Phippines (20 percent). In 1987,
Japan produced about 43 kmt of nickel in nickel oxide
(97 percent nickel) and electrolytic nickeL. The refmer-
ies receive their matte primarily from P.T. Inco's opera-
tion in Indonesia (65 percent) and WMC (35 percent) in
Australa. Plat capacity is estimated to be 48 kmt of con-

taied nickel per year.

Japan's nickel procssing industry has been producing
well below capacity for several years as a result of the
strength of the yen relative to other currencies and high
tranportation and energy costs. Part of these higher costs
ca be absorbed in value-added products.
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Table 7.-Major processing operations and available annual capacitIes for contained nIckel In MECs and CPE countries

Country
Byrpoduct/
coproduct

MARKET ECONOMY
COUNTRIES:

Australia

Botswana
Brazil

Canada

Colombia
Dominican Republic
Finland

France
Greece
Indonesia

Japan

Korea, Rep. of
New Caledonia

Norway
Philppines
South Africa

Taiwan
United Kingdom
Yugoslavia

CENTRAllY PLANNED
ECONOMY COUNTRIES:

Cuba

Company

Dallhold and others
WMC

BCl
Codemin
Morro do Niquel
Tocantinas

Inco

Sherritt-Gordon
Falconbridge
Cerro Matoso
Falconbridge
Outokumpu Oy

SlN
Larco
P.T.lnco
P.T. A. Tambang
Nippon Yakin

Pacific Mtls.

Sumitomo

Tokyo
Korea Zinc8
SlN

Falconbridge
Nonoc9
Impala

Matthey
Taiwan-Inco
Inco
Kosova

CPE Partnership
Cubaniquel

State Owned

location
Primary
product1

Annual
capaci¥

(kmt)

Co, Ni

Cu, PM4
Do.

Cu, Co
Do.
Do.

Co, MgO
Co
CO,Cu, PM

Do.
Do.
Do.
Do.
Do.
Do.

Energy6
Cu, Co

Do.
Co

Co

Co
Cu,Co, PM
Co

Cu,Co, PM

Las Camarioca12
Moa Bay
Nicaro
Punta Gorda
Various

Ni Refinery 1330

Ni14 do. 20 Co
Ni do. 20
Ni do. 1530

Ni do. 16300 Cu,Co, PMU.S.S.A.
NA Not available.
INi = Refined nickel, nickel oxide, etc. FeNi = Ferronickel. Matte = an intermediate smelter product.
2Contained nickeL.
3May not be recovered at the same facility.
4PM = Precious metals.
5Capacity is based on constraints of air quality standards. Number in parentheses represents estimated capacity without constraints.
6Excess electricity is reportedly sold to the national grid.
7 A 3D-pct expansion is planned to be operational by 1990.

8Scheduled to be operational by end of 198.
9Closed, no immediate plans for reactivation.
IONickel is a byproduct of platinum group metal mining.
llCapacity may be as high as 45 kmt.
12ln development. Production planned for 1995.
13Proposed annual capacity.
14Nickel in sulfide.

150nly 3.6 kmt produced in 1987. Capacity may be reached by 1992.
16Estimated capacity for total refined nickel and nickel in ferronickel.

Operation

Yabulu Ni Refinery 22
Kalgoorlie Matte Smelter 50
Kwinana Ni Refinery 30
Selebi Matte Smelter 20
Goias FeNi do. 5
Petropolis FeNi do. 3
Sao Paulo Ni Refinery 5
Tocantins Ni do. 6
Copper Cliff Matte Smelter 5120 (155)

do. Nickel Refinery 57
Port Colborne Nickel do. 30+
Thompson Matte Smelter 50

do. Ni Refinery 50
Fort Saskatchewan Ni do. 25
Falconbridge Matte Smelter 45
Monteliban FeNi do. 23
Bonao FeNi do. 32
Harjavalta Matte do. 18

do. Ni Refinery 15
LeHavre Ni do. 10
Larymna FeNi Smelter 14
Soroako Matte do. 734

Pomalaa FeNi do. 4
Oeyama FeNi do. 13
Hachinonhe FeNi do. 31
Hyuga FeNi do. 20
Niihama Ni Refinery 24
Matsuzaka Ni do. 24
Onsan Ni do. 12
Doniambo FeNi Smelter 40

do. Matte do. 10
Kristiansand Ni Refinery 55
Nonoc Island Ni do. 28

NilO Smelter & 10
refinery

Rustenburg Ni do. 19
Ta Nun Ni do. NA

Clydach Ni do. 1125

Kosova FeNi Smelter 12
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SLN operates the world's largest ferronickel facilty, the
Doniambo plant in New Caledonia. The plant has an an-
nual capacity of about 50 kmt of nickel contaied in ferro-

nickel and nickel matte. Production has ocionaly been
interrupted by strikes and sabotage. Barring any major in-
terruptions, close to 100 percent of capacity was expected
to be used in 1988. The majority of the ferronickel pro-
duction is sent to Japan, although minor amounts are sold
to France, Taiwan, India, West Germany, and the United
States. Through April 1988, the United States imported

about 3 kmt of nickel from New Caledonia. The matte is
sent primarily to LeHavre, France, where it is refined.

In 1987, Australa produced approxiately 25 kmt of
nickel (from matte) and concentrates at WMC's Kwiana
ammonia leach refinery (Sherritt-Gordon process), and
20 kmt of nickel from laterite ore from Greenvale's

Yabulu plant. The majority of Australa's nickel sulde
concentrates is smelted at WMC's flash smelter at
Kalgoorlie, which has a capacity of about 65 kmt of matte
containing approximately 50 kmt of nickeL. A relatively
small portion of WMC's matte production and some ex-
cess concentrates are shipped for refmig by Sherritt-
Gordon in Alberta, Canada, Sumitomo, Japan, and
Outokumpu, Finland. WMC's refinery at Kwiana has a
design capacity of 30 kmt of nickel per year but is

operating at about 25 kmt.
Greenvale's laterite operation consists of a mine and

hydrometallurgical plant (Yabulu). The refmery has an
annual capacity of about 22 kmt of nickel metal in oxide
and about 1.1 kmt of cobalt in sulfide concentrate. The
mixed sulfide concentrates, which contai cobalt and some
nickel, are exported to Finland, where they are refmed into
salts, powder, and metals.

Laterite operations in Indonesia produce ore, matte,
and ferronickel. Inco's operation is by far the largest.
The facility produces a 70 percent nickel matte, which is
shipped to Japan for processing. Some nickel matte may
also be shipped to Clydach, Wales, for refmig. In 1988,
P.T. Inco was to ship approxiately 44 kmt of matte, from
which about 31 kmt of nickel was to be recovered. An
Inco partnership is constructing a U.S. $4 milon utilty
nickel facility in the Republic of Korea to treat Canadian
matte (8). The plant was scheduled to be on lie by the

end of 1988 with an anual capacity of 12 kmt. Aneka
Tambang, a government-owned operation, produces be-
tween 4 kmt and 5 kmt of nickel, in ferronickel, which is
sold to Japan.

Significant amounts of ferronickel are produced in
Brazi, Colombia, and the Domincan Republic. Falcon-
bridge's Dominican Republic operation is currently
producing at a full capacity of 32 kmt of nickel, contaied
in about 80 kmt of ferronickel. The plant was completed
in 1971 at a cost of approximately U.S. $180 millon. The
facility has potential for expansion. The high dependency

on oil as a source of energy and recent politica problems
with the Governent present a risk to a large investment.
The plat's product is marketed worldwide.

Cerro Matoso's plant in Colombia is producing at a
rated capacity of 23 kmt of nickel in ferronickel.
Preliar dicussions have been held regarding a

possible 30 percent expanion. The product grade is about
35 percent nickeL.

Braz has two ferronickel plants with a combined an-
nua capacity of 8 kmt. Tentative plans, however, are to
expand capacity by about 50 percent in the next few years.
In 1987, approxiately 90 percent of capacity was used.

Braz has one hydrometalurgical refmery in Sao Paulo,
which processes laterite into nickel carbonate, which is fur-
ther refied at an electrowinig plant. Current annual

capacity is approxiately 5 kmt, with plans to double
capacity by 199. Production in 1987 was approxiately
4 kmt. The other two producers are Codemin and Morro
do Nique~ which produce ferronickel. Nearly all of Bra-
zi's nickel production is consumed in the domestic steel
industry and is therefore not exported. Brazilan pro-
ducers are requied by law to sell nickel at a price below
1988 market levels, makg them less profitable than if
they sold their nickel on the open market.

Although the United States is the world's largest con-
sumer of nickel, it has no ming, primary smelting, or re-
fmig operations. The only recent production was from

the Nickel Mountai, Oregon, laterite mine and ferronick-
el plant operated by the Hana Ming Co. and AM's
Port Nickel facilty in Louisiana. The anual design
capacity of the Oregon plant was approxiately 14 kmt of
contaied nickeL. Low metal prices, depletion of re-
sources, high costs (labor and energy), and a shrinking
domestic steel market contributed to the plant's closure in
1986. The facilty wi reopen at the end of 1989 because

of hi market price.

The Port Nickel refmery at Port Nickel, Louisiana,
closed in 1985 as a result of high costs. It processed matte
from Botswana, Australa, and other countries. The re-

fmery had an anual capacity of about 40 kmt of nickel as
nickel briquettes and powders, 20 kmt of copper, and
60 mt of cobalt. Although most of the production was

exprted (33 kmt in 1986), some was for domestic

consumption.

CHANGES IN THE PROCESSING INDUSTRY

The geographic distribution of nickel processing in the
MECs has changed dramaticaly over the last 25 years
(tables 8-10). In 1965, production was approximately
320 kmt, of which about 13 percent was ferronickel, all of
which was produced from laterite deposits and the re-
maider of which was refined nickel, produced primarily
from sulde ores. Over 60 percent of production in the
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MECs originated from Canadian ores. By 1975,
production of ferronickel had more than quadrupled.

Increased production of ferronickel in Japan and in
the Dominican Republic resulted in response to in-
creased demand for nickel for stainless steels.
Ferronickels use in making steel is seen by some as
acquiring free iron because the ferronickel price is based,
fur the most part, on the contained nickel value. New
Caledonia's production increased to a record high in 1975
because of the modernization and expansion of the

facility's furnaces.
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In 1975, production of refined nickel totaled approxi-
mately 342 kmt, with the largest increase resulting from
the development of the Australan nickel industry. WMC's
Kwiana Refmery opened in 1970, the Kagoorlie smelter
in 1972. The laterite operation at Greenvale started op-
eration in 1974 and became fuly operational in 1976. Ap-
proximately two-thids of Australia's production in 1975
was from WMC's Kambalda operations. The Republic of
South Africa's nickel production has increased consider-

ably since the 1960s as a byproduct of the country's

expanding PGM industry.

Table B.-Estimated ferronlckel production (contained nickel)

1965 1975 1988

Country Production Share Production Share Production Share
(kmt) (pet) (kmt) (pet) (kmt) (pet)

Brazil 1 2 2 1 9 5
Colombia 0 0 0 0 20 12

Dom. Republic 0 0 27 15 32 19

Greece 0 0 15 8 10 6

Indonesia 0 0 0 0 4 2

Japan 12 29 65 35 55 32
New Caledonia 16 38 54 29 31 18

Philppines 0 0 9 5 5 3

United States 13 31 13 7 0 0
Yugoslavia 0 0 0 0 6 3

Total 42 100 185 100 172 100

SOURCES: Manshreck-Head (3), World Bank (5), and Mohide, Warden, and Mason (17).

Table g.-Estimated refined nickel production (contained nickel)

Country

1988

Production
(kmt)

45
5

159
16
7

46
1

55
o

25
25

o
10

394

1965 1975
Production Share Production Share

(kmt) (pet) 
1 (kmt) (pet)Australia 0 0 33 10Brazil 0 0 0 0Canada 160 58 158 46Finland 3 1 7 2France 8 3 11 3Japan 15 5 13 4Korea, Rep. 012 0 0 0 0Norway 32 12 38 11Philippines 0 0 9 3RSA 3 1 14 4

United Kingdom 41 15 39 11United States 13 5 7 2Zimbabwe 3 1 13 4
Total 278 100 342 100
lPercentages may not total 100 as a result 01 independent rounding.
2Plant expected to be in production at end of 1988. Production is for one month.

12 kmt of nickel in utility-grade nickel oxide.

Share
(pet)

11

1

40
4
2

12
1

14
o
6
6
o
3

100

Planned capacity is

SOURCES: Manshreck-Head (3), World Bank (5), Mohide, Warden, and Mason (17).
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Table 10.-Estimated ferronickeland refined nickel production (contained nickel)

196 1975 198
Country Production Share Production Share Production Share

(kmt) (pct)l (kmt) (pct) (kmt) (pct)
Australia a a 33 6 45 8
Brazil 1 a 2 1 14 2
Canada 160 50 158 30 159 28
Colombia a a a a 20 4
Dominican Rep. a a 27 5 32 6
Finland 3 1 7 2 16 3
France 8 3 11 2 7 1

Greece a a 15 3 1a 2
Indonesia a a a a 4 1

Japan 27 8 78 15 1a1 18
Korea, Rep. of2 a a a a 1 1

New Caledonia 16 5 54 1a 31 5
Norway 32 1a 38 7 55 1a
Philppines a a 18 3 5 1

RSA 3 1 14 3 25 4
United Kingdom 41 13 39 7 25 4
United States 26 8 20 4 a a
Yugoslavia a a a a 6 1

Zimbabwe 3 1 13 2 1a 2
Total 320 100 527 100 56 100
lPercentages may not total 100 as a result of independent rounding.
2Plant expected to be in production at end of 198. Production is for one month. Planned capacity is

12 kmt of nickel in utility-grade nickel oxide.

SOURCES: Manshreck-Head (3), World Bank (5), Mohide, Warden, and Mason (17).

By 1988, the nickel market in the MECs had progressed
from the boom of the 1970s and passed through the re-
cessionary period, low metal prices, low demand, and
increasing inventories of the early 1980s. Whe new
participants had entered the processing industry, others
closed or redesigned their operations in response to
increasing costs of energy and labor. As a result of

economic growth, total refined nickel and ferronickel
production reached al-time highs in 1987 and 1988.

Since 1985, production of ferronickel has decreased as
a result of the permanent closure of Hana's ferronickel
facilty in Oregon, a redesign and consequent decrease in
capacity in New Caledonia, and a lowering of Japanese
production because of high costs associated in part with
the strength of the yen. Since 1983, Brazil's ferronickel
industry expanded and Yugoslavia's ferronickel industry
initiated production.

Production of refmed nickel for 1988 was estimated at
394 kmt. Most of the increase cae as a result of expan-
sion of the Australian, Japanese, Norwegian, and South
African industries. Japan's contiued expanion of
domestic industries requiing staiess steel and other

nickel-bearing aloys encouraged construction of smelters
and refineries in the late 1970s. South Africa nickel
production also increased as a result of high demand for
PGM.

