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ABSTRACT
Economic analyses have been conducted on the two 

basic ocean mining systems, the hydraulic system and 
the continuous line bucket (CLB) system. Discounted 
Cash Flow Rate of Return (DCFROR) and Net Present Value 
(NPV) have been calculated for the two systems, processing 
4 metals (manganese, nickel, copper and cobalt), 3 metals 
(without manganese) and cobalt alone. These analyses 
show that, given the assumption that a 25 percent DCFROR 
is the minimum required to make ocean mining an attractive 
investment, the hydraulic system would be economical for 
4 metals (yielding a DCFROR of 30.8 percent). Cobalt 
would provide a significant portion of the profitability 
of an ocean mining venture, as shown by the calculated 
DCFROR, for cobalt alone, of 30.3 percent. The continuous 
line bucket (CLB) system is shown to be uneconomical due 
to its low production capacity. The CLB system yields 
DCFROR’s of 16.3 percent for cobalt alone with a reduced 
price, 22.9 percent for cobalt, nickel and copper and 
24.4 percent for cobalt without the price reduction.

The present supply of cobalt is shown to be very 
vulnerable to disruption. A stable supply of cobalt, 
such as that provided by ocean mining, would yield
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significant economic and strategic benefits. Economic 
benefits would be in the form of increased revenues to 
both private firms and the U.S. government, and in de
creased costs to consumers. The dollar value of these 
benefits would range from $2.5 to $10 billion. Strategic 
benefits would be in the form of a relative decrease in 
vulnerability of the U.S. military to supply disruptions 
of cobalt. Ocean mining would result in a 50 percent re
duction in vulnerability.

Since the overall benefits to the nation are sub
stantial, it is suggested that the U.S. government provide 
a favorable economic climate for ocean mining. Direct 
government subsidies are not needed, since ocean mining 
appears to be economical without them, but favorable 
tax laws and other regulations would help launch this 
new industry.
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INTRODUCTION
Ferromanganese nodules found on the ocean floor con

tain manganese, copper, nickel and cobalt, often in 
concentrations greater than those found in dry-land 
deposits of these metals (McKelvey, et al, 1979). All 
four of these metals are considered strategic minerals.
This means that they are necessary (with present technology) 
to produce manufactured goods which are vital to U.S. 
national security. Of these four metals, the U.S. is 
self-sufficient only in copper. There are domestic re
sources of the other metals, but recovering them would 
involve a substantially higher cost than importing them 
(Gordon, 1981).

There are many causes for the decline in U.S. self- 
sufficiency in strategic minerals. The major factor, of 
course, is that there are no significant resources of 
most of these minerals. There are virtually no resources 
of cobalt and nickel; and while there are significant 
resources of manganese, they are all of such low grade 
that none can be mined economically (Jensen and Bateman, 
1981). The other major factor appears to be government 
policies which limit access to public lands, impose 
environmental requirements, regulate trade, and impose
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health and safety requirements. Many U.S. mining companies 
have found that foreign mining investments are more 
economical than domestic investments. Recently, however, 
as Third World countries have become more aggressive in 
striving for equal status with developed countries, 
foreign investment has become less attractive for U.S. 
companies. Nationalization of former U.S.-owned mines, 
and further investment by these nationalized companies, 
have made the market more competitive for many strategic 
minerals (van Rensburg, 1981).

The U.S. has no reserves of manganese that have a 
35 percent or greater concentration of manganese, and 
must import at least 98 percent of its annual consumption 
(van Rensburg, 1981). Manganese is vital for steel pro
duction. Major suppliers of manganese to the U.S. are 
Gabon, Brazil, Australia and South Africa for manganese 
ore, and South Africa for ferromanganese (van Rensburg, 1981). 
The current market price for manganese, as well as the 
price in the foreseeable future, is too low for any U.S. 
mining company to invest in domestic manganese mining.
Yet such heavy dependence on a few foreign suppliers is 
not a very satisfactory situation. Even a complete shut
down of imports of manganese, however, would not actually
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cripple U.S. industry in the short term. Government 
stockpiles of manganese are estimated to contain sufficient 
to meet U.S. needs for two years, and industries which 
consume manganese also have an estimated two year supply 
(Gordon, 1981).

The U.S. imports a sizeable percentage of its annual 
consumption of nickel. However, most of these imports are 
from Canada, and with some from Norway, New Caledonia 
and the Dominican Republic (Gordon, 1981). The stability 
of supply of nickel is not expected to be a problem in 
the near future. In the long run, though, as the world’s 
pool of resources shrinks and competition for these 
resources becomes more intense, traditional international 
relationships will probably change (Kildow and Dar, 1980).

Of the four strategic minerals, which can be found 
in the deep sea manganese nodules, cobalt presently has 
the most tenuous supply sources. Zaire and Zambia produce 
the vast majority of the world’s supply of this metal, 
which is essential in the manufacture of jet engines and 
high-speed cutting tools. The governments of these two 
countries are Marxist in orientation and their friendliness 
toward western nations is certainly open to question.
Still, it is doubtful that these countries would voluntarily 
halt the supplies of cobalt since they desperately need
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the cash flow from trade with the West (Knight and Behr, 
1981). The United States has a sizeable cobalt stockpile, 
about 40 million pounds, which would last about two years 
at present consumption rates (Gordon, 1981). Such an 
emergency supply, however, does not prevent severe economic 
effects from supply disruptions. In 1978, the invasion 
from Angola of Zaire's cobalt-producing Shaba Province 
resulted in a quadrupling of producer prices from $6.40 
to $25 a pound ( $50 on the spot market). Just prior 
to the invasion, the Soviet Union bought much of the 
world's surplus; during the worldwide shortfall that 
followed, the Soviets sold cobalt to the United States 
at artificially inflated prices (Velocci, 1980).

Ocean mining could conceivably make the United States 
and other western nations virtually self-sufficient in 
cobalt. In this way, the U.S. might become immune to 
economic disruptions resulting from a cutoff of the 
supply of cobalt (Gordon, 1981). However, the benefits 
of an aggressive program to become more self-sufficient 
in strategic minerals might be far outweighed by the 
economic costs (Gordon, 1981). The overall purpose of 
this thesis is to determine whether the benefits to be 
derived from ocean mining exceed the costs, with a high
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enough degree of certainty, to make the investment worth
while.

While the environmental effects of deep ocean mining 
are beyond the scope of this paper, they are certainly 
of concern to a great number of people, whether or not 
they are directly associated with the ocean mining in
dustry. Data available on this subject to date appears 
to indicate that even commercial-scale deep ocean mining 
will have no deleterious effect on the ocean environment, 
but further study is needed to prove this conclusively 
(Herbich and Flipse, 1978 ; Kaufman, 1979 ; Amos, et al,
1972 ; Mero, 1977; Blissenback, 1977 ; Pennington, 1976;
Amos, et al, 1977 ; Cronan, 1980 ; Eckert, 1979).

Chapter 1 of this thesis describes the general meth
odology employed in conducting the analyses. Chapter 2 
is a brief review of the literature on this topic to date.
In Chapter 3, the current state of extraction and processing 
technology, as well as expected future developments, is 
discussed. Chapter 4 is an economic analysis of the two 
basic systems currently under development to determine 
their relative and absolute economic feasibilities as 
investments. The economics of ocean mining for cobalt 
alone, as well as with the other major nodule metals, is
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examined. Chapter 5 is an analysis of the stability of 
supply of cobalt. Chapter 6 developes a quantitative 
value to the U.S. of a steady supply of cobalt.
Chapter 7 suggests some U.S. government policies or 
actions in support of ocean mining. The conclusions will 
be a final decision whether the net benefits of ocean 
mining can outweigh the net costs.
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CHAPTER 1 

METHODS OF ANALYSIS

In this thesis, the economic feasibility of deep 
ocean mining for cobalt will be examined from both a 
microeconomic and a macroeconomic viewpoint. From a 
microeconomic viewpoint, the relative attractiveness of 
investing in an ocean mining project to extract and process 
cobalt is evaluated. The macroeconomic viewpoint involves 
the economic and strategic value, to the United States 
as a nation, of a more assured supply of cobalt.

Six economic models are analyzed using methods des
cribed by Dr. Franklin J . Stermole in his book Economic 
Evaluation and Investment Decision Methods (Stermole, 1980). 
These models represent the two basic ocean mining systems, 
the hydraulic system and the continuous line bucket (CLB) 
system. One hydraulic system model analyzes the economics 
of processing all four metals (manganese, nickel, copper and 
cobalt) found in the marine nodules. Another model analyzes 
the CLB system processing three metals (copper, nickel and 
cobalt). The last four models are hypothetical cases in 
which only cobalt is extracted using both mining systems. 
This is done to determine the relative economic value of 
cobalt compared to that of the other nodule metals. In 
two of the cobalt-only models, the effect of the expected
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price reduction, caused by the influx of nodule cobalt, 
is analyzed. Analysis will be made on an after-tax 
basis using Discounted Cash Flow Rate of Return (DCFROR) 
and Net Present Value (NPV) methods.

In making these analyses, the assumption is made that 
the depletion allowance granted for minerals taken from 
the ocean will be the same as for those same minerals 
mined from dry land. It is also assumed that these 
deposits will be treated as foreign deposits for figuring 
depletion allowance, so all nodule metals would have a 
depletion allowance of 14 percent. The most recent market 
prices, of the metals being analyzed, are used as a starting 
base and escalated to the levels expected in 1988, the 
assumed first year of production. The escalation rate 
used is based on trends of the Producer Price Index and 
the Marshall and Swift indexes. Capital costs and operating 
costs, used in the analyses, are from ocean mining industry 
sources or financial institutions; either from published 
reports or from direct contact. Costs are escalated in 
the same manner as prices. Since no commercial operation 
exists to date, and no system has been tested at a level of 
operation considered commercial, it is assumed that the 
systems analyzed will operate effectively at the rate
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claimed by their proponents. An exception is the CLB 
system which, studies have shown, cannot meet projected 
capacity levels higher than one million dry metric tons 
(Smale-Adams and Jackson, 1978).

In order to analyze the economics of deep ocean mining 
for cobalt, the expected extraction and processing expenses 
and the expected revenues, for this metal, must be separated 
from those of the other metals in the nodules. In this 
paper, per unit cost is determined based on a percentage 
of the estimated extraction costs per nodule, taken from 
ocean mining industry sources. Revenues are based on the 
expected future price of cobalt and on the estimated 
extraction rate claimed by industry. The assumption is 
made that no Law of the Sea treaty will have been signed 
at the commencement of commercial ocean mining. This means 
that the analysis need not consider royalty payments, 
resource and technology transfers or any other drain on 
revenues that would not be encountered in a dry-land 
domestic operation. This assumption is made because the 
future of the Law of the Sea is far from settled at present 
(Kildow and Dar, 1980). The Deep-Sea Hard Minerals Recovery 
Act (Kobler, 1980) may allow U.S. companies to begin com
mercial operations without an international Law of the 
Sea, but the Law of the Sea must eventually be ratified



T-2632 10

to assure the long-term stability of the ocean mining 
industry.

In considering the economic and strategic value to 
the U.S. of a relatively more secure supply of cobalt, 
the stability of present supplies is analyzed. Sources 
of information in this area are government and military 
analysts and experts from the industries which are major 
consumers of cobalt. The future chances of a disruption 
in cobalt supplies similar to the crisis in 1978 are analyzed 
based on the above information. The astronomical rise in 
the price of cobalt, that occurred as a result of the 1978 
supply cutoff, is used as part of the data to arrive at a 
quantitative value for a more stable supply of cobalt.

Other factors which are considered are the potential 
effect on price of a cartel, and of the disruptive activities 
of the Soviet Union in the politics and economics of South 
African countries or in world markets. Possible savings 
in government stockpile maintenance costs is another factor. 
The economic value to the U.S. is in terms of net economic 
benefit. The strategic value is in terms of a vulnerability 
index.

Policies or actions of the U.S. government which can 
make ocean mining more attractive to private industry
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include support in the international arena (to provide 
investment security), tax incentives to increase the net 
income from a deep ocean mining investment, government 
subsidies, changes in environmental regulations and 
permitting requirements, price guarantees, and insurance 
against non-market causes of business failure.
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CHAPTER 2
A REVIEW OF LITERATURE ON THE 

ECONOMICS OF OCEAN MINING
Ever since the possibility of commercial mining of 

manganese nodules was proposed by Dr. John Mero in the 
mid-1950's , numerous attempts have been made to analyze 
the economics of deep-sea mining (Mero, 1977b). However, it 
was not until the late 1960’s and early 1970's that a few 
companies began conducting research and development in the 
technology involved in manganese nodule recovery from the 
ocean floor. As deep ocean mining became more technologically 
feasible, the economic analyses became more detailed with data 
made available from experimental mining systems (Mero, 1977b).

This discussion is limited to economic analyses 
published from 1972 to the present. Unless otherwise 
specified, dollar values are for the years in which the 
analysis was published. These economic analyses will be 
discussed in chronological order from the oldest (1972) 
to the most recent (1981).

About ten years ago, Dr. John Mero (Mero, 1972) 
discussed the economic potential of ocean floor manganese 
nodule deposits in an article published by the National 
Science Foundation. Dr. Mero states that the sea-floor 
nodules can be reduced to salable nickel, cobalt and
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copper metals or manganese ore, with a process involving 
dissolution of the valuable metals and differential 
precipitation or separation of metals from solution.
A plant for such processing generally requires a high 
capital cost ($50 to $100 per annual ton of module 
capacity) and results in high operating costs ($20 to $30 
per ton). However, high recovery efficiencies (90 to 
95 percent of contained metals) are achieved with these 
processes.

Table 1 shows Mero's comparison of the overall econo
mics of two sea floor nodule mining systems, a hydraulic 
system and a Continuous Line Bucket (CLB) system. These 
systems will be described in greater detail in Chapter 3. 
Figures in Table 1 are based on recovering one million dry 
tons of nodules per year assaying 40 percent manganese and 
iron, 0.2 percent cobalt, 1.6 percent nickel and 1.4 percent 
copper. Other assumptions are a 90 percent recovery 
efficiency for the differential precipitation process and 
a 70 percent recovery efficiency for the differential 
leaching process. Transport costs assume chartered vessels 
and a 4000 mile round trip from the deposit to process 
site. Prices used in this table are as follows : $35 per
ton for manganese ore produced from ferromanganese,
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$2 per pound for cobalt, $1.20 per pound for nickel and 
$0.50 per pound for copper. Thirty percent of production 
costs would be devoted to processing cobalt, nickel 
and copper, while the remaining 70 percent would be for 
processing ferromanganese. The distribution of production 
costs indicates that there could be a substantial gain 
in the profitability of the operation if cobalt, copper 
and nickel could be separated from the nodules at sea.
The remainder of the nodules would be returned to the 
sea floor to form nuclei for new modules (Mero, 1972).

