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PREFACE TO THE
SECOND EDITION

Since the first edition was published much has changed in the mineral exploration business. It has
been through one of the sharpest downturns since the 1930s and the industry has become truly glo-
bal, with many mergers and acquisitions of mining and exploration companies. Indeed, conditions
at the time at the time of writing appear to have moved back to boom driven by increasing demand.

We have tried to maintain a balance between principles and case histories, based on our experi-
ence of teaching at senior undergraduate and postgraduate levels. We have attempted to reflect the
changing mineral exploration scene by rewriting the sections on mineral economics (Chapter 1)
and the increased emphasis on public accountability of mineral exploration companies (Chapters
10 and 11), as well as updating the other chapters. One of the major areas of advance has been
the widespread use of information technology in mineral exploration. We have added a chapter
(Chapter 9) dealing with the handling of mineral exploration data. Although we do not advocate
geologists letting their hammers get rusty, the correct compilation of data can help expedite
fieldwork and improve understanding of deposits for feasibility studies.

The case histories are largely the same as the first edition although we have replaced a study
on tin exploration with one on diamond exploration. This details one of the major exploration
successes of the 1990s near Lac de Gras in arctic Canada (Chapter 17).

Another of the trends of the last few years has been the decline in the teaching of mining-related
subjects at universities, particularly in Europe and North America. We hope that the contents of
this book will help to educate the geologists needed to discover the mineral deposits required for
future economic growth, whether or not they are studying at a university.

The two of us have taken over editorship from Tony Evans who has completely retired. We are
both based in western Europe, although we manage to visit other continents when possible, and
one of us was commuting to southern Africa when this edition was completed. Inevitably the
examples we mention are those with which we are familiar and many readers’ favorite areas will be
missing. We trust, however, that the examples are representative.

We owe a debt of thanks to reviewers of the additions: Ivan Reynolds of Rio Tinto for
comments on Chapter 2; Jeremy Gibbs of Rio Tinto Mining and Exploration Limited for his help
with Chapter 6; Peter Fish, John Forkes, and Niall Weatherstone of Rio Tinto Technical Services
for their helpful comments on Chapters 10 and 11; Paul Hayston of Rio Tinto Mining and Explora-
tion Limited for comments on John Milsom’s update of Chapter 7; and Andy Davy of Rio Tinto
Mining and Exploration Limited and Gawen Jenkin of the University of Leicester for comments on
Chapter 17. They are, of course, not responsible for any errors that remain our own. Lisa Barber is
thanked for drawing some of the new figures.

Finally, we would like to thank our families for their forbearance and help. Without them the
compilation of this second edition would not have been possible.

Charlie Moon and Mike Whateley
Leicester and Bristol



PREFACE TO THE
FIRST EDITION

It is a matter of regret how little time is devoted to teaching mineral exploration in first degree uni-
versity and college courses in the United Kingdom and in many other countries. As a result the few
available textbooks tend to be expensive because of the limited market. By supplying our publisher
with camera ready copy we have attempted to produce a cheaper book which will help to redress
this neglect of one of the most important aspects of applied geology. We hope that lecturers will
find here a structure on which to base a course syllabus and a book to recommend to their students.

In writing such a book it has to be assumed that the reader has a reasonable knowledge of the
nature of mineral deposits. Nevertheless some basic facts are discussed in the early chapters.

The book is in two parts. In the first part we discuss the principles of mineral exploration and in
the second, case histories of selected deposit types. In both of these we carry the discussions right
through to the production stage. This is because if mining projects are to progress successfully from
the exploration and evaluation phases to full scale production, then exploration geologists must
appreciate the criteria used by mining and mineral processing engineers in deciding upon appropri-
ate mining and processing methods, and also by the financial fraternity in assessing the economic
viability of a proposed mining operation. We have tried to cover these and many other related
subjects to give the reader an overall view of mineral exploration. As this is only an introductory
textbook we have given some guidance with regard to further reading rather than leaving the
student to choose at random from references given in the text.

This textbook arises largely from the courses in mineral exploration given in the Geology
Department of Leicester University during the last three decades and has benefitted from the ideas
of our past and present colleagues and to them, as well as to our students and our friends in indus-
try, we express our thanks. They are too many to name but we would like in particular to thank
Dave Rothery for his help with Chapter 6; Martin Hale for discussion of Chapter 8; Nick Laffoley,
Don Moy and Brendon Monahan for suggestions which have improved Chapter 9; and John Rickus
for a helping hand with Chapter 12. Steve Baele of US Borax gave us good advice and Sue Button and
Clive Cartwright performed many miracles of draughting in double quick time. In addition we are
grateful to the Director-General of MTA for permission to reproduce parts of the maps used to
prepare Figs 12.2 and 12.3, and to the Director-General of TKI for permission to publish the data
on Soma.



UNITS, ABBREVIATIONS,
AND TERMINOLOGY

NOTE ON UNITS

With few exceptions the units used are all SI (Systeme International), which has been in common
use by engineers and scientists since 1965. The principal exceptions are: (a) for commodity prices
still quoted in old units, such as troy ounces for precious metals and the short ton (= 2000 lb);
(b) when there is uncertainty about the exact unit used, e.g. tons in certain circumstances might
be short or long (2240 1b); and (c) Chapter 16 where all the original information was collected
in American units, but many metric equivalents are given.

SI prefixes and suffixes commonly used in this text are k = kilo-, 10%; M = mega-, 10° (million);
G =giga-, 10°.

SOME ABBREVIATIONS USED IN THE TEXT

AAS atomic absorption spectrometry

ASTM American Society for Testing Materials

CCT computer compatible tapes

CIF carriage, insurance, and freight

CIPEC Conseil Inter-governmental des Pays Exportateurs de Cuivre (Intergovernmental
Council of Copper Exporting Countries)

CIS Commonwealth of Independent States (includes many of the countries formerly in
the USSR

d.c. direct current

DCFROR discounted cash flow rate of return

DTH down-the-hole (logs)

DTM digital terrain model

EEC see EU

EIS environmental impact statement

EM electromagnetic

ERTS Earth Resources Technology Satellite

EU European Union sometimes still referred to as EEC

FOB freight on board

FOV field of view

GA Golder Associates

GIS Geographical Information Systems

GPS global positioning satellites

GRD ground resolution distance



XIV  UNITS, ABBREVIATIONS, AND TERMINOLOGY

HRV high resolution visible

ICP-ES inductively coupled plasma emission spectroscopy
IFOV instantaneous field of view

IGRF International Geomagnetic Reference Field
INPUT induced pulse transient system

P induced polarization

IR infrared

ITC International Tin Council

MS multispectral

MSS multispectral scanners

MTA Maden Tetkik ve Arama

NAA neutron activation analysis

NAF North Anatolian Fault

NPV net present value

OECD Organization for Economic Co-operation and Development
OPEC Organization of Petroleum Exporting Countries
PFE percent frequency effect

PGE platinum group elements

PGM platinum group metals

ppb parts per billion

ppm parts per million

REE rare earth elements

RMR rock mass rating

ROM run-of-mine

RQD rock quality designation

SEM scanning electron microscopy

SG specific gravity

ST units Systéme International Units

SLAR side-looking airborne radar

TDRS Tracking and Data Relay System

TEM transient electromagnetics

TKI Turkiye Komur Isletmekeri Kurumu

™ thematic mapper

tp.a. tonnes per annum

tp.d. tonnes per diem

USGS United States Geological Survey

USSR the geographical area that once made up the now disbanded Soviet Republics
VLF very low frequency

VMS volcanic-associated massive sulfide (deposits)
XRD X-ray diffraction

XRF X-ray fluorescence

NOTE ON TERMINOLOGY

Mineralisation: “ Any single mineral or combination of minerals occurring in a mass, or deposit, of
economic interest. The term is intended to cover all forms in which mineralisation might occur,
whether by class of deposit, mode of occurrence, genesis, or composition” (Australasian JORC
2003). In this volume we have spelt the term mineralisation to be consistent with the JORC code
although it is usually spelt mineralization in the USA. For further discussion see section 1.2.1.
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1

ORE, MINERAL ECONOMICS,
AND MINERAL EXPLORATION

CHARLES J]. MOON AND ANTHONY M. EVANS

11 INTRODUCTION

A large economic mineral deposit, e.g. 200 Mt
underlying an area of 2 km?, is minute in com-
parison with the Earth’s crust and in most
countries the easily found deposits cropping
out at the surface have nearly all been found.
The deposits for which we now search are
largely concealed by weathered and leached
outcrops, drift, soil, or some other cover, and
sophisticated exploration methods are required
to find them. The target material is referred
to as a mineral deposit, unless we use a more
specific term such as coal, gas, oil, or water.
Mineral deposits contain mineral resources.
What sort of mineral deposit should we seek?
To answer this question it is necessary to have
some understanding of mineral economics.

1.2 MINERAL ECONOMICS

1.2.1 Ore

Ore is a word used to prefix reserves or body but
the term is often misused to refer to any or all
in situ mineralisation. The Australasian Joint
Ore Reserves Committee (2003) in its code, the
JORC Code, leads into the description of ore
reserves in the following way: “When the loca-
tion, quantity, grade, geological characteristics
and continuity of mineralisation are known,
and there is a concentration or occurrence
of the material of intrinsic economic interest
in or on the Earth’s crust in such form and
quantity that there are reasonable prospects
for eventual economic extraction, then this

deposit can be called a mineral resource.”
“Mineral Resources are subdivided, in order of
increasing geological confidence, into Inferred,
Indicated, and Measured categories.” A more
complete explanation is given in section 10.4.1.

The JORC Code then explains that “an ore
reserve is the economically mineable part of
a Measured or Indicated Mineral Resource.
It includes diluting materials and allowances
for losses that may occur when the material
is mined. Appropriate assessments, which may
include feasibility studies (see section 11.4),
have been carried out, and include consid-
eration of and modification by realistically
assumed mining, metallurgical, economic,
marketing, legal, environmental, social, and
governmental factors. These assessments
demonstrate at the time of reporting that
extraction could reasonably be justified.” “Ore
Reserves are sub-divided in order of increasing
confidence into Probable Ore Reserves and
Proved Ore Reserves.”

“The term ‘economic’ implies that extrac-
tion of the ore reserve has been established
or analytically demonstrated to be viable
and justifiable under reasonable investment
assumptions. The term ore reserve need not
necessarily signify that extraction facilities are
in place or operative or that all governmental
approvals have been received. It does signify
that there are reasonable expectations of such
approvals.” An orebody will be the portion of
a mineralized envelope within which ore
reserves have been defined.

Ore minerals are those metallic minerals,
e.g. galena, sphalerite, chalcopyrite, that form
the economic portion of the mineral deposit.
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These minerals occur in concentrations that
range from parts per million (ppm) to low per-
centages of the overall mineral deposit.

“Industrial minerals have been defined as
any rock, mineral or other naturally occur-
ring substance of economic value, exclusive of
metallic ores, mineral fuels and gemstones”
(Noetstaller 1988). They are therefore minerals
where either the mineral itself, e.g. asbestos,
baryte, or the oxide, or some other compound
derived from the mineral, has an industrial
application (end use). They include rocks such
as granite, sand, gravel, and limestone, that
are used for constructional purposes (these
are often referred to as aggregates or bulk
materials, or dimension stone if used for
ornamental cladding), as well as more valuable
minerals with specific chemical or physical
properties like fluorite, phosphate, kaolinite,
and perlite. Industrial minerals are also
frequently and confusingly called nonmetallics
(e.g. Harben & Kuzvart 1997), although they
can contain and be the source of metals, e.g.
sodium derived from the industrial mineral
halite. On the other hand, many deposits
contain metals such as aluminum (bauxite),
ilmenite, chromite, and manganese, which are
also important raw materials for industrial
mineral end uses.

The JORC definition covers metallic
minerals, coal, and industrial minerals. This is
the sense in which the terms mineral resource
and ore reserve will normally be employed in
this book, except that they will be extended to
include the instances where the whole rock,
e.g. granite, limestone, salt, is utilized and not
just a part of it.

The term mineralisation is defined as “any
single mineral or combination of minerals
occurring in a mass, or deposit, of economic
interest” (IMM Working Group 2001). This
group used the term mineral reserve for the
mineable part of the mineralisation (for further
discussion see section 10.4). The Australian
Joint Reserve Committee has a similar ap-
proach but prefers the term ore reserve.

Another useful discussion on the economic
definition of ore is given by Lane (1988). This
text explains the principles of cut-off grade
optimization used in mining and processing.
This is an essential part of extracting max-
imum value out of finite geological resources.

Gangue material is the unwanted material,
minerals, or rock, with which ore minerals are
usually intergrown. Mines commonly possess
processing plants in which the run-of-mine
(ROM) ore undergoes comminution before the
ore minerals are separated from the gangue
minerals by various processes. This provides a
saleable product, e.g. ore concentrates and tail-
ings which are made up of the gangue material.

1.2.2 The relative importance of metallic and
industrial minerals

Metals always seem to be the focus of atten-
tion for various reasons, such as their use in
warfare, rapid and cyclical changes in price,
occasional occurrence in very rich deposits
(e.g. gold bonanzas), with the result that the
great importance of industrial minerals to our
civilization is overlooked. As flints, stone axes,
bricks, and pottery they were the first earth
resources to be exploited by humans. Today
industrial minerals permeate every segment of
our society (McVey 1989). They occur as com-
ponents in durable and nondurable consumer
goods. The use of industrial minerals is obvious
but often unappreciated, e.g. the construc-
tion of buildings, the manufacture of ceramic
tables, and sanitary ware. The consumer is
frequently unaware that industrial minerals
play an essential role in numerous other goods,
ranging from books to pharmaceuticals. In
developed countries such as the UK and USA,
but also on a world-wide basis (Tables 1.1 &
1.2), industrial mineral production is far more
important than metal production from both
the tonnage and financial viewpoints.

Graphs of world production of the tradi-
tionally important metals (Figs 1.1-1.3) show
interesting trends. The world’s appetite for
the major metals appeared to be almost insati-
able after World War II. Postwar production
increased rapidly. However, in the mid seven-
ties an abrupt slackening in demand occurred
triggered by the coeval oil crisis. Growth for
many metals, such as copper, zinc, and iron
ore, resumed in the 1980s and 1990s. Lead,
however, shows a different trend, with overall
production increasing slightly. Mine pro-
duction has declined with more than 50% of
overall production now derived from recycling.
Other factors affecting the change in growth
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TABLE 1.1 World production of mineral resources
in 1998 by quantity; in 000 tonnes (ore is given in
metal equivalent, natural gas in million m?).
(From Wellmer & Becker-Platen 2002.)

Commodity 000 tonnes

Diamonds 0.02
Platinum group metals 0.35
Gold 2.5
Electronic metals 3.2
Silver 16
Cobalt 24
Columbium 26
Tungsten 32
Uranium 35
Vanadium 45
Antimony 118
Molybdenum 135
Mica 205
Tin 209
Magnesium 401
Kyanite and related minerals 431
Zirconium 456
Graphite 648
Boron 773
Nickel 1100
Asbestos 1970
Diatomite 2060
Titanium 2770
Lead 3040
Chromium 4180
Fluorite 4810
Barite 5890
Zinc 7470
Talc and pyrophyllite 7870
Manganese 8790
Feldspar 8800
Bentonite 9610
Copper 12,200
Magnesite 20,100
Peat 25,300
Potash 26,900
Aluminum 27,400
Kaolin 36,600
Phosphate 44,000
Sulfur 55,600
Gypsum anhydrite 103,700
Rock salt 191,100
Industrial sand 300,000
Clay 500,000
Iron 562,000
Lignite 848,000
Natural gas 2,357,000
Crude oil 3,578,000
Coal 3,735,000
Aggregates 4,100,000

Sand and gravel >15,000,000

TABLE 12 World minerals production in 1998 by
value in million euro. (From Wellmer & Becker-

Platen 2002.)

Commodity 000,000a
Kyanite and related minerals 64
Mica 69
Zirconium 130
Antimony 146
Tungsten 158
Graphite 194
Electronic metals 200
Columbium 237
Titanium 345
Bentonite 388
Talc and pyrophyllite 439
Diatomite 440
Lead 556
Fluorite 576
Asbestos 618
Peat 658
Gypsum anhydrite 689
Chromium 727
Uranium 862
Magnesium 864
Vanadium 882
Tin 918
Molybdenum 926
Cobalt 1040
Boron 1560
Silver 1590
Manganese 1610
Sulfur 1820
Nickel 1890
Zinc 2930
Rock salt 3030
Phosphate 3140
Potash 3510
Platinum group metals 3760
Kaolin 3950
Diamonds 3960
Industrial sand 4910
Barite 5890
Feldspar 8800
Clay 9500
Copper 9800
Iron 15,200
Magnesite 20,100
Gold 20,900
Aggregates 23,100
Lignite 30,300
Aluminium 39,400
Sand and gravel 97,000
Coal 122,000
Natural gas 161,000
Crude oil 412,000
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FIG.11  World production of iron ore, 1900-2000.
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manganese metal, 1900-2000. (Data from Kelly
etal. 2001.)

rate include more economical use of metals
and substitution by ceramics and plastics, as
industrial minerals are much used as a filler
in plastics. Production of plastics rose by a
staggering 1529 % between 1960 and 1985, and
a significant fraction of the demand behind
this is attributable to metal substitution. The

Metal production (Mt)

1900 1920 1940 1960 1980 2000

FIG.1.3 World production of copper, lead, and zinc
metal, 1900-2000. The lead data are for smelter
production 1900-54 and for mine production
1955-2000. (Data from Kelly et al. 2001.)

increases in production of selected metals and
industrial minerals provide a striking contrast
and one that explains why for some years now
some large metal mining companies have been
moving into industrial mineral production.
In 2002 Anglo American plc derived 8% of its
operating profits and Rio Tinto plc in 2003
derived 11% of its adjusted earnings from
industrial minerals. An important factor in the
late 1990s and early 2000s was the increasing
demand for metals from China, e.g. aluminum
consumption grew at 14% a year between 1990
and 2001 (Humphreys 2003).

1.2.3 Commodity prices — the market
mechanism

Most mineral trading takes place within the
market economy. The prices of minerals or
mineral products are governed by supply and
demand. If consumers want more of a mineral
product than is being supplied at the current
metal and mineral prices price, this is indicated
by their “bidding up” the price, thus increas-
ing the profits of companies supplying that
product. As a result, resources in the form
of capital investment are attracted into the
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industry and supply expands. On the other
hand if consumers do not want a particular
product its price falls, producers make a loss,
and resources leave the industry.

World markets

Modern transport leads to many commodities
having a world market. A price change in one
part of the world affects the price in the rest of
the world. Such commodities include wheat,
cotton, rubber, gold, silver, and base metals.
These commodities have a wide demand, are
capable of being transported, and the costs of
transport are small compared with the value of
the commodity. The market for diamonds is
worldwide but that for bricks is local.

Over the last few centuries formal organized
markets have developed. In these markets buy-
ing and selling takes place in a recognized
building, business is governed by agreed rules
and conventions and usually only members are
allowed to engage in transactions. Base metals
are traded on the London Metal Exchange
(LME) and gold and silver on the London
Bullion Market. Similar markets exist in many
other countries, e.g. the New York Commodity
Exchange (Comex). Because these markets
are composed of specialist buyers and sellers
and are in constant communication with each
other, prices are sensitive to any change in
worldwide supply and demand.

The prices of some metals on Comex and the
LME are quoted daily by many newspapers and
websites, whilst more comprehensive guides to
current metal and mineral prices can be found
in Industrial Minerals, the Mining Journal, and
other technical journals. Short- and long-term
contracts between buyer and seller may be
based on these fluctuating prices. On the other
hand, the parties concerned may agree on a
contract price in advance of production, with
clauses allowing for price changes because of
factors such as inflation or currency exchange
rate fluctuations. Contracts of this nature are
common in the cases of iron, uranium, and
industrial minerals. Whatever the form of sale
is to be, the mineral economists of a mining
company must try to forecast demand for, and
hence the price of, a possible mine product well
in advance of mine development, and such con-
siderations will usually play a decisive role in

formulating a company’s mineral exploration
strategy. A useful recent discussion of mineral
markets can be found in Crowson (1998).

Forces determining prices

Demand and supply

Demand may change over a short period of
time for a number of reasons. Where one com-
modity substitutes to a significant extent for
another and the price of this latter falls then the
substituting commodity becomes relatively
expensive and less of it is bought. Copper and
aluminum are affected to a degree in this
way. A change in technology may increase the
demand for a metal, e.g. the use of titanium in
jet engines, or decrease it in the case of the
development of thinner layers of tin on tinplate
and substitution (Table 1.3). The expectation of
future price changes or shortages will induce
buyers to increase their orders to have more
of a commodity in stock.

Supply refers to how much of a commodity
will be offered for sale at a given price over a set
period of time. This quantity depends on the
price of the commodity and the conditions
of supply. High prices stimulate supply and
investment by suppliers to increase their out-
put. A fall in prices has the opposite effect and
some mines may be closed or put on a care-
and-maintenance basis in the hope of better
times in the future. Conditions of supply may
change fairly quickly through: (i) changes due
to abnormal circumstances such as natural dis-
asters, wat, other political events, fire, strikes
at the mines of big suppliers; (ii) improved
techniques in exploitation; (iii) discovery and
exploitation of large new orebodies.

