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FOREWORD

Minerals and mineral fuels are literally the cornerstones of modern
life. They constitute the source materials for most of the things we use,
and they supply the energy that powers our machines and heats and cools
the air where we live and work. In short, they are the physical source of
most of the necessities, conveniences, and comforts of life in the United
States today.

Most mineral resources are nonrenewable, for the deposits from which
they are extracted are not being naturally reformed at any where near
the rate we are using them. They are extendable, however, in the sense
that new deposits are discovered by exploration, and deposits once too
poor in quality to recover economically are made available by advancing
technology. And, of course, many mineral products can be recycled.

Because of our dependence on minerals and mineral fuels, the question
of the magnitude of usable resources is of mounting concern. Generally
the problem has been assessed in terms of proved reserves—workable de-
posits that have already been discovered and inventoried. To plan our
future, however, we need some idea of the magnitude of resources that
are geologically available if we are able to find and use them economically.

As a part of our response to the Mining and Mineral Policy Act of
1970, the Geological Survey provides in this volume the first overall assess-
ment of mineral resources since that of the President’s Materials Policy
Commission in 1952. It goes beyond traditional resource appraisals, which
have considered mainly inventoried reserves, to examine the geologic
availability of resources that will be needed in future generations. For
many minerals, these appraisals are preliminary at best, for not enough
is known about their origin, distribution, or the geologic environments
favorable for their occurrence to assess their potential now. But at the
least they represent a beginning, a take-off from which we can expect to
enlarge our knowledge of our mineral-resource endowment with advanc-

ing science and exploration.

RoGERs C. B. MORTON
Secretary of the Interior

m






PREFACE

The work on this volume began in January 1972,
but in a broader sense its production began many
years ago. The chapters were written by geologists
most of whom have had many years of experience
studying the geology of mineral deposits, and more
particularly the commodities about which they have
written here. A total of nearly 2,300 man-years of
professional experience in the geology of mineral
resources is represented by the authors of the vol-
ume, and about 30 man-years went directly into its
preparation. Each chapter contains not only a syn-
thesis of the state of knowledge of the geology of
the commodity, but also an appraisal of the known
resources, and an examination of the geologic possi-
bilities for finding additional deposits.

In January 1972, responsibility for the prepara-
tion of the volume was assigned to us as co-editors,
and we were given a tentative list of commodities
and authors. We provided each author with a sug-
gested outline of general topics to be covered, and
some guidelines as to scope and philosophy of ap-
proach, but beyond that we avoided any attempt to
fit each chapter into a stereotype. Moreover, the
types of commodities range from the major metals
and industrial minerals such as copper, silver, and
fluorspar, which have been the subject of geologic
research for years, to other commodities that are of
such varied geologic nature (such as pigments or
gemstones) or of such minor present importance
(such as scandium or thallium) that they cannot be
treated from the same viewpoint as the major min-
erals. The chapters range, therefore, from compre-
hensive summary reports to general essays that

-reflect the individuality of the authors as well as
the variation among commodities.

Throughout the book the emphasis is on geology,
but each chapter contains some summary informa-
tion on uses, technology, and economics. These sum-
maries are not meant to be exhaustive, however, and
additional details are in the 1970 edition of “Min-
eral Facts and Problems” (Bulletin 650 of the U.S.
Bureau of Mines) ; indeed, we regard that book and
the present volume as being complementary.

In the examination of the geologic possibilities for
finding new deposits—in many respects the princi-
pal innovative contributions of this volume—we
asked the authors to frankly apply the limits of their

ingenuity and not only to summarize current
theories but also to express their own intuitive ideas,
however speculative and unconventional they may
seem, that have come from years of study devoted
to the origin of mineral deposits. Readers will see
that some authors have speculated more coura-
geously than others. In any case, we believe readers
will find all the chapters interesting, and many
stimulating; and a few we believe can be frankly
characterized as intellectually exciting.

Most chapters include a section on prospecting
techniques, and a summary of geologic or related
problems on which the authors believe research
might be most fruitful in the continuing efforts to
find new resources.

An integral part of the book is the bibliographic
material cited at the conclusion of each chapter, in
lieu of repetition of detailed descriptions already in
print. Index and “spot” maps are not included in
most chapters because they are available elsewhere,
and in many cases with more detail than could pos-
sibly be included here. Maps showing the distribu-
tion of known deposits of many commodities in the
United States are available in the Mineral Resource
(MR) map series of the U.S. Geological Survey and
in the National Atlas of the United States.

The first three chapters deal not with resources
of specific commodities but with general informa-
tion that is pertinent to the study of mineral re-
sources. In the introductory chapter we discuss the
purposes of the book, the distinctions between re-
serves and various categories of resources, and some
general conclusions drawn from our view of the book
in its entirety. In the second chapter V. E. McKelvey
discusses the problems of mineral-resource estimates
and public policy. In the third chapter, R. L. Erick-
son discusses some new points of view on the relation
of reserves and resources to the crustal abundance
of elements. ‘

We acknowledge with thanks the cooperation of
our colleagues in all phases of the preparation of

- this volume. Whatever success the book may attain

is due entirely to a total effort. A paragraph of
acknowledgment originally submitted as a part of
the chapter on “Nuclear fuels” is given here instead
because we feel it applied to all chapters: “The
writers have drawn freely from published informa-
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tion, not all of which is cited, and from their col-
leagues, none of whom are given specific credit. The
reader should be aware that the paper could not
have been written without these sources.” We extend
specific thanks to Michael Fleischer for preparation

of summaries of geochemical information that are

included in many chapters.

DONALD A. BROBST
WALDEN P. PRATT
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THE PURPOSE OF THIS BOOK

Our civilization is dependent on minerals. Few
people living in the United States and other devel-
oped nations pass through a single day without using
raw or manufactured materials that have been been
made from, processed by, fertilized with, or in some
other way affected by minerals or mineral products.
Without a steady supply of minerals our civiliza-
tion could not survive.

Unlike most other natural resources, minerals
are not renewable. They are formed in the earth’s

crust by infinitesimally slow natural geologic proc-
esses acting for thousands or millions of years.
Once removed and used, they cannot be grown again.
The vital question, then, is this: Is our supply of
minerals running out?

To answer this question, as it applies to nearly
all the mineral commodities in use today, is the
general aim of this book. More specifically, the book
attempts to provide answers to three basic questions
about each mineral commodity: (1) How important
is it to our present industrial civilization and stand-
ard of living? (2) how much of it do we have and
to what extent is it economically and technologically
available? and (8) how and where can we find more?
The emphasis here is on domestic resources, but
many chapters include information on foreign re-
sources, generally most complete for those commodi-
ties for which we are most dependent upon sources
abroad.

The answers to the above questions are matters
that should be of concern not only to geologists
(both professional and student), but also to explora-
tion managers, research administrators, economists
and economic analysts, legislators, lawyers, plan-.
ners, magazine and newspaper editors, and indeed
many segments of the public at large. The book has
been written with this varied audience in mind.
The descriptions of the geology and origin of min-
eral deposits in each chapter necessarily involve
some scientific jargon, but discussions of the uses,
importance, history of exploitation, resources, and
problems needing research are cast largely in non-
technical language so that they may be of use to
scientist and nonscientist alike.

RESOURCES OR RESERVES?

A fundamental concept in the evaluation of min-
eral resources is the distinction between resources
and reserves. Detailed definitions vary (the entire
problem of resource terminology is currently being

U.S. GEOL. SURVEY PROF. PAPER 820



2 UNITED STATES MINERAL RESOURCES

studied by the National Commission on Materials
Policy), but the principal distinction is based on
current economic availability: reserves are known,
identified deposits of mineral-bearing rock from
which the mineral or minerals can be extracted
profitably with existing technology and under pres-
ent economic conditions; whereas resources include
not only reserves but also other mineral deposits
that may eventually become available—either known
deposits that are not economically or technologically
recoverable at present, or unknown deposits, rich or
lean, that may be inferred to exist but have not yet
been discovered. A simple analogy from the field of
personal finance, suggested by our colleague J. E.
Gair, may be helpful in clarifying this important
distinction: Reserves are represented by the funds
in one’s bank account and by other liquid assets;
resources then include, in addition, all other assets
and, more importantly, all income one may expect
to receive, from whatever source, through the dura-
tion of one’s lifetime. We will discuss various cate-
gories of resources and their relation to reserves
later in this introduction, but for the present we
would emphasize that because reserves are the only
part of the total resource that is immediately avail-
able, they are of paramount concern to the mineral
industry, and reserve estimates for most mineral
commodities are generally available and are under-
going constant revision. For most minerals, how-
ever, current reserves are only a small part of the
total resource. The remainder of the total—the po-
tential resources—are by far the most important
for the long term, and they receive major emphasis
in this book. Mineral resources, whether real or
potential, are geologic entities—concentrations of
one or more elements in the earth’s crust. Because
such concentrations occur as the result of geologic
processes, the question of how and where to find
more of them can ultimately be resolved only
through the understanding of geologic principles and
the application of geologic insight; accordingly, the
chapters of this volume deal with predictions based
on geologic reasoning, and have been written by
geologists.

A WARNING

Implicit in the distinction between reserves and
resources is a serious danger, which we state now
and will reiterate throughout this volume: Poten-
tial resources are not reserves; they are “birds in
the bush,” or to return to the analogy already used,
they are frozen assets and next year’s income, and
cannot be used to pay this month’s bills. No matter
how optimistic an outlook is engendered by estimates

of vast resources, such resources cannot be mined,
much less used, until they have been converted into
the category of reserves, whether by discovery (of
undiscovered resources of minable quality), or by
improvements in technology (for recovering identi-
fied subeconomic resources), or by both. For nearly
all minerals, the estimates of potential resources
indicate quantities that may become available only
if we vigorously pursue geologic and technologic
research to discover new mineral deposits in re-
gions and geologic environments that are known to
be favorable, to discover new favorable regions and
environments, to discover new kinds of mineral
deposits not previously recognized, to improve exist-
ing exploration techniques and develop new ones,
and to improve extractive technology for processing
low-grade ores that are not now economically re-
coverable. Readers of this volume must therefore
be cautioned that the resource estimates contained
herein are indeed estimates, not measurements; and
they present an optimistic outlook for many com-
modities only in the context that they represent a
potential, not a reality. Using these estimates in
any effort to optimize our domestic resource out-
look may only defeat the purpose if they are re-
moved from this context or are quoted without
adequate qualification. We have attempted to insure
against such misinterpretation by repeating defini-
tions of the appropriate resource terminology on
all tables of resource estimates in this volume.

Even with these qualifiers, some may criticize this
volume for its articulation of a philosophy that they
may consider to be unrealistic. We can only offer
the response that in the fairly recent past, each of
the kinds of geologic and technologic research enu-
merated in the preceding paragraph has in fact
resulted in the conversion of potential resources
into minable reserves—‘‘rock in the box,” in mining
parlance; a few examples are the discoveries of the
huge Kidd Creek zinc-copper-silver ore deposit in
Ontario and the disseminated gold deposits of Carlin
and Cortez in Nevada, and the development of tech-
nology for processing taconite iron ores.

Indeed the events of the last 20 years are the best
reason for optimism. In 1952, the recoverable re-
serves of lead were estimated to be 7.1 million tons,
of which only about 1 million tons was called proved
reserve. These figures were quoted on page 41 of
volume 2 of “Resources for Freedom” (President’s
Materials Policy Commission, 1952), better known
as the Paley report. Farther down on that page we
find the following statement, “The poor discovery
record of the past few decades provides little basis
for optimism that the equivalent of the southeast
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Missouri district can be expected to turn up in the
future; the major hope lies in the development of
some new methods of prospecting, as, for example,
methods that would indicate the probability of de-
posits in the absence of surface ontcrops.” Drilling
in the mid-1950’s on the west side of the Southeast
Missouri district resulted in the discovery of the
large unexposed deposits of lead ore known as the
Viburnum Trend. By 1970, half a dozen mines were
operating, and the reserves of lead in Missouri alone
had increased to 30 million tons. (See the chapter
on “Lead” in this volume.) The Viburnum Trend
will yield more lead than the total production of the
old part of the district. With the phoenixlike reju-
venation of the Southeast Missouri district, the
Viburnum Trend becomes the perfect example of a
potential resource converted to a reserve.

We see no reason why such discoveries and de-
velopments cannot be expected to continue in the
future. To point the direction to potential resources
and to attempt to evaluate them are the objectives
of this book.

OUR DEPENDENCE ON MINERALS

Few people are fully aware of their daily depend-
ence upon minerals. An awareness is growing as
the fragilities of modern civilization, stemming
from population growth and economic expansion,
become recognizable not only as world and national
problems, but also as personal problems. The avail-
ability of mineral resources to meet the projected
demands will critically affect future events.

It is important, therefore, to be able to predict the
occurrence of minerals, with some degree of realism,
on several different scales of both time and space;
we must know not only in which direction a particu-
lar mine opening should be extended to continue in
an ore body, but over a longer time period, we must
know where prospecting and exploration should be
concentrated to discover new deposits of each kind
of mineral—and the likelihood of success. In other
words, where are our potential mineral resources
and how large are they? How long will they last?
For which minerals, if any, are we “in good shape”?
Is our supply of any minerals unlimited? Of which
ones do we have very little, or are we likely to run
out in the near future? For these, is there a geologic
probability that more can be discovered in the
United States?—that is, are there geologic environ-
ments in which such minerals are likely to occur?
If so, where? And what problems are likely to be
encountered in finding and extracting them? If
domestic resources are not likely to be sufficient,
then to which parts of the globe must we look for

adequate resources in the future? These are the
questions to which the authors of this volume have
addressed themselves.

CLASSIFICATION OF RESOURCES

What, then, is a mineral resource? To begin with,
we may define a mineral resource as a concentration
of elements in a particular location in or on the
earth’s crust (or, now, also in the oceans), in such
a form that a usable mineral commodity—whether
it be an element (such as iron or aluminum), a
chemical compound (such as salt or borax), a min-
eral (such as emerald or asbestos), or a rock (such
as marble, coal, or gypsum)—can be extracted from
it. The perceptive reader will recognize that such a
definition has little practical value if the particular
mineral commodity cannot be extracted at a profit.
As already suggested, this feasibility of profitable
extraction, or economic availability, is one of two
parameters that distinguish between resources and
reserves; the other parameter is the degree of cer-
tainty of existence. These two parameters were
originally formulated into a classification of re-
sources by V. E. McKelvey (1972), whose presenta-
tion of these concepts is so vital to the philosophy
of resources, and whose classification is so impor-
tant as the cornerstone of the present volume, that
we have included his article as the second chapter
of this volume. We will summarize McKelvey’s re-
source classification by stating merely that he de-
fines reserves as economically recoverable material
in identified deposits, and applies the term resources
to include ‘“deposits not yet discovered as well as
identified deposits that cannot be recovered now.”
The terms recoverable, paramarginal, and submar-
ginal designate successively lower degrees of eco-
nomic recoverability; paramarginal resources are
defined as low-grade resources that are recoverable
at prices as much as 1.5 times those prevailing now,
and submarginal resources are those of still lower
grade. (See fig. 4, p. 12.)