In 1973, M.D. Hassialis of the Krumb School of Mines 
at Columbia University did a preliminary economic evaluation 
of a ferromanganese deposit (Hassialis, 1973). In this 
evaluation, Hassialis expressed the opinion that the lowest 
acceptable rate of return for a ferromanganese nodule 
mining venture would probably be 25 to 30 percent, to 
account for the increased risk associated with this new 
and untested industry.

On the basis of the assumption that the minimum 
acceptable rate of return is 25 to 30 percent, Hassialis 
uses an analytical approach relating gross income (revenue 
minus cost) to capital investment. He found that for an 
ocean mining project to yield a 25 percent rate of return,
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the gross income in any year must be about 52 percent of 
investment. For a 30 percent rate of return, gross income 
each year must be 67 percent of investment. Hassialis 
states that, in his experience, projects showing gross 
incomes of two-thirds of total investment are very rare.

Hassialis performs an economic analysis of an ocean 
mining system using current metal prices and cost informa
tion available when he wrote his article. Based on an 
ore value of $54.00 per ton of nodules, capital costs of 
$115.00 per ton of annual capacity and operating costs 
of $30.00 per ton, he concludes that it is not possible 
to attain a minimum rate of return of 25 percent.

In an article written for the July,1974> Engineering 
and Mining Journal, Lampietti and Marcus discuss a computer 
model they developed which employs risk analysis and dis
counted cash flow calculations to estimate the chances 
of success for a nodule mining project. To account 
for uncertainty, probabilities are assigned to the param
eters used as input variables. These input variables 
are sampled by Monte Carlo techniques and related by a 
set of equations simulating various aspects of the nodule 
deposits, the mining system and the metal production.
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The computer model study, of Lampietti and Marcus, 
assumes that a ship comparable to the Glomar Explorer is 
harvesting deep sea nodules which are processed at a shore- 
based plant. An orderly sequence of research, development, 
exploration and capital investment is assumed. Success is 
defined as positive cash flow over the life of the project, 
with the objective of the study being to estimate the proba
bility of project profitability. The general assumption is 
made that the technologies néeded for mining, transporting 
and processing nodules is available and that only cost and 
reliability need to be considered.

Capital costs are selected for a given project and 
yearly cash flows are calculated based on a variety of 
assumptions. The sum of the yearly cash flows discounted 
over the life of the project yields a net present value 
for the project. If numerous individual trial projects 
over a wide range of assumptions yield positive cash flow, 
the chances for success will be roughly proportional to 
the ratio of the number of profitable trials to the total 
number of trials. It is assumed that capital investment 
is spread over the first four years of each project and 
that mining production and revenues begin in the fifth 
year and continue until the 24th year. The results of
1,000 trials are summarized in Table 2.
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TABLE 2
Summary of Statistics for 1,000 Trial Projects
Variable Mean Minimum Maximum

Sum of annual productions
(tons/1000) 31868.0 18648.3 49082.7

Total gross revenue
(million $) 1472.4 688.2 2510.9

Total operating cost
(million $) 870.9 567.1 1213.2

Total cash flow
(million $) 416.1 -134.2 1196.0

Capitalization
(million $) 185.4 97.5 268.6

Rate of return
(%) 12.6 0.0 42.0

Year of payback 7.8 1.0 20.0
Ratio of cash out to
cash in 2.3 i o <i 9.8

(Source : Lampietti and Marcus, 1974)
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For these 1,000 trials, discounted cash flows are 
greater than zero, by more than a marginal amount (ROR 
of 2 percent), 96.3 percent of the time. Lampietti and 
Marcus conclude that the chances for a successful deep 
ocean mining operation are favorable given the assumption 
made (Lampietti and Marcus, 1974).

A technical and economic review of the processing 
of nodules was done by Agarwal, et al (1976). This 
article discusses the pertinent characteristics of nodules 
as related to metal extraction and the various processing 
methods available for metal extraction. These processes 
are then compared to determine which would be most 
economical.

The first characteristic noted by Agarwal, et al, is 
that nodules cannot be easily beneficiated by low cost 
physical means. This characteristic is common to most 
oxidized deposits but is not a problem with the sulfide de
posits. Copper, nickel and cobalt are not found as separate 
minerals, but are distributed in the manganese oxide phases 
and about 30 percent of an average nodule will be gangue 
material.

Nodules are filled with extremely fine pores, which 
has led to consideration of their use as an adsorbent 
and catalyst. As a result of this porosity the moisture
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content of nodules is about 30 to 40 percent by weight.
Many nodule extraction schemes involve direct leaching 
because the cost of removing the water is a problem for 
all processes involving drying, high temperature reduction 
or pyrometallurgy. It might be assumed that the porosity 
of the ore would make direct leaching rapid. However, 
several days are necessary for direct acid leaching at 
low temperature. As a result, several of the processes 
under commercial consideration use reducing agents to 
attack the tetravalent manganese oxide matrix, simultaneously 
releasing the valuable metals, eliminating the slow leaching 
problems and making manganese available for recovery if 
desired. Potential reductants available are hydrogen 
chloride, ferrous iron, sulfur dioxide and carbon.

The complex composition of nodules presents one of the 
most difficult problems and one of the great potentials of 
nodules according to Agarwal , et al. Each nodule contains, 
on the average, 30 percent manganese, 1.3 percent nickel,
1.1 percent copper and 0.2 percent cobalt. At prices per 
pound of $0.25 for manganese, $2.01 for nickel, $0.63 for 
copper and $4.00 for cobalt, values per ton would be $150 for 
manganese, $52 for nickel, $14 for copper and $16 for cobalt. 
Total value per ton would be $232. At first glance, this
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appears to be a contaminated manganese ore. However, this 
wet, impure 30 percent ore cannot compete economically with 
dry, pure 45 to 50 percent ore available at low cost from 
dry-land sources.

Nickel is the next highest value after manganese. 
Nodules contain as much or more nickel as many commercial 
laterite deposits. Although the mining cost from nodules 
will be higher, some of the other metal values, notably 
copper, can be recovered to pay for mining.

Agarwal, et al, discuss smelting as an option for 
processing nodules. With the ore containing 30 to 40 per
cent moisture and not amenable to physical beneficiation, 
the entire ore must be dried and raised to smelting tempera
ture to recover less than 3 percent of its weight as metal 
values. Therefore, nickel, copper and cobalt are unlikely 
to pay for smelting. But in smelting, a manganese slag 
is produced that could be used to produce ferromanganese 
to increase revenue. Unfortunately, this slag will be 
fairly low grade (35-40 percent) and will contain many 
impurities, so it will probably not be able to compete 
with terrestrial ores.

Agarwal, et al, conclude from the foregoing that any 
commercial venture for recovery of nodules will be more
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risky if it relies on manganese production to make a profit. 
The smelting process is locked into manganese production, 
since it is marginally economic for recovering copper, 
nickel and cobalt, so its viability is doubtful. The authors, 
therefore, examine low temperature processing methods which 
do not require manganese production, but which, hopefully, 
do allow manganese production as an add-on option.

In any hydrometallurgical process a key economic 
factor will be the net cost of reagent. The reagent must 
be very inexpensive or it must be recyclable at low cost, 
and the less it reacts with gangue material (including 
manganese) the better. Sulfuric acid is the best known 
and cheapest of all hydrometallurgical reagents. Tests 
with nodules have shown that leaching at ambient temperature 
and pressure requires several days, results in solubiliza
tion of substantial amounts of manganese and iron and 
reaction with clay gangue, and consumes as much as half a 
ton of acid per ton of nodules. A high temperature and 
pressure leach can extract nickel, copper and cobalt with 
negligible solubilization of manganese and iron and with 
acid consumption of about a third of a ton. However, 
pressure equipment would be expensive and so would 600 pounds 
of sulfuric acid per ton which is not economically re
cyclable .
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A reduction-ammoniacal leach process, which has been 
used with nickel laterites, could be used for nodules.
The nodule ore is easily reduced. The ammonia-ammonium 
carbonate leach selectively extracts nickel, copper and 
cobalt as amine complexes and leaves iron and manganese 
in the tailings. There is little or no reaction with the 
clay gangue and the reagent is recoverable by simple 
distillation. If such a process is economical for nickel 
laterites, it should be equally so for nodules, with copper 
and cobalt paying the mining costs and supplying additional 
profits. Finally, in the tailings would be a low-grade 
manganese ore which could be used in the event the price 
rises sufficiently.

Agarwal, et al, 1976, compare three hydrometallurgical 
processes which are based on the reagents previously 
discussed. These are : 1) The ammoniacal leach process,
on which Kennecott Copper Corp. holds patents for modifica
tions applicable to nodules; 2) The high pressure sulfuric 
acid leachj and 3) The low pressure hydrochloric acid 
leach on which Deepsea Ventures holds patents.
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Comparison of these processes shows considerable 
similarity in separation and production of nickel, copper 
and cobalt and in tailings disposal. The major differences 
in the processes are found in the leaching systems, in the 
methods of reagent recycling and in manganese production 
in the hydrochloric acid leach process. In Table 3 these 
three processes are compared on the basis of energy con
sumption, reagent consumption and capital investment.

As shown in Table 3, the hydrochloric acid leach 
process can be used either to recover manganese metal or 
to recover only copper, nickel and cobalt. However, using 
the hydrochloric acid leaching process without manganese 
production compares unfavorably with the other two pro
cesses, while the large investment required to produce 
manganese is not justified by the potential return for this 
metal.

Agarwal and his co-authors finally conclude that a 
nodule mining venture should be based on the recovery 
of nickel, copper and cobalt. In this case the 
ammoniacal leach process is the most economical. It has 
the lowest investment and reagent cost. Its energy require
ments are higher than for the sulfuric acid process, but 
this is more than compensated by the much higher sulfuric 
acid reagent costs (Agarwal, et al, 1976).
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Process

Ammoniacal
Sulfuric acid
Hydrochloric 
acid 
with Mn 
production 

without Mn 
production

TABLE 3
Process Comparison

Energy Reagent Investment
(MMBtu/ton ore) ($/ton ore) ($/annual ton ore)

6-7
1—2

1
12-15

7-11 
7-11

(Source: Agarwal, et al, 1976)

37-61
11-13

31-46
48-80

196-305
35-55
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In May 1976, Rebecca L. Wright, a staff assistant 
with the Ocean Mining Administration, produced an economic 
evaluation of ocean mining which was supplied to Congress 
as background material during hearings on pending legisla
tion dealing with ocean mining.

In her analysis, Wright approaches deep ocean mining 
as primarily a nickel recovery operation, stating that 
nickel sales will yield almost 70 percent of gross revenues 
for most operations. She feels, therefore, that growth 
in the ocean mining industry will depend on how competitive 
it is with other new sources of nickel.

For the purposes of this analysis, the author assumes 
an ocean mining operation with a three million dry ton ore 
annual capacity, recovering nickel, copper and cobalt. 
Average metal content is assumed to be 1.5 percent nickel,
1.3 percent copper and .25 percent cobalt. For nickel 
and copper recovery a processing efficiency of 90 percent 
is assumed, while for cobalt a conservative recovery 
rate of 50 percent is assumed. Table 4 shows metal price 
estimates used in this analysis. Table 5 shows best esti
mates of ocean mining costs for the base case. These 
estimates assume a 3 million ton per year processing 
facility on the west coast of the United States which
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receives input from two mining units in the north central 
Pacific. Nodules are transported from the mine site to the 
processing plant by chartered vessel, so transportation 
expenses are included in operating costs. Marketing and 
administrative expenses are also included in operating 
costs. Exploration and research and development estimates 
do not include pre-1976 expenditures.

Wright uses discounted cash flow to determine a pro
jected internal rate of return for the low, medium and 
high cost estimates shown in Table 5, using the metal prices 
shown in Table 4. She assumes that exploration, research 
and development would take place from 1976 to 1978, that 
other capital investment would be evenly distributed from 
1979 to 1982 and that full output would begin in 1982, with 
operations continuing for 20 years to 2001. Depreciation 
is calculated on a double declining balance basis for the 
first half of property life and converted to a straight- 
line basis for the remainder of property life. Mining 
system capital investments are depreciated over 10 years 
while processing plant investments are depreciated over 
15 years. An income tax rate of 48 percent is used and 
an investment tax credit of 10 percent is assumed. Two 
calculations are made of rate of return for the medium cost
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TABLE 4
Projected Prices of Principal Metals 
 (In 1975 dollars per pound)____

1975 1980 1985 1990 1995
Nickel 2.20 2.40 2.60 2.50 2.25
Copper .64 .80 .85 .88 .95
Cobalt 4.00 4.40 5.00 4.50 4.00
(Source : Wright, 1976)

TABLE 5
Ocean Mining Cost Estimates 

(Million 1975 dollars)
Low Medium

Exploration and R&D 75 125
Capital costs 385 468
Total investment 460 593
Working Capital 40 45
Annual operating 
costs 120 143

(Source : Wright, 1976)

2000
2.25
1.00
4.00

High
150
550
700
50

165
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estimates. One calculation is made without a depletion 
allowance while another is made using a percentage depletion 
allowance of 22 percent for nickel and cobalt and 15 per
cent for copper.

Estimated rate of return for the low cost estimate 
is 22.7 percent and for the high cost estimate it is
12.6 percent. Without a depletion allowance, the rate 
of return for the medium cost estimates is 16.9 percent 
and with a depletion allowance it is 18.9 percent. The
12.6 percent rate of return for the high cost case is ex
tremely low, and even the 22.7 percent rate of return would 
be considered low in light of the significant investment 
risks associated with early ocean mining operations. A 
less favorable tax or royalty environment, imposed by 
either the U.S. Government or an international agreement, 
could make ocean mining completely unprofitable.

Wright compares nodule mining to nickel laterite 
mining in both capital cost per pound of nickel and operating 
cost per pound of nickel. To make this comparison, she 
converts copper and cobalt produced from the nodules 
into "nickel pound equivalent". Using 1985 projected 
prices, one copper pound is equivalent to .33 pounds of 
nickel and a cobalt pound would equal 1.92 pounds of
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nickel. A 3 million ton per year operation would produce 
about 81 million pounds of nickel, 70.2 million pounds 
of copper and 7.5 million pounds of cobalt. Therefore, 
the annual capacity of this nodule operation would be
118.3 million pounds of nickel equivalent. Using the 
low to high capital cost range from Table 5 results in a 
capital cost per pound of nickel equivalent of $3.89 
to $5.92. Wright compares this to estimated investments 
required for two new laterite projects ; one in Indonesia 
with a capacity of 107 million pounds per year from a 
capital investment of $6.07 to $7.66 per pound, and one 
in Guatemala with a capacity of 28 million pounds from 
a capital investment of $7.67 to $8.00 per pound. Operating 
costs for nodule mining would be $1.01 to $1.39 per pound 
of nickel equivalent. This is compared to operating costs 
of existing laterite mines in the Philippines at $.96 
per pound, the Dominican Republic at $1.39 per pound,
New Caledonia at $1.67 per pound and Japan at $2.87 
per pound.