Government action

Governments can act to stabilize or change
prices. Stabilization may be attempted by
building up a stockpile, although the mere
building up of a substantial stockpile increases
demand and may push up the price! With a
substantial stockpile in being, sales from the
stockpile can be used to prevent prices rising
significantly and purchases for the stockpile
may be used to prevent or moderate price falls.
As commodity markets are worldwide it is
in most cases impossible for one country act-
ing on its own to control prices. Groups of
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Aluminum 28 Cobalt 35
Diatomite 29.1 Feldspar 81.5
Gypsum 37.6 Iron ore 12
Mica 18.9 Molybdenum 8.3
Phosphate 42.5 PGM 80.8
Silver 13.9 Sulfur 19
Tantalum 143 Tin -9.8
Zinc 26

TABLE13 Percentage increase in
Copper 16 world production of some metals
Gold 8.8 andindustrial minerals 1973-88;
Lgad 5.5 metals are in italics. Recycled
Nickel 16.8  metal production is not included.
Potash 39.1
Talc 44
Trona 44

countries have attempted to exercise control
over tin (ITC) and copper (CIPEC) in this way
but with little success and, at times, signal fail-
ure (Crowson 2003).

Stockpiles may also be built up by govern-
ments for strategic reasons and this, as men-
tioned above, can push up prices markedly.
Stockpiling policies of some leading industrial-
ized nations are discussed by Morgan (1989).

An action that has increased consumption of
platinum, palladium, and rhodium has been
the adoption of regulations on the limitation of
car exhaust fumes by the EU countries. The
worldwide effort to diminish harmful exhaust
emissions resulted in a record industrial pur-
chase of 3.2 million ounces of platinum and 3.7
million ounces of palladium in 2003. Com-
parable actions by governments stimulated by
environmental lobbies will no doubt occur in
the coming years.

Recycling

Recycling is already having a significant effect
on some product prices. Economic and particu-
larly environmental considerations will lead to
increased recycling of materials in the immedi-
ate future. Recycling will prolong resource life
and reduce mining wastes and smelter efflu-
ents. Partial immunity from price rises, short-
ages of primary materials, or actions by cartels
will follow. A direct economic and environ-
mental bonus is that energy requirements for
recycled materials are usually much lower
than for treating ores, e.g. 80% less electricity
is needed for recycled aluminum. In the USA
the use of ferrous scrap as a percentage of total
iron consumption rose from 35% to 42% over
the period 1977-87 and aluminum from 26%
to 37%; but both copper and aluminum were
approximately 30% for the western world in
1999 (Crowson 2003). Of course the poten-

tial for recycling some materials is much
greater than for others. Contrary to metals the
potential for recycling industrial minerals is
much lower. Aggregate recycling is currently
being promoted within the European Union.
Other commodities such as bromine, fluor-
compounds, industrial diamonds, iodine and
feldspar and silica in the form of glass are
recyled but industrial mineral prices will be
less affected by this factor (Noetstaller 1988).

Substitution and new technology

These two factors may both lead to a diminu-
tion in demand. We have already seen great
changes such as the development of longer-
lasting car batteries that use less lead, substitu-
tion of copper and plastic for lead water pipes,
and a change to lead-free petrol; all factors that
have contributed to a downturn in the demand
for lead (Fig. 1.3). Decisions taken by OPEC in
1973 affected all metals (Figs 1.1-1.3). They led
to huge increases in the prices of oil and other
fuels, pushed demand towards materials hav-
ing a low sensitivity to high energy costs, and
favored the use of lighter and less expensive
substitutes for metals (Cook 1987).

In the past, base metal producers have spent
vast sums of money on exploration, mine
development, and production, but have paid
too little attention to the defence and develop-
ment of markets for their products (Davies
1987, Anthony 1988). Producers of aluminum,
plastics, and ceramics, on the other hand, have
promoted research for new uses including sub-
stitution for metals. Examples include tank
armour, now frequently made of multilayer
composites (metal, ceramic, and fibers) and
ceramic-based engine components, widely used
in automobiles. It has been forecast that by
2030 90% of engines used in cars, aeroplanes,
and power stations will be made from novel
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ceramics. A useful article on developments in
ceramic technology is by Wheat (1987).

Metal and mineral prices

Metals

Metal prices are erratic and hard to predict
(Figs 1.4-1.6). In the short run, prices fluctu-
ate in response to unforeseen news affecting
supply and demand, e.g. strikes at large mines
or smelters, unexpected increases in ware-
house stocks. This makes it difficult to deter-
mine regular behavior patterns for some
metals. Over the intermediate term (several
decades) the prices clearly respond to the rise
and fall in world business activity, which is
some help in attempts at forecasting price
trends (Figs 1.4-1.6). The dramatic oil price
rises caused by OPEC in 1973, besides setting
off a severe recession, led to less developed
countries building up huge debts to pay for the
increased costs of energy. This led to a reduc-
tion in living standards and the purchasing
of fewer durable goods. At the same time many
metal-producing, developing countries such
as Chile, Peru, Zambia, and the Democratic
Republic of Congo increased production irre-
spective of metal prices to earn hard currencies
for debt repayment. A further aggravation from
the supply and price point of view has been
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FIG. 14 Iron ore and manganese prices, 1950-2000,
New York in US$ 1998. The prices have therefore
been deflated or inflated so that they can be
realistically compared. (Data from Kelly et al. 2001.)
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the large number of significant mineral discov-
eries since the advent of modern exploration
methods in the fifties, many of which are still
undeveloped (Fig. 1.7). Others, that have been
developed since 1980, such as the large dis-
seminated copper deposits in Chile, are pro-
ducing metal at low cost. Metal explorationists
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Blain 2000.)

have, to a considerable extent, become victims
of their own success. It should be noted that
the fall off in nongold discoveries from 1976
onwards is largely due to the difficulty explora-
tionists now have in finding a viable deposit in
an unfavorable economic climate.

During the 1990s the general outlook
was not promising for many of the traditional
metals, in particular manganese (Fig. 1.4),
lead (Fig. 1.6), tin, and tungsten, although this
seems to have changed at the time of writing
(2004). Some of the reasons for this prognost-
ication have been discussed above. It is the
minor metals such as titanium, tantalum, and
others that seemed likely to have a brighter
future. For the cyclicity of price trends over
a longer period (1880-1980) see Slade (1989)
and Crowson (2003). Nevertheless a company
may still decide to make one of the traditional
metals its exploration target. In this case evalu-
ate the potential for readily accessible, high
grade, big tonnage orebodies, preferably in a
politically stable, developed country — high
quality deposits of good address as Morrissey
(1986) has put it. This is a tall order but well
exemplified by the discovery at Neves-Corvo
in southern Portugal of a base metal deposit
with 100 Mt grading 1.6% Cu, 1.4% Zn, 0.28%
Pb, and 0.10% Sn in a well-explored terrane.
The discovery of such deposits is still highly
desirable.

Gold has had a different history since World
War II. From 1934 to 1972 the price of gold
remained at $US 35 per troy ounce. In 1971 Pre-
sident Nixon removed the fixed link between
the dollar and gold and left market demand to
determine the daily price. The following dec-
ade saw gold soar to a record price of $US 850
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FIG.1.8 Gold price (in US$ in real 1999 terms) and
production. (Updated from Crowson 2003.)

per ounce, a figure inconceivable at the begin-
ning of the seventies; it then fell back during
the late 1990s to a price lower in real terms
than that of the 1930s (Fig. 1.8). (Using the US
Consumer Price Index the equivalent of $35 in
1935 would have been $480 in 2004.) Citizens
of many countries were again permitted to hold
gold either as bars or coinage and many have
invested in the metal. Unfortunately for those
attempting to predict future price changes,
demand for this metal is not determined so
much by industrial demand but by fashion
and sentiment, both notoriously variable and
unpredictable factors. The main destinations
of gold at the present day are carat jewellery
and bars for investment purposes.

The rise in the price of gold after 1971 led
to an increase in prospecting and the discovery
of many large deposits (Fig. 1.7). This trend
continued until 1993 and gold production
increased from a low point in 1979 to a peak
in 2001 (Fig. 1.8). Many diversified mining
companies adopted a cautious approach and,
like the major gold producers, are not opening
new deposits without being sure that they
could survive on a price of around $US 250 per
ounce, whilst others are putting more empha-
sis in their exploration budgets on base metals.

Industrial minerals

Most industrial minerals can be traded inter-
nationally. Exceptions are the low value
commodities such as sand, gravel, and crushed
stone which have a low unit value and are
mainly produced for local markets. However,
minor deviations from this statement are
beginning to appear, such as crushed granite
being shipped from Scotland to the USA, sand
from Western Australia to Japan, and filtration
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sand and water from the UK to Saudi Arabia.
Lower middle unit value minerals from cement
to salt can be moved over intermediate to long
distances provided they are shipped in bulk
by low cost transport. Nearly all industrial
minerals of higher unit value are internation-
ally tradeable, even when shipped in small lots.

The cost to the consumer of minerals with
a low unit value will increase greatly with
increasing distance to the place of use. Con-
sequently, low unit value commodities are
normally of little or no value unless available
close to a market. Exceptions to this rule may
arise in special circumstances such as the
south-eastern sector of England (including
London) where demand for aggregates cannot
now be met from local resources. Considerable
additional supplies now have to be brought
in by rail and road over distances in excess
of 150 km. For high unit value minerals like
industrial diamonds, sheet mica, and graphite,
location is largely irrelevant.

Like metals, industrial minerals respond to
changes in the intensity of business activit-
ies, but as a group, to nothing like the extent
shown by metals, and their prices are generally
much more stable. One reason for the greater
stability of many industrial mineral prices is
their use or partial use in consumer nondur-
ables for which consumption remains com-
paratively stable during recessions, e.g. potash,
phosphates, and sulfur for fertilizer production;
diatomite, fluorspar, iodine, kaolin, limestone,
salt, sulfur, talc, etc., used in chemicals, paint,
paper, and rubber. The value of an industrial
mineral depends largely on its end use and the
amount of processing it has undergone. With
more precise specifications of chemical purity,
crystalline perfection, physical form, hardness,
etc., the price goes up. For this reason many
minerals have quite a price range, e.g. kaolin to
be used as coating clay on paper is four times
the price of kaolin for pottery manufacture.

Individual commodities show significant
price variations related to supply and demand,
e.g. potash over the last 40 years. When sup-
plies were plentiful, such as after the construc-
tion of several large Canadian mines, prices
were depressed, whereas when demand has
outstripped supply, prices have shot up.

According to Noetstaller (1988) already
discovered world reserves of most industrial

minerals are adequate to meet the expected
demand for the foreseeable future, and so no
significant increases in real long-term prices
are expected. Exceptions to this are likely to be
sulfur, barite, talc, and pyrophyllite. Growth
rates are expected to rise steadily, rates exceed-
ing 4% p.a. are forecast for nine industrial
minerals and 2-4% for 29 others. These figures
may well prove to be conservative estimates.
Contrary to metals, the recycling potential of
industrial minerals, with some exceptions, is
low, and competing substitutional materials
are frequently less efficient (e.g. calcite for
kaolinite as a cheaper paper filler) or more
expensive.

An industrial mineral, particularly one with
a low or middle unit value, should be selected
as an exploration target only if there is an avail-
able or potential market for the product. The
market should not be from the exploration area
to keep transport costs at a sustainable level.

1.3 IMPORTANT FACTORS IN THE ECONOMIC
RECOVERY OF MINERALS

1.3.1 Principal steps in the exploration and
exploitation of mineral deposits

The steps in the life cycle of a mineral deposit
may be briefly summarized as follows:

1 Mineral exploration: to discover a mineral
deposit.

2 Feasibility study: to prove its commercial
viability.

3 Mine development: establishment of the
entire infrastructure.

4 Mining: extraction of ore from the ground.

5 Mineral processing: milling of the ore, sep-
aration of ore minerals from gangue material,
separation of the ore minerals into concen-
trates, e.g. copper concentrate; separation and
refinement of industrial mineral products.

6 Smelting: recovering metals from the min-
eral concentrates.

7 Refining: purifying the metal.

8 Marketing: shipping the product (or metal
concentrate if not smelted and refined at
the mine) to the buyer, e.g. custom smelter,
manufacturer.

9 Closure: before a mine has reached the end
of its life, there has to be a closure management
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plan in place that details and costs the pro-
posed closure strategies. Significant expend-
iture could be incurred with clean up and
remediation of mining and smelting sites, the
costs of employee retrenchment, and social and
community implications.

The exploration step can be subdivided as
follows:

(i) Study phase: choice of potential target,
study of demand, supply, commodity price
trends, available markets, exploration cost,
draw up budget.

(ii) Reconnaissance phase: will start with a
literature search and progress to a review of
available remote sensing and photogeological
data leading to selection of favorable areas, ini-
tial field reconnaissance, and land acquisition,
probably followed by airborne surveys, geolo-
gical mapping and prospecting, geochemical
and geophysical surveys, and limited drilling
(see Chapter 4).

(iii) Target testing: detailed geological map-
ping and detailed geochemical and geophysical
surveys, trenching and pitting, drilling (see
Chapter 5). If successful this will lead to an
order of magnitude study which will establish
whether there could be a viable project that
would justify the cost of progressing to a pre-
feasibility study.

(iv) Pre-feasibility: major sampling and test
work programs, including mineralogical ex-
amination of the ore and pilot plant testing to
ascertain the viability of the selected mineral
processing option and likely recoverability (see
Chapter 11). It evaluates the various options
and possible combinations of technical and
business issues.

(v) Feasibility study: drilling, assaying,
mineralogical, and pilot plant test work will
continue. The feasibility study confirms and
maximizes the value of the preferred technical
and business option identified in the pre-
feasibility study stage.

It is at the end of the order-of-magnitude
study that the explorationists usually hand
over to the mining geologists, mineral proces-
sors and geotechnical and mining engineers to
implement steps 1 to 9. Typical time spans and
costs might be: stage (i) 1-2 years, US$0.25M;
(ii) 2 years, US$0.5-1.5M; (iii) and (iv) 2-3
years, US$2.5-50M; (v) 2 years, US$2.5-50M
(excluding actual capital cost for mine con-

struction). Some of these stages will overlap,
but this is unlikely to reduce the time involved
and it can be expected that around 12 years will
elapse between the start of the exploration pro-
gram and the commencement of mine produc-
tion. In a number of cases the lead-in time has
been less, but this has usually been the result of
the involvement of favorable factors or a delib-
erate search for deposits (particularly of gold)
which would have short lead-in times. Further
information on costs of mineral exploration
can be found Tilton et al. (1988) and Crowson
(2003).

1.4 STRUCTURE OF THE MINING INDUSTRY

The structure of the mining industry changed
greatly in the 1990s and early 2000s with the
decline in government-funded mineral explora-
tion, particularly in centrally planned eco-
nomies of central Europe and the former USSR,
and the merging and globalization of many
mining companies. The producing section of
the mining industry was dominated, in 2002,
by three companies mining a range of com-
modities (BHP Billiton, Rio Tinto, and Anglo
American) and by Alcoa, an aluminum pro-
ducer (Fig. 1.9). Other major companies con-
centrate on gold mining (Newmont Mining,
Barrick Gold, and AngloGold Ashanti),
platinum (e.g. Anglo American Platinum and
Impala Platinum), and nickel production
(Norilsk, Inco). One major copper-producing
company, Corporacion Nacional del Cobre
(Codelco), is not shown as it is still owned by
the Chilean state. Other smaller mining com-
panies produce at regional or national levels.
Junior companies are a major feature of the
mineral exploration industry. They are based
largely in Canada, where more than 1000 com-
panies are active, in Australia, and to a lesser
extent in the USA and Europe. Their strategies
are varied but can be divided into two sub-
groups: one is exclusively involved in mineral
exploration and aims to negotiate agreements
with major companies on any deposits they dis-
cover and the other to retain at least a share of
any discovery and to control the production of
any discovery (MacDonald 2002). The depend-
ence of these small companies on speculative
activities has led to some taking extreme risks
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FIG.1.9 Capitalization of major mining companies
—a snapshot on 28 September 2001. Since then
Homestake and Barrick Gold have merged as have
Newmont, Franco Nevada, and Normandy. (From
MMSD 2002.)

and giving the industry a bad name (e.g. Bre-X,
see section 5.4).

1.5 SOME FACTORS GOVERNING THE CHOICE
OF EXPLORATION AREAS

In Chapter 11, consideration is given in some
detail to how mineralisation is converted into
an ore reserve and developed into a mine. A
brief introduction to some of these aspects is
given here.

1.5.1 Location

Geographical factors may determine whether
or not an orebody is economically viable. In a
remote location there may be no electric power
supply or water supply, roads, railways, houses,
schools, hospitals, etc. All or some of these
infrastructural elements will have to be built,
the cost of transporting the mine product to its
markets may be very high, and wages will have
to be high to attract skilled workers.

1.5.2 Sustainable development

New mines bring prosperity to the areas in
which they are established but they are bound
to have an environmental and social impact.
When production started at the Neves-Corvo
copper mine in southern Portugal in 1989,
it required a total labor force of about 1090.
Generally, one mine job creates about three
indirect jobs in the community, in service
and construction industries, so the impact is
clearly considerable. Such impacts have led to
conflicts over land use and opposition to the
exploitation of mineral deposits by environ-
mentalists, particularly in the more populous
of the developed countries. The resolution of
such conflicts may involve the payment of
compensation and planning for high closure
costs, or even the abandonment of projects.
A Select Committee (1982) stated “. .. whilst
political risk has been cited as a barrier to
investment in some countries, environmental
risk is as much of a barrier, if not a greater in
others.” Opposition by environmentalists to
exploration and mining was partially respons-
ible for the abandonment of a major copper
mining project in the Snowdonia National
Park of Wales as early as 1973. Woodall (1992)
has remarked that explorationists must not
only prove their projects to be economically
viable but they must also make them socially
and therefore politically acceptable. A major
attempt to understand the problem, and to sug-
gest solutions, has been made by the Mining,
Minerals and Sustainable Development project
sponsored by most major mining companies
(MMSD 2002). From this it is clear that the con-
cerns of local inhabitants must be addressed
from an early stage if mine development is to
be successful (discussed further in section 4.3).
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These new requirements have now led to a
time gap, often of several years in developed
countries, between the moment when a newly
found deposit is proved to be economically
viable, and the time when the complex regulat-
ory environment has been dealt with and gov-
ernmental approval for development obtained.
During this time gap, and until production
occurs, no return is being made on the sub-
stantial capital invested during the exploration
phase (see section 11.2).

1.5.3 Taxation

Overzealous governments may demand so
much tax that mining companies cannot make
a reasonable profit. On the other hand, some
governments have encouraged mineral devel-
opment with taxation incentives such as a
waiver on tax during the early years of a mining
operation. This proved to be a great attraction
to mining companies in the Irish Republic in
the 1960s and brought considerable economic
gains to that country.

Once an orebody is being exploited it has
become a wasting asset and one day there will
be no ore, no mine, and no further cash flow.
The mine, as a company, will be wound up and
its shares will have no value. In other words, all
mines have a limited life and for this reason
should not be taxed in the same manner as
other commercial undertakings. When this is
taken into account in the taxation structure of
a country, it can be seen to be an important
incentive to investment in mineral exploration
and mining in that country.

1.5.4 Political factors

Political risk is a major consideration in the
selection of a country in which to explore. In
the 1970s and 1980s the major fear was nation-
alization with perhaps inadequate or even no
compensation. Possible political turmoil, civil
strife, and currency controls may all combine
to increase greatly the financial risks of invest-
ing in certain countries. In the 1990s and 2000s
perhaps more significant risks were long delays
or lack of environmental permits to operate,
corruption, and arbitrary changes in taxation.
One of the most useful sources of information

on political risk in mining is the Fraser Insti-
tute in Vancouver (Fraser Institute 2003). It
publishes an annual review of the investment
attractiveness of many countries and regions
based on a poll of mining company executives.
The attractiveness is a combination of mineral
potential and policy potential. Some countries,
for example Chile, rank at the top of both
indices, whereas others, such as Russia, have a
very high mineral potential index but a very
low policy potential index.

1.6 RATIONALE OF MINERAL EXPLORATION

1.6.1 Introduction

Most people in the West are environmental-
ists at heart whether engaged in the mineral
extraction industry or some other employ-
ment. Unfortunately many are of the “nimby”
(not in my backyard) variety. These and many
other people fail to realize, or will not face up
to the fact, that it is Society that creates
the demand for minerals. The mining and
quarrying companies are simply responding to
Society’s desire and demand for houses, wash-
ing machines, cars with roads on which to
drive them, and so on.

Two stark facts that the majority of ordinary
people and too few politicians understand are
first that orebodies are wasting assets (section
1.5.3) and second that they are not evenly dis-
tributed throughout the Earth’s crust. It is the
depleting nature of their orebodies that plays
a large part in leading mining companies into
the field of exploration, although it must be
pointed out that exploration per se is not the
only way to extend the life of a mining com-
pany. New orebodies, or a share in them, can
be acquired by financial arrangements with
those who own them, or by making successful
takeover bids. Many junior exploration com-
panies are set up with the idea of allowing
others to buy into their finds (farming out is the
commercial term). The major mining com-
panies also sell orebodies that they consider too
small for them to operate.

The chances of success in exploration are
tiny. Only generalizations can be made but the
available statistics suggest that a success rating
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of less than a tenth of a percent is the norm and
only in favorable circumstances will this rise
above one percent. With such a high element of
risk it might be wondered why any risk capital
is forthcoming for mineral exploration. The
answer is that successful mining can provide a
much higher profitability than can be obtained
from most other industrial ventures. Destroy
this inducement and investment in mineral
exploration will decline and a country’s future
mineral production will suffer. Increases in en-
vironmental constraints as well as an impres-
sion that the area has been thoroughly explored
led, for example, to a flight of exploration com-
panies from British Columbia to Latin America
in the late 1990s.

1.6.2 Exploration productivity

Tilton et al. (1988) drew attention to this im-
portant economic measure of mineral explora-
tion success and rightly pointed out that it
is even more difficult to assess this factor
than it is to determine trends in exploration
expenditures. It is a measure that should be
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assessed on the global, national, and company
scale.

For a company, success requires a reasonable
financial return on its exploration investment.
Exploration productivity can be determined
by dividing the expected financial return by
the exploration costs, after these have been
adjusted to take account of inflation. For Soci-
ety, on the global or national scale, the cal-
culation is much more involved but has been
attempted by a number of workers.

