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Preface

This book has been written for those interested in, and concerned about,
the future sources of metals for the industry, and through it for the rapidly
growing population of the world. The poverty eradication, possible by
2025 according to Jeffrey Sachs, and the increase of living standards, will
require a lot of new metals. At present over 95% of the industrial metals
come from mines situated on land and the exceptionally large (giant or
world-class) deposits contribute the bulk, regardless of where they are
located: one of the most practically relevant lessons of globalization. This
role of the oversize deposits is projected to persist until at least the end of
this century, but finding them is going to be increasingly more costly and
will require all the sophistication and effort the exploration community
could muster. This requires a solid broad knowledge as the chance of
finding an orebody by accidentally stumbling upon it, or by
unsophisticated prospecting, has by now been severely reduced. As
mineral exploration is, and will continue to be, mainly precedent-oriented
activity, there has been a need for a comprehensive text to provide
essential facts about the global distribution of metals now and in the
future, above the textbook level.

This book consists of three parts (and a CD-ROM), although the parts
are not explicitly marked as such. Part | (Chapters 1-3) starts with a short
review of the changing sources and utilization of industrial metals, and it
explains the various approaches to magnitude classification of ore deposits
as related to geochemical backgrounds. Part Il (the main body of the book;
Chapters 4-14) is a factual review of the "giant" deposits in a rather loose
empirical framework of depositional environments and rock associations.
The spectrum of the geological settings follows the plate tectonic
arrangement, but the plate tectonic concepts, as related to the actual ore
formation, are used sparingly because many are still in the hypothetical
domain, they change rapidly, and there is the ubiquitous multiplicity of
interpretations. The emphasis here is on the demonstrable, lasting "facts"
one can actually see in the field. The closing Part Ill (Chapters 15-17)
deals with the common geological attributes of the "giants" and how they
relate to the industrial needs. It ends up with some revelations as to how
and where the future "giants" might be found.

In writing this book | have made a good use of the over 40 years long experience
in the ore deposits field, and personal familiarity with at least 4,000 ore sites in
some 140 countries and large territories, along with a multilingual reading
capability. | have compressed many "facts" into a series of "inventory diagrams" of
rocks and ore occurrences in close to 80 lithotectonic settings, interspersed
throughout this book. The diagrams came from my electronic book "Total
Metallogeny" and they also show the place of the ore types considered of limited
significance, together with the "giants”. This alleviates somewhat my feeling of
guilt of catering to the "big and rich™ only. The small deposits are, moreover, often
indicators of the larger ore presence and have to be recognized and interpreted as
such. Unfortunately the printing costs make it impractical to have the graphics
printed in full color in the book, but this has been solved by repeating these graphs,
in color, in the companion CD-ROM. Also on the CD-ROM s a fairly complete
(more than 1000 entries) database of the "giant" and "world class" metal deposits
of the world. | believe this book and database cover at least 90% of the eligible
deposits and regions, including many of the metal sources of the future.

Although this book ends at page 732, the search for relevant ore information
may have just started for some of the readers, willing to move farther on. The bulk
of the 300 plus figures (mostly simplified cross-sections of ore deposits) have all
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been uniformly drafted and modified after the original materials, referenced to the
respective authors. They are all represented in the physical collection of geological
materials called Data Metallogenica (more than 70,000 individual samples from
almost 4,000 ore deposits of the world), presently installed in Adelaide, South
Australia, and usually open for a free on-site inspection. There, the reader can
actually see the "real thing" (samples are the "second best" source of knowledge
after an actual mine visit) about which he/she reads, and even perform non-
destructive tests and access the dedicated information folders.

Even before the journey down-under one can obtain an extensive
supplementary visual experience by visiting www.Datametallogenica.com., an
internet-based counterpart of the above collection, now operated by Amira
International out of Melbourne. The website shows representative miniaturized
rock/ore sample sets called LITHOTHEQUE, arranged in a unique way and stored
library-style, as well as detailed images of thousands of samples photographed at
an extremely high resolution. Each figure in the present book based on
LITHOTHEQUE includes its corresponding number in Data Metallogenica, so
finding it is a matter of minutes. Also available on the website are field photos and
graphics from my sampling expeditions, and those supplied by the industry,
governments and academia. Data Metallogenica is a non-profit undertaking, but it
has to pay for itself so there is a subscription fee. Even without subscription,
anyone can access the extensive free information preview in the
Datametallogenica.com website.

Acknowledgments: The more than 1,500 references in this book make it
clear that this is a collective undertaking, an extract of knowledge
generated by hundreds of thousands of colleagues in the industry,
governments and academia. The shared purpose and enthusiasm of my
international peers supported a wonderful, politically neutral fellowship,
very helpful in alleviating the antagonism that divides this world along
political, religious, racial, wealth and other lines. My thanks thus go to the
thousands of persons and organizations who provided direct or indirect
help to keep my project moving, and all | can do is to print a short list of
names, the tip of an iceberg. The main supporters were: Amira
International, Christian Amstutz, Anglo-American Corporation, Australian
Mineral Foundation, Australian Selection Ltd., Chris Bates, Rob Bills, BP
Minerals, Alfred Bogaers, Bill Brishin, Chen Guoda, Roy Corrans; CVRD
Ltd., Directorate of Mineral Resources Jeddah, Peter Freeman, Geoscience
Australia, Magnus Garson, Alan Goode, David Groves, G. von
Gruenewaldt, Greg Hall, Paul Heithersay and PIRSA Adelaide, INCO
Ltd.,, Mel Kneeshaw, Jan Kutina, Jim Lalor, Don Mustard, Narodni
Museum Praha, Normandy Ltd., Kerry O'Sullivan, Zdené&k's Pertold and
Pouba, Rio Tinto Ltd., Dimitri Rundkvist, Phil Seccombe, Nikos
Skarpelis, Art Soregaroli, Teck Ltd., Jim Teller, Universities of Manitoba,
Charles (Prague), Heidelberg, Moscow State, New England, Oriente,
Western Australia and Zimbabwe; Richard Viljoen, Western Mining Ltd,
HDB Wilson, Karl Wolf, Roy Woodall, Zhai Yusheng.

The actual book writing has been a lonely affair, as one of the
organizations that brought me to Australia (AMF) went out of business, so
I have had to do without technical assistance from anywhere: a source of
immense frustration in struggling with the computer while physically
manufacturing the ready to print document. | am grateful to Springer-
Verlag in Heidelberg for agreeing to publish my book, and thank Ms.
Almas Schimmel for bringing it into production. Karl Wolf, as many times
before, contributed his meticulous editing skills. My geological wife
Sarka, a most reliable co-worker, deserves the greatest thanks.

Peter Laznicka, Adelaide, January 2006
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Explanations, Abbreviations, Units

Context

As explained in Preface, this book is a self-
contained member of a broader knowledge system
on the world's mineral deposits and their settings |
have been developing and experimenting with for
more than 40 years. It is a product of global first-
hand information gathering in the field and "data
mining" from the literature, followed by sorting and
organization into interrelated sets searchable and
accessible by the rapidly evolving techniques of
modern information technology. From day one
geological tangibles, rocks and ores, have been an
important (in fact, fundamental) component of the
knowledge system, because of their ability to
preserve the "objective and permanent truth" that
does not change with continuously mutating
concepts. Miniaturization, unique organization and
progress in electronic image transfer have made it
possible for a reader to instantly move from reading
printed information in a traditional book into high-
resolution displays of images of representative
rock/ore sets and site photographs and graphics, all
in bright color and continuously updated. If
convinced, he or she can even visit and peruse the
original material and perform non-destructive tests!

This book, in particular, is closely related to
three members of the "ore knowledge family™ with
which it shares the presentation philosophy and
some materials such as figures. They are briefly
reviewed below:

1. A set of Empirical Metallogeny books (Laznicka,
1985, 1993) where mineral deposits of the world are
organized by formational environments and
lithologic associations in which they occur. The
emphasis is on factual information that form the
background of search for analogues in the field.
Although the 1985 book especially is now rather
dated, both books contain data on a myriad of lesser
size deposits not included in the present volume.

2. Total Metallogeny-Geosites (Laznicka, 2004), a
graphic knowledge base that provides basic
geological and metallogenic information on 240
depositional environments and rock associations,
and shows the usual sites of ore deposits (Fig. A.1).
In addition to brief, database-style description, the
work (a hardcopy book and a 3x1 m poster, both in

color and also available on DVD-ROM) comprise
240 color graphs (graphics). The graphs are stylized
cross-sections reminescent of ore deposit models
widely available from the literature, but their main
role is to provide inventory of the rocks and ores to
be encountered in a given setting. For that reason |
refer to them as "inventory diagrams". They are
most helpful for browsing and ideas gathering by
explorationists and for people engaged in evaluation
of territories for mineral prospectivity. The
diagrams include all metallic deposits (not only the
"giants" treated here) which is essential in order to
gain a balanced picture about ore distribution, as
many lesser ore occurrences have an indicative
value in search for the "elephants". 70 of these
Total Metallogeny diagrams have been reprinted
here, in black and white, and they appear in color in
the attached CD-ROM. Complete information is
available from the original reference (Laznicka,
2004). For more information, please visit
www. Totalmetallogeny.com.