Wright concludes that in terms of capital costs, 
ocean mining compares very favorably with nickel laterites, 
while operating costs are about equal. It appears that for 
future expansion of nickel production, ocean mining may
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prove a better investment than shore-based laterite mining.
It is unlikely, however, that ocean mining would displace 
existing laterite mines where capital investment has already 
been made (Wright, 1976).

In January 1977, C . Richard Tinsley discussed technologi
cal and economic aspects of ocean mining (Tinsley, 1977a). In
his discussion, Tinsley compares an ocean mining rate of re
turn estimate by Raymond Kaufman of Deepsea Ventures to a 
rate of return estimate of his own. Kaufman’s estimate was 
probably based on a nodule mine producing one million dry 
metric tons per year, recovering 11,300 tons of nickel,
9,150 tons of copper, 2,150 tons of cobalt and 253,000 tons of 
manganese. According to Kaufman, such an operation would 
produce a discounted cash flow rate of return of 5 to 15 per
cent for a 3 metal operation and 10 to 18 percent for a 4 
metal operation. Tinsley’s estimate, for a 3 metal operation 
of the same size, is a 13.5 to 15 percent return with a 
14 percent depletion allowance and a 10 percent rate of 
return withput the depletion allowance.

Based on the above figures, Tinsley concludes that
ocean mining will not be a ’’bonanza” and that on-shore
mining ventures may be more attractive for investment.
This may be especially true given the legal and technical 
uncertainties associated with ocean mining (Tinsley, 1977a).
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In August 1977, Victory, Siapno and Meadows, all with 
Deepsea Ventures, Inc, published an article discussing the 
political, technical and economic aspects of their company’s 
"claim" 900 miles southwest of San Diego (Victory, et al,
1977). In this discussion the authors state that, as of 
November 1974, their company had expended approximately 
$20 million for research and development and that another 
$22 to $30 million would be spent for further exploration, 
evaluation and development.

The authors quote John E. Flipse, the then president 
of Deepsea Ventures, as stating that from an operation 
producing one million dry tons per year the company expects 
to market manganese, nickel, copper and cobalt as prime 
products, and molybdenum, vanadium and zinc as secondary 
products. Total funding requirements would be about 
$160 million. Annual operating costs would be about 
$70 million, annual revenues would be about $130 million 
resulting in before tax profits of about $60 million. 
Figuring in investment tax credit, depletion allowance, 
royalties and accelerated depreciation, the company cal
culated the after tax discounted cash flow rate of return 
at over 20 percent with a payback period of less than 
3 years (Victory, et al, 1977).
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In August 1977, a report on nodule processing was 
produced for the National Oceanic and Atmospheric 
Administration for use in assessing the impact of nodule 
processing on the environment (Dames and Moore, 1977). In 
this report the economics of nodule mining and processing 
are discussed. These economic evaluations are summarized 
in Table 6.

In Table 6, total investment is the capital investment 
for ships, mining equipment and the processing plant. 
Operating costs are the sums of mining and processing 
operating costs. Revenues are based on per pound prices 
of $2.50 for nickel, $0.85 for copper, $3.00 for cobalt and 
$0.25 for manganese. Recovery efficiency is assumed to 
be 90 percent for nickel, copper and manganese and 
60 percent for cobalt. The differences between the high 
and low range are caused by the assumed high and low ore 
grades. High range grades, in percent, are 1.5 for nickel,
1.3 for copper, 0.25 for cobalt and 25.0 for manganese.
Low range grades are 1.3 for nickel, 1.1 for copper,
0.2 for cobalt and 25.0 for manganese.

The authors conclude, based on simple return-on- 
investment calculation, that a 3 metal operation would be 
attractive only at a scale above 2 to 3 million tons per



T-2632 34

TABLE 6 
Rates of Return

4 Metal 3 Metal
Scale of Operation 
(million dmtpy)

0.5 1.0 1.0 2.0* 3.0*
High Range
Total investment 287 406 276 415-388 521-488
Revenue 115 230 106 212 318
Operating costs 64 111 71 134-122 177-165
Margin 51 119 35 78-90 141-153
After tax profit 26 60 18 39-45 72-77
ROI 9.1% 14.8% 6.5% 9.4%-ll.6% 13.8%-15
Low Range
Revenue 108 215 91 182 273
Margin 44 104 20 48-60 96-108
After tax profit 22 52 10 24-30 48-54
ROI 7.7% 12.8% 3.6% 5.8%-7.7% 9.2%-ll.1%

*Ranges shown for 2 and 3 million ton per year operations 
are for one or two ship operations. The authors express 
doubt as to whether a one ship mining system could be 
built with more than a 2 million ton per year capacity.

(Source : Dames and Moore, 1977)
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year. Four metal operations seem to yield an adequate 
return at a one million ton per year scale. A 4 metal 
operation, however, would be heavily dependent on stable 
manganese prices and the ability to market the manganese 
produced (Dames and Moore, 1977).

In 1977, Dr. John L. Mero (Mero, 1977a) predicted 
that ocean mining would be capable of supplying nickel, 
copper and cobalt at relatively low cost compared to shore- 
based sources. He stated that with the continuous line 
bucket (CLB) system it should be possible to mine nodules 
at rates of 1 to 3 million tons per year per unit at a 
mining cost of less than $5 per ton. He also asserts that 
it appears possible to produce nickel, copper and cobalt 
at a total overall processing cost of about $0.20 per pound 
of metals produced. The value of metals in each ton of 
nodules is somewhere between $50 and $150, according to 
Mero. With capital costs possibly as low as $50 per ton of 
annual capacity, initial returns should be as high as 
100 percent per year. Mero suggests that perhaps annual 
capacity could be increased to produce a greater percentage 
of world demand for copper, nickel or cobalt if the mangan
ese were separated out at the mine site and the ferromangan
ese particles returned to the sea floor to serve as nuclei 
for future nodules (Mero, 1977a).
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Blissenback (1977) states that it is his belief 
that overly optimistic assessments of the economic 
potential of ocean mining are responsible for the current 
slowdown in activity as the companies involved realize 
that ocean mining operations will not be as profitable 
as first anticipated. The same overly optimistic 
assessments are'to blame, in the author's opinion, for the 
belief held by many less developed nations, that they 
must prevent the developed nations from appropriating a 
source of great wealth that should belong to all of mankind.

Blissenback has more confidence in the economic 
analyses that give a cost range of $350 to $650 million 
dollars for a 3 million ton per year system, with annual 
operating costs of $115 to $170 million. The author also 
asserts that such an operation will yield a return on 
investment of 10 to 15 percent, and that this would not be 
adequate considering the size of investment required 
(Blissenback, 1977).

Writing again in 1977, Mero (1977b) states that 
a high estimate of total operating cost per ton would 
be $50 for a one million ton per year operation. Assum
ing overall recovery of 90 percent of nodules averaging 
30 percent manganese, 0.3 percent cobalt, 1.5 percent nickel
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and 1.2 percent copper, with prices of $1.00 per percent 
for manganese, $7.90 per kilogram for cobalt, $4.00 
per kilogram for nickel and $1.80 per kilogram for copper, 
value per ton of nodules would be $114. Gross profit 
per ton would therefore be $64. Assuming overhead costs of 
$6 per ton and a 48 percent tax rate, net profit per ton 
would be about $30. Net profit on a 2 million ton per 
year operation would be $60 million. Assuming total capital 
investment to be $250 million, annual rate of return would 
be 24 percent.

However, Mero states that manganese should not be 
included when calculating potential value because the 
world market would be unable to absorb the huge production 
from nodules. He also believes that cobalt should be 
calculated as equal in value to nickel due to the excess 
production of cobalt from nodules. With 90 percent recovery 
of 0.3 percent cobalt, 1.5 percent nickel and 1.2 percent 
copper, value per ton of nodules would be $81. Assuming 
total operating costs to be $50 per ton, with a 48 percent 
tax rate, net profit would be $16 per ton or $32 million 
per year for a 2 million ton per year operation. For a 
$250 million capital investment, rate of return would be 
13 percent. A 15 percent depletion allowance would raise
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net profit to $46 million for a rate of return of 18 per
cent (Mero, 1977b).

Barkenbus (1979) warns that the economics of the 
entire system must be considered because the processing 
plant and other shore-based operations will constitute 
most of the costs. Continuous line bucket mining 
system advocates point out that the CLB system will 
require less capital investment than hydraulic systems, 
but will probably not raise as many nodules. This could 
significantly increase the operating costs per ton, reducing 
profitability (Barkenbus, 1979).

McKelvey (1980) discussed the well-known MIT model 
which was developed in 1978. The MIT group assumed 
recovery of only nickel, copper and cobalt. For the base
line model (which assumes nodule production of 3 million 
tons a year for 25 years, a combined nickel-copper content 
of 2.8 percent, and income tax payments under U.S. tax 
laws) an internal rate of return of 18.14 percent was 
estimated. Table 7 summarizes the assumptions and estimates 
of the baseline model.

The MIT study has been strongly criticized by the 
Research Institute for International Techno-economic Co
operation of the Technical University of Aachen and the
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TABLE 7
MIT Baseline Model 

Cost and Revenue Estimate
Operation

Research and Development 
Prospecting and exploration 
Capital costs

Annual operating expenses 
Annual production (IbxlO®)

Nickel
Copper
Cobalt

85.5
74.1
8.64

$ Millions
Expenditures

50.00
16.40

493.00
559.40
100.50

Revenues
171.0
52.61
34.56

258.17
Internal rate of return = 18.14 percent
Assumptions production, 3 million tons per year 

for 25 years ; nodule concentration,
9.8 Kg/m^; metal content, 1.5 percent 
nickel, 1.3 percent copper and 0.25 per
cent cobalt.

(Source : McKelvey, 1980)
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Battelle Institute at Frankfurt on the grounds that the 
MIT team badly underestimated costs in every phase of 
the production process and hence overestimated profita
bility (McKelvey, 1980).

Lenoble (1981) estimates costs and gross revenue 
that may be expected in a 3 million ton per year 3 
metal operation and a 2 million ton per year 4 metal 
operation. These estimates are summarized in Table 8 
(Lenoble, 1981). It appears that there may be mathematical 
errors in the gross revenue section of this table. Based 
on the grades shown, a 3 metal operation should produce 
42,000 tons of nickel, 36,000 tons of copper and 7500 tons 
of cobalt. This should produce annual gross revenue of 
$763.2 million. For a 4 metal operation, annual production 
should be 28,000 tons of nickel, 24,000 tons of copper,
5000 tons of cobalt and 580,000 tons of manganese. This 
should result in total annual revenue of $891.6 million.
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TABLE 8
Cost and Gross Revenue Estimates

Costs
3 Metal 4 Metal

(3 million tpy) (2 million tpy)
Capital costs
Research and development 
Mining and transport
Processing 
Working capital
Total

Annual operating costs
Mining
Transport
Processing
Total

Annual Gross Revenue 
Metal Grade Price

Ton/yr Revenue Ton/yr Revenue
($million/ ($million/

(%) ($/lb)__________ yr)________________yr)
Nickel 1.4 3 38,000 253 25,000 168
Copper 1.2 0.85 34,000 64 23,000 44
Cobalt 0.25 30 3,000 90 48,000 144
Manganese 29 0.33 500,000 360
Total annual gross revenue 407 716

200
450
400
200

1250

100
70

100
270

3 Metal 
Operation

150
350
550
275

1325

80
50

270
400

4 Metal 
Operation

(Source : Lenoble, 1981)
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CHAPTER 3
CURRENT TECHNOLOGY AND 

AREAS OF EXPECTED FUTURE DEVELOPMENT
There are three basic areas which will be discussed 

with regard to the technology of ocean mining. These 
areas are : 1) the physical environment in which ocean
mining will take place; 2) the mining system; and 3) logis
tics to support the mining system.

Nodule deposits are located on the abyssal plains 
of the world's oceans at depths between 12,000 and 18,000 ft. 
The first basic problem this presents is that it is difficult 
to obtain detailed information of the physical nature of a 
nodule ore body. Despite extensive prospecting and explora
tion of the Pacific Clarion-Clipperton prime area, for 
example, this ore body can still only be described statis
tically. There is also an equipment design problem related 
to this lack of information. The mining system must be 
designed to compensate for variations in nodule grade and 
abundance as well as changes in bottom topography (Welling, 
1981).

The bottom on which the most promising nodule deposits 
are located, in the Clarion-Clipperton fracture zone, is 
composed of a mixture of siliceous oozes and red clay.
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There are numerous obstacles, including isolated chunks 
of basalt, scarps and seamounts. Some of these seamounts 
are over 500 meters above the surrounding bottom terrain 
(Schick, 1980).

The surface environment is of some importance, in 
that excessively severe weather could cause mining operations 
to be suspended. If this occurs often, the venture could 
become uneconomical. The Pacific Ocean, between Hawaii 
and Baja California, is generally less subject to severe 
weather than other parts of the world’s oceans. The 
maximum operating conditions which can be expected in this 
area are : mean wind speed, 30 kts with gusts to 60 kts;
surface current speed of 1.6 kts; significant composite
(swell and wave) spectrum height of 13 ft (Brink and 
Chung, 1981).

One of the crucial steps in a nodule mining project 
is locating suitable deposits of nodules to be mined. 
According to Archer, of the Institute of Geological Sciences 
in London,.conditions for an economically attractive mine 
site are as follows (Marjoram, et al, 1981):

1) Enough nodules to support an operation
for 20 years at a recovery rate of at
least one million to over 3 million 
tons of dry nodules per year.
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2) An abundance of at least 10 kilograms 
of wet nodules per square meter.

3) Nodules with an average grade of
1.2 to 1.3 percent nickel and 1.0 to
1.1 percent copper.

4) Bottom topography, grade and abundance 
such that at least 20 to 25 percent of 
the mine site can be mined.

The limited surveying carried out so far has used 
a variety of techniques. Established oceanographic 
methods, such as free and tethered grabs, free fall cameras, 
corers and dredges, are adequate for routine work, but 
ocean mining requires rapid sampling and surveying of large 
areas. More advanced surveying equipment that has been 
used includes deep-towed side-scan sonar and deep-towed 
television. For assay purposes, however, actual sampling 
is still required and each sample could take up to five 
hours to retrieve (Marjoram, et al, 1981).

In situ sampling devices could substantially increase 
the efficiency with which surveying is conducted. Experi
mental testing of an in situ sampling device using a 
neutron source has been successfully conducted. Concentra
tions of manganese, cobalt and copper, as well as



T-2632 45

concentrations of aluminum and vanadium, were determined 
using the experimental device. Nickel concentrations 
can be accurately estimated based on known correlations 
between nickel and other metals found in the nodules 
(Wogman, et al, 1973).

Herbich and Flipse (1978) foresee future surveying 
techniques which combine all the currently available 
technology. This would involve a single surveying machine 
yielding, from in situ analysis, the nodule concentration 
and assay, the nodule sample seabed location and the seabed 
characteristics, all automatically recorded and displayed 
by computer. According to Chung (1982) however, such 
rapid surveying will be useful only for operations.
Surveying and exploration will still need actual samples 
of nodules (Chung, 1982).