Data on exploration success is rare and
scattered. The study of Blain (2000), originally
based on a proprietary database, has attempted
to analyse the mineral exploration success
rate. Such an analysis is complicated by many
discoveries only being recognized some years
after initial drilling. The overall appearance
of Fig. 1.7 is however of a peak in exploration
success in the late 1960s and a distinct fall
in the mid-1990s. Blain considers the discover-
ies as a series of waves, offset over time, in dif-
ferent commodities, uranium, nickel, copper,
poly-metallic base metals, and gold (Fig. 1.10).
Most of the discoveries in the 1980s and
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FIG.1.10 Discovery rate by commodity: (a) copper; (b) gold; (c) lead-zinc; (d) nickel. The metal prices (in US$)
are uncorrected for inflation, compare them with Figures 1.4, 1.5 and 1.8 in which prices have been corrected.

(From Blain 2000.)
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1990s have been of gold deposits but the rate
of discovery does not appear to have been
sustained from more recent data (BHP Billiton
2003).

The study by Mackenzie and Woodall (1988)
of Australian and Canadian productivity is
extremely penetrating and worthy of much
more discussion than there is space for here. It
should be emphasized that this analysis, and
others in the literature, is concerned almost
exclusively with metallic deposits, and com-
parable studies in the industrial mineral sector
still wait to be made.

Mackenzie and Woodall studied base
metal exploration only and compared the
period 1955-78 for Australia with 1946-77 for
Canada. They drew some striking conclusions.
Australian exploration was found to have been
uneconomic but Canadian financially very
favorable. Although exploration expenditures
in Canada were double those in Australia the
resulting number of economic discoveries were
eight times greater. Finding an economic de-
posit in Australia cost four times as much and
took four times longer to discover and assess as
one in Canada. By contrast, the deposits found
in Australia were generally three times larger
that those found in Canada. Comparable ex-
ploration expertise was used in the two coun-
tries. Australia is either endowed with fewer
and larger deposits, or the different surface
blankets (glacial versus weathered lateritic)
render exploration, particularly geophysical,
more difficult in Australia, especially when it
comes to searching for small- and medium-
sized deposits. The latter is the more probable

reason for the difference in productivity, which
suggests that improved exploration methods
in the future may lead to the discovery of many
more small- and medium-sized deposits in
Australia.

Mackenzie and Dogget (in Woodall 1992)
have shown that the average cost of finding and
proving up economic metallic deposits in
Australia over the period 1955-86 was about
$A51M or $A34M when discounted at the start
of exploration. The average reward discounted
in the same manner is $A35M. This is little
better than a breakeven situation. Dissecting
these data shows that the average exploration
expenditure per deposit is gold $A17M, nickel
$A19M, and base metals $A219M. By contrast,
the expected deposit value at the start of explo-
ration for gold is $A24M and nickel $A42M.
This provided the reasonable rates of return of
21% and 19% on the capital invested. On aver-
age $53M more has been invested in finding
and proving up an economic base metal deposit
than has been realized from its subsequent
exploitation. Clearly gold and nickel have on
average been wealth creating whilst base metal
exploration has not.

A study of uranium exploration by Crowson
(2003) compared exploration expenditure for
uranium with resources added over the period
1972—-80 (Table 1.4). This suggests that, apart
from the political requirement to have a
domestic strategic supply, there was little jus-
tification for exploring in France. By contrast,
the exploration success in Canada is probably
understated, as there were major discoveries
after 1980 (section 3.3).

TABLE 1.4 Exploration productivity for uranium in the 1970s. (Source: Crowson 2003.)

Total expenditure Resources Resources Spending
1972-1980 in April 1970 January 1981 per tonne
US$ million (000 t uranium) (000 t uranium) of increased
1982 terms resources
(US$)
Australia 300 34 602 530
Canada 625 585 1018 1440
France 340 73 121 6960
USA 2730 920 1702 3490
Brazil 210 2 200 1060
India 60 3 57 1150
Mexico 30 2 9 4000
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FIG.1.11 Total global exploration spending in US$

2001. Sources: MEG, Metals Economics Group;
PDAC, Prospectors and Developers Association of
Canada. (Updated from Crowson 2003.)

1.6.3 Exploration expenditure

Some indication has been given in section 1.3.1
of the cost of individual mineral exploration
programs. Here consideration is given to some
statistics on mineral exploration expenditure
worldwide (Fig. 1.11). Accurate statistics are
hard to obtain, as it is often not clear whether
overheads are included, and coal and indus-
trial mineral exploration is generally excluded
(Crowson 2003). However statistics released by
the Metals Economics Group are generally
comprehensive. What is clear is the strongly
cyclic nature of spending with distinct peaks
in 1980, 1988, and particularly in 1996. If
Australian and Canadian data are examined
(Fig. 1.12) they show similar peaks, but the
1996-97 Australian peak was higher than pre-
vious peaks and superimposed on a general
increase from 1970 to 1996, whereas Canadian
expenditure trended downwards from 1980.

In Fig. 1.13 the comparative total expend-
itures on exploration for metallic and indus-
trial minerals (including coal) in Australia and
Canada are shown, as are the sums spent on
industrial minerals alone. Both countries are
important producers of industrial minerals
despite their considerably smaller expenditure
on exploration for these commodities. The
greater expenditure on exploration for metals
seems to arise from a number of factors: firstly,
it is in general cheaper to prospect for indus-
trial minerals and the success rate is higher;
secondly, metal exploration, particularly for
gold, attracts more high risk investment.
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FIG.112 Australian and Canadian exploration
spending in $US 20001. The “New” and “Old”
series indicate slightly different methods of
collecting spending. (Compiled from Crowson
2003.]
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FIG.1.13 Comparative total exploration expenditure
for metals and industrial minerals (including coal)
in Australia and Canada. The ordinate represents
current Australian and Canadian dollars, i.e. no
corrections have been made for inflationary effects.
Also shown are the graphs for industrial mineral
exploration in these countries. Canadian data are
shown with solid lines and the Australian data with
pecked lines. Australian expenditure is for
companies only; Canadian expenditure includes
government agencies. (Source Crowson 1988.)
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Figures 1.12 and 1.13 show a general increase
in exploration expenditure over recent decades,
and Cook (1987) records that expenditure in the
noncommunist world rose from about $400M
in 1960 to over $900M in 1980 (constant 1982
USS$). This increase is partially due to the use
of more costly and sophisticated exploration
methods, for example it has been estimated
that of deposits found in Canada before 1950,
85% were found by conventional prospecting.
The percentage then dropped as follows: 46%
in 1951-55, 26% in 1956-65, 10% in 1966-75,
and only 4% during 1971-75. A review by
Sillitoe (1995, updated in 2000) of discoveries
in the Circum-Pacific area showed that geo-
logical work, particularly intimate familiarity
with the type of deposit being sought, was the
key to success. Blain (2000) concurs on the im-
portance of geological work and his analysis
shows that geology took over from prospecting
as the dominant factor in exploration success
in approximately 1970.

1.6.4 Economic influences

Nowadays the optimum target (section 1.2.3,
“Metal and mineral prices”) in the metals sec-
tor must be a high quality deposit of good ad-
dress, and if the location is not optimal then an
acceptable exploration target will have to be
of exceptional quality. This implies that for
base metal exploration in a remote inland part
of Australia, Africa, or South America a large
mineral deposit must be sought with a hundred
or so million tonnes of high grade resources or
an even greater tonnage of near surface, lower
grade material. Only high unit value industrial
minerals could conceivably be explored for in
such an environment. Anything less valuable

would probably not be mineable under existing
transportation, infrastructure, and production
costs.

In existing mining districts smaller targets
can be selected, especially close to working
mines belonging to the same company, or a
company might purchase any new finds. These
brownfield finds can be particularly import-
ant to a company operating a mine that has
only a few years of reserves left and, in such a
case with an expensive milling plant and per-
haps a smelter to supply, an expensive satura-
tion search may be launched to safeguard the
future of the operation. Expenditure may then
be much higher for a relatively small target
than could be justified for exploration in virgin
territory.

1.7 FURTHER READING

An excellent summary of the definitions and
usages of the terms mineral resources and ore
reserves is to be found in the paper by Taylor
(1989) and the more formal JORC (Australasian
JORC 2003). The two books by Crowson -
Inside Mining (1998) and Astride Mining (2003)
— provide stimulating reading on mineral mar-
kets and more general aspects of the mineral
industry, including mineral exploration. Break-
ing New Ground (MMSD 2002) provides a very
detailed background to the mineral industry
and how environmental and social issues might
be addressed.

Readers may wish to follow developments in
mineral exploration using websites such as
Infomine (2004) and Reflections (2004), as well
as material also available in printed form in the
weekly Mining Journal and Northern Miner.
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THE MINERALOGY OF
ECONOMIC DEPOSITS

ANTHONY M. EVANS

21 INTRODUCTION
Ore minerals are the minerals of economic
interest for which the explorationist is search-
ing. They can be metallic or nonmetallic. Min-
eralogy is used to understand the relationships
between the ore mineral and the uneconomic
host rock for their eventual separation.
Economic mineral deposits consist of every
gradation from bulk materials or aggregates, in
which most of the rock or mineral is of com-
mercial value, to deposits of precious metals
(gold, silver, PGM) from which only a few ppm
(or ppb in the case of diamond deposits) are
separated and sold. The valuable mineral in one
deposit may be a gangue mineral in another,
e.g. quartz is valuable in silica sands, but is
a gangue mineral in auriferous quartz veins.
Thus the presentation of lists of ore and gangue
minerals without any provisos, as given in
some textbooks, can be very misleading to the
beginner. This may lead to an erroneous ap-
proach to the examination of mineral deposits,
i.e. what is recovered and what is discarded?
An alternative question is, how can we process
everything we are going to mine and market
the products at a profit? There are few mineral
operations where everything is mined gain-
fully. Fortunes can be made out of the waste
left by previous mining and smelting opera-
tions, but not usually by the company that
dumped it! A good example of a mine where
everything is mined is at the King’s Mountain
Operation in the Tin-Spodumene Belt of North
Carolina. It is in the world’s most import-
ant lithium-producing area (Kunasz 1982).
The spodumene occurs in micaceous granite—

pegmatites and in the mill the ore is processed
to produce chemical grade spodumene and
ceramic spodumene concentrates, mica and
feldspar concentrates, and a quartz—feldspar
mix marketed as sandspar. The amphibolite
host rock is crushed, sized, and sold as road
aggregate. Of course such comprehensive ex-
ploitation of all the material mined is not
possible in isolated locations, but too often
the potential of waste material is overlooked.
A comprehensive mineralogical examination
of a mineral deposit and its waste rocks may
mean that additional valuable materials in
the deposit are identified and the presence of
deleterious substances detected. This may add
value if the project is ever brought to the pro-
duction stage and will help to avoid embarrass-
ing undervaluation.

Ore minerals may be native metals (ele-
ments), of which gold and silver are examples,
or compounds of metals with sulfur, arsenic,
tellurium, etc., such as lead sulfide — the min-
eral galena (PbS) — or they may be carbonates,
silicates, borates, phosphates. There are few
common minerals that do not have an eco-
nomic value in some mineralogical context or
other. Some of the more important ore min-
erals are listed in Table 2.1 and those which
are often classified as gangue minerals in Table
2.2. Ore minerals may be classed as primary
(hypogene) or secondary (supergene). Hypogene
minerals were deposited during the original
period of rock formation or mineralisation.
Supergene minerals were formed during a later
period of mineralisation, usually associated
with weathering and other near-surface proc-
esses, leading to precipitation of the secondary
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TABLE22 List of common gangue minerals.

Name Composition Primary Supergene
Quartz Si0, X

Chert Sio, X

Limonite Fe,0;.nH,0 X
Calcite CaCoO, X X
Dolomite CaMg(CO;), X X
Ankerite Ca(Mg,Fe)(CO;), X X
Baryte BaSO, X

Gypsum CaS0O,.2H,0 X X
Feldspar All types X

Fluorite CaF, X

Garnet Andradite most common X

Chlorite Several varieties X

Clay minerals Various X X
Pyrite FeS, X

Marcasite FeS, X

Pyrrhotite Fe,S X

Arsenopyrite FeAsS X

minerals from descending solutions. When
secondary mineralisation is superposed on
primary mineralisation the grade increases
and this is termed supergene enrichment.

2.2 MINERALOGICAL INVESTIGATIONS

Before looking at some of the many methods
that may be used, the economic importance of
these investigations will be emphasized by dis-
cussing briefly the importance of mineralogical
form and undesirable constituents.

Mineralogical form

The properties of a mineral govern the ease
with which existing technology can extract
and refine certain metals and this may affect
the cut-off grade (see section 10.4.2). Thus
nickel is far more readily recovered from
sulfide than from silicate minerals and sulfide
minerals can be extracted down to about 0.5%,
whereas silicate minerals must assay about
1.5% to be economic.

Tin may occur in a variety of silicate minerals
such as stanniferous andradite (Ca,Fe,Si;0,)
and axinite ((Ca,Fe,Mn)Al,BSi,O,;OH), from
which it is not recoverable, as well as in its
main ore mineral form, cassiterite (SnQO,).

Aluminum is of course abundant in many
silicate rocks, but it must be usually in the form
of hydrated aluminum oxides, the rock called
bauxite, for economic recovery. The mineral-
ogy of the ore mineral will also place limits on
the maximum possible grade of the concen-
trate. For example, in a mineral deposit con-
taining native copper it is theoretically possible
to produce a concentrate containing 100% Cu
but, if the ore mineral chalcopyrite (CuFeS,) is
the principal source of copper, then the best
concentrate would only contain 34.5% Cu.

Undesirable substances

Deleterious elements may be associated with
both ore and gangue minerals. For example,
tennantite (Cu,;,As,S,;) in copper ores can
introduce unwanted arsenic and sometimes
mercury into copper concentrates. These, like
phosphorus in iron concentrates and arsenic
in nickel concentrates, will lead to custom
smelters imposing financial penalties or refus-
ing the shipment. The ways in which gangue
minerals may lower the value of an ore are
very varied. For example, an acid leach is
normally employed to extract uranium from
the crushed ore, but if the carbonate, calcite
(CaCQ;,), is present, there will be excessive acid
consumption and the less effective alkali leach
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method may have to be used. Some primary tin
deposits contain appreciable amounts of topaz
which, because of its hardness, increases the
abrasion of crushing and grinding equipment,
thus raising the operating costs.

To summarize, the information that is
required from a sample includes some, or all, of
the following: (i) the grade of the economic
minerals; (ii) the bulk chemical composition;
(iii) the minerals present; (iv) the proportions
of each of these and their chemical composi-
tions; (v) their grain size; (vi) their textures and
mineral locking patterns; (vii) any changes in
these features from one part of an orebody to
another.

2.2.1 Sampling

Mineralogical investigations will lose much of
their value if they are not based on systematic
and adequate sampling of all the material that
might go through the processing plant, i.e. min-
eralized material and host rock. The basics of
sound sampling procedures are discussed in
Chapter 10. The material on which the miner-
alogist will have to work can vary from solid,
coherent rock through rock fragments and
chips with accompanying fines to loose sand.
Where there is considerable variation in the
size of particles in the sample it is advant-
ageous to screen (sieve) the sample to obtain
particles of roughly the same size, as these
screened fractions are much easier to sample
than the unsized material.

The mineralogist will normally subsample
the primary samples obtained by geologists
from the prospect to produce a secondary
sample, and this in turn may be further reduced
in bulk to provide the working sample using
techniques discussed in Jones (1987) and recent
technological innovations.

2.2.2 Mineral identification

Initial investigations should be made using
the naked eye, the hand lens and a stereobino-
cular microscope to: (i) determine the ore types
present and (ii) select representative specimens
for thin and polished section preparation. At
this stage uncommon minerals may be iden-
tified in the hand specimen by using the deter-
minative charts in mineralogical textbooks

such as Berry et al. (1983) or the more compre-
hensive method in Jones (1987).

The techniques of identifying minerals in
thin section are taught to all geologists and
in polished sections to most, and will not be
described here. For polished section work the
reader is referred to Craig and Vaughan (1994)
and Ineson (1989), as well as the online manual
of Ixer and Duller (1998). Modern optical micro-
scopes have significantly increased resolution
and oil immersion is not often used in com-
mercial laboratories. Simple microscope and
scanning electron microscope (SEM) methods
are usually all that is required to effectively
identify all the minerals in the samples. SEM
and other methods requiring sophisticated
equipment are discussed below.

X-ray diffraction

X-ray diffraction is used to identify clay min-
eral structure and properties, and for mineral
analysis and mineral abundance measurements
through spectroscopic sensing. Modern X-ray
diffractometers can work well on solid speci-
mens, compacted powder pellets representing
whole rocks, or on a few grains on a smear
mount. Multiple mounts can be automatically
fed into the diffractometer.

The rock sample is normally powdered and
packed into an aluminum holder. It is then
placed in the diffractometer and bombarded
with X-rays. The diffracted rays are collected
by a detector and the information relayed to a
computer where it is converted to d-values
of specific intensities. This information can
then be shown graphically in the form of
a diffraction pattern or “diffractogram.” The
diffractograms from the unknown sample are
then matched against a database of 70,000
recorded phases for mineral identification. The
latest instruments allow for rapid recognition
of the entire spectrum of the sample in minutes
using a computer to match patterns and iden-
tify the minerals present.

Electron and ion probe microanalyzers

With this equipment a beam of high energy
electrons is focused on to about 1-2 um? of the
surface of a polished section or a polished thin
section. Some of the electrons are reflected and



2: MINERALOGY OF ECONOMIC DEPOSITS 27

provide a photographic image of the surface.
Other electrons penetrate to depths of 1-2 um
and excite the atoms of the mineral causing
them to give off characteristic X-radiation
which can be used to identify the elements
present and measure their amounts. With this
chemical information and knowledge of some
optical properties reasonable inferences can be
made concerning the identity of minute grains
and inclusions. In addition important element
ratios such as Fe:Ni in pentlandite ((Fe,Ni)ySy)
and Sb:Asin tetrahedrite ((Cu,Fe,Ag,Zn),,Sb,S;;)
—tennantite ((Cu, Ag,Fe,Zn),,As,S,;), and small
amounts of possible byproducts and their
mineralogical location can be determined. Use-
ful references are Goldstein et al. (1981), Reed
(1993), and Zussman (1977).

The ion microprobe uses an ion rather an
electron source and measures the mass of
secondary ions from the sample rather than X-
rays. This technique allows the measurement
of much lower concentrations of heavy ele-
ments than the electron microprobe and has
been widely used in the search for the location
of gold and PGM in metallurgical testing. A
summary of the technique can be found in
Larocque and Cabri (1998).

Scanning electron microscopy (SEM)

SEM is of great value in the three-dimensional
examination of surfaces at magnifications from
x20 to 100,000. Textures and porosity can be
studied and, with an analytical facility, indi-
vidual grains can be analyzed and identified in
situ. Excellent microphotographs can be taken
and, with a tilting specimen stage, stereo-
graphic pairs can be produced. This equipment
is particularly valuable in the study of lime-
stones, sandstones, shales, clays, and placer
materials. The method is discussed in Gold-
stein et al. (1981) and Tucker (1988). Recent
developments such as the QEM (Quantitative
Evaluation of Minerals)*SEM allows the auto-
matic quantification of mineral composition
and size in a similar manner to point count
and image analysis for optical microscopes,
although the QEM*SEM is rapidly being over-
taken by the Mineral Liberation Analyser
(MLA) which has particular importance in
applied mineralogy and metallurgical pro-
cessing. Mineral Liberation Analyser data are

fundamental parameters used in the design
and optimization of processing plants. Gu
(2002) explained that the MLA system consists
of a specially developed software package and a
standard modern SEM fitted with an energy
dispersive spectrum (EDS) analyzer. The
on-line program of the MLA software pack-
age automatically controls the SEM, captures
sample images, performs necessary image ana-
lysis (see Chapter 6), and acquires EDS X-ray
spectra. Typically, 40-100 images (containing
4000-10,000 grains) are acquired for each
sample block and a dozen blocks (of 30 mm
diameter) are measured overnight. The MLA
off-line processing program transforms the raw
image into quality sample images, from which
most important minerals can be differentiated
using modern image analysis methods.

Differential thermal analysis

This method is principally used for clay and
clay-like minerals which undergo dehydration
and other changes on heating. Measurement
of the differences in temperature between an
unknown specimen and reference material
during heating allow for the determination of
the position and intensity of exothermic and
endothermic reactions. Comparison with the
behavior of known materials aids in the iden-
tification of extremely fine-grained particles
that are difficult to identify by other methods
(Hutchison 1974).

Autoradiography

Radioactive minerals emit alpha and beta
particles which can be recorded on photo-
graphic film or emulsions in contact with the
minerals, thus revealing their location in a rock
or ore. In ores this technique often shows up
the presence of ultra-fine-grained radioactive
material whose presence might otherwise go
unrecorded. The technique is simple and cheap
and suitable for use on hand specimens and
thin and polished sections (Robinson 1952,
Zussman 1977).

Cathodoluminescence

Luminescence (fluorescence and phosphores-
cence) is common in the mineral kingdom.
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In cathodoluminescence the exciting radiation
is a beam of electrons and a helpful supple-
ment to this technique is ultraviolet fluores-
cence microscopy. Both techniques are used
on the microscopic scale to study transparent
minerals. Minerals with closely similar optical
properties or which are very fine-grained can be
readily differentiated by their different lumi-
nescent colors, e.g. calcite v. dolomite, feldspar
v. quartz, halite v. sylvite. Features not seen
in thin sections using white light may appear,
thin veins, fractures, authigenic overgrowths,
growth zones in grains, etc. A good description
of the apparatus required and the method itself
is given in Tucker (1988).

