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Unless indicated otherwise, the weight unit used in this report is the short ton of 2,000 pounds. This unit
was chosen because it is the unit predominantly used in U.S. Bureau of Mines publications on manganese
for data prior to 1992. Therefore, historical data given in this report can be compared directly with those
previously published. In a few instances, particularly in the section on natural manganese flows and the
effect of human activities upon them, metric tons have been used because the original sources were in
metric tons.




MANGANESE MATERIAL FLOW PATTERNS

By Thomas S. Jones'

ABSTRACT

This report discusses processing and use of the principal forms of manganese. The focus is on trends
in the United States in the 20th century and specifics of domestic manganese material flows as of about
1990. To protect proprietary data, quantitative assessments are limited to the iron and steel industry,
which accounts for about %0% of consumption. Nonmetallurgical uses are considered qualitatively.

Approximate disposition of a U.S. cumulative consumption during 1901-90 of an estimated 69 million
st of manganese is estimated to be iron and steel slag, 69%; nonmetallurgical uses of a dissipative na-
ture, 10%; iron and steel scrap, 9%; National Defense Stockpile, 3%; unidentified and/or including
items in service, 10%.

In slag from iron blast furnaces and steelmaking, manganese is present as a minor, relatively im-
mobile component, which so far has been uneconomical to recover. Construction and road building are
main applications for these slags. Steel slag contains the greater amount of manganese.

Studies by others of global manganese fluxes and the effect of human activities on them also are dis-
cussed. One source concludes that the main effect of human activities, via deforestation and agricultural
activities, has been to increase the rate of transport of manganese to the oceans:

1Physical scientist, U.S. Bureau of Mines, Washington, DC.



INTRODUCTION

Manganese, Mn, is a metal that is a member of Group
VII of the periodic system of the clements and has an
atomic number of 25 and an atomic weight of 54.94.
Manganese is bounded within the periodic system on the
Group VI side by chromium and on the Group VIII side
by iron, cobalt, and nickel. From a chemical standpoint,
manganese.-is related very closely to iron. From a metal-
lurgical standpoint, manganese differs from iron and iron’s
atomic neighbors 1n that, although iron, cobalt, and nickel
possess useful physical properties as relatively pure metals
and readily serve as the basis of alloy systems, manganese
does not. The explanation {or the difference is that, under
normal conditions, the arrangement of the atoms in the
manganese crystal structure is such that manganese is typ-
ically a brittle and unworkable material. On the other
hand, manganese performs very useful functions when al-
loyed with iron (as in steel) and with aluminum and other
nonferrous. metals. Thus, in its principal applications,
manganese serves as an alloying element.

Manganese is also used in nonmetallic form, chiefly as
oxides such as manganese dioxide (MnO,) and manganous
oxide (MnO). The principal ore minerals consist of these
oxides combined with oxides of other elements so as to
form, for example, oxysilicates such as in braunite
[3(Mp,Fe),0,;MnSiO,]. Another important type of natu-
ral occurrence of manganese is as a carbonate:. rhodo-
chrosite (MnCO,) if pure but commoenly impure as -a
mixed carbonate. Natural ore, generally after having been
beneficiated into a concentrate, is -used to incorporate
manganese into the charge to a blast furnace for making
pig iron. More importantly, as shown in figure 1, ore
serves as the source of manganese units for smelting man-
ganese ferroalloys and manufacturing the metal and vari-
ous chemicals. Synthetic dioxide, in particular electrolytic

manganese dioxide (EMD), is perhaps the most important
chemical product. Manganese sulfate (MnSO,) is a widely
employed intermediate in manganese processing and is
used also in animal feed and plant fertilizer.

A myriad of uses of manganese other than in steelmak-
ing accounts for only a minor part of manganese consump-
tion. Natural and synthctic dioxide are used in dry cell
batteries as well -as in soft ferrites. Manganous oxide,
manganese sulfate, and manganese ‘oxysulfate (chemical
and physical combinations of the oxide and sulfate) are
used in animal feed and plant fertilizer. Potassium per-
manganate (KMnQO,) is a strong oxidizing agent used for
water treatment and other purposes. Collectively, the
amount of domestic consumption of manganese attribut-
able to nonmetallurgical uses can be estimated to have

been in the range of 5% to 10%, with the balance of 90%
or more attributable to steelmaking and other metallurgi-

cal uses.
The discussion that follows deals with-the evolution of
theé manganese industry in the United States and certain

. .environmental aspects of manganese use. This treatment

for manganese constitutes one of a series of studies that
the U.S. Bureau of Mines has initiated on the flow of ma-
terials resulting from the production and use of various
commodities. Flow patterns as of 1988 are indicated sche-
matically in figure 1 for ore extraction up to the points
at which various industries consume manganese in the
form(s) suitable for them. Further specifics are given in
figure 2. These flow patterns are assumed also to approxi-
mate closely conditions in 1990. Additional information
and details, as noted, are presented in appendix A.. An
overview of the manganese industry in foreign countries as
of about 1990 is given in appendix B.
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MANGANESE PRODUCTION AND UTILIZATION IN THE UNITED STATES

ORE

The United States has not been a significant factor in
manganese ore production because of a lack of sizable
deposits of high-grade ore. During periods of national

emergency or in response to the problems associated with
them, the Federal Government has stimulated domestic
mining for manganese and encouraged development of for-
eign deposits. As noted in a report of the National Mate-
rials Advisory Board (NMAB), "..since the turn of the
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century, domestic production rarely has exceeded a few
percent of annual consumption. Under wartime stimulus
and with a variety of incentive programs, domestic pro-
duction amounted to 23 percent of consumption during the
1916-1920 period (World War I), 13 percent in the 1941-
1945 period (World War II), and 8 percent in the 1951-
1955 period (Korean emergency)” (I, p. 11).2 The record
underlying this statement is illustrated in figure 3, which
also shows that imports of ore have been much more im-
portant than domestic production,

Selected data on historical domestic production of ore
are listed in table 1 categorized by manganese content
according to the conventions generally used in Bureau of
Mines statistics: 35% or more, manganese ore; 10% to
35%, ferruginous manganese ore; and 5% to 10%, manga-
niferous iron ore. Data for manganese content are lacking
for years prior to 1941, but, assuming the same contents
before and after content data became available, it can be
estimated that domestic production of manganese ore has
supplied a maximum of nearly 3 million tons of manganese
in the 20th century. The leading source of shipments of
manganese ore was Montana, from which shipments ended
in 1973. On the same basis, it can be estimated that the
maximum supply of manganese from domestic shipments
has approached 4 million tons for ferruginous manganese
ore and more than 2 million tons for manganiferous iron

Ytalic numbers in parentheses refer to items in the list of references
preceding the appendixes at the end of this report.

MILLION SHORT TONS
4

ore; for both, Minnesota was the leading source. These
data and the estimates based on them indicate that during
1900-90 the manganese supplied from domeéstic sources
may have totaled as much as 8.8 million tons, or approxi-
mately 13% of a cumulative U.S. apparent consumption
estimated as about 69 million tons for the same period.
Following World War II, the Government built up a
sizable stockpile of manganese materials. For example,
the inventory of all types of foreign and domestically
produced ore approached, on the basis of gross weight, 11
million tons in 1969, but has declined since for several
rcasons. This decline has included sales of excesses of
ore and, since the mid-1980’s, a Government program of
upgrading ore into ferromanganese. As of the end of
1990, ore in Government inventories consisted of about
1,800,000 tons of stockpile-grade material, less than
900,000 tons of nonstockpile-grade material, and about
16,000 tons of ore that had been sold but not yet shipped.

IRON AND STEEL INDUSTRY

As already mentioned, the iron and steel industry ac-
counts for the lion’s share of manganese consumption, typ-
ically around 90% or more. Steps that usually occur in
stecimaking are indicated schematically in figure 4, which
is from a 1985 report of the U.S. Congressional Office of
Technology Assessment (OTA) (2). Crosshatching has
been used to identify the routes by which manganese en-
ters processing sequences.
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Figure 3.—General imports and domestic production (shipments) of manganese ore; 1910-63.
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Figure 4.—Flow diagram showing the principal process steps involved in converting raw materials into the major steel product forms,
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Manganese is ubiquitous in steel and cast iron, original-
ly because of the more or less unavoidable presence of
sulfur in the raw materials from which steel and cast iron
were and are produced. The metallurgical characteristics
of the processes used in commercial production of steel
and cast iron are such that at least some sulfur ends up as
an impurity in the final products. In the absence of man-
ganese, the sulfur impurity causes hot solid steel
undergoing initial shaping to break up, a phenomenon
referred to as "hot shortness.”

Addition of manganese was found to be an-effective
and economical way of overcoming this otherwise serious
impediment to the making of usable steel articles. Dis-
covery around 1860 of this benefit of a manganese addition
was instrumental to realization of tonnage steel produc-
tion. Manganese is used in steelmaking for more than
control of sulfur. Manganese has a stronger affinity for

oxygen than iron and therefore can be employed as a mild
deoxidizer. Making an alloying addition of manganese also
can be an economical way of obtaining in steel any of
a number of metallurgical effects, such as increasing
strength, toughness, hardness, and/or hardenability. Use
of manganese as an alloying clement has become increas-
ingly significant as compared with the traditional uses of
manganese to control sulfur and oxygen (3).

The bulk of manganese consumption in steels is ac-
counted for by four main steel categories, as shown in
table 2: primarily carbon; but also stainless and heat-
resisting; full alloy; and high-strength, low-alloy. In its
1985 report, OTA assessed the average manganese content
of cach of these categories of steel as 0.65%, 1.7%, 0.75%,
and 1.1%, respectively, and the average manganese content
in steel overall as about 0.7% (2, pp. 229-232).

Table 2.—U.S. consumption, by end use, and industry stocks of manganese ferroalloys and metal in 1990

(Short tons, gross weight)

Ferromanganese Silico- Manganese
End use
3 High carbon’ ~Medium and low carbon Total manganese metal
Steel:
Carbon ................. 256,022 87,152 343,174 74,121 0
Stainless and heat-resisting . . 13,897 t 13,897 5117 3,101
Fullalloy ................ 34,883 8,612 43,495 18,013 725
High-strength, low-alloy .. ... 27,364 5,202 32,566 5,969 ¢
EBlectric ................. 0 ) h 4 ¢
Tool. oo 259 -3 262 M 46
Unspecified . ............. 134 - 639 773 231 1,815
Total steel® . ... ... ... .. 332,559 101,608 434,167 103,451 5,687
Castirons ................. 12,938 1,000 13,938 1,732 -
Superalloys ................ w — : w - 180
Alloys (excluding alloy steels ‘
and superalloys) ........... 950 w 950 w 319,047
Miscellaneous and unspecified . . 6,067 233 ‘ 6,300 2,767 510
Total consumption . ... ... .. 352,514 102,841 455,355 407,950 25,424
Total manganese content® . . . 275,000 82,000 357,000 71,000 25,000
Stocks, Dec. 31:
Consumers and producers . . . . 47,592 13,949 61,541 8,328 3.807

W Withheld to avoid disclosing company proprietary data; included with "Miscellaneous and unspecified.*
'withheld to avoid disclosing company proprietary data; included with *Steel: -Unspecified."

Uncludes estimates. '

3/\pproximataly 90% of this subtotal was for consumption in aluminum alloys.
‘internal evaluation indicates that silicomanganese consumption is considerably understated.
SEstimated based 'on typical percent manganese content (rounded).

NOTE.—Dashes indicate zeros.

Source: U.S. Bureau of Mines Commodity Annual Report for Manganese, 1990.



FERROALLOYS AND METAL

Ferromanganese, specifically the high-carbon grade that
contains nearly 80% manganese, about 7% carbon, and the
balancc mostly iron, has been the chief matenal used to

add manganese to steel. Silicomanganese, which typically.

contains about 18% silicon and 67% manganese, was dc-
veloped so that a single ferroalloy could be used to obtain
the metallurgical benefits of adding silicon and mangancse
to steel simultaneously. Silicomanganese has become the
second most important manganesc ferroalloy because of
the rise since about 1960 in the relative importance of
scrap-based electric furnace steelmaking. High-carbon
ferromanganese, -also referred to as standard or regular
ferromanganese, can be produced using either a blast
furnace or an electric furnace of the submerged arc type
commonly used also to produce ferroalloys of chromium
and silicon. Such electric furnaces are normally used to
produce silicomanganese.

Using mostly imported ores, the United States used to
be self-sufficient in production of at least the main
manganese ferroalloys. The blast furnace was used by
merchant producers and by such major steel producers as
Bethlehem Steel Co. and the then U.S. Steel Corp. as the
predominant method of making high-carbon ferromanga-
nese. “As can be seen in figure 5, domestic production
of ferromanganese was in decline in the latter 1960’s, at

1000

By furnace type

800

Blast furnace

600

PRODUCTION, 1,000 maetric tons

400

Electric furnace

ool L | L 1 1 |
1966 1967 1968 1969 1970 1971 1972 1973

Figure 5.—U.S. production of ferromanganese by furnace type,
1966-73. i
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which time merchant production was being phased out.
By the mid-1970’s, the only remaining blast furnace pro-
duction was that of US. Steel and Bethlehem Steel, and
this ended when Bethlehem Steel’s unit at Johnstown,
PA, was flooded in 1977. Since that time, production
of manganese ferroalloys has been totally by electric fur-
nace, including a small production by a fused-salt process
(Chemetals Inc: at Kingwood, WV) that; in late 1985, also
was ended by a flood.

With the demise of domestic production of ferromanga-
nese by the blast furnace process, the U.S. demand for
manganese ferroalloys has been met not by increased do-
mestic electric furnace capacity but rather by increased
imports of ferroalloys. Associated with that trend was a
decline in imports of ore. As a result, a changeover oc-
curred in 1977 in the pattern of manganese imports. Prior
to that year, the United States had imported the majority
of its mineral manganese units as ore. Since then, the ma-
jority of manganese units imported have been as ferro-
alloys and metal. The change can be illustrated by not-
ing that, in 1966, the United States imported more than
2.5 million tons of manganese ore and produced nearly
1.2 million tons of manganese ferroalloys and 134 million
tons of raw steel; the contrasting figures for 1980 were
imports of about 700,000 tons of manganese ore and pro-
duction of about 380,000 tons of manganese ferroalloys
and 112 million tons of raw steel.

It was announced in 1982 that the Federal Government
would initiate a 10-year upgrading program that had the
dual objectives of maintaining the domestic manganese fer-

“ roalloy industry and decreasing, in the interest of defense

readiness, the ore/ferroalloy ratio of the manganese mate-
rials in the National Defense Stockpile. Under this pro-
gram, quantitics of ore in the stockpile have been con-
verted domestically into  high-carbon ferromanganese,
beginning in 1984, From this program’s inception through
1990, about 627,000 tons of ore was appropriated [or
upgrading, and 343,000 tons of ferromanganese was ac-
cepted into inventory.

In 1990, Elkem Metals Co. at its Marietta, OH, plant
produced ferromanganese and silicomanganese and, as
such, was the only domestic producer of manganese ferro-
alloys. Elkem Metals, at the same plant, and Kerr-McGee
Chemical Corp., at its Hamilton, MS, plant, were the only
producers of manganese metal.

NONMETALLURGICAL APPLICATIONS

The steps involved in the processing of manganese ore
into the main chemical forms in which manganese is used
are shown schematically in figure 6. The forms indicated
collectively compose roughly one-tenth of manganese con-
sumption and are as follows: manganese dioxide (MnQO,)
for manufacture of dry cell batteries, manganous oxide
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Battery-active
MnO ,.ore (NMD)

{nsutite] ‘ ’W
rCarbonatlon =~ chemical MnO, (CMD) Ory
oxidation geltlt ‘
MnSO | , atteries
: Electrolytic
solution > Electrolysis MnO, (EYI;D)
H,S0, —! Leaching - Mn metal
—%- Preparation
. of other Mn
Y chemicals
Reduction CryslalhzatlonJ___’ MaSO, ——~ Animal feed
(roasting) > Mn0 ® and fertilizer
MnO,ore - KOH 0,

[pyrolusite] * ‘
Oxidative fusion ﬂ-—> K,MnO,

Leaching

Filtration

Electrolysis

Oxidant
uses {water
treatment, etc.)

KMnO,

Crystallization |

Figure 6.—Simplified diagram of processing and uses for key manganese chemicals.

(MnO) and manganese sulfate (MnSO,) for use in animal
feed and fertilizer, and potassium permanganate (KMnO,)
for various oxidative uses such as in water treatment. The
Bureau estimated total manganese consumption in batter-
ies in 1990 as 46,000 tons, or less than 7% of U.S. appar-
ent consumption of manganese. The Bureau also esti-
mated for 1990 that a total of 40,000 tons of manganese

was consumed in the other nonmetallurgical uses of man-
ganese. This included manganese used to darken or stain
bricks in shades ranging from brown to gray to black.
Sources of manganese included ground manganese ore and
manganiferous schist mined in South Carolina that had a
natural manganese content in the range of 5% to 15%.

MANGANESE FLOWS IN THE UNITED STATES

OVERALL ANNUAL MATERIAL CYCLE

In a report published in 1979, OTA presented material
cycles in the 1974 U.S. economy for cight metals (). The
contractor that derived these cycles was Battelle Columbus
Laboratories. The diagram for the manganese cycle is
shown in figure 7, the construction of which utilized man-
ganese data {rom the Bureau for mineral inputs, stock
changes, and ore consumption. Relationships in the metal-
lurgical industries. portion of the diagram closely followed

those in an analogous cycle constructed for iron and steel,
in view of the strong association between manganese and
the steel industry. Comparison of the manganese and the
iron and steel cycles implies steel manganese contents in
the range of 0.6% to 0.9%, depending on the -particular
item. Construction of the iron and steel cycle involved use
of data on foreign trade for steel and steel scrap. It also
entailed use of methodology developed by the contractor
in making estimates of the amount of steel in service be-
coming obsolete and losses of obsolete steel.
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According to this analysis, all of the 120,000 tons of
manganese considered to have been consumed by the bat-
tery, chemical, and miscellaneous industries was used
dissipatively and ended up being dispersed to the environ-
ment. This quantity corresponds to 8% of a U.S. apparent
consumption of manganese in 1974 of 1,492,000 tons,  as
estimated by the Bureau.