3. LITHOTHEQUE, a "rock library", is a collection
of some 3,400 page-size aluminum plates, each of
which contains up to 20 permanently attached
miniature rock and ore samples. Most plates
provide a tangible record (documentation) of mostly
visually recognizable materials present in an ore
deposit (or a lithologic association, environment),
arranged in a uniform way, thus ideal for
comparisons (Fig. A.2). | have collected 95% of the
material that comes from almost 4,000 deposits and
occurrences in 144 countries and large territories of
the world, and assembled all of them in the period
of 35 years (between 1970 and 2005). Many of the
deposits represented have been mined out and
reclaimed so they are no longer accessible.

Every LITHOTHEQUE plate is equipped with
an explanation sheet that comprises a graph (usually
a cross-section of a deposit), legend describing the
numbered units and ore types shown in the graph,
and identifying the individual samples actually
present on the plate (Fig. A.3). The graphs are
based on published literature, some unpublished
material (mostly mine handouts) and several
original field sketches. All have been prepared in a
uniform way to facilitate comparison.
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Figure A.1. Selection of rock and ore inventory diagrams in the division of magmatic arcs established on continental
crust, some of which have been reprinted in this book. From Laznicka (2004), Total Metallogeny



LT 1987 PIPE Ni Mine, Thompson Nickel Belt, NE Manitoba

Figure A.2. Photograph of an average LITHOTHEQUE
set (about 18 x 28 cm size) with twenty miniature rock
and ore samples permanently attached to an aluminum
plate and arranged in a standard order (oxidized ores -
primary ores - alterations - host rocks) to facilitate
comparison. This plate is of the Pipe Mine in the
Thompson Nickel Belt, Manitoba and is a part of the Data
Metallogenica knowledge base.

Although most of the graphs are based on, and
referenced to, the original authors, the figures have
been modified, often to a substantial degree, to
maintain uniformity and be up to date. | accept
responsibility for the inevitable errors that could be
present: do not blame the original authors!

Most of the cross-sections of ore deposits that
appear in this book have been reprinted from the
Lithotheque explanatory sheets, together with
shortened and edited legends, and referenced as
"from LITHOTHEQUE No. 2563" followed by
references to the original source(s). The copyright
of the original explanatory sheets of which the
graph is a part is thus vested with the Lithotheque
collection and its owner, that can change with time.
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Figure A.3. Example of an explanation sheet of a
Lithotheque sample plate (this one applies to the
Homestake Au mine, South Dakota). Under the title with
a plate number is a simplified cross-section of the
orebody. The top text paragraph under the graph is a
legend to the numbered and lettered units shown in the
graph, whereas the bottom paragraph identifies and
briefly describes the samples attached to this Lithotheque
plate. Figures reprinted in this book correspond to the
graph with edited legend only, whereas the entire
explanation sheet can be downloded and printed, by
subscribers, from www.Datametallogenica.com.

At present (2005) Lithotheque is the "flagship™ of
Data Metallogenica, a broader knowledge system
presently owned by Amira International of
Melbourne (www.amira.com.au). The physical
collection, that also includes an extensive suite of
conventional size samples (Macrotheque) and
archive of dedicated reprints, notes and photos, is in
Adelaide, South Australia, and can be visited free of
charge (Fig. A.4). The images of entire Lithotheque
plates as well as a number of individual samples,
photographed at a very high resolution, are
available from the Data Metallogenica website
(www.Datametallogenica.com)  accessible by
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subscription (but with an extensive free preview and
list of included deposits). This site also offers
printable explanation sheets for all Lithotheque
plates.

Figure A.4. Data Metallogenica collection installed in
Adelaide, South Australia. More than 3,400 Lithotheque
plates are stored, library-style, in slotted cabinets and
have an instant accessibility.

Explanations of uniform styles, numbering and
lettering used in figures marked 'from
LITHOTHEQUE"

Geological ages

They are widely abbreviated in figures, tables and lists as
letter codes, or they have the form of Ma (millions of
years ago) or Ga (billions of years ago). In explanations
to the "from LITHOTHEQUE" graphs letter
abbreviations (e.g. Pe=Permian; Cm=Cambrian) or
Ma/Ga values appear at the start of the explanatory
sentence, e.g. Cm3 Bonneterre Formation limestone. 1, 2,
3 stand for Lower, Middle and Upper, e.g. Cm3=Upper
Cambrian. For list of abbreviations please see Table A.1.

Table A.1. Abbreviations of geological ages used in
figures, tables and lists. Most abbreviations correspond to
Series but if this is not available (or the age spans several
Series) a System, Erathem or Eonothem are used. The
geochronology is after the International Union of
Geological Sciences 1989 Global Stratigraphic Chart.

Numbers  Rock units, arranged from the youngest to

the oldest

M Mineralization; sites of metal accumulation,
in most cases economic orebodies.
Massive to densely distributed ores are
shown in solid black; disseminated,
stringer, etc. ores are shown by outline

M1, M2... Various styles of mineralization

MW Weathering-modified "primary" orebodies,
€.¢. gossans, oxidation zones

A Hydrothermally altered rocks

Al, A2.... Various types of alteration

MA Mineralization and alteration considered
jointly

F Fault filling rocks (e.g. gouge, breccia,
mylonite, phyllonite, etc.); fault traces are
shown as wavy lines, usually not labeled

FA Hydrothermally altered fault rocks

Bx Breccias

W Weathered rocks (and ores)

W3, 5W.... Weathered numbered rock units

Stratigraphic division ~ Age Ma Abbreviation

Phanerozoic Phz
Cainozoic Ccz
Quaternary 1.6 Q
Tertiary T
Pliocene 5.3 (4.8) PI
Miocene 23 (23.7) Mi
Oligocene 36.5 ol
Eocene 53 (57.8) Eo
Paleocene 65 (64.4) Pc
Mesozoic MZ
Cretaceous 135 (140) Cr
Jurassic 205 J
Triassic 250 Tr
Paleozoic Pz
Permian 290 Pe
Carboniferous 355 Cb
Devonian 410 D
Silurian 438 S
Ordovician 510 Or
Cambrian 570 (540) Cm
Precambrian PCm
Proterozoic Pt
Neoproterozoic 1000 Np
Mesoproterozoic 1600 Mp
Paleoproterozoic 2500 Pp
Archean ~4200 Ar

Ma figures are the lower age boundaries of each division

Miscellaneous abbreviations

BIF Banded iron formation

MORB Mid-ocean ridge basalt

MVT Mississippi Valley Type

VMS Volcanic-associated massive sulfides

(also spelled VHMS)
sedex Sedimentary-exhalational



Quoting tonnages of ore, contained metal(s), and
grades

Standard tonnage data entries for ore deposits (in text and
tables) have one of the following forms:
e tonnage of ore followed by ore grade(s) and metal(s)
content(s) in a deposit, e.g.
-52 mt @ 1.5% Cu, 2 g/t Au for 780 kt Cu, 104t Au
-52 mt/1.5% Cu, 2 g/t Au for 780 kt Cu, 104 t Au
e tonnes of metal(s) stored in a deposit followed by
grade(s), e.g.
-2.5mtCu @ 0.75%; 96 t Au @ 3.5%
-2.5 mt Cu/0.75%; 96 t Au/3.5%

NOTE: The tonnages of ore and contained metal(s) need
not add as the metals may have been derived from
different ore types, captured from different information
sources, based on incomplete data, etc. ldeally, the
tonnage figures should be close to geological reserves (or
the U.S. reserve base), that is the tonnages on metal(s)
present in the deposit before the mining has started (pre-
mining reserves). The data quality, however, depends of
the published (and some oral, archival) sources that
deteriorate rapidly away from Australia, Canada, U.S.A.
and South Africa (read Chapter 2). Obviously unreliable
tonnages have been edited.