2.2.3 Quantitative analysis

Grain size and shape

The recovery is the percentage of the total
metal or industrial mineral contained in the
ore that is recovered in the concentrate; a
recovery of 90% means that 90% of the metal
in the ore passes into the concentrate and 10%
is lost in the tailings. It might be thought that if
one were to grind ores to a sufficiently fine
grain size then complete separation of mineral
phases might occur to make 100% recovery
possible. In the present state of technology this
is not the case, as most mineral processing
techniques fail in the ultra-fine size range.
Small mineral grains and grains finely inter-
grown with other minerals are difficult or
impossible to recover in the processing plant,
and recovery may be poor. Recoveries from
primary (bedrock) tin deposits are tradition-
ally poor, ranging over 40-80% with an aver-
age around 65%, whereas recoveries from
copper ores usually lie in the range 80-90%.
Sometimes fine grain size and/or complex
intergrowths may preclude a mining opera-
tion. The McArthur River deposit in the North-
ern Territory of Australia contains 200 Mt
grading 10% zinc, 4% lead, 0.2% copper, and
45 ppm silver with high grade sections run-
ning up to 24% zinc and 12% lead. This
enormous deposit of base metals remained
unworked from its discovery in 1956 until
1995 because of the ultra-fine grain size and
despite years of mineral processing research
on the ore.

FIG.2.1

A random section through a solid consisting
of a framework of spheres of equal size.

Grain size measurement methods for loose
materials, e.g. gravels and sands, placer de-
posits, or clays, vary, according to grain size,
from calipers on the coarsest fragments,
through sieving and techniques using settling
velocities, to those dependent upon changes in
electrical resistance as particles are passed
through small electrolyte-filled orifices. These
methods are described in Tucker (1988) and
other books on sedimentary petrography.

Less direct methods have to be employed
with solid specimens because a polished or
thin section will only show random profiles
through the grains (Fig. 2.1). Neither grain size,
nor shape, nor sorting can be measured dir-
ectly from a polished or thin section and
when the actual grains are of different sizes
microscopic measurements using micrometer
oculars (Hutchison 1974) or other techniques
invariably overestimate the proportion of
small grains present. This bias can be removed
by stereological methods if the grains are of
simple regular shapes (cubes, spheres, parall-
elepipeds, etc.). Otherwise stereological trans-
formation is not possible and great care must
be taken in using grain size measurements
taken from sectioned specimens.

An indication of grain shape can be obtained
by measuring a large number of intercepts
(lengths of randomly chosen grain diameters)
and analyzing these, e.g. the presence of a sub-
stantial number of very small intercepts would
indicate that the grains were angular and the
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opposite would show that the grains lacked
edges and were smooth and convex (Jones
1987).

Modal analysis

Modal analysis produces an accurate represen-
tation of the distribution and volume percent
of a given mineral in a thin or polished section.
Two methods of analysis are normally used,
namely:

1 Area percentage. The surface area of mineral
grains of the same mineral are measured rela-
tive to the total surface area of the thin section,
giving the areal proportions of each mineral
type. Since volumes in this situation are dir-
ectly proportional to areas, these are also the
volume percentages.

2 Point count. Each mineral occurrence along
a series of traverse line across a given thin sec-
tion is counted. At least 2000 individual points
must be counted for a statistically valid result.

The number of grains counted, the spacing
between points, and successive traverse lines
is dependent on the mean grain size of the
sample.

Modal analysis can be used to compare
rocks from different areas if there are only thin
sections. No chemical analysis is required.
The work can be achieved manually using
a petrographic microscope. Modern optical
microscopes and SEMs use image analysis (see
Chapter 6) to count mineral grains and to cal-
culate areal proportions automatically (Jones
1987, Sprigg 1987). Statistically representative
numbers of points are achieved routinely using
image analysis.

However, care must be taken with foliated,
banded rocks which should only be sampled at
right angles to the banding (Hutchison 1974).
Experience shows that porphyritic rocks are
difficult to count. Similarly, care must be taken
to ensure that the total area of the sample is
larger than the maximum diameter of the
smallest grain size. Very coarse-grained rocks
such as pegmatites can be measured with a
grid drawn on transparent material and placed
on outcrop, joint, or mine surfaces. A similar
technique can be used to visually estimate the
grade of a mineral deposit where the sampler is
sure that no ore mineral will be missed, e.g.
tungsten deposits where the scheelite is the

only ore mineral and can be picked out using
ultraviolet light.

The volume percentage of ore and/or
deleterious minerals can be of crucial import-
ance in mineral processing and a knowledge
of whether a wanted metal is present in one
or several minerals. If the latter is the case,
their relative proportions may also be of great
importance. Some examples of this are:

1 Gold ores - is all the gold present as native
gold (free-milling gold) or is some in the form of
tellurides or enclosed by sulfides (refractory
gold)? Native gold is readily leached from
milled ores by cyanide solutions, but refractory
gold resists leaching and has to be roasted (after
concentration) before cyaniding or leached
under pressure, thereby increasing the cost of
the treatment and of course decreasing the
value of the ore.

2 Titanium ores in anorthosites will have
significant amounts of titanium locked up in
titaniferous magnetite, sphene, and augite from
which it is not recoverable.

3 The skarn iron orebody at Marmoraton,
Ontario assayed on average 50% Fe, but only
37.5% (in magnetite) was recoverable, the rest
was locked in silicates. These and similar
devaluing features are readily detected and
quantified by microscopic investigations.
Valuations based on assays alone may be
grossly exaggerated.

If the chemical compositions of the minerals
are known, dividing volume percentages by
mineral densities (and converting to percent)
provides the weight percentages of the min-
erals, and by using Table 2.1 (or by calcula-
tion) gives us an entirely independent way of
obtaining an estimate of the grade. This may
be of value as a check on chemical or X-ray
fluorescence assays.

The mineral explorationist should train
him or herself to make visual modal estimates
in the field using hand specimens and natural
exposures. By estimating the volume percent-
age of a metallic mineral such as chalcopyrite
(often the only or principal copper mineral in a
mineral deposit) and looking up the copper con-
tent in Table 2.1, a visual assay can be made.
When the first laboratory assays become avail-
able for a prospect under investigation explora-
tionists will have reference material with
which they can compare their estimates and
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improve their accuracy for that particular min-
eral deposit type. The American Geological
Institute Data Sheets (sheet 15.1) and various
books (Spock 1953, Thorpe & Brown 1985,
Tucker 1988, Barnes & Lisle 2003 and others)
have comparison charts to help the field geo-
logist in estimating percentage compositions
in hand specimens.

2.2.4 Economic significance of textures

Mineral interlocking

Ores are crushed during milling to liberate
the various minerals from each other (section
2.2.3) and for concentration a valuable mineral
has to be reduced to less than its liberation size
in order to separate it from its surrounding
gangue. Crushing and grinding of rock is expen-
sive and if the grain size of a mineral is below
about 0.05 mm the cost may well be higher
than the value of the liberated constituents.
In addition there are lower limits to the degree
of milling possible dictated by the separation
processes to be employed because these are
most effective over certain grain size ranges:
e.g. magnetic separation, 0.02-2.5 mm; froth
flotation, 0.01-0.3 mm; electrostatic separa-
tion, 0.12-1.4 mm.

In Fig. 2.2 a number of intergrowth patterns
are illustrated. Further crushing of the granular
textured grains in (a) will give good separation
of ore (black) from gangue — this is an ideal tex-
ture from the processing point of view. In (b)
further crushing of the tiny pyrite grain veined
by chalcopyrite (black) is out of the question
and this copper will be lost to the tailings.
The chalcopyrite (black) occurring as spheroids
in sphalerite grains (c) is too small to be liber-
ated and will go as a copper loss into the zinc
concentrate. The grain of pyrite coated with
supergene chalcocite (black) in (d) will, during
froth flotation, carry the pyrite as a diluting
impurity into the copper concentrate. The
grain is too small for separation of the two
minerals by crushing. It must be noted that
the market price for a metal does not apply
fully or directly to concentrates. The purchase
terms quoted by a custom smelter are usually
based on a nominal concentrate grade and
lower concentrate grades are penalized accord-

FIG.22 (a)-{d) Grains from a mineral dressing plant.
(a) Granular texture; black represents an ore
mineral, unornamented represents gangue (x0.6). (b)
A pyrite grain veined by chalcopyrite (black) (x177).
(c) A sphalerite grain containing small rounded
inclusions of chalcopyrite (black) (x133).

(d) Pyrite grain coated with supergene chalcocite
(black) (x233). (¢) Grains of pyrrhotite with exsolved
granular pentlandite in the interstices and flame
exsolution bodies within the pyrrhotite (x57).

(f) Exsolution blades of ilmenite in a magnetite
grain (x163).

ing to the amount by which they fall below
the contracted grade. Exsolution textures com-
monly devalue ores by locking up ore minerals
and by introducing impurities. In (e) the tiny
flame-shaped exsolution bodies of pentlandite
(black) in the pyrrhotite grain will go with the
pyrrhotite into the tailings and the ilmenite
bodies (black) in magnetite (f) are likewise too
small to be liberated by further grinding and
will contaminate the magnetite concentrate. If
this magnetite is from an ilmenite orebody
then these interlocked ilmenite bodies will be a
titanium loss.
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Sieve size % Sn

F 60
-V, o+ Y fraction<

S 40

F 40
-V, + Y, fracti0n<

S 60

F 15
-V, t+ Y, fraction<

S 85

F 9
-V, o+ Ys fraction<

S 91

F 8
-ys o+ Y fraction<

S 92

F 7.5
Yo + Yy fraction<

S 92.5

FIG.23 Mineral liberation size investigation of a
possible tin ore. F, float; S, sink; y, to y, grain (sieve)
sizes. For discussion see text.

Mineral Iiberation size

This is usually investigated as follows. Suppose
we have a simple example such as a tin ore
consisting of cassiterite (p=6.99) and quartz
(p < of the minerals are separated, using heavy
liquids such as (p=3.2) sodium-polytunstate
and lithium-tungstate. The float and sink frac-
tions are analyzed for tin grade. Figure 2.3
shows a possible result, where little improve-
ment in separation would be obtained by grind-
ing beyond the y—y; fraction.

2.2.5 Deleterious substances

These have been discussed in under “Undesir-
able substances” in section 2.2 with reference
to arsenic, mercury, phosphorus, calcite, and
topaz in metallic ores. Among industrial min-

erals mention can be made of the presence
of limonite coatings on quartz grains in sand
required for glass making. Extra cost in ex-
ploitation will arise from the need for an
acid leach, or other method, to remove the
coatings. Coal fragments in gravel will render
it valueless as gravel processing plants do not
include equipment for eliminating the coal.
Lastly it has become apparent recently that
the alkaline-silica reaction, which produces
“concrete cancer,” is due in some cases to the
presence of certain types of opaline silica in
the aggregate.

2.2.6 Miscellaneous examples of the use of
microscopy in ore evaluation and
mineral processing

Chromite ores

Chromite is never pure FeCr,O, and iron(III)
may substitute for chromium, particularly
along grain boundaries and fractures, producing
“off color grains” which can be detected in
polished sections by the experienced observer.
The magnetite rims will introduce mineral
processing difficulties, as will badly fractured
chromite grains present in some podiform
deposits; these may disintegrate rapidly into a
very fine-grained powder on grinding.

Nickel sulfide ores
The normal opaque mineralogy is magnetite—
pyrrhotite-pentlandite—chalcopyrite. The

magnetite and pyrrhotite are separated mag-
netically and normally become waste. Nickel
present in flame-like exsolution bodies (Fig.
2.2¢) and in solid solution in the pyrrhotite will
be lost. In an ore investigated by Stephens
(1972) use of the electron probe microanalyzer
revealed that 20% of the nickel would be lost
in this way. Minute grains of PGM minerals
are often included in the pyrrhotite, again lead-
ing to losses if this has not been noted. Also in
such ores the chalcopyrite may contain large
exsolved bodies of cubanite, a magnetic min-
eral, which could mean a substantial copper
loss in the pyrrhotite concentrate. In such a
case the ore must be roasted (at extra expense)
to destroy the magnetism of the cubanite.
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Tin ores

At mines where separate concentrates of
cassiterite and copper—zinc-arsenic sulfides
(often as a minor byproduct) are produced,
cassiterite coated with stannite (Cu,FeSnS,)
will pass into the sulfide concentrate.

Zinc loss

Lead-zinc ore from a new orebody was tested
by being processed in a mill at a nearby mine.
Despite being apparently identical to the ore at
the mine, substantial zinc losses into the tail-
ings occurred. It was discovered with the use
of an electron probe microanalyzer that the
siderite in the gangue carried 8-21% Zn in
solid solution.

Mercury impurity

In 1976 Noranda Mines Ltd cut its copper—
gold-silver concentrate purchases from Con-
solidated Rambler Mines Ltd, Newfoundland
by nearly 50% because of “relatively high
impurities” (Anon 1977). The major impurity
was mercury. An electron probe investigation
showed that this occurred in solid solution
(1-2%) in the minor sphalerite in the ore. By
depressing the zinc in the flotation circuit the
mercury content of the concentrate was virtu-
ally eliminated.

Probably the first mine to recover mercury
from copper concentrate was Rudnany in
Czechoslovakia where it occurs in tetrahedrite.
At the former Gortdrum Mine in Ireland the
presence of cinnabar in the copper-silver ore,

and of mercury in solid solution in the ten-
nantite, remained unknown for several years
and the smelting of concentrates from this
mine at a custom smelter in Belgium presum-
ably produced a marked mercury anomaly over
a substantial part of western Europe. A mer-
cury separation plant was then installed at
Gortdrum and a record production of 1334
flasks was reached in 1973.

Sulfur in coal

Of the three sulfur types in coal (organic,
sulfate, and sulfide) the sulfide is usually pres-
ent as pyrite and/or marcasite. If it is coarse-
grained then much can be removed during
washing, but many coals, e.g. British ones, have
such fine-grained pyrite that little can be done
to reduce the sulfur content. Such coals are no
longer easily marketable in this time of con-
cern about acid rain.

2.3 FURTHER READING

General techniques in applied mineralogy are
well discussed in Jones’ Applied Mineralogy —
A Quantitative Approach (1987). Hutchison’s
Laboratory Handbook of Petrographic Tech-
niques (1974) is also an invaluable book, as is
Zussman’s (1977) Physical Methods in Deter-
minative Mineralogy. Those working on pol-
ished sections should turn to Ore Microscopy
and Ore Petrography by Craig and Vaughan
(1994) and the online atlas of Ixer and Duller
(1998). References to techniques not covered by
these books are given in the text of this chapter.
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A detailed understanding of the geology of
mineral deposits is required to explore effec-
tively for them. As this is beyond the scope
of this volume, only some key features are
discussed here as well as how a more advanced
appreciation of mineral deposit geology may
be used in exploration programs. For further
detailed consideration of mineral deposit geo-
logy the reader is referred to the companion
volume in this series by Robb (2004) and refer-
ences listed in section 3.4.

31 NATURE AND MORPHOLOGY OF

OREBODIES

3.1.1 Size and shape of ore deposits

The size, shape, and nature of ore deposits
affects the workable grade. Large, low grade
deposits which occur at the surface can be
worked by cheap open pit methods, whilst thin
tabular vein deposits will necessitate more
expensive underground methods of extraction.
Open pitting, aided by the savings from bulk
handling of large daily tonnages (say >30 kt),
hasledtoatrend towards the large scale mining
of low grade orebodies. As far as shape is con-
cerned, orebodies of regular shape can generally
be mined more cheaply than those of irregular
shape, particularly when they include barren
zones. For an open pit mine the shape and
attitude of an orebody will also determine how
much waste has to be removed during mining.
The waste will often include not only over-
burden (waste rock above the orebody) but also
waste rock around and in the orebody, which

has to be cut back to maintain a safe overall
slope to the sides of the pit (see section 11.2.1).
Before discussing the nature of ore bodies we
must learn some of the terms used in describ-
ing them.

If an orebody viewed in plan is longer in one
direction than the other we can designate this
long dimension as its strike (Fig. 3.1). The
inclination of the orebody perpendicular to the
strike will be its dip and the longest dimension
of the orebody its axis. The plunge of the axis
is measured in the vertical plane ABC but its
pitch or rake can be measured in any other
plane, the usual choice being the plane contain-
ing the strike, although if the orebody is fault
controlled then the pitch may be measured in
the fault plane. The meanings of other terms
are self-evident from the figure.

It is possible to classify orebodies in the
same way as we divide up igneous intrusions
according to whether they are discordant or
concordant with the lithological banding (often
bedding) in the enclosing rocks. Considering
discordant orebodies first, this large class can be
subdivided into those orebodies which have an
approximately regular shape and those which
are thoroughly irregular in their outlines.

Discordant orebodies
Regularly shaped bodies

Tabular orebodies. Thesebodies are extensive
in two dimensions, but have a restricted devel-
opment in their third dimension. In this class
we have veins (sometimes called fissure-veins)
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FIG.31 Illustrations of terms used in the description
of orebodies.

and lodes (Fig. 3.2). These are essentially the
same and only the term vein is now normally
used. Veins are often inclined, and in such
cases, as with faults, we can speak of the hang-
ing wall and the footwall. Veins frequently
pinch and swell out as they are followed up or
down a stratigraphical sequence (Fig. 3.2). This
pinch-and-swell structure can create difficult-
ies during both exploration and mining often
because only the swells are workable. If these
are imagined in a section at right angles to that
in Fig. 3.2, it can be seen that they form ribbon
ore shoots. Veins are usually developed in frac-
ture systems and therefore show regularities in
their orientation throughout the orefield in
which they occur.

Thick impervious shale

D S B St s it Bl B Limestone
Shale
Limestone
Shale

:: Sandstone
Hanging Footwall
wall
20 m
L 1

FIG.32 Vein occupying a normal fault and
exhibiting pinch-and-swell structure, giving rise to
ribbon ore shoots. The development of a flat beneath
impervious cover is shown also.

The infilling of veins may consist of one
mineral but more usually it consists of an
intergrowth of ore and gangue minerals. The
boundaries of vein orebodies may be the vein
walls or they may be assay boundaries within
the veins.

Tubular orebodies. These bodies are relat-
ively short in two dimensions but extensive in
the third. When vertical or subvertical they
are called pipes or chimneys, when horizontal
or subhorizontal, “mantos.” The Spanish word
manto is inappropriate in this context for its
literal translation is blanket; it is, however,
firmly entrenched in the English geological
literature. The word has been and is employed
by some workers for flat-lying tabular bodies,
but the perfectly acceptable word “flat” (Fig.
3.2) is available for these; therefore the reader
must look carefully at the context when he or
she encounters the term “manto.” Mantos and
pipes may branch and anastomose and pipes
frequently act as feeders to mantos.

In eastern Australia, along a 2400 km belt
from Queensland to New South Wales, there
are hundreds of pipes in and close to granite
intrusions. Most have quartz fillings and some
are mineralized with bismuth, molybdenum,
tungsten, and tin; an example is shown in
Fig. 3.3. Pipes may be of various types and
origins (Mitcham 1974). Infillings of min-
eralized breccia are particularly common, a
good example being the copper-bearing breccia



3: MINERAL DEPOSIT GEOLOGY AND MODELS 35

60m

T

FIG.33 Diagram of the Vulcan pipe, Herberton,
Queensland. The average grade was 4.5% tin.
(After Mason 1953.)

pipes of Messina in South Africa (Jacobsen
& McCarthy 1976).

Irregularly shaped bodies

Disseminated deposits. In these deposits, ore
minerals are peppered throughout the body of
the host rock in the same way as accessory
minerals are disseminated through an igneous
rock; in fact, they often are accessory minerals.
A good example is that of diamonds in kim-
berlites. In other deposits, the disseminations
may be wholly or mainly along close-spaced
veinlets cutting the host rock and forming
an interlacing network called a stockwork
(Fig. 3.4), or the economic minerals may be dis-
seminated through the hostrock along veinlets.
Whatever the mode of occurrence, mineralisa-
tion of this type generally fades gradually out-
wards into subeconomic mineralisation and
the boundaries of the orebody are assay limits.
They are, therefore, often irregular in form
and may cut across geological boundaries. The

0 3cm

FIG.34 Stockwork of molybdenite-bearing quartz
veinlets in granite that has undergone phyllic
alteration. Run of the mill ore, Climax, Colorado.

overall shapes of some are cylindrical, others
are caplike, whilst the mercury-bearing stock-
works of Dubnik in Slovakia are sometimes
pear-shaped.

Stockworks most commonly occur in por-
phyritic acid to intermediate plutonic igneous
intrusions, but they may cut across the contact
into the country rocks, and a few are wholly
or mainly in the country rocks. Disseminated
deposits produce most of the world’s copper
and molybdenum (porphyry coppers and dis-
seminated molybdenums) and they are also of
some importance in the production of tin, gold,
silver (see Chapter 16), mercury, and uranium.
Porphyry coppers form some of the world’s
monster orebodies. Grades are generally 0.4—
1.5% Cu and tonnages 50-5000 Mt.

Irregular replacement deposits. Many ore
deposits have been formed by the replacement
of pre-existing rocks, particularly carbonate-
rich sediments, e.g. magnesite deposits. These
replacement processes often occurred at high
temperatures, at contacts with medium-sized
to large igneous intrusions. Such deposits have
therefore been called contact metamorphic
or pyrometasomatic; however, skarn is now
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FIG.35 Skarn deposit at Iron Springs, Utah. (After
Gilluly et al. 1959.)

the preferred and more popular term. The
orebodies are characterized by the develop-
ment of calc-silicate minerals such as diopside,
wollastonite, andradite garnet, and actinolite.
These deposits are extremely irregular in shape
(Fig. 3.5); tongues of ore may project along any
available planar structure - bedding, joints,
faults, etc., and the distribution within the
contact aureole is often apparently capricious.
Structural changes may cause abrupt termina-

tion of the orebodies. The principal materials
produced from skarn deposits are iron, copper,
tungsten, graphite, zinc, lead, molybdenum,
tin, uranium, and talc.