Much of the basic scientific mapping of the nodule 
deposits has been done with black and white photography.
In 1972, Mero found that color photographs often showed 
nodules just below the surface sediment layer, while 
black and white pictures of the same area gave no indication 
of nodules. Black and white television may also have the 
same shortcoming. Nodule deposits may be more plentiful 
than now believed (Pennington, 1976).
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Ocean mining systems may be subdivided into two basic 
systems, mechanical and hydraulic. The mechanical system 
which has undergone some development to date is the 
Continuous Line Bucket (CLB) system. This system employs 
a 16 kilometer polypropylene rope, with a 2000 metric 
ton breaking strength, in a loop (Tinsley, 1978). Attached 
to the line at 24 meter intervals are specially designed 
dredge buckets, each with a capacity of one to five tons 
of nodules (Smale-Adams and Jackson, 1978). This line of 
buckets will travel from the stern of the mining ship to 
the sea floor, along the bottom, up to the bow of the ship, 
to the stern and back down again. As the buckets traverse 
the sea floor, they will pick up nodules, which are brought 
to the surface.

The advantages of the CLB system are high mechanical 
efficiency and low cost (Smale-Adams and Jackson, 1978). 
There are several disadvantages to the CLB system. One 
of these is that the cable has a tendency to tangle 
(Chung, 1982). Attempts to overcome this generally 
involve use of a second ship, about 0.8 kilometer from 
the first ship, moving in parallel with the first ship and 
with the loop around both ships (Smale-Adams and Jackson, 
1978). Another disadvantage is that the CLB system
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indiscriminately collects all sediment material lying 
in the path of the dredge buckets (Victory, et al, 1977). 
This, combined with a lack of control over the path over 
which the bucket line traverses, leads to low sweep 
efficiency (Chung, 1982). Finally, the nodule recovery 
rate of the CLB system is limited, by the strength of the 
synthetic rope and the traction machinery, to about 3000 
tons per day (Smale-Adams and Jackson, 1978).

The hydraulic systems may be subdivided according to 
the methods used to create the suction force providing 
the lift. One of these, the airlift (sometimes called 
pneumatic) method, generates upward flow with ascending 
bubbles in the upper section of the lift pipe. This is 
accomplished by injecting compressed air into the lift 
pipe at a depth of about 1 to 1.5 kilometers. The airlift 
method has the advantage of having no moving parts under
water. However, there are several disadvantages:

1) Lift capacity is limited by the volume 
of the lift pipe which can be occupied 
by air without causing solids to settle.

2) Variations in load can cause system shut- . 
down.

3) Power requirements are higher than for 
an equivalent mechanical pump.
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Hydraulic lift may be provided by a variety of 
centrifugal or axial flow pumps. The recent development 
of high-powered submerged electric motors, such as the 
KSB pump, has made it feasible to consider them as the 
power unit for nodule pumps (Smale-Adams and Jackson,
1978).

In addition to the lift subsystem, the hydraulic 
system consists of a surface mining ship and a sea 
floor collector. Mining ships could be converted dynamically 
positioned drilling ships but, unlike drilling ships, 
mining ships must move continuously. Mining ships will 
have storage capacity for about one week’s nodule production 
(depending on logistics plan), the capability to transfer 
nodules to a bulk or slurry ore carrier and enlarged 
crew accommodations (Tinsley, 1977b). So far, for testing 
purposes, the effects of surface ship motion have been 
handled by gimbals (as on the Glomar Explorer) and placement 
of the pipe handling systems near the longitudinal center 
of gravity of the ship. Heave (vertical motion of the 
ship’s center of gravity) is handled by mounting the 
gimballed derrick on a heave compensator (cushioned 
hydraulic cylinders) (Herbich and Flipse, 1978). In future 
designs for commercial mining ships, steps must be taken to
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minimize weather downtime. One possible future development 
concept could be the use of semi-submersible mining vessels 
equipped with Ocean Thermal Energy Conversion (OTEC) 
power plants. An additional benefit of such an OTEC plant 
is that it could generate the ammonia needed for nodule 
processing (Tinsley, 1977b). Nodule processing at sea 
is being considered as a way to reduce transport costs, 
but environmental factors must be considered with regard 
to tailings disposal at sea (Chung, 1982).

The sea floor collector may be towed, as in the 
Deepsea Ventures system, or self-propelled, as in the 
Ocean Minerals Company system developed by Lockheed. The 
self-propelled collector has the advantage of having 
some independent directional and speed control, while the 
towed collector may be controlled only by the movement of 
the surface ship and the lift pipe. This independent 
motion control of the self-propelled collector enhances 
sweep efficiency and production control. Traction problems 
in the clay sea floor have been solved, in the Lockheed 
system, by the use of an Archimedes screw as the main 
propulsion element. Some disadvantages of the self- 
propelled miner are that it requires considerable electric 
power and the associated heavy cable contributes to some
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of the reliability problems encountered with this system 
(Welling, 1981).

If at-sea processing is not used, the nodules must 
be transported to a shore-based processing plant. An 
efficient and reliable method of transferring nodules 
to a transport vessel has yet to be demonstrated 
(Halkyard, 1979). Experience to date has indicated that 
slurry will probably have to be transferred, since removal 
of the water content results in a packing problem 
(Chung, 1982).

Metallurgical processes applicable to nodule processing 
are either pyrometallurgical, sometimes called smelting, 
or hydrometallurgical. Pyrometallurgical processes have 
been found to be uneconomical for nodule processing 
(Agarwal, et al, 1976).

Hydrometallurgical processes that have been adapted 
to nodule processing are the ammoniacal leach process 
and the low pressure hydrochloric acid leach process 
(Agarwal, et al, 1976). Kennecott Copper Corp., which 
holds patents on the ammoniacal leach process, developed 
a modification to it, called the Cuprion process, involving 
a catalytic reaction that reduces the manganese dioxide 
with carbon monoxide in an ammoniacal sea water slurry
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at slightly above ambient temperature and pressure 
(Halkyard, 1979).

Deepsea Ventures, Inc., is the only nodule mining 
company thus far to openly express an interest in pro
ducing and marketing manganese from the nodules. Since 
Deepsea Ventures is wholly owned by U.S. Steel, this would 
give U.S. Steel a captive mine to supply its manganese 
requirements (Chung, 1982). Deepsea Ventures holds 
patents on a low pressure hydrochloric acid leach process 
in which, after the leaching stage, all four major metals 
are produced using liquid ion exchange separation (Doumani, 
1973). Recent experimental results are highly proprietary 
(Chung, 1982).

To date the major categories of ocean mining systems 
can be said to have been tested successfully, to a certain 
extent. The CLB system was tested first in 1500 meters 
of water in 1968, then in 3600 meters in 1970 and finally 
on a full scale basis in 4700 meters of water in 1972 
(Mero, 1977b).

The hydraulic systems have been tested at the depths 
required for commercial operation also and, while the 
results were less than perfect, the tests showed that the 
basic technology is feasible. Airlift type hydraulic
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systems have been tested by Deepsea Ventures in 900 meters 
in 1970 and in 5000 meters of water in 1977 and 1978.
Ocean Management, Inc. (OMI) initially tried a hydraulic 
system with impeller pumps in about 5000 meters of water 
in 1978. Electrical failure at the collector caused 
premature termination of the test. OMI then tried an 
airlift system, successfully pumping nodules, but electrical 
failure again caused early termination. Ocean Minerals 
Company tested the mining system developed by Lockheed 
in the 1970’s and the miner successfully maneuvered across 
the ocean floor for nodule collection. For this test, 
the Glomar Explorer was chartered as the mining ship 
(Kaufman, 1979).

Future developments that can be expected will be in 
monitoring equipment and system control to improve sweep 
efficiency. The Deepsea Ventures system has had some 
electrical connector problems which will be resolved in 
the near future. Other areas needing improvement are the 
lift pipe dynamics, sea floor collector control and 
overall control of mining systems, ore transfer at sea 
and shipboard ore handling (Schick, 1980).

A development that has been proposed and patented 
is a system of independent deep-ocean mining vehicles.
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Each mother ship would have 10 vehicles, not tethered to 
the mother ship, which would descend- to the ocean floor, 
maneuver independently recovering nodules, then return to 
the surface with 30 tons of nodules to offload. Total 
cycle time for each vehicle would be 3 hours. With around 
the clock operation, each vehicle could mine 2400 tons 
per day (Stechler and Nicholas, 1972). This system is 
currently being tested by the French consortium AFERNOD. 
None of the above systems could be considered anything 
approaching a commercial system, and small scale test 
mining does not insure that commercial mining technology 
is available (Chung, 1982).

Logistics requirements vary depending on whether 
at-sea processing or shore processing is used. At-sea 
processing would reduce the nodule transport requirements, 
but would increase the supply transport requirements, 
as the chemicals needed for metallurgical processes must 
be brought from land. Normal logistics requirements would 
be fuel, food and other personnel requirements. Most 
transport would be done by ship, with emergencies being 
handled by helicopter (Chung, 1982).
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CHAPTER 4 
DISCUSSION OF SOME ECONOMIC MODELS 

Six models were used to estimate the Discounted 
Cash Flow Rate of Return (DCFROR) and the Net Present 
Value (NPV) for the two basic ocean mining systems under 
development at present ; the hydraulic system and the 
continuous line bucket (CLB) system. The methods described 
by Dr. Franklin Stermole (Stermole, 1980) will be used 
throughout to estimate these values. Details of the analyses 
are provided in Appendices A through F of this thesis.

There are several assumptions which apply to all 
six models. The first assumption is that construction of 
the mining systems and processing plants will begin in 
1985, and that the first year of commercial production will 
be 1988. This is in keeping with current U.S. law, assuming 
it is not superceded by any international agreement. An 
escalation rate of 10 percent per year is used to bring 
costs and prices up to 1985 levels. This is based on the 
approximate trend of both the Marshall and Swift indexes 
and the Producer Price Index. The 10 percent escalation 
rate is presumed to prevail throughout the construction 
and production period. It is assumed that no international 
agreement will have been reached on ocean floor resources
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by the time construction starts, so it is also assumed 
that the ocean mining operations will be self-financed 
by the consortia. Financial institutions have expressed 
unwillingness to finance ocean mining ventures without 
international guarantees (Barkenbus, 1979).

It is assumed in these analyses that there will be 
a market for all the major metals recovered from the 
manganese nodules, at the prices specified in the analyses. 
This may not necessarily be the case, particularly with 
respect to manganese. Most consortia intend to retain 
manganese in the tailings until such time as it becomes 
economical to process and market it. Only one consortium, 
Ocean Mining Associates (with whom Deepsea Ventures has 
a service contract), has expressed intent to market mangan
ese. They apparently plan to enter the small, high-priced 
market for manganese metal, massive manganese and refined 
low- and medium-carbon ferromanganese (Tinsley, 1976). 
Markets are expected to be plentiful for copper and nickel 
from the marine nodules, and these markets are not expected 
to be affected appreciably by the influx of products from 
ocean mining. The cobalt market will probably be greatly 
affected by nodule mining, since the cobalt from the source 
will form a major portion of the market. The probable
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effect will be a substantial reduction in price, perhaps 
as much as 25 percent (Burrows, 1980). At this reduced 
price, cobalt would probably become attractive as a sub
stitute for nickel in electroplating. The strategic 
military importance of cobalt is discussed briefly in 
Chapter 5.

While experience so far seems to indicate that air
lift systems use more power than in-line pump hydraulic 
systems, the assumption that capital and operating costs 
are comparable for airlift and in-line pump hydraulic 
systems is made because the lower reliability of the in
line pumps will probably result in increased operating 
costs in commercial operations. Collection devices for 
hydraulic systems vary in complexity and, therefore, 
probably in cost. Cost information on these devices is 
highly proprietary, however, so it is assumed in these 
analyses that costs for the different devices are comparable 
(Smale-Adams and Jackson, 1978).

In determining annual cash flows, an effective tax 
rate of 46 percent is used. This is the highest Federal 
rate and assumes no state tax since the locations of 
future processing plants are unknown. Investment tax 
credits are assumed to have been taken prior to the first
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year of production since it is assumed that all investments 
will have been made before 1988. It is assumed that all 
capital investments are eligible for depreciation, with a 
life of 10 years and no salvage value. Double declining 
balance depreciation is used in all analyses.

A depletion allowance is generally applied to a 
"finite" resource, one that is not being replaced at a rate 
at least equal to the rate of consumption. Manganese 
nodules are forming at present, but at very slow rates. 
Studies have shown that the rates of accretion are about 
1 to 4 mm per million years (Kennett, 1982). While it 
has been proposed by some that manganese nodules may be a 
renewable resource, even with these slow rates of accumula
tion, due to the large areas covered by the nodules (Mero, 
1977a). This is not a widely held view, however, because 
only a limited number of areas could be considered mineable 
nodule deposits (McKelvey, et al, 1979). A depletion 
allowance is therefore assumed in this thesis, since this 
appears to be an exhaustible resource in the same way as 
dry-land deposits. The percent depletion allowance of 
14 percent is used on the assumption that these deposits 
would be treated as foreign deposits.
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Because of the technological uncertainties and the 
political and economic risks associated with this new and 
untried industry, the minimum desired after-tax rate of 
return is assumed to be 25 percent for estimating Net 
Present Value (NPV) (Hassialis, 1973). Mining operations 
in the foreseeable future will probably be conducted in 
the so-called "Prime Area" in the Clarion-Clipperton fracture 
zone between Hawaii and Baja California. Therefore, 
the metal content percentages used in these models are the 
mean values from all samples taken in the prime area 
(McKelvey, et al, 1979). The basis for all metals prices 
used in these models are quotes from the February 22, 1982 
issue of Metals Week. These prices are as follows :
For copper, using U.S. producer cathode price, 77 cents 
per pound ; for cobalt, using U.S. spot cathode price,
$11.00 to $11.50 per pound ($11.25 used in the models); 
for manganese, using the 48 percent ore price, $166 to 
$175 per ton (8.3 to 8.75 cents per pound ; 8 cents per 
pound is used in the models); for nickel, using the cathode 
major producer price, $3.20 to $3.29 per pound ($3.25 
per pound is used in the models) (Metals Week, 1982).
Costs used in the model are based on material supplied by 
Mr. C . Richard Tinsley, Vice President, Mining Division,
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Continental Illinois National Bank and Trust Company of 
Chicago. Costs from other sources, such as the existing 
economic evaluations discussed in Chapter 2, were not 
used because they were either too out of date or they 
were too optimistic compared to Tinsley’s data. The higher 
costs from Tinsley produce a more conservative and, hence, 
probably more realistic result. Mr. Tinsley has examined 
financing proposals from all the U.S. consortia and hence 
his figures are probably the most accurate available to 
the public. He avoids impinging on the proprietary nature 
of this information by not referring to the exact figures 
applying to a particular company. Instead, he provides a 
"reasonable range" or an average of the figures from several 
companies (Tinsley, 1982).