Status of tonnages (indicated occasionally):
P, Pt production, total production
Rv reserves
Rc resources

Tonnage units and abbreviations

All tonnages have been recalculated to metric tons
(tonnes), abbreviated "t". 120 t = 120 tons; 120 kt = 120
thousand tons; 120 mt = 120 million tons; 1.2 bt = 1.2
billion tons. The grades are either in percent (1.2% Cu;
6.8% Pb) or in grams per ton (the same as ppm; e.g. 12
g/t Au). Conversion factors used to calculate tonnages
quoted in various traditional non-metric units:

1 short ton 0.9072't

1 long ton 1.016t

1 pound (lb) 0.4536 kg

1 Troy ounce (0z) 31.10 grams
1 Flask (Hg) 34.47 kg

Pure metals converted from various compounds

Al metal grades and tonnages in this book (with few
exceptions) are expressed as pure elements (Au, Cu, Fe,
Al) rather than compounds (Al,Os; WQOs3; Li,O) or, even
worse, archaic units incomprehensible to the public
("short ton units of WO3"). The conversion constants
(gravimetric factors) are below:
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Al,O3 X 0.52923 = Al
As,0; X 0.75736 = As
BeO X 0.36 = Be
Bi,S;3 X 0.813 = Bi
Ce,03 X 0.85377 = Ce
Cds X 0.778 = Cd
Cry,05 X 0.684 = Cr
Cs,0 X 0.94323 = Cs
Fe, 05 X 0.69944 = Fe
HfO, X 0.94797 = Hf
HgS X 0.862 = Hg
Li,O X 0.4645 = Li
MnO, X 0.632 = Mn
MoS, X 0.599 = Mo
Nb,Os X 0.699 = Nb
NiO X 0.7858 = Ni
PbS X 0.866 = Pb
Rb,O X 0.91441 = Rb
RE,O3* X 0.538 = REE
SnO, X 0.788 = Sn
Ta,05 X 0.819 = Ta
ThO, X 0.879 = Th
TiO, X 0.5995 = Ti
U30g X 0.848 = U
V,05 X 0.56 = \Y
WO, X 0.793 = W
Y505 X 0.78744 = Y
VAN X 0.671 = Zn
ZrO, X 0.7403 = Zr

* Group REE factor taken as of Ce

Some special terms and usages
"Giant(s)", "giant deposit" , "large deposit", "near-giant”,
"Au-giant" etc., spelled in quotation marks, correspond to
magnitude categories as defined in Table 2.3.
"Geochemical giant" is sometimes used to characterize
ore deposit that is "giant" in terms of geochemical
accumulation, but of much lesser economic significance
(it applies mostly to Sh, Hg and As deposits).

Locality names printed in bold introduce descriptions of
"giant" (and some "world class") deposits, e.g. Olympic
Dam

Metallogene refers to a distinct geological setting,
environment, condition, control, etc. selectively
influencing local metal(s) accumulation (ore formation);
very close to the terms metallogenic province and
metallotect.
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11. Past and present sources of
industrial metals

1.1.1. Introduction

Metals are one category of a trio of geological
materials on which is based our present industrial
civilization. The other two categories are mineral
fuels like coal, petroleum and natural gas, and
nonmetallics (industrial minerals) like stone, sand
and gravel, salt or clays. Fuels and nonmetallics
(with some exceptions where metallic ore is also a
nuclear fuel such as uranium, and where metallic
ore has alternative applications as an industrial
mineral from which the metal component is not
extracted) are not treated in this book as there is
voluminous literature that provides this information.

Since the Bronze Age, our evolving civilization
has depended on metals and this will continue in the
future, despite the increasing competition metals are
now receiving from organic and organometallic
synthetics (e.g. plastics, silicone, graphite) and
composite materials. The first metals in human
possession came from geological materials: initially
from few native metals found in an almost "ready to
use" state, then from easy to process ores, followed
by complex ores that required advanced technology,
and finally from various materials increasingly
different from the classical metallic-looking ores
("unconventional  ores"). Shortly after the
"geological" metals had been produced and utilized,
recycling of the no longer needed objects took place
and since then, recycled metals joined the "new"
(mine) metals as an important component of global
metals supply. The alternative metals supplies are
briefly reviewed below, but the main body of this
book deals with the "new" metals supplies obtained
from geological materials, especially from mineral
deposits of exceptional, "giant" magnitude that
supply the greatest share of industrial metals now,
and probably in the near future.

In 2002 mines of the world produced ores
containing 495 million tons of “new” iron (“new”
metals are produced from ores for the first time and
are not recycled); 35.25 million tons of “new”
aluminum contained in bauxite; 9.217 million tons
of “new” copper; 7.170 million tons of “new” zinc;
7.6 million tons of “new” manganese (a metal
invisible to the consumer as its main role is an

essential steel ingredient). Also produced were
42,219 t of uranium (1990 figure); 2,170 tons of
gold; 171 tons of platinum; 23.1 tons of rhenium.
No recent figures are available on the rarest and
costliest naturally occurring metal, radium. In 1937,
40 grams of radium had been produced globally, at
$ 30,000 per gram! That was after a price drop from
$ 70,000/g in the previous year (Dahlkamp, 1993).
Radium was then used for radiotherapy of the rich,
an application taken over, after 1945, by synthetic
radioisotopes. Overall, less that 1 kg of Ra has been
globally produced by now, most of it as an
unrecovered trace component of uranium.

The above figures and also Table 1.1., Fig. 1.1.
clearly indicate the highly variable rates of
utilization of metals by society. Industrial metals
are now subdivided into the following categories:

Ferrous metals Fe, Mn, (Cr)
Light metals Al, Mg, (Ti)
Base metals Cu, Zn, Pb, (Ni, Co, Sb)
Rare metals Sn, W, Mo, V, Nb, REE

Very rare metals
Radioactive metals

Ta, Be, Ga, Ge, In
U, Th, actinides and
transuranides

Precious metals Au, Ag, Pt group (PGE)

Metalloids As, Sb, Se, Te
Alkaline & alkaline  Li, Rb, Cs (the rest is
earths metals not treated)

As this is a rather inexact, utilitarian organization,
place of the remaining metals is subjective and at
times controversial. Craig et al. (1988) used, in their
popular textbook, two alternative classes of
abundant and geochemically scarce metals, the
latter further subdivided into ferroalloy, base,
precious and specialty metals, respectively.
Uranium and thorium are treated as nuclear energy
resources.

1.1.2. History of metal supplies

There are six metals known and utilized since
antiquity: gold, copper, silver, iron, lead and tin
(also possibly antimony and arsenic). Of these gold,
copper and meteoric iron-nickel alloy occur in
native state in nature and were likely known to the
hunter-gatherer societies.
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Table 1.1. History, importance and value of industrial metals (in millions US$)

Metal Year of discovery, Beginning of Main uses today Value Ct
discoverer industrial use 1996/7
product
Iron (ore) Since antiquity Sinceironages  General industry, construction, transport 17,900 1
Aluminum, 1809 Davy 1880s Transport, construction, packaging 34,900 1
metal
Copper Since prehistory Since prehistory  Electricals, construction, transport 28,900 1
Gold Since prehistory Since prehistory  Jewelery, investments, electronics, dentistry 24,600 1
Zinc 500 BC brass artifacts  Brass, 1 AD Galvanizing, alloys, die-casting 9,800 1
Nickel 1751 Cronstedt 1880s Steel, alloys, electroplating 7,140 2
Lead Since antiquity Since 5000 BC Batteries, solders, pigments 3,860 2
Platinum 1800s Wollaston 300 AD Catalysts, jewelery, electronics 2,700 2
group
Silver Since antiquity Since antiquity Photography, silverware, electronics 2,330 2
Manganese 1774 Scheele 1839 Steel, alloys, pigments 1,770 2
Cobalt 1780 Bergman 1907 metal Superalloys, steel, magnets; earlier 1,550 2
pigments
Magnesium 1808 Davy 1850s Alloys, transport, Fe smelting 1,520 2
metal.
Tin Bronze since antiquity ~ Since antiquity Tinplate, solders, alloys 1,310 2
Uranium 1789 Klaproth 1890s Energy, weapons, earlier pigments 1,250 2
Molybde- 1778 Scheele 1894 Steel, alloys, tools 1,220 2
num
Titanium 1790 Gregor 1890s Alloys, steel 960 3
metal
Chromium 1797 Vaquelin 1850s Steel, alloys, electroplating, earlier 830 3
pigments
Vanadium 1830 Sefstrom 1905 Steel, alloys, tools 737 3
Tungsten 1780s 1850s Steel, alloys, tools, ceramic carbide 455 3
Boron 1808 Gay-Lussac 1200s Glass, detergents, chemicals; compounds 432 3
compounds
Zirconium 1824 1914 Ceramics, refractory foundry sand 385 3
compounds (compounds)
Lithium 1817 Arfvedson 1890s Ceramics, light alloys, batteries, chemicals 359 3
Strontium 1790 Crawford 1790s Ceramics, glass chemicals (compounds) 300 3
compounds
Beryllium 1797 Vaquelin 1920s Electronics, light alloys, defence 265 3
Rare Earths 1794 Gadolin, others 1880s Catalysts, phosphors, alloys, electronics 264 3
Antimony Since antiquity 4000 BC Flame retardant, batteries, alloys, pigments 170 3
Niobium 1801 Hatchett 1930s Steel, alloys 134 3
Indium 1863 Reich & Richter  1920s Electronics, electroplating, solders 54 4
Germanium 1886 Winkler 1930s Fibre optics, electronics 49 4
Tantalum 1802 Ekeberg 1900s Capacitors, electronics, alloys, bulbs 40 4
Arsenic Since antiquity 1800s Wood preserver, chemicals, toxins 39 4
oxide
Bismuth Since Middle Ages 1833 Chemicals, pharmaceuticals, alloys 27 4
Rhenium 1925 Noddack et al. 1930s Petrochemical catalyst, alloys 23 4
Cadmium 1817 Strohmeyer 1870s Batteries, pigments, electroplating, alloys 22 4
Gallium 1875 de Boisbaudran 1940s Electronics, photocells 19 4
Mercury Since antiquity 1500s Electrolysis, electronics, batteries, 13 4
amalgams
Selenium 1817 Berzelius 1940s Photocells, electronics, glass, chemicals 13 4
Tellurium 1872 Mueller v.R. 1930s Alloys, metallurgy, catalyst 12 4
Rubidium 1861 Kirchhoff 1920s Photoelectrics, glass, chemicals n.a. 5
Cesium 1860 Bunsen 1960s Ditto n.a. 5
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Metal Year of discovery Beginning of Main uses today Value of Ct
discoverer industrial use 1996/7
product
Thorium 1828 Berzelius 1885 Incandescent lamps; possible nuclear fuel n.a. 5
Thallium 1861 Crookes 1896 Chemicals, toxins n.a. 5
Scandium 1879 1950s Metal halide lighting n.a. 5
Yttrium 1794 Gadolin, others 1940s TV phosphors, laser crystals n.a. 5
Hafnium 1922 de Hevesy 1953 Nuclear reactor control rods n.a. 5