In summar, over the last 20 years, production of
ferronickel has increased alost fourfold as the product

has become an acceptable addition for the production of
staiess steels. During the same period, production of

refmed metals increased about 40 percent.
Production of nickel and ferronickel in the developing

countries of Braz, Colombia, the Domincan Republic,
Indonesia, New Caledonia, the Phippines, Republic of
Korea, and Zimbabwe increased dramatically-from 20
kmt, or about 6 percent of production in the MECs, to
approxiately 117 kmt (which does not include P.T. Inco's
30 kmt of nickel in matte or Nonoc, which could reopen),
now about 21 percent of production in the MECs. At the
same time, Falconbridge's and Inco's market share of
procssed nickel from Canadian operations (including the
Canadian portion of Norwegian production) decreased
from about 60 percent of production in the MECs in 1965
to about 36 percent in 1988. This trend may continue into
the 199s as ai-qualty legislation liits Canadian pro-

duction, whie P.T. Inco expands production of matte by
30 percent in Indonesia (for processing in Japan and sup-
plyig a 12 kmt/yr utilty nickel plant recently constructed

in the Republic of Korea). As developing countries pos-

sessing nickel resources and/or staiess steel fabricating
facilties become increasingly industrialied, countries lie
Braz and the Republic of Korea wi likely develop
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additional capacity to produce value-added products. These
shifts could threaten the U.S. steel manufacturers' share of
the market.

Construction of new plants or expansion of exiting
plants is difficult to predict at this time. To commit fuds
for projects requires consideration of the demand for
nickel, inventory levels, price fluctuations, the qualty of
resources, the effects of energy prices, byproduct credits,
and labor costs. These factors are discussed in later sec-
tions of this report.

The development of sufcient hydropower may also be

a critical factor in some regions. The People's Republic of
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Chia's nickel industry is expandig rapidly, and Cuba's
production, although hampered by technca problems, wil
eventualy be very large. Recent estimates of the capacity
of Soviet nickel refmeries have been as high as 350 kmt,
signcatly higher than previous estimates. Depending

upon how much nickel is used in consumer products
(tranportation, food processing, etc.), an increase in nickel
exports to the MECs may result, owig to the de-emphasis
on miltar spending, decreased oil revenues, relatively flat
gold prices, and very high nickel prices. These countries
could have a large effect on production in the MECs
through diplacement of market shares.

EVALUATION METHOD

Figure 3 is a flowchart of the Bureau's Minerals

Availability Program (MA) evaluation process from the
identification of deposits to the development of avaiability
curves. Properties were selected for this study with the
aim of includig at least 95 percent of current production

Identilication
and

selection
of deposits

i----ï
I Mineral I
I Industries I

I Location I
I System I
I (MILS) I
i data II_____.J- Tonnage

and
grade

determination

MAP
computer

data
base

Engineering
and

~ cost
evaluation

l

Deposit
report

preparation
MAP

permanent
deposit

files

from key nickel-producing areas in the MECs. Significant
developing and explored deposits and past producers were
also included. The CPE countries were not included in
the avaiabilty study owing to the difficulty of acquiring
data.
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Figure 3.-Flowchart of MAP evaluation procedures.
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Each deposit selected for analysis was evaluated to
estimate the costs to recover nickeL. For producing

properties, the desiged ming and milg capacities were
used. For deposits not in production, appropriate param-
eters for ming, concentrating, smelting, refig, tran-

portation, and other aspects of production were assigned
based on applicable engieering principles, feasibilty
studies, and discussions with industry personnel to estimate
costs.

Capital expenditures were determined for exploration,
acquisition, development, mine and mil plant and equip-
ment, and a smelter and/or refmer if requied. Al capital

costs include mobile and stationar construction and

engineering equipment, support facilties and utilties, and
workig capital. Facilties and utilties (inrastructure)
include access, water facilties, power supply, port facilties,
and accommodations for personneL. Workig capital is a
revolvig cash fud requied for operating expenses, such

as labor, supplies, taxes, and inurance. Operating costs
for 30, 60, or 90 days were most commonly used as an
estimate for workig capital in the evaluations.

Based on the MA methodology, al capital investments
incurred 15 years or more before the intial year of the
analysis (Januar 1987) were treated as sun costs.
Capital investments incurred fewer than 15 years before
Januar 1987 had the undepreciated balances caied

forward to Januar 1987, with al subsequent investments

reported in constant Januar 1987 dollars. This method
generally contributes to a lower total cost for currently
producing operations. Al reinvestment, operatin and
transportation costs were converted to Januar 1987
dollars. No escaation of either costs or byproduct prices
was included, because, it was assumed any increase in
costs would be offset by an equivalent increase in product
prices.

Mine and mil operating costs were caculated for each
deposit, with the total operating cost the sum of diect and
indirect costs. Direct production costs include materials,

utilities, direct and maitenance labor, and most of payroll
overhead. Indirect operating costs include research,
technca and clerica wages, adminstrative costs, facil-
ties and maitenance supplies, marketing costs, and re-
search. Costs for transportation and any processing afer

mil operations were included separately. These costs re-
sulted in the determination of total operating costs, which,

afer byproduct credits, is defied as the net production
cost.

Other costs not included in the net production costs

but usd in the analysis include taxes and royalties, in-
surance, depreciation, deferred expenses, and return on
investment.

Afer capital and operating costs were determined, the
data were entered into the MA Supply Analysis Model
(SAM) (18). The U.S. Bureau of Mines developed SAM
to perform economic analyses; it presents the results as
the primar commodity price (total production cost)
needed to provide a stipulated rate of return. The rate of
retur used in thi study is the discounted cash flow rate

of return, most commonly defmed as the rate of return
that makes the present worth of cash flows from an
investment equal to the present worth of al after-tax
investments. For ths study, 0- and 10-pct DCFROR
analyses were performed. A O-pct DCFROR analysis was
used to evaluate the break-even point, where revenues are
sufficient to recover total investment and production costs
over the operation's lie but provide no rate of return.
Thi rate would satisfy a company interested in developing

a market share.
A 10-pet DCFROR was considered an acceptably at-

tractive rate of return to cover the opportunity cost of
capital plus rik. For some government-owned operations,
a 0- or 10-pct DCFROR may not be requied for con-
tinued production, but for purposes of comparison, each
deposit was analyzed at these rates of return.

A separate fie of tax records, maitaied for each
state, provice, and country, contais relevant fiscal
parameters under which ming firms operate. This fi1e
includes corporate income taxes, property taxes, and any
royalties, severance taxes, or other taxes pertaig to the

production of nickeL. These tax parameters were applied
to each mineral deposit under evaluation, with the implicit
assumption that each deposit represents a separate corpor-
ate entity.

The SAM system contais al the deposits studied. The
results of these analyses are presented as avaiability tables
and cures, dicussed in a later section of this report.

NICKEL RESOURCES AND GEOLOGY

Thity-six deposits and/or districts in 16 MECs were
selected for inclusion in this study. Table 11 lists the ore
tye, status, ming method, product tye, and owner for
each deposit for which complete evaluation was made, and
figure 4 ilustrates the general location of the deposits.

Selection was liited to deposits havig a mlDmum
demonstrated nickel resource of 40 kmt of recoverable

nickel that could be mined and processed using currently
practiced technology.
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Table 11.-Aalyals of nickel deposita evaluated

Country: Status as of Mining Map

Deposit name Ore type January 198 method Product! Owner location
number

Australia:
Agnew Sulfide Suspended Underground Class I Agnew Mining Corp.
Greenvale Laterite Producer Surface do. Dallhold Metals Expl.,

Std. Charter Bank 2

Western Mining2 Sulfide do. Underground do. Western Mining Corp. 3

Botswana:
Selebi-Phikwe Sulfide do. do. Class II BCL 4

Brazil:
Fortaleza (O'Toole) Sulfide Nonproducer Underground Class I British Petroleum 5

Morro do Niquel Laterite Producer Surface Class II Mineracao Sartenejo SA 6

Tocantin do. do. do. Class I Companhia Niguel de
Tocantins (CNT). 7

Codemin do. do. do. Class II Codemin 8

Canada:
Expo Ungava Sulfide Nonproducer Surface Class I Falconbridge 9

Inco - Sud burl do. Producer Underground do. Inco 10

Inco . Thompson4 do. do. Combined do. do. 11

FalconbridgeS do. do. Underground do. Falconbridge 10

Namew Lake do. Developing do. do. Hudson Bay & Outokumpu Oy 12

Raglan do. Nonproducer do. do. Expo Ungava Mines Ltd. 9

Colombia:
Cerro Matoso Laterite Producer Surface Class II Econiquel/Billiton /Hanna 13

Ure district do. Nonproducer do. Class II Colombian Government 13

Dominican Republic:
Falcondo Bonao do. Producer do. do. Falconbridge 14

Finland:
Outokumpu Group Sulfide do. Underground Class I Outokumpu Oy 15

Greece:
Larco Laterite Producer Combined Class II Larco (Greek Government) 16

Indonesia:
Aneka Tambang do. do. Surface Class II Indonesian Government 17

Gag Island do. Nonproducer do. Class I P.T. Pacific Nickel 18

Soroako do. Producer do. Class i P.T.lnco 19

Ivory Coast:
Biankouma region do. Nonproducer do. Class II Indonesian Government 20

Madagascar:
Ambatory/Analamy do. do. do. do. Malagasy Government 21

Valozoro do. do. do. do. do. 21

New Caledonia:
SLN do. Producer do. Class I, II Eramet-SLN 22
Petit Mineurs do. do. do. Class II Petit Mineurs 22

Philippines:
Nonoc Mine do. Nonproducer do. Class I Nonoc Dev (Philippine

Government) 23

Rio Tuba do. Producer do. Class II Rio Tuba Mining Co. 24

Undeveloped do. Nonproducer do. Class 116 Various owners 24

United States:
Duluth Gabbro Sulfide do. Combined Class I State of Minnesota, et. al. 25

Gasquet Laterite do. Surface do. Cal Nickel Corp.,

Cook Intl 26
Guanijibo do. do. do. do. Government of Puerto Rico 27
Red Flat do. do. do. do. Hanna Mining Corp. 28

Yugoslavia:
Kosova do. Producer do. Class II State-owned corporation 29

Zimbabwe:
Bindura Group Sulfide do. Underground do. Bindura Nickel Corp. 30
lClass I products include cathode nickel, nickel pellets, etc. Class ii products include nickel matte and ferronickel. Products are either actual

or in the case of non producers, anticipated.
2Combined WMC operations.
3Combined operations for Inco's Sudbury, Ontario, operations.
4Combined operations for Inco's Thompson, Manitoba, operations.
sCombined operations for Falconbridge's Sudbury, Ontario, operations.
6A portion of this resource is amenable to leach methods.
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Figure 4.-Distrlbutlon of evaluated deposit.

For each deposit, a demonstrated resource was es-

timated. A demonstrated resource is defmed by the min-
eral resource classifcation system developed jointly by the
U.S. Geological Surey and the U.S. Bureau of Mines as
presented in figure 5. Demonstrated resources used in
this evaluation include measured plus indicated tonnage
and are defmed as those resources whose quantity is com-
puted from site inspections, dril data, and mine workigs
and whose grade is determined from samplig (19).

Information on average grades, resource tonnages, and
physica characteristics afecting potential production from
the deposits was obtaied from numerous sources, includ-
in independent contractors, U.S. Bureau of Mines fùes,
U.S. Geological Surey and state publications, professional
journals, anual reports, company 10K reports, prospect-
uses fùed with the Securities and Exchange Commission,
and data made avaiable to the U.S. Bureau of Mines
by private companes. The knowledge and expertise of
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Cumulative IDENTIFIED RESOURCES UNDISCOVERED RESOURCES

production

Demonstrated Probability range

Inferred (or)

Measured Indicated Hypothetical
I

Speculative

I

ECONOMIC - -- -~ + -
MARGINALLY
ECONOMIC I- -- - - + -

SUBECONOMIC

I

Other
occurrences

Includes nonconventional and low-grade materials

Figure 5.-elassification categories of minerai resources.

U.S. Bureau of Mines personnel helped to determine each
deposit's potential resources.

This study evaluates deposits in MECs containg
33 Mmt of recoverable nickel at the demonstrated (mea-
sured plus indicated) leveL. The 20 producing operations
account for just over 50 percent of that total, or 16.7 Mmt.
The remaig 16.3 Mmt are in the 16 nonproducing
deposits. Geologic and specifc descriptions of deposits
are included in appendi B.

In 1950, only 5 percent of nickel production in the

MECs origiated from laterites, but by 1988 about 40 per-
cent origiated from these ores, owig to wider acceptance
in the steel industry. Nearly 80 percent of the demon-
strated nickel resources from deposits in the MECs evalu-
ated in this study are contained in laterites, whie only
20 percent are contained in sulfides. This relationship has

important implications for the future of the nickel industry.
Canada has more than 70 percent of the recoverable nickel
from sulfde deposits.

Laterite deposits in the Phippines contain 40 per-
cent of the recoverable nickel in laterites. The South-
west Pacifc countries of Indonesia, New Caledonia, and
the Phippines account for nearly 80 percent of the
recoverable nickel from laterite deposits and about

60 percent of the nickel resources evaluated. Table 12
lits evaluated properties and potentialy recoverable

nickeL. Approxiately 17 Mmt of nickel, or about 50
percent of the total recoverable nickel resource, is in

producing mines. Nearly 11 Mmt of this amount is in
laterite mines, mostly in the Southwest Pacifc region,
whie about 5.5 Mmt is in suldes, mostly in Canada and
Australa.
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Table 12.-Prlmary recverabl nickel from destrate r...rv.. and r.aourc..1 (kmt)

Region:
Country

Grand
Total

Producing mines2
Sulfides Laterites Total

Nonproducing deposits
Sulfides Laterites Tota

Africa:
Botswana
Zimbabwe
Others3

Total Africa

Southwest Pacific:
Australia
Indonesia
New Caledonia
Philppines

Total SW Pacific

Europe:
Finland
Greece
Yugoslavia

Total Europe

Central and South
America:
Brazil
Colombia
Dominican Rep.

Total Central and
South America

243 0 243
41 0 41
0 0 0

28 0 28

67 40 4r19
0 1,45 1,45
0 7,50 7,50
0 39 39

679 9,38 10,061

40 0 40
0 28 28

40 36 87
40 367 407

0 48 48
0 52 522
0 38 38

0 1,395 1,395

0 0 0
0 0 0
0 3,196 3,196
0 3,196 3,196

66 0 66
0 85 85
0 0 0
0 9,783 9,783

66 10,641 11,301

0 0 0
0 0 0
0 0 0
0 0 0

92
o
o

o
177

o

92
177

o

243
41

3,196
3,48

1,379
2,310
7,50

10,173

21,362

40
28

87
407

579
69
38

1,6692 177 269
North America:Canada 4,55 0 4,55 39 0 39 4,955United StatesS 0 0 0 30 43 745 745

Total NorthAmerica 4,55 0 4,55 702 439 1 ,141 5,700
World Totai6 5,562 11,142 16,704 1,45 14,451 15,905 32,60

1 Estimates of reserves and resources were derived from published material and personal communications.
Estimates are considered conservative for most deposits.

2Mines, districts or regions.
3"Others. includes Ivory Cost and the Malagasy Republic.
41ncludes 2 years of recoverable nickel in ore at Greenvale.
sinciudes Puerto Rico.

6Numbers may not add to totals due to rounding.