The bulk of domestic manganese consumption was by
the metallurgical industries, meaning the production and
use of iron, steel, and manganese ferroalloys and metal.
The total 1974 input of manganese to these industries was
estimated as 1,850,000 tons, including a net of 350,000 tons
from scrap recycle and export. The rate of loss 1 process-
ing this input was estimated to have been about 60%. The
processing loss of 1,100,000 tons thus estimated corre-
sponds to 74% of the Bureau’s estimate of apparent con-
sumption. Nearly all of this loss was identified to be to
slag from steelmaking.

The amount of manganese ending up in metal products
was estimated as 700,000 tons, a figure whose estimation
was dependent on estimation of the quantity of prompt
(steel) scrap. The procedures used by the contractor in
estimating the amount of prompt scrap were based on
shipments data of the American Iron and Steel Institute
(AISI) for 1974 plus use of prompt scrap generation fac-
tors developed at Fordham University by Father Hogan
and associates. ‘

The estimate of 500,000 tons as the amount of man-
ganese 1n articles becoming obsolete was based on an
estimate of the corresponding quantity for iron and steel.
This was arrived at from estimates of the accumulated
quantities of iron and steel contained in various products
and their average useful lives.” Weighted average product

‘lives were estimated as 18 years for steel and 19 years

for manganese. Estimated losses of manganese to post-
consumer solid waste (76,000 tons), corrosion and wear
(28,000 tons), and dissipative uses of obsolete articles
(48,000 tons), which gave a rounded total of 160,000 tons,
paralleled similar estimates made for iron and steel.

The estimate that 200,000 tons of manganese was re-
cycled in obsolete articles also was based on a procedure
used for making a similar estimate for the iron and steel
cycle. Deducting this amount plus the 160,000 tons. of
specified losses from the 500,000 tons of manganese be-
coming obsolete gave a remainder of 140,000 tons (calcu-
lates to 148,000 in the relevant working paper and given
as 150,000 in figure 7) that was labeled unrecovered and
unknown. ‘

Selected quantities from this manganese cycle for 1974
are listed in table 3; which also relates these quantities
to the total manganese input to metallurgical industries,
which was given an index value of 100. This table includes
for comparison a set of figures for the same quantities for
1984 as obtained by an approximate update of the 1974
diagram,

Table 3.—Flows and losses in manganese materlal cycle, 1974 and 1984

1974 1984!
Kem Quantity Quantity
Thousand Relative to input to Thousand Relative to input to
) short tons metallurgical industries  short tons metallurgical industries
Total manganese input to metallurgical
industries .. ..., ... o i 1,850. 100 801 100
Process losses in metallurgical
operations .. ..................... 1,100 59 (a) 400 {a) 50
(b) 320 {b) 40
Manganese embodied in end products . . . 700 38 (a) 403 (a) 50
(b) 483 {b) 60
Losses as obsolete batteries and
through dissipative chemical use . ..... 120 6 89 11
Losses as obsolete articles: ‘ .
Dissipative uses . .. ........... .. .. - 50 3 33 4
Corrosionand wear .. ........ ... . 30 2 34 4
Postconsumer solid waste . . ... .. ... 80 4 68 8
Unrecovered. and unknown ... .. ... ... 150 8 130 16
Total ... -~ 310 17 265 33

!{a) Denotes an assumed processing loss of 50% and (b} a loss of 40%.



In making the 1984 update, it was considered beyond
the scope of this study to follow in detail the procedures
employed by the contractor in achieving the 1974 cycle.
For expediency and other considerations, the procedures
used differed in several respects from those on which the
1974 diagram is based:

1. The metallurgical industries processing loss was arbi-
trarily assumed to decrease to 50% (case "a") in line with
the trend projected in the later OTA study published in
1985 (2). In conjunction with other assumptions, this pro-
duced a product manganese content of about 0.5%, which
seemed low. Consequently, another calculation was made
in which the processing loss was decreased to 40% (case
"b"), which produced a product manganese content of
about 0.6%.

2. Quantities of prompt scrap generated and of obso-
lete scrap recovered were obtained from the "1984 Flow of
[ron Units in the United States” diagram prepared by the
Charge Materials Committee of the American Foundry-
men’s Society (5). This committee had issued this type of
diagram annually for a number of years, but ceased doing
so as of the diagram for 1984.. The choice of 1984 for
updating the 1974 manganese matenals cycle was predi-
cated upon the availability of this diagram.

3. The quantity of iron and steel becoming obsolete in
1984 was determined by extrapolation from data developed
by R. R. Nathan Associates (RRNA) (6).

4. On a judgmental basis, average product lives
were increased somewhat, in the case of manganese to
22.5 years. This was done as a compromise with an aver-
~ age life of 25 years that OTA noted was indicated to have
been used in a 1977 study of steel scrap by RRNA.

S. In estimating losses from articles becoming obso-
lete, the loss rate for corrosion and wear was increased to
0.36% from 0.34%, as suggested in an updated study of
steel scrap by RRNA (7). Losses otherwise from obsolete
articles were assumed to be in the same proportions as in
1974.

For the 1974 and 1984 material cycles, one of the es-
sential points indicated in table 3 is that the predominant
loss of manganese occurs during processing in metallurgi-
cal operations, specifically into steel slag as already men-
tioned. For 1974, it was noted that three-fourths of the
manganese used annually was estimated to have been lost
and that two-thirds of this loss was associated with steel-
making. The rate of this loss is presumed to have de-
creased by as much as one-third between 1974 and 1984,
Considering collectively battery and chemical applications
of manganese and articles becoming obsolete, another in-
dication is that the order of magnitude of losses other than
in metallurgical operations did not change substantially
and, if anything, may have decreased. Comparing 1984
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with 1974, the decrease of more than 50% in the quantity

‘of manganese input to metallurgical operations occurred

because of the sharp decline of nearly 40% in raw steel
production combined with an increase in the efficiency of
manganese use by the steel industry. This had the effect
of increasing the relative proportion of eventual loss of
manganese as batteries, chemicals, and obsolete articles.

STEELMAKING

Analyses of manganese flows in the blast furnace-basic
oxygen furnace (BF-BOF) sequence employed by integrat-
ed steel producers were published during 1976-85 by
NMAB (I), the International Iron and Steel Institute
(1IST) (8), and OTA (2). For this steelmaking sequence,
tron ore is mined and smelted to pig iron from which car-
bon is removed in an oxygen converter prior to alloying
and final composition adjustment.

The three analyses are discussed in more detail in
appendix A. The respective manganese balances are pre- -
sented in table 4 and as a composite diagram in figure 8.
The difference of about 10% between the totals in the
table and those for the numerical averages in the figure
result from different ways of including data for slag re-
cycling. The essential point is that the processing losses
are indicated to be in the range of about 12 to 16 pounds
of manganese per ton of raw steel. For the ISI study, the
value depends on whether imbalances in the subdiagrams
for the blast furnace and the oxygen converter are includ-
ed. OTA indicated an additional small loss in casting/
finishing. The nature of this loss is not described, but
could be assumed to be such as oxide scale, grinding dusts,
and other wastes normally resulting from the shaping and
conditioning of steel, a good deal of which typically ends
up being recycled to steelmaking or put to other uses.

OTA does not emphasize, as do 1ISI and NMAB, that
nearly all the manganese loss is as a component of various
slags, most likely as manganous oxide, MnO. Flue dust is
the only other form of loss identified by IISI, which assigns
99% of losses to slag. NMAB identifies losses as only to
slag. Manganese contents are typically less than 1% in
blast furnace slag (9) and in the range of 3% to 7% in
BOF converter slag (I, p. 21) and teeming ladle slag (10).

‘Manganese losses to slag in 1990 can be estimated to
have been at least 352,000 tons, or about one-half of a
U.S. manganese apparent consumption of 695,000 tons, as-
suming ‘the average manganese content of blast furnace
slag to have been 0.3% and that of steel slag 4.0%. These
average slag manganese contents were inferred from infor-
mation in various published and unpublished sources.
Actual quantities of slag produced are not known, so that
Bureau figures for slag sold or used were taken to repre-
sent at least minimum quantities produced. These were
16,597,000 tons for blast furnace slag and 7,552,000 toas
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for steel slag (11). An allocation of pounds of manganese
lost to slag per ton of raw steel produced can be made
by relating these quantities to a raw steel production of
98.9 million tons. Estimated this way, the slag manga-
nese loss was 7.1 pounds per ton of raw steel, of which
1.0 pound was in blast furnace slag and 6.1 pounds was in
steel slag. The estimated total loss is in the vicinity of
roughly 50% of those already discussed in the three analy-
ses of integrated steelmaking.

In 1990, about 60% of domestic steel production was by
the BF-BOF rou‘e depicted. All other production took

- place in scrap-based electric arc furnaces (EAF’s) with the

exception of a small quantity of steel produced in open-
hearth furnaces. By the end of 1991, open-hearth furnace
production had ceased. A manganese flow diagram similar
to those for integrated steelmaking seemingly has not been
developed for EAF steelmaking. Compared to BOF steel-
making, EAF steelmaking tends to retain more manganese
and make products with generally higher carbon contents.

Table 4.—Manganese balances for integrated steel production

{Pounds of manganese per ton of raw steel)

OTA sl NMAB
INPUTS
Ironofe, tC. .............. . ... .. 9.65 8.86 17.70
Manganese ofe ............... .. .. 1.42 3.06 A
Purchasedscrap ................... 373 . 4.16 4.10
Mn ferroalloys ................. ... 11.92 9.60 12.00
Home scrap from casting/finishing . . . . .. 3.1 — —
BOFSIAQ - .. oovee oot &) 4.20 6.50
Total .. ... ... .. . . ... 29.83 29.88 30.30
OUTPUTS, GROSS
BF slag/dust ... ... ... ... ... .. 277 2.84 210
BOF slag/dust . ... .......coooon.. 1111 Y278 “16.20
Ladle waste/slag ............. ... .. 2.14 1.00 -
BFimbalance .. ........... . ... ... - 1.80 -
BOF imbalance . ................... — 1.26 -
Total nonstee!l . .................. 16.02 19.68 18.30
Rawsteel ....................... .. 13.80 10.20 12.00
Grandtotal . ................ .. 20.82 29.88 30:30
‘ PROCESSING LOSSES
BF stag/dust .. .............. ... .. 277 2.84 2.10
BOF slag/dust . . ................. .. 11.11 8.58 9.70
Ladle waste/slag™ ..........7....... .. 2.14 1.00 -
Total ... ....coiihiiii 16.02 12.42 11.80
Additions for imbalances, 1Si:
BF imbalance ........... ... .. ... - 1.80 -
BOF imbalance . ................. — 1.26 -
Adjusted total . .. .. ... .. .. 16.02 15.48 11.80

lincludes manganese ore.
4ncluded with iron ore.
38 44 not recycled.

43,70 not recycied.

NQOTE.—Dashes indicate zeros.

Source: Based on data of OTA {reference 2, 1985}, lIS! (reference 8, 1980), and NMAB

(reference 1, 1976).
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inputs Processing losses
Numerical Numerical
average average
9.8 Iron and manganese ore Blast furnace slag/dust
-» Integrated steel - 24
7.7-11.9 ‘ 2.1-2.8
- Purchased scrap . .
4.0 ' production: Converter slag/dust
3.7-42 9.8
Blast furnace 8.6-11.1
Manganese ferroalloys
10.8 Ladle slag/waste
9.6-12.0 and L R
‘ ‘ XX-2.1
1.6 Home scrap ﬂ oxygen converter imbalances (lISl)
. o 16
XX-3.1 XX-3.1
149
Slag from steelmaking Raw steel 5.0
4.2-6.5 10.2-13.8
26.2 26.9

XX-Not Applicable

Figure 8.—Composite of manganese balances for integrated steel production in pounds of manganese per ton of raw steel. Based
on data of OTA (reference 2, 1985), !ISI (reference 8, 1980), and NMAB (reference 1, 1976).

Information from one EAF producer indicates that the
main features of an overall manganese balance for their
operations would not differ drastically from those repre-
senting BF-BOF steelmaking: (1) Total manganese input/
output is quite comparable, (2) input of manganese units
is about equally divided between scrap and ferroalloy
(silicomanganese), and (3) loss of manganese to slag is
comparable, possibly slightly less (12).  This EAF opera-
tion is accompanied by a loss of manganese from the fur-
nace in dust in an amount corresponding to about 6% of
the manganese units contained in the scrap charge. It
would be anticipated'that almost all of this dust, which for

this particular plant had an average manganese content of
about 2%, would be captured in the pollution control sys-
tems of the melt shop. :

MANGANESE FERROALLOYS AND METAL

The nature of operations in 1990 at the two domestic
plants will be discussed only qualitatively to avoid disclos-
ing proprietary data, production, and capacities. Addition-
al information relevant to these operations can be found
in appendix A.
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Processing of manganese ore into ferroalloys by Elkem
Metals was by what is commonly referred to as an inte-
grated scheme whereby slag from the production of ferro-
manganese constituted part of the feed to silicomanganese
production. The nature of this scheme and the associated
complex and interrelated material flows are illustrated in
figure 9, in which one portion depicts operations at Japan
Metals and Chemicals Co. (JMC) in the 1970’s and anoth-
er at Elkem Metals’ sister plant at Sauda, Norway, in the
1980’s. Both at Sauda and Marietta, production of high-
carbon ferromanganese and silicomanganese was accom-
plished in electric furnaces and medium-carbon ferro-
manganese was produced by refining liquid high-carbon
ferromanganese in an oxygen converter ("MOR process”).

In 1990, Elkem Metals: was engaged at Marietta in
conversion of manganese ore from the National Defense
Stockpile into high-carbon ferromanganese. In that year,
about 56,000 tons of ferromanganese was accepted into
stockpile inventory, although the annual level of such
conversions was more typically around 70,000 tons of prod-
uct. Besides high-carbon ferromanganese, Elkem Metals
additionally produced medium-carbon ferromanganese and
silicomanganese. Any ore used other than that from the
stockpile was from foreign sources. Typically, the tons of
ore used would have been about twice the tons of ferro-
alloys produced. The output of the plant can be con-
sidered to consist of ferroalloys suitable for use in steel-
making, fine particles of ferroalloys referred to simply as
fines, slag, and dust. ,

In a plant of this type, overall recovery of manganese in
ferroalloys can be taken as about 85%. In single furnace
plants, the recovery would be lower at about 75%. A high
percentage of the manganese ferroalloys produced is con-
sumed in steelmaking. Relatively small quantities are con-
sumed in iron foundries and such other activities as manu-
facture of welding fluxes and rods. Fines are reprocessed
by charging them back into the electric smelting furnaces,
by making them into briquettes for uses similar to those
for lump material, and by selling them for a variety of
uses, such as manufacture of fluxes and manganese-
bearing materials used in agriculture.

In producing manganese metal, Elkem Metals and
Kerr-McGee used an' electrolytic process for extracting

manganese. Annual capacities in 1990 of the two domestic

metal plants have been given as about 12,000 tons for
Kerr-McGee and 11,000 tons for Elkem Metals (13, p. 37).
Starting with either ferromanganese slag at Elkem Metals
or with (imported) ore at Kerr-McGee, a manganese-
bearing solution is produced by a sulfuric -acid leach.
After various purification steps, this solution is electrolyzed
to plate out manganese on a cathode from which it is re-
moved as thin flakes. Final products are obtained by
washing the flakes or by grinding them into powder. As

of the 1960’s, overall yiclds were in the vicinity of 80%
(14) and presumably have been improved since. Process-
ing wastes consist of such items as leaching residues, filter
cakes from purification, and:solutions that go to settling
ponds.

The largest application of manganese metal is in alu-
minum alloying, particularly the alloys from which items
such as beverage cans and siding are made. In modern
technology, the predominant form in which maoganese is
added to molten aluminum is as a briquette (typically 75%
manganese, 25% aluminum) made by compacting powders
of the two metals. In 1990, the amount of manganese
metal used by the steel industry was about one-third as
much as by the aluminum industry, as indicated in table 2.
Because use of manganese metal, as opposed to a ferro-
alloy, is a relatively expensive way of adding manganese,
the metal is added in steelmaking as a "trimming addition”
to adjust. final composition, particularly when an increase
in carbon content is not permissible.

Manganese added to steel as metal becomes indistin-
guishable from manganese added using ferroalloys, and,
in either case, the chemistry associated with the steel-
making cycle is such that the manganese addition made
during a previous cycle can be thought of as lost during
the next cycle. By contrast, manganese alloyed with alu-
minum accumulates upon aluminum recycling, as with bev-
erage cans, so that it may become necessary to add alu-
minum rather than manganese to achieve the desired final
composition.

Other, relatively minor uses of manganese metal are in
alloying with other nonferrous metals, principally copper;
as feed material for chemicals manufacture; and manufac-
ture of welding rods and. fluxes.

NONMETALLURGICAL APPLICATIONS

Quantitative estimates of the amount of manganese as-

‘sociated with flows during stages in the various nonmetal-

lurgical uses of manganese cannot be given because in
each case doing so could reveal proprietary data pertaining
to the limited number of companies involved.

" Dry Cell Batteries

Stages in the domestic manufacture and usage of dry
cell batteries. containing manganese dioxide occurring natu-
rally (NMD) and/or synthetic dioxide prepared electro-
lytically (EMD) or chemically (CMD) are sketched in fig-
ure 10. EMD was the only one of these forms of dioxide

_that was produced domestically for use in batteries in

1990. EMD producers in that year, with a combined an-
nual capacity:of about 40,000 tons, were Chemetals Inc.
at New Johnsonwille, TN; Kerr-McGee Chemical Corp. at
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Figure 9.—Materials flow in Integrated production of manganese ferroalloys.
Upper diagram: ‘Japan Metals and Chemicals Co. (Source: T. Tomioka,

M. Misawa, and T. Hanano. An Integrated Production System for Manganese
Ferroalioys. INFACON 74. Johannesburg, The South African Institute of Min-

ing and Metallurgy 1974, p. 129); lower diagram: Eikem A/S (Source: Min.
Mag., v. 156, No. 6, June 1987, p. 491). .
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Imported ore

of EMD

Imported NMD, CMD

Battery
manufacture

Exports

Consumption

Extraction
waste/loss

Processing waste/loss

Post consumer
discards

i Releases to land, water

Landfills, impoundments

Full diagram applies to electrolytic manganese dioxide (EMD).
Dashed portions apply to natural (NMD) and chemical (CMD) manganese dioxide.