NOTES: Column Ct, “Importance category” of metals is based on the recent value of global production (not tonnage!) as
follows: 1, fundamental metals, $ 10 billion plus; 2, very important metals, $ 1 billion plus; 3, important metals, $ 100
million plus; 4, minor (specialty) metals, $ 10 million plus; 5, very minor specialty metals, less than $ 10 million.

The latter occupied territories where these metals
occurred (e.g. Asia Minor for copper, Eastern
Desert of Egypt and Sudan for gold). Tin, silver and
lead required primitive smelting to separate from
ores, a process almost certainly discovered by
accident. Silver does occur as a native metal in
nature but at outcrop it is tarnished black and
unappealing. Accidental joint smelting of tin and
copper ores resulted in bronze, an alloy with
physical properties much superior to those of pure
copper, that gave rise to the Bronze Age.

Although the bulk of early native metals
(especially gold) came from scattered finds of
megascopic particles (nuggets, grains) resting at the
surface, early mining soon developed by following
the ore outcrops to depth. Before 3000 B.C. there
were probably no more than ten “mines” at bona
fide ore deposits in the Old World (outside of
China), with an intermittent production of several
tons of copper and several kilograms of gold. The
number of mines increased exponentially in the age
of Sumerian, Phoenician, Greek, Etruscan, Roman,
Celtic, Chinese, Middle Eastern, Central and South
American and other states and empires when
metallic deposits had been discovered not only at
the home turf, but in territories invaded by
conquering armies as well. Probably the earliest
recorded metal mining and recovery from what are
present-day metallic deposits is attributed to the
Sumerians, mining and processing copper in south-
central Iran around 3,500-3,000 B.C. (KuZzvart,
1990). This included oxidation zone of the "giant"
porphyry copper Sar Chesmeh (Chapter 7),
subsequently forgotten then rediscovered in the
1900's. In the Pharaonic times the Egyptians, or
their vassals, mined copper in Sinai and possibly
Hijaz, gold in the Eastern Desert and Nubia. The
Phoenicians, around 1,100-800 B.C., mined or
traded silver at several locations around the
Mediterranean basin as in the Spanish Meseta,

Cartagena, and Lavrion in Attica, as well as copper
in Asia Minor and Cyprus. Lavrion (Chapter 10)
then became a "world class" silver and partly lead
source to the Athenian state, especially under
Pericles around 480 B.C., and a source of much of
its wealth.

Additional metals: antimony, arsenic and
mercury, had already been utilized before the onset
of Middle Ages (that is, around the end of the 5"
Century A.D.), more in the form of compounds
(pigments such as vermilion and antimony sulfides,
poisons like arsenic trioxide) than native metals. In
the Middle Ages these metals were joined by
bismuth, found in native form in some silver mines;
cobalt compounds used in glass and ceramic
pigments; and zinc to alloy with copper to form
brass, but probably not pure zinc. Several ferroalloy
metals such as manganese, chromium and nickel
participated in medieval iron weapons and utensils
smelted at several locations known for superior
quality of their wares. The iron ores came from
several deposits enriched in the alloy metals (e.g.
lateritic Fe ores formed on ultramafics and enriched
in Cr and Ni; gossanous limonite over siderite veins
enriched in Mn), although the presence of such
metals was not recognized and analytically proven
then.

It was not until the 1750s and the onset of the
Industrial Revolution with modern chemistry
emerging, when the process of discovery and
isolation of new metals (and other chemical
elements) started and rapidly gained in strength so
that between 1751 and the end of the 19" century
49 new metals were added to the Periodic Table
itself compiled, between 1890 and 1895, by
Mendeleyev. There have been few naturally
occurring elements left to be added in the 20"
century: Hafnium in 1922 and rhenium in 1925.
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Figure 1.1. History and importance of industrial metals (based on data in Table 1.1). NOTES: Year in the 2" column is
the year of metal discovery. Bars show the period of industrial metals utilization and metal importance, based on the 1996-
1997 US$ value of the world production as follows: $ 10 billion + (thickest solid line); $ 1 billion + (medium solid line);
$100 million + (thin solid line); $ 10 million + (dashed line); under $ 10 million (dotted line). Antiq = metal known since
antiquity



All new elements discovered afterwards have been
the impermanent transuranic products of radioactive
decay series, both those occurring in the nature and
those confined to the laboratory.

Many new element discoverers did not
simultaneously isolate the element in its pure form
and this resulted in some controversy as to the
authorship and the exact year of discovery of
several metals. This subject is sufficiently covered
in literature on the history of chemistry and in
reference works and will not be discussed here. In
the period of rapidly accelerating science and
industrial technology driven by the Industrial
Revolution, major wars and most recently
breakthroughs in nuclear physics, electronics and
biotechnology, industrial (practical) application of
the newly recognized metals followed discoveries.
The lead time between the discovery and
application of metals kept, in most cases, shrinking.
Aluminum was discovered in 1808 but it was not
until the 1880s when the mass production of this
metal has started, continuously increasing to make
Al the #2 industrial metal, after iron. It has taken
even longer for molybdenum to become an
indispensable component of specialty steels: 138
years since its discovery in 1778, through the period
of small-scale utilization in the 1890s, to the rapidly
growing demand of Mo as an ingredient of a steel
used as armor plate in World War 1. With the war
over, the demand for molybdenum suddenly
dropped dramatically, to return at the onset of
another great war and then to stay.

With the full and final complement of metals
now in place, industrial applications of and demand
for individual metals remain almost steady, grow or
shrink. The mineral industry responds and the result
is the never ending fluctuation of metal prices,
production figures and exploration rushes. Table
1.1. and its graphic representation in Figure 1.1.
show the present-day relative importance of
industrial metals based on the 1996/7 values of
global production. Iron, aluminum, copper and gold
are the heavyweights, worth more than $ 10 billion
per year. They are followed by zinc, nickel, lead,
platinum elements, silver, manganese, cobalt,
metallic magnesium, tin, uranium and molybdenum,
each worth $ 1 billion plus. Seven metals at the end
of the spectrum (this does not include individual
metals in the rare elements and platinoid groups)
are probably worth several million dollars or less
per year, but precise production and value figures
are lacking.
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1.1.3. Present metals supplies

Present supplies of industrial metals can be primary,
secondary or both. This distinction is important as it
influences production statistics and determines
demand for new metals supplied by the mining
industry each year.

Primary or “new” metals are recovered from
newly mined, or stockpiled, ores, then added to the
existing inventory of industrial metals for the first
time. Most primary metals have been extracted at or
near sites of source ore deposits and are credited, in
statistics, to a certain country or territory (e.g.
copper production of Chile; gold production of
Nevada). Such production figures are geologically
meaningful as they indicate local mineral
endowment and/or “specialization” on a certain
metal. In a minority of cases metals are produced
from imported ores and the metal production is
credited to the country where the smelter is located.
The best examples are Canada and Norway, both
important producers of aluminum, 100% locally
smelted from bauxite ore imported from overseas.
Neither country has domestic bauxite deposits and
there is virtually no likelihood that any would be
found in the future, but both countries have cheap
and abundant electric power that constitutes about
60% of the cost of “new” aluminum. It is thus
economic to import bauxite from Guinea or Jamaica
using cheap sea transport, add local energy, then
export the surplus aluminum not required by
domestic industry. Should it become economic to
recover aluminum from hard silicate rocks such as
anorthosite or nepheline syenite in the future,
Canada and Norway would become self-sufficient
in the required raw materials. Many if not most rare
and specialty metals such as the rare earth elements,
indium, scandium, thallium, tellurium and other
metals are by-products smelted and refined from
ores imported from many sources for the recovery
of the more abundant metals (e.g. copper, lead, zinc,
titanium, zirconium) in specialized smelters and
refineries in Europe (e.g. Hoboken in Belgium),
Peru (Oroya), Australia (Port Pirie), United States,
Japan and China.

