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PREFACE

The purpose of the Bureau of Mines Minerals Availability Program is to
assess the worldwide availability of nonfuel minerals. The program identifies,
collects, compiles, and evaluates information on active, developed, and explored
mines and deposits, and mineral processing plants worldwide. Objectives are to
classify domestic and foreign resources, to identify by cost evaluation resources
that are reserves, and to prepare analyses of mineral availabilities.

This report is part of a continuing series of Minerals Availability Program
reports to analyze the availability of minerals from domestic and foreign sources
and the factors that affect availability. Questions about the program should be
addressed to: Chief, Division of Minerals Availability, Bureau of Mines, 2401 E
Street, N.W., Washington, D.C. 20241.
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CHROMIUM AVAILABILITY - MARKET ECONOMY COUNTRIES
A MINERALS AVAILABILITY PROGRAM APPRAISAL

By P. R. Thomas! and E. H. Boyle, Jr.?

ABSTRACT

The Bureau of Mines determined the costs associated with the production of
chromium, in the form of chromite and high-carbon ferrochomium, from the dem-
onstated resources of 10 market economy nations. The analyses evaluated the
relative geologic and economic position of these chromite resources contained with-
in 80 producing or potential mining operations.

This report presents cost evaluations of a demonstrated resource of chromite,
contained within the nations studied, of appoximately 1.2 billion metric tons (t).
Of this total, 70 pct is contained within the southern African nations of Zimbab-
we and the Republic of South Africa. The majority of current chromium mining
and smelting capacity is contained within these two countries as well. India and
the Philippines have recently demonstrated greatly increased chromite resources
and hold the most promise for expanding both chomite and ferrochromium pro-
duction outside southern Africa. Their demonstrated resources represent approxi-
mately 7 and 16 pct, respectively, of the cost evaluated total tonnage.

Chromite resources, on an identified or hypothetical basis worldwide, are highly
concentrated within Zimbabwe and South Africa, with these two nations contain-
ing in excess of 95 pct of the total.

Given the present market structure, a majority of chromium contained within
the demonstrated chromite resources of the nations studied is economically re-
coverable; but from a long-term resource and economic perspective, South Africa
should inceasingly dominate the markets for both chromite and high-carbon fer-
rochromium. In addition, it is anticipated that an increasing percentage of chro-
mium traded on the world market in the future will be in the form of high-carbon
ferrochromium as opposed to chromite, as this additional processing stage con-
tinues to relocate from the industrial nations that account for a majority of
chromium consumption to those nations that mine chromite.

1 Kconomist.
2 Geologist,
Minerals Availability Field Office, Bureau of Mines, Denver, CO.



INTRODUCTION

This study addresses the international availability of the element chromium
(Cr) contained in chromite products and in the refined form of its most signifi-
cant primary metallurgical product, high-carbon ferrochromium. The study eval-
uates the geologic, engineering, and economic determinants of 80 significant de-
posits, operating properties, or districts, within 10 market economy countries, that
contain chromite of a quality?® sufficient for the manufacture of at least 52 pet
(contained chromium) ferrochromium or chromite sufficient for use in the re-
fractory industry.* The 10 countries included in the engineering and economic
cost analyses are Brazil, Finland, Greece, India, Madagascar, New Caledonia, the
Philippines, South Africa, Turkey, and Zimbabwe.

The major engineering and geologic factors affecting the availability of chrom-
ium in each country are addressed, including quality and quantity of chromite
reserves and resources, mining and beneficiation methods and costs, ferrochrom-
ium production methods and costs, and modes and costs of transportation.

The major economic and policy issues surrounding this industry are also ad-
dressed. These issues are centered on the relative quantity and quality of resources,
comparative costs of production and transportation, capacity and location of down-
stream processing stages, developmental constraints upon the industry, and gov-
ernmental policies that impact upon it. The following section presents an overview
of the mineral and commodities in question in order to define and sharpen the
perspective of the analysis.

2 Chromite with at least a 1.3 Cr:Fe ratio and less than 52 pet contained ALO,.
¢ Chromite with at least 20 pct contalned AL 0, and 60 pct combined ALO, .. Cr,0,.



COMMODITY OVERVIEW

Chromium is a commodity of critical importance that
imparts unique qualities to the material to which it is
added. Tt is essential in the production of stainless
steel and high-temperature-resistant superalloys hav-
ing numerous and essential industrial and defense-
related applications. There is currently no element that
can act as a total substitute for chromium in the
manufacture of stainless steel. Certain elements are
partial substitutes for chromium in the production of
some steels, with certain acceptable quality reductions.
These partial substitutes, however, such as cobalt,
molybdenum, nickel, niobium, and vanadium, are all
priced 8 to 10 times as high as chromium. In addition,
although the known-world resources of chromium
exceed those of its partial substitutes, these resources
are geographically concentrated in a very limited
number of countries.

The only known commercial source of chromium
(Cr) is in ores in which the mineral chromite occurs
with other gangue minerals, usually silicates and
ferruginous oxide minerals. The ore containing the
chromite and gangue minerals is commonly referred
to as “chromitite.” The mineral chromite is a member

of the spinel group and has a chemijcal composition of

FeCr,0,. In its purest natural form, in situ chromite
contains 68 Cr,0, (chromic oxide), although seldom
does it contain more than 55 pet. The grade of an in
situ chromite resource and the products resulting from
its extraction (ore and concentrates) are most often
quantified in terms of this Cr,0, content, with most
products ranging from 38 to 55 pct Cr,O; to be accept-
able for marketing. However, once these products are
further smelted to produce ferroalloy products, the
grading system is based on the chromium content of
the ferroalloy. Thus, where the availability of ferro-
chromium alloy production is addressed, a standard of
68 pct contained chromium (Cr) in Cr,0, was utilized
to determine the content of chromium in chromite
products.

Chromium in the form of ore and concentrate
(chromite) is classified as either high-chromium
chromite or high-iron chromite, depending upon the
percentage of contained chromium relative to con-
tained iron (i.e., Cr:Fe ratio), or as high-alumina
chromite depending upon the percentage of contained
alumina (ALO;). The standard applied throughout
this report is to define high-chromium chromite (here-
after referred to as high-Cr) as that which has a
Cr:Fe of =2:1, high-iron (hereafter referred to as
high-Fe) chromite as having a Cr:Fe ratio of <2:1,
and high-alumina chromite as containing >20 pect
Al O,.

i]hromite products are employed in many uses, the
markets for which were traditionally defined as metal-
lurgical, chemical, and refractory. By far the most
significant market for chromite is the metallurgical
industry, which consumes both high-Cr and high-Fe
chromite. The products produced by this industry are
high-carbon and low-carbon (hereafter referred as to
high-C and low-C) ferrochromium of varying types
and specifications (i.e., amount of contained chromium,

carbon, ete.), ferrosilicon chromium, and chromium
metal, all of which are primarily consumed as inter-
mediate products in the manufacture of stainless and
superalloy steels. The chemical market, utilizing high-
Fe chromite, produces sodium dichromate (a chemical
base product), from which a wide range of other
products and applications are derived. High-alumina
chromite is primarily consumed in the manufacture
of refractory bricks for use in the steel industry.

Both high-Cr and high-Fe chromite are acceptable
for the production of ferrochromium. The most gignifi-
cant difference is that high-Cr chromite produces a
ferroalloy product that contains more chromium than
does high-Fe chromite. This basic relationship is
shown in figure 1; the curve represents a “general-
ized” functional relationship between the Cr:Fe ratio
of chromite, the classification of chromite, and the
amount of contained chromium present in a refined
ferrochromium product. This generalized relationship
is used in this study to define three ferrochromium
product grades. Thus, all grade-C (also called
“charge”) ferrochromium is defined as containing
approximately 50 to 55 pct Cr and is produced from
high-Fe chromite with a Cr:Fe ratio of <1.8. Grade-B
ferrochromium, defined as containing 56 to 64 pct Cr,
is generally produced from chromite with Cr:Fe ratios
ranging from 1.8 to 2.5. Grade-A ferrochromium, de-
fined as containing in excess of 64 pet Cr, is produced
from high-Cr chromite with Cr:Fe ratios >2.5.

During the course of the last decade the composition
of ferrochromium production has changed dramatic-
ally. In the stainless steel industry, the widespread
adoption of the argon-oxygen-decarburization (AOD)
process for the manufacture of stainless steel has re-
sulted in a very significant shift away from the pro-
duction of low-C, high-Cr ferrochromium in favor of
high-C, low-Cr ferrochromium since the AOD steel-
making process allows for the addition of ferro-
chromium with a lower chromium and higher carbon
content,

This has blurred the traditional distinction between
chemical- and metallurgical-grade chromite that was
based in part upon whether the Cr:Fe ratio was =2 or
<2. Furthermore, because the production of low-C
ferrochromium requires further processing to reduce
the carbon content, the high-C product is always less
costly. Of particular importance to this study, however,
is the fact that in either case the high-C form is
always the first stage product from chromite ore or
concentrate, except in limited cases where chromite
ore is smelted directly with ferrosilicon chromium for
the production of low-C ferrochromium.