Figure 10.—Flow diagram for manganese use in dry cell batteries.

Henderson, NV; Eveready Battery Co. at Marietta, OH;
and Rayovac Corp. at Covington, TN. EMD imports in
1990 were about 7,700 tons. The sequence of steps for
processing manganese ore-into EMD and physical form of
the product are much the same as for manganese metal.

The other forms of dioxide for battery use were
imported in 1990. CMD, including any for battery use, has
been imported regularly from the manganese chemicals
plant of Sedema SA, sister company to Chemetals, in Bel-
gium. During the 1980’s, the annual level of these imports
averaged about 1,100 tons within a range of about 400 to
2,000 tons. Chemetals had a facility at Baltimore, MD,
with an annual capacity of about 6,000 tons for CMD, but
the dioxide produced was for nonbattery applications,
Battery-active: NMD of domestic origin has not been
shipped domestically since 1968. Because the tariff system
distinguishes manganese ore only on the basis of its

manganese content, the level of NMD imports cannot be
determined but is believed to be small. Export quantities
for the three forms of dioxide cannot be stated with any
precision,

In 1990, practically all domestic manufacturing of man-
ganese batteries was by three companies: Duracell Inc,,
Eveready, and Rayovac. Duracell' made only the alkaline
type of battery, which requires EMD as active agent, as
opposed to carbon-zinc batteries, which employ NMD in
the battery mix-and are declining in consumer preference.
Data from investigations by the U.S. International Trade
Commission in the 1980’s into charges of dumping of
EMD in the United States indicated U.S. apparent con-
sumption of EMD was, in tons, 41,500 in 1985, 45,500 in
1986, 44,300 in 1987, and 47,300 in 1988 (15). In terms of
manganese content, these quantities would convert to an
average of about 27,000 tons:.



Ignoring net foreign trade, the ultimate destination of
manganese batteries is to waste disposal at the end of a
life after manufacturing averaging about 2 years (6). In
1990, at best only a few local programs existed whercby
manganese-containing batterics were recycled. The main
impetus for recycling household batteries was their mer-
cury content, although, as of 1990, for batterics based on
NMD, this content had been reduced to zero and had
been lowered to 0.025% for alkaline batteries, with the
prospect of also being reduced to zero within a few years.
Manganese yields in battery manufacture are not knowan;
wastes consist of scrapped or rejected MnO,-bearing mix.
Wastes from EMD manufacture are similar to those from
the production of metal; i.e, leaching residues, filter cakes,
and solutions going to settling ponds.

Brick Coloring

The amount of manganese used for this purpose in
1990 is estimated to have been only a few percent of U.S.

Imported ore, ore
from Government
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apparent consumption. In general, ground ore would have
been of foreign origin, aithough, as indicated in figure 11,
ore for brick coloring was béing obtained from Govern-
ment stockpiles, some of which may have been of domestic
origin. Ore from Morocco (Imini Mine) has traditionally
been a preferred material for brick coloring.

The manganese addition to brick can be either a sur-
face or a body addition. Spraying is one of the methods
used to color just the surface and tends to be the practice
for bricks used in residential construction. For bricks used
in commercial construction, the tendency is to add manga-
nese to the mix being extruded into shapes in order to
achieve coloring throughout the body. Once the brick has
been fired, the addition is essentially permanent, although
some can be leached ("staining”) if improper methods are
used to clean the brick, as with hydrochloric acid.

Release of manganese to the environment from the
making and use of brick is believed to be insignificant.
Losses at the mine site are localized and become a compo-
nent of backfilling and reclamation. A low percentage of

Mining of
manganiferous ore

Extraction

Processing
waste/loss

waste/loss BN

Landfills, impoundments

Consumption
(residential,
commercial)

Brick
manufacture

Processing
waste/loss

Potentially recyclable material

Releases to land. water

. Figure 11.—Flow diagram for manganese use in brick coloring.
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the total brick used is recycled as "used brick” for building
purposes. Otherwise, wastes from brickmaking and build-
ing construction and demolition go to landfill as inert ma-
terial.  The "life” of a brick typically is indefinite, es-
seatially determined by the life of the building in which it
is used.

Animal Feed and Plant Fertilizer

Manganese is used in animal feed to supply an essential
element and to fertilize plants to avoid or correct the ef-
fects of soil deficiencies. The quantity of manganese used
for these purposes domestically in 1990 is estimated to
have been about the same as for brick coloring; i.¢, only a
few percent of apparent consumption. ‘

The basic forms of manganese used were manganous
oxide-(MnO), manganese sulfate (MnSQ,), and manganese
oxysulfates that were ecither physical or chemical com-
binations of MnO and MnSQO,. These materials are solids,
except that the sulfate was available as a dilute solu-
tion that was a byproduct of ferroalloy operations. As
indicated in figure 12, the manganese units for these

Imported ore

- [re grinding, |Lgy
~ - |__roasting =

materials were ultimately obtained from foreign countries
as manganese ore or manganese sulfate. Ore was ground
and roasted to produce MnO that was used in that form
or to manufacture the sulfate and oxysulfate. Alternative-
ly,- manganese units to make the sulfate and oxysulfate
could be obtained from ferroalloy fines and dusts. Man-
ganese sulfate had been predominantly an item of domes-
tic manufacture until Tennessee Eastman Co. ceased in
1986 to produce it at Kingsport, TN, as a byproduct from
manufacture of hydroquinone. .

Agricultural use of manganese can be considered as
totally dissipative. Chief applications in animal feed are
for poultry and livestock. Common uses in fertilizer, di-
rectly or as a micronutrient, are in the growing of citrus
plants and soybeans. The main areas of fertilizer use in
the United States are the South Atlantic and East North
Central States.

Permanganates and Other Chemicals

Domestic consumption of manganese for production of
manganese. chemicals other than those already discussed

onsumption,

directly and
as blends

... ... |(Dissipative use)

fines, Mn-
bearing dust

Processing
waste/loss

Potentially recyclable material §

Landfills, impoundment

Releases to air,
land, water

Figure 12.—Flow diagram for manganess use in animal feed and plant fertilizer.



is estimated to be less than that for either brick coloring
or agricultural uses. Potassium permanganate is possibly
the most economically significant of these other manga-
nese chemicals. The flowchart for its manufacture has
already been given in figure 6. The only domestic pro-
ducer of the permanganate is Carus Chemical Co., La
Salle, I, whose annual capacity as of 1990 was about
16,000 tons (/7). While Carus has been the dominant
supplier to the U.S. economy, imports, particularly those
from China and Spain, have concerned Carus sufficiently
in the 1980’s to cause Carus to seek tariff relief from the
Federal Government {(18).

The variety of manganese chemicals produced and their
uses includes manganese borate used as varnish dryer,
manganese citrate and hypophosphite used as dietary
supplements, manganese phosphate-used to rustproof iron
and steel surfaces, and manganese salts of organic acids
(such as manganese resinate) used in leather tanning and
as a mordant in dyeing (19). Information about these and
such other diverse uses of manganese as fungicide and as
catalyst in organic reactions are given in a 1977 book (20).
These uses are all considered to be dissipative. The
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main forms in which manganese is released to the environ-
ment during chemicals manufacture appear to be as unre-
acted ore and dilute concentrations of salts in effluent
from waste treatment plants.

CUMULATIVE

The Bureau has been calculating U.S. annual apparent
consumption of manganese for many years by means of
the basic relation whereby apparent consumption is equat-
ed to domestic mine production plus shipments of Govern-
ment stockpile excesses plus imports minus exports plus
the net change in industry and Government stocks. This
has been done on the common basis of manganese con-
tent, either actual or as estimated depending on the data
available. The results for 1980-90 are shown in table 5,
which includes the estimated distribution of consumption
among principal categories of end uses. In this and other
similar tables for manganese published by the Bureau, ap-
parent consumption is synonymous with either "Industrial
demand” or "Total U.S. primary demand” because recycling
explicitly for manganese has been insignificant.

Table 5.—U.S. manganese supply-demand relationships, 1980-90'

(Thousand short tons, manganese content)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990
COMPONENTS AND DISTRIBUTION OF U.S. SUPPLY
Domestic mines® ... ... ... ... 23 24 4 4 11 2 1 2 1 1 1
Shipments of Government stockpile
BXCESSOS . .. ... 159 128 28 35 10 91 8 105 -2 6 22
Imports, ore and dioxide® ... ... ... .. 330 301 111 178 180 204 237 181 262 303 169
Imports, ferroalioy and metal .. ... ..... 530 615 430 364 426 405 452 422 581 553 505
Industry stocks, Jan. 1 .. ............. 749 710 702 576 463 420 380 315 279 316 324
Total US, supply . .. ... ov .. 1,791 1,778 1275 1,457 1,090 ~ 1,122 1,078 1,025 1,12t 1,167 1,021
Distribution ef U.S. supply:
Industry stocks, Dec. 31 ... ... ... .. 710 702 576 462 420 380 315 279 316 324 266
Exports, 016 . ... ... ... 26 32 14 10 30 K3 23 38 35 29 46
Exports, ferroatloy and metal . ....... 26 17 13 17 13 13 10 ] 18 17 14
Industrial demand . ............ ... 1,029 1,027 672 668 627 698 730 699 752 797 695
: U.S. DEMAND PATTERN®
Appliances and equipment . .. .... ... .. 49 51 30 33 36 32 27 k3| 19 12 10
Batteries . ..... .. ... oL 17 16 21 25 34 39 43 43 48 45 46
Cans and containers . . .............. 49 46 3 28 38 35 K| 35 K] 23 24
Chemicals' .. ... ... ... ... . ... ..., 50 50 29 22 k2] 22 23 44 46 43 40
Construction . ... ......... ... .. ... 243 252 152 151 170 164 148 165 244 152 152
Machinery ... .. ... ... .. ... . 0. C167 . T 92 90 97 - 78 65 77 110 83 82
Oil and gas industries .. ............. 79 89 40 28 36 34 25 30 21 10 15
Transportation . ... .. ............... 214 214 115 129 139 124 95 105 102 54 50
Other .. ... ... T 161 138 162 162 43 170 273 169 131 375 276
Total U.S. primary demand . ... ... 1,029 1,027 672 668 627 698 730 699 752 797 695

'Where available. data for manganese dioxide included beginning in 1984.

Hncluding manganiferous ore.
3New series for steel-related end uses beginning in 1989

YIncludes miscellaneous nonmetallurgical uses of ore beginning in 1987.
SNot specifically based on reported data; includes processing losses. Through 1988, the distribution within this category is approxi-
mately the same as for end uses above. Beginning in 1989, includes nonidentified uses of steel corresponding to about one-third of total

steel shipments

Source: U.S. Bureau of Mines Commodity Annual Report for Manganese, 1991.
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The results of apparent consumption calculations for
1960-90 are given in table 6 for only the components and
distribution of supply, along with totals for this 31-year
period. The summation indicates that a manganese ap-
parent consumption of 33,544,000 st during this time
interval was achieved by, in units of thousand short
tons, net imports (imports minus exports), 29,027; ship-
ments of Government stockpile excesses, 2,090; domestic
mines, 1,245; and decrease in industry stocks, 1,182 (1,448
- 266). The percentages of the total were 86, 6, 4, and 4,
respectively. ‘

Because of the high dependence of manganese demand
on steel production, it is to be expected that trends in
U:S. apparent consumption '(AC) would have a close

relationship to trends in raw steel production (RSP). Data
for these quantities 1n 1901-90 are listed in table 7. The
apparent consumption data in this table for 1951-90 either
have been published previously (1960-90) or have been
obtained using the same type of data (1951-59). Those for
1901-50 are from an internal Bureau tabulation whose
bases of calculation may not have been precisely the same
as those for 1951 and later. The table contains a column
for the ratio of apparent manganese consumption to raw
steel production (AC/RSP). Because of the possibility
that this ratio could itself be dependent on the level of
steel production, this table includes an additional column
giving the ratio between the AC/RSP ratio and raw steel
production,; i.e., AC/(RSP)%

Table 6.—U.S. manganese supply and abparent consumption, 1960-90!

(Thousand short tons, manganese content)

Inputs Outputs Appar-
Vear industry  Domestic Shipments of imports Total Exports Industry ent
stocks, mines? ~ Government stock- Oreand  Ferroalloy SUPPY  Ore  Ferrcalioy stocks, con-
Jan. 1 pile excesses dioxide'  and metal and metal  Dec. 31 s:;nnp-

1960 .... 1,448 117 -353 1,215 103 2,530 3 3 1,447 1,077
1961 ... 1,447 78 -570 988 184 2,127 4 3 1,278 842
1962 .... 1,278 73 -328 } 933 145 2,101 4 5 1,114 978
1963 .... 1,114 94 -188 993 132 2,145 4 2 1,043 1,096
1964 .... 1,043 79 -99 984 170 2,177 7 6 948 1,216
1965 . ... 948 83 . -10t 1,221 211 2,362 7 5 q77 1,373
1966 .... 977 88 -53 1,223 221 2,456 8 2 1,093 1,353
1967 .... 1,093 73 52 978 193 2,389 8 3 1,171 1,207
1968 .. .. 1,171 48 73 870 183 2,345 10 5 1,180 1,150
1969 .... 1,180 93 50 ; 992 257 2,572 10 4 1,241 1,317
1970 .. .. 1,241 66 140 847 238 2,532 10 20 1,175 1,327
1971 . ... 1,175 38 118 938 212 2,481 25 ] 1,281 1,170
1972 .. .. 1,281 29 218 793 305 2,626 12 7 1,241 1,366
1973 ... 1,241 31 242 722 336 2,572 29 11 978 1,654
1974 .. .. . 978 35 807 593 376 2,789 107 7 1,183 - 1,492
1975 ... 1,183 19 ‘ 308 766 346 - 2,623 125 6 1,359 - 21,133
1976 .... 1,359 31 294 649 478 2,811 64 10 1,373 1,364
1977 ... 1,373 27 358 454 481 2,693 69 9 1,092 1,523
1978 .... 1,092 38 279 278 604 2,291 100 17 811 1,363
1979 .. .. 811 K} 264 244 708 . 2,058 29 30 748 1,250
1980 . ... 749 23 159 330 530 1,791 26 26 710 1,029
1981 .. .. 710 24 128 301 615 1,778 32 17 702 1,027
1982 .. .. 702 4 28 111 430 1,275 14 13 576 672
1983 . ... 576 4 35 178 364 1,157 10 17, 462 668
1984 .. .. 463 11 10 : 180 426 1,090 ° 30 13 420 627
1985 ... 420 2 91 204 405 | 1,122 31 13 380 698
1986 . ... 380 1 8 237 452 1,078 23 10 315 730
1987 . ... 315 2 105 181 422 1,025 38 g 279 699
1988 .. .. 279 1 2 . 282 581 1,121 35 18 316 752
1989 .. .. 316 1 £l 303 553 1,167 29 17 324 797
1990 .... - 324 1 22 169 505 1,021 46 14 266 695
Summation 1,448 1,245 2,090 19,137 11,166 35086 949 327 266 33,544

'Where available, data for manganese dioxide included beginning in 1984,

ZIncluding manganiferous ore.



Table 7.—Relationships between manganese apparent consumption (AC) and raw steal

production (RSP}, 1901-90

Year AC RSP 10° x ratio of 10° x ratio of
{thousand short tons) ~ {million short tons) AC/RSP AC/(RSP)?
1901 . ... ... 115 14.78 7.78 0.526
1902 ... ....... 174 16.40 10.61 647
1903 . ... ... 191 15.87 12.04 .758
1904 ... ... ... 110 15.21 7.23 475
1905 .. ... .. 196 21:.88 8.96 409
1906 . ... ... .. 230 25.44 9.04 .355
1907 .. ... ... 259 25.38 10.20 .402
1908 . ... ....... 213 15.38 13.85 .900
1909 . .......... 193 26.22 7.36 .281
1910 ... ... ... 282 28.33 9.95 .351
1911 .. 248 25.94 9.56 .369
1912 ... 21 34.08 6.19 .182
1913 ... ... ... 372 34.00 10.91 .320
1914 ... ... 288 25.61 11.28 .439
1915 ... 261 35.18 7.42 211
1916 . .......... 530 46.79 1133 242
1917 ... 727 49.79 14.60 .293
1918 .ot 789 49.01 16.10 .328
1919 ... .. ... 485 38.10 12.73 334
1820 ........... 608 46.18 13.17 .285
1921 ..o 246 21.64 11.37 525
1922 ... ... 437 38.95 11.22 .288
1923 ... ... ... 421 49.02 8.59 75
1924 . ....... ... 502 41.45 12.11 292
18925 ........... 637 49.70 12.82 .258
1926 . ......%... 622 52.90 11.76 222
1927 ... ... 589 49.27 11.95 .243
1928 . .......... 498 56.62 8.80 155
1929 . ... ... ... 597 61.74 9.67 157
1930 ........... 425 44.59 9.53 214
1931 . ... ... 257 28.61 8.98 314
1932 ... ... 88 15.12 5.82 .385
1933 . ..., ... 227 25.72 8.83 .343
1934 ... ... 262 29.18 8.98 308
1835 ........... 342 38.18 8.96 .235
1936 .. ... ... 637 53.50 11.91 .223
1937 ........... 710 56.64 12.54 221
1938 ........... 342 31.75 10.77 .339
1939 ........... 556 52.80 10.53 199
1940 ........... 899 66.98 13.42 .200
1941 ... L. 1,059 ' 82.84 12.78 154
1942 ... ... 1,091 86.03 12.68 147
1943 ... L. 1,045 88.84 11.76 132
1944 . ... ... .. 952 89.64 10.62 118
1945 .. ... ..., 921 79.70 11,56 .145
1946 . ... ... ... 959 ‘ 66.60 14.40 216
1947 ... .. ... 871 84.89 10.26 121
1948 .. ... ... ... 981 88.64 11.07 125
1949 .. ...... ... 879 77.98 11.27 145
1850 .. ......... 1.170 96.84 12.08 125
Average, 1901-50 .. X X 10.75 X
1951 ... .. 1,215 105.20 11.55 110
1952 .. ... 1,070 -93.17 11.48 123
1953 1,222 111.61 10.95 .098
1954 ... .. ... .. 794 88.31 8.99 . 102
1955 ... ... ... 1.237 117.04 10.57 .090
1956 . ... oL 889 115.22 772 067
1957 ... ... 1,267 112.71 11.24 100

See footnote at end of table.