In this volume we use a similar classification of
resources; but because of our conviction that the
long-range potential lies in resources that have not
vet been discovered, our classification places less
emphasis on the definition of various levels of eco-
nomic recoverability, and more emphasis on evaluat-
ing the undiscovered—defining the various degrees
of certainty. For the purpose of this volume, we
distinguish three different such degrees (fig. 1).
Identified resources are specific bodies of mineral-
bearing rock whose existence and location are
known. They may or may not be evaluated as to
extent and grade. Identified resources include
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FIGURE 1.——Classification of mineral resources used in this
volume,

reserves—masses of rock whose extent and grade
are known to a greater or lesser degree and whose
grade and physical nature are such that they may
be extracted at a profit with existing technology and
at present price levels. These last constraints of
technology and economics exclude from the category
of reserves many mineral deposits that are known
and evaluated but are not profitably or technologic-
ally minable at present, and to this important cate-
gory of identified but subeconomic resources we
apply the informal term conditional resources—
resources that may eventually become reserves when
conditions of economics or technology are met.
Conditional resources have an immediate potential,
because they are known, and their assessment pro-
vides a target for technologic research. This term
is used in the volume primarily as a convenience,
because most authors were unable to distinguish
the paramarginal and submarginal categories in
McKelvey’s classification.

We divide the remaining potential resources, all
undiscovered, into two informally designated cate-
gories. Hypothetical resources are here defined as
undiscovered resources that we may still reasonably
expect to find in known districts; speculative re-
sources are defined as undiscovered resources that
may exist elsewhere—either conventional types of
deposits in broad geologic terranes in which as yet
there are no discoveries, or else unconventional
types of resources that have only recently been
recognized (or are yet to be recognized) as having
some potential.

The utility of this distinction can be demonstrated

by a few examples. In evaluating sandstone-type
uranium deposits, for instance, we would consider
as hypothetical resources the deposits that have so
far eluded discovery in the known districts of New
Mexico or Wyoming; our geologic knowledge tells
us that there is good reason to expect we will find
more deposits in those areas similar to the deposits
already known, and our estimate of hypothetical
resources is, in this case, an attempt to quantify
the potential of these undiscovered resources, mainly
on the basis of the extent of unexplored but favor-
able ground. A different kind of geologic perspec-
tive, on the other hand, suggests that there is still
some likelihood of finding not just new deposits,
but new major uranium districts. Our estimate of
these speculative resources, even though it may be
only an order of magnitude, is an attempt to quan-
tify the resource potential of sedimentary basins
that are known to exist but have not been suffi-
ciently tested for uranium.

Resources of copper can be used as another ex-
ample of the distinction between hypothetical and
speculative resources. We are justified in hypothe-
sizing, for instance, that porphyry copper deposits
are concealed under basin fill in and near the known
copper districts of the southwest, whereas the dis-
covery in recent years of porphyry-type copper de-
posits of Paleozoic and Precambrian age in Eastern
North America permits us to speculate that whole
new regions have some potential for new discoveries.

Yet another example of the distinction between
hypothetical and speculative resources involves the
black bedded deposits of barite such as those cur-
rently being mined principally in Nevada and Ar-
kansas. The known deposits are scattered over wide
areas of both States, and chances are excellent that
new deposits — hypothetical resources — will be
found. But recent geologic studies of these deposits
suggest that they are related more to sedimentary
processes than was formerly believed. If this is true,
then the potential for the discovery of new deposits
and districts in other sedimentary basins—specula-
tive resources—is likewise excellent. This example
is an indication of how the reexamination and study
of basic geologic principles can help to open new
areas and environments favorable for exploration.

One further aspect of the value of such a distine-
tion is that it has forced us to realize that the
speculative resources of some commodities are rela-
tively low. From a worldwide geologic perspective,
we can say that the regions with significant poten-
tial for discovery of iron, or phosphorite, or marine
evaporites, are largely known; thus, the significant
undiscovered resources fall under the heading of
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“hypothetical,” rather than “speculative.” For some
commodities, this may simply reflect insufficient
knowledge of regional geology to identifiy other
promising areas, but for others it is an expression
of confidence that the favorable terranes have all
been identified.

The entire field in the diagram of figure 1 repre-
sents our total primary resources (as distinet from
secondary resources, such as recycled scrap, which
are not considered in this volume)—identified re-
serves, plus potential resources, which consist of
conditional, hypothetical, and speculative resources.
Conversions of potential resources into reserves are
made by discovery, technologic advance, or changes
in economic conditions. The same processes may
lead to similar conversions from outside the field—
to make potential resources from materials at pres-
ent inconceivable as resources.

A corollary of the emphasis of this volume on
geologic rather than economic factors is that our
classification is less concerned with the degrees of
feasibility of recovery defined by McKelvey. We
recognize that the concepts of paramarginal and
submarginal resources are valid, but because of the
broader objectives of this volume, nearly all our
authors found that a single degree of distinction
based on economic recoverability was difficult
enough to obtain for identified resources, let alone
for undiscovered resources, without the further
complication of another degree defined by a specific
price factor. Thus, nearly all the chapters of this
volume differentiate three major categories of re-
sources—identified, hypothetical, and speculative;
within the first category, most chapters differentiate
between recoverable identified resources (reserves),
and subeconomic identified resources (conditional
resources). In only a few chapters have the authors
attempted to extend the levels of economic recov-
erability into the hypothetical and speculative fields,
and where this has been done, it is generally in
terms of “recoverable” versus “subeconomic”’—for
example, ‘“‘subeconomic hypothetical resources.”

Special problems are posed in classifying the
resources found in sea-floor manganese nodules, in
metal-bearing muds of the Red Sea, and in the
recently discovered metal-bearing sedimentary rocks
of the Belt Supergroup in Idaho and Montana. Some
authors were reluctant to characterize the deposits
in these three environments as identified resources.
We see no question that they are identified, in that
they broadly fit the criteria of being known as to
existence and location ; but we well realize that they
are not fully evaluated. Our decision to classify
these resources as ‘“identified,” for consistency of

treatment within this volume, may therefore be re-
garded as arbitrary and is in no way binding on
our authors or on our readers. We note, however,
that officials of two major U.S. mining companies
were recently reported to have said they “expect to
be selling metal made from the [sea-floor] nodules
by the end of the decade” (Faltermayer, 1972, p.
170). Such expectations, in our view, are not likely
to have been predicated on resources that are un-
discovered.

PUBLIC AWARENESS, RESOURCE ESTIMATES,
AND GEOLOGIC AVAILABILITY

Public awareness of our dependence on mineral
resources appears to be growing. With this growth
in awareness—and indeed responsible for some of
it—is a growth in the number of magazine and
newspaper articles, and even books, that attempt
to evaluate our supply of mineral resources and in
some cases to forecast economic or cultural trends
that are dependent on this supply. (See, for example,
Faltermayer, 1972; Meadows and others, 1972; U.S.
News and World Report, 1972.) The almost uni-
versal tendency of such articles is to discuss mineral
resources principally from the perspective of eco-
nomic availability under a given set of conditions,
thereby overlooking the vital fact that reserves are
but a part of resources. The results are, we feel,
disturbing. Evaluations predicated only on knowl-
edge (or estimates) of current reserves can easily
lead to forecasts of the death of the industrial so-
ciety in a short time. On the other hand, evalua-
tions based on another kind of assumption suggest
that a rise in prices will increase the reserves and
bring much more material to market economically
from lower and lower grade material in larger and
larger deposits. This reasoning too is fallacious be-
cause elements are available in the earth’s crust in
very finite amounts. But in both instances, the
reasoning leads to serious misinterpretations be-
cause it does not give adequate consideration to the
single factor that ultimately determines all levels
and degrees of mineral potential: geologic avail-
ability. Geologic availability concerns the existence
and concentration of certain elements or combina-
tions of elements and is the most fundamental char-
acteristic of a mineral commodity that governs its
commercial use.

Assessment of geologic availability of a com-
modity requires basic knowledge of the geology,
mineralogy, and geochemistry of that material, the
geologic environments in which it occurs, and its
concentration in those environments. The tech-
nology of exploration, mining, beneficiation, recov-



6 UNITED STATES MINERAL RESOURCES

ery, and use is founded upon this information.
Studies of geologic availability are indispensable—
at all levels of commerce, industry, and govern-
ment—for any economic planning that considers
the available supply or use of primary mineral com-
modities and their byproducts.

Generally, however, public concepts of the magni-
tude of mineral resources are based on evaluations
of economic rather than geologic availability, and
even these are subject to numerous problems. Sound,
accurate estimates of reserves for large regions are
highly difficult to compile, for many reasons. Re-
serve data from industrial deposits may not be
available because of the problems of competition
and taxes. Managements of many companies believe
that in the competitive atmosphere of business they
should not release information about their reserves.
Some States tax the reserves in the ground held by
mining companies, making it economically advan-
tageous, and in some cases necessary, to produce at
capacity for years from deposits that are continually
reported to be nearly exhausted. Definition of ton-
nages of mineral resources of sufficiently high grade
to be minable at current prices is difficult enough
without trying to distinguish grades minable at 1.5
or more times greater than the current price. Eco-
nomic evaluations of a specific mineral deposit have
become a complex task for a team of specialists,
including not only geologists but also mining engi-
neers, ore dressers, metallurgists, and economists.
So many complex factors govern price at any given
time that it would seem foolhardy to estimate re-
sources in each of the economic categories and
expect the results to be meaningful for very long.

At some time, however, the pressures of both
economic and geologic factors will meet in crisis.
Economic factors may be altered rapidly. Changes
in demand and use alter patterns of production and
consumption; new deposits are sought elsewhere;
substitutes will be sought; and new technology will
be developed as the ingenuity of man is focused on
solving the problems. But there is no economic
availability if there is no geologic availability. Of
the two factors, geologic availability is the more
fundamental because without it economic availabil-
ity is not pertinent. Just as no biological miracle
can make it possible to extract blood from a turnip,
neither technological magic nor astronomic dollar
value can make it possible to extract gold or alumi-
num or borax or mica from rocks in which they are
not present. Geologic availability, therefore, is the
ultimate determinant of mineral potential, and it
is geologic availability that is stressed in the evalua-
tions of potential mineral resources in this volume.

Few chapters in the volume attempt to distinguish
between tonnages now recoverable and those avail-
able only at subeconomic levels of the three
“certainty-of-existence” categories shown in figure
1, but virtually every chapter offers a quantitative
evaluation in numbers or words for the resources
in each of the three categories, and the use of the
threefold terminology has been applied as rigorously
and uniformly as practical in each chapter.

GENERAL CONCLUSIONS

We realize that this book lacks a plot sufficient to
induce its readers into proceeding through it from
cover to cover. Therefore, we offer here some gen-
eral conclusions on several aspects of the Nation’s
mineral-resource position, which have emerged
from our editorial overview of the chapters as
a whole. Of first importance is a summary answer
to the principal question to which the volume is
directed: Where do we stand with regard to re-
sources of each commodity? Other conclusions per-
tain to the increasing importance, as resources, of
large volumes of low-grade rocks, and attendant
environmental problems; the problem of enormous
quantities of potential mineral byproducts that are
now literally being wasted ; the factor of energy in
the extraction of minerals; and finally, the pressing
need for vigorous research along many lines.

MINERAL POTENTIAL: WHERE DO WE STAND?

Each chapter of the volume has its own calcula-
tion or other evaluation of resources governed by
those factors deemed by the authors to be important
to the respective commodity. There is no way to
make the data in each chapter absolutely compara-
ble. We would prefer that users of the volume read
the chapters of interest to them in order to obtain
the best possible understanding of the authors’ pre-
sentation of resource data, and then formulate their
own conclusions. We have, however, compiled a
table that shows resource appraisals on a numerical
scale, for commodities of major importance, put
into perspective in terms of the minimum antici-
pated cumulative demand * for the period 1968-2000
as compiled by the U.S. Bureau of Mines (1970).
Once again we emphasize that the resources indi-
cated here are for the most part potential, and that
their eventual availability as reserves is entirely
dependent on continued geologic and technologic
research as well as economic factors.

1In using ‘“demand” values for purposes of comparison we do not
represent them as being specific goals to be reached. This volume presents
no social or political judgments; its sole purpose is to make available
reliable geologic resource facts and assessments for public policy decision as
well as for use by the minerals industry.
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TABLE 1.—Potential U.S. resources of some important min-
eral commodities, in relation to minimum enticipated cumu-
lative demand to year 2000 A.D.

ST=short tons. Ib==pounds.

LT=l_ong tons. Tr oz==troy ounces.

Identified resources: Includes reserves, and materials other than re-
serves that are reasonably well known as to location, extent, and grade,
that'rpay be exploitable in the future under more favorable economic
conditions or with improvements in technology.

Hypothetical resources: Undiscovered but geologically predictable deposits
of materials similar to present identified resources.

I Dorpestu: resources (of the category shown) are greater than 10
times the minimum anticipated cumulative demand 1968-2000.

II. Domestic resources are 2 to 10 times the MACD.

III. Dol\?zség resources are approximately 75 percent to 2 times the

IV. Domestic resources are approximately 35-75 percent the MACD.

V. Domestic resources are approximately 10-35 percent the MACD.

VI. Domestic resources are less than 10 percent of the MACD.

Identi-

Minimum anticipated fied Hypothetical
Commodity cumulative demand, re- resources
1968-2000 1 sources
Aluminum ______ 290,000,000 ST II Not estimated.
Asbestos ________ 32,700,000 ST \'4 VI
Barite __________ 25,300,000 ST 11 II
Chromium _______ 20,100,000 ST VI VI
Clay - ______ 2,813,5600,000 ST 111 II
Coppey __________ 96,400,000 ST II1 III
Fluorine ________ 37,600,000 ST \'A v
Goldd —___________ 372,000,000 Tr oz III Not estimated.
Gypsum _________ 719,800,000 ST I I
Iron ____________ 3,280,000,000 ST II 1
Lead ____________ 37,000,000 ST 111 v
Manganese ______ 47,000,000 ST III Not estimated.
Mgrcury ________ 2,600,000 flasks V Not estimated.
Mica, scrap ______ 6,000,000 ST 1I I
Molybdenum _____ 3,100,000,000 1bs I I
Nickel _.________ 16,200,000,000 lbs III Not estimated.
Phosphate _._____ 190,000,000 ST II I
Sand and gravel _ 56,800,000,000 ST III Not estimated.
Silver __________ 3,700,000,000 Tr oz III 111
Sulfqr __________ 473,000,000 LT I I
Thorium __.______ 27,500 ST * II Not estimated.
Titanium (TiO,) - 38,000,000 ST 1I II
Tung§ten ________ 1,100,000,000 1bs v Iv
Uranjum ________ 1,190,000 ST 1I 111
Vanadium _._____ 420,000 ST II Not estimated.

57,000,000 ST II I

1 As estimated by U.S. Bureau of Mines, 1970.

?For thorium, mazimum anticipated cumulative demand 1968-2000,
which assumes commercial development of economically attractive thorium
reactors by 1980.

Careful study of both this table and the volume
in its entirety leads to the conclusion that only a
few commodities are readily available to the United
States in quantities adequate to last for hundreds
of years. By no means is it too early to become
concerned about future mineral supplies—and to
start planning. Charles F. Park (1968) wrote of
the decrease in mineral supplies that is placing
modern American affluence in jeopardy. The real
extent of our dependence on mineral resources places
in jeopardy not merely affluence, but world civili-
zation.