During the last 15 yr, the shift to high-C ferro-
chromium as a percentage of total ferrochromium
production and consumption has been large, rapid, and
increasing through time. In the United States, for
example, of all chromium ferroalloys consumed in the
manufacture of stainless steel in 1968, 47 pct were
low-C and 28 pet high-C; by 1980 low-C ferrochromium
had decreased to 6 pct of this total, while high-C had
increased to a predominant 80 pet (1, p. 276; 2, p. 192).
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This technological change has resulted in a massive
locational restructuring of the international ferro-
chromium industry. Within the context of mineral
availability, this can best be expressed by an examina-
tion of the installed ferrochromium smelting capacities
of the major producing countries. In 1972, it was
reported that the Republic of South Africa had an
installed capacity of 290,000 tpy (3, p. 10). By 1982,
this had increased dramatically to 800,000 tpy (4, p.
94). By contrast, the United States was estimated to
have had an installed capacity in 1972 of 890,000 tpy
(8, p. 10), which has subsequently declined to 145,000
tpy by 1982 (4, p. 97).

Other major ferrochromium-producing areas are
Japan and western Europe, both of which import
-almost all chromite raw material requirements. Japan’s
capacity in 1980 was around 700,000 tpy and is
primarily dependent upon South Africa for its chro-
mite supply. Other import sources are the Philippines
and India. Western Europe’s capacity (with the ex-
ception of Sweden and Finland), like that of the
United States, has been declining. Great Britain and
France basically have no ferrochromium smelting

capacity; Spain, Norway, and Italy are only small
producers. West Germany now maintains most of the
capacity within the European Economic Community
(EEC). Western Europe also primarily obtains its
chromite imports from South Africa, with the U.S.S.R.,
Turkey, Finland, and recently Albania as secondary
sources.

The cycles of the world chromium industry are in-
extricably tied to the level of world economic activity
in general and the world steel industry in particular.
Chromium is an intermediate-product industry and as
such its growth and contraction are dependent upon
the demand for those products that employ it as a raw
material input. Although the percentages fluctuate
somewhat, the metallurgical industry remains by far
the largest and most important consumer of chromite,
and high-C ferrochromium has become its most im-
portant product. The purpose of this study, within this
context, is to ascertain the relative economics of the
chromium-commodity-availability base, within the
countries analyzed, in the form of chromite products
and high-C ferrochromium products.



METHODOLOGY OF ANALYSIS

The analyses performed for the purposes of this
study involved geologic, engineering, and economic
evaluations.

The geologic aspects particular to each current or
proposed chromite operation included in the study were
determined in order to develop estimates of the demon-
strated and identified resource levels (see fig. 2) and
in situ grades. In situ resource tonnages are reported
in metric tons,® in situ grades in percent Cr,0;. The
geologic discussion in each section of the report in-
cludes a description of the physical criteria and as-
sumptions made in the determination of the resource
estimates. A tabular summarization of the demon-
strated and identified resource tonnages, in situ chro-
mite grades, and the amount of contained chromium
at the demonstrated level, on a property by property
basis, is presented for each country. All resource esti-
mates are as of January 1980.

It is recognized that the chromium industry is very
diverse. It is not uncommon, for example, for a single
mining operation to produce a mix of high-Cr, high-
Fe, or refractory-grade chromite products of differing
Cr,0, grades and product sizes. In addition, this
product mix can change according to changing market
circumstances under which the firm is operating. For
this reason, certain simplifying assumptions were
necessary in order to address the world chromium
industry in comparative terms with a long-run pers-
pective. In order to ascertain the relative cost and
availability of chromite by mining operations and
countries, the resources were classified according to
predominant types of chromite present, either high-Fe,

5In this report, “ton” refers to the metric ton (2,204.8 1b),
except where otherwise indicated.

high-Cr, or high-alumina. The high-alumina (refract-
ory-grade) chromite was not further evaluated for the
production of high-C ferrochromium because of tech-
nological processing problems in smelting such prod-
uets. High-C ferrochromium was chosen as a ferro-
alloy product for comparative purposes because of its
aforementioned predominance in the metallurgical
industry.

The demonstrated resource level was employed for
costing purposes in order to determine the relative
economic position of each operation and each country
studied. For cost analysis, all cost and resource esti-
mates were updated to January 1981. In order to
ascertain the cost and availability of chromium in the
form of ore and concentrate (chromite availability),
mining and beneficiation methods and costs were de-
veloped according to actual or proposed development
plans and associated production capacities, including
all announced capacity expansions. The estimates of
mining and beneficiation operating costs are composed
of three components:

o direct and indirect labor costs

e equipment operation costs

e material and supplies cost
The operating cost estimates do not include:

o allowances for capital recovery (depreciation)

o taxes

e royalties

e interest charges or

e reinvestments in plant and equipment
These costs are calculated and entered into the analyses
separately.

The engineering evaluation outlines these major
mining and beneficiation production methods and
operating parameters, as well as the percentage con-
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Figure 2. — Classification ot mineral resources.



tribution of each of the three components to operating
cost. In addition, mining and milling capital costs, and
any exploitation problems which are significant in
affecting the availability of chromite from the demon-
strated resource tonnages that were determined, are
also addressed.

In order to rank the operations and countries by
resource level and degree of economic competitiveness,
all mining and beneficiation operating costs and chro-
mite transportation costs were recalculated for each
operation on a per-ton-of-mill-product basis and aggre-
gated as weighted averages, by country, along with
each country’s total potential availability of chromite
in tons.

Also calculated is a measure of the amount of crude
ore that must be mined in order to produce 1 ton of
salable chromite product. This measure is defined as
the “concentration ratio” and addresses the quality of
the host country’s chromite resources from a mining-
efficiency point of view.

To determine the cost and quantity of high-C ferro-
chromium potentially available from these demon-
strated chromite resources, by ferrochromium product
grade (i.e, grade A, B, or C), the analyses were
expanded to include:

o ferrochromium smelting methods

e smelter operating and capital costs

® chromite and ferrochromium transportation and

handling costs

e smelting capacities and

¢ all announced expansions to existing capacity or

construction of new facilities

In addition, interest on debt and all existing foreign
country tax structures that relate to capital recovery
and taxation of income were also incorporated into the
analyses in order to perform a complete economic
evaluation.

The economic evaluation of each operation was per-
formed using discounted cash flow rate of return
(DCFROR) techniques. This evaluation determines
the long-run average total cost of producing high-C
ferrochromium from each operation over its producing
life. The average total cost is equal to the constant-
dollar long-run price at which the commodity must be
sold, so that the present value of revenues equals the

present value of all costs including a prespecified rate
of return.

For this study, rates of return of 0 and 15 pet were
specified when determining the average total cost of
production over the life® of a property. The first rate
(0 pct) is used to determine the breakeven point,
where revenues are sufficient to cover total investment
and production costs over the operation’s life but pro-
vide no positive rate of return. This rate would
reflect the investment parameters of a project given
only market share or developmental concerns, where
potential multiplier effects (i.e., social benefits) would
offset company-operation-specific profitability. For
privately owned enterprises or those not strictly de-
velopmental in nature, a more reasonable economiec
decisionmaking parameter is that represented by the
15-pct DCFROR. This rate was considered the mini-
mum sufficient to maintain adequate long-term profit-
ability and attract new capital to the industry. Within
these two economic horizons lies the cost structure of
the operations and countries in question.

The availability of the commodity (chromite or
ferrochromium) from an operation is presented in
this study as a function of the average total costs
aggociated with it. Availability curves are constructed
as aggregations of all evaluated operations ordered
from those having the lowest average total costs to
those having the highest. The potential availability of
the commodity can be seen by comparing the expected
long-run constant dollar market price to the average
total cost values shown on the availability curves.

This report is presented in country sections to allow
for a complete discussion of the costs, commodity
availabilities, and future production and export poten-
tial for each of the nations under study. An executive
summary has been prepared which summarizes each
country section, presents cross-country comparative
discussions of chromite and ferrochromium product
costs and availabilities, and addresses the relative
resource and economic position of each nation. The
relative position of the United States and its pers-
pective from the point of view of a major importer of
both chromite and ferrochromium, and the mineral
policy issues this presents, are addressed in the follow-
ing section.