The first model is of a hydraulic system recovering 
3 million dry metric tons of nodules per year. Since the 
in situ composition of marine manganese nodules includes 
30 percent moisture, 3 million dry metric tons equates to 
4.3 million wet metric tons. It is assumed that a first 
year's production would be half of full production, 1.5 
million dry metric tons (DMT). The remaining inputs and 
the cash flow, Discounted Cash Flow Rate of Return (DCFROR) 
and NPV calculations for this model may be found in 
Appendix A. With the assumptions and conditions of this
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model, it is found that the DCFROR for this system is 
30.8 percent and the NPV is $321 million. It appears then 
that a venture based on such a system would be an economical 
investment.

The second model is of a continuous line bucket 
(CLB) system producing one million dry metric tons per 
year, again assuming half of full production for the first 
year. The original model on which this one is based 
assumed a recovery of 2 million DMT per year (Tinsley, 1976). 
Studies have shown, however, that the CLB equipment is 
limited to 3 thousand tons per day, equating to about one 
million tons per year (Smale-Adams and Jackson, 1978).
The remaining data for this model is given in Appendix B.
This analysis shows that the DCFROR for a venture based on 
the CLB system would be 22.9 percent and the NPV would be 
-$88 million. Given that the minimum rate of return desired 
is 25 percent, this would not be an attractive investment. 
This is probably a reflection of the lower rate of recovery 
of the CLB system. Operating costs are lower for the 
CLB system than for the hydraulic system, as are capital 
costs in an absolute sense. In terms of dollars per ton 
per year recovered, however, capital costs for the CLB 
system are substantially higher ($735 million versus 
$491 million).
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The remaining four models examine the economics of 
ocean mining for cobalt only. This is done for analysis 
only, since all the metallurgical processes being considered 
recover at least three of the nodule metals (copper, nickel 
and cobalt). It is theoretically possible to vary the 
relative output of these metals by varying processing 
temperature, an option that may be applied with varying 
economic conditions (Roskill, 1980). Since the cost of 
producing a particular metal from nodules is about the 
same as the cost of producing another metal with the 
same process (Dames and Moore, 1977), the costs used for 
the cobalt-only analyses are one-third of total process 
costs for a 3 metal process, or one-fourth of total costs 
for a 4 metal process. Hydraulic models (Models Three 
and Four) are based on a 4 metal process while CLB models 
(Models Five and Six) are based on a 3 metal process. The 
details of the cobalt-only models are to be found in 
Appendices C through F.

Model Three, a 3 million DMT per year hydraulic system, 
shows the highest DCFROR of all the models, 39.2 percent, 
and the second highest NPV, $307 million. This is indica
tive of the relatively high price per pound for cobalt 
compared to the other nodule metals. Model Four, which
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considers the market impact of nodule cobalt by reducing 
the price 25 percent (Burrows, 1980 and 1982), shows the 
DCFROR as 30.3 percent with an NPV of $111 million. This 
would still be an economic investment, given 25 percent 
as the minimum desired DCFROR.

Model Five, a CLB system recovering one million DMT 
per year, is almost economical with a DCFROR of 24.4 percent 
and an NPV of -$9 million. Model Six, however, shows the 
drastic effect of the assumed price drop. The DCFROR 
for this model would be 16.3 percent with an NPV of 
-$103 million.

The foregoing is intended as an indication of the 
economic feasibility of ocean mining in the foreseeable 
future. In the absence of any commercial scale operation, 
the models used have been based on best estimates of the 
costs of constructing and operating a commercial scale 
operation. This, combined with the ever present vagaries 
of the world-wide metals markets, makes these analyses 
somewhat less than reliable for making an investment 
decision. However, the fairly strong showing for the 
hydraulic system seems to indicate that further development 
and testing of this system is in order.
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CHAPTER 5
DEPENDENCE ON FOREIGN SOURCES AND 

SUPPLY STABILITY OF COBALT
While the U.S. only consumes about 10,000 tons per 

year of cobalt (van Rensburg, 1981) this metal is vital 
to many U.S. industries. The primary uses for cobalt are 
as superalloys for jet engine parts, in magnets found in 
electrical equipment, in tools requiring very high strength 
and abrasion resistance such as cutting tools, in cemented 
carbide bits used in mining and drilling, and in paints, 
chemical, ceramics and glass (Sibley, 1980).

There has been no mining of cobalt in the U.S. since 
1971 ; and so primary supplies are 100 percent imported 
(van Rensburg, 1981). In 1980, imports constituted 
93 percent of U.S. consumption, with scrap making up the 
remainder (Warshofsky, 1981). A high import dependence 
is in itself not a true indication of how critical the 
supply situation is for a particular commodity. Other 
factors to consider are the number of foreign suppliers 
and their political ideology and stability, availability 
of alternative sources, potential domestic reserves, 
substitutes and the stockpile position (Szuprowicz, 1981).
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The majority of cobalt imported by the U.S. comes 
from southern Africa. In 1979, Zaire supplied 44 percent 
of the U.S. imports of cobalt and Zambia supplied 18 per
cent. Belgium supplied 11 percent of U.S. imports, but 
all of this material was refined from ore mined in Zaire. 
Botswana and the Republic of South Africa together supplied 
2 percent, bringing the total imports from southern 
Africa to 75 percent (Sibley, 1980). Other sources of 
supply are Canada, Finland, Australia, New Caledonia 
and the Philippines. The political stability of Canada or 
Australia is not in question, but their ability to meet 
increased demand (in the event of a supply cutoff from 
Zaire and/or Zambia) is limited by the fact that cobalt in 
those countries is a byproduct of nickel. In most nickel 
deposits, the nickel-cobalt ratio averages about 15 to 1, 
so any increase in cobalt production would require a massive 
increase in nickel production which the nickel markets could 
not bear. Only in Zaire, where cobalt content may be as 
high as 2 percent, can production of cobalt be relatively 
independent of copper production (Antrim, et al, 1979).

The stability of supply from the main producer,
Zaire, is open to question for a number of reasons. There 
has been a movement amongst the Third World countries to
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take greater control of the production and distribution 
of their exports (Wu, 1973). Zaire is no exception, and 
a number of industrial and agricultural enterprises have 
been transferred from foreign to Zairian ownership. Since 
this program began, there has been a steady decline in 
Zaire’s overall economy. This has led to neglect of the 
nation’s transportation and communication systems which 
has a deleterious effect on the supply routes for cobalt.
The mining industry itself has suffered from a combination 
of mismanagement, the fall of copper prices and the rise 
in fuel costs (Committee on Interior and Insular Affairs,1980).

The mining industry in the Shaba Province of the 
Kolwezi section of Zaire is heavily dependent on the 
expertise of foreign engineers. Since the first invasion 
by Katangan rebels in March 1977, which was stopped short 
of Kolwezi, Zaire has had little success in recruiting 
Europeans. After the second invasion, May 1978, expatriate 
workers left in droves (Committee on Interior and Insular 
Affairs, 1980). The U.S. Bureau of Mines has estimated the 
probability of future supply interruptions such as the one 
in May 1978, at 60 percent. It is commonly believed that 
the Soviet Union and Cuba were responsible for training and 
arming the rebels (James, 1981). The Soviets purchased all
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available surplus cobalt just prior to the invasion in 
1978, and, when the price quadrupled from $6.40 to $25 
per pound, sold it to the U.S. at greatly inflated prices 
(Velocci , 1980 ).

The opinion has been expressed that concern for the 
supply of cobalt is overblown. James Thomason, a defense 
analyst, has stated that at most only one-quarter of U.S. 
cobalt consumption goes to defense related goods. It 
is his belief that stable sources, such as Canada or 
Australia, could provide cobalt for uses where substitution 
by nickel is not possible. He also feels that the strategic 
stockpiles, with enough cobalt for two years, are an effec^ 
tive alternative. In the long term, the U.S. could develop 
the 160,000 tons of domestic resources of cobalt. Thomason 
also believes that the key which will finally prevent the 
Soviet Union from gaining control of the cobalt market is 
the presence of immense cobalt resources in the marine 
manganese nodules (Thomason, 1981).

The U.S. stockpiles may not be the stopgap measure 
they are intended to be. Since most material kept in the 
stockpiles was purchased in the early 1950's, there is some 
question as to whether it is of adequate quality (Velocci, 
1980). Nickel is an adequate substitute for some cobalt
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applications, but in most areas some sacrifice in end- 
product quality must be made (Sibley, 1980).

With five African countries, south of the Sahara,
Marxist in ideology (Mining Congress Journal, 1981) 
and with Soviet, East German and Cuban troops stationed 
in and around all the African countries that supply the 
West with strategic minerals (Meyer, 1980), many govern
ment and business leaders believe the U.S. is in a resource 
war with the Soviet Union. For the Soviet Union, this would 
be a way to cause potentially serious harm to the West 
without incurring a heavy cost in money and lives and without 
causing a military reaction from NATO (Velocci, 1980).

Even though an organization of cobalt producers exists 
(Metal Bulletin, 1980) it does not have the same power as 
OPEC. This is because the major cobalt producing countries 
need the revenue too much to voluntarily cut production 
by any appreciable amount (Business Week, 1979). However, 
the Soviets could gain control of southern Africa and 
form a supercartel.

The supercartel the Soviets could form would control 
a large percentage of most of the strategic minerals in 
the world. Such simultaneous control of these minerals 
could very seriously affect the economy of the U.S. and
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all other western countries (Szuprowicz, 1981). A Soviet- 
controlled supercartel would not have to be profit oriented. 
The African countries could be integrated into the 
Communist Economic System (COMECON) as a source of minerals 
for Soviet industry. Since the People's Republic of 
China imports most of its supply of chromium, cobalt and the 
platinum group metals, the Soviet supercartel could disrupt 
the economic progress of the major ideological enemy of the 
Soviet Union (Council on Economics and National Security, 
1980).

While the chances for the formation of a supercartel 
are not as great as the chances for the formation of a 
single-commodity cartel, such an occurrence is not outside 
the realm of possibility (Szuprowicz, 1981). Even under 
the situation that exists today, the U.S. is less able to 
project its foreign policies because of the heavy dependence 
of the U.S. on imports of strategic minerals (Mining Congress
Journal, 1980).
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CHAPTER 6
THE ECONOMIC AND STRATEGIC VALUE TO THE UNITED STATES 
____________ OF A MORE SECURE COBALT SUPPLY___________

The marine manganese nodules have been called the 
"common heritage of mankind" (Barkenbus, 1979). The benefits 
of ocean mining, which would be shared by all nations, 
will therefore be discussed briefly, before discussing 
the benefits to the U.S. specifically.

The UN Law of the Sea conferences have so far appeared 
to be a contest between the ocean miners in the indus
trialized countries and the Third World. The prevailing 
opinion seems to be that only one side will win. If the 
industrialized nations are permitted to have exclusive 
rights to ocean floor mine sites, the developing nations 
will lose. A contrasting view is that an activity which 
increases mineral supplies leads to the general gain of 
society (Johnston, 1979).

If, as a result of treaty negotiations, an international 
agreement is exacted that blocks the commercial development 
of ocean mining, land-based producers will receive a 
revenue increase. However, producers in industrialized 
countries will receive a larger increase than producers 
in developing countries. Also, due to consumer losses 
in developing countries, there will be a net loss in the long
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run for Third World countries. If, on the other hand, 
ocean mining is allowed to proceed, producers in developing 
countries will share, along with the miners, in the gains 
from a natural expansion of mineral demand (Johnston, 1979).

Michael Cruickshank, of the Krumb School of Mines 
at Columbia University, has estimated that the total value 
of offshore mining to the world could be as much as 
113 billion U.S. dollars. This would include profits 
to miners, tax revenues and reduced consumer cost 
(Cruickshank, 1972).

There are several benefits of ocean mining specifically 
for the U.S.. The benefits from lower market prices will 
probably be substantial for cobalt and nickel, and may be 
significant for manganese. The value of reducing the 
likelihood and severity of supply disruptions is obviously 
very high for cobalt and manganese. Present supplies of 
nickel appear reasonably secure, but as higher grade 
supplies dwindle, traditional international friendships 
may be strained by increased competition for increasingly 
rare minerals. Cartels would become less effective with the 
availability of the products of ocean mining. The value 
of this reduced risk of cartelization would be substantial 
for all the major nodule metals.
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Charles River Associates (Burrows, 1980) has analyzed 
all the benefit areas mentioned above and generated dollar 
values, as of 1990, which can be assigned to each of those 
benefits of ocean mining. The study shows that the net bene
fits of lower market prices would be about 2 to 4.5 billion 
dollars; of reduced likelihood and severity of supply dis
ruptions, about 500 million to 3 or 4 billion dollars; and 
of reduced probability and effect of cartels, up to 1.1 
billion dollars. Total net benefits would therefore range 
from 2.5 to 9.6 billion dollars (Burrows, 1980). Another 
benefit of ocean mining would be the reduction of government 
stockpiles of strategic minerals. This could save more than 
375 million dollars per year (Dobney, 1975). One potential 
benefit not often considered would be the creation of new 
jobs. This would help alleviate unemployment that has re
sulted from the reduction in domestic U.S. mining in recent 
years. It is difficult to quantify the net benefit of in
creased tax revenue coupled with reduced unemployment 
compensation, but this would be significant. Another benefit 
would be the reduction of the U.S. trade balance deficit.
In 1978, nonfuel minerals represented 9.8 billion dollars 
of this deficit (U.S. General Accounting Office, 1979).
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Strategic benefits may also be derived from a reduction 
in the probability and severity of a supply cut off or of 
cartelization. The susceptibility of a certain country 
to supply disruptions or market fluctuations for a particular 
mineral may be expressed, on a relative basis, with a 
vulnerability index. Several factors are used in the deter
mination of such an index (Szuprowicz, 1981). Military 
security could be considered a strategic benefit, from 
ocean mining of cobalt, in the sense that regular maintenance 
of military aircraft would be improved with increased 
availability of spare parts which partially consist of 
cobalt (Warshofsky, 1981). However, since ocean mining 
sites will be difficult to defend in wartime, military 
benefits would be minimized. Political security benefits 
(the prevention of political blackmail by producing 
countries or from outside manipulation), on the other hand, 
could be significant (Burrows, 1980).

A vulnerability index may be ascertained for cobalt 
without ocean mining and with ocean mining. These two 
figures can then be compared to assess the strategic 
benefits of ocean mining for cobalt.

There are several factors which can be considered in 
estimating a vulnerability index. These can be grouped
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under two general headings, critical danger points and 
conditions leading to crisis. The most difficult task 
in developing a vulnerability index is the assignment of 
meaningful numerical values to the various critical 
factors that affect the supply availability of any particular 
material. Some factors may be easily quantified. Import 
dependence, for example, can be recorded as the percentage 
of total consumption met by foreign imports, expressed on 
a 1 to 10 scale.