NICKEL PRODUCTION COSTS

Production costs in this study are based on actual data
or are estimated by comparison with similar ming
operations. (Appendi C dicusses min and procssing
technologies for sulde and laterite operations.) Pro-

duction costs, estimated as dollars per pound of recovered
nickel, for selected producing and nonproducing sulde
and laterite operations are discussed in this section. Costs
presented are averages for the deposits in individua

countries; costs for specifc deposits may var from country
averages. Costs for ming, milg, smelting, refining, and
transportation were caculated along with credits for
byproducts. Costs of beneficiation for suldes include the

costs of recovery for al commodities by flotation. In the
cae of laterites, the costs include ming, screenig, wash-
in dr and cacig plus other steps requied to pro-
duce ferronicke~ matte, or refied nickeL. Post mil proc-

essin for byproduct commodities is included in smelter
and refiery costs. The total of these costs is caled "total
production costs.. They often var greatly, dependig on
such factors as siz of operation, method of minng, loca-
tion of deposit, strippin ratio, depth of ore body, grade
of nickel and byproducts, processing losses, and energy
and labor costs. Revenues generated from coproduct

and byproduct commodities have also been computed and



subtracted from "total production cost" to determine "net
production cost."

Net production cost is an average cah cost of pro-
duction, not includig taxes, interest, recovery of capital, or
profit. It ca be compared to the average nickel price at

which a mine could break even by recovering al curent

production costs. Many mines operate at these costs with
the expectation that market price wi improve in the short
term.

Often some costs exist that, if expnded, may prevent
an operation's closing immediately if the price of nickel
falls below the net production cost for a period of time.
The initial and continuig costs associated with closure and
reactivation may be signcat. Closing costs may result

in the loss of market shares, payouts for fmancial

commitments to labor, electricity, and other contracts, cae
and maintenance, loss of skied employees, politica costs
resulting from unemployment, loss of support facilties for
local towns, and loss of foreign exchange. Reactivation
costs include locating, rehiing, and traig labor,

renegotiating new contracts and loans if necessar, and
rejuvenating facilties. If the operation is owned by the
government, the sales revenue generated by the ming
operation may be needed to purchase other needed

materials.
Once closed, a facilty may wait for metal prices to

exceed net production costs before reentering the market
to ensure that the reactivation costs ca be recovered.

Taxes may also be forgiven or deferred during periods
of economic dificulties. Government -owned operations

are'an exception in that they may continue to produce for
long periods at a loss because of social benefits derived
through employment, foreign exchange, and support of
infrastructure.

"Total cost" is defmed as the net production cost, plus
taxes and royalties, plus the cost of recovery of capital at
a 0- or 1O-pct DCFROR. Total cost could be compared
to a long-run market price to indicate which properties

have suffcient return of and on capital to provide an
incentive to operate. For some producing mines, no great
difference exists between the net production cost and the
total cost, because the mine has been producing long
enough that a large portion of the capital has aleady been
amortized. For other producing mines, and for most non-

producing deposits, the dierence is signcat, because
relatively large amounts of capital remai to be amortizd.

INTEREST COSTS

Nearly al producing nickel operations are burdened

with debt payable to either private institutions (someties
within their own corporation), international lendig
organizations, such as the World Ban, or government
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agencies. At prices above $3.00 /lb of nickel and high
prices of associated byproducts, most facities ca meet
their debt obligations. Over the last few years, however,

when metal prices were very weak some operations could
not meet their debt servce. It is rare, however, for a
creditor to force an operation to shut down when it de-
faults on debt. Instead, most mines continue to operate as
long as net production costs meet or come close to market
prices.

In general, laterite ming operations are more bur-
dened with debt per pound of nickel recovered than are
sulde ming operations. Laterite mines are generally
newer operations, and signcat amounts of debt remain.

The weighted average debt for producing laterites per
pound of nickel recovered is approxiately $0.30, compar-
ed to about $0.20 for nickel from suldes. Signcant
amounts of debt affect the total cost of several properties.
Several noteworthy exaples of interest per pound of nick-
el recovered include Inco's and Fa1conbridge's Sudbury

operations ($O.2O/lb of nickel), WMC ($0.15/lb of nickel),
Falconbridge's laterite operations ($O.35/lb of nickel),
Inco's Indonesian operation ($O.25/lb of nickel), and SLN

($O.25/lb of nickel).
The creditor, in cooperation with the lending institution,

may opt to convert debt into equity, roll debt into the re-
maig pricipal or generate some other plan to prevent

foreclosure. The complexity of terms associated with loans

precluded the inclusion of interest costs in this study, but
as mentioned earlier, debt could add an average of
$O.2O/lb to $O.30/lb to the production costs presented in

this section.

PRODUCING SULFIDE OPERATIONS

Table 13 ilustrates costs from selected operations

associated with production of nickel from sulfde ores
per pound of nickeL. The weighted-average mining cost
for producig sulde operations is $O.60/lb of nickeL.
Cost diferences for individual mines are the result large-
ly of variations in stripping ratios, productivity, ore

grade, diution, recovery factors, and costs of energy and
labor.

The lower Australan and Canadian costs per pound of
nickel reflect the higher grade of nickel and high produc-
tivity resulting largely from bul ming technques. Zim-
babwe's high cost results from very low grade ore, high
ming costs, and low productivity.

Australan operations have the lowest miling cost
because of high ore grades, efficient technology, and high
productivity. Canada's costs are higher than Australia's
because of lower ore grades and higher labor costs. The
costs for Bindura, Zimbabwe, are high owig to low grades
and generaly low productivity.

burgess.danielle
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Tabl 13.-E.t1mate cots fo .elect producng nickel opati. (January 1987 dollar./lb of nickel)

Producton cost Net Total cost
Ore ty: Mine Mil Smelting Transprttion Tota Byroduct production including

Operation: Country refining credits cost1 a ia-pct
DCFROR2

Sulfides:
Bindura: Zimbabwe $1.85 $0.65 $1.35 $0.10 $3.95 $0.25 $3.70 $3.80
Canadian operations (wt avg) .65 .30 1.20 .10 2.25 .85 1.40 1.45
Western Mining: Australia .50 .20 .90 .05 1.65 .10 1.55 1.70
Selebi Phikwe: Botswana .90 .40 1.20 .20 2.70 .80 1.90 2.05

Weighted average .60 .30 1.20 .10 2.20 .70 1.50 1.65

Laterites:
Greenvale: Australia3 .70 NA4 1.30 .25 2.25 .40 1.85 2.10
Larco: Greece .60 do. 1.40 .25 2.25 .00 2.25 2.30
Indonesia (wt avg)s .30 do. 1.40 .20 1.90 .00 1.90 2.20
New Caledonia (wt avg)s .35 do. 1.65 .30 2.30 .05 2.25 2.45
Rio Tuba: Philppines .40 do. 1.45 .20 2.05 .00 2.05 2.35
Colombia and Dominican

Republic (wt avg)6 .20 do. 1.30 .10 1.60 .00 1.60 1.90
Brazil (wt avg) .35 do. 1.30 .10 1.75 .05 1.70 2.10
Kosova: Yugoslavia .35 do. 1.45 .05 1.85 .00 1.85 2.40

Weighted average .30 do. 1.40 .20 1.90 .00 1.90 2.25
NAp Not applicable.
lTotal production cost less byproduct credits.
2Net operating cost plus taxation, royalties, and capital recovery determined at a ia-pct DCFROR.
3Mining cost incudes ores purchased from New Caledonia.
4Postmine processing of laterite is included in smelting-refining cost.
sinciudes production of matte and ferronickel, and procssng of ore shipped and processd in Japan.
6Average weighted to avoid disclosure of proprietary data.

Smelting and refmig costs for producing suldes range
from $O.90jlb of nickel in Australa to $1.35jlb of nickel
in Zimbabwe. Australa's flash funace technology and
high grades contribute to the low costs. Zimbabwean
concentrates are very low grade; therefore, more energy,
labor, material, and supplies are expended to recover llb
of nickel than at the other operations evaluated.

Transportation costs for Selebi-Phie are relatively
high because the majority of its operations matte is refied

in Norway.
Of the primar-nickel-producing countries, Canada, on

a weighted average basis, is the lowest-cost producer.
Canada's low net production cost is a result of revenue
generated by coproducts and byproducts.

Total cost, includig a lO-pct DCFROR, ranges from a
low of $1.45jlb of nickel for the Canadian operations to a
high of $3.80jlb for Bindura. Canada's low total cost
results from relatively low capital expnditures, high-grade
ores, and revenues from byproducts. Bindura has a hi

total cost because of low-grade ore and poor productivity.

PRODUCING LATERITE OPERATIONS

Minig costs for producers of nickel from laterite ores
range from $O.2Ojlb of nickel for the average of Colombia

and the Dominca Republic to $O.60jlb of nickel for
Laco and $O.70jlb at Greenvale. The variation in costs
results from the wide range of ore grades, depth of mining

(underground for a portion of the production), and poor
productivity in Greece. Australa's high cost represents
ming of loc ores and the cost of importing ores from
New Caledonia. The average mine operating cost for
laterite operations is $O.30jlb of nickeL.

Laterite ores are not miled or concentrated as are sul-
fide ores. They are intead screened and dried to reduce
moisture content. These costs are included in smelting.
Smelting and refig costs for laterites include al post-
mine costs to produce ferronickel and matte through pro-
duction of refmed nickeL. Processing costs of byproducts
are included in smelting and refmig costs. The lowest
estimated procssing costs are in Australa, which produces
nickel oxide and byproduct cobalt, and Colombia and the
Dominca Republic, which produce ferronickel. Braz's
estiate is based on a weighted average of refined nickel

and ferronickel produced from several laterite operations.
Tranportation is a major cost associated with shipping

laterite ores for processing, as it is a high-bul, low-grade
"concentrate" that often contais 25-30 percent moisture.
It costs from $10-$15jwet mt ($0.25-$0.4Ojlb of nickel) to
transport ore to Japan from Indonesia, New Caledonia,

burgess.danielle



and the Phippines. A large portion of the cost for smelt-
ing and refing reflects high energy consumption to

reduce the moisture content of ores. Recovery of by-

products, maiy cobalt, and transportation are additional
costs for some properties.

Byproduct metal, maiy cobalt, are recovered from
some laterite ores in Australa, Braz, and New Caledonia.
Byproduct credits average $0.05jlb of nickel (mostly from
cobalt) in New Caledonia, exclusive of production from the
Petit Mineurs, and Braz to $O.4O/lb in Australa. Be-
cause SLN recovers only a smal amount of nickel matte
for refing in France, the byproduct credit per pound of

total nickel recovered is minal. Australa's Greenvale
operation recovers cobalt in a sulde residue, which is

shipped out of the country for refmig.
Total costs, at a 10-pct DCFROR, average $1.65jlb of

nickel for suldes and $2.25 for laterites. The Canadian
producers have the lowest total costs among the evaluated
producers.

NON PRODUCING SULFIDE DEPOSITS

The weighted average ming cost for nonproducing
sulfde operations in Canada is estimated at $O.90jlb of
nickeL. Table 14 ilustrates that the lowest mine cost
estimated for a nonproducing sulde is Fortaleza, Braz,
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the highest cost estimate for the Duluth Gabbro. The
variation in costs results primary from the high-grade
ores at Fortaleza as compared to the low grades in the
Duluth Gabbro.

Mil costs for nonproducing sulfdes are generally

comparable to producig properties except in the cases of
Fortaleza where the ore is very high grade, and the
Duluth Gabbro, where the low grades, fine grai size, and
other characteristics of the resource result in poor
recoveries.

Smelting and refmig costs for nonproducing sulfide
operations var from $0.55jlb of nickel for Braz's
Fortaleza deposit to $2.15 for the Duluth Gabbro in the
United States. The higher costs result from low con-
centrate grades and high envionmental costs, while Forta-
leza benefits from very high-grade ores and relatively low
energy costs.

Byproduct credits at the Duluth Gabbro are primarily
from copper (actualy a coproduct) with additional credits
from cobalt and precious metals.

Total cost, includig aID-pet DCFROR, was selected
to indicate and provide insight to what sustained nickel

price would be requied for a company to commit capital
to ensure profit. The large increase in cost between net
production cost and total cost results from recovery of and
on capital.

Table 14.-Estlmated costs for selecte nonproduclng nickel deposits (January 1987 dollarsjlb of nickel)

Production costs Net Total cost

Ore type: Mine Mil Smelting Transportation Total Byproduct production including

Operation: Country refining credits cost1 a 10-pct

DCFROR2

Sulfides:
Agnew: Australia $0.80 $0.20 $0.90 $0.05 $1.95 $0.10 $1.85 $2.05
Canada3 .90 .30 1.10 .20 2.50 .65 1.85 5.80

Duluth Gabbro: United States 4.00 2.10 2.15 .10 8.35 4.45 3.90 8.60

Fortaleza: Brazil .25 .15 .55 .05 .95 .30 .65 2.60

Weighted average 1.20 .50 1.10 .15 2.95 1.00 1.95 5.10

Laterites:
Africa .45 NAp4 2.30 .65 3.40 .00 3.40 5.65

Pacific Islands .40 do. 1.90 .05 2.35 .60 1.75 4.30

United States .40 do. 3.10 .05 3.55 .80 2.75 5.80

Weighted average .40 do. 2.25 .25 2.90 .40 2.50 5.00

NAp Not applicable.
lTotal production cost less byproduct credits.
2Net operating cost plus taxation and royalties and recovery of capital at a 1o-pct DCFROR.
3Canada includes Expo Ungava, Namew Lake, and Raglan.
4Postmine processing of laterites is included in smelting-refining cost.
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NON PRODUCING LATERITE DEPOSITS

Estimated mine costs per pound of nickel for nonpro-
ducing laterite deposits range narrowly from $0.40-$0.45 jlb
of nickel (table 14). Costs per mt of ore could var quite
a bit, however, because of factors lie grade of ore, mois-
ture content, stripping ratios, and productivity. Costs for
smelting and refing range from $1.90jlb of nickel in the
Pacifc Islands to $3.10 in the United States. The lower
cost represents nickel from potential ferronickel producers;
the higher cost results from refmed nickel and production
of byproduct cobalt.

The low net production cost in the Pacifc Islands
results from high-grade ores and high potential byproduct
credits. The high cost for the Africa laterites results
from high energy and transportation costs and lack of
revenues from coproducts or byproducts.

Total cost (includig a 10-pct DCFROR) ranges from
a low of $4.30jlb of nickel in the Pacifc Islands to
$5.80jlb in Africa.

FACTORS AFFECTING THE COST
OF NICKEL PRODUCTION

Costs associated with min and processing ores to
recover nickel have been dramaticay afected by energy
and labor costs. Net production costs have alo been
affected by changes in prices of byproduct commodties.
These changes have caused major shis in market shares,
especially in 1973 and 1981, when energy costs dramaticay
escalated. This section analyzes the impact of energy and
labor costs and byproduct prices on sulde and laterite
deposit economics.

Energy

Energy costs have vared dramaticay during the last
decade, from a hi exceedi $4jbbl in 1981 to below

$10jbbl in 1986. The evaluations in this study are based
on approxiately $15jbbl. As ilustrated in figue 6,
recoveri nickel from laterites is signcatly more energy
intensive than recovering nickel from suldes, and as a
result, the cost of nickel recovered from laterites is
generaly higher. Despite government energy subsidies for
some producers, increases in energy costs have contributed
to closures, plant conversions, and reduced production,
especialy for some laterite operations. Some laterites
have decreased their reliance on oil by converting to coal,
natural gas, and hydroelectric power. The impact of
increased fuel cost on producing nickel operations was
estimated by determing the tye of energy used when

possible and the amount of consumption per pound of
nickel recovered.

Sulfides

It is generaly accepted that approxiately 10 kW-h of
energy is requied to produce 1 lb of nickel from sulfides

(20). Of that amount, 3-4 kW-h is used for underground
min and beneficiation and the remaider for smelting
and refing.