THE U.S. PERSPECTIVE

In general, U.S. import reliance for the element
chromium is 91 pet, with secondary recovery account-
ing for the remaining 9 pet. The United States has pro-
duced chromite in the past, most notably during the
Korean War period, but is currently dependent entirely
upon imports for its chromite consumption require-
ments. A recent Bureau of Mines report (5) evaluated
the potential of domestic chromium-bearing resources
and determined that if these resources were fully
developed (an unlikely event) the production potential
would be small and of short duration. In addition,
market prices for chromite concentrates and ferro-
chromium products would have to increase substan-

tially in order for any domestic-resource-based produc-
tion to become economie.

The major suppliers of chromite to the United
States (fig. 3) are South Africa (predominantly high-
Fe chromite), Turkey and the Soviet Union (high-Cr
chromite), and the Philippines (refractory-grade
chromite). During the period 1977-80, South Africa

® The project life of each property evaluated was determined by
assuming that the property would be operated at 100 pct of
designed mine capacity for producing operations, or for non-
producing operations, as determined according to the engineering
development plan that was derived. The mine life covers only the
demonstruted resource level,
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Figure 3. — Chromlte import market
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alone accounted for 44 pct of all U.S. chromite imports
(6, p. 82). The Philippines has accounted for roughly
16 pet of U.S. imports, almost entirely refractory grade
(6, p. 32). The Soviet Union has averaged around 15
pet of total U.S. chromite imports during the 1977-80
period, declining through time as a major supplier of
chromite relative to South Africa (6, p. 32). This
trend is expected to continue. The other communist
bloc country with a significant share of U.S. chromite
imports is Albania, which accounted for 10 pct of
U.S. chromite imports in 1979 (2, p. 195).

Reliance upon imported chromite has been the case
in the United States for decades, the major concern
being diversification of supply sources. Of much great-
er importance and concern, however, is the ever-in-
creasing shift to reliance upon ferrochromium imports
as opposed to domestic production of ferrochromium
from imported chromite (7, pp. 173-4). Table 1 pre-
sents data on ferrochromium, reported in terms of con-
tained chromium, for domestic shipments, imports, ex-
ports, inventory adjustments, reported and apparent
consumption, and a measure of import reliance. As the
data indicate, there has been a noticeable upward trend
in reliance upon chromium imported in the form of
ferrochromium. Prior to 1975, ferrochromium imports
from all countries averaged 28 pct of apparent chro-
mium consumption. Since 1975, import reliance has

doubled, averaging 61 pct of apparent consumption,
with 1981 posting an import reliance figure of 76 pct.

This trend is also expected to continue. As a result,
domestic ferrochromium ecapacity has continued to
close and utilization of existing capacity has remained
at low levels since 1980. It is estimated that capacity
utilization in 1982 could be as low as 30 pct. A num-
ber of measures have recently been taken by the
ferroalloys industry to counteract this trend, including
successful petitions filed with the International Trade
Commission (ITC) (covering the period from Novem-
ber 15, 1978, to November 15, 1982) imposing a mini-
mum floor price of $0.38/1b contained Cr on high-C
ferrochromium imports and a $0.04/1b penalty duty
on imports entering the United States below the floor
price. This penalty duty has expired.

One of the most important issues as regards tariff
levels (duties, minimum prices, etc.) is the determina-
tion of production cost differentials between ferro-
chromium produced in the United States from im-
ported South African chromite, and the cost of
ferrochromium produced in South Africa and exported
to the United States. A recent ITC study (8, p. A-53)
determined a $0.084/contained-Cr cost advantage, as
of 1981, for high-C ferrochromium produced in South
Africa and delivered to the United States as opposed
to the same chromite processed to the same product in
the United States. The importance of this issue is
easily illustrated by the fact that for the years 1977-
81, South African high-C ferrochromium imports have
accounted for 73 pet of the U.S. total. This trend of
reliance upon South Africa has been steadily increas-
ing. As shown in figure 4, South Africa’s market share
has effectively doubled during the 1970’s. Zimbabwe’s
import market share has fluctuated noticeably (from
a high of 40 pct in 1978 to essentially zero in 1978 and
1979), due to civil war and trade embargos that dis-
rupted normal trading patterns. Yugoslavia and Brazil
have maintained relatively constant market shares,
while Japan and Finland no longer account for notice-
able percentages.

Imposing import quotas is another possible action
to help maintain an adequate level of ferrochromium
capacity, but this could require, among other things,
that the ferroalioy industry be deemed essential to the

Table 1. — U.S. ferrochromium market data,’ high- and low-C ferrochromium, 1970-82
(Thousand metric tons of contained chromium)

Domestic Inventory Consumption import reliance,?

Year shipments Imports Exports adjustments Apparent Reported pct
1970 ...l 187 24 17 -1 195 165 12
1971 ... 155 49 5 +10 189 153 26
1972 ............. 148 82 8 + 5 217 187 38
1973 ... 220 95 9 -9 315 246 30
1974 ............. 199 93 4 -8 296 283 31
1975. ... 101 180 8 +38 235 158 76
1976 ............. 119 136 8 + 5 242 194 56
1977 .o 122 122 7 -8 245 218 50
1978 ............. 112 165 11 -9 275 248 60
1979 ............. 137 123 9 -9 260 273 a7
1980 ............. 112 158 19 - 4 255 213 62
1981 ............. 81 224 8 + 4 293 216 76
1982 ............. 45 77 3 -14 134 133 58

' All data subject to conversion and rounding.
2 )mports as a percentage of apparent consumption.
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national security. Also, the idea has been advanced
that the chromite stockpile be converted to ferro-
chromium by the domestic ferroalloy industry as a
way to increase capacity utilization. However, current
stockpile inventories of high-and low-C ferrochromium
are in excess of the stated objectives, and there is the
added concern for stockpile obsolescence if the chro-
mite is converted to ferrochromium.

The major mineral policy issues and questions for
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Figure 4. — Ferrochromium Import market shares by country.

the United States, then, are (1) to ascertain the cost
and availability of chromite from current and potential
international sources, (2) to determine the cost and
availability of high-C ferrochromium from current
and potential sources, (3) to attempt to diversify both
sources of chromite and ferrochromium imports, and
(4) to maintain an adequate level of domestic ferro-
chromium capacity. This study specifically addresses
these issues and questions.

SUMMARY

CHROMIUM
RESOURCES

Chromium contained within chromite ore oceurs
primarily in podiform, stratiform, and eluvial deposits.
Podiform deposits oceur as irregular pods or lenses
and have relatively similar sizes in all three dimen-
sions; i.e., length, thickness, and extension to depth.
Stratiform or seam-type deposits occur as layers.
They are commonly traceable over many kilometers
(i.e., large strike lengths) and have large extensions to
depth (along the dip of the seam) but very small
thicknesses of the seam relative to the length and
depth extension. Eluvial, alluvial, lateritic, and “soil”
deposits are all loose definitions of various types of
chromium-rich soils derived from the weathering of
podiform or seam-type deposits with reconcentration
either in situ (eluvial) or transported and reworked
(alluvial). Podiform and stratiform are primary
deposits, whereas eluvial deposits are secondary.

Table 2 lists the names, producing status, and pre-
dominant type of resource occurrence of all 80 opera-
tions comprising the cost-evaluated demonstrated re-
source that was estimated for the availability study.
An in situ demonstrated resource of approximately 1.2
billion t was estimated to be contained within these 80
operations in the 10 nations under study. The relation-
ship of this 1.2 billion t of cost-evaluated resource

to estimates of the total demonstrated and identified
resource levels for these 10 countries is illustrated in
figure 5. This 1.2 billion t, although a small percentage
(17 pet) of the total demonstrated resource available
in these nations, still represents over 60 yr of total
world consumption of chromite for all end-use applica-
tions. As indicated in figure 5, effectively 100 pect of
the remaining non cost-evaluated tonnage is contained
within Zimbabwe and the Republic of South Africa.
Figure 6 and supporting data in table 8 provide a
percentage breakdown, by country, of the cost-
evaluated tonnage.