Table 7.—Relationships between manganese apparent consumption (AC) and raw steel
production (RSP), 1901-90—Continued :

Year AC RSP 10° x ratio of 10° x ratio of
{thousand short tons)  {million short tons) AC/RSP AC/(RSP)?

1958 .. ... ... ... 953 85.25 11.18 0.131
1959 .. .. ... ... 1,061 93.45 11.35 121
1960 ........ ... 1,077 99.28 10.85 109
1961 ........ ... 842 98.01 8.59 .088
1962 ........... 978 98.33 - 9.95 101
1963 ........... 1,096 109.26 10.03 .092
1964 ........... 1,216 127.08 9.57 .078
1965 ........... 1,373 131.46 10.44 .079
1966 ........... 1,353 134.10 10.09 075
1967 ........... 1,207 127.21 9.49 075
1968 ........... 1,150 131.46 8.75 .067
1969 ........... 1,317 141.26 9.32 .066
1970 ........... 1,327 131.51 10.09 ) .or7
1971 .. ... 1,170 120.44 9.71 .081
1972 . ... ... .. 1,366 133.24 10.25 .077
1973 . ... ... 1,554 150.80 10.31 .068
1974 .. ... ... ... 1,492 145.72 10.24 070
1975 ... ... ... 1,133 116.64 9.71 .083
1976 ......... .. 1,364 128.00 10.66 .083
1977 ... 1,523 125.33 12.15 097
1978 ........... 1,363 137.03 9.95 073
Average, 1951-78 .. X X 10.18 X
1979 ... ... ... 1,250 136.34 ' 9.17 067
1980 ........... 1,029 111.84 9.2 082
1981 ........... 1,027 120.83 8.50 .070
1982 ........... 672 74.58 9.01 121
1983 ........... 668 84.62 7.89 .093
1984 ........ ... 627 92.53 6.78 .073
1985 ........ ... 698 88.26 7.91 .090
1986 ........... 730 8161 - 8.94 110
1987 ........ .. 699 89.15 7.84 .088
1988 ........ ... 752 99.92 7.53 075
1989 ........... 797 97.94 8.14 .083
1990 ......... .. 695 98.91 7.03 071
Average, 1960-90 . . X X X .083

- Average, 1901-90 . . 766 75.34 10.17 135
Cumulative, 1901-80 68,957 ‘

6,780.67 X X

X Not computed.”

These two ratios are plotted as-a function of time in
figure 13. Scatter in the AC/RSP versus time plot appears
to be greatest for years prior to 1951, and also the value
of AC/RSP averaged over 1901-50 is slightly greater than
the average for 1951-78. The dropoff after 1978 is another
indication of the changes in efficiency of use of manganese
in steelmaking that occurred beginning at about that date.
Scatter is less in the AC/(RSP)? time plot, in which this
second ratio appears by the mid-1950’s to have reached
roughly an asymptotic value suggestive of an empirical
relationship, AC = 10° x (RSP)?/12.

The reasonable consistency of the apparent consump-
tion data for 1901-90 allows an overall assessment to be
made of the disposition of manganese consumed in the
United States for that time interval, which is summarized
in table 8 and diagrammed in figure 14. Figure 15 por-

trays U.S. cumulative raw steel production in 1860-1991

and shows that the predominant quantities of steel were
made in open-hearth furnaces and then the basic oxygen
furnaces that superseded them. The data upon which this
figure is based indicate that 98.5% of the steel produced
between 1860 and 1990 was produced in 1901 and later
years.
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Figure 13.—Relationships between manganese apparent consumption (AC) and raw stee! production (RSP), 1901-90.

Other than cumulative raw steel production and man-
ganese apparent consumption, the quantities in table 8
were obtained as follows:

1. Cumulative losses to iron and steel slag: From
information previously presented in the section on the iron
and steel industry, it was assumed that, on average and for
at least most of the period, the rate of loss of manganese
to slag could be taken as 14 pounds of manganese per ton
of raw steel produced. This gives a factor of 7 x 10 tons
of manganese per ton of raw steel that when applied to a
cumulative raw steel production of 6.78 billion tons (1901-
90) calculates to 47.5 million tons of manganese in slag
exiting the steelmaking cycle.

2. Manganese contained in obsolete ferrous scrap: The
size of the reservoir of steel scrap potentially available to
steelmakers has been estimated as 683 million tons as of
the end of 1981, which increased at an average annual rate
of about 18 million tons during 1976-80 (7). Assuming
that this inventory increased at the same average rate

during 1982-90 as in the immediately preceding 5-year
period, the inventory at the end of 1990 would have been
845 million tons. The manganese contained in this in-
ventory can be estimated as 5.9 million tons assuming its
average manganese content to have been 0.7%.

3. Cumulative dissipative losses: As already discussed,
uses of manganese other than in steelmaking (i.e., in bat-
teries, brick coloring, animal feed, plant fertilizer, and so
on) have been inherently dissipative. Collectively, they
have been accounting for roughly 10% of manganese con-
sumption, so that the cumulative loss for these uses is
taken as one-tenth of total consumption, or 6.9 million
-tons. ’ )

4, Manganesc content of the National Defense Stock-
pile: This quantity is included because stockpile transac-
tions are a part of the apparent consumption calculation.
As of the end of 1990, the .quantity of manganese con-
tained in the various manganese materials being held in
Government inventories was estimated as 2.0 million tons.



Table 8.—Disposition of manganese consumed in the United States, 1901-90

(Miition short tons; manganese in terms of contained manganese)

Quantity Proportion of cumulative man-

ganese apparent consumption
Cumulative raw stee! production . ............ 6,780 NAp
Cumulative manganese apparent consumption . . 69.0 100%

" Estimated disposition of manganese:

Cumuiative losses to iron and steel slag . . . .. 47.5 69%
Contained in obsolete ferrous scrap, 1990 . .. 59 9%
Cumulative dissipative losses . ............ 6.9 10%
Contained in National Defense Stockpile, 1990: 20 3%
Accountedfor ............c0enennn 62.3 190%,
Notaccounted for ................... 6.7 10%

NAp - Not applicable.
!Data da not add to subtotal shown because of independent rounding.

U.S. apparent consumption of manganese, 1901-90

National
Defense
Stockpile . v
| - Metallurgical
industries
‘Batteries,
chemicals, other,
475 5.9 6.9
69% 4 9% 4 10%
Not accounted for;
could include ‘
steel in service Iron and Obsolete Dissipative
steel slag ferrous scrap losses

Figure 14.—Disposition of manganese consumed in the United States 1901-90 in million short tons of manganese content
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Figure 15.—-Cumulative U.S. raw steel production by process, 1860-1991.

The data in table 8 suggest, perhaps with greater im-
plied than real accuracy, that 90% of U.S. manganese con-
sumption can be assigned to readily identifiable categories,
leaving only 10% to be assigned to unidentified processing
and other losses or to factors not considered in the con-
struction of this table. Referring to the 1974 manganese
materials cycle already discussed, manganese contained in
articles in service could be at least a portion of the 10%
not accounted for. In this connection, it can be noted that
the 6.7 million tons of manganese in this category is
roughly 10 times the annual U.S. apparent consumption of
manganese of the early 1990’s. Accordingly, this quantity
corresponds to approximately 10 years of domestic raw
steel production at an annual level in the vicinity of 90 mil-
lion tons, for a total of nearly one billion tons.

The most important ultimate destination of the man-
ganese utilized is iron and steel slag. = According to the

estimates given in table 8, a quantity of manganese equal
to about two-thirds of the manganese units being con-
sumed domestically ultimately becomes more or less im-

mobilized as a minor component in slag from iron and

steelmaking. These slags are used in construction, road

“building, and for other purposes. From time to time, ef-

forts have been made by the Burcau of Mines and others
to develop technology for recovering manganese from steel
slags because they represent a potential resource of a stra-
tegic and critical material (21). In World War II, the
Germans turned to slag for a source of manganese much
needed by their military, at which time the manganese
content of steel slags was about twice that in slags from
modern oxygen steelmaking. However, ferrous slags are
relatively inert, and a commercial method of récovering
manganese from them has not been developed, nor seems
likely to be. '
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FLOWS FROM NATURAL CAUSES AND EFFECT OF HUMAN ACTIVITIES

[nterest has been growing in comparing how the cycling
of various metals through the Earth’s environment as a
result of natural phenomena have been affected by human
activities. Part of this interest is because some metals can
present a hazard to humans and other forms of life. Man-
ganese is an essential element for people, animals, and
plants (22). Itis not known to have caused environmental
damage, nor does manganesc exposure pose a general risk
to the environment (23). Nevertheless, manganese and
manganese chemical compounds were among the sub-
stances whose releases were required to be reported to the
Environmental Protection Agency (EPA) as of 1988.

The diagram of figure 16 gives estimates of conditions
prior to and after the imposition of human activities on
natural flows, based on a relatively simple model of global -
cycles for manganese (24). According to this treatment,
human activities have led to increases of 45% cach in total

emissions from the land to the atmosphere and conversely
in the amount of dust depositing on the land and on the
oceans from the atmosphere. Particulate manganese from
industrial activities was believed to settle out from the

~atmosphere near its source (i.e., not to travel long dis-

tances), which implies that most of the fallout would be
around industrial (steelmaking) centers.

This treatment found the principal change in the global
manganese cycle to be in the amount of manganese being
carried to the oceans, which was estimated to have in-
creased to 2.7 times the amount prior to humans. This
change was not related directly to industrial utilization of
manganese but rather to increased runoff resulting from
deforestation and agricultural activities.

The details of how these estimates were obtained were
not given; thus, answers to some points relating to them
cannot be resolved. Two apparent anomalies in figure 16
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Source: Reference 24, pp. 778-79.

Figure 16.—Pre-human/present-day global fluxes of manganese in thousand metric tons per year.



reflect an effort to maintain mass balances for non-steady-
state conditions in the present-day situation. These are in-
creases in uplift of ocean sediments to land and in the flux
to sediments from subsea volcanism. Transport of manga-
nese to the oceans is discussed further in appendix C.
The estimate of 300,000 mt/yr for present-day emis-
sions of manganese from land to the atmosphere that are
attributable to human activities as given in figure 16 is

considerably higher than that which can be projected from

data from the toxic release inventory (TRI) program of
EPA. TRI data indicate that total (manganese and man-
ganese compounds) U.S. emissions of manganese averaged
about 1,890 st/yr in 1987-90 (25). Taking U.S. apparent
consumption of manganese to have averaged 720,000 st in
those years, the U.S. air emission rate for manganese cal-
culates to 2.6 x 103, or 0.26%. If this same rate were
assumed to apply globally, for a world manganese con-
sumption of about 9,500,000 st, the air emission rate would
be about 25,000 st/yr, or about one-thirteenth that given
in figure 16. ‘

The lower estimate is more consxstent with estimates
published within the past few years by Nriagu and others
also directed at assessing the effect of human activities on
metals in the environment (26-28) Estimates from these
publications for global emissions of manganese are pre-
sented in table 9 according to natural and anthropogenic
sources. (Note: Estimates cited in reference 29, pp. 121-
22, differ considerably from those of Nriagu.) Manganese
emissions from anthropogenic sources in 1983 were esti-
mated as 38,000 mt. The total of 317,000 mt/yr for emis-
sions from mnatural sources is about one-half that of
660,000 mt/yr given in figure 16. These later estimates
indicate the proportion of total emissions resulting from
human activities to have been about 11% as compared
with 89% for those from natural causes. A higher per-
centage of about 33% is indicated by figure 16 for the
share of total emissions attributable to human activities.

‘Nriagu and others also have estimated on a global basis
the quantities of manganese being put into water systems
and soils as a consequence of human activity, with results
as listed in tables 10 and 11. Domestic waste water and
- sewage discharges were indicated to account for more than
one-half the anthropogenic input into water systems. Coal
ashes were indicated to account for about two-thirds of the
input of manganese into soils.

Combining these various cstlmatcs, Nriagu has com-
pared mobilization of manganese in the biosphere by
weathering with that caused by human activity (28). Ac-
cording to his figures, about 2.5 times as much manganese
(4,800,000 mt/yr) is currently being mobilized by weather-
ing as is contained in industrial discharges (1,894,000 mt/
yr). He estimates that about 18,000,000 mt/yr of man-
ganese is being mobilized by mining. * This quantity is

7, -31

roughly twice that of estimated current annual production
(content basis) of manganese ore, which is reasonable.
considering that overall recoveries. can be in the range of
50% to 60%. -Perhaps an additional 2 million mt/yr of
manganese could be mobilized in production of 900 mil-
lion mt of iron ore, assuming a recovery also in the range
of 50% and an average manganese content of 0.1%.

As noted by Nriagu, only a fraction of the quantity
involved in mining and concentrating would be released to
the environment. Typically, any releases would be highly
localized at the sites of mining and beneficiation, which
normally are separated only by a short distance. In do-
mestic extraction of iron ore, which in most cases carries
only a fractional percentage of manganese, the waste rock
is set aside as a large pile and tailings from grinding are
segregated into a settling pond.

Table 9.—Worldwide emissions of manganese

{Thousand metric tons per year)
Agent Range Median
NATURAL SOURCES!
Wind-borne soil particles .......... 42 -400 221
Seasaltspray . ......vocveiiainn. 02 - 17 0.86
. Voleanoes . ........ ... ..., 42 - 80 42
Wild forestfires ............. .... 12 - 45 23
Biogenic: ) .
Continental partnculates ......... 4 -850 27
Continental volatiles ............. 03 - 25 13
Marine . L.t i e : .08 - 3.0 1.5
Total . .ovvnviiiiinnins, 411 - 55.5 29.8
Grandtotal .............. 52 -582 317
ANTHROPOGENIC SOURCES?
Energy production:

Coal combustion: .
Electric utilities ............. 108 - 698 X
Industry and domestic . ....... 1.485- 11.88 X

Oil combustion:

Electric utilities ............. .058- .58 X

Industry and domestic .. ...... 358 1.79 X

oTotal i 2.981- 21.23 121
Mining .......o oo do 415- .83 62

Smelting and refining:

Copper-nickel production ........ 85 - 425 255
Manufacturing processes:

Steel and iron manufacturing .... ..

Waste incineration:

'1.065- 284 147

Municipal . ... ...l 252- 1.26 X

Sewage sludge . .............. 5 -10 X

Total ...l 5.252° 11.26 8.26
Grandtotal .............. 10563 6597 38

X Not calcuiated.
!Source: Reference 27.
ZSources: 'References 26 and 28.
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Table 10.—Worldwide anthropogenic input of manganese
into aquatic ecosystems

(Thousand metric tons per year)

Table 11.—Worldwide inputs of manganese Into soils

(Thousand metric tons per year)

Agent Range Median Agent Range Median

Domestic wastewater: ‘ Agricultural and animal wastes:

Central ... . . B 18 - 81 X Agricultural and food wastes . . 15 - 112 X
Non-central S S 30 - 9% X Animal wastes, manure . . .. . 50 - 140 X
Total ... 48 171 110 Total ........ ... ... .. 65 - 252 158
Electric powerplants ... ... ... . 48 - 18 11 Logging and wood wastes ... . ... 18 - 104 61
L ) Urbanrefuse . ... ... .. . .. .. . 70 - 42 24
Base metal mining and smelting: o .
Base metal mining and dressing 8 - 12 X Municipal sewage and organic
ronand steel .. ..... ... . 41 - 36 X waste:
Nonferrous metals ... .. .. ... 20 - 15 X Municipal sewage sludge . . . . . 44 - 11 X
Miscellanecus organic, including
Total ............... ... -
) 168 _ 63 s excreta . ................ 08 - 63 X
rocesses: ‘

Ma&l:x;u”ng proce 25 . 20 X Total ........ ... .. 448- 1163 8.1
Chemicél-s‘ oy 2'0 S 15 X Solid wastes from metal fabrication 41 49 26
PU|D and paper ... ..... .. 03- 1.5 X Coalashes .................. 498 - 1,655 1,075

Total . ................ . 453- 365 21 Fertilizers and peat:
Atmospheric fallout . ... ... ... 32 - 20 12 Fertilizer ....... ... S 13 83 X
Sewage discharges . .. ........ 32 -106 69 Peat (agricultural and fuel uses) 52 - 17 X
Grand total . . ... ... .. 109 -414 263 Total ............... .. ; 533" 17.83 12
Discarded manufactured products 100. - 500 300
X Not calculated. Atmospheric falfout . ... ... .. .. . 74 - 46 27
Sources: References 26 and 28. Grand total .. ....... . 706 -2,633 1,670

The relative insignificance of the quantity of manganese
being mobilized by mining as compared with that naturally
occurring can be estimated by considering the quantity of
manganese 1o a thin slice of the Earth’s crust. The aver-
age concentration of manganese in the lithosphere can be
taken as 0.085% and the mass of the continental crust as
1739 x 10* g (30). From this, the manganese content of
the Earth’s crust can be calculated as 1.48 x 10 mt.
Taking the average depth of the crust to be 40 km, the

X" Not calculated.
IAssumes 1% to 15% of total annual mine production is dis-
carded and/or lost to corrosion.

Sources: References 26 and 28.

manganese contained in a layer 30 feet deep (approxi-
mately 0.01 km) would be 3.7 x 10"* mt. This amount is
185,000 times the estimated annual mobilization from
mining of 20 million mt.

SUMMARY

The main applications of manganese, the forms in
which it is employed, and, in brief, the chief features of the
domestic and global (see appendix B) manganese indus-
tries have been reviewed in this study. The work of others
on natural global flows of manganese and the effect of
human activities upon them also has been discussed.