Canadian nickel companes, particularly Inco, consume
hydroelectric power for part of their energy requirements
and expend 10-15 percent of total operating costs on
energy, whereas most other producers spend 15-20 percent
of their operating costs for energy. Hydroelectric power,
especialy when company owned, offers several advantages:

Labor 50% Energy 45%

Materials &

Energy 15%

Materials & Supplies 35%

Sui fides

Average total = $2.20/Ib
Lateri tes

Aver age total = $1. 90/1 b

Figure 6.-Average distribution of production costs for producing sulfide and laterite operations, 1987.
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It is a reliable source of power, inexpensive, and essentialy
unaffected by increases in costs of fossil fuels. In 1987,
energy costs for sulde operations ranged from $0.15-

$0.4Ojlb of recovered nickel and averaged about $O.30jlb.

Inco generates about 14 percent of the energy requied for
its Sudbur operations by company-owned hydroelectric

plants. Inco also generates electricity from two waste

steam generators. Therefore, an increase in petroleum-
based energy costs would result in a somewhat lesser
impact on Canadian producers than on mines with no ac-
cess to hydroelectric power. Canadian ming companes
are increasing their efforts to electrif ming operations
to reduce costs. An increase in the price of oil from
$ 15jbbl to $2Ojbbl would result in a $O.02-$O.05jlb

increase in the cost of production of nickel from sulde
ores.

Laterites

Operating costs associated with laterite deposits have
a large fuel component. Energy costs ca account for
35-60 percent of total operating costs, more than three
times that of Inco's Canadian sulfde mines. For an
operation that depends totaly on fuel oil for its energy
requirements, such as Falconbridge's operation in the
Domincan Republic, a $O.05jlb increase in the price of
nickel is requied to offset a $1.OOjbbl increase in the

price of oil.
Analyses indicate that energy costs accunt for about

45 percent of total production costs. The burden of these
costs is on the postming stages (drg, cacing,

smelting, and refmig). Changes in fuel costs, therefore,
have a greater impact on the profitabilty of laterite
operations than those that produce nickel from sulde
ores.

Energy costs, which represented about 60 percent of
total operating cost, were a major reason for the closure
of Eximbal in Guatemala. Approxiately 4,00 bbl of fuel
oil per day was required to operate the turbogenerators.
The facility produced about 28 milon lb of nickel in matte
annually at full capacity. When the property started
production in 1977, oil cost approxiately $12jbbl, but
when the operation was closed in 1981, it had increased to
about $30jbbl. Assuming full capacity, the cost for fuel of
$16 milon in 1977 increased to $4 milon in 1981.

Although high capital costs are a major issue, low fuel
costs and a high but stable nickel price could encourage
the rejuvenation of the Guatemalan operation.

The decision in 1982 not to proceed with the devel-
opment of the proposed Gag Island laterite project
(approxiately 45 kmt of refmed nickel per year) in
Indonesia was signficantly afected by the increased costs
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for fossil fuels. To reduce energy costs, the Nonoc
operation in the Phippines converted from an oil-frred
plant to a coal-frred facity. Soon aferward, the Green-
vale facilty also converted from oil to coal.

The economics of Falconbridge's laterite operation in
the Dominca Republic is greatly afected by fuel costs
(table 15). From the project's startup in 1973 through
1981, energy costs per barrel of oil had risen more than
tenfold ($3.60 to $41jbbl), whie the market price of nickel
had increased only 2.3 times. As a result, energy costs
increased as a proportion of total operating costs from

9 percent to 64 percent (22). The company has success-
fuy reduced energy requiements by using only two elec-
tric funaces rather than three and is stil able to maintain
capacity. In 1987, fuel costs accounted for about 50 per-
cent of total production costs.

Table 15.-Effect of 011 prIce on nIckel production cost at
Falconbrldge Domlnlcana operation (Falcondo 80nao)

Total energy Average Total energy
Year consumption cost per cost, milion

(106 bbl) barrel dollars
1975 3.2 $11.70 $36.8
198 1.8 29.45 53.0
1987 2.4 22.00 52.8
1981 2.5 16.25 40.6
lEstimated, based on a 6-month reporting period.

Energy cost per
pound of nickel

produced

$0.62
1.46
.78
.58

SOURCE: Berry (21).

As with suldes, laterite operations that use hydroelec-
tric power are probably in the best position for consistently
lower energy costs. P.T. Inco's Indonesian laterite-nickel
matte plant at Soroako uses hydroelectric power for ap-

proxiately 50 percent of its energy needs. The avai-
abilty of hydroelectric power lowers operating costs by
54 percent compared to what would have been incurred if
P.T. Inco depended completely on oil. The facility has
also reduced oil consumption by adding coal to the ore
feed and not drg the ore as much as previously. Energy

requiements account for about 40 percent of the produc-
tion cost for the operation. The company's matte is ex-
ported to Japan, where it is toll refmed. Processing costs
in Japan are relatively expensive, in part owig to high
energy costs. If oil prices were to increase to $20 jbbl

from $15jbbl, P.T. Inco's net production costs for nickel
production (ore through fmal product) would increase
about $O.10jlb of nickeL.

Cerro Matoso in Colombia also uses hydroelectric
power and other inexpensive local fuel sources (coal).
The World Ban has insisted, however, that the hydro-
electric project (which used World Ban fmancing) yield
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a commercial rate of return. As a result, the rate for
electricity has increased 10- 15 percent annualy. Costs are
still considered reasonably low, however, at about $0.45jlb
of product or about 40 percent of total production cost.

In New Caledonia, SLN's oil requiements have
dropped as a result of technical improvements and use of
coal and hydroelectric power. The operation's demand
for energy is currently met by oil (60 percent), coal
(20 percent), and hydroelectricity (20 percent). An in-
crease in the price of oil from $15jbbl to $20jbbl would
result in an increase in net production costs of ap-

proximately $O.lOjlb of nickel in ferronickel and up to
$0.20jlb for refined nickel (SLN exports matte to France
for refining).

In summary, increases in energy costs generally have a
greater impact on laterite operations than on sulfide
operations. Canadian sulfide producers in particular,
which use hydroelectric power for a portion of their energy
requirements, consume less oil and are therefore less
affected by increases in fuel costs than most other sulfde
producers. An increase from $15jbbl to $20jbbl of oil
would result in an increase in average total production cost
of about $0.05 for sulfides and about $0.15jlb for laterites.
If energy costs were to dramatically increase, laterite
operations could be closed and their market share lost to
sulfide operations (providing the price of nickel does not
increase commensurately).

Labor

The cost of labor can account for 10 percent to 60 per-
cent of total operating costs. Labor costs are directly
related to labor rates, productivity, and mining methods.
Operations that recover nickel from sulfide ores are more
labor intensive because of the complexities associated with
underground mining. Figure 6 illustrates the relationship
of labor costs for sulfide and laterite operations.

Sulfides

Labor costs per pound of recovered nickel from pro-
ducing sulfide operations evaluated in this study range

from $0.55 to $1.25. The weighted average in 1987 was

approximately $0.95, or 45-50 percent of the total pro-

duction cost. In 1980, labor accounted for nearly 55 per-

cent of total direct underground mine operating costs in
the Sudbury District. In 1987, productivity increased

dramatically because of the development of more efficient
mining and processing methods. For example, Inco's
productivity at Sudbur increased by more than 65 percent
between 1980 and 1987. During the same period, the work
force decreased from more than 15,000 to fewer than
9,000. Application of bulk mining methods at the

company's Sudbury operations rose from 33 percent of

total ore mined in 1980 to more than 80 percent in 1987.

Since 1981, productivity in the Copper Clif smelter in-

creased about 80 percent, primarily through a reduction in
labor. In other countries, labor costs ca account for

60 percent of the operating cost because of a lesser degree
of mechantion and nonselective mining techniques.

In mid-1988, Inco Ltd. and United Steel Workers Union
members approved a new three year contract that affected
about 6,000 employees in Sudbury and Port Colborne.

The agreement included a 21.8 percent wage increase over
the lie of the contract in addition to a bonus when the
averaged realized nickel price reaches $2.25 lIb. Some
industry analysts expect that the agreement could add
$0.35jlb to Inco's production cost (the estimate does not
include the bonus). The increase in labor cost alone will
add approximately $.1Ojlb to the company's world produc-
tion cost. The U.S. Bureau of Mines analyses indicate that
net production costs in the Sudbury district could increase
by approximately $0.30jlb, excluding the bonus program,
over the lie of the labor contract.

Laterites

Relatively simple, usually effcient surface-mining meth-
ods and generally lower salaries in countries that have
laterite mining operations provide an advantage in labor
cost over mining underground sulfides. Labor costs re-
quired to recover nickel range from 10-50 percent of the
total operating cost (21). The average labor cost repre-
sents about $0.4Ojlb of nickel, or about 20 percent of total
operating costs. Approximately 75 percent of total labor
costs is in the postmining stages of nickel processing.

Coproducts and Byproducts

Revenues from coproducts and byproducts, primarily
those from copper, cobalt, and precious metals, signifi-
cantlyaffect competitiveness in the nickel industry. These
revenues play an important role in offsetting total operat-
ing costs for most sulfide operations but have less signi-
ficace for laterites. The evaluations in this study included

revenues from byproducts generated at prices listed in ta-
ble 16 (included later in the section titled "Methodology).

Sulfides

Nickel sulfide deposits characteristically contain several
recoverable metals. The most common coproduct or by-
product is copper. In 1987, for example, Inco produced

more than 150 kmt of copper from the Sudbury District.
In addition, it also recovered important amounts of cobalt,
PGM, gold, and silver. The PGM recovered from the
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Sudbur region make Canada the thid largest producer in
the world. In 1988, byproducts were expcted to generate
signcatly higher revenues because of hier average

metal prices. Deposits in Australa, Finand, Botswana,

and Braz recover al or some of the followi metal:
cobalt, copper, gold, PGM, and silver. Sulc acid is alo

recovered. The weighted average byproduct credit for
nickel recovered from sulde ores in 1987 was ap-
proxiately $O.70jlb of recovered nickeL.

Laterites

Laterite operations most often produce ferronicke~

from which little or no value in byproducts is reald.

Any byproducts produced are usualy cobalt. An exception
is Falconbridge Domincaa's operation in the Dominca
Republic, which distributes electricity to the national grid
as a byproduct. An agreement with the government

requies a payment resulting in a $O.05jlb of nickel
"byproduct" credit. The analysis presented in thi section

is based only on those laterite deposits that recover metal
byproducts, which includes Greenvale, Australa,
Tocantins, Braz, and SLN, in New Caledonia, among
producers. In 1987, Greenvale produced approxiately

1.2 kmt of cobalt, which produced a byproduct credit of
approxiately $O.4Ojlb of recovered nickeL. SLN's op-

erations in New Caledonia received only a minor by-
product credit agaist its total production, because cobalt

is recovered from the smal amount of matte refmed in
France.

In summar, revenues from byproducts benefit the
economics of sulfde operations and improve their
competitive position with ferronickel operations during

periods of low nickel prices. Record high prices for
copper and attractive prices for precious metal in 1988
signcantly lowered net production costs of most sulde
operations. The laterites have not benefited as much for
three reasons: (1) the majority of nickel production from
laterites is in the form of ferronicke~ from which

byproducts are generaly not recovered or for which credits
are not given; (2) byproducts that are recovered, primarily
cobalt, have generaly low feed grades and por
metalurgica recoveries; and (3) the price of cobalt has
remaied relatively stable despite increases in most other
metals.

Materials and Supplies

Materials and supplies are major components in the
recovery of nickeL. They include ammonia, naphtha, acid,
sul, electrodes, and other material. On average,

materials and supplies represent approxiately the same
percentage, about 35 percent, of total production cost for
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suldes and laterites, but their cost vares by operation and
technolog usd to recover nickel and any byproducts.

CAPITAL COSTS

Capital costs for nonproducig operations include ac-
quition of land, exploration, mine development, mine and
mil plant and equipment, smelters and refmeries, and in-
frastructure, where requied. Capital costs therefore re-
flect the total investment requied for those deposits not
produci at the time of the study to develop the mine,
construct al facities, and begi production. Capital costs
for produci mines are not dicussed in this section be-
cause most of the sulde and some of the laterite opera-
tions have been producig for long periods and a large
portion of the intial cost has been depreciated.

A verticay integrated, surfacejunderground sulde

operation (similar to those proposed in the Duluth Gab-
bro) capable of producig approxiately 7-10 kmt of
nickel anualy might requie an average capital cost of
about $350 milon (in 1987 dollars), or about $23 lbjyr of
recovered nickeL. Approxiately 6 percent of the cost is
for development, 55 percent for mine plant and equip-

ment, and the remaider for mil plant and equipment.

Infastructure is an additional cost.
In the United States, a laterite operation with a pro-

posed anual ore capacity of 1.1 Mmt that would produce
about 10 kmt of nickel plus byproduct cobalt would re-
quie estiated $325 milon, or about $16jlb of recover-
able nickeL. The ditribution is as follows: 3 percent for

development and inrastructure, 8 percent for mine plant
and equipment, and the remaider for mil plant and

equipment. Plant costs include facilties for a roast-
reduction leach procss. U.S. costs are generaly higher

than other countries owig to envionmental and permit-
tin costs, land purchases, construction costs, and so on.

Infation caused capital costs to increase dramaticay in
the late 1970s and early 1980s. As an exaple, in 1971,
the Falcondo smelter, which processes laterite to ferro-
nicke~ was completed at a cost of $182 milon dollars
(1971 U.S. dollars), excludig workig capital, at a design
capacity of 63 milon lb of nickel anualy (21). The ef-
ficient overal desig of the Falcondo plant allowed an
anual capacity of 68 milon lb, thereby lowering the
capital cost per anuallb from $2.90 to $2.70. In 1981, a
capital cost of about $1 bilon would have been required
to replace the operation or $14.70jlb of anual capacity

(21), in 1987 a capital cost of about $1.2 bilon. Another
exaple of capital costs is Cerro Matoso. The property
was completed in 1981 at a cost exceedig $225 milon.
The plant has a capacity of about 23 kmt of nickel in
ferronicke~ resultin in a capital cost per pound of ca-
pacity of greater than $4.5Ojlb. P.T. lnco's operation
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exceeded $12 per anuallb in 1978. In 1988, a greenfelds
laterite operation would average an estimated $12jlb of
annual capacity, but costs would var, dependig on
requirements for inrastructure.

Capital costs requied for sulfde operations are more
diffcult to estimate owig to the complexities of under-

ground mining, infrastructure, and variations in process
technology. The total capital cost for the Namew Lae
deposit in Mantoba is estimated at $8 milon (1987
U.S. dollars), and development costs for the Fortaleza
deposit are projected at approxiately U.S. $200 milon
(1987 dollars). The capital cost per pound of anual
nickel capacity is approxiately $9.00.

Capital costs relating to envionmental factors have
significantly affected production costs. In 1980, Falcon-
bridge completed an envionmental smelter improvement

program at Sudbur, Ontario, at a capital cost of U.S.
$83 milon. Inco plan to implement a sulur dioxide

reduction program costing U.S. $350 milon that includes
the implementation of fluid bed roasters at Sudbur as a
means of reducing gas emissions.

Another exaple of the effects of envionmental legis-
lation results from a decision of the Ontario Minster of
Envionment to requie additional reductions in sulfr
dioxide emissions. Sul dioxide emissions have con-

straied production at Sudbury. Inco is spendig about
U.S. $50 milon (1987 dollars) to consolidate concen-
trating of ores. In addition to improving efficiency, the

upgrading program wi improve removal of pyrrhotite
from the concentrate, thereby reducing annual sulfur di-
oxide emissions from the smelter by 100 kmt (20).