Two nations, Zimbabwe and South Africa, contain
approximately 70 pet of this total. The estimates for
these two nations are but a small subset of their poten-
tial, with total in situ estimates for South Africa
ranging from 3.096 billion t (9, p. 556) to as high as
16 billion t (10, p. 120) ; for Zimbabwe, estimates run
as high as 10 billion t.” For the purpose of cost evalua-
tion, these subsets were calculated according to specifie
property information and geologic criteria as detailed
in the text. However, just these small subsets them-
selves represent over 50 yr of potential total world
consumption, If the analysis were expanded to include
a complele geologic estimate of world chromium re-

7 Confidential source.



Table 2. — Name, status, and resource type of the 80 operations comprising the cost-evaluated demonstrated resource level, as of

January 1981’
Name Type of occurrence Status? Name Type of occurrence Status?
South Africa: Zimbabwe — Continued:
ZWartkop ... Stratiform ........... P/S Valley Chrome .................. P/S
Consolidated Chrome ................ do.........oonne P/S Magazine Hill. . ...................... P/S
Ruighoek .........c.ocveiiniiiinnn do.............. P/S IronSides. ............ooeiiiaians P/S
NIUBNE . ..o e do.............. P/S IoNTON ..o s e P/S
Waterkloof ...t do.........onnen P/S Belingwe District P/S
Millsell..........coveveii s do...........uh. P/S Impinge (eluvial) P/S
Kroondal............ccovovvieieanns do........oeiins P/S Turkey:
Rustenburg (Chrome Chemicals) .. ....do.... P/S Kefdag ...........coovievinnnes P/S
HenryGould .................... .0t cees P/S Soridag. . .. ..ii i P/S
MOOINOOI. . ...t iei v i eae s e . P/S Kavak .. .......coviiviieiiines P/S
UcarChrome........................ . .. P/S Kopdag West-North Zone P/S
Winterveld (TCL)-North Section cn . P/S UCKOPIU - . e iee e P/S
Groothoek ..........ovvienninnn e .. P/S KandaK. .......c.oovviviiininnanenans P/S
DilokONg . .....ovvviiei ce P/S Philippines:
Montrose (Hendriksplaats) ............ P/S Masdang E
Winterveld (TCL)-South Section P/S Narra........ P/S
Lavino (Grootboom).................. P/S Acoje (SantaCruz)................... do............t. P/S
Grasvally ...............cooii P/S Candelaria...............c.ocovnin do.............. E
Marico (Nietverdiend) ................ P/S LagonoY . ... veviii e e do.....iiinns P/S
ZOOIUSE. .. ... e P/S Llorente ........ Eluvial-alluvial ....... E
Zimbabwe: Bicobian.............. ..l Lateritic-eluvial....... E
Glenapp-Ivo. ..o do.........ooens P/S Batang-Batang .................. Alluvial. . ............ E
IMPINGS. ..o eiieei i do.............. P/S Bacungan...............oieenens Podiform-eluvial. . . ... P/S
Sutton-Rodcamp. . ..........ovenn et do.............. P/S rahuan. .......ooovviiiniiienons do....oinniannn E
Vanad........ccooiiiiii i do............ P/S Coto-Masinloc. ...............ve Podiform . ........... P/S
CaBSAN .. ..o i do........ounnn P/S Kinmalgin. ..o, do............tn P/S
Crown-Divide North . ................. do.........iut P/S India:
Glenapp-Hay-Noro................... do......ouiinnnn P/S BYrapur. .. ...vvvvenenan e do....iniiinn, P/S
Umvukwes............coovieieiencuns do.............. P/S Jambur-Tagadur................. Stratiform ........... E
Ore Recovery Tribute ................ do.............. P/S Cuttack District:
Greenvale .............oiiiiieen s do...........nts P/S Lowgrade .................... Stratiform-podiform . . . E
Maryland ..........ccoiiiiii it do.............. P/S Highgrade........................ do....coeiiiinnns P/S
MCGOWAN. . ... ovie e e do......iieans P/S Keonjhar District.
Divide .......ocvviiii i do.............. P/S Lowgrade ...........cocivientnnn do.............. E
Rutala........cocovvviienenieennnes do.............. P/S Highgrade........................ do........oo.ens P/S
UMSWeSWe ..........c.cocveieenennns do.............. P/S Brazil:
Umsweswe-Bee ..................... do.............. P/S Pedrinhas (Campo Formoso). .. ... Stratiform ........... P/S
windsor-York-York West. . ............ do.............. P/S Limoeira (Campo Formoso) ........... do.............. P/S
BatClaims............covoveiiiin .. P/S Finland: Kemi ............coooiieennins do.............. P/S
Cambrai..........cooovviiiiie ... P/S New Caledonia: Tiebaghi ............. Podiform ............ P/S
Netherburn. ............ccoovvevnenes cen P/S Greece: Xerolivado. ..........coooiiien it do......ooveinnn P/S
YOrK. oo e o P/S Madagascar:
Railway Block ................... R P/S Andriamena. ...........oiieienie it [+ 1 N P/S
Selukwe Peak....................... P/S RaNOMeNA. . .......covvneireinnenins do.............. P/S

1 The term “operation” refers to either an individual mine or group of mines, or an area, section, or district, depending upon the criteria of each individual nation under

study.

2 The status is listed as either P/S or E. If listed as P/S, the operation is either a current or past producer. It listed as E, noproduction had occurred as of January 1981.

sources on an identified basis (demonstrated plus
inferred resources) these two southern African na-
tions would represent over 95 pct of the total, which
could be as high as 27 billion t or more.

Six nations constitute the “others” category, which
comprises only 6 pet of the total cost-evaluated re-
source estimate. The remaining two nations, India and
the Philippines, have recently increased their level of
resources and represent 7 and 16 pct of the total,
respectively. India’s demonstrated resource level has
been increased primarily by lowering the cutoff grade
of the Cuttack and Keonjhar districts, used for defin-
ing the resource estimate, to 30 pct Cr,0,. The resource
estimate for the Philippines includes recently investi-
gated large tonnages of very low grade eluvial de-
posits. These deposits contain smaller amounts of
recoverable Cr,O, relative to their in situ tonnage
estimates than do podiform-type deposits in countries,
such as Turkey and New Caledonia, which have smaller

in situ tonnage estimates but much higher Cr,0,
grades.

The world chromium industry developed historically
around the exploitation of these high-grade, podiform-
type resources of limited tonnage. As they are de-
pleted, the trend in production toward dominance by
very large tonnage, seam-type resources will continue.
These seam-type resources are located almost entirely
in Zimbabwe and the Republic of South Afrieca.

In addition to the operations and nations extensively
evaluated in this report, there exist other deposits
and/or countries that may produce chromite in the
future. These deposits, listed in table 4, were not
evaluated at the time of this study because insufficient
information existed concerning the geologic, engineer-
ing, and economic determinants to allow for a complete
cost evaluation. Future research concerning the avail-
ability of chromium in the market economy countries
should also concentrate on these deposits.
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Figure 5. — Relationship of cost-evaluated tonnage to an estimate of the total demon-
strated and identified resource levels within the 10 nations under study.

Table 3. — Summary of cost-evaluated in situ chromium-bearing

resources
Percent  Weighted- Contained
Country g:g:?rgztr?gﬁ of total average grade, Cr,0,,
' tonnage  pct Cr,0, 10°t
South Africa............ 637,876 5§3.0 41.0 370,227
Zimbabwe:
Seamtype......... 175,000 NAp 49.0 NAp
Podiform type . ..... 16,900 NAp 46.5 NAp
Eluvialsail . ........ 4,700 NAp 20.0 NAp
Total or average. . 196,000 16.5 49.0 94,329
Turkey ................ ' 11,630 1.0 38.0 4,500
Philippines:

Lowgrade......... 178,495 NAp 2.0 NAp
High grade. ........ 212,301 NAp 30.3 NAp
Refractory ......... 216,960 NAp 26.0 NAp
Total or average. . 207,756 17.5 5.6 11,716
India.................. 81,230 7.0 32.0 26,000
Brazil ................. 417,000 1.4 21.0 2,900
Finland................ 29,200 24 27.0 7,884
New Caledonia......... 2,300 2 44.0 1,012
Greecs................ 2,200 2 18.0 396
Madagascar ........... 10,250 8 31.6 3,270
Grand total .. .... 1,196,000 100.0 NAp 522,234

NAp Not applicable.

! Does notinclude the many small deposits and operations, representing 20 to
30 pct of Turkey's overall total production of chromite products, which are t0o
small or sporadic to evaluate for costs.

2 Does not include 21 deposits containing about 1.8 million t of in situ
resources; 18 are very small (average 40,000 t reserve); 3 are fairly large
(average 360,000 t). Small size or lack of data precludes estimation of costs.

% Does not include 12 deposits containing about 1.1 million t of in situ
resource; 10 are very small (average 50,000 t); 2 are fairly large (average
300,000 t).

* Represents resource in the Campo Formoso District only.

COMPARATIVE CHROMITE AVAILABILITY

This section presents a brief cross-couniry com-
parative summary of chromite production costs and
availability. Table 5 and figure 6 provide an overview
of relevant chromite product cost and availability data

for the 10 countries studied in the cost evaluations.
As illustrated in figure 6, there are approximately
632 million t of chromite products potentially recover-
able from the 1.2 billion t of chromium-bearing ma-
terial contained within the 80 operations, deposits,
and districts of these 10 nations. Over 85 pct of
the total recoverable chromite is contained within just
two nations, Zimbabwe and South Africa, with South
Africa alone accounting for 65 pet of total chromite
availability. .