Secondary (recycled) metals once entered human
civilization as primary metals where they assumed
residence lasting from several days (as with “new”,
pre-consumer scrap) to several millenia (metallic
objects from the distant prehistory now in
museums). Metals that are a part of the cumulative
“civilization inventory” are in plain view all around
us (vehicles, rails, utensils, coins) or they are
concealed (construction steel in buildings, electric
wiring, gold reserves in central banks) and they
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have a variable “service life” during which most
suffer partial dispersion (such as weight reduction
of coins and rails due to wear). At the end of their
lifetime metals are either wasted, recycled or
reallocated. Wasted metals are lost from inventory
whereas recycled and reallocated metals join and
enlarge the supply of primary metals in any given
year.

Recently, the Minerals Yearbook, now published
by the U.S. Geological Survey (previously by the
now defunct U.S. Bureau of Mines) started to
compile and publish statistics on the “release to
environment” (read waste) and
“transfers”(recycling and reallocation) of industrial
metals. The data, yet incomplete, are instructive but,
unfortunately, applicable to the United States only.
An example: of the total 1995 U.S. supply of
(entirely imported) chromium of 1,790,000 tons,
10,500 tons was released into the environment (i.e.
lost), 8,460 tons was impounded to land (i.e. it
ended up in garbage dumps and landfill). 69,300 t
of the Cr was transferred, the bulk (56,700 t)
through recycling. Most of the transferred
chromium reappeared as a component of the next
years metal supply, reducing the demand for
primary chromium by less than 4%. This is very
minor compared with lead 66.8% of which was
recycled, in the United States, in 1996 (read
bellow). Metals transfer statistics for the rest of the
world are very sketchy.

Reallocated metals include two main categories:
1) metals (and other commodities) released from
United States’ (and some other governments)
strategic stockpiles, and sold on the open market;
2) periodic sales of precious metals such as gold,
platinum and silver held by central banks or
hoarded by investors (or royal houses).

1.2. Metal prices

Industrial metals are mineral commodities, that is
articles of trade or commerce. Metal prices are
widely used in statistics and quantitative studies,
including this book, but one must know what the
numbers mean and as to whether they are
appropriate for the given purpose. Also, a great
accuracy should not be expected despite the
quantitative figures, and conclusions reached should
be considered approximate only.

Commodity prices in general are established at
stock exchanges, based on supply and demand in a
particular time. In the minerals trade most
processed pure metals are a commaodity, but various
alloys (e.g. ferroalloys like ferronickel), compounds

(like alumina), raw metals (like blister copper or
titanium sponge), mineral concentrates, ores (like
bauxite, chromite or iron ore) are listed and
marketed commaodities as well. Most global metal
prices are determined at the London Metals
Exchange (LME) and widely published in
specialized bulletins, trade journals and, in case of
the common metals, in many daily newspapers. The
prices change on daily basis and the recent price
movements, as well as historical data, are
extensively covered in the literature (for example in
the U.S. Geological Survey Mineral Yearbooks; in
Mining Annual Reviews; in Crowson’s “Minerals
Handbooks”, e.g. Crowson, 1998), together with
graphs. Reference literature usually provides an
average price of a metal (commodity) in a given
year and, sometimes, a period average (several
years, decade). Averaged period prices of the
common industrial metals, corrected for inflation
(e.g. quoted in constant 1990 dollars) change
relatively little, but specialty metals often undergo
wild swings as their stocks fluctuate and their
momentary applications come and go. The peak
price of $ 30/Ib Mo in 1979 went down to $ 3/Ib the
following year, causing mines closures and
preventing development of the "giant" Quartz Hill
Mo deposit in Alaska (Ashleman et al., 1997).
Substitutes are inevitably found for metals the price
of which went out of hand, causing drastic drop in
demand and price collapse (example: substitution of
silicon for Ge in electronics in the 1960s-1970s).

Metal prices clearly influence profitability so
they are a paramount variable in feasibility studies
and all sorts of forward planning and speculation.
High metal prices make it possible to mine low-
grade ores, hence the cut-off grade could be placed
quite low. Low metal prices cause deferment of
mine projects and start-ups and cause operating
mines caught in sharply declining price spiral to
resort to "high-grading” or at least momentary
mining of the higher-grade blocks, leaving the low-
grade material for better times. Some of the heavily
regulated metals of strategic importance, like
uranium, have had their resources quoted in terms
of several fixed cost categories; these were, in the
1960s-1970s, as follows: 1. <$ 80/kg U; 2. $ 80-
130/kg U; $ 130-260/kg U (Dahlkamp, 1993).

Tin is the only metal subjected to several
attempts by the producing countries, successful over
a period of time, to stabilize, control and increase
the world price of this commodity. The beginnings
of the tin cartel go back seventy years when the
International Tin Committee applied a set of supply
controls to reduce wild price fluctuation during the
Great Depression. Its post-war successor, the



International Tin Council, was established in 1956
and it included both major tin producing and
consuming countries. A series of agreements for
five year periods established floor, ceiling, and
average price for tin applied to transactions among
the members. Price equilibrium was maintained by
means of export controls based on production
quotas assigned to each member country and by
buffer stocks. The buffer stock, into which the
member countries contributed, had to purchase tin
on the global market when the world price of tin
approached, or fell below, the floor of the
agreement price. If the world price exceeded the
agreement ceiling, the stock had to sell tin.

The tin agreements worked quite well for over 25
years, bridging several price declines of other
metals such as copper, zinc and lead. The tin price
ceiling, at US$ 1.10/lb in 1956, reached the
unrealistic US$ 7.25/Ib in late 1981 (the 1997 tin
price was about US$ 2.50/Ib), yet the Agreement
price was never reduced. The 1981-1982 recession
sharply depressed tin consumption and the
artificially high price prevented recovery. The
consumers reduced tin use or resorted to substitutes,
non-members of Tin Council increased supplies,
and there were illegal tin exports. The buffer stock
had to pay high price to buy abundant tin offerings,
borrowing money in the process and finally running
out of cash. The end came in 1985 when the
International Tin Agreement collapsed. The tin
price plunged, the accumulated tin in buffer stock
was insufficient to pay back the loan, creditors lost
money, mine closures followed, and tin exploration
died out.

Table 1.2. and Fig. 1.2 show mineral commodity
prices, that include metals, based on late 1980s-
early 1990s averages as recorded in the U.S. Bureau
of Mines Mineral Yearbooks. An enormous range
of industrial metals prices is instantly apparent,
spread over nine orders of magnitude (or 15 orders
if ultra-rare metals like radium are included). There
is a general correlation between metal price and
metal scarcity as it follows from geochemical
abundances (discussed in Chapter 3) where, as
expected, the rare metals like gold are more
expensive than the common metals like aluminum
and iron. There are, however, numerous exceptions
where some abundant metals appear overpriced
(e.g. titanium) and some scarce metals underpriced
(like antimony or mercury). In case of titanium this
is clearly the consequence of a very high cost of
production of a geochemically abundant metallic
titanium (Ti compounds such as titania, TiO,, are
much cheaper). The low price of antimony and
mercury is the consequence of market forces (both
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metals are on the losing side of industrial
applications hence the demand is decreasing), and
also the fact that both metals form high-grade
deposits that are cheap to mine and process. There
might be some geochemical factors involved as
well. One of them is the possibly inaccurate Sh and
Hg clarkes (too low? read Chapter 3), the other an
exceptional metallogenetic productivity, in other
words natural tendency to form highly concentrated
local metal accumulations (orebodies) from
geochemically widely dispersed substances.

Metal prices, as reviewed above, are widely used
to put value on orebodies in ground (e.g. a deposit
with 1 million tons of copper could be said to be
worth $ 2 billion using the approximate average
price of 1t Cu=$ 2,000; it could be worth even more
if there are by-product Mo, Ag and Au), value of
unmined resources in a territory, value of ore
metal(s) per square kilometer or per unit of
population, and similar. The results look accurate
and convincing to some and are sometimes used in
planning and prediction of industrial potential but
they are not “real world” indicators of economic
viability and profitability because it costs a lot to
find a viable orebody, then to mine the ore and
extract the metals. The profit equals the sale price
of metal (commodity) minus the costs and the profit
margins tend to be slim for most metals and
occasionally negative. The next paragraph shows
how the hypothetical costs of successive products in
a typical “hot” copper extraction process rapidly
increase when value is added, to eventually reach
the LME price for electrolytic copper. Some semi-
products could be marketable commodities in their
own way, for example Cu ore sold to a nearby mill
owned by another company; concentrate shipped
overseas; smelter copper.