NICKEL AVAILABILITY ANALYSES

METHODOLOGY

Analyses presented in this section indicate the avai-
ability of nickel from the deposits evaluated in thi study.
Total availabilty curves relate quantities of recoverable

nickel from each of the deposits to net production costs

and total costs of production. Anual avaiability analyses
an~ also presented ilustrating anual production cap-
abilities and taking into account time lags involved in
rea~hing full production. Other cures presented in later
sections ilustrate the impact of changes in revenues from
byproducts, energy costs, and labor costs on production
COSl and availability of nickeL.

Certain assumptions are inerent in these analyses:

(1) All deposits produce at or near design capacity
throughout their lie.

(2) Each operation is assumed to be able to sell al of
its output at the determined total cost.

(3) Startup dates for some nonproducing deposits were

assumed.

(4) Time lags related to permitting, environmental
impact statements, and other possible delays afecting
production are minimized.

(5) It is assumed that al of the byproducts are sold at

January 1987 market prices (table 16).

Some evaluated deposits could be prevented from
development because of a lack of capital, envionmental

problems or issues, political reasons, a poor economic
cliate, or other constraints not known at this time.

Table 16.-Commodity prices used in analysis

Commodity
Cobalt
Copper
Gold
Iridium
Palladium
Platinum
Rhodium
Ruthenium
Silver

Units

Ib
Ib
tr oz
tr oz
tr oz
tr oz
tr oz
tr oz
tr oz

January 1987

$7.00
.64

408.26
400.00
200.00
600.00
700.00

45.00
5.53

TOTAL RESOURCE AVAILABILITY

Total recoverable nickel from evaluated deposits in
terms of total cost, includig 0- and 10-pct DCFRORs, is
ilustrated in figue 7; it also relates the total cost of pro-
duction with a 0- and 10-pct DCFROR to the amount of
nickel potentialy recoverable from the evaluated proper-
ties and their type of ore by status of production. Bodies
of ore are not homogenous, and costs can vary throughout
the mine's production lie. For exaple, during periods of

high metal prices, operations are likely to mine lower-
grade ores; the opposite is true when metal prices are low.
The cost of transportation and processing to a final pro-
duct is included for the properties that export raw ore to
Japan (Aneka Tambang, Petit Mineurs, and Rio Tuba).
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The analyses indicate that just over 32 Mmt of nickel is

potentialy recoverable. A price exceedig $5.00jlb of
nickel would be requied for al of the properties to pro-
duce at a O-pct DCFROR, however. A O-pct DCFROR
was selected to ilustrate the lowest average cost where an
operation could break even on its costs and stil recover
capital. It is unely that a company would commit capital
for a greenfelds project at thi rate of return. Table 17

lits the amount of potentialy recoverable nickel withi

selected cost ranges.
Approxiately 4.3 Mmt of nickel is avaiable at a total

cost, includig a O-pct DCFROR, of up to $1.50jlb. Of
that amount, 4.2 Mmt is entirely controlled by Inco's Can-
adian operations. The Fortaleza prospect is the only non-
producer that could potentialy operate in this cost range.

About 65 percent of the tonnage available between

$1.51jlb and $2.00jlb is from producing operations, pri-
marily WMC's operations and Cerro Matoso. Agnew is
the only nonproducer in this category. A little more than
70 percent of the total resource is in sulfde deposits. All
of the resource between $2.01 and $2.50jlb is in mines
that are currently producing. Over 80 percent is in later-
ite resources, the largest being Inco's Indonesian opera-
tions, SLN, and the Falcondo operation. The sulfide de-
posits include Falconbridge's Canadian operations and
Selebi- Phie.

Twelve operations were determined to have a total cost,
at a O-pct DCFROR, between $2.51 and $4.00 per pound
of recovered nickeL. Three operations-Bindura, Morro do
Niquel, and the Petit Mineurs-are the only producers.

The largest resources among the nonproducers are laterite
deposits: the undeveloped Philippine laterites, the Ivory
Coast, Gag Island, and Nonoc. The Raglan sulfde deposit
in northern Quebec and the Namew Lake sulfide deposit
in Mantoba are also in this cost range.

Six properties, none of which has produced, were esti-
mated to have a total cost exceedig $4.00jlb, at a O-pct
DCFROR. Three of these properties, Gasquet, Duluth
Gabbro, and Red Flat, are located in the United States.
The other properties include Expo Ungava and the later-
ites in the Malagasy Republic.

The upper, dashed curve on figure 7 represents the an-
alysis at a 10-pct DCFROR. The proxiity between the
O-pct and the 10-pct curves depends on the amount of
capital expended per pound of nickel produced over the
lie of the property. The older, more established opera-

tions are generaly less capital intensive, and, because of
depreciation, most capital has been written off. As a re-

sult, the costs at 0- and lO-pct are quite close. For eco-
nomic evaluations of a prospect, however, costs for re-
covery of capital and profit are often signifcant and result

in large differences between the 0- and 10-pct cures. The
resource tonnages available at aID-pet DCFROR withi
selected cost categories are shown in table 18.
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Table 17.-Estlmated potentially recoverable nickel at a o-pc DCFROR (kmt)

Total cost Producers Nonproducers Grand Cumulative
range, dollars Sulfides Laterites Total Sulfides Laterites Total total total

per pound

.: $1.51 4,004 222 4,226 92 0 92 4,318 4,318
$1.51-$2.00 679 522 1,201 660 0 66 1,861 6,179
$2.01-$2.50 838 3,794 4,632 0 0 0 4,632 10,811
$2.51-$4.00 41 6,604 6,645 328 13,525 13,85 20,498 31,30
;; $4.01 0 0 0 374 926 1,30 1,30 32,60

Total 5,562 11,142 16,704 1,454 14,451 15,905 32,60 NAp
NAp Not applicable.

Table 18.-Estimated potentially recoverable nickel at a 1o-pct DCFROR (kmt)

Total cost Producers Nonproducers Grand Cumulative
range, dollars Sulfides Laterites Total Sulfides Laterites Total total total

per pound

.: $1.51 4,004 222 4,226 0 0 0 4,226 4,226
$1.51-$2.00 679 522 1,201 0 0 0 1,201 5,427
$2.01-$2.50 283 2,288 2,571 660 0 66 3,231 8,658
$2.51-$4.00 596 8,110 8,706 141 9,783 9,924 18,63 27,288
)0 $4.00 0 0 0 653 4,66 5,321 5,321 32,609

Total 5,562 11,142 16,704 1,454 14,451 15,905 32,609 NAp
NAP Not applicable.

Three producing operations can produce at an average
total cost, at a lO-pct DCFROR, less than $1.51jlb: Inco's
Sudbury and Thompson sulfide operations and Tocantin,
a laterite operation. Over 95 percent of the evaluated
resource in this cost range is available from Canadian
operations.

At a total cost, with a lO-pct DCFROR, from $1.51-
$2.00jlb, about 1.2 Mmt of nickel is potentially recover-
able. About 43 percent is in the Cerro Matoso laterite,
the remainder from the sulfide ore body at WMC.

The tonnage available from $2.01-$2.50jlb originates
from eight producing operations and from Agnew, which
is currently on standby. The largest resources belong to
SLN, Agnew, Aneka Tambang, Falcondo, and Larco.
Agnew is the only sulfide deposit in the group.

Eleven properties, three of them nonproducing, can
supply nickel at a total cost from $2.51-$4.00jlb. The
resources in this category represent over 50 percent of the
total potentially recoverable nickel included in this study.
About 95 percent of the resource is in laterites, approxi-
mately 90 percent of which is at P.T. Inco, the Petit
Mineurs' holdings, and in undeveloped Philippine laterites.
The most significant sulfide operation in this cost range
belongs to Falconbridge, in Canada. The three nonpro-
ducers are Fortaleza, Namew Lake, and Nonoc, which is
in the lower part of the cost category.

Eleven properties can produce at a total cost above
$4.00jlb, including a lO-pct DCFROR. None of these
properties have produced, although several have been
extensively explored. Approximately 90 percent of the
resource is in laterites. The most significant properties are

in the Ivory Coast laterites, Gag Island, and the four U.S.
properties.

In summar, the African region, Canada, and the south-
west Pacifc region (Australia, Indonesia, New Caledonia,
and the Phippines) account for nearly 30 Mmt or 90 per-
cent of the nickel potentialy recoverable from deposits

evaluated in MECs, Of this resource, 72 percent is in the
southwest Pacifc countries, 16 percent in Canada, and
12 percent in Africa. Based on demonstrated resources,
the total nickel potentially recoverable is divided almost
equaly between producing operations and nonproducing
deposits. Laterites account for approxiately 80 percent
of total potentialy recoverable nickel, evaluated in this

study, alost 70 percent of the total resource in producing

properties and 90 percent of the total resource among
nonproducers.

POTENTIAL ANNUAL NICKEL PRODUCTION

Anual nickel production, based on total costs including
O-pct and 10-pct DCFRORs, is presented to indicate the
effects associated primarily with the return of capitaL. A
O-pct DCFROR is considered a break-even cost and in-
cludes a return of, but not on, capitaL. Some companies
would not continue to operate at this rate of return for an
extended period of time. A 10-pct DCFROR includes a
lO-pct return on invested capital. Ten percent was select-
ed to represent an attractive rate of return to cover the
opportunty cost of capital plus risk. The results of the
evaluation are ilustrated in figue 8 for producers and
figue 9 for nonproducers and in tables 19 and 20 for
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0- and lO-pct DCFRORs, respectively. The cures are
based on data from 1987 and early 1988. Al operations

are evaluated at fu capacity.

Producing Mines

Nearly 98 percent of recoverable nickel avaiable at an
average total cost below $1.51jlb at a O-pct DCFROR
origiates from Inco's Canadian operations. The remai-
ing nickel is produced by Tocantin, in Braz. Only two
operations, Cerro Matoso (35 percent) and WMC (65 per-
cent), can produce at $1.51-$2.00jlb of nickeL.

At a O-pct DCFROR from $2.01-$2.50jlb, 45 percent of
the annual production of the evaluated producing mines

could be supplied by 12 operations. Major producers and
their share of capacity are Falconbridge's operations in

Canada (15 percent), the Dominca Republic (15 per-
cent), Inco's Indonesian operation (15 percent), SLN
(20 percent), and Greenvale and Selebi-Phie (nearly
10 percent each). Other producers are Outokumpu, Rio
Tuba, Niquelandia, Laco, Kosova, and Aneka Tambang.

Only two producers, New Caledonia's ore exporters
(evaluations included tranportation and processing in
Japan) and Bindura, Zimbabwe, produce nickel at costs
above $2.50 jlb.

A total cost, includig a 10-pct DCFROR, was deter-
mined to indicate the relative competitive positions for
producin mines evaluated in thi study.

Three properties, Inco's two Canadian operations and
Toctin, produce about 35 percent of the primar nickel

in the MECs at a cost of less than $1.51jlb. In 1988, these
companes were expected to produce signcantly greater
rates of return than the lO-pct DCFROR previously
dicussed.

At $1.51-$2.00jlb, production from WMC and Cerro
Matoso is potentialy avaiable.

About 50 percent of the production in the MECs can
be supplied at a cost of up to $2.00jlb, at aID-pet

DCFROR at least. Al of these properties are relatively
establihed (except for Cerro Matoso), are vertically
integrated, and are less capital intensive per pound of
nickeL.

Table 19.-Estimated primary nickel producton at a o-pc DCFROR (kmt)

Total cost Producers Nonproducers Grand Cumulative
range, dollars Sulfides Laterites Total Sulfides Laterites Total total total

per pound

-: $1.51 174 4 178 8 0 8 186 186
$1.51-$2.00 42 23 65 12 0 12 77 263
$2.01-$2.50 56 165 221 0 0 0 221 484
$2.51-$4.00 9 24 33 19 106 125 158 642
;; $4.00 0 0 0 12 50 62 62 704

Total 281 216 497 51 156 207 704 NAp
NAp Not applicable.

Table 20.-Estimated primary nickel production at a 1o-pct DCFROR (kmt)

Total cost Producers Nonproducers Grand Cumulative
range, dollars Sulfides Laterites Total Sulfides Laterites Total total total

per pound

-: $1.51 174 4 178 0 0 0 178 178
$1.51-$2.00 42 23 65 0 0 0 65 243
$2.01-$2.50 26 126 152 12 0 12 164 407
$2.51-$4.00 39 63 102 17 23 40 142 549
;; $4.00 0 0 0 22 133 155 155 704

Total 281 216 497 51 156 207 704 NAp
NAp Not applicable.



Eight properties produce a combined total of about
30 percent of production in the MECs at $2.01-$2.50jlb.
Nearly 85 percent of this tonnage origiates from laterite
deposits, primarily owned by SLN in New Caledonia,
Fa1conbridge in the Domincan Republic, Greenvale in
Australia, and Aneka Tambang in Indonesia. The nickel
from sulfde operations is produced by properties in
Botswana and Finand.

About 20 percent of production is avaiable at $2.51-
$4.00jlb. The two largest producers in this category,
Fa1conbridge's Sudbury operations and Inco's Indonesian

operations, which combined produce approxiately
60 kmt, are below $2.70jlb. Fa1conbridge's costs could

drop significantly if ongoing exploration programs are
successful in increasing the operation's production lie.

The remaining tonnage origiates from the relatively high-
cost, small syndicate miners in New Caledonia and several
other small producers.

Nonproducing Deposits

Figure 9 ilustrates the relationship of the potential
annual production from the prospects and other nonpro-
ducers evaluated in this study. The curves are based on
expected or assumed capacities.

Potential annual production from nonproducing prop-
erties was evaluated at a O-pct DCFROR to determine a
minimum rate-of-return cost for which an operation wi
be able to recover its investment. A company would not
commit capital for development unless it were tryg to

increase its market share or expected a sustained increase
in nickel price. For this reason, analyses at a 10-pct

DCFROR are more representative for nonproducers.
Except for Agnew and Namew Lake, approximately 2-3

years of development would be required for each property
before production could be initiated.

Fortaleza, in Brazi, is the lowest-cost potential

operation among non producers. The mine could produce

8-10 kmt of nickel annually for less than $1.50jlb at a
O-pct DCFROR. The Brazilian government recently en-
acted a policy that discourages foreign participation, which
has delayed development.

The Agnew mine, on standby since 1986, could produce
nickel for $1.51-$2.00jlb at a O-pct DCFROR. Production
was expected to resume during the third quarter of 1989.
Cumulatively, about 20 kmt of nickel could be potentially
produced annually at costs below $2.00jlb.

Potential producers from $2.51-$4.00jlb of nickel
include Guanajibo, Namew Lake, Nonoc, undeveloped
Philippine laterites, and Gag Island. Their combined pro-
duction could be nearly 100 kmt. Nonoc requires major
capital investment to be reactivated. Investments in the
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Phippines are considered risky because of political
instabilty.

At a total cost over $4.00jlb, about 62 kmt of annual
nickel production is potentialy avaiable. Alost 45 per-
cent of the total tonnage could origiate from several de-
posits evaluated in the United States (Gasquet, Duluth
Gabbro, and Red Flat), the remaider from the African
laterites.

AID-pet DCFROR is used to represent a minimum
rate-of-return incentive for commitment of capital required
for most greenfeld projects.