All other country product tonnages are quite small
by comparison. This concentration of chromite re-
sources in South Afrieca, in and of itself, should ensure
that the world chromite industry will be increasingly
dominated by the cost and production levels of this
country.

The great majority (82 pct) of the total cost-
evaluated chromite tonnage is potentially recoverable
at a combined long-run mining, beneficiation, and
transportation cost level, FOB the port of exportation,
of $100/t. Of this overall total, 80 pect is contained
within the South African operations. At a long-run
cost level of $65/t of product, about 87 pct of the total
tonnage is potentially recoverable, and of this total,
80 pct is also contained within the South African
operations. Therefore, it can be expected that the South
African mines will increasingly establish the long-run
average cost level for the world chromite industry as a
whole. This infers that in periods of weak demand and
low or falling prices for chromite, the South African
producers will dominate a very large part of the mark-
et since they represent by far the greatest availability
of low cost products. In addition, in periods of high
demand and rising prices, the South African industry,
with its ability to expand mining capacity relatively
quickly with scale economies, will provide a moderat-
ing effect upon prices, thereby ensuring long run
dominance of the market.
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Table 4. — Other chromite resources, market economy countries'

Country Deposit Type of resource E:)tm:t;i' '1"03':” Grgc:zec.):sct ?;.t'l:: Problems and status

Australia............ Coobina ............... High-grade, podiform- 2,100 2849 1.5 Remote location, refractory-grade

type deposits. material.

Canada ............ Winnepeg District . .......... [« 1+ J N 18,600 8.7 1.0-1.48 Very low Cr:Fe ratios.

Greenland.......... Fiskenaesset........... Low-grade, seam-type 2,500 20-26 1.0-1.2  Remote location, very low Cr:Fe ratio.

deposits.

Indonesia........... None announced ....... Residual deposits and NA NA NA  Exploration being conducted for low-

laterites. grade eluvial chromite deposits. Also
chromite in Ni-Co laterites.

Papua New Guinea..Ramu River ................ do..........oe 100,000 5-10 NA  Remote location, low-grade, some of
economics will depend on Ni-Co laterite
technology and economics.

South Africa ........ East and West UG2seam........... 630,000 5.5 1.2-1.3  Extractable at certain operations on the

Bushveld Complex. Complex, but economic and marketing

aspects questionable. Low Cr:Fe ratio
of concentrate product. More promising
for platinum values.

NA Not available.

' Not evaluated in this study for product availability or costs. Major questions of geology, economics, technology of extraction, or marketability raise doubts about
production for the near term. In addition to these nondeveloped resources, other countries such as Cyprus, Iran, Japan, Pakistan, and Sudan do produce very small
amounts of chromite (140,000 t combined production for 1980) and, of this total, 82,000 t represents Iranian production.

Table 5. — Total chromite product avallabllity and weighted-average mining, beneficiation, and transportation costs, by country
(1981 U.S. dollars)

Total . " Concentration Weighted average cost per metric ton concentrate
Country chromite Pct of total V::ﬁ::;‘; ;:::;99 ratio, crude Tomal coot
potential, estimate ! ore to chromite . . .y Total cos!
10°1 pet Cr,0,4 product Mining Beneficiation Transportation (FOB port)
South Africa ............. 412,000 65.0 43.0 1.2 $35.00 $4.00 $26.00 $65.00
Zimbabwe:
Seamtype........... 116,660 18.5 NAp 1.1 84.50 2.25 27.50 114.25
Podiform type......... 12,682 2.0 NAp 1.2 20.50 6.00 28.00 63.50
Total or average 129,342 20.5 50.0 11 79.00 250 27.50 108.00
Indla.........coveiivines 43,000 6.8 46.0 1.5 4250 5.00 17.00 64.50
Finland.................. 17,112 2.7 31.0 1.8 9.50 6.5 9.00 25.00
Philippines:
Highgrade .......... 6,200 1.0 NAp 18 22.50 5.50 7.50 35.50
Lowgrade........... 5,912 9 NAp 30.0 33.50 55.50 12.00 101.00
Total or average 12,112 1.9 47.0 15.3 28.00 29.50 10.00 67.50
Turke@y .......cooiiieaens 7,600 1.2 46.0 1.3 35.00 5.00 59.50 99.50
Brazil ................... 4,618 7 44.0 35 65.50 11.50 31.50 108.50
Madagascar ............. 3,877 8 49.0 25 31.00 16.00 19.50 €6.50
New Caledonia. .......... 1,700 2 51.0 1.3 42.50 7.00 7.00 56.50
Greece............c..--: 500 .09 51.0 3.5 57.50 18.00 35.00 110.50
Grandtotal ........ 631,946 100.0 NAp NAp NAp NAp NAp NAp

NAp Not applicable.
' Includes handling charges.

2 Total mining plus milling plus transportation cost per metric ton of concentrate. Does not include taxes, depreciation, interest, or allowance for profit.
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At the 1879 world production rate of 10.5 million tpy
of chromite products, there is approximately 60 yr of
recoverable chromite available for consumption from
just the 1.2 billion t of demonstrated resource (632
million t of chromite products) herein evaluated. The
obvious cuinlusion is that there is no shortage of
chromite resources nor serious (quantitative) supply
problems, given the ability of South Africa (and to a
lesser extent Zimbabwe) to expand their productive
capacities, as well as the emergence of potentially sig-
nificant tonnages available from India and the Philip-
pines. The major issue of concern is the ecurrent con-
centration of productive eapacity in southern Africa.

The level of chromite demand depends upon the level
of steel and chemical market demand, which in turn is
based upon the level of general economic activity. The
question of which mining operations and countries
will provide the supply that fulfills the demand will
depend primarily upon production costs (including
transportation) and the resource base; the lowest cost
producers with the largest resource base should in-
creasingly serve as world industry suppliers. However,
other factors such as risk, bilateral agreements, politi-
cal changes, etc., will also impact upon which mines
and/or countries will provide future supply.

From a long-term point of view, it can be expected
that an increasing percentage of chromite supply will
come from seam-type deposits, such ag South Africa
and Zimbabwe, as the relatively finite podiform-type
resources (historically the major supply sources) are
depleted. Chromite output from the major producing
nations that have podiform-type resources, such as
Turkey, the Philippines, Albania, and the Soviet
Union, should decline relative to seam-type producers.

A cross-country comparison of mining costs per ton
of product (table 5) demonstrates the advantage of
chromite resources that are amenable to surface min-
ing, such as in Finland, and also demonstrates the
importance of stripping ratios and concentration ra-
tios. Thus, Finland, with low stripping and concen-
tration ratios, has much lower surface mining costs
than Brazil, which is expected to encounter increasing-
ly higher stripping ratios as the Campo Formoso
surface resource is mined out, and which faces a
higher overall concentration ratio.

The advantage of greater scale economies and
thicker chromite seams is apparent in the lower South
African mining cost estimate compared with that of
Zimbabwe. The estimates derived for Turkey and the
Selukwe and Belingwe (Podiform) districts of Zim-
babwe demonstrate the cost advantages apparent from
mining large, high grade, underground podiform
resources.

A similar comparison of beneficiation costs shows a
direct correlation between the two factors, in situ
grade and beneficiation method, and the cost per ton
of chromite product. Thus, Zimbabwe, with high in
situ grades and mostly simple beneficiation methods,
has a very low milling cost per ton of salable product
relative to, for instance, the low-grade eluvial deposits
of the Philippines, which have very low in situ grades
and relatively complicated heavy-media, magnetic-
separation methods of beneficiation.

Transportation is of special concern, since it involves

both the actual cost of transportation and the avail-
ability of a sufficient transportation network. The
total cost of transportation is determined by distance,
the mix of transport mode employed (i.e., truck, rail,
and ocean freight), the cost of each mode in the differ-
ent countries, and the product (chromite or ferroalloy)
that is being transported. The capital and operating
expense of truck transport is borne entirely by the
mining concern; rail capital costs, with the exception
of connecting spurs to a main line, are generally an
infrastructural given, with the rail freight charge to
the point of sale borne by the mining concern. Trans-
port costs for barging and international ocean freight
to the point of sale are a major operating expense for
the world chromium industry and combined with other
internal transport costs help to determine regional
competitive advantage.

In the case of chromite, transportation includes the
cost of moving the ore from the mine or mill site to
the port of exportation, including all handling and
loading charges. For ferrochromium, transportation
includes the cost of moving the ore from the mine or
mill site to the appropriate smelter (either in-country
or to Europe, Japan, or the United States) plus the
cost of moving the ferroalloy itself to the point of sale
or port of exportation, also including all handling and
loading expenses. A major difference in total expense
between transporting chromite and ferrochromium lies
in the increased handling charges of the latter. These
handling costs are generally twice the cost of handling
chromite products and this relationship has been
adopted as a standard here.