LOW-GRADE ORES AND THE ENVIRONMENT

The impelling need for minerals poses environ-
mental problems of concern to all. Probably fore-
most among these is the fact that for many min-
erals future production will depend on mining enor-

mous volumes of low-grade ores, with necessarily
strong environmental impact. The problem can be
temporary, and can be solved, as witness the utili-
zation of the manganese deposits in the Nikopol
region, U.S.S.R., described in the chapter on “Man-
ganese.” But in most areas the opposing factions of.
industry and environmentalist are still just facing
off. We believe the problem must be met squarely,
realistically, and soon, by frank and objective ex-
change—not merely between small groups repre-
senting the mining industry on the one hand and
outdoor enthusiasts on the other but between
industry and the public at large. The environment
is far bigger then any small interest group. Ulti-
mately, a concerned public must decide in which
order to place its priorities, and each faction of that
public is entitled to basic information on the need
for and availability of mineral resources as a foun-
dation on which to base its decisions. Thus, as only
two examples of such factions, the enthusiastic
hiker—whether fisherman, Scout leader, or vaca-
tioning city dweller—must realize that his dacron-
covered aluminum-frame backpack, his nylon fish-
ing line, his polyurethane foam pad, and even his
dehydrated foods are either made of or processed
by mineral products, which continue to be used up
and must continue to be made available. Conversely,
the miner must realize that his assertion of need to
develop a new copper deposit, when the technology
of extraction may leave not only important poten-
tial byproducts but half the copper itself in the
ground, may sound more like expediency than need.

It is beyond the scope of this volume to attempt
a comprehensive review or evaluation of the min-
eral-environmental problem in general. Qur pur-
pose here is simply to indicate that the chapters of
this volume provide some of the basic information
on which such reviews or evaluations should be
based.

ECONOMICS AND WASTE

A major aspect of resources that appears in many
of these chapters is the extent to which many po-
tential byproducts or coproducts are literally being
wasted—Ilost forever—because there is no apparent
economic incentive for recovering them. Some min-
erals go into slurry ponds, some into slags, some up
the flue. Examples of such commodities are the
vanadium in magnetite deposits; selenium, tellu-
rium, and gold lost through in-place leaching of
porphyry copper deposits; fluorine, vanadium, ura-
nium, scandium, and rare earths in marine phos-
phorites; cadmium, bismuth, and cobalt in lead
ores; and several metals in coal ash. Strictly speak-
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ing, these resources belong in the category of condi-
tional resources, but we believe there is a significant
distinction between resources that are not econom-
ically minable under present conditions and those
that either are not recovered because of selective
mining, or are discarded because of selective proc-
essing. In many cases the perspective of geologic
availability makes possible the view that what may
seem economical for the short term is not neces-
sarily so for the long term, and these potential
resources should not be overlooked or misused.

THE ENERGY FACTOR

Extraction and processing of all minerals requires
some form of energy, and it is a safe generalization
to say that to produce a fixed amount of any given
commodity, the lower the grade of ore, the greater
is the quantity of energy required. Although this
volume contains individual chapters on mineral
energy resources, a comprehensive evaluation of
energy resources in the context of their specific
relation to extraction of minerals is far beyond the
scope of the book. The reader should bear in mind
that as the mining industry turns to lower and lower
grades of many ores, the cost and availability of the
required energy are probably the single most im-
portant factors that will ultimately determine
whether or not a particular mineral deposit can be
worked economically.

THE NEED FOR RESEARCH

Potential resources are transformed into reserves
not by moving rock, but by expanding the artificial
boundaries of geologic knowledge and economic
availability that delimit “reserves” from ‘re-
sources”; hence, the potential of most of the re-
sources discussed in this volume can be realized
only as a result of applied research. Development
of new technologies will make economic extraction
of conditional resources feasible; innovative applica-
tion of old geologic theory and the creation of new
concepts of ore formation can be expected to lead
to the discovery of conventional mineral deposits in
favorable regions (hypothetical resources) ; research
and exploration can be counted on to discover some

new types of deposits and some new ore environ-
ments and regions that we do not know about now
(speculative resources).

Clearly, to these factors of geologic and economic
availability we must also add the factor of human
ingenuity. W. E. Pratt (1948), vice president of
Standard Oil Co., in speaking some years ago of
petroleum exploration, cogently expressed a view-
point that is equally pertinent for mineral explora-
tion: “* * * physical conditions in the earth’s crust
impose fewer and less formidable obstacles to the
development of commercial oil fields over the earth
than do some of our mental and social habits * * * .
Whatever the geological conditions may be and
whatever technique we employ, we find oil in the
earth very rarely unless we have first acquired an
appropriate mental attitude * * *. Where oil really
is, then, in the final analysis, is in our own heads!”

The chapters of this volume constitute a beginning
effort to cultivate the “appropriate mental attitude”
and to articulate the resulting ideas in terms of
where and in what magnitudes our future mineral
resources might be found. Only by continuing this
effort, through vigorous pursuit of exploration, re-
search, and technologic development, can we confi-
dently expect to locate these potential resources and
convert them into usable reserves.
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INTRODUCTION

Not many people, I have found, realize the extent
of our dependence on minerals. It was both a sur-
prise and a pleasure, therefore, to come across the
observations of George Orwell in his book “The Road
to Wigan Pier.” When describing the working con-
ditions of English miners in the 1930’s, he evi-
dently was led to reflect on the significance of coal:

Our civilization . . . is founded on coal, more completely

than one realizes until one stops to think about it. The
machines that keep us alive, and the machines that make

the machines are all directly or indirectly dependent upon
coal . ... Practically everything we do, from eating an ice
to crossing the Atlantic, and from baking a loaf to writing
a novel, involves the use of coal, directly or indirectly. For
all the arts of peace coal is needed; if war breaks out it is
needed all the more. In time of revolution the miner must go
on working or the revolution must stop, for revolution as
much as reaction needs coal . . . In order that Hitler may
march the goosestep, that the Pope may denounce Bolshevism,
that the cricket crowds may assemble at Lords, that the
Nancy poets may scratch one another’s backs, coal has got
to be forthcoming.

To make Orwell’'s statement entirely accurate—
and ruin its force with complications—we should
speak of mineral fuels, instead of coal, and of other
minerals also, for it is true that minerals and min-
eral fuels are the resources that make the industrial
society possible. The essential role of minerals and
mineral fuels in human life may be illustrated by a
simple equation

RxEXxI
L—

P

in which the society’s average level of living (L),
measured in its useful consumption of goods and
services, is seen to be a function of its useful con-
sumption of all kinds of raw materials (R), includ-
ing metals, nonmetals, water, soil minerals, biologic
produce, and so on; times its useful consumption of
all forms of energy (F) ; times its useful consump-
tion of all forms of ingenuity (I), including political
and socio-economic as well as technologic ingenuity ;
divided by the number of people (P) who share in
the total product.

This is a restatement of the classical economists’
equation in which national output is considered to
be a function of its use of capital and labor, but it
shows what capital and labor really are. Far from
being mere money, which is what it is popularly
thought to mean, capital represents accumulated
usable raw materials and things made from them,
usable energy, and especially accumulated knowl-
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edge. And the muscle power expended in mere physi-
cal toil, which is what labor is often thought to
mean, is a trivial contribution to national output
compared to that supplied by people in the form of
skills and ingenuity.

This is only a conceptual equation, of course, for
numerical values cannot be assigned to some of its
components, and no doubt some of them—ingenuity
in particular—should receive far more weight than
others. Moreover, its components are highly inter-
related and interdependent. It is the development
and use of a high degree of ingenuity that makes
possible the high consumption of minerals and fuels,
and the use of minerals and fuels are each essential
to the availability and use of the other. Neverthe-
less, the expression serves to emphasize that level
of living is a function of our intelligent use of
natural resources, and it brings out the importance
of the use of energy and minerals in the industrial
society. As shown in figure 2, per capital Gross Na-
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FIGURE 2.—Per capita energy consumption compared to per
capita Gross National Product (GNP) in countries for
which statistics are available in the United Nations “Sta-
tistical Yearbook” for 1967.

tional Product among the countries of the world is,
in fact, closely related to their per capita consump-
tion of energy. Steel consumption also shows a close
relation to per capita GNP (fig. 3), as does the con-
sumption of many other minerals.

Because of the key role that minerals and fuels
play in economic growth and in economic and mili-
tary security, the extent of their resources is a
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FIGURE 3.—Per capita steel consumption compared to per
capita Gross National Product (GNP) in countries for
which statistics are available in the United Nations *“Sta-
tistical Yearbook” for 1967.

matter of great importance to government, and
questions concerning the magnitude of resources
arise in conjunction with many public problems.
To cite some recent examples, the magnitude of
low-cost coal and uranium reserves has been at the
heart of the question as to when to press the de-
velopment of the breeder reactor—which requires
a research-and-development program involving such
an enormous outlay of public capital that it would
be unwise to make the investment until absolutely
necessary.

Similarly, estimates of potential oil and gas re-
sources are needed for policy decisions related to
the development of oil shale and coal as commercial
sources of hydrocarbons, and estimates are needed
also as the basis for decisions concerning prices and
import controls.

Faced with a developing shortage of natural gas,
the Federal Power Commission is presently much
interested in knowing whether or not reserves re-
ported by industry are an accurate indication of the
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amount of natural gas actually on hand; it also
wants to know the extent of potential resources and
the effect of price on their exploration and develop-
ment. At the regional or local level, decisions with
respect to the designation of wilderness areas and
parks, the construction of dams, and other matters
related to land use involve appraisal of the distri-
bution and amount of the resources in the area.
The questions of the need for an international
regime governing the development of seabed re-
sources, the character such arrangement should
have, the definition of the area to which it should
apply also involve, among other considerations,
analysis of the probable character, distribtuion, and
magnitude of subsea mineral resources.

And coming to the forefront is the most serious
question of all—namely, whether or not resources
are adequate to support the continued existence of
the world’s population and indeed our own. The pos-
sibility to consider here goes much beyond Malthus’
gloomy observations concerning the propensity of
a population to grow to the limit of its food supply,
for both population and level of living have grown
as the result of the consumption of nonrenewable
resources, and both are already far too high to
maintain without industrialized, high-energy, and
high mineral-consuming agriculture, transportation,
and manufacturing. I will say more about this ques-
tion later, but to indicate something of the magni-
tude of the problem let me point out that, in attain-
ing our high level of living in the United States, we
have used more minerals and mineral fuels during
the last 30 years than all the people of the world
used previously. This enormous consumption will
have to be doubled just to meet the needs of the
people now living in the United States through the
remainder of their lifetimes, to say nothing about
the needs of succeeding generations, or the increased
consumption that will have to take place in the
lesser developed countries if they are to attain a
similar level of living.

CONCEPTS OF RESERVES AND RESOURCES

The focus of most of industry’s concern over the
extent of mineral resources is on the magnitude of
the supplies that exist now or that can be developed
in the near term, and this is of public interest also.
Many other policy decisions, however, relate to the
much more difficult question of potential supplies,
a question that to be answered properly must take
account both of the extent of undiscovered deposits
as well as deposits that cannot be produced profit-
ably now but may become workable in the future.
Unfortunately, the need to take account of such

deposits is often overlooked, and there is a wide-
spread tendency to think of potential resources as
consisting merely of materials in known deposits
producible under present economic and technologic
conditions,

In connection with my own involvement in re-
source appraisal, I have been developing over the
last several years a system of resource classification
and terminology that brings out the classes of re-
sources that need to be taken into account in ap-
praising future supplies, which I believe helps to
put the supply problem into a useful perspective.
Before describing it, however, I want to emphasize
that the problem of estimating potential resources
has several built-in uncertainties that make an accu-
rate and complete resource inventory impossible,
no matter how comprehensive its scope.

One such uncertainty results from the nature of
the occurrence of mineral deposits, for most of them
lie hidden beneath the earth’s surface and are diffi-
cult to locate and to examine in a way that yields
accurate knowledge of their extent and quality.
Another source of uncertainty is that the specifica-
tions of recoverable materials are constantly chang-
ing as the advance of technology permits us to mine
or process minerals that were once too low in grade,
too inaccessible, or too refractory to recovery profit-
ably. Still another results from advances that make
it possible to utilize materials not previously visual-
ized as usable at all.

For these reasons the quantity of usable resources
is not fixed but changes with progress in science,
technology, and exploration and with shifts in eco-
nomic conditions. We must expect to revise our
estimates periodically to take account of new de-
velopments. Even incomplete and provisional esti-
mates are better than none at all, and if they
differentiate known, undiscovered, and presently
uneconomic resources they will help to define the
supply problem and provide a basis for policy de-
cisions relating to it.

The need to differentiate the known and the re-
coverable from the undiscovered and the uneconomic
requires that a resource classification system con-
vey two prime elements of information: the degree
of certainty about the existence of the materials
and the economic feasibility of recovering them.
These two elements have been recognized in exist-
ing terminology, but only incompletely. Thus as
used by both the mining and the petroleum indus-
tries, the term reserves generally refers to eco-
nomically recoverable material in identified deposits,
and the term resources includes in addition deposits
not yet discovered as well ag identified deposits that
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cannot be recovered now (for example, Blondel and
Lasky, 1956).

The degree of certainty about. the existence of
the materials is described by terms such as proved,
probable, and possible, the terms traditionally used
by industry, and measured, indicated, and inferred,
the terms devised during World War II by the Geo-
logical Survey and the Bureau of Mines to serve
better the broader purpose of national resource
appraisal. Usage of these degree-of-certainty terms
is by no means standard, but all their definitions
show that they refer only to deposits or structures
known to exist.

Thus, one of the generally accepted definitions of
possible ore states that it is to apply to deposits
whose existence is known from at least one ex-
posure, and another definition refers to an ore body
sampled only on one side. The definition of inferred
reserves agreed to by the Survey and the Bureau
of Mines permits inclusion of completely concealed
deposits for which there is specific geologic evi-
dence and for which the specific location can be
described, but it makes no allowance for ore in un-
known structures of undiscovered districts. The
previous definitions of both sets of terms also link
them to deposits minable at a profit; the classifica-
tion system comprised of these terms has thus
neglected deposits that might become minable as
the result of technologic or economic developments.

To remedy these defects, I have suggested that
existing terminology be expanded into the broader
framework shown in figure 4, in which degree of
certainty increases from right to left and feasi-
bility of economic recovery increases from bottom
to top. Either of the series of terms already used
to describe degree of certainty may be used with
reference to identified deposits and applied not only
to presently minable deposits but to others that
have been identified with the same degree of cer-
tainty. Feasibility-of-recovery categories are desig-
nated by the terms recoverable, paramarginal, and
submarginal.

Paramarginal resources are defined here as those
that are recoverable at prices as much as 1.5 times
those prevailing now. (I am indebted to S. P.
Schweinfurth for suggesting the prefix para to indi-
cate that the materials described are not only those
just on the margin of economic recoverability, the
common economic meaning of the term marginal.)
At first thought this price factor may seem to be
unrealistic. The fact is, however, that prices of many
mineral commodities vary within such a range from
place to place at any given time, and a price elas-
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FIGURE 4.-—Classification of mineral reserves and resources.
Degree of certainty increases from right to left, and
feasibility of economic recovery increases from bottom to
top.

ticity of this order of magnitude is not uncommon
for many commodities over a space of a few years
or even months, as shown by recent variations in
prices of copper, mercury, silver, sulfur, and coal.
Deposits in this category thus become commercially
available at price increases that can be borne with-
out serious economic effects, and chances are that
improvements in existing technology will make them
available at prices little or no higher than those
prevailing now.