Concordant orebodies

Sedimentary host rocks

Concordant orebodies in sediments are very
important producers of many different metals,
being particularly important for base metals
and iron, and are of course concordant with
the bedding. They may be an integral part of the
stratigraphical sequence, as is the case with
Phanerozoic ironstones — or they may be
epigenetic infillings of pore spaces or replace-
ment orebodies. Usually these orebodies show
a considerable development in two dimen-
sions, i.e. parallel to the bedding and a limited
development perpendicular to it (Fig. 3.6), and
for this reason such deposits are referred to as
stratiform. This term must not be confused
with strata-bound, which refers to any type or
types of orebody, concordant or discordant,
which are restricted to a particular part of the

UPPER
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FIG.3.6 Cross-section through the ore zone, Sullivan Mine, British Columbia. (After Sangster & Scott 1976.)
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stratigraphical column. Thus the veins, pipes,
and flats of the Southern Pennine orefield of
England can be designated as strata-bound, as
they are virtually restricted to the Carbonifer-
ous limestone of that region. A number of
examples of concordant deposits which occur
in different types of sedimentary rocks will be
considered.

Limestone hosts. Limestones are very com-
mon host rocks for base metal sulfide deposits.
In a dominantly carbonate sequence ore is of-
ten developed in a small number of preferred
beds or at certain sedimentary interfaces.
These are often zones in which the permeabil-
ity has been increased by dolomitization or
fracturing. When they form only a minor part
of the stratigraphical succession, limestones,
because of their solubility and reactivity, can
become favorable horizons for mineralisation.
For example the lead-zinc ores of Bingham,
Utah, occur in limestones which make up 10%
of a 2300 m succession mainly composed of
quartzites.

Argillaceous  hosts. Shales, mudstones,
argillites, and slates are important host rocks
for concordant orebodies which are often
remarkably continuous and extensive. In Ger-
many, the Kupferschiefer of the Upper Permian
is a prime example. This is a copper-bearing
shale a meter or so thick which, at Mansfeld,
occurred in orebodies which had plan dimen-
sions of 8, 16, 36 and 130 km?>. Mineralisation
occurs at exactly the same horizon in Poland,
where it is being worked extensively, and
across the North Sea in north-eastern England,
where it is subeconomic.

The world’s largest, single lead—zinc orebody
occurs at Sullivan, British Columbia. The host
rocks are late Precambrian argillites. Above
the main orebody (Fig. 3.6) there are a number
of other mineralized horizons with concordant
mineralisation. This deposit appears to be
syngenetic and the lead, zinc and other metal
sulfides form an integral part of the rocks in
which they occur. The orebody occurs in a
single, generally conformable zone 60-90 m
thick and runs 6.6% Pb and 5.9% Zn. Other
metals recovered are silver, tin, cadmium, anti-
mony, bismuth, copper, and gold. This orebody
originally contained at least 155 Mt of ore.

Other good examples of concordant deposits
in argillaceous rocks, or slightly metamor-
phosed equivalents, are the lead-zinc deposits
of Mount Isa, Queensland, many of the
Zambian Copperbelt deposits, and the copper
shales of the White Pine Mine, Michigan.

Arenaceous hosts. Not all the Zambian
Copperbelt deposits occur in shales and
metashales. Some bodies occur in altered
feldspathic sandstones such as Mufulira, which
consists of three extensive lenticular orebodies
stacked one above the other and where the
ore reserves in 1974 stood at 282 Mt assaying
3.47% Cu. The largest orebody has a strike
length of 58km and extends several
kilometers down dip. Many other concordant
sandstone-hosted orebodies occur around the
world, such as those in desert sands (red bed
coppers), which are very important in China
where they make up nearly 21% of the
stratiform copper reserves of that country
(Chen 1988).

Many mechanical accumulations of high
density minerals such as magnetite, ilmenite,
rutile, and zircon occur in arenaceous hosts,
usually taking the form of layers rich in heavy
minerals in Pleistocene and Holocene sands.
As the sands are usually unlithified, the de-
posits are easily worked and no costly crushing
of the ore is required. These orebodies belong
to the group called placer deposits. Beach sand
placers supply much of the world’s titanium,
zirconium, thorium, cerium, and yttrium. They
occur along present-day beaches or ancient
beaches where longshore drift is well devel-
oped and frequent storms occur. Economic
grades can be very low and sands running as
little as 0.6% heavy minerals are worked along
Australia’s eastern coast.

Rudaceous hosts. Alluvial gravels and con-
glomerates also form important recent and
ancient placer deposits. Alluvial gold deposits
are often marked by “white runs” of vein quartz
pebbles as in the White Channels of the Yukon,
the White Bars of California, and the White
Leads of Australia. Such deposits form one of
the few types of economic placer deposits
in fully lithified rocks, and indeed the majority
of the world’s gold is won from Precambrian
deposits of this type in South Africa (see
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FIG.3.7 Distribution of pay streaks (gold orebodies)
in the Main Leader Reef in the East Rand Basin of
the Witwatersrand Goldfield of South Africa. The
arrows indicate the direction of dip at the outcrop or
suboutcrop. For the location of this ore district see
Fig. 14.2. (After Du Toit 1954.)

Chapter 14). Figure 3.7 shows the distribution
of the gold orebodies in the East Rand Basin
where the vein quartz pebble conglomerates
occur in quartzites of the Witwatersrand
Supergroup. Their fan-shaped distribution
strongly suggests that they occupy distributary
channels. Uranium is recovered as a byproduct
of the working of the Witwatersrand goldfields.
In the very similar Blind River area of Ontario
uranium is the only metal produced.

Chemical sediments. Sedimentary iron and
manganese formations and evaporites occur
scattered through the stratigraphical column
where they form very extensive beds conform-
able with the stratigraphy.

Igneous host rocks

Volcanic hosts. The most important deposit
type in volcanic rocks is the volcanic-
associated massive sulfide (see Chapter 15) or
oxide type. The sulfide variety often consists of
over 90% iron sulfide usually as pyrite. They
are generally stratiform bodies, lenticular to
sheetlike (Fig. 3.8), developed at the interfaces
between volcanic units or at volcanic-
sedimentary interfaces. With increasing
magnetite content, these sulfide ores grade
into massive oxide ores of magnetite and/or
hematite such as Savage River in Tasmania,
Fosdalen in Norway, and Kiruna in Sweden
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FIG.3.8 Schematic section through an idealized volcanic-associated massive sulfide deposit showing the
underlying feeder stockwork and typical mineralogy. Py, pyrite; sp, sphalerite; ga, galena; cp, chalcopyrite.
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(Solomon 1976). They can be divided into three
classes of deposit: (a) zinc-lead-copper, (b)
zinc—copper, and (c) copper. Typical tonnages
and copper grades are 0.5-60 Mt and 1-5%,
but these are commonly polymetallic deposits
often carrying other base metals and significant
precious metal values which make them plum
targets for exploration, e.g. Neves-Corvo (see
section 1.2.3, “Metal and mineral prices”).

The most important host rock is rhyolite and
lead-bearing ores are only associated with this
rock type. The copper class is usually, but not
invariably, associated with mafic volcanics.
Massive sulfide deposits commonly occur in
groups and in any one area they are found at
one or a restricted number of horizons within
the succession (see section 15.2.5). These
horizons may represent changes in com-
position of the volcanic rocks, a change from
volcanism to sedimentation, or simply a pause
in volcanism. There is a close association with
volcaniclastic rocks and many orebodies over-
lie the explosive products of rhyolite domes.
These ore deposits are usually underlain by a
stockwork that may itself be ore grade and
which appears to have been the feeder channel
up which mineralizing fluids penetrated to
form the overlying massive sulfide deposit. All
these relationships are of great importance in
the search for this orebody type.

Plutonic hosts. Many plutonic igneous intru-
sions possess rhythmic layering and this is
particularly well developed in some basic in-
trusions. Usually the layering takes the form of
alternating bands of mafic and felsic minerals,
but sometimes minerals of economic interest
such as chromite, magnetite, and ilmenite may
form discrete mineable seams within such
layered complexes. These seams are naturally
stratiform and may extend over many Kkilo-
meters, as is the case with the chromite seams
in the Bushveld Complex of South Africa and
the Great Dyke of Zimbabwe.

Another form of orthomagmatic deposit is
the nickel-copper sulfide orebody formed by
the sinking of an immiscible sulfide liquid
to the bottom of a magma chamber containing
ultrabasic or basic magma. These are known as
liquation deposits and they may be formed in
the bottom of lava flows as well as in plutonic
intrusions. The sulfide usually accumulates in

hollows in the base of the igneous body and
generally forms sheets or irregular lenses con-
formable with the overlying silicate rock. From
the base upwards, massive sulfide gives way
through disseminated sulfides in a silicate
gangue to lightly mineralized and then barren
rock (Fig. 3.9).

Metamorphic host rocks

Apart from some deposits of metamorphic ori-
gin such as the irregular replacement deposits
already described and deposits generated in con-
tact metamorphic aureoles - e.g. wollastonite,
andalusite, garnet, graphite — metamorphic
rocks are important for the metamorphosed
equivalents of deposits that originated in sedi-
mentary and igneous rocks and which have
been discussed above.

Residual deposits

These are deposits formed by the removal of
nonore material from protore (rock in which
an initial but uneconomic concentration of
minerals is present that may by further natural
processes be upgraded to form ore). For ex-
ample, the leaching of silica and alkalis from a
nepheline-syenite may leave behind a surface
capping of hydrous aluminum oxides (bauxite).
Some residual bauxites occur at the present
surface, others have been buried under younger
sediments to which they form conformable
basal beds. The weathering of feldspathic rocks
(granites, arkoses) can produce important kao-
lin deposits which, in the Cornish granites of
England, form funnel or trough-shaped bodies
extending downwards from the surface for as
much as 230 m.

Other examples of residual deposits include
some laterites sufficiently high in iron to be
worked and nickeliferous laterites formed by
the weathering of peridotites.

32 WALL ROCKALTERATION

Many ore deposits, particularly the epigenetic
ones, may have beside or around them a zone or
zones of wall rock alteration. This alteration of
the host rock is marked by color, textural,
mineralogical or chemical changes or any com-
bination of these. The areal extent of the altera-
tion can vary considerably, sometimes being
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FIG.39 Generalized section through the Creighton ore zone, Sudbury, Ontario, looking west. (After Souch

etal. 1969.)

limited to a few centimeters on either side of
a vein, at other times forming a thick halo
around an orebody and then, since it widens
the drilling target, it may be of considerable
exploration value. Hoeve (1984) estimated that
the drilling targets in the uranium field of the
Athabasca Basin in Saskatchewan are enlarged
by a factor of 10-20 times by the wall rock
alteration. The Atlas of Alteration by Thomp-
son and Thompson (1996) is a very well illus-
trated place to start your study.

3.3 GEOLOGICAL MODELS OF MINERAL
DEPOSITS

One of the aims of the planning stage (see
Chapter 4) is to identify areas for reconnais-
sance and to do this we must have some idea of
how the materials sought relate to geological
factors including geophysics and geochemistry.
This is best achieved by setting up a model or
models of the type of deposit sought. But what
is a model? The term has been defined in vari-
ous ways but a useful one is that of “functional
idealization of a real world situation used to aid
in the analysis of a problem.” As such it is a

synthesis of available data and should include
the most informative and reliable characteris-
tics of a deposit type, identified on a variety of
scales and including definition of the average
and range of each characteristic (Adams 1985).
It is therefore subject to uncertainty and
change; each new discovery of an example of a
deposit type should be added to the data base.
In mineral deposit models there are two main
types which are often combined; the empirical
model based on deposit descriptions and a
genetic model which explains deposits in term
of causative geological processes. The genetic
model is necessarily more subjective but can be
more powerful, as it can predict deposits not
contained in the descriptive data base. Another
type of model which is extremely useful for
preliminary economic evaluations is a grade-
tonnage model. This accumulates grade and
tonnage data for known deposits and from this
itis possible to estimate the size and grade of an
average or large deposit and the cash flow if one
were found. Examples of this type of modeling
are given by Gorman (1994) for South American
gold and copper deposits. Cost curves can also
be calculated for differing deposit types. Exam-
ples for copper (Fig. 3.10) show the low cost of
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FIG.3.10 Cost curves for copper production.
The C1 cost is the cash operating cost. Note the
predominance of porphyry copper production.
(After Moore 1998.)

producing from porphyry copper deposits and
the economies of scale from large production
relative to sedimentary copper and volcanic-
associated massive sulfide deposits.

To understand how geological models are
constructed we will examine the deposit model
for unconformity-related uranium deposits.
These deposits are currently the main source of
high grade uranium in the Western world and
mainly occur in two basins; the Athabasca
Basin of Northern Saskatchewan and the
Alligator River area of the Northern Territory
in Australia. Good accounts of most deposit
models can be found in two publications by
North American Geological Surveys, Cox and
Singer (1986) and Eckstrand (1984), later re-
vised as Eckstrand et al. (1995). Cox and Singer
adopt a strictly descriptive approach, based on
their classification of mineral deposits (see sec-
tion 3.6), but also give grade-tonnage curves
and geophysical signatures whereas Eckstrand
is more succinct but gives brief genetic models.
Some major deposit types are also dealt with in
depth by Roberts and Sheahan (1988), Kirkham
et al. (1993), and a special edition of the Aus-
tralian Geological Survey Organisation journal
(AGSO 1998). Internet versions of the USGS
deposit models and a more extensive classifica-
tion by the British Columbia Geological Survey
are available at their web sites (BCGS 2004,
USGS 2004).
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FIG.311 Generalized diagram of an unconformity-
associated uranium deposit. (After Clark et al. 1982.)

Table 3.1 shows the elements that were
used by Eckstrand and Cox and Singer in
their unconformity-related deposit models.
Both accounts agree that the deposits occur at
or near the unconformable contact between
regionally metamorphosed Archaean to Lower
Proterozoic basement and Lower to Middle
Proterozoic (1900-1200 Ma) continental clastic
sediments, as shown in Fig. 3.11. The details
of the controls on mineralisation are more sub-
jective; the Canadian deposits occur both in the
overlying sandstones and basement whereas
the Australian deposits are almost exclusively
in the basement. Most deposits in Canada are
spatially associated very closely with graphitic
schists whereas the Australian deposits are
often in carbonates, although many are car-
bonaceous. Both models agree that the key
alteration is chloritization together with seri-
citization, kaolinization, and hematitization
along the intersection of faults and the un-
conformity. Generalization on the mineralogy
of the deposits is difficult but the key mineral
is pitchblende with lesser amounts of the
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TABLE 3.1

Summary of elements used in the models for unconformity-related uranium deposits by Grauch and

Moiser in Cox and Singer (1986) and Tremblay and Ruzicka in Eckstrand (1984).

Element Cox & Singer Eckstrand

Synonym: Vein-like type U U (Ni, Co, As, Se, Ag, Au, Mo)
Commodities

(Eckstrand)

Description U mineralisation in fractures

Geological environment

Rock types

Textures

Age range

Depositional
environment:
Associated rocks
(Eckstrand)

Tectonic setting
(Cox & Singer)
Geological setting
(Eckstrand)

Associated deposit
types
Form of deposit

Deposit description
Mineralogy

and breccia fills in metapelites,
metapsammites, and quartz
arenites below, across, and above
an unconformity separating early
and middle Proterozoic rocks

Regionally metamorphosed
carbonaceous pelites, psammites,
and carbonates. Younger
unmetamorphosed quartz arenites

Metamorphic foliation and later
brecciation

Early and middle Proterozoic
affected by Proterozoic regional
metamorphism

Host rocks are shelf deposits and
overlying continental sandstone

Intracratonic sedimentary basins
on the flanks of Archaean domes.
Tectonically stable since the
Proterozoic

Gold- and nickel-rich deposits
may occur

Pitchblende + uraninite * coffinite

+ pyrite * galena * sphalerite +
arsenopyrite £ niccolite. Chlorite +
quartz + calcite + dolomite + hematite
+ siderite + sericite. Late veins contain
native gold, uranium, and tellurides.
Latest quartz—calcite veins contain
pyrite, chalcopyrite, and bituminous
matter

Ores occur in clay sericite and chlorite
masses at the unconformity and along
intersecting faults and in clay-altered
basement rocks and kaolinized cover rocks

Most basement rocks are Aphebian, some
may be Archaean. Helikian cover rocks.
Ore: Helikian (1.28 £0.11 Ga)

Basement: graphitic schist and gneiss,
coarse-grained granitoids, calc silicate
metasediments. Cover rocks: sandstone
and shale

Relatively undeformed, intracratonic,
Helikian sedimentary basin resting
unconformably on intensely deformed
Archaean and Aphebian basement.
Deposits are associated with unconformity
where intersected by faults. Palaeoregolith
present in Saskatchewan

Flattened cigar shaped, high grade bodies
oriented and distributed along the
unconformity and faults, especially
localized at unconformity—fault
intersections. High grade bodies grade
outwards into lower grade

Pitchblende coffinite, minor uranium
oxides. Ni and Co arsenides and sulfides,
native selenium and selenides, native
gold and gold tellurides, galena, minor
molybdenite, Cu and Fe sulfides, clay
minerals, chlorite, quartz, graphite,
carbonate
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TABLE3.1 (continued)

Element

Cox & Singer

Eckstrand

Texture and structure

Alteration

Ore controls

Weathering

Geochemical and
geophysical
Signature (Cox &
Singer)

Genetic model

Examples

Importance

Typical grade
and tonnage

Breccias, veins, and disseminations.
Uranium minerals coarse and
colloform. Latest veins have open
space filling textures

Multistage chloritization dominant.
Local sercitization, hematization,
kaolinization, and dolomitization.
Vein silicification in alteration
envelope. Alteration enriched in
Mg, F, REE, and various metals.
Alkalis depleted

Fracture porosity controlled ore
distribution in metamorphics.
Unconformity acted as disruption in
fluid flow but not necessarily ore locus

Various secondary U minerals

Increase in U, Mg, P, and locally Nij,
Cu, Pb, Zn, Co, As; decrease in SiO,.
Locally Au with Ag, Te, Ni, Pd, Re,
Mo, Hg, REE, and Rb. Anomalous
radioactivity. Graphitic schists in
some deposits are strong EM
conductors

Rabbit Lake, Saskatchewan Cluff
Lake Saskatchewan

see Fig. 3.12

1 At or near unconformity between
Helikian sandstone and Archaean
basement

2 Intersection of unconformity with
reactivated basement faults

3 Associated with graphitic basement
rocks and gray and/or multicolored shale
and sandstone cover

4 Intense clay, chlorite, and sericite
alteration of basement and cover rocks
5 Basement rocks with higher than
average U content

Combinations of:

1 Preconcentration of U during deposition
of Aphebian sediments and their anatexis
2 Concentration in lateritic regolith
(Helikian)

3 Mobilization by heated oxidized
solutions and precipitation in reducing
environment at unconformity and fault
locus

4 Additional cycles of mobilization and
precipitation leading to redistribution of
uranium

Key Lake, Rabbit Lake, Cluff Lake,
Canada. Jabiluka I and IT, Ranger, N.T.,
Australia

Canada: 35% of current U production but
50% of reserves

World: 15% of reserves

Canada: small to 5 Mt 0of 0.3-3% U.
Australia: maximum 200,000 t of
contained U but grade lower than Canada
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uranium silicate, coffinite. The more contenti-
ous issue is the associated minerals; in Canada
high grade nickel arsenides are common, but by
no means ubiquitous, whereas the mineralogy
of the Australian deposits is simpler. However,
gold is more common and may be sufficiently
abundant to change the deposit model to
unconformity-related uranium-gold. Selenides
and tellurides are present in some deposits,
although Cox and Singer omit the former but
mention enrichment in palladium.

The genetic model for these deposits in-
cludes elements of the following:

1 Preconcentration of uranium and associated
elements in basement sedimentary rocks.

2 Concentration during the weathering of the
basement prior to the deposition of the over-
lying sediments.

3 Mobilization of uranium and the associated
elements by oxidizing fluids and precipitation
in a reducing environment at fault-
unconformity intersections.

4 Additional cycles of oxidation and mobiliza-
tion.

As an example of the differences between the
descriptive and genetic models, the descriptive
model would suggest exploration for graphitic
conductors whereas the genetic model would
broaden the possible depositional sites to any
reducing environment. Descriptive and genetic
models can be combined with the grade-
tonnage curves of Cox and Singer (Fig. 3.12)
to suggest the probable economic benefits. It
should be noted that high tonnage does not
necessarily mean low grade, and large deposits
such as Cigar Lake (1.47 Mt of 11.9% U,Qq) in
Saskatchewan have grade and tonnage that
rank in the top 10% of all deposits.

The history of exploration in the two areas
clearly illustrates the uses and limitations of
models. Unconformity vein deposits were first
discovered as a result of exploration in known
uraniferous areas of Northern Canada (Fig. 3.13)
and Australia in the late 1960s. The initial
Canadian discoveries were made by a French
company which was exploring for uranium
veins around the Beaverlodge deposit. These
have no obvious relation to the mid Proterozoic
sandstones and it was only the company’s pre-
vious experience in Gabon and minor known
occurrences near the unconformity which
suggested that the sandstones might be miner-
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FIG.312 (a,b) Grade-tonnage curves for
unconformity associated deposits. (From Cox &
Singer 1986.)

alized (Tona et al. 1985). On this premise the
company (Amok) conducted an airborne radio-
metric survey which led them to boulders
of mineralized sandstone and massive pitch-
blende close to the source deposit (Cluff Lake
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FIG.313 Outline of the Athabasca Basin and
distribution of the associated uranium deposits.
(Modified after Clark et al. 1982.)