The domestic flow patterns of manganese have been
described for the principal industries in which it is in-
volved: iron and steel, ferroalloys, dry cell batteries, brick
coloring, animal feed-and plant fertilizer, and perman-
ganates and other chemicals. Analysis of manganese in-
puts and outputs was emphasized for iron and steel pro-

~duction. This is the only component of use for which the
1990 industry structure does not significantly restrict the
presentation of quantitative information because of the

need to protect proprictary data. Ferrous slag from iron
and steel production was shown to be a particularly impor-
tant ultimate destination for human use of manganese.
Domestic ore production is noted to have been a rela-
tively minor source for supply of manganese to the U.S.
economy.

Available data on U.S. appareat consumption of man-
ganese in 1901-90 indicate a cumulative consumption of
about 69 million tons of manganese during a period in
which about 6.8 billion tons of raw steel was produced.
Distribution in 1990 of the eventual disposition of man-
ganese was estimated to have been about 69% in slag,
10% in dissipative uses, 9% in obsolete ferrous scrap,
3% i U.S. Government inventories, and. 10% not account-
ed for, perhaps including that in articles in service. The



manganese in slag was considered to be immobilized at
relatively low concentration.  Such slag has been used
chiefly in construction and road building.

According to a non-Burcau analysis made prior to this
study, the principal change in global manganese flows as
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a result of human activity is the raising of river runoff of
manganese Lo the oceans to a level 2.7 times the natural
base. Dcforestation and agricultural activitics were in-
dicated (o have been the main reasons for the increase.
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APPENDIX A.—MANGANESE UTILIZATION BY DOMESTIC
METALLURGICAL INDUSTRIES

STEELMAKING

Proceeding from the discovery that manganese could be
used to overcome the deleterious cffect of sulfur impurity
in steel, metallurgists eventually developed the rule of
thumb that the manganese content of steel should be a
minimum of 20 times its sulfur content (31).! Applying
this rule to steels with sulfur contents typically ranging up
to 0.05% (except in resulfurized steels to which sulfur has
deliberately been added to improve machinability), the
manganese required for sulfur control alone becomes
a minimum of about 0.1%. The minimum manganese-to-
sulfur ratio for avoidance of hot shortness increases as
sulfur content decreases. It has been suggested that, for
a steel with only 0.005% sulfur, the ratio should be at least
S0, which implies a manganese requirement of at least
0.25% (32).

The majority of steel produced in the 20th century has
been by way of ore-based integrated steelmaking as prin-
cipally opposed to scrap-based EAF steel production.
Analysis of the use of manganese in steelmaking has fo-
cused on integrated methods combining a blast furnace for
production of pig iron and a decarburization unit, which
lately has been one of various forms of oxygen converter.

Utalic numbers in parentheses refer to items in the list of references
preceding the appendixes.

Home scrap

' labeled simply "steel.”

The analysis that OTA published in 1985 of manganese
in the integrated steelmaking sequence is shown in fig-
ure A-1-(2). Unfortunately, the terminology used by OTA
does not conform to that used by either the domestic
(AISI) or international (1ISI) statistical programs of the
steel industry. Specifically, the matenal labeled "raw steel”
by OTA pertains to the relatively pure liquid iron pro-
duced by decarburizing pig iron in an oxygen. converter.
For the most part in the terminology of AISI and IISI, this
liquid iron becomes "raw” or "crude” steel, respectively,
when it has been alloyed, adjusted to final composition,
and cast into the first solid shape suitable for further
processing or sale.

The material in the OTA diagram which most closely
corresponds to industry definitions of raw or crude steel is
This material becomes "finished
steel” when'it has been cast and processed. Casting losses
would be just a few percent and can be ignored compared
to processing or finishing losses evaluated by OTA on the
assumption of a 75% recovery. On this basis, the data in
the OTA diagram can be converted to pounds-of manga-
nese per ton of raw steel (rather than per ton of finished
steel). by multiplying them by 0.75. The data in the dia-
gram are based on producing 1.33 tons of raw steel from

which finally is obtained 1.0 ton of finished steel.

Purchased
scrap 4.61 ﬁl
4.97 0.47 414
Ironmaking 959 | Steelmaking Ladle/secondary Castingfinishing
o refining
lron orae, Finished
sinter Hot metal Raw steel Steel stesi
12.87 11.07 5.37 18.40 13.80
Mn ore ‘ 1tonat0.69% Mn
189 |Recovery 75% Recovery 26% Recovery 87 % Recovery 75%
Slag and Mn
Stag dust terroaitoys Waste Wasie
3.69 14.81 15.89 2.86 0.46

*Recovery with.respect 1o lerromanganese additions is assumed to be 82 percent. while complate racovery of Mn Is assumed for raw steel

SOURCE: Otfice of T.chnoloqy Asse3ssment, and G RSt Plerce, el al, Use of Manpanese in Steeimaking and Steel Products and Trends in.the UUsa of Manganese

as an Altoylng Eiemant in Sreels, OTA contraciar repon: February 1983

Source: Reference 2, p. 235.

Figure A-1.—Current pattern of manganese use in steelmaking in pounds of manganese per ton of finished steel.



Similar diagrams for manganese flow in integrated
steelmaking were put forth previous to that of the OTA
report in a 1980 report of the IISI (“hypothetical integrated
plant’) (8) and in the 1976 report of NMAB (). These
diagrams are reproduced in figures A:2 and A-3, respec-
tively. The [ISI and NMAB diagrams are on the basis of
quantity of manganese per ton of crude or raw steel.  The
IISI's kilogram-per-metric-ton data are readily converted
to pounds per short ton by multiplying them by 2.0. A
comparison of the manganese inputs and outputs as given
in the three diagrams was presented in table 4 in the ‘main
section of this report.

An aspect of slag indicated in the 1IST and NMAB dia-
grams but not in that of OTA is the recycling of converter
slag to the blast furnace. This can be an alternative to the
use of manganese ore for introducing manganese units into
pig iron (33). Whether or not converter slag is recycled
depends on the raw materials used and the metallurgical
preferences observed at individual plants. In some cases,
the iron feed materials contain enough manganese that a
deliberate addition is not necessary to achieve the man-
ganese content desired in the pig iron, a factor that also
varies from plant to plant and from time to time. Manga-
nese contents of about 0.7% have been the target in pig
iron production, but the modern tendency is toward lower
levels, such as can be promoted by selecting ores low in
manganese. Another consideration in steel slag recycling
is that the practice may make it difficult to control residual
elements. Because phosphorus is such an element and
steelmakers are under pressure to produce steels with
increasingly lower phosphorus contents, some steelmakers
have eliminated or reduced steel slag recycling.

The unit consumption of manganese is indicated in
the three diagrams to be in the range of about 10 to
14 pounds per ton of raw steel. The reasonableness of
these unit consumption rates can be judged by comparison
of projections from them with U.S. apparent consumption
of manganese. The OTA estimate for manganese unit
consumption is 13.8 pounds per ton of raw steel. This
gstimate was developed in the 1982-83 period, at which
time raw steel production averaged about 80 million tons
per year. A corresponding manganese consumption of
about 556,000 tons can be calculated, which is 83% of a
U S. apparent. consumption of about 670,000 tons during
those years. This result seems to agree -acceptably with
other calculations signifying that the steclindustry accounts
for about 9% of total manganese consumption.

In assessing apparent consumption, the Bureau has
focused on the manganese content of the manganese and
manganiferous ores, ferroalloys, and metal consurcd.
This has been done to avoid the rather unmanageable task
of including also the manganese contents of iron feed ma-
terials, scrap, and slag that are estimated in the OTA,
lISI, and NMAB diagrams. Available data of this type for
1970-90 are discussed later in this appendix. As indicated

by the data in table 4, the manganese inputs in the form
of manganese ore and ferroalloys roughly equal that in the
raw steel produced, which is a reflection of the metallurgy
of steelmaking. Stated another way, it is as if the manga-
nese units input as wron feed materials and scrap mostly
end up in slag and wastes.

For manganese ferroalioys . alone, the diagrams indi-
cate a’'manganese unit consumption rate of about 10 to
12 pounds per ton of raw steel. This rate or efficiency of
use can be compared with and can be seen to be consist-
ent with rates calculated from Bureau statistics on U.S.
reported consumption in steelmaking of manganese ferro-
alloys and metal. These calculated rates have been given
in the commodity annual report chapter for manganese
since 1942.- These data are listed in table A-1 and the
principal features are graphed in figure A-4. Because of
the relativé constancy of unit consumption prior to about
the 1980’s, it had been almost a principle that steclmaking
required the use of 12 to 14 pounds of manganese per ton.

Unit consumption as calculated from reported con-
sumption would be increased more significantly if correct-
ed for incomplete reporting of silicomanganese consump-
tion.  This has been a longstanding problem in Bureau
statistics, -the significance of which can be presumed to
have increased since the 1960’s along with the rise in steel
production in scrap-based EAF’s. These so-called "mini-
mills” account for a disproportionate amount of silicoman-
ganese consumption relative to their raw steel output. The
effect of this on the 1990 statistics can be appreciated by
noting that reported consumption of silicomanganese in
steelmaking was 103,451 tons out of a total silicomanga-
nese consumption of 107,950 tons, whereas imports of
silicomanganese were 247,439 tons. Internal evaluation
indicates the import quantity to be much closer to actual
consumption than that reported. Using imports in place
of reported consumption of silicomanganese would raise
manganesc unit consumption by about 1.9 pounds per ton.
Thus, in figure A-4, the growth in unit consumption of
silicomanganese is greater than that shown, and the posi-
tion of the line for total unit consumption is lower than
actual probably since the 1970’s.

Beginning about the 1980’s, manganese unit consump-
tion. (as reported) dropped by roughly 30% within a few
years. The subsequent trend appedrs to be toward the
range of 8 to 9 pounds per ton. The decrease was caused
by a number. of changes in steelmaking technology and
practices that included combined blowing (use of gases
such as argon along with the usual oxygen during decarbu-
rization), lowered manganese specifications because of
desulfurization of hot metal external to the blast furnace,
and better recovery of alloying additions during operations
referred to as ladle metallurgy. The increase in proportion
of steel cast continuously rather than traditionally as ingots
also has contributed to decreased unit consumption in
recent years.



Tabie A-1.—Unit consumption of manganese in manufacture of
steel in the United States, by form used, 1942-90

{Pounds of manganese per ton. of raw steel)

Year FeMn SiMn Metal - Spiegel Ore Total
1942 ... 1120 0.60 - 0.60 NA 12.4
1943 .. 1170 .60 - 70 0.30 133
1944 .0 1170 90 - 60 10 133
1945 . ... 12.00 .90 — .60 10 13.6
1946 ... 1110 1.00 — 50 10 127
1947 ... 1170 1.00 - 40 10 132
1948 . . .. 11.30 1.00 - .30 10 12.7
1949 .. .. 1180 - 1.00 - 30 10 132
1950 .... 1220 100 - 30 10 136
1951 .... 1180 1.00 005 25 - 13.2
1952 ... 1220 . 1.10 05 25 ) 13.6
1953 ... 1210 115 .05 20 U] 13.5
1954 .... 1140  1.00 05 20 & tar
1955 .... 11.45 1.10 05 20 H 12.8
1956 .... 1180 110 10 20 ) 13.2
1957 ... 1200 1.10 10 10 " 13.3
1958 ... 1150 1.00 20 10 ) 12.8
1959 ... 1160 120 20 10 - 13.1
1960 .... 1180  1.10 .30 10 - 13.3
1961 ... 1170 130 .30 10 — 13.4
1962 .... 1200  1.40 20 10 - 13.7
1963°.... 1200 150 .30 10 = 13.9
1964 ..., 1180 1.60 .30 10 - 13.8
1965 .... 1170 170 .30 10 - 13.8
1966 .... 1150  1.40 25 05 - 13.2
1967 .... 1170 160 25 05 - 13.6
1968 .... 1170 -  1.60 25 05 - 13.6
1969 .... 1140 130 25 05 - 13.0
1970 .... 1150  1.30 20 05 - 13.1
1971 ... 1120 1.30 25 .05 20 130
1972 ... 1100 1.20 25 .05 A0 126
1973 ... 1110 1.30 25 .05 20 129
1974 ... 1150 140 .25 .05 10 133
1975 ... 1140  1.60 20 03 02 133
1976 . ... 1060 140 20 01 o1 122
1977 ... 1060  1.30 20 .02 .03 12.2
1978 .... 1090 1.40 20 A ) 12,5
1979 ...  11.00 1.50 20 - A 127
1980 .... 1080 160 .20 - — 12.6
1981 .... 1030 150 .20 - - 12.0
1982 .... 870 1.70 .20 - - 10.6
1983 .... 780 = 120 20 - - 9.2
1984 . ... 790  1.40 20 - - 95
1985 .... 770 1.50 10 - - 9.3
1986 ... 690 1.60 10 - - 86
1987 ... . 690 1.60 .10 - - 86
1988 .. .. 700 1.50 10 - - 8.6
1989 . ... 670 1.30 .10 — — 8.1
1990 680 . 1.40 10 — - 8.3

NA  Not available.
included with manganese metal.
Less than 1/2 unit.

NOTE.—Dashes indicate zeros.
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Figure A-2.—Manganese balance for integrated steelmaking in kilograms of mahganese per metric ton of steel.
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Figure A-4.—Time trends In unit consumption of manganese ferroalloys in U.S. steelmaking, 1942-90.

Returning to consideration of data on inputs and out-
puts of manganese in integrated steelmaking as in the
OTA, IISI, and NMAB diagrams of figures A-1—A-3, in-
formation for 1970-90 has been examined with the Bureau
as the source except as otherwise noted. The inputs and
outputs correspond to those indicated in these diagrams
and in (able 4. Input data are presented in table A-2 and
output data in table A-3, and both are shown graphically
in figures A-5 and A-6, respectively. The data have been
reduced to the common denominator of pounds of manga-
nese per ton of raw steel. Raw stecl production data are
those of AISI. ‘

Assumptions and/or limitations of the input data are as
follows: ‘

1. Iron ore and agglomerates employed: The manga-
nese content was estimated by applying to total quantity
consumed the overall average manganese percentage of
US. iron feed materials, as given by the American Iron
Ore Association. This procedure may have given an un-
derestimate in view of use at some U.S. blast furnaces of
Wabush concentrates and/or pellets from Canada contain-
ing as much as 2% manganese.

2. Manganese ore: Quantities consumed are those
published; manganese contents were obtained or estimated
from data on file.



‘peiewns3,

[ AVAY [o;50°] (330 09'¢ 09’ (°4 2% Wy S9 149°'GE €9'L 6L ot'ty 120680 000060 e SO 2128 400 21828 1686 0661
302 oL'g L9 ez 19 008'81 Ev'y 99 8882t 62'S 2l t4 A 44 896650° 000SEL” 0y €2 801661° 69598 ¥6L6 © 6861
£8°61 098 v/ 9 29 189°02 Uy 49 96%°6E 68't 611 L1'EY S8v6S0° 0008t 1* 042 SL° 0s0se L ££0°06 26 66 8861
826t 08 i8¢ 0L 8 68061 6y 89 945°2¢ 262 oLl €82y ZSC6Y0° 0005t 4" 81 (9% »/L080° LEY €L Sl'68 1861
[ 098 1A ] 6t yo 602 S8y 69 06982 82 6L Zr'ey ¥ELZE0 000¥ L0 651 oL CELYI0 CELYY 19°18 T 9861
;5004 ot'6 98 FAS R > S9’ 9S5PZ  ¥SY [+ y£9'82 yee 68" 13 2% ZEPEED’ 000060 ¥l 118 628580 920'8L 92’88 SB6L
6% 02 05’6 29iL 2S't 99° 989'v2 OL'd 0L 00L'L2 IEF L L8°EY LLELSO £5691 - A gL geELPOL” 89508 £5°26 v86t
oy 0oC (A ¥6'L 8L'E L9 SLB8ET  Si'Y oL 1Zi'se ozt €11 61°Gy 92920 S0SS0L” €L1'e t4% . 032060 L12'SL 29'v8 T E86t
812 0901 80'8 &'y 89’ 8BISET 6L¢ oL 08102 6L'€ 00'L  OE¥Y 891 LE0 906€80° o2 1% 828180 CEZ'8S 8SvL T 286t
20've (¢ oAl S92 6¢'y 69° |24 2 : 1 JPA A 0L 61662 AN 4 L Sy L¥8990° Zi8LipL’ 90t gL’ 12881 PASR-1% £8°021 T86L
£5°62 092l £e's €9’y (78 996'9€  04E 0L 16562 6S'y SOt ISvb 119850 91GIEL” SS'E 8L 212861 PSLOML v il " 0861
vy'9e 042t €64 99y oL 986y /2% oL pigig \8'S 21 A0 £9'ty, €49001" TYL0ET: £e'y 12 (04014 8EI 0PI yE9tl T 6461
L1192 0set 644 65y oL 026 vy \Ze 0L piELE 89'G 8t 00ty SSYH60’ £99612' os'y 2e 12i80E SSO'ovlL €048 8261
6592 (¢ ArA viL €LY oL SLETY 10'¢ 0L 9269 y9'9 8l [» X% 4 S¥E€980° £08002° 'S 4 £100ee S002EL [ R A L2461
¥8'GC ogzt 8y L SiLvy 0L Yor'ey €42 ON., £96'v2 gL'9 66 00+t §S2E90’ [$:72% 40 LS 1 24 0160t 6487480 00821 9/61
£9°42 ot el ye L 3: 24 0L 0900y €42 0L L'z 849 2e'l ¥8'EY 2e2LL0 2919217 oS - s [0,%4°18% [N ZAN ¥9'gilt SiB1
1682 otel 6LL St 04 1Zv'Ly  €2E 0z £S9'EL 28'L 621 ovey, BLEYEO 6vvTZe 259 1€ LBESLY ZSe'Es! 2LSYL Y64
2282 062t 9L 89y 0L 0P 0S 862 oL 190°2¢ 99'L 9t [[] % S6¥20L° L08LET 1£°9 62 CEYSLY Zv6e9lL 0806t €461
seLe 092t (WAV2 9% 0L LEY'¥Yy SOE 0L +¥86'62 €0'L 6¢°1L SL'ty, LBEZ60 S ¥9's [ £909.8° LyI'vvl veeel ci6l
02’82, O0El ISL  S6v oL 809y 952 oL Lio'ee 692 £e’t 042y, 9566.0° L4219 ge'9 62 82LEBE’ g112¢el Yy 02t 1261
Iy 82 oLel 8L L 'y 0.0 vOEQY V¥ 040 626'¢2 €6°¢L ¥L0  02'SY, S698Y00 €EL0L'0 614 2e0 990ELY O £E8'LY t LGigt 061
. uw uW uw uw
oie) sie) o1l wessed  1yBiem wedsed - yblem - HE weosed WBlam wsosed Wblem  Awmuenb
o) MAMP_“ MM_MH eley obmieay sso) eyey ebBwieay  ssoi o_._MS oy - eBeieAy  JUBUOD . sSOI)  eley - eBeleAy  juewo)  SSOID ,._.MMM:MM% 1e8A
g deios eWoN deios paseyoing v 910 esauebuepy eieiawo|B6e pue 810 U0