Over the longer period, we can expect that tech-
nologic advances will make it profitable to mine
resources that would be much too costly to produce
now, and, of course, that is the reason for trying to
take account of submarginal resources. Again, it
might seem ridiculous to consider resources that
cost two or three times more than those produced
now as having any future value at all. But keep in
mind, as one of many examples, that the cutoff
grade for copper has been reduced progressively not
just by a factor of two or three but by a factor of
10 since the turn of the century and by a factor of
about 250 over the history of mining. Many of the
fuels and minerals being produced today would once
have been classed as submarginal under this defini-
tion, and it is reasonable to believe that continued
technologic progress will create recoverable reserves
from this category.
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EXAMPLES OF ESTIMATES OF POTENTIAL
RESOURCES

For most minerals, the chief value of this classi-
fication at present is to call attention to the informa-
tion needed for a comprehensive appraisal of their
potential, for we haven’t developed the knowledge
and the methods necessary to make meaningful
estimates of the magnitude of undiscovered deposits,
and we don’t know enough about the cost of pro-
ducing most presently noncommercial deposits to
separate paramarginal from submarginal resources.
Enough information is available for the mineral
fuels, however, to see their potential in such a
framework.

The fuel for which the most complete information
is available is the newest one—uranium. As a result
of extensive research sponsored by the Atomic En-
ergy Commission, uranium reserves and resources
are reported in several cost-of-recovery categories,
from less than $8 to more than $100 per pound of
U;0;. For the lower cost ores, the AEC makes peri-
odic estimates in two degree-of-certainty categories,
one that it calls reasonably assured reserves and the
other it calls additional resources, defined as ura-
nium surmised to occur in unexplored extensions of
known deposits or in undiscovered deposits in known
uranium districts. Both the AEC and the Geological
Survey have made estimates from time to time of
resources in other degree-of-certainty and cost-of-
recovery categories.

Ore in the less-than-$8-per-pound class is minable
now, and the AEC estimates reasonably assured
reserves to be 143,000 tons and additional resources
to be 167,000 tons of U;0.—just about enough to
supply the lifetime needs of reactors in use or
ordered in 1968 and only half that required for
reactors expected to be in use by 1980. The Geo-
logical Survey, however, estimates that undiscov-
ered resources of presently minable quality may
amount to 750,000 tons, or about 2.5 times that in
identified deposits and districts. Resources in the
$8- to $30-a-pound category in identified and undis-
covered deposits add only about 600,000 tons of
U;0: and thus do not significantly increase potential
reserves.

But tens of millions of tons come into prospect
in the price range of $30 to $100 per pound. Ura-
nium at such prices would be usable in the breeder
reactor. The breeder, of course, would utilize not
only U?5 but also U?*%, which is 140 times more
abundant than Uz, Plainly the significance of ura-
nium as a commercial fuel lies in its use in the
breeder reactor, and one may question, as a number

of critics have (for example, Inglis, 1971), the
advisability of enlarging nuclear generating capacity
until the breeder is ready for commercial use.

Until recently the only information available about
petroleum resources consisted of estimates of proved
reserves prepared annually by the American Petro-
leum Institute and the American Gas Association,
plus a few estimates of what has been called ulti-
mate production, that is, the total likely to be
eventually recovered. A few years ago, however, the
API began to report estimates of total oil in place
in proved acreage, and the Potential Gas Committee
began to estimate possible and probable reserves of
natural gas, defining them as consisting of gas
expected to be found in extensions of identified fields
and in new discoveries in presently productive strata
in producing provinces. It also introduced another
category, speculative resources—equivalent to what
I have called “undiscovered”’—to represent gas to
be found in nonproducing provinces and in presently
unproductive strata in producing provinces.

In 1970 the National Petroleum Council released
a summary of a report on “Future Petroleum Prov-
inces of the United States,” prepared at the request
of the Department of the Interior, in which it re-
ported estimates of crude oil in the combined
probable-possible clags and in the speculative cate-
gory. In addition, NPC estimated the amounts that
would be available under two assumptions as to the
percent of the oil originally in place that might be
recovered in the future (table 2). NPC did not assess
the cost of such recovery, but the average recovery
is now about 30 percent of the oil in place, and NPC
expects it to increase gradually to about 42 percent
in the year 2000 and to 60 percent eventually. The
NPC estimates do not cover all potentially favorable
areas either on land or offshore but, even so, in the
sum of these various categories NPC sees about 12
times as much oil remaining to be discovered and
produced as exists in proved reserves alone.

The Potential Gas Committee’s estimates of po-
tential gas resources similarly do not cover all
favorable areas, but they indicate that resources in
the probable, possible, and speculative categories
are about twice that of proved reserves and past
production. Because about 80 percent of the gas
originally in place is now recovered, paramarginal
and submarginal resources in ordinary gas reservoirs
are not as large as for crude oil. Paramarginal and
submarginal gas resources may be significant, how-
ever, in kinds of rocks from which gas is not now
recovered, namely impermeable strata and coal. In
the Rocky Mountain province, for instance, Haun,
Barlow, and Hallinger (1970) recently estimated
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TABLE 2.—Some estimates of U.S. crude-oil reserves and resources, in billion barrels
[API, American Petroleum Institute; NPC, National Petroleum Council]

In identified fields or stuctures

In undiscovered
fields and structures

Proved Probable-possible (speculative)
Recoverable at present rate® __.____________ 31 (API) 74 (NPC) 67 (NPC)
Additional at 42 percent recovery ___.._.__._ 47 (NPC) 22 (NPC) 21 (NPC)
Additional at 60 percent recovery .__.._______ 69 (NPC) 40 (NPC) 37 (NPC)
0il originally in place -~ ____________ 388 (API)* 227 (NPC) 209 (NPC)

Total oil originally in place
Ultimate production *

2200 (Hendricks and Schweinfurth, 1968).
190 (Hubbert, 1969); 358 (Moore, 1966); 433 (Weeks)?; 450 (Elliott

and Linden, 1968); 432-495 (NPC); 550 (Hendricks and Schwein-
furth, 1968).

! Average recovery is 30 percent of oil in place.

3 Includes past production of 86 billion barrels.

% See McKelvey (1968, Table II, p. 18).
potential gas resources in ordinary reservoirs to be
in the range of 100 to 200 trillion cubic feet, but
pointed out that gas in impermeable strata which
might be released by nuclear stimulation would be
several times that amount. Gas occluded in coal—
now only a menace in this country as a cause of
explosions—is already recovered in some European
mines and is also a potentially large resource.

The uncertainties concerning potential coal re-
sources center not on their total magnitude, as they
do for oil and gas, but on the amounts available at
present prices. Because coal beds have great lateral
continuity, geologic mapping and stratigraphic stud-
ies make it possible to project them long distances
from their outcrops and to categorize them in terms
of thickness of beds, thickness of overburden, rank
of coal, and other features that affect cost. The Geo-
logical Survey has prepared such estimates, but the
cost of recovering coal in the various categories has
yvet to be determined. Coal in beds more than 14
inches thick totals at least 3.3 trillion tons in the
United States, but estimates of the amounts min-
able at present prices have ranged from 20 to 220
billion tons. (See U.S. Office of Science and Tech-
nology, “Energy R and D and National Progress.”)
Because 20 billion tons represents nearly a 40-year
supply at present rates of consumption, it is easy
to see why the studies needed to determine how
much would be available at various costs have not
been undertaken. The question is by no means only
of academic interest, for the nuclear power develop-
ment program was justified in part in its early years
on the assumption that reserves of low-cost coal
were extremely limited, and part of the continued
growth of the nuclear power industry is said to be
the result of the difficulty power companies are
having in acquiring low-cost reserves.

QUANTIFYING THE UNDISCOVERED

Considering potential resources in the degree-of-
certainty, cost-of-recovery framework brings out

the joint role that geologists, engineers, mineral
technologists, and economists must play in estimat-
ing their magnitude. Having emphasized the im-
portance of the economic and technologic side of
the problem, I want now to turn to the geological
side and consider the problem of how to appraise
the extent of undiscovered reserves and resources.

It is difficult enough to estimate the extent of un-
explored resources of the inferred or possible class.
In fact, it is even difficult to estimate measured or
proved reserves with a high degree of accuracy until
they have been largely mined out. Thus, estimates
of proved reserves prepared in advance of appre-
ciable production commonly have an error of about
25 percent, and the error in estimates of incom-
pletely explored deposits is usually much larger.
Generally the combination of the geologist’s inherent
conservatism and the lack of information on the
geology of concealed areas leads to estimates that
err in being too low rather than too high.

One eminent mining geologist reported that, hav-
ing recognized these effects, he once arbitrarily
tripled his calculations to arrive at an estimate of
the ore remaining in a producing district; twice the
amount of his inflated estimate, however, was found
and mined over the next 20 years, and more was in
prospect. To match many such stories are at least
a few prematurely deserted mills and mine instal-
lations built on the expectation of finding ore that
did not materialize. Both kinds of experiences em-
phasize the difficulty of appraising the extent of
mineral deposits even in partly explored areas. In
the light of such experiences one is justified in ask-
ing—as many well-informed people have—whether
estimates of the magnitude of undiscovered deposits
can have enough reliability to make them worth-
while.

The fact that new districts are still being discov-
ered for nearly every commodity and that large
areas favorable for the occurrence of minerals of
all kinds are covered by alluvium, volcanics, glacial
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drift, seawater, or other materials that conceal pos-
sible mineral-bearing rocks or structures assures us
that undiscovered deposits are still to be found.
Qualitatively, at least, we know something about
the distribution of minerals with respect to other
geologic phenomena and, if this is so, we have a
chance of developing quantitative relations that will
give us at least a start.

Two principal approaches to the problem have
been taken thus far. One is to extrapolate observa-
tions related to rate of industrial activity, such as
annual production of the commodity ; the other is to
extrapolate observations that relate to the abun-
dance of the mineral in the geologic environment
in which it is found.

The first of these methods has been utilized by
M. K. Hubbert (1969), C. L. Moore (1966), and
M. A. Elliott and H. R. Linden (1968) in estimat-
ing ultimate reserves of petroleum. The essential
features of this approach are to analyze the growth
in production, proved reserves, and discovery per
foot of drilling over time and to project these rate
phenomena to terminal values in order to predict
ultimate production. Hubbert has used the logistic
curve for his projections, and Moore has utilized the
Gompertz curve, with results more than twice as
high as those of Hubbert. As Hubbert has pointed
out, these methods utilize the most reliable informa-
tion collected on the petroleum industry; modern
records on production, proved reserves, number of
wells drilled, and similar activities are both rela-
tively complete and accurate, at least as compared
with quantitative knowledge about geologic features
that affect the distribution of petroleum.

The rate methods, however, have an inherent
weakness in that the phenomena they analyze reflect
human activities that are strongly influenced by
economic, political, and other factors that bear no
relation to the amount of oil or other material that
lies in the ground. Moreover, they make no allow-
ance for major breakthroughs that might transform
extensive paramarginal or submarginal resources
into recoverable reserves, nor do they provide a
means of estimating the potential resources of un-
explored regions. Such projections have some value
in indicating what will happen over the short term
if recent trends continue, but they can have only
limited success in appraising potential resources.

Even the goal of such projections, namely the
prediction of ultimate production, is not a useful
one. Not only is it impossible to predict the quanti-
tative effects of man’s future activities but the con-
cept implies that the activities of the past are a
part of an inexorable process with only one pos-

sible outcome. Far more useful, in my opinion, are
estimates of the amounts of various kinds of ma-
terials that are in the ground in various environ-
ments; such estimates establish targets for both the
explorer and the technologist, and they give us a
basis for choosing among alternative ways of meet-
ing our needs for mineral supplies.

The second principal approach taken thus far to
the estimation of undiscovered resources involves
the extrapolation of data on the abundance of min-
eral deposits from explored to unexplored ground
on the basis of either the area or the volume of
broadly favorable rocks. In the field of metalliferous
deposits, Nolan (1950) pioneered in extrapolation
on the basis of area in his study of the spatial and
size distribution of mineral deposits in the Boulder
Dam region and in his conclusion that a similar
distribution should prevail in adjacent concealed
and unexplored areas. Weeks (1958, 1965) and Pratt
(1950) played similar roles with respect to the esti-
mation of petroleum resources—Weeks extrapolat-
ing on the basis of oil per unit volume of sediment
and Pratt on the basis of oil per unit area. Many
of the estimates of crude oil that went into the
NPC study were made by the volumetric method,
utilizing locally appropriate factors on the amount
of oil expected per cubic mile of sediment. Olson and
Overstreet (1964) have since used the area method
to estimate the magnitude of world thorium re-
sources as a function of the size of areas of igneous
and metamorphic rocks as compared with India and
the United States, and A. P. Butler (written com-
mun., 1958) used the magnitude of sandstone ura-
nium ore reserves exposed in outcrop as a basis for
estimating the area in back of the outcrop that is
similarly mineralized.

Several years ago, Zapp (1962) and Hendricks
(1965) introduced another approach, based on the
amount of drilling required to explore adequately
the ground favorable for exploration and the re-
serves discovered by the footage already drilled—
a procedure usable in combination with either the
volumetric or areal approach. Recently J. B. Zim-
merman and F. L. Long (cited in “Oil and Gas
Journal, 1969”) applied this approach to the esti-
mation of gas resources in the Delaware-Val Verde
basins of west Texas and southeastern New Mexico;
and Haun, Barlow, and Hallinger (1970) used it to
estimate potential natural gas resources in the
Rocky Mountain region. In the field of metals,
Lowell (1970) has estimated the number of undis-
covered porphyry copper deposits in the southwest-
ern United States, Chile and Peru, and British Co-
lumbia as a function of the proportion of the



16 UNITED STATES MINERAL RESOURCES

favorable pre-ore surface .adequately explored by
drilling, and Armstrong (1970) has similarly esti-
mated undiscovered uranium reserves in the Gas
Hills area of Wyoming on the basis of the ratios
between explored and unexplored favorable areas.

I have suggested another variant of the areal
method for estimating reserves of nonfuel minerals
which is based on the fact that the tonnage of
minable reserves of the well-explored elements in
the United States is roughly equal to their crustal
abundance in percent times a billion or 10 billion
(fig. 5). Obviously this relation is influenced by the
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FIGURE 5.~—Domestic reserves of elements compared to their
abundance in the earth’s crust. Tonnage of ore minable
now is shown by a dot; tonnage of lowergrade ores whose
exploitation depends upon future technological advances
or higher prices is shown by a bar.

extent of exploration, for it is only reserves of the
long-sought and well-explored minerals that display
the relation to abundance. But it is this feature
that gives the method its greatest usefulness, for
it makes it possible to estimate potential resources
of elements, such as uranium and thorium, that
have been prospected for only a short period. Sekine
(1963) tested this method for Japan and found it
applicable there, which surprised me a little, for I
would not have thought Japan to be a large enough
sample of the continental crust to bring out this
relationship.

The relation between reserves and abundance, of
course, can at best be only an approximate one, use-
ful mainly in order-of-magnitude estimates, for
obviously crustal abundance of an element is only

one of its properties that lead to its concentration.
That it is an important factor, however, may be
seen not only in its influence on the magnitude of
reserves but also in other expressions of its influence
on the concentrations of the elements. For example,
of the 18 or so elements with crustal abundances
greater than about 200 parts per million, all but
fluorine and strontium are rock forming in the
sense that some extensive rocks are composed chiefly
of minerals of which each of these elements is a
major constituent. Of the less abundant elements,
only chromium, nitrogen, and boron have this dis-
tinction. Only a few other elements, such as copper,
lead, and zinc, even form ore bodies composed
mainly of minerals of which the valuable element
is a major constituent, and in a general way the
grade of minable ores decreases with decreasing
crustal abundance. A similar gross correlation exists
between abundance of the elements and the number
of minerals in which they are a significant con-
stituent.