A). At roughly the same time a small Canadian
company explored the eastern edge of the basin
knowing that they had an aircraft available and
that the sandstones might be prospective by
comparison with the much younger Western
US deposits (Reeves & Beck 1982). They also
discovered glacial boulders which led them
back to the deposit (Rabbit Lake). At roughly
the same time (1969) in Australia airborne sur-
veys in the East Alligator Valley detected major
anomalies at Ranger, Koongarra, and Narbalek.
The area selection was initially based on the
similarity of the geology with known produc-
ing areas in South Alligator Valley, with acid
volcanics as the postulated source rock, and
by a re-interpretation of granites, that were pre-
viously thought to be intrusive, as basement
gneiss domes (Dunn et al. 1990b). When drill-
ing started it became clear that the miner-
alisation was closely associated with the
unconformity. Thus the overlying sandstones,
rather than being responsible for the erosion of
the deposits or being a barren cover, became a
target. In Canada the Key Lake and Midwest
Lake deposits were discovered as a result of this
change in model (Gatzweiler et al. 1981, Scott
1981). The exploration model has been further
developed in Canada, to the point at which
deposits with no surface expression (blind
deposits), such as Cigar Lake and McArthur
River, have been found by deep drilling of elec-
tromagnetic conductors caused by graphitic
schists (McMullan et al. 1989). Similar devel-
opments could have been anticipated in Aus-
tralia but for government control on uranium

exports, which inhibited uranium exploration.
The importance of recognizing the elements
associated with this type of deposit became
obvious in the late 1980s with the discovery
of the Coronation Hill gold—palladium deposit
in the Northern Territory and similar prospects
in Saskatchewan. Unfortunately for the com-
pany concerned Coronation Hill is on the edge
of the Kakadu National Park and will not be
mined in the foreseeable future.

The application of a particular deposit model
will depend on the quality of the database and
should not be regarded as a panacea for the ex-
ploration geologist. Some deposit types such as
placer gold are easy to understand and have
well-developed models, whereas others such as
Besshi-style massive sulfides or the Olympic
Dam models are not well developed and may be
represented by a single deposit on which infor-
mation is difficult to obtain.

The major pitfalls of using models are ably
illustrated in cartoon form by Hodgson (1989).
He identifies a number of problems which he
likens to religious cults:

1 The cult of the fad or fashion. An obsession
with being up to date and in possession of the
newest model.

2 The cult of the panacea. The attitude that
one model is the ultimate and will end all
controversy.

3 The cult of the classicists. All new ideas are
rejected as they have been generated in the hot
house research environment.

4 The cult of the corporate iconoclasts. Only
models generated within an organization are
valid, all outside models are wrong.

5 The cult of the specialist. In which only one
aspect of the model is tested and usually not in
the field.

The onus is thus on the exploration geologist
to ensure that a model is correctly applied and
not to exclude deviations from the norm. Other
examples of the application of models are given
in Chapters 12-17.

3.4 FURTHER READING

Longer discussions of the subjects forming the
main sections of this chapter can be found in
Robb Introduction to Ore-Forming Processes
(2004). Kesler’s Mineral Resources, Economics,



46  A.M. EVANS & C.]. MOON

and the Environment (1994) provides a good
introduction and a link with economics.
Sawkins’ Metal Deposits in Relation to Plate
Tectonics (second edition 1990, Springer
Verlag) gives an overview of the major struc-
tural controls on deposits.

3.5 SUMMARY OF CHAPTERS 1, 2, AND 3

The general nature of ore, industrial minerals,
and orebodies are discussed in sections 1.1 and
1.2 and it is emphasized that these deposits
must contain valuable constituents that can be
economically recovered using suitable treat-
ment. (Chapter 11 is largely devoted to a de-
tailed coverage of this principle.) In the past too
much interest in many mining circles has been
placed on the more glamorous metallic de-
posits and the general importance of industrial
minerals neglected (see section 1.2.2). The
value of both is governed by demand and
supply (see section 1.2.3) and many factors in-
cluding government action, recycling, and sub-
stitution play a part in determining their
market prices. In section 1.3 the principal steps
involved in the exploration for, and develop-
ment of, a mineral deposit are summarized
and these are the subjects that are covered in
more detail in the rest of this book. A sound
knowledge of these is necessary in choosing
exploration areas (see section 1.5.) leading to
the development of a rationale of mineral ex-
ploration (see section 1.6).

Economic mineral deposits are extremely
variable in their mineralogy and grade and the

geologist must be able to identify, or have iden-
tified for him or her, every mineral in a possible
orebody (see Chapter 2). This will help them to
assess the full economic potential of any mate-
rial to be mined from it and prevent them over-
looking the presence of additional valuable
constituents or deleterious substances that
may render the deposit unworkable. There are
many techniques now available for compre-
hensive mineralogical examination of mineral
samples and these are discussed in section 2.2.
However, such investigations must be quant-
itative as well as qualitative; grain size and
shape, relative mineral amounts, and the man-
ner of interlocking must be determined.

The nature and morphology of mineral de-
posits are very varied and only a restricted cov-
erage of these subjects can be given in this book
(see section 3.1). The tyro is therefore strongly
recommended to acquire a broad knowledge of
these subjects from extended reading so that
when he or she detects signs of mineralisation
they may soon develop a working hypothesis of
the nature of the particular beast they have
come upon.

Having recognized the tectonic setting of
an exploration region, models of the deposits
likely to be present, and particularly of those
being sought, should be set up. Both empirical
and genetic models are used, often in combina-
tion, to show how the materials sought relate
to geological factors including geophysics and
geochemistry. To understand how models are
constructed and used, unconformity-related
uranium deposits are discussed in some detail
(see section 3.2.3).

3.6 APPENDIX: MINERAL DEPOSIT MODEL CLASSIFICATION OF COX AND SINGER (1986). ONLINE

LINKS CAN BE FOUND AT USGS (2004).

Mafic and ultramafic intrusions

A. Tectonically stable area; stratiform complexes

Stratiform deposits
Basal zone
Stillwater Ni-Cu
Intermediate zone
Bushveld chromitite
Merensky Reef PGE
Upper zone
Bushveld Fe-Ti-V

2a
2b
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Pipe-like deposits
Cu-Ni pipes
PGE pipes

B. Tectonically unstable area

Intrusions same age as volcanic rocks
Rift environment
Duluth Cu-Ni-PGE
Noril’sk Cu-Ni-PGE
Greenstone belt in which lowermost rocks of sequence contain ultramafic rocks
Komatiitic Ni-Cu
Dunitic Ni-Cu
Intrusions emplaced during orogenesis
Synorogenic in volcanic terrane
Synorogenic-synvolcanic Ni-Cu
Synorogenic intrusions in nonvolcanic terrane
Anorthosite-Ti
Ophiolite
Podiform chromite
Major podiform chromite
(Lateritic Ni)
(Placer Au-PGE)
Serpentine
Limassol Forest Co-Ni
Serpentine-hosted asbestos
(Silica-carbonate Hg)
(Low-sulfide Au-quartz vein)
Cross-cutting intrusions (concentrically zoned)
Alaskan PGE
(Placer PGE-Au)

C. Alkaline intrusions in stable areas

Carbonatite
Alkaline complexes
Diamond pipes

Felsic intrusions

D. Mainly phanerocrystalline textures

Pegmatitic

Be-Li pegmatites
Sn-Nb-Ta pegmatites

Granitic intrusions

Wallrocks are calcareous
W skarn
Sn skarn
Replacement Sn
Other wallrocks
W veins
Sn veins

4a
4b

5a
5b

6a
6b

7a
7b

8a
8b
(38a)
(39a)

8c
8d
(27c)
(36a)

(39b)

10
11
12

13a
13b

14a
14b
l4c

15a
15b
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Sn greisen
(Low-sulfide Au-quartz vein)
(Homestake Au)
Anorthosite intrusions
(Anorthosite Ti)

E. Porphyroaphanitic intrusions present

High-silica granites and rhyolites
Climax Mo
(Fluorspar deposits)
Other felsic and mafic rocks including alkalic
Porphyry Cu
Wallrocks are calcareous
Deposits near contact
Porphyry Cu, skarn-related
Cu skarn
Zn-Pb skarn
Fe skarn
Carbonate-hosted asbestos
Deposits far from contact
Polymetallic replacement
Replacement Mn
(Carbonate-hosted Au)
Wallrocks are coeval volcanic rocks
In granitic rocks in felsic volcanics
Porphyry Sn
Sn-polymetallic veins
In calcalkalic or alkalic rocks
Porphyry Cu-Au
(Epithermal Mn)
Wallrocks are older igneous and sedimentary rocks
Deposits within intrusions
Porphyry Cu-Mo
Porphyry Mo, low-F
Porphyry W
Deposits within wallrocks
Volcanic hosted Cu-As-Sb
Au-Ag-Te veins
Polymetallic veins
(Epithermal quartz-alunite Au)
(Low-sulfide Au-quartz vein)

Extrusive rocks

F. Mafic extrusive rocks

Continental or rifted craton
Basaltic Cu
(Sediment-hosted Cu)

Marine, including ophiolite-related
Cyprus massive sulfide

15¢
(36a)
(36¢)

(7Db)

16
(26b)

17

18a
18b
18c
18d
18e

19a
19b
(26a)

20a
20b

20c
(25g)

21a
21b
21c

22a
22b
22c
(25€)
(36a)

23
(30D)

24a
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Besshi massive sulfide
Volcanogenic Mn
Blackbird Co-Cu
(Komatiitic Ni-Cu)

G. Felsic-mafic extrusive rocks

Subaerial

Deposits mainly within volcanic rocks
Hot-spring Au-Ag
Creede epithermal vein
Comstock epithermal vein
Sado epithermal vein
Epithermal quartz-alunite Au
Volcanogenic U
Epithermal Mn
Rhyolite-hosted Sn
Volcanic-hosted magnetite
(Sn polymetallic veins)

Deposits in older calcareous rocks
Carbonate-hosted Au-Ag
Fluorspar deposits

Deposits in older elastic sedimentary rocks
Hot-spring Hg
Almaden Hg
Silica-carbonate Hg
Simple Sb

Marine

Kuroko massive sulfide

Algoma Fe
(Volcanogenic Mn)
(Volcanogenic U)
(Low-sulfide Au-quartz vein)
(Homestake Au)
(Volcanogenic U)

Sedimentary rocks

H. Clastic sedimentary rocks

Conglomerate and sedimentary breccia
Quartz pebble conglomerate Au-U
Olympic Dam Cu-U-Au
(Sandstone U)

(Basaltic Cu)

Sandstone
Sandstone-hosted Pb-Zn
Sediment-hosted Cu
Sandstone U
(Basaltic Cu)

(Kipushi Cu-Pb-Zn)
(Unconformity U-Au)

24b
24c¢
24d
(6a)

25a
25b
25¢
25d
25e
2.5f
25¢g
25h
25i
(20D)

26a
26b

27a
27b
27¢
27d

28a

28b

(24c)
(25f)
(36a)
(36D)
(25f)

29a
29b
(30c)
(23)

30a
30b
30c
(23)
(32c)
(37a)
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Shale-siltstone
Sedimentary exhalative Zn-Pb
Bedded barite
Emerald veins
(Basaltic Cul)
(Carbonate-hosted Au-Ag)
(Sediment-hosted Cu)

I. Carbonate rocks

No associated igneous rocks
Southeast Missouri Pb-Zn
Appalachian Zn
Kipushi Cu-Pb-Zn
(Replacement Sn)
(Sedimentary exhalative Zn-Pb)
(Karst bauxite)

Igneous heat sources present
(Polymetallic replacement)
(Replacement Mn)
(Carbonate-hosted Au-Ag)
(Fluorspar deposits)

J. Chemical sediments

Oceanic
Mn nodules
Mn crusts
Shelf
Superior Fe
Sedimentary Mn
Phosphate, upwelling type
Phosphate, warm-current type
Restricted basin
Marine evaporate
Playa evaporate
(Sedimentary exhalative Zn-PDb)
(Sedimentary Mn)

REGIONALLY METAMORPHOSED ROCKS

K. Derived mainly from eugeosynclinal rocks

Low-sulfide Au-quartz vein
Homestake Au
(Serpentine-hosted asbestos)
(Gold on flat faults)

L. Derived mainly from pelitic and other sedimentary rocks

Unconformity U-Au
Gold on flat faults

3la
31b
3lc
(23)
(26a)
(30Db)

32a
32b
32¢c
(14c)
(31a)
(38c)

(19a)
(19b)
(26a)
(26Db)

33a
33b

34a
34b
34c
34d

35a
35b
(31a)
(34b)

36a
36b
(8d)
(37D)

37a
37b
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Sutficial and unconformity-related

M. Residual
Lateritic Ni 38a
Bauxite, laterite type 38b
Bauxite, karst type 38¢c
(Unconformity U-Au) (37a)

N. Depositional

Placer Au-PGE 39a
Placer PGE-Au 39
Shoreline placer Ti 39c¢
Diamond placers 39d
Stream placer Sn 39¢e

(Quartz pebble conglomerate Au-U) (29a)
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RECONNAISSANCE
EXPLORATION

CHARLES J]. MOON AND MICHAEL K.G. WHATELEY

Exploration can be divided into a number of in-
terlinked and sequential stages which involve
increasing expenditure and decreasing risk (Fig.
4.1). The terminology used to describe these
stages is highly varied. The widely accepted
terms used for the early stages of exploration
are planning and reconnaissance phases. These

phases cover the stages leading to the selection
of an area for detailed ground work; this is usu-
ally the point at which land is acquired. The
planning stage covers the selection of commod-
ity, type of deposit, exploration methods, and
the setting up of an exploration organization.
The process of selecting drill targets within
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FIG.41 Stages of an exploration project. (Modified from Eimon 1988.)
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license blocks we term target selection and that
of drilling, target testing (discussed in Chap-
ter 5). The deposit is then at the stage of pre-
development followed by a feasibility study
(Chapter 11). Before we consider how explora-
tion is planned we should discuss who explores.

The exploration players

Private sector

Most mineral exploration in developed coun-
tries is conducted by companies with a sub-
stantial capital base generated either from
existing mineral production or from investors
on stock markets. The size of the company
can range from major multinational mining
companies, such as Rio Tinto plc or Anglo
American Corporation with operations on sev-
eral continents, to small venture capital com-
panies, usually known as a junior company,
with one or two geologists. Exploration by
individual prospectors has been an important
factor in countries with large unexplored areas
and liberal land tenure laws, e.g. Canada,
Australia and Brazil. Here you can still meet
the grizzled prospector or garimpeiro. Although
they usually lack the sophisticated training of
the corporate geologist, this can be compen-
sated for by a keen eye and the willingness to
expend a little boot leather.

State organizations

In more centrally directed economies, most
exploration is carried out by state run com-
panies, geological surveys, and often in the case
of developing countries, international aid
organizations. The role of a geological survey
usually includes some provision of information
on mineral exploration to government and the
private sector. Usually this takes the form of
reconnaissance work. By contrast, the Soviet
Ministry of Geology had until 1991 exclusive
prospecting rights in the former USSR, al-
though exploration was carried out by a wide
variety of organizations at the Union (federal)
and republic levels. In China exploration is
undertaken by a number of state and provincial
groups, including the army.

These two groups essentially explore in
similar ways although state enterprises are
more constrained by political considerations
and need not necessarily make a profit. The

remainder of the chapter will be devoted to
private sector organizations although much
may be applicable to state organizations.

4.1 EXPLORATION PLANNING

Mineral exploration is a long-term commit-
ment and there must be careful planning of a
company’s long-term objectives. This should
take particular regard of the company’s
resources and the changing environment in
which it operates (Riddler 1989). The key fac-
tors are:
1 Location of demand for products. This will
depend on the areas of growth in demand. For
metals the most obvious areas are the industri-
alizing countries of the Pacific Rim, and who
are resource deficient. China has assumed par-
ticular importance since the late 1990s for a
wide range of commodities.
2 Metal prices. Price cycles should be esti-
mated as far as possible and supply and demand
forecast (see section 1.2.3).
3 Host country factors. The choice of country
for operation is important in an industry which
has seen substantial nationalization, such as
copper in The Democratic Republic of Congo
and Zambia and coal in the UK. The standing
of foreign investment, the degree of control
permitted, percentage of profits remittable to
the home country, and most of all government
stability and attitude are important. Other
factors are availability of land, security of
tenure, and supply of services and skilled labor
(see section 1.4).
4 The structure of the mining industry.
Barriers to the entry of new producers are com-
petition from existing producers and the need
for capital to achieve economies of scale.
These factors combined to encourage explo-
ration companies in the 1980s to concentrate
on precious metals in Australia, Canada, and
the USA (see section 1.2.3 “Metal and mineral
prices”). In the 1990s the net was more widely
spread with access possible to the countries of
the former USSR and exploration undertaken
in countries with high political risk. The late
1990s saw a concentration of exploration activ-
ity in countries with proactive mineral policies
in South America and selected parts of Africa
and Asia. There was a revival in interest in base
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and ferrous metals in the early 2000s due to the
initially lower gold price and boom in demand
from China.

After the initial corporate planning, usually
by senior executives, an exploration strategy
must be chosen, a budget allocated, and desir-
able deposit type(s) defined.

The choice of exploration strategy varies
considerably between companies and depends
on the objects of the company and its willing-
ness to take risks. For new entrants into a
country the choice is between exploration by
acquisition of existing prospects or grass roots
(i.e. from scratch) exploration. Acquisition
requires the larger outlay of capital but carries
lower risk and has, potentially, a shorter lead
time to production. Acquisitions of potential
small producers are particularly attractive to
the smaller company with limited cash flow
from existing production. Potential large pro-
ducers interest larger companies which have
the capital necessary to finance a large project.
This has been particularly marked in the early
years of the twenty-first century in the con-
solidation of the gold industry into a few large
producers that have devoured the medium
sized producers. Larger companies tend to ex-
plore both by acquisition and by grass roots
methods and often find that exploration pre-
sence in an area will bring offers of properties
(“submittals”). Existing producers have the
additional choice of exploring in the immedi-
ate vicinity of their mines, where it is likely
that they will have substantial advantages in
cost saving by using existing facilities. Most
of the following section refers to grass roots
exploration, although evaluation of potential
acquisitions could run in parallel.

4.1.1 Organization

The key to exploration organization is to have
the best available staff and adequate finance in
order to create confidence throughout the or-
ganization (Woodall 1984, Sillitoe 1995, 2000).
A number of factors that characterize a suc-
cessful exploration team have been recognized
by Snow and Mackenzie (1981), Regan (1971),
and discussed in detail by White (1997).

1 High quality staff and orientation towards
people. Successful organizations tend to pro-
vide more in-house training.

2 Sound basis of operations. The organization
works within corporate guidelines towards
objectives.

3 Creative and productive atmosphere. The
group encourages independent creative and
innovative thinking in an environment free
from bureaucratic disruption.

4 High standard of performance, integrity, and
ethics.

5 Entrepreneurial acumen. Innovation is fos-
tered in a high risk, high reward environment.
6 Morale and team spirit. High morale, enthu-
siasm, and a “can do” attitude.

7 The quality of communication is high. The
“top brass” are aware of the ideas of geologists.
8 Pre-development group. Successful organiza-
tions are more likely to have a specialist group
responsible for the transition of a deposit from
exploration to development.

All these points make it clear that the
management must consist of flexible indi-
viduals with considerable experience of
exploration.

If these are the optimum characteristics
of an exploration group, is there an optimum
size and what structure should it have? Stud-
ies such as those of Holmes (1977) show that
the most effective size is in the range seven
to ten geologists; larger organizations tend to
become too formalized and bureaucratic, lead-
ing to inefficiency, whereas small groups
lack the budgets and the manpower to mount
a successful program. For the large mining
group which wishes to remain competitive
while spending a large budget, the solution
is to divide its explorationists into semi-
autonomous groups.

Exploration groups can be organized on the
basis of geographical location or of deposit
type. The advantage of having deposit special-
ists is that in-depth expertise is accumulated,;
however, the more usual arrangement is to
organize by location with geologists in each
region forming specialist subgroups. At the
reconnaissance stage most work will be car-
ried out in offices located in the national head
office or state office, but as exploration focuses
in more detail smaller district offices can be
opened. A typical arrangement for a large com-
pany is shown in Fig. 4.2. In a company with
existing production there may be close liaison
with mines and engineering divisions.
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FIG.42 Organization of exploration in a large mining group with producing mines.

4.1.2 Budgets

Exploration costs are considered in two ways:
(i) as an expenditure within an organization and
(ii) within the context of a project. It is usually
the exploration manager that considers the
former, but it is as a geologist on a specific
exploration project that one becomes involved
in the latter.

Corporate exploration expenditure

Finance for corporate exploration is derived
from two main sources, revenue from existing
production and by selling shares on the stock
market. In the first case the company sets aside
apercentage of its before-tax profits for explora-
tion. The decision as to the percentage set aside
is based upon how much the company wishes
to keep as capital, for their running costs, as
dividend for their shareholders, and for taxes.
Exploration costs may range from 1% to 20%
of the annual corporate cash flow but for large
diversified companies this is an average 2.5%
of sales and 6% for gold companies (Crowson
2003). This may be anything between US$0.5

million to $100 million per annum depending
upon the size of the company and the size
of the deposit for which they are searching
(Table 4.1). For producing companies most
exploration can be written off against tax. The
smaller company is at a disadvantage in that
money must be raised from shareholders. This
is easy in times of buoyant share prices. For
example, about $C2 billion were raised in the
late 1980s for gold exploration in Canada,
largely on the Vancouver Stock Exchange. This
was aided by flow-through schemes which
enabled share purchasers to offset this against
tax liabilities. In a similar way, but without tax
breaks, about US$100 million was raised on
the Irish Stock Exchange from 1983 to 1989
(Gardiner 1989). At the peak of the 1996 boom
$1.1 billion was raised in one year on the
Vancouver Stock Exchange. This was through
initial public offerings of companies and private
placements to individuals and investment
funds (Hefferman 1998). Although major min-
ing groups should be able to maintain con-
sistent budgets and avoid business cyclicity,
there seems little evidence of this. In a study of
major groups Eggert (1988) demonstrated that
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TABLE 41 Corporate Exploration Spending in 2003
(Source: Corporate websites and Mining Journal,
March 2004.)