Table 6 provides a detailed breakdown of (chromite)
transportation costs for the countries studied. A cross-
country comparison of internal chromite transporta-
tion costs demonstrates the obvious advantage of close
proximity of mining operations to ports of exporta-
tion. It is clear that mines in such countries as the

Table 6. — Chromite transportation cost estimates from
mines to ports within various countries
(1981 U.S. dollars)

Cost per metric ton concentrate

Weighted-
Country of origin Port city Range average
South Africa. .. ... Durban, South Africa.... $20.00-$32.00 $26.00

Maputo, Mozambique .. .
Port Elizabeth, South
Africa.
Zimbabwe ....... Beira, Mozambique ... ..
Durban, South Africa . ...
Maputo, Mozambique ...
Port Elizabeth, South

12.00- 24.00 16.50
29.00- 41.00 34.00

20.00- 40.00 27.50
30.00- 46.00 38.00
33.00- 50.00 41.00
56.00- 73.00 64.00

Africa.
Turkey........... Fethiye .. .. 10.00- 17.00 13.50
Iskenderun . .. 60.00- 70.00 65.00
Ismit....... .. NAp 55.00

Trabzon .
Philippines . ... ... . Numerous. .

NAp 41.00
5.00- 18.00 10.50

India ............ Mangalore . 10.00- 12.00 11.00

Paradip....... .. 17.00- 22.00 19.50
Brazil............ Salvador............... 31.50- 32.50 32.00
Finland .......... Ao.............coeele. NAp 9.00
New Caledonia ... Tiebaghi ............... NAp 7.00
Greece .......... Volos.................. NAp 35.00
Madagascar. ... .. Tamatave.............. 14.00- 20.00 17.00

NAp Not applicable.
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Table 7. — Projected utilization of chromite products at highest annual expected production level
(Thousand metric tons)

Capacity' of chromite

Ferrochromium smelting

in-country smelter requirements* of Chromite products available

capaci
Country meF:ra(I)I?Jlr‘cltz aflo; se pacity chromite as raw material feed for export
9 Current? Proposed®
South Africa............. 4,500 820 500 3,000 1,500
Zimbabwe .............. 1,000 320 150 1,000 0
Turkey.................. 460 50 50 250 210
Philippines .............. 580 0 50 110 470
India ................... 543 29 156 400 143
Brazil. .................. 190 90 0 225 0
Finland ................. 475 50 0 125 350
New Caledonia.......... 85 0 0 0 85
Greece ................. 40 0 30 60 0
Madagascar............. 113 0 0 0 113

! Capacity levels utilized in this study assuming that the highest level of proposed expansions of the late 1970's and early 1980's is attained.
2 Current estimated smelting capacity based upon information from 1979-80. Includes capacity for the production of both high- and low-C ferrochromium as well as

small tonnages for the production of ferrosilicon-chromium, where applicable.
3 Includes all announced plans of the late 1970’s and early 1980's.

4 Chromite raw material requirements are based upon tonnage factors ranging from 2.0 to 2.5 t of chromite per ton of annual smelting capacity.

Philippines, New Caledonia, and Finland are low cost
internal transporters of chromite products, primarily
because the distances are much less than those en-
countered in all the other countries. The issues of
internal transportation capacity and its availability
for the transportation of chromium products are dealt
with in the individual country sections.

In order to determine both the current and near-
term tonnage of high-C ferrochromium potentially
available from the chromite resources of the nations
studied, the analyses incorporated each country’s cur-
rent ferrochromium smelting capacity and announced
expansion plans of the late 1970°s or early 1980’s.
Table 7 contains data on the projected level of chromite
utilization for in-country ferrochromium production
and the potential amount of chromite available for
export. The data presented are approximations intend-
ed to convey the relative resource and product position
of each nation in terms of the availability of chromium
in the form of ferrochromium versus the availability
of chromium in the form of chromite.

The data of table 7 indicate three trends of import-
ance. First, there is a noticeable trend toward increased
ferrochromium smelting capacity being located in
those nations which possess chromite resources; those
nations that contain the largest resource levels—such
as South Africa, Zimbabwe, and India—show the larg-
est proposed increases. Second, countries such as the
Philippines and Greece, which currently do not
(effectively) produce any ferrochromium, are now
constructing new smelting facilities. Third, the net
result is an increasing trend away from the interna-
tional trading of chromium in the form of chromite
and toward the trading of chromium in the form of
(mostly high-C) ferrochromium.

COMPARATIVE HIGH-CARBON
FERROCHROMIUM AVAILABILITY

This section presents a brief cross-country, com-
parative analysis of the cost structure and availability
of chromium in the form of high-C ferrochromium. In
this discussion, three product grades are identified for

comparison; grade-A (>64 pct contained Cr) ; grade-
B (56 to 64 pct contained Cr) ; and grade-C (52 to 56
pet contained Cr). These product grade groupings
recognize the real difference in the selling price of
ferrochromium, which is dependent upon the amount
of chromium contained in the ferroalloy product. The
long-term average total production cost and avail-
ability of each product grade from each producing and
potential operation are shown graphically on avail-
ability curves. Weighted-average total production costs
(by ferrochromium product grade) are then derived
for each country in order to rank individual countries.
Lastly, these production costs are compared with U.8.
import prices in an attempt to determine the relative
long-term competitive position of the ferrochromium
industry in each country vis-a-vis the U.S. market.

Grade-A, High-Carbon Ferrochromium

The cost and availability of grade-A, high-C ferro-
chromium is depicted graphically in figure 7, with
respective country percentage contributions to total
availability shown in figure 8. Generally, in the ab-
sence of ore blending, chromite with a Cr:Fe ratio 2.5
or greater is required for the production of grade-A
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4.0 pct All others

4.0 pct Philippines 4.5 pct Brazil 2 pct Brazil
4.7 pct Turkey +.5 pct Philippines 3 pct Finland

87.3 pct
Zimbabwe

55 pct
South Africa
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South Africa
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~61.9x10°t ~44.3x105t =|73.6x10"t
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others
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Zimbabwe
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South Africa

Total= 280 x 10%

Figure 8. — Percentage contribution, by country, to total high-carbon ferrochromium avallabiiity
estimates by product grades A, B, and C.

high-C ferrochromium. Six of the ten countries evalu- contains 87.3 pct (64.1 million t) of the potential
ated have at least some chromite resources of a quality availability estimate of 61.9 million t of grade-A, high-
sufficient for producing this product, the great ma-- C ferrochromium.

jority of which is contained within currently produc- Table 8 ranks the countries according to tonnage
ing operations. Of these countries, Zimbabwe alone potential and weighted average cost per pound of

Table 8. — High-carbon ferrochromium; cost ranges per pound of contained chromium, availability estimates, and percentage
distribution, by country
(1981 U.S. dollars)

Country Perce:vt ;:;&‘;y:x:g’tgm'um Avalilability estimate, 10° t Breakeven cost level 15-pct profitability cost level

GRADE A
Zimbabwe......................... 87.3 54,097 $0.22-50.43 $0.25-80.50
Turkey............ 47 2,892 33- .46 36— .46
Philippines . ....... 4.0 2,439 32- 41 34— 64
Madagascar 25 1,535 47 48
New Caledonia .................... 1.2 726 .25 29
Greece .................oiiieiint 3 241 49 87
100.0 61,930 37 40

GRADE B
55 24,412 $0.31-$0.34 $0.36-$0.50
40 17,798 .36- .50 .56~ .79
45 1,899 41~ 53 .50~ .59
5 244 .38~ .43 44— 46
100 44,353 32 A4

GRADE C
SouthAfrica....................... 95 165,411 $0.26-$0.51 $0.30-$0.55
Finland ....................ooiie. 3 5,332 .29 29
Philippines ........................ 2 2,850 40— .56 43- .70
Total or weighted-average. . . .. 100 173,593 .38 43

! The overall average is calculated without factoring in the Indian cost determinations in order to reflect existing conditions.



contained chromium. The cost estimates for Greece are
higher than the other countries because this country
is just now developing its own ferrochromium indus-
try. The cost estimate derived for Madagascar repre-
gents the cost to produce ferrochromium in Japan
from Madagascar chromite resources, since that coun-
try has no local ferrochromium smelting industry. The
cost estimates for New Caledonia and the Philippines
(with the exception of one operation) are also on a
Japan-market basis. For Zimbabwe and Turkey, the
estimates represent the cost to locally manufacture
ferrochromium (including the cost of new smelting
capacity).