Members of a committee of the Geology-and the
Conservation of Mineral Resources Board of the
Soviet Union have described a somewhat similar
method for the quantitative evaluation of what they
call predicted reserves of oil and gas, based on esti-
mates of the total amount of hydrocarbons in the
source rock and of the fraction that has migrated
into commercial reservoirs—estimates that would
be much more difficult to obtain for petroleum than
for the elements. Probably for this reason not much
use has been made of this method, but it seems
likely that quantitative studies of the effects of the
natural fractionation of the elements might be of
some value in estimating total resources in various
size and grade categories. ‘

Some studies of the grade-frequency distribution
of the elements have, in fact, been undertaken by
geochemists in the last couple of decades, and,
taking off from Nolan’s work, several investigators
have studied the areal and size-frequency distribu-
tion of mineral deposits in conjunction with at-
tempts to apply the methods of operations research
to exploration (for example, Allais, 1957; Slichter,
1960; Griffiths, 1964; DeGeoffroy and Wu, 1970,
and Harris and Euresty, 1969). None of these stud-
ies has been concerned with the estimation of un-
discovered reserves, but they have identified two
features about the distribution of mineral deposits
that may be applicable to the problem.

One is that the size distribution of both metal-
liferous deposits, expressed in dollar value of pro-
duction, and of oil and gas, expressed in volumetric
units, has been found to be log normal, which means
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that of a large population of deposits, a few contain
most of the ore (for example, Slichter, 1960; Kauf-
man, 1963). In the Boulder Dam area, for example,
4 percent of the districts produced 80 percent of the
total value of recorded production. The petroleum
industry in the United States has a rule of thumb
that 5 percent of the fields account for 50 percent
of the reserves and 50 percent of fields, for 95 per-
cent. And in the USSR, about 5 percent of the oil
fields contain about 75 percent of the oil, and 10
percent of the gas fields have 85 percent of the
gas reserves.

The other feature of interest is that in many de-
posits . the grade-tonnage distribution is also log
normal, and the geochemists have found this to be
the case also with the frequency distribution of
minor elements.

These patterns of size- and grade-frequency dis-
tribution will not in themselves provide information
on the magnitude of potential resources, for they
describe only how minerals are distributed and not
how much is present. But if these patterns are com-
bined with quantitative data on the incidence of
congeneric deposits in various kinds of environ-
ments, the volume or area of favorable ground, and
the extent to which it has been explored, they might
yield more useful estimates of potential resources
than are obtainable by any of the procedures so far
applied. Thus, estimates of total resources described
in terms of their size- and grade-frequency distri-
butions could be further analyzed in the light of
economic criteria defining the size, grade, and ac-
cessibility of deposits workable at various costs,
and then partitioned into feasibility-of-recovery and
degree-of-certainty categories to provide targets for
exploration and technologic development as well as
guidance for policy decisions.

Essential for such estimates, of course, is better
knowledge than is now in hand for many minerals
on the volume of ore per unit of favorable ground
and on the characteristics of favorable ground itself.
For petroleum the development of such knowledge
is already well advanced. For example, whereas most
estimates of resources have been based on an as-
sumed average petroleum content of about 50,000
barrels per cubic mile of sediment, varied a little
perhaps to reflect judgments of favorability, the
range in various basins is from 10,000 to more than
2,000,000 barrels per cubic mile. As shown by the
recent analysis by Halbouty and his colleagues
(1970) of the factors affecting the formation of
giant fields, the geologic criteria are developing that
make it possible to classify sedimentary basins in
terms of their petroleum potential. Knowledge of

the mode of occurrence and genesis of many metal-
liferous minerals and of the geology of the terranes
in which they occur is not sufficient to support com-
prehensive estimates prepared in this way. But for
many kinds of deposits enough is known to utilize
this kind of approach on a district or regional basis,
and I hope a start can soon be made in this direction.

NEED FOR REVIEW OF RESOURCE
ADEQUACY

Let me return now to the question of whether or
not resources are adequate to maintain our present
level of living. This is not a new question by any
means. In 1908 it was raised as a national policy
issue at the famous Governors’ Conference on Re-
sources, and it has been the subject of rather ex-
tensive inquiry by several national and international
bodies since then. In spite of some of the dire pre-
dictions about the future made by various people
in the course of these inquiries, they did not lead
to any major change in our full-speed-ahead policy
of economic development. Some of these inquiries,
in fact, led to immediate investigations that re-
vealed a greater resource potential for certain
minerals than had been thought to exist, and the
net effect was to alleviate rather than heighten
concern.

Now, however, concern about resource adequacy
is mounting again. The overall tone of the recent
National Academy of Sciences’ report on “Resources
and Man” was cautionary if not pessimistic about
continued expansion in the production and use of
mineral resources, and many scientists, including
some eminent geologists, have expressed grave
doubts about our ability to continue on our present
course. The question is also being raised interna-
tionally, particularly in developing countries where
concern is being expressed that our disproportionate
use of minerals to support our high level of living
may be depriving them of their own future.

Personally, I am confident that for millennia to
come we can continue to develop the mineral sup-
plies needed to maintain a high level of living for
those who now enjoy it and raise it for the im-
poverished people of our own country and the world.
My reasons for thinking so are that there is a
visible undeveloped potential of substantial propor-
tions in each of the processes by which we create
resources and that our experience justifies the be-
lief that these processes have dimensions beyond
our knowledge and even beyond our imagination at
any given time.

Setting aside the unimaginable, I will mention
some examples of the believable. I am sure all geolo-
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gists would agree that minable undiscovered depos-
its remain in explored as well as unexplored areas
and that progress in our knowledge of regional
geology and in exploration will lead to the discov-
ery of many of them. With respect to unexplored
areas, the mineral potential of the continental mar-
gins and ocean basins deserves particular emphasis,
for the technology that will give us access to it is
clearly now in sight. For many critical minerals,
we already know of substantial paramarginal and
submarginal resources that experience tells us
should be brought within economic reach by tech-
nological advance. The process of substituting an
abundant for a scarce material has also been pur-
sued successfully, thus far not out of need but out
of economic opportunity, and plainly has much po-
tential as a means of enlarging usable resources.

Extending our supplies by increasing the effi-
ciency of recovery and use of raw materials has
also been significant. For example, a unit weight
of today’s steel provides 43 percent more structural
support than it did only 10 years ago, reducing pro-
portionately the amount required for a given pur-
pose. Similarly, we make as much electric power
from 1 ton of coal now as we were able to make
from 7 tons around the turn of the century. Our
rising awareness of pollution and its effects surely
will force us to pay even more attention to increas-
ing the efficiency of mineral recovery and use as a
means of reducing the release of contaminants to
the environment. For similar reasons, we are likely
to pursue more diligently processes of recovery, re-
use, and recycling of mineral materials than we
have in the past.

Most important to secure our future is an abun-
dant and cheap supply of energy, for if that is
available we can obtain materials from low-quality
sources, perhaps even country rocks, as Harrison
Brown (1954, p. 174-175) has suggested. Again. I
am personally optimistic on this matter, with re-
spect to the fossil fuels and particularly to the
nuclear fuels. Not only does the breeder reactor
appear to be near enough to practical reality to
justify the belief that it will permit the use of
extremely low-grade sources of uranium and thor-
ium that will carry us far into the future, but dur-
ing the last couple of years there have been exciting
new developments in the prospects for commercial
energy from fusion. Gothermal energy has a large
unexploited potential, and new concepts are also
being developed to permit the commercial use of
solar energy.

But many others do not share these views, and it
seems likely that soon there will be a demand for a

confrontation with the full-speed-ahead philosophy
that will have to be answered by a deep review of
resource adequacy. I myself think that such a re-
view is necessary, simply because the stakes have
become so high. Our own population, to say nothing
of the world’s, is already too large to exist without
industrialized, high energy- and mineral-consuming
agriculture, transportation, and manufacturing. If
our supply of critical materials is enough to meet
our needs for only a few decades, a mere tapering
off in the rate of increase of their use, or even a
modest cutback, would stretch out these supplies
for only a trivial period. If resource adequacy can-
not be assured into the far-distant future, a major
reorientation of our philosophy, goals, and way of
life will be necessary. And if we do need to revert
to a low resource-consuming economy, we will have
to begin the process as quickly as possible in order
to avoid chaos and catastrophe.

Comprehensive resource estimates will be essen-
tial for this critical examination of resource ade-
quacy, and they will have to be made by techniques
of accepted reliability. The techniques I have de-
scribed for making such estimates have thus far
been applied to only a few minerals, and none of
them have been developed to the point of general
acceptance. Better methods need to be devised and
applied more widely, and I hope that others can be
enlisted in the effort necessary to do both.
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ABSTRACT OF CONCLUSIONS

Crustal abundance data and the reserve-abundance
(R=AX10*") relationship of McKelvey are combined to
calculate the total amounts of several metals in the earth’s
crust, in various segments of the crust, in United States
crust, in United States crust to a 1-kilometer depth, and in
the potential currently recoverable resources. Marginal re-
sources are not reported. The potential recoverable resource
for most elements should approach R—=2.454X10°, where A
is abundance expressed in grams per metric ton or parts per
million and R is resource expressed in metric tons. Those
metals whose known reserves most closely approach the
calculated potential recoverable resource are the metals that
have been most diligently sought for the longest time (lead,
copper, zine, silver, gold, molybdenum). Those metals whose
known reserves are very much less than the calculated po-
tential recoverable resource (mickel, tin) are the metals
usually found in geologic environments not common in the
United States. Those metals whose reserve-potential re-

source relation is intermediate between crustal abundance
and reserve abundance are those that have not been vital to
our economy in the past, whose prices are subject to great
fluctuation, or whose past source has been chiefly as a by-
product. Thus, the scheme of predicting resource potentials
in relation to crustal abundance seems valid—if we search
for an element hard enough, we find it in about the quan-
tities we might expect.

If we accept the abundance-reserve relationship, it follows
that R=2.45X10* is a minimum total resource estimate be-
cause the relationship is based upon currently recoverable
resources and does not include resources whose feasibility
of economic recovery is not established. Substantial varia-
tions of total resource estimates from this formula prob-
ably are caused by geologic factors and the inherent geo-
chemical nature of the element, However, recent discoveries
of several new types of mineral deposits indicate that we
need to critically examine our criteria for where and how to
look for mineral deposits. Certainly, significant mineral de-
posists remain undiscovered because exploration efforts are
commonly confined to the classic environments of ore deposi-
tion.

ABUNDANCE-RESOURCE-RESERVE
RELATIONSHIPS

The table of abundance, reserves, and potential
resources of some metals in the earth’s crust and
United States crust presented in this chapter pro-
vides a broad general framework in which to ex-
amine the relation between abundance, reserves, and
resources. The abundance data used for mass and
resource calculations are based upon the work of
Lee and Yao (1970). These authors have taken into
account oceanic crust, variation with depth of con-
tinental crust, and variation between shield areas,
folded belts, and volcanic arcs. They also provide
reasonable figures for thickness and mass of the
various subdivisions of earth’s crust.

McKelvey (1960) reviewed the principal ap-
proaches to the problem of estimating ore reserves
and suggested a new method based on the fact that
the tonnage of minable reserves of the well-explored
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elements in the United States at that time was
roughly equal to their crustal abundance times 1
billion or times 10 billion.

I realize that abundance figures for some of the
elements are still unproved, that reserve figures are
always questionable, and that the assumption of
log-normal distribution of trace elements in the
earth’s crust is not universally accepted. However,
even rather large changes in abundance or reserve
estimates will not affect the concepts discussed here.

Table 3 combines the abundance data of Lee and
Yao and the reserve-abundance relationship of Mec-
Kelvey with my own attempt at calculating the total
amounts of several metals in the earth’s crust, vari-
ous segments of the crust, United States crust,
United States crust to a 1-kilometer depth, and po-
tential resources of recoverable ores.

Study of the table permits speculation about
the position of the United States and the world with
respect to mineral resources. For example, one could

UNITED STATES MINERAL RESOURCES

congsider the total amount of an element present in
the United States crust to a 1-kilometer depth as the
ultimate United States resource of that element and
portion it out by mineralogy or rock type. If an ele-
ment tends to be lithophile, and thus occurs chiefly
in silicate minerals, then a high percentage is prob-
ably forever unavailable as a resource. If an element
is sulfophile, probably a greater amount is available
as a resource. Or one might estimate, by working
portion it out by mineralogy or rock type. If an ele-
ment present at various grade levels in the United
States crust to a 1-kilometer depth.

Table 3 shows that the most commonly sought
metals, except lead, are more abundant in oceanic
crust than in continental crust. This permits the
speculation that perhaps we should make resource
target maps showing the areas of the world where
segments of oceanic crust are within reasonable ex-
ploration depths.

The part of the table showing resource potential

TABLE 3.—Abundance, mass, reserves, and resources of some

[Abundance in grams/metric ton (g/mt); mass and reserves in metric tons (mt).

Continental
crust segments

Total earth’s crust Oceanic crust Continental crust Shield areas
Element Gold- Vino- Lee and

schmidt ¢ gradov 7 Yao 8 MitX10 12 8 G/mt MitX 1012 8 G/mt MitXx10 2 8G/mt Mtx1012

(g/mt) (g/mt) (g/mt)
Antimony _______________ 1 0.5 062 14.9 0.91 8.1 0.45 6.8 0.46 4.9
Beryllium _______________ 6 3.8 1.3 31.2 .83 7.4 1.5 23.8 1.5 16.7
Bismuth ________________ 2 .009 .0043 1 .0066 .059 .0029 .041 .003 .029
Cobalt . ___ 40 18 25. 600 37 330 18 270 19 190
Copp 70 47 63 1,610 86 760 50 760 52 50
Gold .001 .0043 .0085 .084 .0035 .032 .0035 .062 .0034 .035
Lead 16 16 12 290 10 90 18 200 13 140
Lithium 65 32 21 500 20 180 22 320 21 220

5 .083 .089 2. 11 9 .08 1.2 078 .81
2.3 1.1 1.3 31.2 1.5 14.6 1.1 16.6 1.1 11.6

Nick 100 58 89 2.130 140 1,200 61 920 64 .680
Niobi 20 21 19 460 18 160 20 300 20 210
Platinum _______________ 005 .046 1.1 075 .67 .028 .43 .031 .30
Selenium _______________ .09 .05 .075 1.8 1 .89 .059 91 .054 .64
Silver __________________ .02 .07 075 1.8 091 .82 .065 .98 067 .70
Tantalum ______________ 2.1 2.5 1.6 38.4 .43 8.8 .3 34.7 3 .3
Tellurium . _________ .0018 .001 .00055 .013 .00088 .0078 00036 .005 .00088 0036
Thorium _______________ 11.5 18 5.8 140 2 37 .8 .100 6.6 68
Tin 40 2.5 1.7 40.8 1.9 16.8 1.6 24 1.5 16.3
Ty 1 1.3 1.1 26.4 94 8.3 1.2 18.1 1.2 12.7
‘Uranium _______________ 4 2.5 1.7 40.8 1 7.8 2.2 33 2.1 22.6
Zine 80 83 94 2,250 120 1.030 81 1,220 83 870

G/mt G/mt G/mt Mtx103® G/mt Mtx10 18 G/mt Mtx10 G/mt MtX10 18
Aluminum 80,500 83,000 1,990 84,000 747 83,000 1,242 84,000 869
Barium .__._ 650 390 9.4 370 3.3 400 6.1 400 4.3
Chromium 83 110 2.6 160 1.4 71 1.2 81 .84
Fluorine _________._______ 660 450 10.8 420 3.74 470 7.1 470 5
Iron 50,000 46,500 58,000 1,392 75,000 667 48,000 725 49,000 508
Manganese ______________ ,00 1,100 1,300 31.2 1,800 16 1,000 15.2 1,100 10.6
Phosphorus _____________ 1,200 930 1,200 28.8 1,400 12.5 1,200 16.8 1,200 11.4
Titanium _______________ 4,400 4,500 6,400 153.6 8,100 72.1 5,300 81.5 5,500 57.1
Vanadium ______________ 15 91 140 3.36 170 1.51 120 1.85 120 1.3

1 U.S. Bureau Mines (1970); 1 short ton =0.91 mt.

2 Recoverable resource potential = 2.45 A X 10° (abundance A expressed in g/mt).
2U.S. Bureau Mines (1970); 1 short ton =0.91 mt; does not include United States reserve.