Company US$ million
De Beers 140
Rio Tinto 140
Barrick Gold 110
Newmont 86
Companhia Vale do Rio Doce 81
BHP Billiton 68
Anglogold 63
Anglo American (including 61
platinum)
Placer Dome 60
Phelps Dodge (including 50
research)
Noranda-Falconbridge 35
Teck-Cominco 30
Inco 27
Gold Fields 23
WMC Resources 20
Newcrest 19
Total spending ~2400

spending was linked to income, and therefore
metal prices, but lagged about 18 months
behind the changes in income (Fig. 4.3).

The overall budget is then subdivided. For
example, amultinational corporation may have
several regional exploration centers, each of
which may have anything from one or two
persons to a fully equipped office with up to
50 people employed. The budget for the latter
must include the salaries, equipment, office
rentals, and vehicular leases before a single
geologist sets foot in the field. Each project
would be given a percentage of the regional
office’s budget, e.g. exploration for coal 20%,
base metals 20%, uranium 15%, gold 25%, and
industrial minerals 20%. Particular explora-
tion projects then have to compete for funds.
If a particular project is successful then it will
attract additional spending. This distribution
of funds is carried out on a regular basis and
is usually coupled with a technical review of
exploration projects in which the geologist in
charge of a project has to account for money
spent and put forward a bid for further funding.

Careful control of funds is essential and usu-
ally involves the nomination of budget holders
and authorization levels. For example, the
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FIG.43 Relation between exploration expenditure
and income for two Canadian mining companies.
(After Eggert 1988.)

exploration manager may be able to authorize
expenditure of $100,000 but a project geologist
only $2000, so all drilling accounts will be sent
to head office, whereas the geologist will deal
with vehicle hire and field expenses. In this
case written authorization from the exploration
manager would also be required before drilling
starts. Summary accounts will be kept in head
office under a qualified accountant or book-
keeper and will be subject to regular audit by
external accountants. For most companies
global expenditure on exploration will be in-
cluded in annual accounts and will be written
off against the year’s income.

Project basis

In order to contain costs and provide a basis for
future budgeting, costs will be calculated for
each exploration project: firstly to monitor
spending accurately, and secondly so that the
expenses can be written off against production,
if exploration is successful, or if the project is
sold to another company. Budgets are normally
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TABLE 42 Example of a budget worksheet used to estimate the annual budget requirement for a project.

Project Name:
Project No:

Month Jan Feb |Mar |Apr |May

Jun

Jul Aug |[Sep |Oct |[Nov |[Dec |Total

Salaries

Wages

Drilling

Transport

Office Lease

Administration

Analytical Costs

Field Expenses

Options — New

Options — Renewals

Surveys

Other Contracts

MONTH
TOTALS

calculated on a yearly basis within which
projects can be allocated funds on a monthly
basis. At the desk study stage the main costs
are salaries of staff and these can be calculated
from a nominal staff cost per month, the aver-
age of the salaries is usually multiplied by two
to cover pensions, housing costs, and secretarial
support. Other support costs must be included
such as vehicles and helicopter transport in
remote areas. Direct costs of exploration are
easier to estimate and include geochemistry,
remote sensing, and geophysical costs. These
can be easily obtained by asking for quotations
from contractors. Perhaps a more contentious
matter is the allocation of overhead costs to
each project; these cover management time
and will include the time of head office staff
who review projects for presentation to board
level management. Often these can be frighten-
ingly large, e.g. the costs of keeping a senior
geologist in a metropolitan center will be much
larger than in a small town. Table 4.2 shows a

worksheet for the calculation of budget costs
and Table 4.3 gives an example of a completed
budget and typical costs for reconnaissance
programs.

42 DESKSTUDIES AND RECONNAISSANCE

4.2.1 Desk studies

Once the exploration organization is in place,
initial finance budgeted, and target deposit
type selected, then desk studies can start and
areas can be selected for reconnaissance — but
on what basis?

The first stage in a totally new program is to
acquire information about the areas selected.
Besides background information on geology,
data on the occurrence of currently producing
mines and prospects and their economic status
are essential. Thisinformation will normally be
based largely on published material but could
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TABLE 43 Examples of budget forecasting for a
low cost project and a project requiring drilling.
Land costs are excluded.

Project Cost in US$
Low cost project cost
Time: 6 days @ US$200 per day 1200
Hotels and meals for 2 nights 350
Transport (vehicle hire) 200
Assays 200
Office staff time 100
TOTAL 2050
Medium cost project
20 boreholes @ 200 m

each =4000 m
4000 m at US$50 per meter 200,000
Overhead costs 200,000
TOTAL 400,000

also include open-file material from geological
surveys and departments of mines, data from
colleagues and from consultants with particu-
lar expertise in the area concerned.

Background geological information is avail-
able for most areas in the world although its
scale and quality vary considerably. In some
parts of Europe geological maps are published
at 1:50,000 and manuscript field sheets at
1:10,000 are available. In less populated parts
of the world, such as Canada or Australia, the
base cover is 1:250,000 with more detailed
areas at 1:100,000. For the mineral exploration
geologist the published geological data will
only be a beginning and he or she will interpret
the geology using the geological features
defined in the deposit model. This is best
achieved by starting with a synoptic view of
the geology from satellite imagery. Unless the
area is extensively vegetated this is likely to be
from Landsat or SPOT imagery (see Chapter 6).
Landsat has the added advantage of highlight-
ing areas of hydrothermal alteration within arid
areas if processed correctly. In areas of dense
vegetation side-looking radar can be used. For
example, most of Amazonian Brazil has been
mapped in this way. For smaller areas air
photography provides better resolution often
at considerably less cost, although air photo-
graphs are still regarded as top secret in some

less developed countries, in spite of the avail-
ability of satellite information. Besides surface
mapping familiar to most geologists, a number
of other sources of information on regional geo-
logy are widely used in exploration.

An invaluable addition to surface regional
geology is the use of regional geophysics (see
Chapter 7). Airborne magnetics, radiometrics,
and regional gravity data are available for much
of the developed world and help in refining
geological interpretation and, particularly, in
mapping deep structures. For example, a belt of
the Superior Province in northern Manitoba
which hosts a number of major nickel deposits,
including the large deposit at Thompson, can
be clearly followed under Palaeozoic cover to
the south (Fig. 4.4). Regional seismic data are
helpful but are usually only available if oil
companies donate them to the public domain.
Specially commissioned seismic surveys have
greatly helped in deciphering the subsurface
geology of the Witwatersrand Basin (see sec-
tion 14.5.4). Subsurface interpretations of
geophysical information can be checked by
linking them with information from any avail-
able deep drill hole logs.

Regional geochemical surveys (see section
8.4) also provide much information in areas of
poor outcrop and have defined major litho-
logical provinces covered by boulder clay in
Finland.

The sources of information for mineral
occurrence localities are similar to those for
regional geology. Geological surveys usually
have the most comprehensive data base within
a country and much of this is normally
published (e.g. the summary of UK mineral
potential of Colman 2000). Many surveys have
collated all the mineral occurrences within
their country and the results are available as
maps, reports, or even on computerized data-
bases. Two useful types of maps are mineral
occurrence maps and metallogenic maps, many
of which are now available in digital format.
The former type merely shows the location of
the occurrences whereas the latter attempts to
show the form of the deposit and associated
elements overlain on background geology using
GIS (see section 9.2). Overlays of the mineral
prospects with geology will provide clues to re-
gional controls on mineralisation. At this point
some economic input is required as it is often
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(Reproduced with permission from Ross et al. 1991.)

the case that significant prospects have differ-
ent controls from weakly mineralized occur-
rences. The sort of economic information that
is useful are the grades and tonnages mined,
recovery methods, and the reasons for stopping
mining. This can be obtained from journals or
from company reports.

An example of a desk study is the recognition
of target areas for epithermal gold deposits
in western Turkey. Here mineral exploration
increased significantly after 1985 due to the
reform of Turkish mining laws and the ability
of non-Turkish mining companies to obtain a
majority shareholding in any discovery. West-
ern Turkey is of interest as its geological setting
is similar to eastern Nevada (see section 16.4),
with extension and graben formation in the

Miocene accompanied by extensive volcanism
and much current hot spring activity. In addi-
tion a cursory glance at the Metallogenic Map
of Europe shows that a number of gold occur-
rences, as well as other elements, such as
arsenic, antimony, and mercury which are
often associated with epithermal activity, are
present (Fig. 4.5). The mineral map of Turkey
(Ersecen 1989) provides further information on
reserves at several of these localities. The com-
piler must test this information against the
epithermal model in which gold is likely to be
associated with graben bounding faults or
volcanics. Most of the gold occurrences shown
in western Turkey are within high grade meta-
morphic rocks and represent metamorphosed
quartz veins of little interest. However the gold
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occurrences within volcanics to the south of
Canakkale and to the northwest of Izmir
(points A and B, Figs 4.5, 4.6) remain of interest,
as do the mercury and antimony occurrences
along the graben bounding faults (points C, D,
E). The area south of Canakkale was mined by
a British company until the outbreak of the
1914-18 World War and has lain nearly dor-
mant since then. The first company to appreci-
ate the potential of this area has defined a
resource of 9 Mt at 1.25 gt Au within one of
the areas of brecciated volcanics and a number
of other targets have been identified in the
vicinity. The area near Izmir has been mined
since Roman times but the gold mineralisation
is largely confined to a vein structure. Recent
exploration by the Turkish geological survey
(MTA) who hold the license has defined a
further resource of 1.4 Mt at 1.3 gt Au. The
mercury and antimony deposits are largely the
concessions of the state mining group, Etibank,
but at least one exploration company was able
to agree a joint venture and found significant,
although subeconomic, gold grades at the
Emirli Antimony Mine (point C, Figs 4.5, 4.6).
The most significant gold discovery in the area,
Ovacik (point F), is not shown on either map,
although a number of veins in the area had, at
least in part, been mined by ancient workers.
The Ovacik deposit was discovered during a
regional reconnaissance of favorable volcanic
areas using stream sediment geochemistry and
prospecting. Larson (1989) provides a further
overview of the potential of the area including
much on logistics. Since the Ovacik discovery
exploration has been much reduced as the
company (originally Eurogold, a joint venture
beteeen Australian and Euopean interests) was
unable to get permission to mine even though
it had constructed all the facilities. The mine
was, however, brought into production in 2001
after local opposition had been overcome. The
limited exploration in west Turkey since 1990
has also identified a major porphyry sytem at
Kisladag (point G) which contains a reserve
of 5M ounces of gold at 1.1 gt Au (Eldorado
Gold 2003).

4.2.2 Reconnaissance

The aim of reconnaissance is to evaluate areas
of interest highlighted in the desk study rapidly

and to generate other, previously unknown,
targets preferably without taking out licenses.

In areas of reasonable outcrop the first stage
will be to check the geology by driving along
roads or from the air if ground access is impos-
sible. A considerable number of disseminated
gold prospects have been found by helicopter
follow-up of Landsat data processed to high-
light argillic alteration and siliceous caps in
arid areas, particularly in Chile. Airborne geo-
logy can be extremely effective in solving
major questions quickly, but it is expensive,
US$500 per hour, and is best undertaken by
experienced geologists with specific problems
to solve. In any case a preliminary visit to the
field should be made as soon as practicable to
check the accessibility of the area, examine on
the ground some of the data emerging from the
desk study, and check on competitor activity.

Reconnaissance techniques can be divided
into those which enable a geologist to locate
mineral prospects directly and those which
provide background information to reduce the
search area.

Airborne geophysics and stream or lake sedi-
ment geochemistry are the principal tools for
directly detecting mineralisation. Perhaps the
most successful of these has been the use of
airborne electromagnetic techniques in the
search for massive sulfide deposits within the
glaciated areas of the Canadian Shield. This has
led to the discovery of a number of deposits,
such as Kidd Creek (see section 15.3.2), by
drilling the airborne anomalies after very little
ground work. However, each method has draw-
backs. In the case of airborne electromagnetic
techniques it is the inability to distinguish
base-metal-rich sulfides from pyrite and graph-
ite and interferences from conductive over-
burden. Airborne radiometrics have been very
successful in finding uranium deposits in
nonglaciated areas and led to the discovery of
deposits such as Ranger 1 and Yeelirrie in
Australia (Dunn et al. 1990a,b). In glaciated
areas radiometric surveys have found a number
of boulder trains which have led indirectly to
deposits. In areas of residual overburden and
active weathering stream sediment sampling
has directly located a number of deposits, such
as Bougainville in Papua New Guinea, but it
is more likely to highlight areas for ground
follow-up and licensing.
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An example of an exploration strategy can
be seen in the search for sandstone-hosted,
uranium deposits in the Karoo Basin of South
Africa (Fig. 4.7) during the 1970s and early
1980s. The initial reconnaissance was con-
ducted by Union Carbide in the late 1960s.
They became interested in the basin because of
the similarity of the Karoo sediments to those
of the Uravan area in Colorado, where the com-
pany had uranium mines, and because of the
discovery of uranium anomalies in Karoo sedi-
ments in Botswana and Zimbabwe. As little of
the basin, which is about 600,000 km? had
been mapped, the company chose a carborne

radiometric survey as its principal technique.
In this technique a scintillometer is carried in a
vehicle and gamma radiation for the area sur-
rounding the road is measured. Although a very
limited area around the road is measured it has
the advantages that the driver can note the
geology through which he is passing, can stop
immediately if an anomaly is detected, and it is
cheap. In this case a driver was chosen with
experience in Uravan geology and he was able
to use that experience to compare the geology
traversed with favorable rocks in the western
USA. After a good deal of traversing a signific-
ant anomaly (Fig. 4.8) within sandstones was
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anomaly in the Karoo Basin. (After Moon 1973.)

discovered to the west of the small town of
Beaufort West (Fig. 4.7). Once the initial dis-
covery was made the higher cost reconnais-
sance technique of fixed wing airborne
radiometrics was used as this provided much
fuller coverage of the area, about 30% at 30 m
flying height. This immediately indicated to
Union Carbide a number of areas for follow up
work and drilling.

It became rapidly apparent that the deposits
are similar to those of the Uravan area. In both
the uranium is in the fluviatile sandstones in
an alternating sequence of sandstone, siltstone,
and mudstone; in the South African case, in the
Upper Permian Beaufort Group of the Karoo
Supergroup (Turner 1985). These sediments
were deposited by braided to meandering
streams which resulted in interfingering and
overlapping of sandstone-mudstone transi-
tions and made stratigraphical correlation diffi-
cult. Significant mineralisation is confined to
thicker multistorey sandstones, usually >14 m
thick, and is epigenetic (Gableman & Conel
1985). The source of the uranium is unknown,
possibly it was leached from intrabasinal vol-
canic detritus but certainly mobilized as uranyl
carbonate complexes by oxygen-rich, alkaline
ground waters which then migrated into the
porous sandstone (Turner 1985, Sabins 1987).
The migrating ground water then encountered
reducing conditions in the presence of organic
material, Dbacterially generated hydrogen
sulfide, and pyrite. This change from oxic to
anoxic conditions caused the uranium to pre-
cipitate as minerals (coffinite and uraninite)

that coated sand grains and filled pore spaces.
Diagenesis rendered the deposits impermeable
to further remobilization. The outcrop charac-
teristics of the deposits are either calcareous,
manganese-rich sandstone, or bleached altera-
tion stained with limonite and hematite, that
locally impart yellow, red, and brown colora-
tion. Typical sizes of deposits, which occur as a
number of pods, are 500 by 100 m. Average
grades are about 0.1% U,Oq4 and thicknesses
vary from 0.1 to 6 m but are typically 1 m.
From the airborne radiometrics and follow-
up drilling Union Carbide defined one area of
potential economic interest and inevitably
word of the discovery leaked out. In addition
the price of uranium rose following the 1973
Arab-Israeli war leading to interest on the part
of a large number of other companies. The
reconnaissance approach of competitor com-
panies was however markedly different in that
they knew that the basin hosted significant
mineralisation and that Union Carbide had
important areas under option to purchase. In
general these companies selected at least one
area around the known Union Carbide dis-
covery and a number of areas elsewhere within
the basin. These were chosen on the basis of
comparison with deposits in the western USA
where the deposits are preferentially hosted
at specific horizons and within thicker fluvial
or lacustrine sandstones. Mosaics of the, then
(1973) newly available, Landsat MSS images,
as well as government-flown air photography,
were used to derive a regional stratigraphy
and to highlight thicker sandstone packages.
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FIG.49 View from a helicopter
traversing in the central Karoo
Basin, northwest of Beaufort West.

Landsat imagery offered a hitherto unavailable
synoptic view and the ability to use the spectral
characteristics of the different bands to dis-
criminate alteration and rock types. On false
color images (see sections 6.2.3 & 6.2.6) sand-
stone and mudstone rocks could be differenti-
ated, but it was not possible to distinguish the
altered sandstone from sandstone that had a
natural desert varnish of limonite. To enhance
the appearance of the altered rocks, color ratio
images were produced by combining the ratios
of bands 4/7, 6/4, and 7/4 in blue, green, and red
respectively. The altered sandstones were iden-
tified by light yellow patches, which were used
by field geologists as targets for ground follow-
up surveys. This was less successful than flying
radiometric surveys over areas of favorable
sandstones. In more rugged areas helicopters
were used to trace the sandstones and check for
radiometric anomalies (Fig. 4.9).

Although airborne radiometric surveys were
extremely successful in areas of good outcrop,
they were ineffective in locating deposits con-
cealed under inclined sedimentary rock cover.
The most successful exploration methods in
the search for subsurface mineralisation were
detailed surface mapping coupled with hand-
held surface radiometric surveys and down the
hole logging (see section 7.13) of all available
boreholes drilled for farm water supplies (Moon
& Whateley 1989).

4.2.3 Land acquisition

The term land is deliberately used as the actual
legal requirements for exploration and mining
varies from country to country. What the ex-
plorer needs to acquire is the right (preferably
exclusive) to explore and to mine a deposit if
the exploration is successful. Normally a com-
pany will obtain the right to explore the pro-
perty for a particular period of time and the
option to convert this into a right to mine, if
desired, in return for an annual payment and
in some cases the agreement to expend a min-
imum amount on exploration and to report all
results. Unfortunately most legal systems are
extremely complicated and the explorer may
not be able to obtain the exact right that he
or she requires, for example gold or energy
minerals may be excluded and the right to the
surface of the land (surface rights) may be sep-
arate from the right to mine (mineral rights).
Two end-member legal systems can be distin-
guished as far as mineral rights are concerned:
the first in which all mineral rights are owned
by the state and the explorer can mine with no
regard to the current occupier of the surface
rights, and the second in which all mineral and
surface rights are privately owned. The first
normally results from governmental decree or
revolution whereas the second is typical of
many former British colonies.
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Private model

In the private situation, for example in Britain,
the company’s lawyer will negotiate with a
private mineral rights owner and obtain an
exploration or option agreement under which
the company will be able to explore for a min-
imum period, normally 3 years, and then be
able to renew the option; or to buy the mineral
rights for a fixed sum, normally in excess of the
free market value. In exchange, the mineral
rights owner will receive a fixed annual sum
option payment and compensation for any
damage to the surface if he or she owns the
surface rights. If the surface rights are separ-
ately owned then an agreement must be made
with that owner. In the case of Britain the
rights to gold are owned by the Crown and
must be covered in a further separate agree-
ment. There is no legal obligation to report the
results to government although summary
drillhole results must be reported to the British
Geological Survey. Most physical exploration
of any significance and drilling of greater than
28 days duration requires consent from the
local planning authority.

State model

In the case of state ownership the state will
normally own the mineral rights and be able to
grant access to the surface. In this case applica-
tion for an exploration license will usually be
made to the department of mines. The size of
the exploration area may be fixed. For example
the law in Western Australia limits a 2-year
prospecting license to 200 ha although a 5-year
exploration license can cover between 10 and
200 km? Annual work commitments on the
former are $A40 ha™! and $A300 km™ on the
latter. Mining leases are granted for a renew-
able period of 21 years with a maximum area of
1000 ha. Normally in areas with state owner-
ship a full report of exploration results must be
filed to the mines department every year and at
the termination of the lease. Such reports often
provide information for future exploration as
well as data for government decision making,.

New mineral laws

An example of a new mineral law designed
to encourage exploration is the 1985 law of

Turkey. Under this exploration licenses are
granted for 30 months; these can be converted
into pre-operation licenses for 3 years and then
into an operating or mining license. The cost of
an exploration license in 1992 was 4000 Turk-
ish Lira (US$0.10) ha™, which is refundable
when the license is relinquished. The rights of
small miners are protected by a right of denun-
ciation under which any Turkish citizen who
can demonstrate a previous discovery in the
area can claim 3% of the gross profit. The
whole operation is policed by a unit in the geo-
logical survey, which uses a computerized
system to monitor license areas.