In order to evaluate these costs relative to a common
base, they are compared with import sales prices for
chromium delivered to the United States. On this
basis, weighted-average cost for all grade-A ferro-
chromium ranges from $0.37/1b contained Cr at the
breakeven level to $0.40/1b at the 15-pet profitability
level. As of the first quarter of 1981, imported grade-A
ferrochromium was selling in the United States at
prices between $0.46/1b and $0.49/1b contained Cr; a
difference of between $0.06/1b and $0.12/lb. However,
it is estimated that ferrochromium transportation
costs to the United States can average anywhere from
$0.04/1b to $0.12/1b contained Cr. Thus, the difference
of between $0.06/lb and $0.12/1b is similar to the
range of transportation costs to the United States
from the different countries involved. It must be
stressed that the actual cost of any individual ferro-
chromium shipment is dependent upon such factors
as the point of origin, the market conditions at the
time of shipment, the size of shipment, the point of
delivery, the number and length of stops (demurrage
charges), etc. Given these factors, it is felt that inter-
national shipping costs for ferrochromium should fall
within this $0.04 to $0.12 range, but these costs are

highly variable.

According to this criterion, at least two-thirds of the
total grade-A ferrochromium availability estimate can
be considered internationally competitive at the 1981
cost and price levels. In particular, grade-A ferro-
chromium produced in Zimbabwe and Turkey, and
Japanese production from high-grade Philippine and
New Caledonian chromite, are the most cost competi-
tive. These three countries are major world producers
of this product. Ferrochromium produced in Greece
appears to be the least cost competitive. The Greek
government’s development of a domestic ferrochro-
mium industry would appear to be based more upon
developmental concerns or EEC trading arrangements
than international cost competitiveness.

Grade-B, High-Carbon
Ferrochromium

The cost and availability of grade-B, high-C ferro-
chromium is presented in figure 9 with supporting
data aggregated by country given in table 8. Percent-
age contributions by country are shown in figure 8.
A total of 44.3 million t is potentially available at
breakeven costs of up to $0.53/lb contained Cr. The
cost estimates for Brazil, India, and South Africa
represent total domestic manufacture of ferro-
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Figure 9.— Cost and potential availability estimates
of grade-B, high-carbon ferrochromium.

chromium from local chromite resources. The cost
estimates for the Philippines represent the cost to
produce this grade of ferrochromium in Japan from
Philippine chromite resources.

Although 40 pct of the total potential tonnage is
available from India, it must be remembered that the
Indian ferrochromium industry is only beginning to
be developed, and it is uncertain, at this point in time,
whether all proposed capacity will in fact be con-
structed. Thus, the 24.4 million t available from pro-
ducing South African operations really represents the
great majority of total available tonnage from current
smelting capacity. It is primarily this South African
long-run production cost level that the ferrochromium
industry of India will potentially compete against.

In terms of cost, South Africa is approximately 25
pct lower than the Indian operations, evaluated at the
breakeven level, and approximately 85 pct less at the
15-pet profitability level. The cost estimates for India,
at the 15-pct level, are markedly higher than the other
nations because of the large capital investments that
would be required to fully develop India’s domestic
ferrochromium industry while obtaining this long-run
level of profitability.

Of greater significance is the fact that of the total
tonnage of grade-B ferrochromium potentially avail-
able at or below the average breakeven cost level,
approximately 100 pect originates from South Africa.
Of the total tonnage potentially available at the aver-
age 15-pet profitability cost level, over 98 pct originates
from South Africa. This means that in this product
category (and indeed in all lower grade chromite ore
and ferrochromium categories) as prices increase, an
increasing percentage of the market is filled with
South African products (since almost all mining
operations that were analyzed in South Africa are
producers, the ferrochromium smelting capacity is in
place, and the ability to expand mining and smelting
capacity relatively quickly with scale economies is also
present). Also, as prices decline, South Africa virtually
becomes the market since 98 to 100 pect of all grade-B
ferrochromium potentially available at or below the
average cost points is a South African product.

Comparing these cost estimates on a contained-
chromium basis, delivered to the United States, with
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average selling prices of imported grade-B ferro-
chromium, again shows that the long-run production
costs herein estimated are similar to the first quarter
1981 market prices when transportation costs are
included. The costs determined, range from $0.32/1b
to $0.44/1b contained Cr, which are similar to the first
quarter 1981 U.S. import selling prices of $0.46/1b to
$0.47/1b.

Grade-C, High-Carbon
Ferrochromium

The cost structure and availability situation for
grade-C ferrochromium is also entirely based upon
cost conditions in South Africa. As figure 8 indicates,
95 pct of all potential grade-C ferrochromium is de-
rived from South African-based chromite resources.
This is of particular importance, since this grade of
ferrochromium has been capturing the largest share
of the world ferrochromium market, with the wide-
spread adoption of the AOD steelmaking process dur-
ing the last decade.

The cost estimates, at both profitability levels, for
South Africa (see figure 10 and table 8) are average
cost ranges for the production of grade-C ferro-
chromium from South African chromite resources.
The ranges are composites of the cost of producing
this produet in South Africa, the United States,
Europe, and Japan. South African production costs
are at the lower end of the range (the weighted aver-
age South African cost is $0.32/1b Cr) with production
in Japan and western Europe occupying the upper end
of the range. The United States is estimated to have
a weighted average of $0.43/Ib., These cost ranges
illustrate the predominant position of South Africa
as either the source of chromite for the production of
ferrochromium or, increasingly, the source of this
ferrochromium product itself as South Africa con-
tinues to increase its smelting capacity. It is important
to note again that neither Western Europe nor the
United States produce any chromite products. Japan’s
production of chromite is very insignificant relative
to its consumption. Thus, these nations are heavily
dependent upon South Africa for their chromite raw
material inputs to the ferrochromium production
process.
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Figure 10.— Cost and potential avallability estimates of
grade-C, high-carbon ferrochromium.

The Philippines (as a source of chromite for Japan-
ese ferrochromium smelting) and Finland (an ex-
porter of ferrochromium) are significant because of
their location vis-a-vis major markets.

In this regard, special attention is paid to the poten-
tial for exploiting the very low grade “alluvial” and
“eluvial” deposits of the Philippines and their potential
use by the ferrochromium and steel industries of
Japan. It appears at this point in time that the
economic position of this resource is submarginal, and
since the potential tonnage of ferrochromium available
from these very low grade chromite resources is
limited, the Philippines source will probably never
attain the significance of South Africa as a raw
materials supplier to Japan.

The country-wide average breakeven and 15-pet
profitability level cost estimates range from approxi-
mately $0.38/1b to $0.48/1b contained Cr, respectively.
Imported grade-C ferrochromium was selling in the
United States in the first quarter of 1981 for $0.44/1b
to $0.46/1b contained Cr, which again indicates that
these derived costs, after factoring in transportation
charges to the United States, are very similar to
import market prices. By this criterion, virtually all
of the 165.4 million t of grade-C ferrochromium po-
tentially availabile from the chromite resources of the
(mostly) active mines in South Africa, as well as the
potential 5.3 million t in Finland, can be considered as
economic.

In general, it can be concluded that constraints to
the further expansion of the international ferro-
chromium industry are not resource based (there is
no shortage of chromite), nor in most cases studied,
economic. Rather, the industry is directly tied to the
level of demand and highly concentrated in those
nations that possess the vast majority of chromite re-
sources, productive smelting capacity, and currently
hold a dominate market share for the products in ques-
tion. Clearly, South Africa has a long-term advantage
for the production of high-C ferrochromium, for as
figure 8 clearly indicates, 68 pect of the total 280
million t of high-C ferrochromium of all grades poten-
tially available from the total demonstrated in situ
resource that was cost-evaluated, is either produced in
South Africa or represents smelting capacity depend-
ent upon South African chromite resources.

On an individual country basis, the major implica-
tions as a result of the information and analyses of
this study are as follows:

South Africa

e Both chromite and ferrochromium production should
increase in the future, both in absolute terms and
as a percentage of the world total.

e South Africa should increasingly set the long-run
minimum cost (and price) levels for both chromite
and high-C ferrochromium as a result of an enorm-
ous chromium resource base, large mining and
processing capacity, and the attendant secale
economies.

o The increase in high-C ferrochromium smelting
capacity should come at the expense of declining
U.S., European, and Japanese capacity.



Zimbabwe

e Chromite and ferrochromium production costs
should rise through time as the podiform resources
are depleted and a greater percentage of production
comes from the seam-type operations.

¢ Large capital investments will be required to alle-
viate transportation and energy supply bottlenecks
in order to realize the full potential of the industry.

e The availability of chromite products for export
should decline as the country’s stated goal of utiliz-
ing 100 pct of its chromite for ferrochromium pro-
duction is instituted.