1. Bulk (low-grade, e.g. 0.5%) copper ore,
$ 15.00/t

2. Medium grade ore, e.g. 3% Cu,
$ 50.00/t

3. Handpicked, almost pure chalcopyrite
lump concentrate; 20% Cu, $ 200.00/t

4.  Chalcopyrite mill concentrate; 30% Cu,
$ 600.00/t

5. Blister copper, $ 1000.00/t

6. Copper scrap (urban, inhomogeneous)

$ 1100.00/t

7.  Copper scrap, industrial, homogeneous
$ 1900.00/t

8.  Electrolytic copper, cathodes
$2000.00/t

9.  Electrolytic copper, casted bars or rolled
wire $ 2100.00+/t
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It is also obvious that profitability of a deposit could
increase enormously when a cheaper extraction
technology (or an economy of scale) is applied, and
some of the production steps listed above are
eliminated. In case of copper this has been achieved
by the technology of direct orebody, or heap, acid
leaching followed by copper electrowinning from
solution. There, three stages in the traditional hot
(i.e. involving smelting) technology have been
eliminated. The real value of the copper contained
in one ton of Cu ore, in terms of return on
investment, is thus substantially lower than the
LME price of an equal amount of refined metal.
Historical statistics of actual commodity sales,
especially if converted into constant dollars, are
thus more accurate indicators of value and
profitability.

Table 1.2. Typical mineral commodity prices as they had
been in the 1980s and 1990s. Compiled from data listed
in the U.S. Geological Survey reports. The prices are in
U.S. dollars.

Commodity Price $/t
Sand and Gravel $5.00
Stone, crushed $5.00
Helium* $11.00
Gypsum $12.00
Sand, chemical $18.00
Iron ore $27.00
Dolomite $35.00
Bentonite $40.00
Nepheline & phonolite $43.00
Chromite $50.00
Limestone $50.00
Iron $55.00
Cement $56.00
Feldspar $60.00
Potash $60.00
Slate (roofing) $60.00
lImenite concentrate $62.00
Clays $70.00
Phosphates $70.00
Pyrophyllite $70.00
Mica $80.00
Sodium carbonate $83.00
Barite $90.00
Perlite $90.00
Sodium sulfate $95.00
Magnesite $120.00
Ocher $130.00
Nitrates $140.00
Zircon concentrate $148.00
Fluorite $150.00
Salt (halite) $150.00

Sulfur $150.00

Andalusite
Bauxite
Halloysite
Pumice
Kaolin
Kyanite
Nitrate (Chilean)
Sillimanite
Talc
Vermiculite
Wollastonite
Diatomite
Garnet
Corundum & emery
Spodumene
Rubidium
Asbestos
Graphite
Rutile concentrate
Monazite
Alumina
Pyrite

Borax

Lead
Strontium
Zinc
Manganese
Mn oxide
Quartz crystal
Aluminum
Cesium
Copper
Cadmium
Titania
Boron
Antimony
Li carbonate
Magnesium
Arsenic
Rare Earths
Tin
Selenium
Bromine
Bismuth
Nickel
Lithium
Mercury
Molybdenum
Tellurium
Chromium
Titanium
Tungsten
Vanadium
lodine
Neodymium
Lanthanum

$160.00
$160.00
$180.00
$190.00
$200.00
$240.00
$240.00
$240.00
$260.00
$260.00
$300.00
$330.00
$340.00
$400.00
$400.00
$450.00
$500.00
$500.00
$550.00
$600.00
$700.00
$700.00
$800.00
$800.00
$800.00
$880.00
$900.00
$900.00
$1,200.00
$1,505.00
$2,300.00
$2,400.00
$2,800.00
$2,800.00
$3,200.00
$3,240.00
$3,300.00
$4,300.00
$4,500.00
$4,500.00
$6,400.00
$7,530.00
$7,700.00
$7,800.00
$7,800.00
$8,000.00
$9,320.00
$10,000.00
$10,000.00
$11,400.00
$13,000.00
$14,000.00
$14,000.00
$15,000.00
$19,700.00
$23,000.00



Cerium $28,500.00
Uranium $33,000.00
Praseodymium $38,850.00
Tantalum $60,000.00
Cobalt $61,000.00
Thorium $70,000.00
Scandium $90,000.00
Thallium $90,000.00
Yttrium $90,000.00
Indium $112,000.00
Dysprosium $132,000.00
Gadolinium $136,500.00
Silver $170,000.00
Samarium $175,000.00
Erbium $190,000.00
Yitterbium $230,000.00
Hafnium $308,000.00
Beryllium $340,000.00
Palladium $410,000.00
Holmium $510,000.00
Gallium $520,000.00
Rhenium $800,000.00
Terbium $880,000.00
Germanium $900,000.00
Ruthenium $1,200,000.00
Europium $1,650,000.00
Thulium $3,600,000.00
Lutetium $7,000,000.00
Rhodium $9,000,000.00
Gold $12,000,000.00
Osmium $12,600,000.00
Platinum $12,800,000.00
Iridium $15,000,000.00
Diamond $225,000,000.00

1.3. Future metal supplies
1.3.1. How much metals will be needed?

Government planners, corporations, investors,
speculators, futurists would all like to know what
the future societal needs of commaodities, in our
case metals, will be and, once this is known, where
the required supplies will come from. In this
paragraph we will focus on the first half of the
question, making use of the time-tested approach of
projecting the past. We are particularly interested in
the future supplies of "new" (mine/smelter) metals
and this requires consideration to be given to
supplies of the "secondary" metals, as well as to the
means of reducing the anticipated demand. This is
treated in some detail below.

U.S. Geological Survey (previously U.S. Bureau
of Mines) Mineral Yearbooks, Mineral Facts and
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Problems and most recently Mineral Commodity
Summaries available on internet
(http://minerals.usgs.gov/minerals/pubs/mcs/2003)
have been providing, for several decades, the best
available United States’ and global statistics on
provenance of industrial metals. The same
publications, and several other sources (mostly
mining journals and related annual reviews; global
to national yearbooks and statistical compilations)
also keep providing information and opinions about
short term metals demand, price and supply
forecasts. The accuracy and reliability of
information varies and the conclusions reached
apply at best to some two or three immediately
following years. To make a case for the future of
minerals industry that includes the risky business of
exploration, long term forecasts are needed.

Published forecasts rely mostly on projections of
historical trends supported by assumptions popular
in the period. Most projections made in the past, as
in the 1970s (e.g. Mineral Resources Perspectives
1975; U.S. Geological Survey Professional Paper
940) turned out to be grossly inaccurate to outright
wrong, which compares favorably with political
predictions made in about the same time: none of
them (except for few dissidents) predicted
dissolution of the Soviet Union and disintegration
of the world’s communist block! Having no better
means at hand, this book has to follow the same
forecasting pattern, although we will consider a
greater range of alternative scenarios.

Figure 1.3. graphs the rates of world’s yearly
productions (not a cumulative production!) of seven
selected metals, from antiquity to the year 2003.
The reliability of data decreases with age and the
very old figures are just guesstimates supported by
a small number of historical information. Sustained,
locally almost exponential growth of yearly
productions is apparent since the start of the
Industrial Revolution to approximately the 1950s.
This applies equally to the “metals of antiquity”
(Au, Cu, Fe, Sn, Pb) as well as the newcomers like
aluminum and nickel. After 1950 the production
growth curve for tin has reached a plateau and lead
seems to have peaked in the mid-1970s, with mine
production decreasing since. The total yearly lead
supply, however, still increases slightly but this is
due to contributions from recycled lead. Is the
plateauing, or reversal of the rate of metal
production, a preview of the eventual trend for most
metals, especially those hurt by cheaper and often
more effective substitutes?
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Figure 1.2. Graphical representation of the typical metal prices of all mineral commaodities in the 1980s-1990s, as listed in

Table 1.2. The prices are in US$ per one ton, except for gases (e.g. helium) that are per cubic meter

like Craig et al.1988; Kesler, 1994, Holland and
Petersen, 1995 and several recent papers; even the
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Figure 1.3. Trends of generally rapidly increasing annual production (not cumulative production) of seven selected

metals, from antiquity to about the year 2000

Although their figures differ, they all conclude that
the present exponential population growth will
continue for at least several more generations to
finally stabilize towards the end of the 21 century.
By that time the Earth would have to support some
12 billion people or more, that is at least twice the
present population count of 6.5 billion. Unless this
teeming mass of humanity partially self-destruct
(Diamond, 2005), it will require at least the present
amounts of per-capita mineral supplies. If there is a
two or three-fold population increase between now
and 2050, the commodity demand in 2050 will be
approximately equal to the present demand times
two or three; in concrete terms for copper some 16
or 24 million tons Cu.

Consumption per capita: In developed countries
consumption of commodities per capita has
increased rapidly in the post-World War 2 period,

sometimes dramatically, resulting in
overconsumption and increasing production of
waste. The consumption increased substantially in
the underdeveloped countries as well, but the gain
has been wiped out by the exponential population
growth. The reality is that even if the world’s
population stabilizes in the future (it has stabilized
in some “mature” countries like Italy, Germany,
France, Russia or Hungary where, however, it is
being reversed by immigration from the rapidly
growing populations), the consumption is predicted
to continue to grow together with increasing
affluence. Under the predominantly market
philosophy that guides the present world “growth is
good”, hence consumption is good, the demand for
mineral resources is bound to increase.