Agnew has the lowest total cost among the nonpro-
ducing operations evaluated. The property can potentially
produce about 12 kmt anualy at a cost of $2.01-$2.50jlb,
including aID-pet DCFROR. The low cost results, in
part, from reactivation costs much lower than initial capital
investments associated with a greenfield project.

Four properties ca potentialy produce at $2.51-

$4.00jlb. They are, in order of increasing costs, Fortaleza,
Namew Lake, Nonoc, and undeveloped Phippine laterites.
The remaig 11 non producing properties evaluated in
thi study require an average price of nickel over $4.00jlb.

Although nickel prices were expected to average over
$4.00jlb in 1988, it is doubtful that they will remain at a
sustaied high level long enough to encourage near-term
development of properties in this cost category.

POTENTIAL ANNUAL PRODUCTION FROM
OPERATING MINES AND SELECTED

NON PRODUCERS

Figue 10 ilustrates potential annual production from
1987 to 1995 at selected costs through time from 20 pri-
mary nickel producers and three nonproducing properties
with excellent potential for production in the near fu-
ture. The nonproducers included are Agnew, Fortaleza,

and Namew Lae. Agnew is on standby, Fortaleza is un-
developed, but have excellent potential for near-term
production, and Namew Lake was expected to be fully op-
erational in 1989.

AD-pet DCFROR was selected to ilustrate the mini-
mum total cost for an operation. This rate of return, how-
ever, may not be acceptable to some companies over an
extended period of time.

The most apparent aspect of the curves is that re-
sources are sufficient to maintain current capacity levels

through 1995. Between 80-85 percent of potential pro-
duction ca be attained at or below $2.25 lIb (in constant
Januar 1987 dollars).

The increase between 1987 and 1992 results from cur-
rent producers' increasing capacity through technology and
capital expenditures that attain higher productivity in
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YEAR

Canada and expansions at Brazan operations and Inco's
Indonesian facilties into the early 199s. The commis-
sioning of N amew Lake in late 1988 and fu production in
1989, the reactivation of Agnew in 199, and the devel-
opment and production from Fortaleza by 1991 are also
assumed. Closures resulting from depletion of reserves
and resources are also liely for Outokumpu operations in
Finland and Bindura in Zimbabwe. Inco's Thompson

open pit wi be nearin exhaustion by 1995, but to

maintain the company's production level, it is liely that
another open pit wi be developed. A possible decrease
in production from 1994 to 1995 results from the ex-
haustion of currently demonstrated resources at Namew
Lake, although additional resources are possible.

In 1987, primar nickel consumption in the MECs was
about 642 kmt. At an assumed anual growth rate of
1 - 1.5 percent in the MECs, by 1995, between 695 kmt and
723 kmt of primar nickel may be consumed. In 1995,

based on known resources and currently proposed devel-
opment plans, production from primar nickel producers
in the MECs would be approxiately 535 kmt. No short-
age of resources exists, but for producers in the MECs to
meet projected demand, existing mines wi need to expand
(as resources are sufficient) or new dicoveries wi be

necessar. Additional expanions are liely in Australa,
Canada, and Indonesia. Brazan expanion wi be fueled
by increased industrialtion, improved inrastructure, and

avaiabilty of hydroelectric power. Japanese interests may
alo decide to construct ferronickel plants in the Phip-
pines and in other Asian countries. Preliinar plans are

to construct a ferronickel plant in New Zealand. Sustaied
high nickel prices could encourage exploration and devel-
opment of new mines. Nickel sales to the West from the
CPE countries wi become signcat contributors in fil-
ing the gap between production and consumption of pri-
mar nicke~ especialy as Cuban production increases to
perhaps 100 kmt (about 2.5 times current production) by
the late 199s. Increased recovery of scrap could also

offset some demand for primar nickeL.

POTENTIAL TOTAL RESOURCE AVAILABILITY
AND NET PRODUCTION COSTS

Total potentialy recoverable nickel at various net pro-
duction costs is ilustrated in figue 11 and lited in ta-
ble 21 for al of the evaluated producing operations. Net
production costs are most applicable for understanding rel-
ative competitiveness, after capital has been committed.
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Approxiately 90 percent of the resource is in Inco's
Indonesian and Falconbridge's Sudbur operations, Selebi-
Phie, SLN, and WMC's operations at net costs of $1.51-
$2.00jlb. (The Agnew mine, currently on standby, and the
Raglan deposit in Canada would liely be included in this
category if they were operational.)

All of the nickel avaiable at $2.01-$2.50jlb is contained
in Falconbridge's laterite operation in the Domincan
Republic, Larco, Aneka Tambang, and Rio Tuba.

New Caledonia's Petit Mineurs, which export ore for
processing in Japan, accounts for 99 percent, or 6.6 Mmt,
of the recoverable nickel resource at $2.51-$3.75jlb. This
estimate is conservative owig to liited exploration, but

extensive nature, of the laterites. Bindura, also in this

category, has the highest net production cost among the
evaluated producers.

Table 21.-Estimated total potentially recoverable nickel from
producers at selected net production cost ranges (kmt)

Total cost Producers Cumulative
range, dollars Sulfides Laterites Total total

per pound
"- $1.51 4,004 744 4,748 4,748
$1.51-$2.00 1,517 2,455 3,972 8,720
$2.01-$2.50 0 1,339 1,339 10,059
$2.51-$3.75 41 6,604 6,645 16,704

Total 5,562 11,142 16,704 NAp

NAp Not applicable.

Approxiately 85 percent of the tonnage avaiable at a
net production cost of $1.50jlb or less is in Inco's

Canadian operations. The remaiing nickel is in Cerro
Matoso and Tocantin. Although not included because they
are nonproducers, Fortaleza and Namew Lake were also
determined to have net production costs in this range.
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NET PRODUCTION COSTS AND POTENTIAL
ANNUAL PRODUCTION

Figure 12 and table 22 ilustrate estimated potential
primar nickel production in the MECs and net production
costs (including al diect production costs for ming,
beneficiation, smelting, refining, and tranportation, less
byproduct credits) for the 20 producing operations an-

alyzed in this study, imported nickel origating from CPE
countries, and byproduct nickel (primarily from the RSA).

Exports from CPE countries and nickel origiating as
a byproduct, such as in South Africa, are shown separately
on figure 12 at a net production cost of $0, because the

imports, for the most part, are not sensitive to costs. An
important aspect of exports from CPE countries is the
need for foreign exchange, especialy in the face of low
petroleum costs (the U.S.S.R. is one of the world's largest
exporters), relatively stable gold prices, and weak domestic
economies. Byproduct nickel from South Africa PGM
operations will continue to be produced as long as the cost
for nickel recovery from matte (less than $1.00jlb) is less

than the market price for nickeL. Figue 13 ilustrates
estiated potential production agaist net production costs

and does not include imports from CPE countries or by-
product nickeL. These figues are usefu in that they
indicate the relative economic position of nickel production
to net production cost and can be used to indicate the
potential loss of production (because of closure or reduced
production) when nickel prices fal. In 1988, al producing
primar nickel operations could potentialy produce at net
production costs lower than world nickel prices.

Tabl 22.-Estlmated primary annual nickel production at
selected net production cost ranges (kmt)

Total cost Producers Cumulative
range, dollars Sulfides Laterites Total total

per pound

.. $1.51 174 27 201 201
$1.51-$2.00 98 104 202 403
$2.01-$2.50 0 61 61 464
$2.51-$4.00 9 24 33 497
:: $4.00 0 0 0 497

Total 281 216 497 NAp

NA Not applicable.
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Figure 13.-Estimated production and net production costs in 1987.

From 1983 through 1986, the average anual nickel
price was approximately $2.15jlb. In 1986, the average

price was approxiately $1.85. At these market prices,
a significant portion of production in the MECs (approxi-
mately 42 percent) could not cover net production costs.
About 40 percent of primar nickel production in the
MECs is produced at net production costs below $1.50jlb.
Approximately 87 percent originates from Inco's Canadian
operations, the remaider from Cerro Matoso and
Tocantin.

Canada's Falconbridge operations, Inco's Indo-
nesian operations, SLN, and Australia's Greenvale and

Western Ming operations produce nickel at net produc-
tion costs of $1.51-$2.00jlb. These operations account
for nearly 85 percent of the total production in this

category.
Twelve percent of nickel production in the MECs is

avaiable at net production costs of $2.01-$2.50 jlb. All of
this nickel origiates from laterites. About 50 percent of
it is from Falconbridge's operation in the Domincan Re-
public, 25 percent from Aneka Tambang, and the remain-
der from Larco and Rio Tuba.
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CONCLUSIONS

The industrialed world remai dependent upon nickel

as an aloyig agent because it impars strengh and

resistance to corrosion and heat. At the level of demon-
strated resources, the 36 deposits and districts analyzd in
the MECs have an estimated 33 Mmt of nickel potentialy
recoverable using current technology. Of th total just

over 50 percent is from mines producing at the tie of

this study. According to estimates of the countries studied,
the Philippines, New Caledonia, Indonesia, Afica and
Canada have the largest demonstrated nickel resources,
accounting for over 70 percent of the potentialy recover-
able nickeL. Laterite resources in the Pacic Islands,
Africa, and South America are undoubtedly much larger
than estimates provided in this study but have not been
proven at demonstrated levels.

Although the United States contais large domestic

nickel resources, no primar nickel is produced. The
resources are generaly low grade and therefore costly to
mine and process. A nickel price exceedig $4.50 jlb
would be required for any of them to generate a lO-pct

DCFROR on the requied investment. Development of
these resources could be impaied or delayed as a result
of several factors. The extremely high capital outlays
required and critical balance between supply and demand,
which greatly affect nickel prices, produce a high-risk
investment. Envionmental constraints and social issues
related to the proximity of potential mines to the Bound-
ary Waters Canoe Wilderness area in Minesota may de-
lay or totally prevent future development of the Duluth
Gabbro. The laterites in California may also be negatively
affected by environmental and social issues, and the
proposed technology for recovering nickel and cobalt has
not been used on a commercial scae.

Owing to record high nickel prices in 1988, vitualy al

producers in the MECs can supply nickel and its asso-
ciated bypro ducts at a profit. At market prices below

$2.50jlb, however, a signifcant portion are unprofitable.
Approximately 10 Mmt is potentially avaiable from
producers at net production costs at or below $2.50jlb.

In 1987, mines in the MECs produced approxiately
500 kmt of primary nickeL. Results of thi study indicate
that at $2.50 or less, about 30 percent of that amount
could be potentially produced and attai a lO-pct

DCFROR. Most of this production originates from
Canada, Australia, New Caledonia, the Domincan Re-
public, and Colombia. Most of the nickel produced above
this cost originates from Pacific Island laterites.

In 1987, consumption of primar nickel in the MECs
was about 642 kmt. By 1995, 695-723 kmt of primar nick-

el could be consumed each year. In 1995, based on known
resources and currently proposed development plan,
production in the MECs from primary nickel producers

would be approxiately 535 kmt. No shortage of re-
sources exits, but for producers in the MECs to meet
projected demand, exitig mines wi need to expand (as

resources are sufcient) or new deposits dicovered.

Additional expanions are liely in Canada and Indonesia.

Exanion in Braz wi be fueled by increased industrial-
zation, improved inrastructure, and avaiabilty of
inexpnsive hydroelectric power. Japanese investors may
construct ferronickel plants in the Phippines and in other
Asian countries. Higher prices could fuel exploration and
result in the development of new mines. Sales to the
MECs from the CPE countries wi alo become more
signcat, especialy as Cuban production increases to

perhaps 100 kmt (about 2.5 times current production) by
the mid-199s.

In 1988, nickel prices reached al-time highs because of
unexpctedly high demand and tight supplies. Barring dis-
ruptions in supply or shortfals from production losses,
production in 1989 may increase slightly. Nickel prices
were expected to remai more stable and probably average
over $4.50jlb in 1989. Prices could drop below this esti-
mate if demand suddenly drops. Increasing nickel produc-
tion among the CPE countries, especially in Cuba, over
the next several years and demiltariztion in the U.S.S.R.
could result in substantially higher sales to the MECs. If
thi situation occurs, nickel prices could erode signcantly.

As ming and processing facilities (smelters and refin-
eries) in less developed countries and stainless steel manu-
facturing plants are developed and used in value-added
goods for export at relatively low costs, the survival of U.S.
manufacturers is increasingly threatened and the United
States becomes more dependent on imports.

The cost of energy for laterite deposits and labor costs
and revenues from byproducts for sulfdes are important
factors afecting cost of production. Presently, most sulde
operations ca produce nickel at lower costs than laterites.
Th condition has developed primarily as a result of the
increases in fuel costs since 1973 and the fact that much of
the capital associated with sulfide operations has been
amortized. If energy costs decrease, however, laterites
wi become increasingly competitive. Transportation of
moisture-laden laterite ores to Japan can add a signifcant
cost to the production of ferronickel. Transportation costs
coupled with the strength of the yen and high labor costs

could encourage development of vertically integrated
nickel-processing facilties (mine through ferronicke1 or
staiess steel) by Japanese investors in Indonesia, New

Caledonia, the Phippines, and other countries.
It is apparent from the results of this study that Can-

ada, relative to other MECs, has a secure position in the
primar nickel market and wi continue to maintain this
position for the foreseeable future.
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APPENDIX A.-CENTRALL Y PLANNED ECONOMY COUNTRIES

Albania

Bulgaria

Cuba

Czechoslovakia

German Democratic Republic

Hungary

Kampuchea

Laos

Mongolia

North Korea

People's Republic of China

Poland

Romania

U.S.S.R.

Vietnam
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APPENDIX B.-GEOLOGY AND RESOURCES

This appendix addresses regional and deposit geology,
resources, and mine characteristics of suldes and laterites.

SULFIDE DEPOSITS

Nickel-bearing sulde deposits are formed by several
geologic processes; however, the great majority are of

igneous origi. A brief discussion of sulde resources by
country follows.

Australia

The Agnew deposit and WMC's Kabalda District de-
posits have an estimated total recoverable resource of

about 1.3 Mmt of nickeL. The majority of these Pre-
cambrian deposits were discovered during the "nickel rush"
in the late 196s and early 1970s. They appear to be
nearly always associated with ultramafc rocks that are

generally within metavolcac belts. Nickel grades of
currently producing mines often exceed 3 percent. Some
byproduct copper and lesser amounts of cobalt, silver, and
gold are also recovered. WMC operates 6 or 7 smal
nickel mines using highy mechaned ming technques.
Several other large nickel deposits, such as Sherlock Bay,

were not included in this study owig to lack of inorma-
tion about demonstrated resources.

Botswana

The Selebi-Phie mine is the only primar nickel-
copper producer in Botswana. The ore bodes are hosted
in Precambrian mafc and ultramafc rocks; the mineral-
zation ranges from disseminated to massive pyrrhotite,
chalcopyrite, and pentlandite contaied in an amphibolite
sil. Besides nickel, the property produces byproduct

copper and cobalt. Surface operations were discontinued

in 1980, and only the underground operations remai.
Approxiately 2.3 Mmt of ore was mined in 1987 at an
average grade of about 1 percent nickel and 0.82 percent
copper. Remaig resources are estimated at approxi-
mately 245 kmt of recoverable nickel, and the lieliood

exists that additional resources wi be developed.

Canada

Ontario

The Sudbury District in Ontario is currently the world's
largest single producing source of nickeL. It has produced
over $25 bilion of minerals over the past 95 years (17).