Turkey

o Full capacity production of ferrochromium (includ-
ing expansion plans) would exhaust the demon-
strated resource estimate in 26 yr; the potential for
proving additional chromite resources is considered
good; and ferrochromium production and export
should increase as chromite exports decrease.

Philippines

e The construction of the Philippines’ first commer-
cial-scale ferrochromium smelter and the resultant
ferrochromium production will reduce the amount
of high-grade metallurgical chromite available for
export and represents a continuation of the trend
toward ferrochromium production in those countries
that mine chromite.

e The vast majority of the low-grade eluvial and
alluvial resources currently appear to be subeconomic
both in terms of chromite and ferrochromium pro-
duction costs.

India

e Major implications are that chromite export con-
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trols and increased domestic production of high-C
ferrochromium in the future will reduce chromite
products available for export. This also represents
a continuation of the trend toward ferrochromium
production in those countries that mine chromite.

Brazil

¢ Should be able to meet its projected domestic ferro-
chromium consumption needs and continue to export
relatively small quantities of ferrochromium prod-
ucts, but does not hold any promise as a major
available source of imported chromite for the United
States at this time.

Finland

e Should remain a major exporter of both chromite
and ferrochromium for the rest of this century.

New Caledonia

e All chromite output should most likely go to Japan
as raw material feed for the production of high-C
ferrochromium. Will probably play only a minor role
in the overall world production of chromite in the
future.

Greece

e All chromite production will be processed locally
into high-C ferrochromium at the newly constructed
smelter with the output being exported, most likely
to the EEC.

Madagascar

e No major change in trading patterns is expected,
and the construction of a domestic ferrochromium
smelter remains doubtful.

THE REPUBLIC OF SOUTH AFRICA

GEOLOGY
AND RESOURCES

South Africa’s chromite resources are predominant-
ly contained within four basic geographic-geologic
areas (fig. 11): (1) the eastern (Lydenburg) belt of
the Bushveld Complex, (2) the western (Rustenburg)
belt of the Bushveld Complex, (3) the Potgietersrust-
Gragvally District located in the northern part of the
Bushveld Complex, and (4) the Zeerust-Marico Dis-
trict, an extension of the Bushveld Complex to the
west of the western belt.

Much has been published in the past on the origin,
geology, and mineralogy of the Bushveld Complex
(10-19). The following chromite resource discussion
focuses mainly on the specific geologic data and as-
sumptions pertinent to this analysis rather than
attempting a comprehensive overview of the myriad
of information published on the Bushveld Complex.

As a whole, the Bushveld Complex covers a total of
67,000 sq km and consists of three major rock forma-
tions: a granite-granophyre unit, the Rooiberg felsite,
and a gabbro-norite fraction. In terms of economic
minerals, the gabbro-norite unit is the most important
since it contains a magnetic-vanadium horizon, a
platinum-bearing horizon (the Merensky Reef), and a
section of numerous chromite seams. The gabbro-
norite unit can be more specifically broken down into
country rock units of pyroxenite, norite, and anortho-
site which contain the chromite and platinum seams as
individual layers that are generally concordant to the
igneous layering. Further subdivision of the chromite
seams within the Complex is possible into three major
groups— (1) the upper group, (2) the middle group,
and (3) the lower group—but this is as far as a gen-
eral subdivision or correlation can go. The number and
type of chromite seams present varies from one mining
property to another. Table 9 summarizes the general
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Figure 11. — Location of South African chromite mining areas, smelting facilities, rallway network, and ports of exportation.

Table 9. —— General characteristics of upper, middle, and lower group chromite seams in South Africa

Group Geological characteristics

Important seams

Economic significance

Best locations

Upper ... . Anorthosite country rock, same
marker bed as for platiniferous
Merensky Reef. Lowest Cr,0,
grade, thinnest seams, fewest
seams (2) of all the groups.
Inconsistent outcrops.

Middle ... . . Norite and anorthosite country
rock. In idealized geologic
section, this group is
stratigraphically closer to lower
group than to upper group.

Lower ... .Mostly pyroxenite country rock.
As many as 25 or more
individual, uncorrelated seams
have been identified. Most
consistent outcrops of the 3
groups.

UG2.............ee

MG1, MG2, MG4. . .. ..

Main seam (also
known as LG6, main,
Steelpoort, and
Magazine seam at
various localities),
leader seam, LG2,
LG3, LG4, H, F

The UG2 seam is to be processed by
Western Platinum for production of
platinum-group metals, copper, and
nickel. Could produce chromite
concentrates of low Cr,0, grade (35 to 40
pct) with a low Cr:Fe ratio (1.35), but
processing and economics are still
relatively unknown. The lowest grade
group in terms of Cr,0,.

The MG1, MG2, and MG4 seams are
presently being mined in West Bushveld.
Predominantly medium-grade, high-Fe
chromite ores and concentrates (43 to 47
pct Cr,0,; 1.5 to 1 Cr:Fe ratio).

The vast majority of past and present
production has been from seams
classified as lower group seams. The
main and leader seams together
comprise the “main horizon” and are
most important from a chromite
production standpoint. Predominantly
high-Fe chromite ores and concentrates.
(43t0 47 pct Cr,0,4; 1.5t0 2.0 Cr:Feratio).

Boschoek to Brits section in West Bushveld.
Section north of Pilanesberg in West
Bushveld.

Rustenburg to Marikana sector in West
Bushveld. Sector east of Marikana in West
Bushveld. Section in area north of
Steelpoort River in East Bushveld.

Nearly ubiquitous in all areas. Basically

absent only in four areas:

(1) 20-km section north of Rustenburg.

(2) 15-km section from Brits westward.

(3) Most of the 35-km section from the
Consolidated Chrome mine northeast
to the Zwartkop mine.

(4) 15-km section north of Steelpoort
River.

characteristics of each of the three groups of chromite
seams. As shown, only 11 seams have had or could
have economic importance to the chromite industry in
South Afrieca.

A major portion (60 to 75 pet) of chromite ore in
South Africa is friable, which means that it occurs as

loose grains or in fragments that readily disintegrate
into “fines” when handled. Products from mining and
milling are basically in five forms: (1) friable run-of-
mine ore, (2) hard, lumpy run-of-mine ore, (3) ore
concentrates, (4) refractory-grade ore, and (5) foun-
dry sand.



Because the majority of Bushveld chromite is rich
in iron content and low in Al,O, content, it has limited
use as a refractory material. However, the seams in
the Marico-Zeerust District and those of the Grasvally
‘District are of better refractory quality (more Al,O,,
less FeO) than the main Bushveld ores. This overall
“less-refractory” quality of South African ores is
claimed to give them an advantage over Zimbabwean
ores in terms of ferrochromium smelting because they
can be smelted at a faster rate with slightly less flux
addition (16, p. 84). For example, a normal medium-
grade South African chromite ore contains only 28
pet slag-forming materials versus 87 pet for a typical
Zimbabwean ore (16, p. 84).

Because of the large strike lengths (horizontal sur-
face distance) and generally continuous nature of the
seams (particularly for the lower group), both hori-
zontally and to depth, any projection for resource
estimation purposes will result in enormous chromite
tonnage estimates for the entire Bushveld Complex.
The official Bureau of Mines reserve estimate as of
1980 was 2.5 billion t (6, p. 88), while the official South
African Minerals Bureau estimate was as high as
8.096 billion t (9, p. 56). At 1980 crude ore (full
capacity) production levels, these tonnages, if proven
to be extractable, would last 870 and 507 years, res-
pectively. Other resource estimates run as high as 16
billion t (10, p. 120), which at 1980 crude ore (full
capacity) production levels would last for over 2,600
yr. The above estimates do not include chromite con-
centrates that possibly could be produced from the
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platiniferous UG2 seam, which has been estimated to
contain f20 million t of chromium-bearing material to
a vertical depth of 1,200 m (19). Assuming that rough-
ly 10 pet of this material is comprised of the mineral
chromite and assuming a milling recovery of 80 pect
to produce a 35-pet-Cr,0; concentrate, this 630 million
t of material in the UG2 would contain about 50 million
t of chromite concentrates.

The most recent and detailed estimate of chromite
resources in South Africa is that of Von Gruenewaldt
(19). His calculation in 1981 separated the resource
into an “identified reserve” category, defined as ex-
ploitable material down to a vertical depth of 150 m,
and an “identified resource” category, defined as ex-
ploitable material from 150 m down to 1,200 m, which
he considers the depth to which the prevailing geo-
thermal gradient would allow mining operations in the
Bushveld Complex. The ‘‘identified reserve” category
is estimated at 718 million tons, of which 12 pct is
considered high-Cr material and 88 pet high-Fe
material. The “identified resource” category is esti-
mated to contain an additional 8.585 billion t 