4 Recoverable resource potential
5 U.S. Bureau Mines (1970); data on world basis.

€ Goldschmidt (1954, p. 74-75).

7 Vinogradov (1962, p. 649-650).

8 Lee and Yao (1970, p. 778-786). All calculations are based on this work.
® Very high.

=2.45 A X17.3X10® (abundance A expressed in g/mt; land area of world is 17.3 times United States land area).
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and ratio of potential to known reserves is particu-
larly interesting and informative. The resource po-
tential is calculated from the formula R=2.454 % 10¢
as explained below. The rationale for this calcula-
tion assumes that (1) McKelvey’s relation of re-
serves to crustal abundance is valid, (2) U.S.
Bureau of Mines reserve figures are of the correct
order of magnitude, and (3) trace elements are
log-normally distributed in the earth’s crust. R is
expressed in metric tons and A is expressed in grams
per metric ton or parts per million. In the McKel-
vey formula, R—AX10°, R is expressed in short
tons and 4 in percent.

Lead is used as the base of calculation be-
cause known reserves of minable lead ore already
exceed R=AX10. Continental crustal abundance
of lead is 13 ppm or 0.0018 percent. Substituting
in McKelvey’s formula, R—AX10°, we get:
R=0.0013X10"°=13<10° metric tons. Known United
States reserves of lead are 31.8x10¢ metric tons or

metals in the earth’s crust and in the United States crust

23

2.45 times greated than A 10°, This factor (2.45)
is greater for lead than for any other commonly
sought metal except molybdenum, which has about
the same factor. If we use assumptions 1 and 3
above, then currently recoverable resources of all
trace elements should approach 2.45410¢ Obvi- .
ously the 2.45 factor will increase as lead reserves
of any other metal increase above 2.454 %10°% An-
other very simple method of calculating potential
recoverable resource assumes that the resource
should approach 0.01 percent of the total amount
of each element available in the United States crust
to a 1-kilometer depth, as shown in table 3. It is
important to remember that the McKelvey formula
relates crustal abundance to currently recoverable
reserves ; therefore, my use of his formula restricts
the calculated resource potential (table 3) to iden-
tified and undiscovered resources recoverable under
present economic conditions. Paramarginal and sub-
marginal resources as defined by McKelvey (1972)

Calculations = mass (metric tons) X abundance (decimalized) = total content of element]

Continental crust segments—Con. United States World
United .
States Recoverable Ratio Recoverable Ratio
Folded belts United States crust crust to Reserve 1 resource of Reserve® resource of
1-km potential 2 potential potential ¢ potential Grade
depth to to
reserve reserve
G /mt Mitx10 2 8G/mt MtX1012 Mtx10°? Mtx10 ¢ MtX10 ¢ Mtx106 MtX106
0.43 1.9 0.45 0.41 11.2 0.10 1.1 11 3.6 19 5 Unknown.
1.6 7.1 1.5 1.4 38 073 3.7 50 .016 64 4,000
.0025 .012 .0029 0025 .07 .013 .007 5 .081 1 1.5
16 80 18 16 440 .026 44 1,760 2.14 763 360
46 210 50 45 1,230 7.8 2 1.6 00 2,120 10 0.86 percent.
.0038 017 0035 .003 .086 .002 .0086 4.1 01 15 14
13 60 13 12 330 31.8. 31.8 1 54 550 1,000 3 percent.
23 100 22 20 550 4.7 54 12 .18 933 1,200
086 .39 08 .072 2.0 013-.028 20 15-6.8 11 3.4 30
1 b 11 1 27 2.83 2.7 1 2 46.6 23 Unknown.
53 240 61 56 1,600 .18 149 830 68 2,690 38 1.5 percent.
19 90 20 20 560 Unknown 49 Unknown Unknown 848 Unknown
022 13 .028 026 a1 .00012 .07 560 .009 1.2 133
07 27 .059 055 1.5 .025 .14 6 .695 2.5 36
.062 28 065 059 1.6 .06 .16 3.2 16 2.76 18
2.4 4 23 .1 57.6 .0015 5.6 4,000 274 97 354
.00031 .0016 00036 00031 .0086 L0077 A1 .054 .01 3
7.1 32 6.8 169 54 7 31 1 288 288 Unknown.
1.7 1.7 1.6 1.4 38 0 L ___ 3.9 27 5.8 68 12 0.6 percent.
1.2 5.4 1.2 1.1 30 079 2.9 37 1.2 51 42
2.3 10.4 2.2 2 55 27 5.4 20 .83 93 112
ki 350 81 73 2,000 31.6 198 6.3 81 3,400 42 4 percent.
Ratio of Ratio of
G/mt MtX1015  G/mt MtX1015 MtX1012  Mtx10® Mtx10® potential  MtX10¢ MtX 10 ? potential to
to reserve regerve
82,000 373 83,000 74.5 2,000 8.1 203,000 24,000 1,160 3,619 8,000
39 1.8 400 .37 10 30.6 980 32 76.4 17 223
68 .36 77 .070 1.92 1.8 189 387 696 3.26 47
480 21 470 4.30 11.8 4.9 1,151 235 35 20 600
4,000 217 48,000 43.5 1,200 1,800 118,000 65 87,000 2,035 23
930 4.6 1,000 9 24.9 1 2,450 2,450 630 42 67
1,100 4.9 1,200 98 26.8 931 2,940 3 15,000 51 34
5,000 24.4 5,300 4.9 1.30 25 13,000 516 117 225 2,000
110 .65 120 11 3 115 294 2,660 10 5.1 500
Calculation of mass of crustal segments
Total earth’s crust ——— -24X1018 mt,
Oceanic erust . ____________________ 8.9X10 38 mt (&7 percent of total crust).
Continental erust ______________________ 15.1X10 1% mt (63 percent of total crust).
Shield areas __ 10.6X10 15 mt (30 percent of continental crust or 43.8 percent of total crust).
Folded belts ________________________.____ 4.54X10 ' mt (30 percent of continental crust or 19.1 percent of total crust).
United States crust .__.____ . ____________ 0.90<10 ¥ mt (based upon United States as 1/17 of land area of world’s continental crust).

United States crust to 1-km depth

24.6X1015 mt (based upon average thickness continental crust =36.5 km; therefore 1 km is 2.74 per-

cent of United States crust).
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are not included. (See “Introduction” to this volu-
ume.)
Some of the metals are listed in table 4 in order

TABLE 4.—Ratio of potential resources to known reserves

United States World
Pb ______ 1 Sb o~ 5
Mo _____ 1 Cu . 10
Cu —.____ 1.6 Pb . 10
Ag _____ 3.2 Sn _______ 12
Au ____. 4.1 Au _________ 14
Zn ———___ 6.3 Ag _________ 18
Shb ao_.. 11 Mo oo 23
Hg _____ 15 Hg . ____ 30
| O [ Ni - 38
Th ______ 31 In _o_____ 42
)/ 37 W oo 42
Ni ..__ 830 U - 112
Sn ______ Very high Th - 288

of increasing ratio of potential resources to known
reserves, as shown in table 3. The ratios indicate,
for example, that we can anticipate discovery of
about 4 times as much minable gold ore as our pres-
ent known reserves. Because lead was chosen as the
base for calculating potential resources, its ratio is
necessarily one.

It is interesting that for the United States those
metals whose known reserves most closely approach
the potential recoverable resources are the metals
most diligently sought for the longest time (lead,
molybdenum, copper, silver, gold, zinc). Although
uranium is a relatively recently sought metal, the
intensity of the search for it has moved its ratio
close to the ratio of the traditionally sought metals.
Thus, the scheme of predicting resource potentials
in relation to crustal abundance seems valid—if we
search for an element hard enough, we find it in
about the quantities we might expect. The largest
ratios, for nickel and tin, are caused by lack of
known favorable host rocks in the United States.
However, the large ratios suggest that we should
take another look for these metals in the United
States, but perhaps in different geologic environ-
ments from those in which we have traditionally
looked. Commonly, the higher the ratio, the greater
is the tendency for the element to form oxide or
silicate minerals rather than the commonly sought
sulfide ores.

Those metals with intermediate ratios are those
that have not been vital to our economy in the past,
or whose prices are subject to great fluctuation, or
whose past source has been chiefly as a byproduct.
But certainly these elements must also be present
in the crust in crudely predictable amounts.

As we might expect, the ratios for world re-
sources generally are much higher than United
States ratios because many land areas of the world

have not been intensely explored. Those few metals
that do have lower potential ratios than the United
States (antimony, tin, and nickel) are contained in
old, well-known districts—the antimony of main-
land China, the tin of Bolivia, Cornwall, and Ma-
laysia, and the nickel of shield areas such as Canada
and Australia.

Data on a few of the elements listed in table 3
deserve further comment. The tellurium ratio of
potential resource to known reserve (0.11) indicates
that we have 10 times more known reserves than
predictable by R=2.45 AX10°. Perhaps the crustal
abundance figure is too low, but there is another,
more important factor: most tellurium production
comes as a byproduct of copper refining, and the
known reserve figure for tellurium is equated with
copper production and reserve (0.4 1b-of tellurium
per ton of copper produced). Therefore, copper:ore
that averages 0.86 percent Cu contains only 0.00017
percent tellurium. Thus we are in the unique situa-
tion of equating our known tellurium reserves to
raw materials that contain only 1.7 ppm tellurium!
Obviously rock containing 1.7 ppm tellurium, exclu-
sive of other metals, could not be considered ore
grade, and the relationship R=2.45 A X10° does not
apply.

The same explanation holds for the low selenium
(6) and bismuth (0.5) ratios. Selenium reserves
also are equated with copper production (1 lb selen-
ium per ton copper produced or about 4.3 ppm
selenium in 0.86 percent copper ore). Bismuth re-
serves are equated to lead reserves (about 7 lbs bis-
muth per ton of western United States lead or 100
ppm bismuth in 3-percent lead ore).

Ratios that are extremely high can usually be ex-
plained by what we already know about the geo-
chemistry and United States distribution of that
element. Aluminum, for example, shows a very high
ratio of potential resource to known reserve. Alu-
minum occurs chiefly in silicates, whereas currently
minable aluminum ore (bauxite) is a weathering
product and the vertical extent to which weathering
can occur is limited. Thus much of the crust is re-
moved from a possible resource category for alumi-
num until we can economically recover aluminum
from feldspar or clay.

The high manganese ratio (2,450) results from a
reserve figure based upon a 35-percent manganese
concentrate produced by mnormal concentration
methods. The word “normal” is the clue to the high
ratio. The U.S. Bureau of Mines estimates that
manganese deposits in the United States contain
68 million tons of manganese, but they are low grade
and must be considered resources. However, if the
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68 million tons were called reserve, then the ratio
would be reduced to about 36.

Using the information in table 8, I have modified
McKelvey’s original diagram relating domestic re-
serves to crustal abundance (fig. 6). Domestic re-
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FIGURE 6.—Domestic reserves of elements compared to their
abundance in the, earth’s crust. Modified from McKelvey
(1960).

serves of some metals have increased and new
element-abundance numbers for continental crust
are available since McKelvey first published this
diagram in 1960. Because actual reserves of lead
and molybdenum now equal 2.7 4310, potential
recoverable resources of the other elements also
should approach this line. Note that the factor is 2.7
on this diagram and 2.45 on the table of abundance,
mass, and reserves. This is because reserve tonnages
on this figure are calculated in short tons to con-
form with McKelvey’s original work. The 2.45 fac-
tor applies for the metric system. Of course, this
line will continue to shift as additional reserves are
discovered, but it does give us some broad measure
of what we might expect.

It is a simple fact, but often overlooked, that we
cannot expect to find reserves or resources of the
least abundant elements in the same magnitude as
the more abundant elements. Thus, in a crude way,
because copper is about 20,000 times more abundant
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than gold in the earth’s crust, we can expect that
recoverable resources of copper should be about
20,000 times greater than recoverable resources of
gold. This simple relationship, of course, is modified
by the inherent geochemical nature of each element.

If we accept the abundance-reserve relationship,
it follows that R—=2.4510°% is a minimum total re-
source estimate because the relationship is based
upon currently recoverable resources and does not
include resources whose feasibility of economic re-
covery is not established. Total resource estimates
of an element that vary substantially from this
formula probably are caused by geologic factors
and the inherent geochemical nature of the element.
However, the discovery of Carlin-type gold depos-
its, Spor Mountain beryllium deposits, and Precam-
brian Belt Supergroup copper deposits, all in the
last decade, indicate that we need to critically ex-
amine our criteria for where and how to look for
mineral deposits. Certainly, significant mineral de-
posits remain undiscovered because exploration
efforts are commonly confined to the classic en-
vironments of ore deposition.

As analytical techniques improve, as our under-
standing of geochemical processes improves, and as
exploration methods improve so that we can con-
fidently explore and examine the crust to a rea-
sonable depth, the reserve-resource-abundance rela-
tion should become more closely defined. Perhaps
then we can determine whether ore deposits are
chiefly formed by different ore-forming processes
in a uniform crust or because of differences in
original composition of crustal segments,
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ABSTRACT OF CONCLUSIONS

Abrasives are substances used to clean, dress, or comminute
other substances. They are of critical importance to the
economy of industrial nations. The principal natural ab-
rasives are diamond, corundum, emery, garnet, tripoli, and
silica sand, and the United States is fortunate to have iden-
tified resources of most of them which will serve as supply
at current rates of consumption for from 50 years to more
than 100,000 years. The United States has no commercial
deposits of diamond, but manufactured diamond already sat-
isfies more than one-half of the domestic requirements. Other
artificial abrasives, principally aluminum oxide, silicon car-
bide, and steel shot and grit, manufactured from abundant
raw materials, have supplanted natural abrasives in about
90 percent of all critical applications and, together with
“artificial” diamond, encroach on the few remaining uses for
which the natural abrasives in shortest supply once were
thought uniquely qualified.

INTRODUCTION

Abrasives are those substances that are used to
clean or dress the surfaces of other materials, or to

comminute other materials by abrasion and percus-
sion. Because of their great differences in hardness,
abrasives have many thousands of applications.

The deliberate removal of solid material by abra-
sive action consumes the bulk of all hard abrasives.
This includes such diverse operations as grinding
valve seats with abrasive-charged paste, sharpen-
ing tool blades with appropriately shaped abrasive
stone blocks, grinding and polishing bearing sur-
faces on machine components with bonded granu-
lar abrasive wheels, sandblasting inscriptions on
tombstones, and slabbing and drilling rock with
abrasive-charged discs, wires, and drill bits.

The cleaning function employs abrasives softer
than the material being cleaned to remove a sur-
face film of foreign material with minimal damage,
as in brushing the teeth with dentifrice, or in scour-
ing porcelain bathroom fixtures or automobile paint
with abrasive soap.