(suoy Loys jo suolw U] BUBILCS pur seppuEnb ‘jees Mes __.o uoy Jed eseuvbuvw jo spunod u; seyey)

06-061 '‘Bupwieers 's'n u) BIndul erourBuew—Z-v eiqu)



42

Table A-3.—Manganese outputs In U.S. steelmaking, 1970-90

(Rates in pounds of manganese per ton of raw steal; quantities for raw
steel production (RSP) and siag in millions of short tons)

vou RSP 4 BF slag 4 Steel slag Total slag Raw steel Total
quantity Quantity Rate @ Quantity Rate @ rate Average Rate cate
0.3 percent Mn 4.0 percent Mn percent Mn
1970 .. .. 131.51 26.147 1.19 7.539 4.59 5.78 0.70 14.00 19.78
1971 ... 120.44 24.812 1.24 ' 8.488 5.64 6.87 .70 14.00 20.87
1972 ... 133.24 25.053 1.13 10.162 6.10 7.23 .70 1400 2123
1973 .. .. 150.80 28.822 1.15 9.739 5.17 6.31 .70 14.00 20.31
1974 . . .. 145.72 29.880 1.23 8.862 4.87 6.10 .70 1400 20.10
1975 . ... 116.64 25.324 1.30 7.302 5.01 6.31 .70 1400 2031
1976 . ... 128.00 26.009 .22 6.588 4.12 5.34 70 14.00 19.34
1977 . ... 125.33 25.716 123 6.668 4.26 5.49 .70 1400 1949
1978 .. .. 137.03 28.404 1.24 8.457 4.94 6.18 .70 1400 20.18
1979 . ... 136.34 27.512 1.21 8.252 4.84 6.05 .70 1400  20.05
1980 . ... 111.84 19.041 1.02 6.158 4.40 5.43 70 14.00 19.43
1981 . ... 120.83 15.717 .78 5.770 3.82 4.60 69 13.80 18.40
1982 . ... 74.58 14.752 1.18 4.764 5.1 6.30 68 13.60 19.90
1983 . ... 84.62 13.554 .96 4832 4.57 5.53 .67 13.40 1893
1984 . .. 92.53 16.776 1.09 5.287 4.57 5.66 .66 13.20 18.86
1985 . ... 88.26 15.106 1.03 5.972 5.41 6.44 65 13.00 19.44
1986 .. .. 81.61 15.380 1.13 5.689 5.58 6.71 64 12.80 19.51
1987 . .- 89.15 16.221 1.09 5.013 4.50 5.59 63 1260 18.19
1988 . ... 99.92 15.900 .95 5.714 4.57 5.53 .62 12:40 17.93
1989 . ... 97.94 15.489 95 7.376 6.02 6.97 .61 1220 19.17
1990 . ... 98.91 16.597 1.01 7.552 6.1 7.11 .60 12.00 19:11
3. Scrap: Quantities pertain to those for manufacturers 1. Slag: Data are limited to approximately 1970-90

of pig iron and raw steel and castings. Consumption of
home scrap was assumed equal to production, which in-
cludes a small proportion of obsolete plant scrap such as
ingot molds and old equipment and buildings. Consump-
tion of purchased scrap was calculated by deducting the
assumed consumption of home scrap from consumption
reported as purchased plus home scrap. Particularly in the
latter portion of the 1970-90 period, it is noted that these
scrap consumption data underestimate that of electric fur-
nace mills. This underestimation might be considered as
being offset by inclusion of obsolete plant scrap with home
scrap. For home scrap, average manganese content was
assumed to be constant at 0.7% through 1980 but then to
decline steadily and, as of 1990, to reach 0.6%, approxi-
mately the value conservatively estimated by OTA for the
year 2000 (2, p. 232). For purchased scrap, average man-
ganese content was assumed to follow a similar pattern but
with a lag of 5 years; i.e., declining from 0.7% in 1985 to
0.65% as of 1990. - _

4. BOF slag recycle: No data available; not included
nor estimated.

Assumptions and/or limitations for the output data are
as follows: ‘

because information on steel slag became available only as
of 1966. The National Slag Association was the source of
data for 1970-76. The data pertain only to quantities sold
or used rather than to those produced. Quantities recy-
cled within steel plants were excluded except for data for
1987-90. The manganese content of blast furnace slag was
assumed constant at 0.3% and that of steel slag constant
at 4.0%.

2. Raw steel: As with home scrap, average manganese
content was assumed to be constant at 0.7% during 1970-
80 and then to decline to 0.6% by 1990.

Input trends as graphed in figure A-S signify a con-
tinuous decline in overall manganese rate, which decreased
by about one-third between 1970 and 1990. The largest
component of the decline was in manganese units charged
with iron feed materials, which was estimated to have
dropped about 80% in falling from a rate of about 7.1 to
1.4 pounds per ton. Most of this change was because of
a decrease of about two-thirds in average manganese con-
tent. The lowering of more than one-third in rate of use
of manganese ferroalloys (from about 13.0 to 8.2) resulted
tn an absolute decrease for this input component during
1970-90 almost as great as that for iron feed materials.
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Figure A-5.—Manganese inputs for U.S. steelmaking, 1970-90.
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MANGANESE OUTPUTS IN SLAG FOR U. S. STEELMAKING,
pounds of manganese per ton of raw steel
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Figure A-6.—Manganese outputs in slag for U.S. steelmaking, 1970-90.

The data for scrap indicated little overall change in man-
ganese input rate during 1970-90, presuming the assumed
decline in average manganese content after 1980 to be
valid.

Net inputs and outputs as obtained from smoothed
graphs of the data are tabulated in table A-4. The sum of
the inputs for 1970 and 1980 are in the same general range
as those given in the NMAB and OTA analyses for net
inputs and outputs, 23.80 (after deducting BOF slag re-

cycle) and 29.83, respectively. The average rate of output -

via slag for 1970-90 of about 6.2 pounds per ton is only
about 53% of that of 11.8 indicated in the NMAB analysis
and about 39% that of 16.02 indicated by OTA. Steel slag
is the most important component of total slag output
because of the relatively greater manganese content in
steel slag.  As shown in figure A-6, the data suggest a
minimum in steel slag output around 1981. Bearing in
mind that these data pertain to quantitics sold or used, it
may have been that quantities of steel slag were'allowed to
accumulate in the: 1970-80 period after which they were
increasingly retrieved and marketed.

Table A-4.—U.S. Bureau of Mines data for manganese inputs
and outputs for U.S. steeimaking, 1970-90

(Pounds of manganese per ton of raw steel)

1970 1980 1990

INPUTS, NET

ron/manganese ore . . .. ... ... .. 8.40 4.80 240
Scrap ... ... 7.60 7.80 7.40
Manganess ferroalloys .. ... .. ... 13.00 12.40 8.20

Total .. ... . .. ... ... ... .. 29.00 25.00 18.00

OUTPUTS, NET

Blast furnace slag . . ... ... .. 1.25 1.15 1.00
Steelslag . . ... ... .. ... .. . .. 5.30 470 5.60

Total slag ..... ... ... ... . 6.55 5.85 6.60
Raw steel® .. .. .. . .. . . 14.00 14.00 12.00

Total ... ... ... .. 20.55 19.85 18.60
“Estimated.

Source: Smoothed U.S. Bureau of Mines data from graphs.



The data assembled for 1970-90 are not claimed to give

a precise picture of changes in rates of manganese input
and output during that period. Significant pieces of in-
formation are missing, such as slag compositions, and slag
recycling has been omitted because of the absence of data.
Assuming the trends indicated are valid at least for input,
the implication is that the rate of manganese input to

steelmaking declined by perhaps one-third. The corollary -

is that the rate of output to siag and/or to raw sieel also
had to have declined. The figures in table A-4 for total
outputs signify such a trend; the larger values for total
inputs in 1970 and 1980 imply a considerable amount. of
output has been unrecognized and/or underestimated.
For 1990, table A-4 indicates that total inputs and outputs
of manganese in steelmaking were about 18 pounds per
ton.

SLAG AND DUST FROM PRODUCTION
OF MANGANESE FERROALLOYS

In the manufacture of manganese ferroalloys in electric
furnaces, the quantity of slag from initial furnacing can be
estimated as roughly 0.7 ton per ton of product (34). The
manganése content in slag from manufacture of high-
carbon ferromanganese would depend on whether the
practice being used was "high-manganese slag” character-
istic of an integrated operation or "discard slag” character-
istic of a single furnace operation. Manganese contents
would be in the vicinity of 30% for the former and about
one-half as much for the latter. ‘As noted in figure 9, at
Japan Metals and Chemicals Co. (JMC) the final plant
slag issuing from the silicomanganese furnace had a man-
ganese content of only 9% and was processed into fertil-
izers. At Elkem Metals, high-manganese slag is used also
as a source of manganese units for manufacture of manga-
nese metal and, in conjunction with that, as the source of
manganese sulfate solution used in agriculture. JMC re-
ported that for 1984 the utilization of slag from a plant
whose products are similar to those of Elkem Metals was
55% internal recycle, 20% fertilizers, 14% roadbed, and
about 6% each wasted and sold as slag (35).

The scale at which dust is generated at Elkem Met-
als’ plant might be inferred by reference also to IMC’s
Takaoka plant, at which, in the early 1980’s, about
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9,000 tons per year of dust was being collected from a
gross production of 220,000 tons of manganese ferroalloys,
a quantity including ferroalloy used internally in the plant
(35). JMC’s generation of about 0.040 tons of dust per
ton. of ferroalloy is of the same order as that of 0.045
calculable from data of Norway’s Tinfos Jernverk A/S for
silicomanganese operations as of the early 1990’s (36). At
Takaoka, the manganese units in dust were recaptured by
sending the dust to a facility in which manganese ores are
sintered prior to smelting. Elkem Metals does not have a
sintering. machine at Marietta, but certain of its dusts
yield a Mn,0, product usable as a pigment and for other
purposes.

Data of EPA in the 1970’s, when air pollution control
regulations were being developed, indicate that the rate of
emission of particulates from an uncontrolied manganese-
ferroalloy furnace would be in the range of 290 pounds per
ton of product and that the manganese content of the
fume would be about 25% (37). Assuming high-carbon
ferromanganese containing 78% manganese was being pro-
duced, these data calculate to a manganese emission equiv-
alent to about 5% of that in the metal being produced.
Almost all of this emission would be collected because
EPA estimated that a controlled furnace could be-expected
to have an overall collection efficiency of 99% or better.
Data for Tinfos silicomanganese plant imply a collection
efficiency of 99.7%; i.c., 19 tons of dust emitted to the air
and 6,400 tons of dry sludge from gas cleaning for an an-
nual production of about 130,000 tons of silicomanganese
(36). ‘

High-carbon ferromanganese has not been manufac-
tured in a blast furnace in the United States since 1977,
but some points about how the process compared with
electric furnace smelting may be of interest. For tech-
nology just after World War II, a smelting yield of about
85% or similar to that of the electric furnace was stated
(38). For that time and prior to emissions control, manga-
nese losses were said to be about 8% each to slag and
stack gas.  Shortly thereafter, effective procedures were
worked out and installed such that dust in the gas could at
least be captured, briqueted, and stored (39). Domestic
ferromanganese blast furnaces appeared to have had a slag
rate of about 0.8 ton of slag per ton of product while
achieving slag manganese contents of about.7% (40).



APPENDIX B.—~MANGANESE PRODUCTION AND UTILIZATION
IN FOREIGN COUNTRIES

World production of manganese ore at the beginning of
the 20th century was at the level of 1 million toas, gross
weight basis.. By the late 1980’s, annual production ap-
proached 30 million tons. Throughout the 20th century,
the bulk of ore production has been concentrated in rela-
tively few countries. In any given year, the top five pro-
ducing countries accounted for roughly three-fourths or
more of production. Ou the basis of the Chiatura and
Nikopol' manganese basins, the former U.S.S.R. has con-
sistently been either the largest or a leading producer siace
about 1930, except around the period of World War I and
the Bolshevik revolution. Brazil and India also have con-
sistently been among the leading countri¢s for ore output;
their relative importance has been more in the first rather
than the latter part of the century. China and the Repub-
lic of South Africa have emerged as leading producers in
the second half of the century. The absolute and relative
importance of the top five producers in any given year is
presented at 5-year intervals during 1910-90 in tables B-1
and B-2. Detailed data on production by country in 1987-
91 are given in table B-3.

Development of several significant and mostly new
manganese deposits after World War II altered the inter-
national supply pattern for manganese ore, especially for
higher grade material, such that Australia, Brazil, Gabon,
and the Republic of South Africa became the most impor-
tant sources aside from flows largely within the bloc of
nations aligned with the U.S.S.R. The first of these de-
velopments was the Amapa deposit in northern Brazil,
from which exports began in 1957. This was followed in
the 1960’s by development of the Groote Eylandt deposit
in Australia’s Northern Territory and the Moanda deposit
in Gabon, During the 1960’s and 1970’s, several major
mines based on the enormous manganese deposits of the
Kalahari Field in South Africa’s Northern Cape Province
were opened.

As of 1990 and shortly thereafter, with recognition of
division of the former U.S.S.R. into a number of independ-
ent republics, ore production was concentrated in 10 coun-
tries. In most of them, a large majority of the output was
by only one or two companies or operations: Australia,
Groote Eylandt Mining Co. Pty. Ltd. (GEMCO) plus re-
cently Portman Mining Ltd. in Western Australia; Brazl,
Cia. Vale do Rio Doce (CVRD) (including Urucum
Mineragio S.A) and ‘Indﬁstria‘ e Comércia de Minérios
'S.A. (ICOMU) plus a number of relatively small mines;
China, mainly in the southeastern Provinces; Gabon,
Compagnie Miniere de I'Ogooué SA. (COMILOGY;
Georgia, mining of the Chiatura Basin, Ghana, Ghana

National Manganese Corp.; India, more than 200 mines,
with Manganese Ore I[ndia Ltd. the most prominent
company;, Mexico, Cia. Minera Autlin de C.V. (Autlan);
Republic of South Africa, The Associated Manganese
Mines of South Africa Ltd. (AMMOSAL) and Samancor
Ltd.; and Ukraine, mining of the Nikopol’ Basin.

While the combined output of Georgia and Ukraine
positioned the former USS.R. as the world’s leading
ore producer, the overall average manganese coatent of -
the ore has dropped to about 30%, and only a portion of
the concentrates are of relatively high quality. Similarly,
China’s ore production rivals that of the Republic of South
Africa for second largest on the basis of gross tonnage,
but the content corresponding to China’s gross weight
production is estimated as only about 20%. In recent
years, Australia, Gabon, and the Republic of South Africa
have accounted for most of the higher grade ore traded
internationally.

Manganese ore is upgraded mainly by smelting it into
the intermediate products of ferromanganese and silico-
manganese. As of 1990, this conversion was carried out in
all of the major ore-producing countries except for Gabon.
In addition, manganese ferroalloy smelters were located
in a number of countries where ore is not produced. As
already mentioned, the United States formerly was a ma-
jor producer but now is only a minor producer. This
change exemplifies the tendency for manganese ferroal-
loy production to become concentrated in ore-producing
countries.

Among countries with the largest output, prominent
ferroalloy producers as of 1990 were as follows: ‘Brazil,
Cia. Paulista de Ferro-Ligas (a number of plants); China,
about 10 main plants; France, Société du Ferromanga-
n¢se de Paris-Qutreau (SFPO); Georgia, Zestafoni Ferro-
alloy Works; Germany, Thyssen Stahl AG; Japan, Japan
Metals & Chemicals Co. Ltd. and Mizushima Ferroalloy
Co. Ltd.; Mexico, Autlan; Norway, Elkem A/S; Republic
of South Africa, Metalloys Ltd., a subsidiary of Samancor;
and Ukraine, Nikopol” Ferroalloy Works. As with ore pro-
duction, the output of Georgia combined with the much
larger production from Ukraine had made the former
U.SS.R. by far the world’s largest producer of manganese
ferroalloys. These new republics are the only European
countries in which ferroalloy production can be considered
as integrated with ore production. Data on world pro-
duction of mariganese ferroalloys during 1987-91 are given
in table B-4, which indicates that nearly twice as much
ferromanganese is produced in electric furnaces as in blast
furnaces.



SB6L PUB 0861) SW8|Q0id PUR §1084 [BIBUIN

\

- {suonipa

jo Jeideu) eseuebuen (06€v61) eseusBuen '(Zr-Gi6l) SeJO snosejURBUB PUE eSEUEBBUERA—-SHOOGIESA §[BIBUIN SBUIN JO NBAING SN edinog

‘Buipunos yuspuedepul jO BSNEIBQ UMOYS SIBI0Y 01 DPE jou Aew Bie(,
‘103 puesB 9yl jo Led st ing JesA Jeinoiled 1eu) J0) SBHLIUNOD @Ay 0 9UO Se dNn pUB JOU PIQ.

%6128 %9LC8 %06TB %9618 %656.