Geologicay, the Sudbur District is withi a Pre-
cabrian bowl-shaped basin. Nickel-copper mineraltion
may have taken place durg norite formation. The ore is
asocated with the "nickel intrusive," alo caed the "nickel
irptive," emplaced as a 1.5-km-thick igneous body at an

unconformity between metavolcacs and plutonic rocks
(grantes) and a Precabrian series of slates and quartz-
ites known as the Whtewater Group.

Generaly, nickel is primarily recovered from the min-
eral pentlandite, but chalcopyrite and pyrrhotite are alo
contributors. Besides the production of nicke~ the district
ran number thee in the world in production of PGM
and alo contributes large amounts of cobalt, copper, and

silver. The bowl-shaped structure of the mineralied zone
permits some of the deposits on the margis to be mined
by open-pit method, but nearly al production has orig-
inated from underground methods. The ore intervals are
generaly locted along the outer edge of an oval 32 km

wide and 55 km long.
Ownership of producing mines and properties in the

Sudbur District is divided into a complex pattern between
primarily two companes, Inco and Falconbridge. The pat-
tern and complexities of ownership have required in some
caes that the two companes mine ore on an exchange

basis.
A total demonstrated reserve of nearly 4 Mmt of

recoverable nickel has been estimated in the district, with
ore grades averagig about 3 percent combined copper

and nickel divided in roughy equal portions. Inco's Sud-
bur in situ reserves are over 30 Mmt of ore averagig
about 1.5 percent nickel and 1.4 percent copper. Falcon-
bridge's Sudbur in situ reserves are estimated at 46 Mmt
averagig 1.7 percent nickel and 1.5 percent copper. Co-
balt grades at Falconbridge's mines are considerably

higher than Inco's, at about 0.05 percent. Inco's and
Falconbridge's resources are undoubtedly larger, but
detaied inormation on much of the additional resource is
not avaiable owig to the lack of data about development
dril and the company's strict policies relating to

inormation about resources.

Manitoba

The Thompson District in north central Manitoba is
located along the boundar of the Precabrian Superior
Provice to the southeast and the Precambrian Churchil
Provice to the northwest. Several nickel deposits have

been dicovered along a 14O-km belt. The Thompson ore
body, which is mined by open-pit and underground

methods, is probably the best known. Several known
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deposits, such as Birchtree and Pipe, could be mined if
high metal prices continue. The majority of ming is
underground using cut-and-fill and other ming methods
similar to those used at Sudbur.

The Thompson Belt ore bodies are generally of two
types: (1) uniormly disseminated sulfdes or sulfde vein-
lets in peridotites and (2) sharply defined breccia zones in
metasedients. The ore bodies of the second tye are
generaly higher grade (2.5 percent nickel) although less
common. Mineralation is generally confmed to a narrow
zone of schist withi a series of folds. Mineraliation in

the district has been located along 5,000 meters of strike.
Like most nickel sulde ore bodies, the ore minerals of
the Thompson Belt are pentlandite, chalcopyrite, and
pyrrhotite. In addition to nickel, the district produces

some byproduct copper and smal amounts of cobalt.
The Namew Lake deposit, which was planned for in-

tial production in late 1988, has a resource estimated at
2.5 Mmt averaging 2.4 percent nickel and 0.9 percent
copper (4).

United States

The Duluth Gabbro Complex is one of the world's
largest basic igneous intrusions and contains the largest
known sulfde nickel resource in the United States. The
intrusion covers an area greater than 1,20 km2 in north-
eastern Minnesota and contains an estimated inferred
resource of 4.2 Mmt of potentially recoverable nickeL.
Th~s Precambrian intrusion consists generaly of strongly
layered gabbros. Mineraltion is the result of magmatic
differentiation during the crystalliation process. The
principal nickel mineral is pentlandite, and copper-bearing
minerals are chalcopyrite and cubante. Minor amounts of
cobalt and PGM are also present. Average feed grade was
estimated at about 0.15 percent nickel and 0.45 percent

copper.
Several areas were leased in the late 1970s and early

1980s by Inco, AM, Bear Creek Exploration, and other
companies. Most of the lease holdings have now been
relinquished, except for the immediate area surrounding
the Minnamax shaft. Most properties were explored to
varyng degrees by performing drilling, magnetic surveys,
small test pitting, outcrop samplig, and so on. The Ely
Spruce and Minnamax deposits were extensively explored.
An exploration shaf was constructed at Minnamax from
which bulk ore samples were recovered for metalurgical
testing.

In general, the resource is very low grade. In addition,
potential envionmental problems and associated political
and social pressure from envionmental interest groups
would complicate or preclude exploitation of these

deposits. The Duluth Gabbro Complex extends into the
Boundar Waters Canoe Area, a Federally established
widerness area, and several areas of mineral interest were
withi a few miles of its southwest boundar. High costs
would be associated with precautions to ensure water and
ai qualty. Stringent legislation would require that smelt-

ers and refiers be located some distance away.

For this study, a smaler area of demonstrated re-

sources contaiing approxiately 30 kmt of recoverable

nickel was considered. The Brady Glacier and Yakobi
Island deposits in Alaska are also associated with ultra-
mafc intrusives. Brady Glacier is a vertically oriented cyl-
indrica deposit. The nickel and copper mineraltion is

associated with disseminated pentlandite with chalcopyrite
and cubante. These properties were explored, and some
preliinar minig plans developed in the mid- to late

1970s, but development in the near future appears unlikely
owig to the high cost of ming and infrastructure and
envionmental issues associated with exploiting these de-
posits. For exaple, the Brady Glacier deposit is under a

glacier in Glacier Bay National Monument. For these rea-
sons, the deposits were not analyzed in this study. Addi-
tional nickel resources are located in Maine, Missouri, and
Montana.

Zimbabwe

Nickel is produced from four mines in central
Zimbabwe-Madzwa, Trojan, Epoch, and Shangani. The
Trojan, Epoch, and Shangan mines are situated in Pre-
cambrian ultrabasic lavas that have been altered to talc-
carbonate and serpentinite; the Madziwa is hosted in a
massive mafc intrusive. Mineraltion is generally in the
form of disseminated pentlandite with pyrrhotite and chal-
copyrite. Nickel grades are the lowest of the evaluated

sulfde deposits and probably the lowest among all world
primar nickel producers. Nickel content ranges from

0.3-0.8 percent nickel, with some minor massive sulfde
occurrences contaig 1-3 percent nickel in the footwals.
As much as 20 percent of the nickel may be refractory,
suggesting difficult recovery. Minor amounts of copper,
cobalt, and precious metals are recovered as byproducts.
All of the mines are operated using underground methods.
Only about 40 kmt of nickel is potentialy recoverable.
Zimbabwe's nickel industry is negatively affected by low
grades, high beneficiation costs, and increasing labor costs.

Additional nickel resources in Zimbabwe were not an-
alyzed for this study. The U.S. Bureau of Mines estimates
that a demonstrated resource of approximately 1.2 Mmt
of contained nickel is located in the Great Dyke. The
Great Dyke is considered the second largest resource for
PGM in the world, after South Africa (which produces



approximately 25 kmt of byproduct nickel per year),
containing over 85 million tr oz of platinum. Nickel

grades average about 0.25 percent and would only be
recovered as a byproduct of mining PGM. Some interest
currently exists in developing a portion of the Hartley
lease, which is located on the northern half of the Great
Dyke (23). Preliminary feasibility plans call for production
beginning in the early 1990s, with an annual production of
210,000 tr oz of PGM and approxiately 3 kmt of by-
product nickeL.

Other Countries

Nickel deposits are also exploited in Finland. These
deposits are relatively small and are associated with

Precambrian ultramafic rocks. The deposits average less
than 1 percent nickel with byproduct copper and cobalt.
Total evaluated resources are estimated at about 40 kmt
of recoverable nickeL. A significant sulfide deposit was
recently discovered in Brazil, and the Fortaleza (O'Toole)
prospect has been explored extensively (24). Nickel min-
eralization is in the form of pentlandite and is associated
with Precambrian metavolcanic rocks. The demonstrated
resource is estimated at 91 kmt of recoverable nickel and
averages 2.3 percent nickel with byproduct copper, cobalt,
and PGM. Exploration indicates that very large additional
resources probably exist.

LATERITE DEPOSITS

For nickel-bearing laterites to develop, subtropical to
tropical climatic conditions must have existed. Nickel
laterites result from a gradual decomposition of ultrabasic
rocks, particularly peridotites, in which nickel for the most
part is contained in the mineral olivine.

Laterite ores are formed by the combined action of
mechanical and chemical weathering. As nickeliferous
olivine decomposes, nickel is released and mobilized into
solution by the downward percolation of rainwater andjor
the movement of groundwater. Nickel is redeposited at
depth by precipitation. This repeated action, known as
lateritization, results in a "zone of enrichment" that in
some cases can be mined at a profit. Saprolite, the low-
ermost lateritic zone, overlies the parent rock.

Lateritic nickel ores can be divided primarily into
siliceous and limonitic ores. The silicate ores (garnierites)
contain less than 30 percent iron, about 30 percent silca,
and a nickel grade generally exceeding 1.5 percent.

Garnierite laterites are desirable for ferronickel production
owing to their high content of silicon dioxide and mag-
nesium oxide. A portion of the laterite ores in Indonesia,
New Caledonia, the Philippines, and the United States
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fal into thi general classifcation. Iron-rich lionitic

laterites form when the leachig of nickel is not as
favorable or complete, as with the garnierite laterites, re-
sulting in a mixed iron-nickel zone. Limonitic ores, which
occur throughout much of the world, contai approxi-

mately 45 to 55 percent iron and about 1 percent nickeL.

Limonitic ores are often amenable to hydrometallurgical

processing.
The ditinction between the two tyes of laterite ores is

clear; however, because of various degrees oflateritization,
field classifcation is often dificult. In some cases, a layer-
ed ore body contaig lionitic material overlying garni-

eritic ore is mined, and the overlyig lionitic material is
stockpiled for later processing.

Laterites are generaly large deposits and represent the
largest land-based source of nickeL. A brief description of
the major laterite deposits in important nickel-producing
countries follows.

Australia

One laterite occurrence was evaluated in Australia.
Greenvale, in northeast Queensland, consists of three maln
zones developed on Ordovician ultramafic country rock.
The uppermost zone consists of overburden of clay and
other detritus, the middle zone is a lionitic laterite about

5 meters thick averagig about 1.5 percent nickel and
cobalt combined, and the lower zone consists of highy
weathered rock contaig up to 5 percent nickeL. The
lower and middle zones are mined using draglines, shovels,
and trucks; however, resources are nearly exhausted and
the ming operation will likely become dependent on im-
ported ores from New Caledonia and possibly other Pacifc
Islands.

Two laterites were examined but not evaluated in this
analysis. The Ora Banda laterite in Western Australia has
been intermittently mined using surface methods. The
laterite has been used as flux in the Kalgoorlie smelter and
contains about 1 percent nickeL.

Wingella, a relatively high-grade occurrence, is located
on the borders of Western Australia, South Australia, and
the Northern Territory. Although exploration has been

undertaken on this property, no significant development
has taken place.

Dominican Republic

The laterites of the Dominican Republic are developed
on Cretaceous through Eocene serpentined peridotites.
Lateritiztion appears to have begun during the Miocene
period and continued for about 20 milon years. Deposits
measure up to 60 meters thick and are strongly zoned.
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Minable ore zones are about 1.2 percent nickel and mea-
sure about 8 meters thick. The waste-to-ore-stripping
ratio ranges from 6:1 to 11:1.

Three zones of ore are currently blended to produce
ferronickel, each reflecting diferent compositions. The
zones range from about 0.5 percent to 3 percent nickeL.
The ultramafc host rock assays about 0.3 percent nickel
and is sometimes mined for garnieritic fracture filgs in

the bedrock. Limonitic ore near the surface is up to
20 meters thick, with nickel grades of approxiately
1.2 percent. This ore has the highest iron content of the
three zones, about 35 percent. The middle ore, a lionitic

laterite with serpentine, is about 1.5-2 percent nickel and
about 15 percent iron and measures up to 16 meters thick.
The third and deepest zone consists of soft and hard
serpentine, serpentinized peridotite, and ultramafc rock
and is low grade, about 0.5 percent. Falconbridge Dom-
inicana, which operates the island's only nickel-ming
operation, has located numerous nickel deposits that wi
eventually be developed.

Approxiately 385 kmt of potentialy recoverable nickel
was estimated for the Dominicaa operation, and addi-
tional resources are present.

Greece

The nickel laterites in Greece are developed on

Cretaceous ultramafc rocks. Although primarily high-iron
laterites, some garnierites are also mined. The average in
situ nickel content of the ore ranges from 1-1.5 percent
nickeL. Generally, two areas are mined for laterites-the
island of Euboea, northeast of Athens, and St. John north-
west of Athens. Combined, the properties conservatively
contain 280 Mmt of recoverable nickeL. The ore is mined
using surface and, to a lesser extent, underground meth-
ods. The surface operation uses standard shovel and truck
methods.

Indonesia

Although the laterites on the island of Sulawesi have
been well explored, most of Indonesia's nickel laterite
resources have yet to be defmed. Approxiately 2.3 Mmt
of recoverable nickel, or about 10 percent of total
recoverable nickel from laterite deposits analyzed, was
estimated for Indonesian resources. In situ reserves at
P.T. Inco's operation exceed 70 Mmt of ore averagig
approximately 1.5 percent nickeL. Laterite deposits range
from 5-30 meters thick and developed as a result of
weathering of Cretaceous ultramafc complexes. A larger,
inferred resource undoubtedly exists. Both garnierites and
limonitic laterites are found on the island. Garnierites

contai about 2.5 percent nickel and are processed to

matte and ferronickel. The lionitic ore averages from

0.5- 1.5 percent nickeL.

New Caledonia

The nickel-bearing laterites of New Caledonia were first
discovered in 1865. Garnieritic laterite was intialy mined
in 1875 and continues to this date. The ore grade has de-
clied from 10 percent nickel to about 2.5 percent because

the highest -grade ores have been removed.
Laterites cover a thid of New Caledonia's 19,00 km2

to an average depth of about 20 m. The deposits resulted
from the weathering of Oligocene peridotites, primarily
harzburgite and duntes. Although both lionitic and gar-

nieritic (saprolites) laterites exist on the island, only gar-
nieritic ores are presently mined. The primar product for
these ores is ferronickel, which is produced from SLN's
Doniambo ferronickel plant; ores are shipped to Japan. In
addition to SLN's operation, the Petit Mineurs, small syn-

dicate miners, were evaluated, including those at Kouaova,
Moneo, and Nakety, which combined contain a nickel re-
source exceedig 6.5 Mmt of recoverable nickeL. This esti-
mate is considered conservative. The New Caledonian
laterites contai approxiately 30 percent of the total re-
coverable nickel in laterites evaluated in this study and
nearly 25 percent of total potentialy recoverable nickeL.

The Philppines

Phippine laterites are developed on Cretaceous ultra-
mafcs. The laterite profie generally consists of three
zones: overburden, lionitic laterites, and saprolites.
Nickel content of the ores ranges from about 0.4 percent
to about 2.1 percent. A well-developed laterite profie is
developed throughout most of the islands underlain by
ultramafcs. Ore bodies average about 8 meters thick and

are mined by surface methods using shovels and trucks.
Dependig on the chemical nature of the ore, either ferro-
nickel or nickel and cobalt can be produced. The ore with
a low iron content (saprolites) is dried and shipped to
Japan for production of ferronickel. The ore with high

iron content (limonitic), contaiing up to 0.2 percent co-
balt, was processed by Nonoc to recover nickel and cobalt.
Resources in the Nonoc-Dinagat area are believed to be
over 55 Mmt of ore averaging 1.22 percent nickel and
0.1 percent cobalt.