Other critical factors, such as ideology of foreign 
suppliers, are not readily quantifiable. On a scale of 
1 to 10 a free market capitalist economy may be considered 
most desirable and assigned a 1, while a communist economy 
would be the worst and assigned a 10. Other ideologies 
would fall dn between. With two or more sources of 
differing ideologies, weights could be assigned each 
ideology rating based on the proportion of imports from each 
country. There is a certain subjectivity which cannot be 
removed from these estimates; however, it is not the absolute 
number that is important, but its relative value compared to 
another vulnerability index (for a different metal or the 
same metal under different conditions) generated on the 
same basis (Szuprowicz, 1981).
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The following is an assessment of critical danger 
points and conditions leading to crisis applicable to a 
cobalt vulnerability index. These estimates will be made
with and without ocean mining so a comparison can be made
of both indexes.

Under critical danger points are the following 
factors :

1) Lack of domestic reserves - Without ocean
mining, the U.S. has none at present so
a 10 would be assigned to this factor.
With ocean mining, the U.S. would be almost 
self-sufficient with two ocean mines of 
3 million tons per year nodule capacity.
A 2 would be assigned in this case 
(Antrim, 1979).

2) Lack of known substitutes - Nickel can
be substituted for cobalt in most applica
tions, with some loss of end product 
quality. A 6 would be assigned here for 
both cases (Sibley, 1980).

3) Small number of primary producers - The 
vast majority of cobalt comes from 
Zaire and Zambia, so without ocean mining
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a 9 would be assigned here. With 
ocean mining, several major sources 
become available, so a 3 could be 
assigned here (Sibley, 1980).

4) Single or sole supplier - In the case 
of cobalt without ocean mining one 
firm, the African Metals Corporation, 
supplies most (about 70 percent) of 
U.S. demand. Therefore this factor 
would be given a 7. With ocean mining, 
three or four more suppliers are avail
able initially, with untold others in 
the future. Therefore this factor gets 
a 3 (Committee on Interior and Insular 
Affairs, 1980).

5) Few foreign suppliers - In Zaire and Zambia, 
there is only one company in each country 
supplying cobalt. Without ocean mining 
this factor would be 9, with ocean mining
a 2 (Committee on Interior and Insular 
Affairs, 1980).

6) Location of foreign sources - Zaire is 
located near politically unstable or hostile 
countries, such as Angola, from which
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invasions can be launched. This factor 
would be 9 without ocean mining. With 
ocean mining, attacks on ocean mines are 
possible, but less likely. This factor 
gets a 3 (Committee on Interior and Insular 
Affairs, 1980).

7) Ideology of foreign suppliers - Zaire is 
a centrally planned economy but not quite 
communist. Zambia has communist leanings. 
This factor would be an 8 without ocean 
mining and a 1 with ocean mining (Velocci, 
1980).

8) Low production levels - Zaire has started to 
stockpile cobalt to try and maintain price 
by reducing production. Without ocean 
mining this would be a 7, since other 
countries have not reduced production.
With ocean mining, this would be a 1 
(Metals Bulletin, 1981).

9) Small trade and sales volume - The com
paratively high price of cobalt without 
ocean mining has restricted its use to a 
few specific uses. This factor would be an
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8. With ocean mining, cobalt price 
will probably drop substantially and 
demand will increase correspondingly.
This factor will be assigned a 2 with 
ocean mining (Burrows, 1980).

10) High energy requirements - The mining 
and processing of cobalt on land is not 
a particularly/high energy operation.
This would be assigned a 4. With ocean 
mining, shore processing energy use 
would be the same as with dry-land mining. 
Ocean mining, however, also consumes a great 
deal of energy in both mining and trans
portation. This would be assigned a 7 
(Smale-Adams and Jackson, 1978).

11) Extended transportation lines - The economic 
situation in Zaire has caused roads and 
railroads to fall into disrepair. Cobalt 
from this area must be shipped through 
unstable or hostile countries as well. This 
should be assigned a 7. Ocean mining requires 
a lengthy trip from mine site to process 
plant. This would be a 5 (Committee on 
Interior and Insular Affairs, 1980).
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12) Poor recycling potential - Very little 
of U.S. demand is met by scrap. This 
might improve somewhat with ocean mining, 
since cobalt would be used in less de
manding areas. Without ocean mining 
this factor would be an 8, with ocean 
mining, a 6 (Sibley, 1980).

13) Technological advances - Without ocean
mining, research is developing substitutes 
for cobalt, as well as manufacturing 
techniques that eliminate the need for 
cobalt. This factor should be 8. With 
ocean mining and reduced price, there is less 
incentive to develop substitutes. This 
factor would be a 4 (Meyer, 1981).

14) Declining production capacity - Cobalt
is either a byproduct of copper or nickel.
Production would decline with a decline in
production of those metals. Without 
ocean mining, this factor would be a 7.
The percentage of cobalt relative to the 
other metals is much higher in manganese 
nodules than in dry-land deposits. Therefore,
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with ocean mining, production capacity 
is maintained and this factor should be 
a 3 (Sibley, 1980).

15) Extensive military use - A large per
centage, but not the majority, of cobalt 
is used for military aircraft. There is 
limited substitutability in these applica
tions, however, so this factor should be
a 7 for both cases (Sibley, 1980).

16) Low research and development efforts - 
In spite of the relatively high price 
for cobalt, research continues in the 
application of magnets made with cobalt. 
This factor should be an 8 without ocean 
mining. Since reduced price and increased 
supply will probably spur more efforts in 
this area, 6 should be the factor with 
ocean mining (Sibley, 1980).

17) Severe regulatory restraints - The only 
known potentially economic resources in 
the domestic U.S., the Blackbird deposit 
in Idaho, recently was partly annexed into 
a wilderness area. This factor should be
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an 8. With ocean mining, regulatory 
restraints will probably have less effect, 
so this factor should be a 4 (Warshofsky, 1981).

18) Environmental restrictions - Since no
processing of cobalt is occurring domestically 
without ocean mining, this factor would be 
a 3. Such restrictions could have a 
major effect with ocean mining, so this 
factor would be an 8 (Kaufman, 1979).

The following conditions leading to crisis, applicable 
to cobalt, are estimated:

1) Wars, revolutions and civil unrest - Without 
ocean mining, major suppliers are often 
threatened with such disruptions. This 
would be an 8. With ocean mining, these 
would be less of a problem, so the factor 
should be a 3 (Science, 1980).

2) Formation of cartels - A cartel has
begn formed, but is losing its effectiveness.
This factor should be a 7 without ocean 
mining and a 2 with ocean mining 
(Metal Bulletin, 1980).
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3) State monopolies - Zaire and Zambia both 
have state monopolies. Without ocean 
mining this should be a 7, with ocean 
mining a 2 (Committee on Interior and 
Insular Affairs, 1980).

4) Capital availability and cost - With 
the declining economy in Zaire, this
is becoming a serious problem. This should 
be a 9 without ocean mining and a 2 with 
ocean mining (Committee on Interior and 
Insular Affairs, 1980).

5) Labor availability and cost - Since the 
first invasion of Kolwezi in 1977, Zaire 
has had trouble hiring European engineers. 
Without ocean mining, this factor should be 
a 7, with ocean mining a 2 (Committee on 
Interior and Insular Affairs, 1980).

6) Energy availability and cost - Zaire 
has only a single powerplant for the 
Kolwezi area, so this factor should be
an 8 without ocean mining. Power options 
for ocean mining include nuclear power and 
Ocean Thermal Energy Conversion (OTEC).
This factor would be a 3 (Tinsley, 1977b).
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7) Transport availability and cost - Zaire’s 
poor economy has led to a decline in 
roads and railroads. Without ocean 
mining this factor should be a 7. Since 
ships are one of the cheapest means of 
transport, with ocean mining this factor 
becomes a 2 (Committee on Interior and 
Insular Affairs, 1980).

8) Stockpiling and production controls - 
Zaire is trying to hold prices up by 
stockpiling cobalt, so this factor should 
be an 8. With ocean mining, the effects 
of stockpiling by one producer are 
drastically reduced. This factor should 
be a 2 (Metal Bulletin, 1981).

The final determinations of the two vulnerability 
indexes are shown in Table 9.

The vulnerability indexes shown in Table 9 are vastly 
different. Such a comparison is valid because both 
indexes are based on the same criteria and viewpoint.
This shows that ocean mining for cobalt would have a 
significant effect on the strategic vulnerability of the 
U.S.
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TABLE 9
U.S. Vulnerability Indexes for Cobalt 

With and Without Ocean Mining_____
Factor Index Without Index With
__________________ Ocean Mining Ocean Mining

1 . Lack of domestic reserves 10 2
2. Lack of known substitutes 6 6
3. Few primary producers 9 3
4. Single or sole supplier 7 3
5.
6.

Few foreign suppliers 
Location of foreign

9 2

7.
sources 
Ideology of foreign

9 3
suppliers 8 1

CD 
00 Low production levels 

Small trade and sales
7 1

volume 8 2
10.
11.

High energy requirements 
Extended transportation

4 7
lines 7 5

12. Poor recycling potential 8 6
13.
14.

Technological advances 
Declining production

8 4
capacity 7 3

15.
16.

Extensive military use 
Low research and

7 7
development 8 6

17. Severe regulatory restraints 8 4
18.
19.

Environmental restrictions 
Wars, revolutions and

3 8
civil unrest 8 3

20. Formation of cartels 7 2
21. State monopolies 7 2
22. Capital availability and cost 9 2
23. Labor availability and cost 7 2
24.
25.

Energy availability and cost 
Transport availability and

8 3

26.
cost

Stockpiling and production
7 2

controls 8 _2
TOTALS 194 91

(Based on Szuprowicz, 1981)
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CHAPTER 7
A DISCUSSION OF U.S. GOVERNMENT POLICIES AND 

ACTIONS IN SUPPORT OF OCEAN MINING
The U.S. government has recently become interested 

in ocean mining as a partial solution to the strategic 
mineral supply problem in the U.S. This is due to the 
realization, by government officials, that U.S. dependence 
on foreign sources for strategic minerals leaves the U.S. 
vulnerable to economic pressure in its conduct of foreign 
policy (Kildow and Dar, 1980). An indication of the 
desire of the government to support the ocean mining 
industry is shown by the passage of the Deep Sea Hard 
Minerals Recovery Act in June 1980. This occurred after 
several years of hearings and debate on the legislation, 
and after it became clear that the United Nations Law 
of the Sea Conferences were still a long way from any 
international agreement on seabed resources (Tinsley, 1981). 
This domestic legislation is in keeping with international 
agreements currently in force. These agreements, in 
particular the Geneva Convention on the Continental Shelf 
of 1958, define the limits of jurisdiction of coastal 
nations based on water depth. They also contain a provision 
extending these limits to any depth capable of exploitation 
(Laque, 1972).
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Leaders of the ocean mining industry feel that the 
U.S. government should continue to abide by its own legisla
tion rather than sign an international agreement which would 
restrict the ability of an ocean mining company to obtain 
a reasonable return on their investment. Specifically, 
the mining companies object to provisions in the current 
draft of the UN treaty which call for a production ceiling 
(Tinsley, 1981). They also object to any agreement that 
does not allow a mining company exclusive access, under 
some form of licensing procedure, to a specific deposit 
(U.S. Congress, 1977). In the absence of mine site licensing, 
there would probably be inadequate investment in exploration 
by private companies, since another company could reap the 
benefits of the first company’s efforts (Eckert, 1979).

Ocean mining companies would not object to a royalty 
provision in any international agreement, provided it was 
reasonable and provided the U.S. government allowed some 
form of tax credit for royalties paid (Barkenbus, 1979). 
Considering the concessions already made by the U.S. in 
attempting to reach an acceptable compromise at the UN 
conferences, the ocean mining companies are understandably 
concerned that the U.S. will sign an agreement which will 
jeopardize their investments. Industry leaders would
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like to see the legislation concerning the Overseas 
Private Investment Corporation (OPIC) broadened to cover 
ocean mining losses due to sovereign action by the U.S. 
government (U.S. Congress, 1977). OPIC is an investor 
guarantee program to protect oversees investments in 
developing countries, for a relatively small annual fee 
(about one percent of investment), against expropriatory 
action, currency conversion problems, and war or revolution 
(Tanzer, 1980).

In terms of direct financial support for ocean mining, 
the West German government provides industry with as much 
as 70 percent of the cost of research and development, the 
French government provides around 50 percent and Great 
Britain only a token fee. The U.S. government provides no 
direct aid except for environmental impact work required 
by U.S. law (Marjoram, 1981). Consistent with the U.S. 
government's overall approach to foreign investment, there 
will probably be no special subsidies to facilitate the 
initiation of first generation ocean mining projects 
(Kobler, 1980).

The U.S. government is not striving for self-sufficiency 
in the supply of all strategic metals. This would be an 
unrealistic and uneconomic policy. However, the production
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of certain key minerals should be encouraged. Aside from 
direct subsidies, the U.S. government has several other 
options. Tariff protection or import quotas may be used 
to protect domestically processed ocean mining products 
(van Rensburg, 1981). Government price guarantees could 
be offered under the Defense Production Act (Gordon, 1981). 
This act was passed in 1950 to support the Korean War 
effort. Additional options under this act would be low 
interest or government guaranteed loans or allowing 
accelerated writeoffs of capital investments (Fink, 1980).

Other options in the tax area would be to: first,
continue to allow expensing of exploration and development 
costs; second, extend the investment tax credit to include 
all buildings used in mining and manufacturing; third, 
allow the writeoff of environmental or other similar 
government-mandated requirements over any period selected 
by the company, and; finally, make tax-exempt municipal 
bond financing available for non-productive pollution 
control and other equipment required by the government 
(Mining Congress Journal, 1980).

The only possible tax rate concession that could be 
made would be if an ocean mining consortium could be in
corporated as a separate entity from the parent companies.
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This would allow ocean mining income to be considered 
independently and not as incremental income above that from 
other sources for the parent companies (Stermole, 1980).