%06'S. %G69L RISEL ABY'EB %RSTHE REVSY %0OIT6 BEGES NIGL6 %LZL8 %0906 %EL'GG T {EION pliom jo abejueciad
. SB 531UN0D oAl dol jelo]

Z6L'LZ  BY6'LZ 980'6Z SLL'LZ LBO'OZ  LSS'6L  686'¥L  OZ6'LL  DOC'9  vi9'y  8ET'9  ZBE'Y  8YE'E 8292 108't €46 eun'e rejo

BYE'ZZ 6IL'CZ EIL'PZ  €L2'CZ . BBE'SL - pyE'PL. ¥ES'LL  vOL'®  9LL'S LE6'E.  PSE'S 9eQ'y | BL¥'E | €95 ZL5't z88 680 (@Al doy 1o} jel0}

. . . M . . » . . 28t . . » oKt 90t . . sa1.1g - paliun
004'6 006’01 0S40l #2€'6 IS, ISE'8  €¢'9 822'S . 0022 18v'Z 980’ 829'2 265'tL 17 M M 908 T ) ¥ssn
. . ® . - . » » . » . - » » . Gl . ' uiedsg
8¥0'y . 696'C  -8/Z'9 ° 6SE'Q . ¥$6'Z 8L - 9lE'} 6¥9 248 . ¥Str 501 291 . . . . jo dljanday 'BoIjY UINOS
» - . » - » » » » = » » » » » ON - Cmamﬁ
. . . . . . . . . . . . . . . vl . Arey
. . . g€l 028t §18'1 12e't pLl') 686 » 086 €24 9£6 (1433 528 505 168 BIpul
. . . . M M . 09 864 98L 8¥ £8Y 005 00¥ . . . 15800 ploD/eueyd
. . . . . . » v . M M . . . » . 88 e)dW3 vewIsn
006'2 6452 99T . S’z 209l Liv'd . . . . . . . . . . . vogqey
. . - . . . = . L€ . » . - x . » . CO20I0W Youal4
. . . . . . . . . . . 96 . . 98 . . 1dAB3
M N N . . . . - . » . M » . SS . M BINBAO|SOYIIZ))
. . . . . . . . . 812 M . M . - . . eand
00S'E 0062 . . . £2€'t . » . . . . . M . . eUILYD
o'z 182’2 SI16'Z L€' 107 68S'L 1011 . . 02 SYE . 8922 99¢ 005 6LE 082 1zeig
. . . . . . . 805 " . . . . . . . . 0Buoy ueibiag
. . 022 . . . . . . . ' . . . . . . BIjRsSNY
. . . . . . . P . . H . . . . . Al euisny

0661 5861 0861 5461 0461 §961 0961 SG61 0561 Sk61 ov61 SE6l 0,578 G261 026! Gi6L 016t Aunod

(poyioads esimieio ssejun Jubiom 33056 ‘su0 Loys puwsnoyy)

Ajpuenb jo swie} Ul ‘'06-0161 ‘sejaunos Buponpoid eay doy 1o} UopoNpoid pluom 80 eseusBuv—L-g ejqe]



§861 PUE 0B61) sweiqoid

‘(suonipe

PUB s1084 [RiUIN JO Jeidey] eseuvbuely [(06-CrE1) eseueBueyy ‘(Zr-GLEL) 8810 BnoIeHUEBUEYY DPUY ESEUBBUEN—SHOO0QIESA SIBIBUIN BOUIW |0 NBeing 'S’ 80in0g

‘Buipunol Juepuedepu| jO 88NBIEG UMOYS $[¥101 O} PPE 10U ABw BieQ,
‘9101 pueif ey j0 Led 81 Ing Jeek Je|nojURG JBY) JO} S@IIUNOO BAY 4O PUC SB dN pu@ 10U DI,

6128 9.28 0628 = 96L8 6564 06'6L S6'94 25ed 8v'E8 STv8 £€9'G8 01'z8 £9'88 256 2.8 09'06°  £196 " 1e101 piom jo ebriueased
$8 §01/JUN0D 8AY do) JO} '[810]

M . M . . » . . . 68 . » . 6L'v 868G . . © sa|g peuun
19'6E 00'6E  969¢ LE'¥E PSLE oLy 6L'EY 98°cY 8¥'St 60'tS 8’6y 0009 2 8 4 ov'ee . . LLe T Yssn
. * . . . ¥ » » » » » » M . . 651 . uredg
68'¥i oyl . 8S1Z  OveER YA 43 o8 8.8 144 90'¥1 . 82'L 6eC iy . . . . jo 2uQndey 'woljy WNog
» L] - - - » = - - - - - - - - - E.N - CUQQK}
- - » - » » » - » - » » » » . L4 NQAF » e .. ’ ' >~ﬂz
. . . A 906 82’6 198 8g'ri G6'St . 1L'SE 0s914 ZEve 84St 8L°GY 18°lS 6y BipUt
« M N . . v . 206 i8°2) 28’9l €8¢ 204t 00°€lL €251 . . o T " 1580)) PIoD)/vURLY
N M » . » » . - . - . - . - . . 0¥ eidw3 velwien
9901 €26 €18 116 86°L \Z¢ . - . . » . » . . » . Ty © T uoqeD)
. . - . . . . » i's . . » - . - . . | OOO0IO0W Youely
. . . . . . . . . . . 612 . . uy . . +1dAB3
. . . . . B » . . . . . . . 90t . . BI{eADISOYD8Z]
» v » L] . - - - » Nw,* - » » . - L] - QD:U
821 8t 0L x . . M €88 . . . . . . . » . . BUIND
60'8 S6'6 S9'8 L8 101 8L Sl » M 8L'S £9'S . £6'S €6t :774 €Lee 682zl © Hesg
. . . . . . . Zy . . . . . . . . . oBuo) usiBieg
. . B89 . N ® . . . . . . . “ N . = eijansny
- ® » Ld » L] - - - » - - L] » - . to N_hwmg
0661 SBE1L 0861 Si61 0461 S961 0961 gs61 0s61 Sp6! [0, 413 (1241 0e6i [+4:18 [¢7418 Si6t Anunop .

(Jwedk sod M0y puwiB sod ARUnod yowe ioj yBiem 1308 ‘suoy Loys puesnoy jo ebBnuesaiey)

oBwiuecied jo swWiey Ul ‘08-016] ‘seiUN0d Bupnpoid say doy Joj uopanposd plom ei0 essuvBuw--Z-g SigV ]



1661 'eseueBuryy 10} LOdaY [enuUy AlIPOWWO) SBUIW j0 NBIINg SN e3In0g

‘wIquiez pur ‘Aexin] ‘pueey] ‘seuiddiiiyd eyl 'UBISIEg 'BRION O oliqndey eyl ‘ueder ‘(seisem Wos)) A8y 'RISeUOPU] 80010 JO BIEIO} PBUIQUIOD BYi SiueseIda) \Coaa,mo:
‘suoniesyidde Aleneq pus 1eoiBinjelew Jo} $910 8piX0 pue Sleuoqieo Buiddiys-100iip Jo sennUEND JB)IBLS. 8PNOUL ABW 'S8[npou epix0 Apsow 'feiol onpoid paigwnsy,
‘CEBL Ul UN %8C SB Pauoda) sem JusIuoo eBriear 'UW %GE Mm0Jeq sepsib uonanpoid s eipu) 4o YnW,,

.Oyd:CWOCOOo_

JUBIUOO BINISIOW PALLNSSE JO} GOUBMOIE SapNIOU! JUBLUCO [€18W pale|nofe)),
'8JO mzogczcwmcwg mwoﬂ:uc_m
"0J18)ISBIG fRIBUIN OLENUY U) pauode) s YI0G ‘810 Pejenleuaq jo uonanpoid (Z) pus eio eseueBuew Buiddiys:1oeiip jo sejes (1) jo wns ey 8¢ s8.nBy yBlem-s50.8 pevodey,
"polewSe JUsluoo [Blew 'paliodas Wbiem ssoig,

"e)nBY peuodey,
CY) _3_9:__@52'

‘sponposd JeadA} Jo Jueluod Jof UBYL Jeylel UoNaNPOoJd $JBSA YoRa jO JUBIUOO aBeisAr Jo) ag >m§m

Jeed yowe Ul | perewise ue '(UW %1 INOQe) BINBAD|SOYDRZ,) PuE- \(pelewise) 9— 1661 PUR '(pajewnss) —066

1—6861 '01—8961 1~ 1861 '{UN %OE-%61) BupueBry 1yBlem 8308 ‘suoy Loys puesnoy U] 'smolj0} 8 PeLIodal Useq SBY B|QEI SIUL Ul PAPNIOU! 10U @J0 9pEIB-MOT 'S|BAE] INdINO j0 SAIBWNSS BiqEi|a)
o3eW 0] 81BNbePBUI SI UONBLIIOJUI 9IGRIIBAR ING '810 snosayueBurw Jo/pue @0 eseuebusw peonpoid esey Avw uepNg pue 'nieg ‘BWeUEY '¥QND 'BIGUIOI0]) 'P8IS] S8LIUNOO el O) uolippe ul,

. ‘BuipeiBdn ewos Jaye Ajqissod ‘810
8pnIo 4o} 8q 01 Jredde e|qe|IRAR WIBD ISOQ ey} 'SeoURISUI Moy ¥ Ut 1eY) 1deoxs '1anposd Buiddiys ejqeredwoo Jo 81BALEOUOD O) uBLed Bieg 266! ‘1| AB UbBnoiyl eiqeneAs BlEp SepN|oUl 91Qe ],

‘ejqeoijdde JoN  dyN ‘potewnsy,

08v's 106’6, POEDL, 8¥S'6, 881’6, 999'v2 960'82, €2£'62, V8L, ¥0v'92, dyN 417}

82 0F, 02, 02, 21, 9 89, o 08, 62, dYN (129340
St 02, Sl St, 91 147 95, £y v 9 S¥-62 eineisoBn o
009'2 0082, 020'€y, 000'E, 0ol'e 008'8 00v'6,, 9.0'04, 0v0'0l, £1€°0L, 0£-62 4SSN
B80St 01'g, ATAS gee't, 02S't, SOP'E; zse'y, ¥8e's, vEY'D, LE9'E, +8%-0E o9 $0 2NGNday "BOUY WNOS
A 61 o0z 12 1z SS 19, 99 2L 2L 0t o " gr pBIUEWOY
ve 62, 61 8l 4 s9 ¥S, 5¢ €€ VL €05 © 4000010
9L £51, sol 984 19l o €0V, SEY, 687, szy, sz [ OOMBN
24 81, 8z, sz, z2, 2L 09, 68, 28, 69, ses2 Ll
0€s v9s, 147 i¥S ¥ES 0.0, 8¢ 205'), Wy 69%'t GEY'l ¥S-01 PRVRA 4l=11]
24 12, 62 62 :74 2L 99, €6 69 98 £€-08 ot AEBUNL
Sit 901, 741 901 80\ 00¢ 2z, 80t 982 £0€ 050t GBUBUD
090'L £ET'L, 61E'L Wil £2Z'\ 00g'2 129'2; 858'2 S8Y'z 6v9'2 €505 4 9UOUED
ovL 024, ovs, 004 085 002'e 009'Cy; 00L'E, 00S'€ 0062 0£0Z g 0BUD
vl i, St 9l Z1 44 4 514 8y SE Or-0¢ CIiVg)
9t Bly, 2L, i 41 0s- S5 9t 8¢, 2y Se-62 ev1ebing
016 Wwo'L, 148 8 v o0or'z 9.2, £62'2 ¥6L'2 62'2 os0c . o soi7eg
€44 200't; Ll 10’1, 2.6 vE9'L, 9Lz, i9e'2 6812 €v0'2 es2€ T JEIEISNY
L4661 0661 6861 - 8861 2861 24661 0661 6861 8e61 1861 esUN Anuno

UBUOO BleN 1yB1em ss0)0) usdsed ebusy

116-2861 ‘Anunod Aq ‘uopanpoid priom :eio essuvBuep—g-g e1qe)

{suoy woys puesnoyy)



50

o1Qg®l |0 PUS 1B $810UI00} 88

- - - M - - - - M - - - - M - - - - M - 201 - 20! Zot - LSPIBIS
paiun
ol — ovi - oyl gy — 1534 - £b1 ovi - Oovi - (0,43 L04 - 201 - 401 26 - 26 - Z6 . wopbuny
. paiun
020 00VL 026 . 0L 0SS OlE'Z 00E'L OL0'L Oiy 009 ZZE'C  O0L's T2O0'L ~ vivy 609, 8SE'T O00E'L BSO'L vSY Y09, LEE'C 00t't LEQ'L 8ty £6S, ,Yd'SsSn
€5 €l 024 Ov¢ - ¥9 4 144 124 - 8S 2 33 3 - LS 3 9z 224 - [%5) 61" VA Lt - uemie |
06 oy 0s 0s - 06 8t F4°] 2s - 06 oy 0S oS - 98 8t 514 8y - S8 SE o] 0s - ,ureds
00S Sye §GZ 662 - 8€9 vE2 1404 14914 - 199 gsZ  eov 34 - S69 8ve ivy vy - 16S z8e SlE Sie - Jo oitgnday
g ) ‘'BOUY YInog
06 0e [e73 (073 - oL oy [0°] 08 - [v4% oy 08 o8 - ozt (94 08 08 - (e74% 6t g [§:] - BIVBWOY
4 - 4 4 - 4 - 24 473 - £l - €l Elg - St S [+ 13 ot - sc 8 L L1 = Jlebnuoy
S¢ - S S 0L 9¢ - 9L S | 16 - 16 1 06 144 b 6 € L6 66 — 66 14 S6 JPURISd
S - S S - - - et - - - - - - - d - - - - - - — - — Sseuddiiug
L - it It - L - 1 L, - l - l L - ! - i ! - 4 - Z 4 - nsad
(0.4 LZgy el €Ll - tvy ‘822 12 %4 gz - \6¥ 02 122 1zec - ¥6S £ee 19t 19t - 62y lee 261 [4418 - AemioN
0ve 0S 06t 061 - g€z - 2S 98t 981 - 192 66 839l 891 - Sve 08 S91 ' 691 - 324 024 191 313 —-- T (O0IXBN
S8 = S8 S8 - ¥8 - ¥8 8 - S8 - S8 S8 - 7] - 9L 92 - 85 - 8 85 j0 oygndey
i ’ i~ R-EYY]
0L - 04 0L - 0L - 04 04 - 04 - 04 0L - 0L - 0L 0L - 02 - 04 0L - , sULON
. R-EYle)
1SS 48, vy . v9b, - 625 L FA*14 f4°14 - 9l 22l ¥6E y6E - S8v 201 8.€ 8.¢€ - ey 26 2te [A% - uveder
66 SS 124 144 - 1oL 85, Sy Sy - 88 iy, ¥ 4 - 8014 69, &6¢€ 6 g Zil SZ iE LE - Ay
fefors G 091 091l - SEZ .SL; 09t - 09i,  — 0,504 Zi 851 8S1 - 16t €S gEL  8tl - Lz B8t €1 (A - BIpU|
VYN i VN ¥N 002 892 — 832 gt 854 sLe - sS4 Sy oee 444 - {444 St 602 181 - 181 14 95t g ;S9lEls
UJBISOAA
YN - YN WUN - S9 - 59 S9 - L9 - 19 29 - 29 - 9 pac) - S9 - 59 59 = ,s8iels
ulaisey
S62 - S6Z2 66 002 ) Ly Aueuiet)
08t ot 0se 0t oze 6Ly 29 ISE LE (04 344 65, €L Fx4 9vE S0y 6§ 9vE 22 vZe 0,5} 3 6L €2 962 JaouBl4
06 = 06 06 - o1 — Zoy 2oL — 004 - 00t 0oL - [ - S6  S6 - 26 - 6 16 - , ,eIeAOIS
-o0yaazD
0v9 0se 06t Ovi 0se 09 0O¥2 [+ 720 ¢ A} ove 009 oy¥e 09t oci ove 625 022 60t 68 0744 9€S 022 9ig Slle 002 LBUIND
g 1 L 2 - Ly L L - ¢ o ¢ L - 8 \ L ¢ - 8 ' L L - i)
Sy - 14 S had sglL — 5321 5119 - sgl - g8l S8l - 191 - 191 [$=1) - 591 — St S9t - . ,EPEUBD
- - - - - - - — - - oe - ot ot - e - 1> 35 - i€ - e ie - . erebing
44 2l2, 691 691 - 188 L2 (2% (¥4 - 68¢ 80 I8l 18t - vLE €61 181 181 - £ve 881l SS1 GGt — |1ze)g
06 - 06 06 - 06 - 06 06 - S6 - G6 S6 - S6 - S6 S6 - 06 - 06 06 -~ swnibieg
SOt 05 SS SS - sel 9 [¢73 045 - t4A% SS 19 29, - £0! 124 85 8S - £6 34 1S 18] - © U elpessny
Sy e 144 |24 - Sy 22 |44 |24 - 154 FAS 9z °14 - 2e [43 (074 02 - 143 14 f44 f44 — eunuabry
Jeel 43 48 JeoL 43 48 Jde0L 43 48 0L 33 EL] B0l 43 .- 49 :
JBI0) UN'S asaueBuewoned [IEI0L UAIS esoueburwwioey B0l UAIS gseuebuewoney el UNIS assueburwolajy /®01 UNIS owocmmcm.rco:mu Anuno? -
L1661 0661 6861 8861 L861

(1ybBjom ss046 ‘'su0} dojRous puvsnoy])

(16-4861 ‘asoueBurwondyis puw essurburwoiie) jo uoponpoid puom—v-g Blqe]