Reliable data about resources are difficult to acquire,
but total potentialy recoverable nickel from the Philippine
deposits evaluated in this study is over 10 Mmt of nickeL.
More than 50 percent of the potentialy recoverable nickel
is on the islands of Mindanao and Palawan.
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South America

Very large high-grade nickel resources are located in
Braz and Colombia. Ferronickel is produced at several
Brazan properties and at Cerro Matoso in Colombia.
Ore feed grades at these operations range from about
1.5-3 percent nickel, dr weight. The ores contai from
20-25 percent moisture.

One leach operation, Tocatin, produces nickel and
some cobalt from ores assaying between 1.5 and 2 percent
nickel, dry weight. Evaluated Brazan resources exceed
450 kmt of contaied nickeL. Most of these ores exceed
1.4 percent nickel, dry weight. Although not demon-
strated, estimates of Brazan resources of 20 Mmt have
been reported (25).

Cerro Matoso has reserves sufficient for more than
25 years of production. Additional resources have not

been fully evaluated.

United States

The laterites evaluated in the United States account for
nearly 2 percent of total nickel in the MECs from al
properties studied. Approxiately 439 kmt of recoverable
nickel was evaluated among the 3 nickel laterite deposits.
The evaluated domestic laterite deposits are in Calornia,
Oregon, and Puerto Rico. Other deposits in these states
and in Washington were not evaluated. These deposits
were formed by weathering of ultramafc, often serpent-
inized, peridotite bodies. Garnierite is the principal nickel
mineral. The Nickel Mountai Mine near Riddle, Oregon,
which permanently closed in 1986, was the only recent
domestic primar nickel producer. The Gasquet deposit
in northwestern Calornia has been fully explored.
Production was origialy scheduled to begin in spring
1982, but difficulty in acquiing capital delayed the venture.
The hydrometallurgical process proposed for the operation
has never been commercially tested. Coastal Ming
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Company, a subsidiar of Hana, has alo investigated
laterite properties with the potential of producing nickel
and cobalt. Resources at the Oregon property are esti-
mated at about 27 Mmt of ore assayig 1 percent nickel
and 0.13 percent cobalt.

Surface ming would be used to extract the ore from
these deposits. Most of the U.S. laterite resources are
locted in envionmentaly sensitive areas, so that attempts
to develop them would meet strong local opposition.

Other Countries

Other laterite deposits evaluated in thi study are

locted in the Ivory Coast and the Malagasy Republic. Al
of these laterite resources have been explored to varg
degrees but are undeveloped. The deposits are generally
5-30 meters thick and have iron contents of 10-25 percent

and nickel grades of about 1 percent. Several deposits

contai cobalt grades high enough to be potentially
recoverable.

MANGANESE NODULES

Signcat nickel resources occur in deep seabed nod-

ules, also known as manganese nodules. These nodules
occur on large areas of the ocean floor from 300-9,000 me-
ters below sea leveL. The highest concentrations occur in
the central East Pacifc Ocean between 5° and 20° north
latitude and 110° to 160° west longitude. Estimated re-
sources range from 27 Mmt to 39 Bmt of nickel along with
cobalt, copper, gold, manganese, and silver (26). Minng
and liin systems have been tested at one-fifth and one-

tenth scae; however, technologies for ming and recovery
are in preliinar stages. Hydrometalurgical and pyro-

metalurgica treatments have been extensively investigated.
Withi the context of this study, seabed nodules are con-
sidered a resource for future exploitation and are not
included.
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APPENDIX C.-MINING AND PROCESSING TECHNOLOGIES

The nature of the geologic occurrence of sulfde and
laterite ores usually dictates underground mining for sul-
fides and surface mining for laterites. In addition, dif-
ferences in chemistry of the ores require specific proc-
essing methods to produce a final marketable product.
Following is a brief discussion of the mining and proc-
essing methods for sulde and laterite ores.

SULFIDE TECHNOLOGIES

The majority of nickel sulfide ores is taken through
four basic steps to recover nickel and associated co-

products and byproducts: mining, beneficiation, smelting,
and refining. In some cases, concentrates can be proc-
essed hydrometallurgically.

Mining

Nickel sulfide ore is mined by surface and underground
methods. Surface or open-pit mining is based on standard
engineering practices using power shovels and trucks and
generally does not present any special problems. Virtually
all nickel sulfide mines use underground mining.

The Sudbury District is the largest and one of the most
efficient nickel mining districts in the world. Inco and
Falconbridge use vertical retreat mining or vertical crater
retreat (VCR), mechanized undercut and fill, and large-
diameter underground blasthole mining bulk methods at
Sudbury. From the late 1970s through the 1980s, mining
productivity increased significantly owing to the devel-
opment of bulk-mining techniques, resulting in lower costs.
In 1987, about half as many miners were required as in
1981 to produce an equivalent amount of ore. In 1981,

about a third of the underground ore production in the

District originated from VCR methods, but by 1987,
almost 85 percent of the ore was recovered using this
method. VCR has numerous advantages over conventional
mining: Mining activities are concentrated, mining is
continuous, secondary recovery is not necessary because no
pillars are kft, recovery is improved, driling is reduced,
secondary blasting is required less often, and mine safety
is improved. Mining costs for underground operations are
relatively high and are a major component of the total cost
to recover nickel from sulfide deposits.

Beneficiation

Beneficiation of sulfide ores is generally more compli-
cated than of laterites. Sulfide ore is crushed, ground in

bal or rod mils, and floated. (Underground track-

mounted crushers have also been installed in the Sudbury
District and have contributed to lower costs). Magnetic
separation may precede flotation. Depending upon the
complexity of the ore, the flotation circuits may be de-
signed to recover high-grade nickel-copper andjor high-

grade copper-nickel concentrates. Nickel recovered av-
erages about 90 percent, concentrate grades approximately
12 percent. Pyrrhotite may also be recovered as a sep-
arate concentrate. Depending on the ore content, the
various concentrates may contain variable amounts of co-
balt, gold, silver, and PGM.

Pyrometallurgical Postmil Processing

Most nickel sulfde concentrates are processed to a
matte in three stages: roasting, smelting, and converting.

Roasting is applied to concentrates that contain more iron
than nickel and serves as a preparatory step to smelting.
Roasting is accomplished by heating the concentrate in an
oxygen-enriched atmosphere, which results in the oxidation
of the contaied metal sulfdes and in the removal of up

to 50 percent of the sulfur. Roasting also preheats the

material before smelting.

Most smelting of a roasted concentrate takes place in
flash smelters and/or electric furnaces. The term "smelt-
ing" refers to melting of the ore or concentrate under con-
ditions that separate the desired metal from other constitu-
ents. The flash smelting process entails the injection of
concentrate and flux with oxygen or preheated air into a
furnace chamber. The term "flash" is derived from the
high-he at-producing reaction between the furnace atmos-
phere, iron, and sulfur.

Electric furnace smelting operates by passing an elec-
trical charge through the feed concentrate. The electrical
resistance caused by the concentrate produces heat, which
results in melting. The energy-intensive nature of this

method often requires a low-cost energy source, such as
hydroelectric power, to remain cost competitive.

Conversion is the process by which the remaining iron
and sulfur are oxidized to eliminate residual iron sulfide.
Conversion of the matte is generaly carried out in Pierce-
Smith converters combining heat and an oxygen-enriched

atmosphere. Smelting produces mattes containing about
50 percent nickeL. Over 90 percent of the nickel contained
in the concentrate is recovered. The matte is usually cast
into anodes for electrolytic refining to nickel metal. Other
constituent metals may be recovered by processing the
slimes resulting from the electrolytic process.

burgess.danielle

burgess.danielle



Hydrometallurgical Postmil Processing

Hydrometallurgical methods are also an efficient and
economically attractive method for the treatment and re-
covery of nickel and byproduct metal from nickel sulfde
concentrates. The principal purpose of a hydrometal-

lurgical method is to selectively leach the desired metals
into solution. Ammonia, although a relatively expensive
reagent, is most desirable as a leachig agent because of
its selectivity of leachig nickel, copper, and cobalt whie
not reacting with carbon steel equipment, as do acid leach
solutions. The ammoniacal pressure leachig process was
first developed on a commercial scale by Sherritt -Gordon
at its Fort Saskatchewan refmery in Alberta, Canada. This
hydro metallurgical process can be used directly on primar
nickel, copper, and cobalt sulfide concentrates, in most
cases eliminating the need for roasting.

Leaching is carried out in a solution of ammonia, oxy-
gen, and water at 70°-90° C and at 100-150 psi. Nickel,
cobalt, and copper are converted to soluble ammines, iron
is converted to an insoluble hydrated ferric oxide, and the
sulfur is oxidized to various soluble sulfr-oxygen ions.
Metals dissolved in the leach solution are then individualy
separated. The solution is heated to boil off free am-
monia, and a copper sulfde precipitate is formed and later
refined. The pregnant solution is then treated in an
"oxydrolysis" autoclave to convert unsaturated compounds
into ammonium sulfate. Nickel and cobalt are separately
precipitated out of the solution in an autoclave with an

atmosphere of hydrogen at 500 psi. The nickel powder

(precipitate) is either briquetted or rolled to form nickel
strip, and the cobalt is marketed as powder. The remain-
ing ammonium sulfate, recovered by evaporation as am-
monium sulfate crystals, is marketed as Sherritt ammoni-
um sulfate fertilizer.

Refining of Nickel

Electrowinnng, electrorefining, and a vapometallurgical
process are techniques used for refining nickel into high-
purity metal. Electrowinning is a process for recovering a
metal previously dissolved in an electrolyte. An electric
current passing through the solution causes the metal to
deposit on a cathode. Sometimes an impure cathode must
be purified by electrorefining.

Electrorefining of nickel anodes is accomplished by
placing the anodes in a cell or tank contaig an elec-
trolyte solution. An electric current dissolves the anodes
and causes them to plate on cathodes. Impurities collect
in the sludge and are periodically removed and processed
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futher to recover other products, includig precious

metal.
The vapometalurgica process, or cabonyl gas process,

uses impure metalc nickel granules as feed. These gran-
ules are fed into a rotating cabonyl reactor and converted
to nickel-iron carbonyl vapor by heating at 50°-800 C in a

high-pressure carbon monoxide atmosphere. The vapor is
condensed to a nickel iron cabonyl liquid, which is de-
composed to high-purity nickeL.

LATERITE TECHNOLOGIES

Laterites, which are usualy mined by conventional sur-
face methods, have high free moisture contents (up to
30 percent) and have no effective preconcentration meth-
ods. Postmine processing is dictated by the chemistry of
the ore, either lionitic or garnieritic, which can also de-

termine the product, either ferronickel or matte.

Mining

Most laterite deposits are mined by open-cut and modi-
fied open-pit methods. The soft nature of most laterite
ores alows for ming with power shovels, draglines, front-
end loaders, and bulldozers, and usually little blasting is
requied. Laterite ming operations strongly resemble

simple earth-movig operations. A major problem as-
sociated with ming laterites is the high percentage of
moisture content, up to 30 percent, in the ore. This high
moisture content adds weight and signficantly reduces
equipment traction and ground support, thus dictating the
siz of the equipment. Other problems are related to re-
moval of boulders, maitaing grade control because of
zonation of ore bodies, and topography.

Underground ming of laterites is rarely undertaken
owig to ground support problems and associated higher
operating costs. An exception is Larco's St. John Mine in
Greece, where underground cut-and-fill and sublevel cav-
ing methods are employed.

Postmine Processing

The selection between pyrometallurgical and hydro-
metalurgical treatment of laterite ores is dictated largely
by the composition of the ore, and the primary criterion is
the ratio of magnesium to iron. Ores in the limonitic zone
are treated by hydrometalurgical methods, the garnieritic
ores by pyrometalurgical methods. Processing of material
in a transition zone, using either method, can create prob-
lems in recovering metals and result in higher costs.
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Pyrometallurgical Methods

The major pyrometalurgical methods consist of diect
reduction to ferronickel and smelting to a nickel matte.

Each method is briefly discussed in the following sections.

Production of Ferronickel

The majority of laterites is processed to ferronickel,
which generally consists of the followig four steps: dryng,

calcining, smelting, and refinig.

Drying the ore consists of loading the wet laterite ore
into rotary dryers, which reduce the moisture content by
more than half (typically 30 percent to 5 percent). In
some cases, the ore is sun dried to reduce moisture and
lower costs. After the ore is dried, it can be crushed and
screened. From the crushing and screening plant, the ore
is fed to ca1ciners to remove or decompose carbonates and
moisture. The hot calcine is transported to the smelter
and is fed, with reducing agents, to melting furnaces to

produce ferro nickeL. Following smelting, the molten ferro-
nickel is fed to refining funaces for dephosphorizng and
deoxidizing.

A final ferronickel composition is generally 20-40 per-
cent nickel, with the remainder primarily iron with traces
of cobalt, sulfur, carbon, and silicon. No byproduct credit
is given for cobalt content.

Production of Matte

Approximately 18 percent of nickel produced from
laterite ore is processed to a nickel sulfide matte. This
process is used on a small portion of New Caledonian ores

(approximately 20 percent of total nickel production) and
all of P.T. Inco's production from Indonesia. Production
of matte consists of smelting a charge comprised oflaterite
ore, coke, limestone, and a source of sulfur, usually
gypsum or liquid sulfur. This process results in high-iron
nickel sulfide matte, which is refined in a converter to
remove the iron and some sulfur. The refined nickel

sulde matte contais up to 75 percent nickel and 25 per-
cent sulf with some impurities. The matte is shipped to

refineries for processing to nickel metal.

Hydrometallurgical Methods

Limonitic laterite ores and some mixed laterites with
low magnesia and silca content are amenable to process-
ing by hydrometalurgica methods. Two primar methods
are used for processing these ores: reduction roasting

followed by ammoniacal leachig, and sulfuric acid
leachig.

The ammoniacal leaching process (Nicaro) consists of
dryng, grinding, reducing in multiple-hearth roasters,
leaching out ammonia carbonate, separating out cobalt,
precipitating nickel carbonate, and recovering ammonia.
The nickel carbonate precipitate is then calcined to pro-
duce a nickel oxide. The roast-reduction ammonia leach-
ing process is used on the Greenvale, Australia, laterite
ore. The final nickel product averages about 90 percent

nickel, with an estimated 75 percent overall recovery. The
Nonoc operation, which closed in 1986, used the roast-
reduction ammonium carbonate leaching method. The
closure resulted from problems with extraction, availability
of labor, and high costs. At its peak, the mine produced
24 kmt of nickel per year, only 65 percent of its design
capacity.

The sulfuric acid leaching (Caron) process used at
Moa Bay, Cuba, does not require dryig. The wet ore is
pumped to leaching towers, where it is exposed to high-
temperature sulfuric acid. Nickel, cobalt, and magnesium
are dissolved and then precipitated by the addition of hy-

drogen sulfde gas. The resulting concentrate is sent to a
refinery, where it is dissolved through a series of precipi-
tation and dissolution steps, and refined metals (e.g.,
nickel, copper, and cobalt) are recovered. Nickel sinter
and metal are produced. Overall nickel recovery is usually
60-90 percent of the nickel in the ore. The sulfuric
acid leachig process is presently used in Cuba and in
Niquelandia, BraziL.
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