The consumption of mineral commodities,
however, does not increase regularly and uniformly
but in the form of localized bursts driven by rapid
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industrialization, growth of national prosperity
measured by per-capita share of the gross national
product, and export-oriented manufacturing.
Presently, China followed by India provide the
fastest growing commodity market. Since 1990
copper consumption in China has grown at a rate of
12% per year and aluminum at 14% per year,
making the country the world’s second largest Cu
and Al consumer (Humphreys, 2002). India, despite
its image of a poor overpopulated country, is the
world's largest consumer of gold. Previous
consumption related to rapid industrialization bursts
took place in Japan (1960s-1970s) and in South
Korea, Taiwan and Singapore (1970s-1980s).

There is, however, a great inequality around the
world in consumption of goods that include
minerals, as “one quarter of the world’s population
that inhabits industrialized countries absorbs more
than three-fourths of the world’s nonfuel minerals
production” (Barney et al., 1980, The Global 2000
Report to the President), leaving the rest of
humanity undersupplied. Baring drastic changes to
lifestyle in the “post-industrial” society into a
paradise-like high-tech playground as imagined by
some futurists (e.g. O’Neill, 1981), or more likely a
fragmented world periodically lashed by calamities
like wars, pandemics or famine (Ophuls, 1977). It
could be realistically assumed that consumption of
metals will increase at least twice or three times by
the year 2050.

At least 50% of supply will have to be “new”
metals. If so, the mineral industry will have to
deliver, between now (2005) and 2050, some
22,275 mt of iron, 1,451 mt of aluminum, 418 mt of
copper, 323 mt of zinc, 113,850.t of gold. Figure
1.4. shows the historically accumulated inventory,
known reserves and estimated resources of gold in a
variety of source materials, and gold demand based
on zero % and 4.1%l/y, growth. A massive change
of public attitude such as “one cannot eat gold”, and
fashion, could cause a sharp drop in gold demand,
leaving the yellow metal with some 20% of the
projected demand only that has practical industrial
application, and crippling markets for such non-
productive gold applications like treasury hoards
and, partly, jewelry.

Adequacy of future metal supplies: To address
future supplies of metals, most classical texts
plunge, without preliminaries, into the topic of
geological aspects that control ore formation and
occurrence. This indeed is the principal mission of
this book but we will address it later, once the
numerous other factors bearing on adequacy of

future metal supplies outside geology, geochemistry
and metallogeny fields have been examined.

Metals” and minerals’ production is driven by
industry and consumers’ demand (“the markets”)
and the demand has been increasing steadily for
most commaodities, but not in a very predictable
way for some of them. Antimony, lead and
mercury, strategic metals in times of World War 2,
have lost much of their industrial applications, in
case of Pb and Hg mainly on the basis of their
toxicity to humans and the environment. Asbestos, a
nonmetallic commodity, suffered similar fate. This
drop in demand, resulting in reduced production
hence in extension of the static life of resources
known then, had not been correctly predicted
(forecasted)  mainly  because  environmental
awareness counted for little in the 1940s and 1950s.

Consumption of other metals, on the other hand,
advanced rapidly and demand matched by
production grew steadily and almost exponentially
(aluminum). Others, mainly some minor and
specialty metals, have experienced short bursts of
phenomenal demand and price increase, followed
by sudden drop in demand, price collapse and in
many cases return to the pre-peak insignificance.
This happened, in the period between 1950 and
2005, to germanium, beryllium, tantalum, gallium,
and to a lesser degree uranium, platinum metals,
tungsten. Radium, the pre-World War Il expensive
miracle metal, has suffered total wipeout. Some
metals still wait for a meaningful industrial
application (thorium), others are underutilized with
huge known resources but relatively low demand
(niobium, most rare earth elements).

Commodity demand and price forecasting is thus
a risky and uncertain business and the assessment of
resources adequacy double so. At the present level
of industrial efficiency and affluence achieved by
developed countries it appears that any industrial
metal required could be supplied by the globalized
industry to anyone who can pay, from existing or
newly discovered deposits, so far always found in
time to meet the demand. No long-term shortages of
industrial metals are anticipated in the near future,
based on the contemporary philosophy. This is very
different from the supply situation in the not too
distant past, especially in times of war, where the
need for strategic minerals (and even more so
energy resources) often determined the military
campaigns. As late as in the 1970s, numerous
government and private studies predicted severe
supply shortages of various commodities due to
exhaustion of available deposits, on the global or
national (especially United States') basis.
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GOLD DEMAND IN THE 21nd CENTURY AND THE POSSIBLE “PRIMARY” RESOURCES
Peter Laznicka (1996)
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Figure 1.4. Various speculative scenarios about the future demand and supply of gold based on projection of the present

trends. From Laznicka (1996)

So, according to the Club of Rome, 1972, in Limits
of Growth; Brobst and Pratt, eds. (1973); Morgan,
(1976) and others, by 1990 the world should have
ran out of antimony, tungsten, silver, and some
other metals. These assumptions have generally
been proven wrong in the following decades
(Bender, 1977, 1982) and the opposite happened.
There has been an oversupply of mineral
commodities for the past 20 years and a steady
decrease of the real price of most metals. Kesler
(1994) provided a very readable explanation for this
situation in the introductory chapter of his textbook
and warned that this state of affairs was temporary.
So did Holland and Petersen (1995).

1.3.2. Reducing demand for “new” metals

Although this book makes a point that future
demand for industrial metals is going to continue,
the question of importance for the primary metal
producers (and ore finders) is how much metals will
probably be needed and what proportion of the
supply will have come from the traditional
mine/smelter providers of “new” metals. To make
an acceptable educated guess, we have to briefly
review some of the conditions that reduce the

demand for “new” metals now and possibly in the
future, as well as alternative sources of other than
“new” metals likely to contribute to future supply.
Recycling is already the most obvious and relevant
contributor to metal supply and it is growing
because of environmental concerns and improving
organization of scrap collecting. It is also possible
that with the growing inventory of metals in active
use, cumulatively contributed by mining industry
over the years, a point might be reached when the
world's metals inventory develops into an almost
closed system constantly renewing and recycling
itself, with only a small quantity of “new” metals
needed to replenish losses caused by wear and tear
and to supply new growth. This scenario needs to
be seriously considered by planners should the “no
growth” state of human population and economy,
advocated by some futurists (e.g. Ophuls, 1977),
ever come. The following is a selection of
mechanisms capable of reducing the "new" metals
supplies, now and in the future.

Recycling
Recycling is the single largest source of secondary

metals added to annual metals supply (Henstock,
1996). Because of the recent publicity given to
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recycling, considered mainly from the premise of
environmental conservation rather than extending
metals supply, there is a widespread public
perception that recycling is a modern phenomenon.
This is false. In the past, when most metals
constituted a scarce and costly commodity produced
in small quantities and when labor was cheap,
virtually no metals were wasted and metallic objects
at the end of their productive life were mostly
reconstituted (reshaped) by local tradesmen, outside
the realm of national statistics. This practice still
persists in developing countries but in the rich
industrialized societies this is limited, if at all, to
precious metals (e.g. refabrication of jewelry). The
more recent state-organized recycling, that had the
purpose to extend the supply of strategic metals
under conditions of restricted supply, took place in
times of emergency such as wars. Germany and
Great Britain during World War 11 achieved the
greatest efficiency.

Mass industrial production in the post-World
War 1l years, rapid increase of wealth in western
industrialized countries, introduction of disposable
consumer packaging (food and beverage cans) and
mass ownership of automobile has resulted in a
rapidly increasing volume of waste that included
metals. A peak was reached in the 1960s-1970s,
symbolized by the (mostly American) car
cemeteries. This trend has started to reverse
following the “environmental decade” of the 1970s;
the car cemeteries are gone, transferred to wrecker
and recycler yards, but as recently as in 1986 the
municipal waste in the United States has still
contained 8.8% of metals representing 864 kg/year
per capita. Comparative figures have been 8% of
metals in waste in Great Britain; 7% in Australia;
3.2% in Germany; 1.3% in Japan (World Resources
1992-93). The situation now (in 2004) is about 40%
improved.

Although not yet perfect, mass recycling in
industrialized countries is now better organized and
universal, and it contributes increasingly more
significant quantities of secondary metals to
national and global metal supplies via scrap
processing (Rao et al, eds, 1995). Minerals
Yearbook discriminated between “new” (pre-
consumer) and “old” (post-consumer) scrap. The
former is generated in smelters, refineries and
fabrication plants, is invisible to the public, and
much of it is recycled in the same enterprise (the
rest is sold). The latter consist of domestically
recycled metals of which 78 million tons worth $ 18
billion have been generated, in 1996, in the United
States alone. The 1996 U.S. metal supply contained
the following percentages of recycled metals: lead,

66.8%; metallic titanium, 48%; aluminum, 39%;
iron, 39%; copper, 35.1%; metallic magnesium,
35%; nickel, 32.4%; tin, 29%; zinc, 26.1%;
selenium, 29%; chromium, 20.5%; tantalum, 20%
(Minerals Yearbook, 1996). This is an improvement
on the situation in 1983, shown on Table 1.3.
Metals with few applications that absorb most of
the yearly metal supply such as lead (for storage
batteries) achieve the best recycling rates, especially
when the metal component is sealed, protected from
dispersal, and collected by a single industry
(automotive servicing). Recycling data for the rest
of the world are incomplete and with few
exceptions  (Germany, Japan,  Switzerland,
Scandinavia) lower to much lower than the U.S.
results. As an example, the 1996 world supply
contained 16% of recycled copper; 17% of
aluminum; about 35% of (mostly reallocated) gold.
The percentage of recycled metals in yearly global
commaodity supplies keeps increasing, although not
uniformly: many metals, especially minor
components of alloys, are dispersed or recycled
without a record. It is not clear when a recycling
peak is going to be reached and what would its
magnitude be. What is clear is that secondary
metals are a significant component of the present
supply of industrial metals, that their importance is
increasing, and that the geological/exploration
community should pay attention that has been
hitherto minimal.