1661 19815 pue U} Jo} Lodey [eNUUY AHIPOWLIOY) SBUIW jO Neeing 'S'N 182JN0S

'$0J97 81¥3IpUl seuse— 3 ON

‘Jeyew esaueBuew pue esavebuewool(is sapniou eseurBuUBLIOIIB) JO) BlRQ,
‘Aue i ‘uesiajeBaeids sapnout eseusBuellone) @DBLIN, SBIQ 10} BIBQ,
"S9IEIS UIBISOM, PUEB UJBISET 1O BIEP 8DNIOUT {661 UT AURWIBY 10) SIRIO],
‘Aue | 'Ussie|ebledsooilis sepnioul eseurBUBWOD IS 10} BIEQ,

wun 2/4 eyl ssan,
‘Aue i ‘esaueBuelwiools sepnjour eseusbuewolie) jof eieQ,

ainBy omcoaomm

‘Buipunos yepueadepul Jo esnBI8Q UMOUS {810} OI PPE Jou Aew Bie(Q,
"(43) ecwwiny ouidete pue ‘(4g) eowuin; iseiq se paziioBates st ss800id uononpoid ey eseurburwolla) )04,

‘19103 Ut pepnout Jou ‘eiep Ameldoid Auedwos BuisOOsIp pIoAR 0L DIBUUIA M ‘dlqeiese 10N YN ‘pelewnsl,
SO6'9 9197 88TV BSL'Z OFS'l. 06S'L 8I8'Z 244'v 691 ¥09'% 90L'L BE6'C [SL'v ELL'E 989'L  E£/§'¢ ELV8Z 65L'% SOZ'E GSGL - 9PLL LLLT 9Ly TvE'Z ETY'L B0
e e - == - - -z oz - 8 - 8 8 - amqequIz
0L o5 0z o - €. 19 28  2c¢E - 98 g5 ¥ ve - €6 v 'SP . Gy - 1g  €t» 8t gt - eirelsoBny
0t 03 - - - 0t 0f, — - - [4) (43 - - - e ¥ - - - 82 54 - - - B|aNTBUIA
Jeiol 43 48 ool 43 48 J®oL 43 48 =y 43 48 Je0L 43 48
([BI0L UN'S esauebBurwoliey JEOL UAIS essueBuruoiie /%0, LAIS eseuebuUBWOLIG B0l UAIS esaveBuriuosiey J{B0L UNIS eseuebueioley Auno)
,L661 0661 696\ 8861 861

(1yBiam ss0.B ‘suoy sneus puesnoy])

PONURUOD— 16-L861 ‘esounBurwodyyis puw eseurbuswolss) jo uopanpold plOM— -G 1QeL



52

Because a high percentage of manganese consumption

is associated with steel production, the main consuming
countries for manganese are readily identified as the
industrialized countries. Comprehensive data on man-
ganese consumption by country are not available. To a
first approximation, manganese consumption can be taken
to be proportional to raw steel production. Data on
steel production by country in 1987-91 are presented in
table B-5. The quantity of manganese used per ton of
steel produced varies somewhat from country to country.
Factors causing differences include the particular steel-
making technology being employed, the product mix, and
economic philosophy. Steelmakers in the United States,
Japan, and Western Europe are considered to be relatively
efficient in their use of manganese in steelmaking, whereas
those in the former US.S.R. are believed to bave been
relatively inefficient (13, p. 345).

Consumption of manganese in nonmetallurgical applica-
tions is presumed to be relatively universal and basically

population related. Manufacture of manganese products
to be used other than in the stcel wndustry tends to be
country specific. For example, dry cell batterics are used
worldwide, but the synthetic manganese dioxide used in
the alkaline variety of such cells was produced in the early
1990’ only in Australia, Brazil, China, Greece, India,
Ircland, Japan, the Republic of South Africa, Spain, the
former US.S.R,, and the United States. Potassium per-
manganate was produced only in China, Czechoslovakia,
Germany, India, Japan, Spain; and the United States;
production in the former U.S.S.R. was stopped in 1990.
Manganese metal is used mostly for alloying with alu-
minum, to a lesser degree in steelmaking, and for other
purposes. In 1990, the only producing couatries were
Brazil, China, Japan, the Republic of South Africa (much
the largest producer), the former U.S.S.R., and the United
States.

Table B-5.—Raw steel:' world production, by country, 1987-912
Yy

(Thousand metric tons)

Country’ 1987 1988 1989 1990 1991°
Abania® ............ .. .. 85 110 112 65 35
Algeria ................. 1,378 1,301 943 767 700
Angola® .. ... ... .... ... 10 10 10 10 10
Argenting . .............. 3,633 '3,652 13,909 3,634 42,966
Australia . ............... 6,129 6,399 6,735 6,666 ‘6,018
Austria . ................ 4,301 4,560 4718 4,292 4,186
Bangladesh® . ... ... ... .. 82 81 86 90 90
Belgium ................ 9,787 11,222 10,948 11,426 411,332
Brazil . ..... . ........ ... 22,231 24,536 25,018 20,572 22,617
Bulgaria . ...... .. ... ... 3,045 2,875 2,899 2,185 2,000
Canada ................ 14,737 14,866 15,458 12,281 412,987
Chile .................. 726 908 800 772 4805
China.................. '56,280 '59,430 61,200 66,100 . 470,570
Colombia . .............. 689 754 706 733 700
Cuba ... 402 314 . 336 270 270
Czechoslovakia . ... .. .... 15,356 15.319 15,465 14,877 412,133
Denmark .. ............. 606 650 625 610 633
Dominican Republic .. . . . .. 88 75 55 36 39
Ecuador ................ 25 24 ©23 20 20
Egypt..... ... .. ..... 1,433 2,025 2,114 f2,235 2,541
£l Salvador . ... .. ol 13 11 12 €13 12
Filand ......... ... .... 2,669 2,798 2,921 2,861 2,456
France .......... ... .... 17,693 19,122 19,335 . 19,032 18,437
Germany, Federal Republic of: :
Eastern states . . ... ... . 8,243 8,131 7,829 5,587 NA
Western states . . .. .. ... 36,248 41,023 41,073 38,435 NA
Total .. ... .. o 44,491 49,154 48,902 44,022 ‘42,169
Greece .. ... . .. o 907 959 958 71,050 ‘380
Guatemala .. ... ....... 21 23 23 €23 20
Honduras® .. ... ..... .... 7 7 '8 '8 8
Hong Kong® . ... .. ... ... ’ 280 300 320 350 350
Hungary . ...... .. .. .... 3,621 3,583 3.356 2,963 1,900
India® .. ..., 13,121 14,309 14,608 14,963 16,394
Indonesia . ... . 1,453 2,050 12,400 "“2.800 3,250
fan .. 839 '978 1,081 ‘1,425 2203

See footnotes at end of table.



Table B-5.—Raw steel:' world production, by country, 1987-912Continued

(Thousand metric tons)

Country’ 1987 1988 1989 1990 1991¢

raq® .. . S - 50 300 150 20
reland .. .. . ... .. .. .. 220 271 324 326 4293
Israel® . ... ... ‘116 120 118 144 164
Maty .. ... .. .. ... . .. .... 22,859 23,760 - 25213 25,439 425,007
Jamaica . ... ... 21 28 37 24 25
Japan ... ... 98,513 105,681 107,908 110,339 . *109,649
Jordan ... ... ; ‘240 - 17 14 14 14
Korea, North® . ... . .. .. ... 6,500 8,000 8,000 8,000 8,000
Korea, Republicof ... ... .. 16,782 19,117 21,873 23,125 26,001
Libya ... ... ...... ... ... - - - 500 500
Luxembourg .. ... ...... " 3,301 3,659 3,721 3,561 *3.379
Malaysia® ... ... ......... 4750 550 880 900 900
Mexico ... ... ... ... 7.642 7.779 7.851 '8,726 47,883
Morocco® .. ... ... 6 7 7 7 ‘ 7
Netherlands .. ........... 5,082 5,518 5,681 5,412 ‘5,174
New Zealand . ........... 409 460 608 765 700
Nigeria . ... ... .. ..., ... 184 192 213 220 200
Norway ................ 837 907 641 384 438
Pakistan® ... ... ......... 1,100 1,000 1,000 1,000 1,000
Paraguay .. .......... .. » 13 62 63 63 60
Peru................... 503 481 401 284 350
Philippines® ... .......... 250 331 300 300 250
Poland .............. ... 17,148 16,873 15,094 13,625 410,439
Portugal . ............. .. 732 811 762 746 ‘564
Qatar .................. 492 527 585 571 550
Romania ............... 13,885 14,496 14,415 9,787 7,000
Saudi Arabia .. ...... U 1,365 1,614 1,810 1,833 1,850
Singapore . ............. 422 413 495 489 490
South Africa, Republic of . .. 8.991 8.837 9,337 8,691 49,358
Spain . ... ....... ... ..., 11,691 11,685 12,684 12,705 12,700
Sweden . .. ............. 4,595 4,779 4,700 4,454 4,248
Switzerland .. ... ... ... .. <870 825 916 970 955
Syria® . ... ... 70 70 70 70 70
Taiwan . ... ... ... 5,949 8,313 9,047 f9,747 ‘10,957
Thailand . ... ............ 534 552 689 685 711
Trinidad and Tobago .. .... 361 361 294 372 425
Tunisia . . ............... 196 150 194 200 200
Turkey . ... ........ e 7,044 7.982 7,934 '9,462 *9,336
USSR ... ... .... 161,887 163,037 160,096 154,414 . 132,666
United Kingdom .. ... ... .. 17,425 19,013 18,813 17,908 416,511
United States . . .......... 80,877 90,650 88,852 89,726 479,738
Uuguay .. ........ ... .. 30 29 47 40 40
Venezuela® . ... ... . ... .. 13,297 3,165 72,941 3,000 3,100
Vietnam® . . ... ... ... .. .. 110 115 115 120 120
Yugosfavia .. ............ 4,367 4,487 4,500 3.609 2,200
Zimbabwe .............. 515 602 592 580 600
Total ... ........ 734319 779,782 786,219 770638 733673

“Estimated. "Revised. NA Not available. -

ISteel formed in first solid state after melting, suitable for further processing or sale; for some
countries, includes material reported as “liquid steel,” presumably measured in the molten state
prior to cooling in any specific form. -

*Tabte includes data available through June 29, 1992.

’{In addition to the countries listed, Burma, Ghana, Libya, and Mozambique are known to have
steeimaking plants, but available information is inadequate to make reliable estimates of output
levels.

*Reported figure.
*Data are for year ending June 30 of that stated
-®includes steel castings.

NOTE,—Dashes indicate zeros.

Source: U.S. Bureau of Mines Commodity Annual Report for iron and Steel, 1991
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APPENDIX C.—MANGANESE INPUT TO THE OCEANS

Transport of manganese to the oceans, particularly by
means of rivers, is, as was shown in figure 16, one of the
more significant aspects of manganese flow in the bio-
sphere subject to the effects of human activities. The
mechanism of this transport 1§ a complex process about
which more knowledge is being developed continuously.
A schematic diagram of the various routes by which man-
ganese reaches the oceans and its progression thereafter
is shown in figure C-1. River transport is predominantly
by means of suspended particulates. Average concentra-
‘tions are estimated as 8.2 parts per billion for manganese
dissolved in river water and 1,050 parts per million as
particulates; i.c., roughly the same as in soil. Transport
as dissolved manganese accounts for only about 2% of
total river transport (4/). Data cited in one source in-
dicates that the present-day gross global fluvial flux of
manganese to the ocean margins as particulate matter is
about 16 million mt/yr and only about 400,000 mt/yr as
dissolved manganese (29, p. 157).

Events at the river/ocean interface can be quite
involved, as portrayed schematically in figure C-2 for the
estuary of the St. Lawrence River. Estuaries act as a
block to the.transport of material from river to ocean and
retain about 90% of the river flux. In the case of man-
ganese, the result is that the net global fluvial flux to the
oceans is about 1,600,000 mt/yr as particulates and about
300,000 mt/yr as dissolved manganese (29, pp. 158-161).

Manganese concentration gradients in the oceans reflect
input of manganese from rivers. Measurements of the var-
iation of manganese concentration with depth typically
show maximums in the ocean surface layers, particularly
close to continents (42). Geographic variations in con-
centration are observed, such as associated with atmos-
pheric input in that the highest conceantrations of dissolved
manganese in surface waters of the North Atlantic are
found in latitudes receiving large inputs of Saharan dust
(29, p. 185).. The usual pattern in oceans is that man-
ganese concentration decreases as depth increases, and
fairly uniform and low concentrations are attained in deep
waters (43).

The relatively new field of plate tectonics indicates
input of hydrothermal manganese from upwelling fluids at
ocean spreading centers to be a major source of manga-
nese to the occans. In one study, the hydrothermal man-
ganese flux was estimated to be three to four times as

great as that of dissolved manganese from rivers; i€,

900,000 mt/yr hydrothermal versus 250,000 mt/yr hydrog-
enous (44). [n another study, an even higher hydrothermal
to fluvial ratio of about 30 was estimated, 7,700,000 versus
270,000 mt/yr (29, p. 176).

Over geologic time, precipitation from marine en-
vironments has resulted 1n the formation of manganifer-
ous deposits as nodules on ocean floors and crusts on
undersea mountains. These formations constitute sizable
metal resources whose recovery has been the subject of

considerable rescarch and development work. Manganese
is the principal metal constituent of nodules and crusts; for
both, the manganese content averages about 25% at the
sites of greater interest. Iron is the second most abundant
metal at an average coatent of roughly 15%. The greatest
potential value attaches to the nickel, copper, and cobalt
contents of the nodules and to the cobalt and nickel con-
tents of the crusts. Metal content is variable, but, for the
more favorable locations, typical contents in nodules are
about 1% each for nickel and copper and 0.2% for cobalt
and in cobalt-manganese crusts about 1% for cobalt and
0.5% for nickel. '

Investigations so far indicate that the Pacific Ocean
possesses the most promising accumulations of nodules’
and crusts. For nodules, attention has centered on those
at ocean depths of 3,600 to 5,500 meters in the Clarion-
Clipperton (C-C’) zone southeast of Hawaii. For crusts,
attention has centered on those on seamouats in an Exclu-
sive Economic Zone (EEZ) such as that of the Johnston
Islands southwest of Hawaii. Crusts have the advantage of
lesser depth, which can be 2,000 meters or less. Nodules
are discrete, pea- to potato-size bodies resting on or par-
tially submerged in sediments, whereas crusts are coatings
perhaps S cm thick that follow the contours of the under-
lying surface on which they form.

Nodules and crusts represent a vast manganese re-
source. For-example, it has been estimated that 2.1 billion
mt of dry nodule material is potentially recoverable from
the C-C’ zone (45, p. 66). At a manganese content of
25%, this implies about 500 million mt of manganese,
which is comfortably more than the 370 million mt reserve
estimate of the U.S. Bureau of Mines for the Republic of
South Africa; the giant among sources of terrestrial re-
serves.  The three single best areas of the C-C’ zone have

. been estimated to contain a total of 283 million dry mt of

nodules (46). At a manganese content of 27%, this con-

"stitutes a manganese resource of 76 million mt, which is

équivalent to about 9 years of total world production at
the 1990 rate. A similar magnitude can be estimated for
crust resources. For crusts in the EEZ of the Johnston
Islands proposed for lease sale, the manganese resource
was estimated as 81 million mt in"crusts about 2.5 cm thick
having an average manganese content of about 24% (47).

Technology for mining nodules, a gathering operation,
has advanced to the stage of optimization and adaptation
to commercial scale, while that for crust mining, a cutting
and scraping operation, is still under development (48, 49).
Extractive technology for processing nodules and crusts
has been relatively well worked out, since techniques
similar to those for land deposits are suitable for both.
Studies of the possible environmental impacts of mining
and processing nodules and crusts indicate that the prin-
cipal concern would be with processing, with relatively
minimal impacts expected for mining.
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Figure 1.1 A schematic representation of the source/input — sea water internal reactivity —
sink/output global journey. The large open arrows-indicate transport from material sources,
and the largc filled arrows indicate transport into material sinks; relative flux magnitudes are
not shown. The small arrows indicate only that the strengths of the fluxes can be changed as
they cross the various interfaces in the system; thus, g and n represent gross and nct inputs
or outputs, respectively. Material is brought to the oceans in both particulate' and dissolved
forms, but is transferred into the major sediment sink mainly. as particulate matter.- The
removal of . dissolved material to the sediment sink therefore usually cequires its
transformation to the particulate. phase. This is shown by the p — d term. However, the
intention here is simply to indicate that internal particulate/dissolved reactivity occurs within
the seawater reservoir, and it must be stressed that a wide variety of chemical reactions and
physicochemical processes are involved in setting the composition of the water phasc - see
text. For convenience coastal zones are not shown '

Source: Reference 29, p. 6.

Figure C-1.—Fluxes involved in transport of manganese to the oceans.
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Commercialization of metal recovery. from nodules
and/or crusts has been held back by a number of factors.
One 1s capital cost, which for nodule mining generally
has been estimated as a minimum of $1 billion for a
commercial-size operation. The majority of the cost is
associated with processing rather than with mining; one es-
timate assigns 80% of the capital investment and 75% of
operating costs to processing (50). A second impediment
is the legal barrier posed by the United Nations Law of
the Sea Convention, which clouds the terms under which
wining of the deep oceans could be conducted in inter-
national waters. Legal restrictions can be less forbidding
for .crust mining and depend only on the national laws
applying to an EEZ. A third factor has been uncertainties
in metal markets such as those of the 1980’s that worked
against nodule mining. The mineral economics of copper
and nickel are the keys to the economics of a nodule
recovery operation. The economics of recovery from
crusts depends on the cobalt market (57).

Coproduct recovery of manganese, the metal present in
greatest amount, has tended to be an optional but not

57

economically critical feature of potential ocean mining
projects. Regardless of the economics, mining of nodules
and crusts has had an appeal from the strategic viewpoint
that such operatious have the ability to more than remove
the dependence of the United States on foreign sources
for supply of cobalt and manganese units.

The ncar-term outlook for ocean mining is uncertain,
according to participants at a workshop on the future of
ocean mining held in 1989. The majority of the partici-
pants believed that mining of the deep sea would be com-
mercialized in the early part of the 21st century, and the
likelihood of nodule mining was assessed as much greater
than that for crust mining (52). In an OTA study pub-
lished in 1987, commercial prospects for development of
marine minerals were viewed as remote for the fore-
seeable future, with the possible exceptions of sand and
gravel and the precious metals (53). OTA placed nodules
fourth and crusts fifth in probable order of development
on a list of six classes of materials that might be obtained
from the EEZ.
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