Comminution can be effected by heavy abrasive
wheels or by abrasive pebbles tumbling or cascad-
ing in a mill. By the latter process, ores, for ex-
ample, are reduced to the size required for their
further metallurgical treatment, small parts are
deburred, wheat is ground to flour, and talec and
paint pigments are ground to the size appropriate
for their ultimate use.

Strictly speaking, neither sandblasting nor the
crushing of ore by cascading pebbles of shot are
abrasive operations, inasmuch as the action is one
of percussion. Nevertheless, these processes are in-
cluded here not only because both the ‘“abrasive”
materials and the effects are the same as though
the operations had been accomplished by abrasive
action, but because historically the abrasives used
in percussive applications have not been differen-
tiated in tables of production statistics from the
same materials used for true abrasive purposes.

The first applications of loose grains of quartz and
of quartz sandstone and other naturally bonded

U.S. GEOL. SURVEY PROF, PAPER 820

27



28 UNITED STATES MINERAL RESOURCES

stones for abrasive purposes are lost in prehistory.
Early in the first millennium B.C., the hard natural
abrasives diamond, corundum, and garnet already
were known, at least in India and Greece. By A.D.
1500, the artificial bonding of loose natural abra-
sive grains was introduced, first as sheets and later
as blocks and wheels. The first bonding agent was
shellac, the next was rubber, and in the last half
of the 19th century. synthetic resins, metals, and
ceramics were introduced. When powerad grinding
equipment became available about 1860, the use of
abrasives assumed a large role in metalworking
operations that had been accomplished previously
by saws, chippers, shapers, lathes, and milling ma-
chines, but the major surge in the use of abrasives
came about 1900 with the commercial introduction
of the first of the artificially produced hard abra-
sive materials, aluminum oxide and silicon carbide.
The use of steel rod and shot as pulverizers in tum-
bling mills and of steel grit as a sandblast medium
also was introduced about 1900. Artificial aluminum
oxide and silicon carbide, mostly used for dressing
metals and slabbing stone, have dominated the
market for hard abrasives for many years and cur-
rently account for about 90 percent of all the hard
abrasives used in this country.

The continued use of certain natural abrasives
testifies to their desirable qualities as yet poorly
matched by the artificial abrasives and to their
lesser cost per unit of work. It is not to be expected,
however, that those natural abrasives which still
dominate a few specialized applications will con-
tinue to retain their fairly exclusive use. As Coes
(1971, p. 33) insisted.
corundum and emery * * * [and] several other natural min-
erals are used as abrasives although their total value is only
a small fraction of the value of the synthetic abrasives used.
Furthermore, their usage is highly specific. In time, exist-
ing synthetic abrasives will probably replace all of these, but
the economic incentive is now lacking to work out the tech-
niques for using them * * * To replace these natural agents
by new synthetic materials is probably quite possible, but
the size of the market has, so far, seemed inadequate to
justify the necessary research. Development of such syn-
thetics probably must wait for the exhaustion of the supply
of natural material or a substantial increase in its cost. At
the moment this situation does not seem imminent * * *,

In general, the need for hard abrasives in indus-
try in the United States is overwhelmingly satis-
fied by synthetic, not natural, materials, and the
trend toward lower demand for natural abrasives
will continue. Modern technology is increasingly de-
voted to automatic machinery operated at high
speeds and high pressures to produce finishes of
high precision and is, therefore, correspondingly

dependent upon the uniformity inherent in the arti-
ficial abrasives as well as upon their capability of
being tailored to specific needs—characteristics not
shared by the natural abarsives. Industry is not
dependent upon the naturally occurring materials.
All natural abrasives currently in use can be re-
placed by artificial abrasives after a short change-
over period or after minor research, should the
need arise. Nearly all the current consumption of
natural abrasives is dictated by tradition or by
cost—principally by cost—and not by the unique
qualities or the availability of the abrasives, so
whether or not the United States has vast resources
of the natural abrasives is largely of academic in-
terest. The artificial abrasives, of course, are de-
rived from natural materials, but resources of these
materials seem to be abundant.

THE NATURAL ABRASIVES

The number of naturally occurring abrasive sub-
stances commonly in use is large. These substances
represent more than 30 different mineral species and
of some species, many varieties. The principal hard
natural abrasives are diamond, corundum, emery,
and garnet. Staurolite, kyanite, sillimanite, epidote,
andalusite, topaz, bertrandite, and other hard min-
erals may have, or may have had, a minor and
occasional local use. Natural abrasives of moderate
hardness include the silica minerals, quartz (includ-
ing quartz sand and river silt), chert, flint, jasper,
chalcedony, tripoli, diatomite, and rottenstone; the
feldspars; tlie volcanic glasses, pumice, perlite, and
obsidian; and rocks such as basalt, granite, and
quartzite, mostly used as grinding pebbles. A few
of the more common abrasives of inferior hardness
are apatite, dolomite, calcite (including chalk and
whiting), clays, and talc.

Not many of the natural abrasive substances are
valuable enough to be transported long distances.
Most are abrasives of opportunity, generally termed
“regional” abrasives. They are consumed close to
the point of production to the exclusion of other
abrasives far more efficient but far more costly.
Examples of some of these regional abrasives are
quartz sand—several million tons of which is con-
sumed annually, river silt, ground limestone, and
ground feldspar. The resources of these materials
relative to their local consumption are virtually
unlimited. Only a few of the naturally occurring
abrasives deserve individual description. These are
the abrasives that are reputed to have certain desira-
ble qualities and applications to specialized purposes,
that are costly or in short supply, or that are not
readily replaced by artificial abrasives.
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DIAMOND

Diamond, carbon crystallized in the cubic system,
is the hardest natural substance known. Of all the
diamond produced, only a small fraction is suitable
for gemstones owing to inclusions, polycrystallinity,
twinning, unpleasing color, or other flaws. The ma-
terial unsuitable for gemstones is used in industry.
Only a small portion of industrial diamond goes
into manufactured goods such as phonograph
needles, instrument bearings, and wire-drawing
dies; most is used for abrasives. Pencillike tools
for scribing or cutting glass, or for truing and
dressing abrasive wheels, have a whole diamond
crystal or a large fragment set into the face of the
tool. Rock drills also have their working faces im-
planted with diamond crystals, commonly in an
annular pattern at the end of a steel pipe. By rotat-
ing the pipe, a cylindrical core of rock can be cut
from the earth for inspection. Most industrial dia-
monds are crushed to powder and used in a slurry
of oil or water for faceting gems—especially dia-
mond, which can be abraded by virtually no other
material, drilling holes in instrument bearings, or
polishing optical parts; some are bonded to wheels
or disks and used for such purposes as slabbing rock,
sharpening carbide and other hardfaced tools, and
precision-grinding hard ceramic forms to tolerances
of a few millionths of an inch.

Diamond abrasive is of critical importance to
industry. Until 1955, the entire supply was im-
ported because the United States has no commer-
cial deposits of its own. In 1955, a commercial
process for producing artificial industrial diamonds
was perfected in the United States. Production in
the United States now is in excess of 15 million
carats annually, and it continues to rise. It is sup-
plemented by at least three other manufacturers
throughout the world. The drop in imports of
natural industrial diamond by the United States has
not yet matched the rise in production of artificial
diamonds because of increasing industrial activity
and the discovery of new applications for abrasive
diamond. Imports have dropped, however, from a
high of about 20 million carats to about 13 million
carats (about 3 tons) annually and are expected to
drop further as economics and the increasing capa-
bilities of the existing and anticipated manufac-
turers of artificial diamond allow.

Most imported diamond comes from the Union of
South Africa, but because a single distributing cor-
poration markets nearly 90 percent of the world
diamond production, the purchase of large lots of
industrial diamond probably implies the inclusion
of small quantities from such other diamond-

producing countries as Angola, Congo, Rhodesia,
Ghana, Guinea, Ivory Coast, Liberia, Sierra Leone,
South-West Africa, Tanzania, Brazil, Guyana, In-
dia, Indonesia, and Venezuela. Diamond is known in
the Soviet Union in the Ural Mountains and at the
recently discovered deposits near Yakutiya; but
little, if any, Soviet diamond comes to the world
market.

Natural diamond normally occurs only in an un-
usual type of peridotitic igneous rock known as
kimberlite which was injected into overlying rocks
mostly as cylindrical bodies, or “pipes,” from deep
in the crust of the earth. Of several hundred pipes
known throughout the world, only a few contain
diamonds, and of these only a few contain diamonds
in commercial quantity. Two kimberlite pipes are
known near Murphreesboro, Ark. One contains un-
economic quantities of diamond; the other, appar-
ently, no diamond. Although diamond has been
found in at least half the States, neither the original
diamond-bearing pipes nor the alluvial placer con-
centrations derived from them have been discov-
ered. The few stones found in the North-Central
States probably were carried south from undiscov-
ered Canadian sources by the continental glaciers
of the fairly recent past.

It is at least possible that diamonds can form in
highly metamorphosed rock; these are common in
the Southeastern States, California, Montana, and
elsewhere where diamonds have been found. But
ultramafic rocks also are known in these areas, and
kimberlite pipes cannot be ruled out as the sources
of these diamonds simply because they have not yet
been discovered. Usually neither the topographic
expression of pipes nor the surface appearance of
weathered kimberlitic material is so exceptional as
to indicate readily the presence of pipes, and the
pipes are easily hidden by surficial material because
they do not cover large areas—the largest diamond
pipe known in the world covers barely 350 acres.
Perhaps the best way to prospect for kimberlites or
other diamondiferous rocks is to pan stream samples
for diamonds, which are heavy and remain in the
concentrate, and especially to look for those other
few heavy and unusual minerals that almost uni-
versally accompany diamond—chrome diopside and
pyrope garnet, together with the more common
ilmenite.

CORUNDUM

Corundum is aluminum oxide crystallized in the
hexagonal system. After diamond it is the hardest
known natural substance. Two forms of corundum
are common: (1) prismatic crystals which range in
size from sugary aggregates to large crystals that
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commonly taper from the middle toward each end
and exhibit a pronounced transverse parting, and
(2) large polycrystalline blocks. Corundum crystals
normally are translucent or opaque white, gray,
blue, red, brown, black, or green, but some are
transparent red, pink, blue, or bluish-green, or ex-
hibit asterism or other pleasing chatoyancy, and
these are valued as gemstones known to the jewelry
trade as ruby and sapphire.

Abrasive corundum is used nearly exclusively as
crushed, carefully sized grit and powder for finish-
ing optical parts and for lapping and polishing
metals. The transverse parting characteristic of
much corundum presents to the work a sharp, chisel-
like edge which scrapes rather than scratches the
work and produces a smooth surface. When the abra-
sive wears, a flake spalls off so as to expose a new
sharp chisel edge. Probably it is this characteristic
that encourages a continuing small demand for
corundum despite the fact that garnet, diamond,
artificial aluminum oxide, and other abrasives can
successfully substitute for all the uses to which
corundum is now put.

About 2,000 tons of corundum is imported each
year, and about one-tenth of this is reexported as
prepared grinding powder. For many years the
source of supply was Rhodesia, but political consid-
erations in mid-1968 cut off this supply, encourag-
ing many users of corundum to convert immedi-
ately — and probably permanently — to artificial
abrasives. South Africa has become the new source.
It is perhaps a measure of the relative unimportance
of corundum in our economy that the long-term
Rhodesian source was cut off only a few months
before the U.S. Government removed corundum
from the list of strategic materials and offered for
sale the last 2,000 tons of corundum in the strategic
stockpile.

The United States has no reserves of corundum,
and the resources are poorly known. Not much more
than 10,000 tons was produced between 1870 and
1906; none has been produced since that time ex-
cept for small test lots during the World Wars.
Probably the one area in the United States con-
taining the largest amount of potential corundum
ore is that area embracing Clay, Macon, and Jack-
son Counties, N.C., and Towns and Rabun Counties,
Ga., although corundum also is known in all of the
Appalachian States, from Maine to Alabama, and
in a few places in California, Montana, and Idaho.

Deposits of corundum in the contact zone between
peridotitic intrusive rocks and enclosing highly
aluminous metamorphic rocks, especially those in
Georgia and North Carolina, were the principal

source of corundum in the United States. The gene-
sis of these deposits has been debated by geologists
for many years. Corundum also is a constituent of
placer deposits and of more than 20 kinds of igne-
ous rocks, including granite pegmatite, nepheline
syenite, anorthosite, and gabbro. In some gneisses
and schists, corundum makes up from 5 to 60 per-
cent of the material in zones that range from a few
inches to several tens of feet in width and that may
extend several miles, although no such concentra-
tion currently represents an economic deposit. Pan-
ning would seem to be the method of choice for
prospecting, and although perhaps not applicable
to deposits in the United States, prospectors should
be aware that peridotites rich in chromite generally
contain no corundum, whereas those without chro-

mite may.

EMERY

Emery is a gray to black granular material con-
sisting of corundum and magnetite with admixed
spinel, hematite, garnet, and other minerals. The
proportion of some constituents ranges widely;
some specimens are nearly pure corundum, others
nearly pure magnetite, and still others nearly pure
spinel.

Synthetic abrasives have reduced the formerly
multiple uses of emery to two. About 3 percent cur-
rently is made into coated abrasive sheets; the rest
is used in nonskid pavements and stair treads. The
true emery wheel has now become an antique curi-
osity. Only custom and economics encourage the
continued use of emery because manufactured alu-
minum oxide grain probably would be superior for
the same applications. Even granular magnetite,
hematite, spinel, or garnet may substitute ade-
quately, as indeed they probably have, judging
from reported variations in the mineral content of
emery ore used in the past.

Emery deposits are known in New York, Massa-
chusetts, Virginia, North Carolina, and Pennsyl-
vania. Those in New York, a group of deposits
about 815 mi southeast of Peekskill and concen-
trated within an area of about 1 square mile, prob-
ably represent the largest single source in the United
States. The U.S. Bureau of Mines estimated reserves
of these deposits in 1955 at 60,000 tons, but since
then the entire U.S. production of about 150,000
tons has been from these deposits and production
continues from a single mine at an annual rate of
5-10 thousand tons. The extent of surface openings
indicates that, with full development and the accom-
modation of several grades of ore, these deposits
may well be capable of producing more than 10,000
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tons per foot of depth to depths of many hundreds
of feet. Overseas supplies have come from Greece
and Turkey at an annual rate of from a few hundred
tons to about 2,000 tons. Reserves in these countries
aggregate 5-10 million tons and the resources prob-
ably amount to many millions of tons. Large depos-
its of emery are known in the Soviet Union, but
this emery does not enter world trade.

Emery deposits in Greece and Turkey occur as
pods and lenses in metamorphosed limestone; those
in the United States are in the margins of mafic
intrusive rocks which are in contact with alumi-
nous country rock. All probably result from contact-
metamorphic processes, although geologic contro-
versy very similar to that involving corundum
deposits also has accompanied the study of deposits
of emery.

GARNET

Garnet is the term applied to about 15 varieties
of a complex silicate mineral which crystallizes in
the cubic system, generally as rhombic dodecahedra.
This form is nearly spherical and gave rise to the
name garnet, derived from the Latin “granatus,”
meaning grainlike or seedlike. Common commer-
cial garnet is almost entirely the variety almandite,
a dark-red to dark-brownish-red iron aluminum
silicate.