Table 1.3. Proportion of "old scrap™ (recycled, used and
discarded metals) in the total yearly supply of industrial
metals, as in 1983. Calculated from data in the U.S.
Bureau of Mines "Mineral Facts and Problems", 1985
edition.

Metal % of old scrap, % of old scrap,
USA world
Steel (Fe) 46%
Lead 45% 38%
Antimony 43% 54.5%
Tungsten 31.9% 20.6%
Mercury 27.6% 14.8%
Nickel 25% 25%
Copper 22% 22.6%
Silver 21.5% 44.2%
Aluminum 15.13% 8.8%
Platinum metals  14.8% 15.2%
Magnesium 13%
Zinc 7.24% 5.57%
Gold 5-10%
Tin 3.16% 2.17%
Cobalt 2.9%




Product downsizing

Consumer products that underwent significant
downsizing in the affluent societies in the past thirty
years, hence material saving, include automobiles
and electronic products such as radios and
computers. Products that underwent increase in size
or volume include houses and daily food
consumption. This is reflected in the per capita
increased demand for construction materials (most
of which are nonmetallics) and decreased per capita
demand for metals in the 1990s.

Elimination constituent
materials

of products and

It is hard to imagine that as late as during the World
War 2 commodities such as sheet mica and
antimony were on the strategic minerals list, i.e.
critically important and in short supply. Muscovite
had been used as an insulator, especially as a non-
conductive base for copper conductors in many
electrical applications. Sb+Pb alloy was the
mainstay of typography. Most insulators are now
synthetic while computerized phototypesetting,
xerography and other printing techniques eliminated
the need for antimony. These metals have now been
marginalized and their production depressed or
eliminated altogether.

In the mid-1980s a technological change in
manufacturing of the ubiquitous 450g or similar
steel "soup can", used for food packaging, took
place. The old can model with soldered seam, each
consuming several grams of tin, has been
substituted by a one-piece pressed model. This
eliminated some 50% of world's tin demand and,
combined with collapse of the International Tin
Agreement (read above), devastated the world's tin
industry.

Substitution

Markets can suddenly develop or collapse with
material substitution, an event that has far-reaching
consequences for the commodity supplier (Jewett,
1986). This has several causes: a) the newly applied
material is superior to the older; b) the price of the
original ingredient increased so the manufacturers
have turned to a substitute, even if inferior; c)
deposits of the original raw material became
exhausted; d) supply was interrupted or greatly
reduced; e) government legislation interfered with
markets, for example by putting toxic or otherwise
harmful commodities outside the law.
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a) is exemplified by rapid change of the principal
materials used in aircraft manufacturing in the past
twenty years. Airbus Industries alone used 76%
aluminum, 8% steel, 8% titanium, 5% other
materials, and 3% composites in 1980s whereas the
consumption projection for the year 2000 has been
46% composites, 34% aluminum, 9% titanium, 6%
steel, and 4% other materials.

b) In the mid-1970s the price of copper suddenly
increased so manufacturers of the standard house
electrical wire started to market the cheaper
aluminum wire. This caused some troubles resulting
in several fires (by short circuits), widely publicized
by the media. The house insurance increased for Al-
wired residences and demand for aluminum wire
dropped. Soon the copper price returned to normal
and with it the time-tested copper wire.

c) It is little known that the most successful
technology of aluminum recovery, hot electrolysis,
uses molten Al fluoride bath and that the original
natural ingredient, the mineral cryolite (NazAlFs),
came from a single known mineral deposit in the
world, Ivigtut in Greenland, now exhausted. The
aluminum industry, started on cryolite, had to
develop an early substitute, a synthetic Al fluoride,
from the available more abundant raw materials:
bauxite (calcined and refined to alumina) and
fluorite.

d) Supply reduction or interruption of raw
materials flow is most intense and pressing in the
time of major conflicts, so it is not a surprise that
many new, now universal technologies of
commaodity manufacturing, have been developed in
times of war initially as a measure to alleviate
shortages caused by interrupted supply. About the
greatest technological achievement of World War 1,
from which the mankind benefits, has been the
process of manufacturing synthetic nitrates from
atmospheric nitrogen, developed in Germany. The
direct impetus for this was the interruption of
supply of natural Chilean nitrates that were essential
for the war effort (nitrates were the main ingredient
of classical explosives and gunpowder). World War
2 contributed much more. In addition to the
utilization of nuclear power, first for destructive
purposes and later for power generation which
inaugurated uranium as a commodity in instant
demand, it contributed a viable process of gasoline
manufacturing from coal developed in Germany
(then temporarily abandoned over most of the world
except South Africa in the post-war period), and the
process of extraction of metallic magnesium from
sea water developed in Great Britain. It is
interesting to trace the changing uses of uranium
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throughout the ages, and the demand it created

(Dahlkamp, 1993):

e 1500s: Pitchblende, the heavy but then useless
companion of silver in some Erzgebirge deposits
(Jachymov, Johanngeorgenstadt), was dumped

e 1789: Klaproth discovered U as a new element

e 1825-1900: U used as glass and porcelain color
pigment (fluorescent yellow, orange, green) and
about 750 t U were produced from mines in the
Erzgebirge, Cornwall, western United States

e 1898: P. and M. Curie discovered radium in
pitchblende from Jachymov and shortly afterward
radium was used for radiation therapy of the very
rich. The 1906 price for 1 gram Ra of $ 10 million
came down to $ 120k in 1913 and $ 70k in 1926.
Known and newly discovered uranium mines of the
~1906-1938 period produced Ra (about 547 grams
were produced worldwide in this period), with little
use for the uranium co-product

e 1939-1960: Discovery of nuclear fission and a
promise of powerful weaponry led to accelerated
exploration, exploitation and extraction of U%® and
synthesis of plutonium through chain reaction, with
world's production reaching 10° tons U/year;

e  1951-present: First nuclear power plants have been
born and, gradually, demand for uranium as nuclear
fuel has taken over U supplies for military uses.
Even the depleted U (mostly U?®) found a use as
armor-piercing shells.

e) Government regulations. Some governments
regulated, to some extent, mining and processing of
strongly toxic substances such as arsenic and
mercury already in the distant past, but the mass
preoccupation with the real as well as imaginary
health hazards related to minerals is largely a legacy
of the 1970s, the Environmental Decade. The
content of Hg and As in consumer products like
thermometers or rat poison has been reduced to a
minimum or outlawed entirely. Restriction on the
use of the less toxic metals such as lead, cadmium,
thallium (including the toxic as well as radioactive
uranium) resulted in elimination of such formerly
common consumer products like lead ingredient in
gasoline, cadmium-based paints, and thallium-
containing rodent killers. Lead has been virtually
eliminated in the paint pigment market with
exception of pigments used in industrial primers, as
in ship hull preparation. The universal substitute in
the important category of white household pigment
has become titania and this created tremendous
demand for TiO, the bulk of which comes from
beach sand deposits. The future of the lead shot
used by Canadian sports hunters is also bleak as
more ducks are said to die from lead poisoning by
ingesting spent ammunition than by being hit by it.
The solution ? Probably silver-coated lead pellets!

1.3.3. Ou sont les métaux por avenir?
Future ore deposits, conventional and
non-conventional

The French quotation above (“where are the metals
for the future”) is borrowed from the title of Pierre
Routhier’s book (Routhier, 1980). There, Professor
Routhier tied the future metals supply directly to
geological sources in discrete ore deposits
formulated in terms of the then relatively new plate
tectonic model, heralded as the principal intellectual
tool of future metals discoveries. The reality of
future ore finding is more complex and in addition
to the classical ore deposits numerous non-
traditional geological metal sources will likely
contribute a share of metals (Figure 1.5). The main
body of this book is dominated by giant
conventional deposits although unconventional
resources are also discussed in the context of
depositional environments  and lithologic
associations. They are briefly summarized below.

Unconventional mineral commodity sources

What are unconventional metal sources? They
could be geological materials (i.e. rocks and
aggregates) that contain metals in (much) lower
concentrations than the conventional ores; they
could be geological materials utilized for other
purpose than metal extraction (e.g. as energy
sources, such as coal or petroleum), the trace metal
content of which could be recovered during
processing; it could be