Still another tax option would be to allow the percent 
depletion allowance to apply to offshore mining. Most 
economic analyses of ocean mining ventures assume, as has 
this thesis, that the percent depletion allowance would be 
applicable, but as a foreign deposit. Foreign deposits 
are only permitted a 14 percent depletion allowance. 
Domestic deposits of cobalt, manganese and nickel are 
granted a 22 percent depletion allowance (Murphy, 1980).
To determine the effect of increasing the depletion 
allowance from 14 percent to 22 percent, Model Three from 
Chapter 4 of this thesis was modified to reflect a 
22 percent depletion allowance. The cash flow, DCFROR 
and NPV calculations for this revised model (now termed 
Model Seven) may be found in Appendix G. A comparison 
between Models Three and Seven show that increasing the 
depletion allowance from 14 percent to 22 percent will 
increase the DCFROR from 30.3 percent to 32.4 percent, 
while NPV at a 25 percent rate of return increases from 
$111 million to $142.4 million.
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A final consideration in support of ocean mining 
would be the easing of some of the regulatory and permitting 
practices for processing plants located on shore. Under 
present requirements, it could take up to six years just 
to obtain approvals and permits before construction of a 
plant could even begin. Such restrictive practices could 
prevent the siting of an ocean nodule industry in the 
U.S. (Kaufman, 1979). Some analysts feel that it is unim
portant to the U.S. government whether the nodules are 
mined by U.S. companies or foreign companies. These 
analysts believe that the main concern would be that 
access to the resources is nondiscriminatory (Kobler,
1980). However, others believe that loss of this industry 
to the U.S. would mean a real and substantial loss of 
value (Burrows, 1980).
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CONCLUSION
Given the assumption of this thesis, that a minimum 

DCFROR of 25 percent is required to make ocean mining 
economically attractive, a venture based on a hydraulic 
lift system would probably be an economic investment.
This conclusion is based on the economic analyses of 
this thesis which show a hydraulic system, processing 
cobalt, manganese, copper and nickel, yielding a DCFROR 
of 30.8 percent. These analyses also indicate that 
cobalt will contribute significantly to the profitability 
of such a venture, since the economic analysis for cobalt 
alone yielded a DCFROR of 39.2 percent. Even with the 
25 percent price reduction for cobalt, which Charles River 
Associates has predicted would result from ocean mining, 
the economic analysis for cobalt results in a DCFROR of 
30.3 percent.

The analyses show that the continuous line bucket 
(CUB) system would probably not be economic. The DCFROR 
calculated for a CLB system processing cobalt, nickel 
and copper is 22.9 percent. For cobalt only the DCFROR 
increases to 24.4 percent, but plunges to 16.3 percent 
with the 25 percent price decrease. The low profitability 
seems to be a result of the capacity limitation of the
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CLB system, since the capital and operating costs of this 
system are lower than for the hydraulic systems.

An examination of the manner in which the U.S. is 
presently supplied with cobalt indicates that the U.S. is 
overly dependent on a few foreign exporters of this 
metal. Political blackmail, which is defined as preventing 
the free exercise of foreign policy through economic or 
political pressure, could thus be applied by the major 
suppliers of cobalt (or another country, should they 
somehow gain political control of a major producer).
The supply of cobalt from ocean mining would be more 
secure for the U.S. than present supplies.

An economic and strategic value can be estimated 
for such a steady supply of cobalt. Economic value can 
be defined as either increased revenues to private firms 
and to the government or as decreased costs to consumers. 
Strategic value can be defined as a relative reduction 
in the probability that an industry or industries, vital 
to the military defense of the nation, will cease to 
function due to the loss of supply of a certain raw material. 
The economic value to the U.S., of ocean mining for cobalt, 
is estimated to range from $2.5 to $10 billion. The 
strategic value is a reduction in vulnerability of over 
50 percent.
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These overall benefits suggest that the U.S. government 
should support ocean mining by providing, at the very least, 
a favorable investment climate. Subsidies are not needed, 
since ocean mining appears profitable. As shown in the 
analysis in Chapter 7, simply permitting the higher 
(domestic) depletion allowance has a substantial economic 
ef feet.
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APPENDIX. A
Determination of Discounted Cash Flow Rate of Return 
________ and Net Present Value for Model One_________

Assumption for Model One
Hydraulic system
3 million dry metric tons per year 
(1.5 million DMT in first year)
Depletion allowance of 14 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year 
Effective tax rate of 46 percent

Metal Content Recovery Annual Price
(%) (%) DMT (1982 $

Ni 1.27 90 34,290 3.25
Cu 1.02 90 27,540 0.77
Co 0.22 75 4,950 11.25
Mn 25.43 80 610,320 0.08
Investment ($ million) 1981 1985 1986 1987

Exploration and R&D 150 110 121
Mining system 235 86 95 104
Port, processing plant 550 201 221 244
Working capital(4mos.op.cost ) 95
Operating Costs ($/DMT) 1981

1988

115
268
139

Mining and transport 33.60
Processing 61.70

95.30
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DCFROR
DCFROR is calculated by finding the rate of return 

that will discount annual cash flows, using single payment 
present worth factors from tables in Stermole (1980), 
such that their present worth equals capital costs.

PW cost - PW CF 
PW cost = 1473 
PW CF for i = 30% = 1514.6
PW CF for i = 40% = 995

DCFROR = 3 0 + 1 0  = 30.8%

NPV
NPV is found by subtracting present worth cost from

the present worth of annual cash flows discounted using
single payment present worth factors from the table 
for i - 25% in Stermole (1980)

NPV for i* = 25% = PW CF - PW cost 
NPV = 1794-1473 = 321
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Cash Flows
1988 1989 1990 1991 1992

Income
-Operating cost
-Depreciation
-Amortization

569
279
267
24

1022
613
213
24

1124
674
171
24

1237
742
137
24

1360
816
109
24

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

(1)79.7
0
2.8

172
143.1
86
1.6

(3.8)

255
157.4
127.5

334
173.2
167

411
190.4
205.5

Taxable income 
Tax @ 46%

(3.8)
0

82.2
37.8

127.5 
58.6

167
76.8

220.6
101.5

Net profit 
^Depreciation 
^Amortization 
^Depletion 
+Loss forward

(3.8)
267
24
2.8

44.4
213
24
86
3.8

68.9
171
24

127.5

90.2
137
24
167

119.1
109
24
190.4

Cash flow 290 371.2 391.4 418.2 442.5

1993 1994 1995 1996 1997
Income
-Operating cost
-Depreciation
-Amortization

1496
897
87

1646
987
70

1810
1086

42
1991
1194

34
2191
1314

27

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

512
209.4
256

589
230.4
294.5

682
253.4
341

763
278.7
381.5

850
306.7
425
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income 
Tax @ 46%

302.6
139.2

358.6
165

428.6
197.2

484.3
222.8

543.
249.

Net profit 
^Depreciation 
+Amortization 
^Depletion 
+Loss forward

163.4 
87

209.4

193.6
70

230.4

231.4 
42

253.4

261.5
34

278.7

293.
27

306.

Cash flow 459.8 494 526.8 574.2 627.

1998 1999 2000 2001 2002
Income
-Operating cost
-Depreciation
-Amortization

2410
1445

21
2651
1590

17
2916
1750

14
3207
1923

11
3528
2116

9

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

944
337.4
472

1044
371.1
522

1152
408.2
576

1273
449
636.5

1403
493.1
701.

Taxable income 
Tax @ 46%

606.6
279

672.9
309.5

743.8
342.1

824
379

909.
418.:

Net profit 
+Depreciation 
♦Amortization 
♦Depletion 
♦Loss forward

327.6
21

337.4

363.4
17

371.1

401.7
14

408.2

445
11

449

490.!
9

493.

Cash flow 686 751.5 823.9 905 993.8
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Cash Flows (continued)
2003 2004 2005 2006 2007

Income
-Operating cost
-Depreciation
-Amortization

3881
2327

7
4269
2560

6
4696
2816

4
5165
3098

4
5682
3407

3

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

1547
543.3
773.5

1703
597.7
851.5

1876
657.4
938

2063
723.1

1031.5
2272
795.5

1136

Taxable income 
Tax @ 46%

1003.7
461.7

1105.3
508.4

1218.6
560.6

1339.9
616.4

1476.5679.2

Net profit 
^Depreciation 
+Amortization 
^Depletion 
+Loss forward

542
7

543.3

596.9
6

597.7

658
4

657.4

723.5
4

723.1

797.3
3

795.5

Cash flow 1092.3 1200.6 1319.4 1450.6 1595.8



T-2632 105

APPENDIX B
Determination of Discounted Cash Flow Rate of Return 

and Net Present Value for Model Two
Assumptions for Model Two

CLB system
One million dry metric tons per year 
(0.5 million DMT in first year)
Depletion allowance of 14 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year 
Effective tax rate of 46 percent

Metal Content Recovery Annual Price
  (%) (%) DMT (1982 $/lb)
Ni 1.27 90 11,430 3.25
Cu 1.02 90 9,180 0.77
Co 0.22 90 1,980 11.25
Investment ($ million/)_____  1976 1985 1986 1987 1988

Exploration and R&D 11.5 13.6 14.9
Mining system 90.0 53 58 64 76
Port, processing plant 164.0 96 106.6 116.9 129.2
Working capital(4mos.op.cost) 11.7 40.4
Operating Costs ($/DMT) 1976
Mining and transport 15

jj Processing 20
35
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DCFROR 
PW cost = PW CF 
PW cost = 735 
PW CF for i = 25% = 647 
PW CF for i = 20% = 855.3

DCFROR = 20 + 5 = 22.9%

NPV
NPV for i* = 25% = PW CF - PW cost 

NPV = 647-735 = -88
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Cash Flows 
1988 1989 1990 1991 1992

Income 130 285 314 345 379
-Operating cost 60 133 146 161 177
-Depreciation 137 109 88 70 56
-Amortization 3 3 3 3 3

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

(70)
18
0
.4

40
40
20

.7
(70.4)

77
44
38.5
(50.4)

111
48
55 .5
(11.9)

143
53
71.5

Taxable income (70.4) (50.4) (11.9) 51.1 90
Tax @ 46% 0 0 0 23.5 41.4

Net profit (70.4) (50.4) (11.9) 27.6 48.6
+Depreciation 137 109 88 70 56
+Amortizat ion 3 3 3 3 3
^Depletion 
+Loss forward

.4 20
70.4

38.5
50.4

48
11.9

53

Cash flow 70 152 168 160.5 160.6

1993 1994 1995 1996 1997
Income 417 459 505 555 611
-Operating .cost 194 214 235 259 285
-Depreciation 45 36 29 23 18
-Amortization

Taxable income
before depletion 178 209 241 273 308

% depletion 58 64 71 78 86
50% limit 
Cost depletion 
Loss forward

89 104.5 120.5 136.5 154
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income 120 145 170 195 222
Tax @ 46% 55.2 66.7 78.2 89.7 102.1

Net profit 64.8 78.3 91.8 105.3 119
^Depreciation 45 36 29 23 18
+Amortization
^Depletion 58 64 71 78 86
+Loss forward

Cash flow 167.8 178.3 191.8 206.3 223

1998 1999 2000 2001 2002
Income 672 740 813 895 984
-Operating cost 313 344 379 417 458
-Depreciation 15 12 10 8 6
-Amortization

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

344
94

172
384
103
192

424
114
212

470
125
235

520
138
260

Taxable income 
Tax @ 46%

250
115

281
129.3

310
142.6

345
158.7

382
175.

Net profit 135 151.7 167.4 186.3 206.
^Depreciation 
+Amortization

15 12 10 8 6
+Depletion 
+Loss forward

94 103 114 125 138

Cash flow 244 266.7 291.4 319.3 350.3



T-2632 109

Cash Flows (continued)
2003 2004 2005 2006

Income 1083 1191 1310 1441
-Operating cost 504 554 610 671
-Depreciation 5 ,4 3 2
-Amortization

Taxable income 
before depletion 574 633 697 768

% depletion 152 167 183 202
50% limit 287 316.5 348.5 384
Cost depletion 
Loss forward

Taxable income 
Tax @ 46%

422
194.1

466
214.4

514
236.4

566
260.4

623 
286.(

Net profit 227.9 251.6 277.6 305.6 336.'
^Depreciation 
+Amortizat ion

5 4 3 2 2
♦Depletion 
♦Loss forward

152 167 183 202 222

2007
1585
738
2

845
222
422.5

Cash flow 384.9 422.6 463.6 509.6 560.4
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APPENDIX C ~
Determination of Discounted Cash Flow Rate of Return 

and Net Present Value for Model Three
Assumptions for Model Three 

Hydraulic system
3 million dry metric tons per year 
(1.5 million DMT in first year)
Depletion allowance of 14 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year 
Effective tax rate of 46 percent

Metal Content Recovery Annual Price
_________ (%) (%) DMT (1982 $/lb)
Co 0.22 75 4950 11.25
Investment ($ million) 1981 1985 1986 1987 1988

Exploration and R&D 37..5 27 30
Mining system 58..75 22 24 26 29
Port, processing plant 137..5 50 55 61 67
Working capital(4mos.op.cost) 23..75 46
Operating Costs ($/DMT) 1981
Mining and transport 8.4
Processing 15.43

23.83
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DCFROR
PW Cost = PW CF 
PW Cost = 380 
PW CF for i = 30% = 525
PW CF for i = 40% = 367.2

DCFROR = 30 + 10 .2) = 39‘2 %

NPV

NPV for i* = 25% = PW CF ^ PW Cost 
NPV = 687 - 380 = 307
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Cash Flows
1988 1989 1990 1991 1992

Income 109 239 263 289 318
-Operating cost 23 51 56 62 68
-Depreciation 67 53 43 34 27
-Amortization 6 6 6 6 6

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

13
15
6.5
.7

129
33
64.5

158
37
79

187
40
93.5

217 
45 
108. J

Taxable income 6.5 96 121 147 172
Tax @ 46% 3 44 56 68 79

Net profit 3.5 52 65 79 93
^Depreciation 67 53 43 34 27
+Amortization 6 6 6 6 6
^Depletion 
+Loss forward

6.5 33 37 40 45

Cash flow 83 144 151 159 171

1993 1994 1995 1996 1997
Income 350 385 423 465 512
-Operating cost 75 82 90 99 109
-Depreciation 
-Amortization

22 17 14 11 9

Taxable income
before depletion 253 286 319 355 394

% depletion 
50% limit 
Cost depletion 
Loss forward

49
126.5

54
143

59
159.5

65 72
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income 
Tax @ 46%

204
94

232
107

260
120

290
133

322
148

Net profit 
♦Depreciation 
♦Amortization 
♦Depletion 
♦Loss forward

110
22
49

125
17
54

140
14
59

157
11
65

174
9

72

Cash flow 181 196 213 233 255

1998 1999 2000 2001 2002
Income
-Operating cost
-Depreciation
-Amortization

563
120

7
619
132

6
681
146

5
749
160

4
824
176

3

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

436
79

218
481
87

240.5
530
95

265
585
105
292.5

645
115
322.1

Taxable income 
Tax @ 46%

357
164

394
181

435
200

480
221

530
244

Net profit 
♦Depreciation 
♦Amortization 
♦Depletion 
♦Loss forward

193
7

79

213
6

87

235
5

95

259
4

105

286
3

115

Cash flow 279 306 335 368 404
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Cash Flows (continued)
2003 2004 2005 2006 2007

Income 907 997 1097 1207 1327
-Operating cost 194 213 234 258 284
-Depreciation 2 2 1 1 1
-Amortization

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

711
127
355.5

782
140
391

862
154
431

948
169
474

1042
186
521

Taxable income 584 642 708 779 856
Tax @ 46% 269 295 326 358 394

Net profit 315 347 382 421 462
^Depreciation 
+Amort izat ion

2 2 1 1 1
+Depletion 
+Loss forward

127 140 154 169 284

Cash flow 444 489 537 591 747
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APPENDIX D
Determination of Discounted Cash Flow Rate of Return 

and Net Present Value for Model Four
Assumptions for Model Four 

Hydraulic system
3 million dry metric tons per year 
(1.5 million DMT in first year)
Depletion allowance of 14 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year 
Effective tax rate of 46 percent