Garnet currently has three major uses as an abra-
sive. (1) About 45 percent is used as a sandblast
medium to clean an impart a textured surface to
both ferrous and nonferrous metals in the shipbuild-
ing, aircraft, and automotive industries, and fto a
much lesser extent for such other manufactures as
home appliances, stone, and artworks. The tough
round alluvial garnet crystals impart a pleasing
work-hardened matte surface to these materials.
(2) About 35 percent is used as crushed grit and
powder to grind and polish lenses and other optical
parts, to surface semiconductor materials, and to
accomplish the intermediate grinding in the finish-
ing of plate glass. The recent advent of the Pilking-
ton, or “float,” process of plate-glass manufacture,
whereby a ribbon of hot glass is drawn across a bed
of molten tin resulting in a finished surface of plate-
glass quality, will probably reduce substantially the
future demand for crushed and sized garnet grit for
glass-grinding purposes, currently about 4,000 tons
per year. (3) About 20 percent is crushed and made
into abrasive sheets. In this form it is used to dress
rubber, plastics, leather, soft metals, and wood.

The use of garnet as an abrasive is almost en-
tirely American; more than 95 percent of the garnet
produced in the world is produced in the United

States, and more than 80 percent is consumed here.
Yet there are only two producing mines of conse-
quence, and total annual production is only about
20,000 tons. Spain, Portugal, India, and Canada
have produced small quantities very occasionally.

The garnet from New York State has an unusual
structure, a closely spaced lamellar parting ordi-
narily not developed in garnet, that results in
chisel-edged granules when the garnet is crushed,
which scrape the work surface rather than scratch
it. This property makes the garnet similar to corun-
dum, for which it commonly substitutes. This gar-
net is unmatched as a tool for surfacing furniture
woods or soft metals, or for skiving leather and
rubber, and its use for grinding glass results in
fewer scratches and a lower rejection rate than
does use of other abrasives. Yet, garnet has no ap-
plication in which it cannot be replaced by other
appropriately prepared and adapted abrasives, rang-
ing from sand, glass beads, and steel grit for sand-
blasting, to diamond powder for finishing optical
parts. A continuing, even moderately increasing,
use of garnet is probable, subject nearly entirely
to changes in economics and technology.

Garnet, as a source of commercial abrasives, oc-
curs almost exclusively in metamorphic rocks and
in placer deposits derived from them. Garnet-rich
zones in gneisses and schists may contain 4-60 per-
cent garnet, may be several hundreds of feet wide,
and may extend for many miles. Many placers con-
tain as much as 20 percent garnet, and very few
beach, dune, glacial, and stream deposits through-
out the world do not contain from a fraction of a
percent to a few percent of garnet. The garnet easily
could be saved by any of several simple mechanical
or electrical methods of extraction, but it almost
never is; large quantities of garnet are lost every
day in the production of sand and gravel from these
deposits for. other purposes. Garnet deposits have
been reported in more than half the States—all the
States west of the Great Plains—and the Appala-
chian States from Maine to Georgia. The alluvial
sandblast garnet recovered from Idaho comes from
a single placer deposit estimated to contain 500,000
tons of recoverable garnet. There are unmined
placers in the Western States, and perhaps some
undiscovered placers. The garnet with the lamellar
parting currently being mined from a coarsely
crystalline gneiss at North Creek, N.Y., is in a de-
posit which if fully developed could produce more
than 7,000 tons of garnet per foot of depth to a
depth perhaps in excess of 1,000 feet. Several other
deposits of garnet with lamellar partings are re-
ported elsewhere in northern New York, in New
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Hampshire, and in North Carolina. Those in North
Carolina apparently are very large. Nonlamellar
garnet also is common in metamorphic rocks and
in placer deposits in the Eastern States, particularly
in the Adirondak Mountains of New York State.
Many of these deposits have been little prospected,
and the resources are not well known, but it is
certain that each of a reasonably large number of
deposits contains from half a million to many mil-
lions of tons of garnet. Overseas resources of garnet
are unknown, inasmuch as garnet is little used out-
side the United States.

SILICA SAND

Silica sand, both crushed and uncrushed, is used
in large quantities; one-half million tons is used in
this country annually for grinding stone and glass,
and more than a million tons for sandblast purposes.
It is, or could be, produced in each of the 50 States
by nearly any of the more than 5,000 producers of
sand and gravel currently operating. Resources are
large. (See chapter “Silica.”)

TRIPOLI

Tripoli is fine-grained silica which remains as a
bedded residuum of the weathering of siliceous lime-
stone. It is roughly similar in characteristics and
uses to rottenstone, mined in Pennsylvania from
weathered siliceous shale, and to diatomite, bedded
deposits of the siliceous remains of marine micro-
organisms. A combined total of about 40,000 tons
of these materials is consumed each year as abra-
sives, mostly in scouring soaps and powders and in
metal- and lacquer-polishing pastes. Large deposits
of tripoli are known in Illinois, Missouri, Oklahoma,
Tennessee, Georgia, Alabama, Arkansas, California,
Texas, and Nevada. Deposits of diatomite are known
in several Western States. (See chapter “Diato-
mite.”)

THE ARTIFICIAL ABRASIVES

After the commercial introduction of artificial
abrasives about 1900, the industry became almost
immediately dominated by these products. The domi-
nance is increasing even today. Aluminum oxide in
particular found its principal application, among a
host of other applications, in the rough grinding of
ferrous metals, an operation formerly accomplished
slowly and expensively by metalworking machinery.
Nearly all subsequent research on artificial abra-
sives has been directed to the discovery of an abra-
sive even more efficient than aluminum oxide for
grinding ferrous metals. None has been found, al-
though large families of carbides, borides, nitrides,
silicides, oxides, and even a few artificial silicates

have been tried. A few abrasives useful for other
purposes have been discovered, and research con-
tinues.

Artificial diamond, as discussed above, was first
produced in 1955. It is manufactured from a mix-
ture of graphite and a catalyst of iron, manganese,
chromium, cobalt, nickel, or other metal under con-
ditions of high temperature and pressure, typically
3,000°C., 70,000 bars of pressure, and several hours
of time. Although available for less than 20 years,
artificial diamond already infringes seriously on the
market for natural industrial diamond, all of which
must be imported. This trend is expected to accel-
erate in the years ahead. Artificial diamond itself
may one day be challenged as an abrasive because
artificial cubic boron nitride, invented in 1957 and
manufactured in much the same way as diamond,
has been demonstrated in grinding tests to abrade
diamond as rapidly as does diamond. It also has the
advantage of remaining stable at high temperatures,
whereas diamond tends to revert to graphite at the
temperatures often reached at the grinding surface,
resulting in rapid ablation of the diamond in the
abrasive wheel. Diamond also is difficult to incor-
porate in ceramic-bonded wheels because of high-
temperature effects.

Artificial aluminum oxide, chemically but not
physically identical with corundum, is manufac-
tured by fusing or sintering bauxite or intermediate
products in an electric furnace. Annual production
is more than 200,000 tons and requires about
320,000 tons of bauxite, or about 2 percent of the
annual consumption of bauxite in the United States.
Ten to fifteen percent goes into nonabrasive appli-
cations, mostly refractory products. New tech-
niques over the years have lowered the required
alumina content of the furnace charge, previously
60 percent, to less than 50 percent, and further
technological changes are expected soon to allow
alumina contents of only 85 percent, making avail-
able vast resources of syenitic and other aluminous
rock for this purpose.

Commercial production of silicon carbide is ac-
complished by the reaction of a mixture of silica
sand and coke, preferably petroleum coke, in an
electric furnace. The principal abrasive use of sili-
con carbide is in the wire sawing of stone, but the
abrasive successfully substitutes in many operations
to which hard natural abrasives also are put, in-
cluding the skiving of rubber and leather, and it is
the leading abrasive in the dressing of nonferrous
metals. Nearly 200,000 tons of silicon carbide is
produced each year in the United States, about half
of which is used as an abrasive. Refractory appli-
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cations require most of the rest.

Steel, as shot and grit, is used extensively as a
sandblast medium and as pebbles in tumbling mills.
More than 200,000 tons is produced for these pur-
poses each year. This amount requires the furnace
reduction of about 400,000 tons of iron ore.

Other artificial abrasives are manufactured in
relatively small amounts. Many are furnace prod-
ucts and are made in much the same manner as
aluminum oxide and silicon carbide. Among these
are zirconium oxide, cerium and other rare earth
oxides, and rouge and crocus (iron oxide for polish-
ing). Others are precipitates from aqueous solutions
and several of these, including calcium carbonate
and silica, duplicte the naturally occurring minerals
and are used for the same purposes.

POTENTIAL RESOURCES

Resources of the several abrasive materials in the
United States range from the infiinitesimal to quan-
tities which for practical purposes approach the
infinite. There are no known diamond deposits and
little prospect of discovering any, but deposits of
gilica sand are literally underfoot in many parts of
the country. The size of deposits of other abrasives
lies between these extremes.

Table 5 gives estimated tonnages for each of the

TABLE 5.—Resources, in short tons, of abrasive materials in
the United States

Identified resources !

Commodity (including reserves 2) Hypothetical resources 3
Diamond __._._____ 0 0
Corundum ________ 125,000 >2,000,000
Emery ___________ 3,000,000 >4,000,000
Garnet ... ______ 14,000,000 >100,000,000
Triopli (and related

materials) ..-.___ 4,500,000,090 >10,000,000,000
Silica sand __-_____ Large Large

1 Identified resources: specific, identified mineral deposits that may
or may not be evaluated as to extent and grade, and whose contained
minerals may or may not be profitably recoverable with existing tech-
nology and economic conditions.

2 Reserves: identified deposits from which minerals can be extracted
profitably with existing technology and under present economic conditions.

3 Hypothetical resources: undiscovered mineral deposits, whether of
recoverable or subeconomic grade, that are geologically predictable as
existing in known districts.

more significant abrasive materials occurring in the
United States. Estimates of identified resources are
based on the general premise that a tabular deposit,

one with great length and depth relative to its width,
should conservatively produce ore from a volume of
rock that is six times the volume of an equidimen-
sional quarry opened to the full width of the deposit.
Most corundum and garnet and much emery char-
acteristically occur as concentrations within lenticu-
lar zones in metamorphic rocks having these dimen-
sions. Podlike deposits such as those formed mar-
ginal to intrusive bodies are estimated to produce
ore to a depth equivalent to the longest surface
dimension of an individual ore body of average size.
Bedded deposits are estimated to produce half as
much ore as is indicated by the lateral limits and
the average thickness known from extensive out-
crop, drill, or mining exploration.

The apparent large quantities of identified and
hypothetical resources of the several abrasive ma-
terials relative to their annual consumption makes
an estimation of tonnages of speculative resources
superfluous.
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ABSTRACT OF CONCLUSIONS

Imports of bauxite and alumina, mainly from Jamaica,
Surinam, and Australia, supply approximately 87 percent of
the United States requirements for manufacture of alumi-

num metal and certain refractories, abrasives, and chemicals.
Bauxite mined in Arkansas, Georgia, and Alabama supplies
the remaining 18 percent. Barring unforeseen political de-
velopments, the growing requirements of the aluminum in-
dustry in the United States will be met by imports of in-
creasing amounts of aluminum metal and alumina rather
than bauxite ore.

Domestic resources of bauxite—approximately 40 million
tons reserves and 250-300 million tons potential resources—
are inadequate to fulfill the long-term demand; however, the
Nation has virtually inexhaustible potential resources of
aluminous materials other than bauxite, High-alumina clays
now seem the most promising of the potential alternate
sources of aluminum. Dawsonite in the rich oil-shale deposits
of Colorado is a possible source of aluminum that may be a
recoverable byproduct of shale oil. Alunite, reportedly found
in a large deposit in Utah, may be a possible source of
aluminum and other products. Other less promising poten-
tial resources include aluminous shale and slate, aluminum
phosphate rock, igneous rocks, saprolite, coal ash, and copper-
leach solutions.

Exploration for major high-grade bauxite deposits should
continue. Favorable areas for exploration include parts of
South America, Africa, Asia, and Australia. Use of improved
analytical tools, such as the borehole neutron activation
probe, could speed up exploration for new deposits and
evaluation of known deposits. Geologic research is also
needed on the nonbauxite sources of aluminum in the United
States, inasmuch as the detailed geologic information avail-
able on the potential resources is inadequate.

INTRODUCTION

Aluminum is a silvery white ductile lightweight
(specific gravity of 2.7) metal having efficient elec-
trical conductivity and resistance to oxidation. Be-
cause of its properties, abundance, and low cost,
aluminum has become one of the most important
metals in industry; only iron surpasses it in ton-

nages used. Major uses of the metal are in the con-

struction industry and in the manufacture of air-
craft, motor vehicles, electrical equipment and
supplies, fabricated metal products, machinery,
beverage cans, containers, and a wide variety of
home-consumer products. Aluminum is essential to
our standard of living and is a strategic commodity
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for military defense. Plastics, wood, and other
metals including copper, steel, lead, zinc, magnesium,
and titanium could be substituted for some of the
uses for aluminum. However none of these materials
has all the properties of aluminum, and none offers
much market competition for aluminum, except for
a few specialized uses. Both alumina (the oxide of
aluminum, Al,O;) and bauxite (the major ore of
aluminum) are used in the manufacture of refrac-
tories, abrasives, and chemicals.

Bauxite is a complex impure mixture of alumi-
nous minerals, chiefly aluminum hydroxides. Alu-
mina content of most bauxites ranges from 35 to
50 percent; the common impurities are quartz, kao-
linite, and iron-oxide-bearing minerals. Bauxite
ores, of which there are several types, are classified
by mineral content, occurrence, use, and source. In
recent years, about 88 percent of the bauxite and
alumina consumed in the United States was used in
making metal, 4 percent in refractories, 6 percent
in chemical and related uses, and 2 percent in abra-
sives.

Aluminum metal is made by extracting alumina
from bauxite by the Bayer process and by reducing
this oxide to metal electrolytically. In the Bayer
process, bauxite is leached under pressure and heat
by a caustic solution which converts the ore to a
solution of sodium aluminate and red mud waste.
From this solution, hydrated aluminum oxide is
precipitated, washed, and calcined to obtain alu-
mina. This alumina is then reduced to the metal by
electrolysis of a hot molten solution of alumina and
crolite, Na;AlF,. Metallurgical-grade bauxite ranges
from 35 to 55 percent Al,O.. Depending on grade
and type of ore, between 4.7 and 7 short tons of
bauxite are required to produce 2 tons of alumina,
and 2 tons of this oxide are required to make 1 ton
of aluminum metal.

Bauxite used for manufacture of abrasives, re-
fractories, and chemicals must meet more restrictive
specifications as to aluminum, silicon, iron, and
titanium contents than does metallurgical bauxite
(table 6). Although the amount of bauxite used for
purposes other than metal production is relatively

TABLE 6.—Specifications, in percent, for abrasive, chemical,
and refractory grades of bauxite’®

Grade Al20s SiO2 Fe20s TiO2
Dried:
Abrasive __.__. Min 55 Max & Max 6 Min 2.5
Chemical ___. Min 55-58 2 Max 5-12 Max 2 = e
Refractory .. Min 59-61 Max 15-5.6 Max 2 Min 2.5
Calcined .- .._ 85-90 3-6 1.5-7.0

1 Modified from Stamper (1970, p. 440)
2A major portion of the bauxite used by the U.S. chemical industry
exceeds 15 percent SiOz.

small, these uses are of major importance to indus-
try. For example, only 2 percent of U.S. bauxite
consumption is used to manufacture aluminum
oxide abrasives; yet this represents about half of
all production of artificial abrasives and more than
five times the total production of natural abrasives.

The United States is dependent most