Metal Content(%)
Recovery
(%)

Co 0.22 75
Investment ($ million)_____

Exploration and R&D 
Mining system 
Port, processing plant 
Working capital(4mos.op.cost)
Operating Costs ($/DMT) 1981
Mining and transport 8.4
Processing 15.43

Annual
DMT
4950

1981 1985
37.5 27 
58.75 22

137.5 50
23.5

Price 
(1982 $/lb)
11.25 

1986 1987
30
24
55

26
61

1988

29
67
46

23.83
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DCFROR
PW Cost = PW CF
PW Cost = 380
PW CF for i = 30% = 383.6
PW CF for i = 40% = 267

DCFROR = 3 0  + 10 = 30 . 3 %

NPV
NPV for i* = 25% = PW CF - PW Cost 

NPV = 491 - 380 = 111

a
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Cash Flows 
1988 1989 1990 1991 1992

Income 81 179 197 217 238
-Operating cost 23 51 56 62 68
-Depreciation 67 53 43 34 27
-Amortization 6 6 6 6 6

Taxable income 
before depletion (15) 69 92 115 137

% depletion 11 25 27 30 33
50% limit 0 34.5 46 57.5 68
Cost depletion 
Loss forward

.7
(15.7)

Taxable income (15.7) 28.3 65 85 104
Tax @ 46% 0 13 30 39 48

Net profit (15.7) 15.3 35 46 56
^Depreciation 67 53 43 34 27
+Amortization 6 6 6 6 6
^Depletion 
+Loss forward

.7 25
15.7

27 30 33

Cash flow 58 115 111 116 122

1993 1994 1995 1996 1997
Income 262 288 317 349 384
-Operating cost 75 82 90 99 109
-Depreciation
-Amortization

22 17 14 11 9

Taxable income 
before depletion 165 189 211 239 266

% depletion 36 40 44 49 54
50% limit 82.5 94.5 105.5 119.5 133
Cost depletion 
Loss forward
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income 
Tax @ 46%

129
59

149
69

167
77

190
87

212
98

Net profit 
^Depreciation 
^Amortization 
+Depletion 
+Loss forward

70
22
36

80
17
40

90
14
44

103
11
49

114
9

54

Cash flow 128 137 148 163 177

1998 1999 2000 2001 2002
Income
-Operating cost 
-Depreciation 
-Amortizat ion

422
120

7
464
132

6
511
146

5
562
160

4
618
176

3

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

295
59

147.
326
65

5 163
360
71

180
398
78

199
439
86

219.1

Taxable income 
Tax @ 46% .

236
109

261
120

284
133

320
147

353
162

Net profit 
+Depreciation 
+Amortization 
^Depletion 
+Loss forward

127
7

59

141
6

65

156
5

71

173
4
78

191
3

86

Cash flow 193 212 232 255 280
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Cash Flows (continued)
2003 2004 2005 2006 2007

Income
-Operating cost
-Depreciation
-Amortization

680
194

2
748
213

2
823
234

1
905
258

1
996
284

1

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

484
95

242
533
105
266.5

588
115
294

646
127
323

711
139
355.

Taxable income 
Tax @ 46%

389
179

428
197

473
218

519
239

572
263

Net profit 
^Depreciation 
+Amortization 
+Depletion 
+Loss forward

210
2

95

231
2

105

255
1

115

280
1

127

309
1

139

Cash flow 307 338 371 408 449
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APPENDIX E
Determination of Discounted Cash Flow Rate of Return 

and Net Present Value for Model Five
Assumptions for Model Five

CLB system
One million dry metric tons per year 
(0.5 million DMT in first year)
Depletion allowance of 14 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year 
Effective tax rate of 46 percent

Metal Content Recovery Annual Price
(%) (%) DMT (1982 $/lb)

Co 0.22 90 1,980 11.25
Investment ($ million) 1976 1985 1986 1987 1988

Exploration and R&D
Mining system
Port, processing plant
Working capital(4mos.op.cost)

3.8 
30
54.6
3.9

8.9
17.7
32.2

9.9
19.5
35.4

12.4 23.5 
38.9 42.8 

12.2
Operating Costs ($/DMT) 1976
Mining and transport 5
Processing 6 .7

11.7
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DCFROR
PW Cost = PW CF
PW Cost = 244
PW CF for i = 20% = 311
PW CF for i = 25% = 235

DCFROR = 2 0 + 5 ( 311-244 
\ 311-235)= 24.4%

NPV
NPV for i* = 25% = PW CF - PW Cost 

NPV = 235-244 = -9
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Cash Flows
1988 1989 1990 1991 1992

Income 43 95 105 115 127
-Operating cost 20 41 45 49 54
-Depreciation 46 37 30 24 19
-Amortization 2 2 2 2 2

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

(25)
6
0
.2

15
13
7.5

(25.2)

28
15
14
(17.7)

40
16
20
(3.7)

52
18
26

Taxable income 
Tax @ 46%

(25.2)
0

(17.7)
0

(3.7)
0

20.3
9.3

34
16

Net profit 
+Depreciation 
+Amortization 
^Depletion 
+Loss forward

(25.2)
46
2
.2

(17.7)
37
2
7.5

25.2

(3.7)
30
2

14
17.7

11
24
2

16
20.7

18
19
2

18

Cash flow 23 54 60 73.7 57

1993 1994 1995 1996 1997
Income
-Operating cost 
-Depreciat i'on 
-Amortization

140
59
15

154
65
12

169
72
10

186
79
8

205
87
6

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

66
20
33

77
22
38.5

87
24
43.5

99
26
49.5

112
29
56
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income 
Tax @ 46%

46
21

55
25

63
29

73
34

83
38

Net profit 
-^-Depreciation 
+Amortization 
^Depletion 
+Loss forward

25
15
20

30
12
22

34
10
24

39
8

26

45
6

29

Cash flow 60 64 68 73 80

1998 1999 2000 2001 2002
Income
-Operating cost
-Depreciation
-Amortization

225
96
5

248
106

4
272
116

3
300
128

3
330
141

2

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

124
32
62

138
35
69

153
38
76.5

169
42
84.5

187
46
93.1

Taxable income 
Tax @ 46%

92
42

103
47

115
53

127
58

141
65

Net profit 
^Depreciation 
+Amortization 
^Depletion 
+Loss forward

50
5

32

56
4

35

62
3

38

69
3

42

76
2

46

Cash flow 87 95 103 114 124
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Cash Flows (continued)
2003 2004 2005 2006 2007

Income 363 399 439 483 531
-Operating cost 155 170 187 206 226
-Depreciation 2 2 1 1 1
-Amortization

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

206
51

103
227
56

113.5
251
61
125.5

276
68
138

304
74

152

Taxable income 155 171 190 208 230
Tax @ 46% 71 79 87 96 106

Net profit 84 92 103 112 124
^Depreciation 
+Amort izat ion

2 2 1 1 1
^Depletion 
+Loss forward

51 56 61 68 74

Cash flow 137 150 165 181 199
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APPENDIX F
Determination of Discounted Cash Flow Rate of Return 
_________ and Net Present Value for Model Six________

Assumptions for Model Six
CLB system
One million dry metric tons per year 
(0.5 million DMT in first year)
Depletion allowance of 14 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year 
Effective tax rate of 46 percent v

Metal Content Recovery Annual Price
_____ (%) (%) DMT
Co 0.22 90
Investment ($ million)_____

Exploration and R&D
Mining system
Port, processing plant
Working capital(4mos.op.cost)
Operating Costs ($/DMT) 1976
Mining and transport 5
Processing 6 .7

1,980
- 11.25

1976 1985 1986 1987 1988
3.8 

30
54.6
3.9

8.9
17.7
32.2

9.9
19.5
35.4

21.4
38.9

23.5
42.8
12.2

11.7
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DCFROR
PW Cost = PW CF
PW Cost = 244
PW CF for i = 15% = 265
PW CF for i = 20% = 186

DCFROR = 1 5 + 5  (§§§Ef§f)= 16.3%
NPV

NPV for i* = 25% = PW CF - PW Cost 
NPV = 141-244 = -103
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Cash Flows 
1988 1989 1990 1991 1992

Income 32 71 79 87 95
-Operating cost 20 41 45 49 54
-Depreciation 46 37 30 24 19
-Amortization 2 2 2 2 2

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

(36)
4
0
.2

(9)10
0
.5

(36.2)

2
11
1 1

(45.7)

12
12
6

(44.7)

20
13
10
(38.'

Taxable income 
Tax @ 46%

(36.2)
0

(45.7)
0

(44.7)
0

(38.7)
0

(28.'
0

Net profit 
^-Depreciation 
-•-Amortization 
-•-Depletion 
4-Loss forward

(36.2)
46
2
.2

(45.7)
37
2
. 5

36.2

(44.7)
30
2
1

45.7

(38.7)
24
2
6

44.7

(28/
19
2

10
38/

Cash flow 12 30 34 38 41

1993 1994 1995 1996 1997
Income
-Operating cost
-Depreciation
-Amortization

105
59
15

115
65
12

127
72
10

140
79
8

154
87
6

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

31
15
15.5
(28.7)

38
16
19
(12.7)

45
18
22.5

53
20
26.5

61
22
30/
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income (12.7) 9.3 27 33 39
Tax @ 46% 0 4.3 12 15 18

Net profit (12.7) 5 15 18 21
^Depreciation 15. 12 10 8 6
+Amortization
+Depletion 15 16 18 20 22
+Loss forward 28.7 12.7

Cash forward 46 45.7 43 46 49

1998 1999 2000 2001 2002
Income 169 186 204 225 247
-Operating cost 96 106 116 128 141
-Depreciation 
-Amort ization

5 4 3 3 2

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

68
24
34

76
26
38

85
29
42.5

94
32
47

104
35
52

Taxable income 44 50 56 62 69
Tax @ 46% 20 23 26 29 32

Net profit 24 27 30 33 37
+Depreciation
^Amortization

5 4 3 3 2
^Depletion 
+Loss forward

24 26 29 32 35

Cash flow 53 57 62 68 74
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Cash Flows (continued)
2003 2004 2005 2006 2007

Income 272 299 329 362 398
-Operating cost 155 170 187 206 226
-Depreciation 2 2 1 1 1
-Amortization

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

115
38
57.5

127
42
21

141
46
23

155
51
77.5

171
56
85.!

Taxable income 77 85 95 104 115
Tax @ 46% 35 39 44 48 53

Net profit 42 46 51 56 62
^Depreciation 
+Amortizat ion

2 2 1 1 1
+Depletion 
+Loss forward

38 42 46 51 56

Cash flow 82 90 98 108 119
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APPENDIX G
Determination of Discounted Cash Flow Rate of Return 
_________ and Net Present Value for Model Seven______

Assumptions for Model Seven
Hydraulic system
3 million dry metric tons per year 
(1.5 million DMT in first year)
Depletion allowance of 22 percent
Construction begins 1985, first production year 1988 
Costs and prices escalated at 10 percent per year
Effective tax rate of 46 percent

Metal Content Recovery Annual Price
(%) (%) DMT (1982 $/lb)

Co 0.22 75 4950 11.25
Investment ($ million) 1981 1995 1986 1987 198*

Exploration and R&D 37.5 27 30
Mining system 58.75 22 24 26 29
Port, processing plant 137.5 50 55 61 67
Working capital(4mos.op.cost) 23.75 46
Operating Costs ($/DMT) 1981
Mining and transport 8.4
Processing 15.43

23.83
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DCFROR
PW Cost = PW CF 
PW Cost = 380 
PW CF for i = 30% = 411.2
PW CF for i = 40% = 282.3

DCFROR = 30 + 10 = 32.4%

NPV
NPV for i* = 25% = PW CF - PW Cost 

NPV = 522.4-380 = 142.4
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Cash Flows
1988 1989 1990 1991 1992

Income
-Operating cost
-Depreciation
-Amortization

81
23
67
6

179
51
53
6

197
56
43
6

217
62
34
6

238
68
27
6

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

(15)
17.8
0
.7

69
'39.4
34.5
(15.7)

92
43.3
46

115
47.7
57.5

137
52.
68.

Taxable income 
Tax @ 46%

(15.7)
0

i

18.8
8.6

48.7
22.4

67.3
31

84.
38.

Net profit 
^Depreciation 
+Amortization 
+Depletion 
+Loss forward

(15.7)
67
6
.7

10.2
53
6
34.5
15.7

26.3 
43
6

43.3

36.3
34
6

47.7

45.
27
6
52.

Cash flow 58 119.4 118.6 124 131.

1993 1994 1995 1996 1997
Income
-Operating cost
-Depreciation
-Amortization

262
75
22

288
82
17

317
90
14

349
99
11

384
109

9

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

165
57.6
82.5

189
63.4
94.5

211
69.7

105.5
239
76.8

119.5
166
84.

133
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Cash Flows (continued)
1993 1994 1995 1996 1997

Taxable income 
Tax @ 46%

107.4
49.4

125.6
57.8

141.3
65

162.2
74.6

181.
83.

Net profit 
^Depreciation 
+Amortization 
^Depletion 
+Loss forward

58
22
57.6

67.8
17
63.4

76.3
14
69.7

87.6 
11
76.8

98
9
84.

Cash flow 137.6 148.2 160 175.4 191.

1998 1999 2000 2001 2002
Income
-Operating cost
-Depreciation
-Amortization

422
120

7
464
132

6
511
146

5
562
160

4
618
176

3

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

295
92.8

147.5
326
102.1
163

360
112.4
180

398
123.6
199

439 
136 
219.

Taxable income 
Tax @ 46%

202.2
93

223.9
103

247.6
113.9

274.4
126.2

303
139.'

Net profit 
♦Depreciation 
♦Amortization 
♦Depletion 
♦Loss forward

109.2
7

92.8

120.9
6

102.1

133.7
5

112.4

148.2
4

123.6

163.1
3

136

Cash flow 209 229 251.1 275.8 302.6
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Cash Flows (continued)
2003 2004 2005 2006 2007

Income
-Operating cost
-Depreciation
-Amortization

680
194

2
748
213

2
823
234

1
905
258

1
996
184

1

Taxable income 
before depletion 

% depletion 
50% limit 
Cost depletion 
Loss forward

484
149.6
242

533
164.6
266.5

588
181.1
294

646
199.1
323

711 
219. 
355.

Taxable income 
Tax @ 46%

334.4
153.8

368.5
169.5

406.9
187.2

446.9
205.6

491.:
226.

Net profit 
+Depreciation 
+Amortization 
+Depletion 
+Loss forward

180.6
2

149.6

199
2

164.6

219.7
1

181.1

241.3
1

199.1

265.i
1

219.

Cash flow 332.2 365.6 401.8 441.4 485.7