Problem countries

In some countries the rule of law is less secure.
For example, following the collapse of the
Soviet Union it was not clear who was respon-
sible for, or owned, mineral rights in the newly
created countries or in Russia. Deposits had
been explored by state-financed organizations,
which were left without funds and effectively
privatized. Although these organizations were
keen to sell rights to the deposits it was by
no means certain that national governments
recognized their title. Even when title could be
agreed, some governments tore up agreements,
without compensation, when they realised the
value of the deposits. An example of this con-
fusion was the Grib diamond pipe in northern
Russia, which was discovered by a junior north
American company in 1996 and worth more
than $5 billion in situ (see section 17.1.6). The
junior was in a 40% joint venture with a
Russian expedition which held the license. Sub-
sequent to the discovery the junior company
was unable to get the license transferred to a
new joint venture company between them and
the Russian expedition as had been previously
understood. This was probably partly because
the assets of the expedition had in the mean
time been taken over by a major Russian oil
company and a Russian entrepreneur. A few
joint ventures have been successful under these
conditions, notably those in which govern-
ments have a significant stake. A company 67 %
owned by the government of Kyrgyzstan and
33% by Cameco Corporation of Canada (now
Centerra Gold) commissioned, and operates,
the large Kumtor gold mine in central Asia.
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Legal advice is a virtual necessity in land
acquisition and most exploration groups have
a lawyer or land person on the staff or on a
retainer. If legal tenure is insecure then all
exploration effort may be wasted and all
revenue from the property go elsewhere. The
lawyer will also be responsible for checking
the laws that need to be observed, e.g. informa-
tion from drillholes may need to be reported
to government. Corporate administration
should be checked so that there is no insider
dealing or any activities that could be con-
sidered unethical. A famous recent case
was that in which Lac Minerals lost control
of part of the large and profitable Hemlo
deposit in Ontario. It was alleged that Lac
Minerals had bought claims from the widow
of a prospector after receiving confidential
information from another company, Corona
Corp., and in spite of a verbal agreement not
to stake that ground. Besides losing control
of the deposit, Lac was faced with a large legal
bill.

A more recent example was the dispute be-
tween Western Mining Corporation and Savage
Exploration Pty Ltd over control of the Ernest
Henry deposit in northern Queensland (West-
ern Mining 1993). Leases in the area, including
a tenement named ML2671, had originally
been pegged in 1974 by Savage Exploration for
iron ore on the basis of the results of a govern-
ment aeromagnetic survey. In 1989 Western
Mining decided to explore the area for base
metals and obtained information in the public
domain including the government airborne
geophysics. When Western Mining selected
areas for further work they found that much of
the land was held by Hunter Resources Ltd and
therefore entered into a joint venture with
Hunter but operated by Western Mining.

One of the areas targeted for further work
by the joint venture was in the general area of
ML2671 as described in the Mines Department
files. A baseline was pegged in July 1990 at
100 m intervals and crossed the described posi-
tion of ML2671 although no pegs were seen on
the ground to indicate the position of the lease.
A magnetic survey was undertaken including
readings within the described area of ML2671
and an initial TEM survey in August 1990.
Savage Exploration was approached in March
1991 and agreement made over the terms of an

option by which the Western Mining-Hunter
joint venture could acquire a number of leases,
including ML2671. In May 1991 further TEM
surveys were made and a formal option signed
in October 1991. In late October 1991 the first
hole was drilled and this intersected strong
mineralisation.

After further drilling the discovery of the
Ernest Henry deposit was announced and Sav-
age Exploration were advised in June 1992 that
the joint venture wished to exercise its option
and buy the lease of ML2671. Savage Explora-
tion then commenced court proceedings alleg-
ing Western Mining had misrepresented the
situation when agreeing an option on ML2671
and that Western Mining had trespassed on
ML2671 during the ground surveys. In the
ensuing court case it transpired that the pegs
for ML2671 were not in the place indicated on
the Mines Dept files and were 850 m north of
the stated location and the lease was rotated
several degrees anticlockwise from its plotted
position. The case was settled out of court with
Western Mining agreeing to give up any claim
to ML2671 and paying Hunter $A17 million
and certain legal costs.

4.3 SUSTAINABLE DEVELOPMENT

One of the major changes in exploration in
the last 10 years has been the difficulty
in obtaining a permit to develop a new mine.
As discussed in section 1.5.2 much research
has been undertaken on the socioeconomic
aspects of opening and operating a new mine
(see section 11.2.7). The major components
of sustainable development in addition to the
technical and economic components are: (i)
environmental; (ii) social; (iii) governmental.
Most major companies issue annual reports on
their progress in regard to these three aspects
of their operations and these are available on
their websites. These form a good place to
delve more deeply into specific examples and
policies in different countries.

Environmental aspects

Obtaining an environmental permit to operate
a mine has become a vital part of the feasibility
process but also needs to be addressed during
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the exploration phases. Obtaining a permit
involves the preparation of an environmental
impact statement (EIS) describing the problems
that mining will cause and the rehabilitation
program that will be followed once mining is
complete (Hinde 1993). Such an impact state-
ment requires that the condition of the envi-
ronment in the potential mining area before
development began is recorded (a baseline
survey). Thus it is essential to collect data dur-
ing the exploration stage for use in these EISs.
Initial data might include surface descriptions
and photographs, and geochemical analyses
indicating background levels of metals and
acidity as well as water levels and flows. It is of
course essential to minimize damage during
exploration and to set a high standard for envi-
ronmental management during any exploita-
tion. Trenches and pits should be filled and
any damage by tracked vehicles should be
minimized and if possible made good. It may
be that a more expensive method of access, e.g.
helicopter-supported drilling, may be neces-
sary to minimize impact during exploration.
Checklists for various exploration activities
and discussion of best practices are available at
the E3 website (E3 2004). Data collection and
baseline surveys become more intense as a
prospect becomes more advanced and the pros-
pect of an EIS looms.

One example of a major environmental prob-
lem in mining that has had impact in explora-
tion has been the use of cyanide in gold
extraction. This has been controversial particu-
larly in Europe where cyanide extraction has
been prohibited in the Czech Republic since
2000, causing the abandonment of gold
exploration including the advanced prospect
at Kaperske Hory. In other areas, the use of
cyanidation will be restricted, particularly
after two spills, in 1998 in Kyrgyzstan from a
delivery truck and in 2000 in Romania from a
tailings dam. Strong objections to cyanidation
were raised at Ovacik in Turkey and this was
one of the reasons for the long delay in com-
missioning that mine after development
(section 4.2.1).

Although mining has had a poor record in en-
vironmental impact, modern mines are capable
of being designed to minimize these impacts.
The very limited impact of the Ekati and

Diavik mines (see section 17.2) and modern
zinc mines in Ireland are good examples of
what can, and should be, achieved.

Social aspects

Another aspect of environmental studies is
public relations, particularly keeping the local
population informed of progress and obtaining
their active approval for any development pro-
ject. The past few years are littered with ex-
amples of projects that are technically excellent
but have failed to obtain permission for devel-
opment, and others that have been significantly
delayed causing them to become economically
unviable. It is at the exploration stage that the
local population form impressions of the nature
of the exploration group and whether they wish
to be involved in its activities. Establishing
good relation and communications with the
local community is the first step in gaining
their backing for future mining — “a social
license to operate” (MMSD 2002). A good sum-
mary of the problems is freely available from
the PDAC website (E3 2004). Initial concerns of
the local community are the transient nature
of exploration and the lack of knowledge of the
local population to the techniques used and
their scale. In addition, the local population
may have economic expectations and the arrival
of exploration from another part of, or from
outside the, country may cause cultural stress.
It is always advisable to obtain local advice. For
example, in Australia, sacred Aboriginal sites
will be known to the local population but not
to most geologists. Their unintentional des-
ecration has caused the development of intense
opposition to further exploration.

The initial contact with the local population
should be carefully planned and, if possible, be
enabled by an intermediary, such as a local offi-
cial trusted by both parties and probably after
consulting someone with well-developed skills
in dealing with local government and commu-
nity leaders in the area. The process of explora-
tion and possible outcomes should be carefully
explained so that unrealistic expectations are
not raised. Local labor and purchasing should
be used wherever possible and training should
be provided. Major mining companies are now
aware of the problems and provide training
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for their field geologists, emphasizing the
importance of contacts with local communit-
ies in the exploration process.

Governmental aspects

Relations with governments can be problem-
atic particularly with major projects that will
generate a large part of a developing country’s
export earnings. If large amounts of money are
involved in countries where public servants are
poorly paid there is a tendency for significant
amounts to be appropriated, either in the form
of taxes that do not reach the government
treasury or bribes. Governmental relations
need to be handled carefully at a senior level
and care should be taken that they are not
in conflict with relations at a community level
(see sections 11.2.6 & 11.2.8). There are a
number of recent (2004) examples, such as the
Esquel gold deposit in Argentina, where the
national government is keen on the develop-
ment butlocal or provincial bodies are opposed.

4.3.1 Health and safety

A key aspect of a company’s reputation, both
as an employer and with the local community,
is the health and safety of its staff. Although
problems at the exploration stage are less severe
than during mining, serious injuries and deaths
have occurred. Assessments of hazards should
be made so that high risk activities can be rec-
ognized and mitigated. First aid training should
also be provided. At least one major mining
group has linked staff pay to safety record and
claim that this is the only way to effectively
improve their safety record. All contractors
should behave in a similar way to company
staff and safety record should be a significant
factor in choosing contractors. Probably the
major source of serious accidents in the au-
thors’ experiences is road transport, especially
in remote areas. Staff should be provided with
training in driving on poor road surfaces.

4.4 SUMMARY

Mineral exploration is conducted by both the
private and public sectors in both market and

most centrally planned economies. Groups
from both sectors must be clear about what
commodity and type of deposit they are
seeking before setting up an exploration organ-
ization. Mineral exploration is a long-term
commitment and there must be careful plan-
ning of the participant’s long-term objectives
to ensure viable budgeting. With the objective
decided upon an exploration organization must
be set up and its success will be enhanced by
developing all the factors listed in section 4.1.1.

Budgets must be carefully evaluated and not
be figures drawn out of the blue. An under-
funded project will in most cases be a failure.
Careful control of funds is essential and it pro-
vides a basis for future budgeting.

With the organization in place and the target
deposit type selected, desk studies can start in
earnest and areas for reconnaissance be chosen.
Relevant information must be acquired, as-
sessed, and selected using published works and
open-file material from government institu-
tions (section 4.2.1). The aim of reconnaissance
is to evaluate rapidly areas highlighted in the
desk study and to identify targets for follow-up
work and drilling. If this is successful then the
exclusive rights to explore and to mine any de-
posits found in the target area must be acquired
(section 4.2.3).

4.5 FURTHER READING

Literature on the design and execution of
exploration programs is sparse. Peters (1987)
provides a good introduction. Management of
Mineral Exploration by White (1997) is well
worth reading with a wealth of practical experi-
ence. Papers edited by Huchinson and Grauch
(1991) discuss the evolution of genetic concepts
as well as giving some case histories of major
discoveries and are updated in the volume of
Goldfarb and Nielsen (2002). The two volumes
of Sillitoe (1995, 2000) provide succinct case
histories of discoveries in the Pacific Rim area.

An enthusiastic view from industry, tem-
pered by economic reality, is provided by
Woodall (1984, 1992). Much data on the
economics of exploration can be found in the
volume edited by Tilton et al. (1988), updated
in Crowson (2003).
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FROM PROSPECT TO
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Once land has been acquired the geologist must
direct his or her efforts to proving whether or
not a mineral prospect is worthy of commercial
evaluation. Proving a discovery to be of suffici-
ent size and quality inevitably involves a sub-
surface investigation and the geologist usually
faces the task of generating a target for drilling.
In exceptional cases, such as very shallow min-
eralisation, a resource may be proved by dig-
ging pits or trenches or, in mountainous, areas
by driving adits into the mountainside.

Whatever the method used the key require-
ment is to explore the area at the lowest cost
without missing significant targets. Fulfilling
this requirement is not easy and the mineral
deposit models, such as those discussed in
Chapter 3, must be modified to include eco-
nomic considerations. There should be a clear
idea of the size of the deposit sought, the max-
imum depth of interest, and whether under-
ground mining is acceptable. Finding a drilling
target normally involves the commissioning
of a number of different surveys, such as a
geophysical survey, to locate the target and
indicate its probable subsurface extension. The
role of the geologist and the exploration man-
agement is to decide which are necessary and
to integrate the surveys to maximum effect.

51 FINDING A DRILLING TARGET

5.1.1 Organization and budgeting

Once land has been acquired, an organization
and budget must be set up to explore it and
bring the exploration to a successful conclu-

sion. The scale and speed of exploration will
depend on the land acquisition agreements (see
section 4.2.3) and the overall budget. If a pur-
chase decision is required in 3 years, then the
budget and organization must be geared to this.
Usually the exploration of a particular piece
of land is given project status and allocated a
separate budget under the responsibility of a
geologist, normally called the project geologist.
This geologist is then allocated a support team
and he or she proceeds to plan the various sur-
veys, usually in collaboration with in-house
experts, and reports his or her recommenda-
tions to the exploration management. Typic-
ally, reporting of progress is carried out in
monthly reports by all staff and in 6-monthly
reviews of progress with senior exploration
management. These reviews are often also oral
presentations (“show and tell”) sessions and
linked to budget proposals for the next fin-
ancial period.

Reconnaissance projects are normally dir-
ected from an existing exploration office, but
once a project has been established serious con-
sideration should be given (in inhabited areas)
to setting up an office nearer the project loca-
tion. Initially this may be an abandoned farm-
house or caravan but for large projects it will be
a formal office in the nearest town with good
communications and supplies. A small office
of this type is becoming much easier to organ-
ize following the improvement of communica-
tion and computing facilities during the last
decade. Exploration data can be transferred by
modem, fax, and satellite communications to
even the remotest location. If the project grows
into one with a major drilling commitment
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then it is probable that married staff will work
more effectively if their families are moved to
this town. In general, the town should be less
than 1 hour’s commuting time so that a visit
to a drilling rig is not a chore. In the remotest
areas staff will be housed in field camps and
will commute by air to their home base. If pos-
sible exploration staff should not be expected
to stay for long periods in field camps as this is
bad for morale and efficiency declines.

Budgeting for the project is more detailed
than at the reconnaissance stage and will take
account of the more expensive aspects of ex-
ploration, notably drilling. A typical budget
sheet is shown in Table 4.2. Usually the major
expenditure will be on labor and on the various
surveys. If the area is remote then transport
costs, particularly helicopter charter, can be-
come significant. Labor costs are normally cal-
culated on the basis of man months allocated
and should include an overhead component to
cover office rental, secretarial and drafting sup-
port. Commonly overheads equal salary costs.
For geophysical, and sometimes geochemical
surveys, contractors are often hired as their
costs can be accurately estimated and compa-
nies are not then faced with the possibility of
having to generate work for staff. Estimates are
normally made on the basis of cost per line-
kilometer or sample. In remote areas careful
consideration should be given to contractor
availability. For example in northern Canada
the field seasons are often very short and a
number of companies will be competing for
contractors. For other types of survey and for
drilling, estimates can be obtained from reput-
able operators.

5.1.2 Topographical surveys

The accurate location of exploration surveys
relative to each other is of crucial importance
and requires that the explorationist knows the
basics of topographical surveying. The effort
put into the survey varies with the success
and importance of the project. At an early stage
in a remote area a rough survey with the ac-
curacy of a few meters will be adequate. This
can be achieved using aerial photographs and
handheld Global Positioning Satellite (GPS) re-
ceivers (Ritchie et al. 1977, Sabins 1987) where
only a few survey points are needed. For a major

drilling program surveying to a few millimeters
will be required for accurate borehole location.

The usual practice when starting work on
a prospect is to define a local grid for the pro-
spect using GPS to relate the local grid to the
national or international grid systems (see sec-
tion 9.1.7). Some convenient point such as a
wind pump or large rock is normally taken as
the origin. The orientation of the grid will be
parallel to the regional strike if steeply dipping
mineralisation is suspected (from geophysics)
but otherwise should be N-S or E-W.

Surveying methods

Geologists generally use simple and cheap
techniques in contrast to those used by profes-
sional surveyors. Surveying has recently been
transformed by the advent of GPS, based on
a network of satellites installed by the US
Department of Defense. These enable a fix of
approximately 5 m accuracy to be made any-
where on earth, with an inexpensive (currently
approximately $US200) receiver, where three
satellites can be viewed. The major problems
are in forested areas.

One of the simplest and most widely used
techniques, before the advent of GPS, is the
tape and compass survey. This type of survey
starts from a fixed point with directions meas-
ured with a prismatic or Brunton compass
and distances measured with a tape or chain.
Closed traverses, i.e. traverses returning to the
initial point, are often used to minimize the
errors in this method. Errors of distance and
orientation may be distributed through the
traverse (section 5.1.4). Grids are often laid out
using this technique with baselines measured
along a compass bearing. Distances are best
measured with a chain which is less vulnerable
to wear and more accurate than a tape. Longer
baselines in flat country can be measured using
a bicycle wheel with a cyclometer attached.
Lightweight hip-mounted chains are com-
monly used in remote areas. Straight grid lines
are usually best laid out on flat ground by back
and forward sighting along lines of pegs or
sticks. Sturdy wood or metal pegs should be
used, the grid locations marked with metallic
tags and flagged with colored tape. The tape
should be animal proof; goats have a particular
fondness for colored tape.
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Leveling is the most accurate method of
obtaining height differences between stations
and is used for example to obtain the eleva-
tion of each station when undertaking grav-
ity surveys. This method measures the height
difference between a pair of stations using a
surveyor’s level. Leveling is required in an
underground mine to determine the minimum
slope required to drain an adit or drive and in a
surface mine the maximum gradient up which
load, haul, dump (LHD) trucks can climb when
fully laden (usually <10%).

More exact ground surveys use a theodolite
as a substitute for a compass. It is simple
enough for geologists to learn to use. Numer-
ical triangulation is carried out using angles
measured by theodolite to calculate x and y
coordinates. By also recording the vertical
angles, the heights of points can be computed
(Ritchie et al. 1977). Professional surveyors are
readily available in most parts of the world and
they should be contracted for more exact sur-
veys. They will use a theodolite and electronic
distance measuring (EDM) equipment, often
combined in one instrument, and can produce
an immediate printout of the grid location of
points measured.

5.1.3 Geological mapping

One of the key elements during the exploration
of a prospect is the preparation of a geological
map. Its quality and scale will vary with the
importance of the program and the finance
available. Initial investigation of a prospect
may only require sketch mapping on an aerial
photograph, whereas detailed investigations
prior to drilling may necessitate mapping every
exposure. Mapping at the prospect scale is gen-
erally undertaken at 1:10,000 to 1:2500. For
detailed, accurate mapping a telescopic alidade
and plane table or differential GPS may be
used. The principle of the alidade is the same as
for a theodolite, except that the vertical and
horizontal distances between each point are
calculated in the field. The base of the alidade
is used to plot the position of the next point on
the waterproof drafting film covering the plane
table.

The process of geological mapping of mineral
prospects is similar to that of general geolo-
gical mapping, but is more focused, and is well

described in the book by Majoribanks (1997).
Although the regional environment of the pro-
spect is important, particular attention will fall
on known mineralisation or any discovered
during the survey. The geological relationship
of the mineralisation must be assessed in
detail, in particular whether it has any of the
features of the geological model sought. For
example, if the target is a volcanic-associated
massive sulfide deposit then any sulfides
should be carefully mapped to determine if
they are concordant or cross cutting. If the
sulfides are cross cutting it should be estab-
lished whether the sulfides are in a stockwork
or a vein. Particular attention should be paid
to mapping hydrothermal alteration, which is
described in detail by Pirajno (1992).

Detailed guidance on geological mapping is
beyond the scope of this book but can be found
in a series of handbooks published by the Geo-
logical Society of London (Fry 1991, McClay
1991, Thorpe & Brown 1993, Tucker 2003), par-
ticularly in the summary volume of Barnes and
Lisle (2003).

One of the key elements of mapping is its
final presentation. Conventionally this was in
the form of a map drafted by Indian ink pen on
to transparent film. From film, multiple copies
either on film or on paper can be made using
the dyeline process and the map can be overlaid
on other maps of the same scale, allowing easy
comparison of features and selection of targets.

The conventional pen and paper approach
has been superseded by computerized drafting
that allows the storage of information in digital
form. Computer packages, such as AUTOCAD,
a computer-aided drafting package, are widely
used in industry (see section 9.2). Maps and
plans can be produced to scale and different
features of the overall data set, held on differ-
ent layers in the computer, can be selected for
viewing on the computer screen or printed as
a hard copy. The data can also be transmitted
to more sophisticated Geographical Informa-
tion Systems (GIS), for example ArcGIS or
Maplnfo, that allow the inquisition of data (see
section 9.2).

5.1.4 Mapping and sampling of old mines

Many prospects contain or are based around
old mines. They may become attractive as
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exploration targets because of rising commod-
ity prices, cheaper mining and processing costs,
the development of new technology which
may improve recovery, or the development of
a new geological model which could lead to
undiscovered mineralisation. The presence of a
mining district indicates mineral potential,
which must reduce the exploration risk. How-
ever, there will be a premium to pay, as the
property will probably already be under option
to, or owned by, a rival company.

The type of examination warranted by an
old mine will depend on its antiquity, size, and
known history. In Europe and west Asia old
mines may be over 2000 years in age and be the
result of Roman or earlier activity. In this case
there are few, if any, records and the target
commodity can only be guessed at. In such
cases small areas of disturbed ground, indicat-
ing the presence of old prospecting pits or
trenches, can best be found from aerial photo-
graphy. Field checking and grab sampling will
confirm the presence and indicate the possible
type of mineralisation.

Nineteenth or twentieth century mines are
likely to be larger and have more extensive
records. Available records should be obtained
but should be treated with some caution, as
many reports are unreliable and plans likely
to be incomplete. An aim of this type of inves-
tigation is to check any records carefully by
using systematic underground sampling above
the water level, as old mines are frequently
flooded. Evaluation of extensive underground
workings requires considerable planning and
will be more expensive than surface explora-
tion because equipment and labor for develop-
ment and securing old underground workings
are costly. A key consideration is safety and
access to the old workings must be made safe
before any sampling program is established. It
may be necessary to undertake trenching and
pitting in areas adjacent to the old workings,
and eventually drilling may be used to examine
the deeper parts of the inaccessible mineralisa-
tion. Guidelines on safe working practices in
old workings can be found in Peters (1987) and
Berkman (2001), and in the UK in publications
of the National Association of Mining History
Organizations (NAMHO 1985) and the Institu-
tion of Geologists (now the Geological Society
of London) (IG 1989).

Before a sampling program can be put into
operation, a map of the old workings will be
required, if none is available from archives. The
exploration geologist is often the first person
at the site and it is up to him or her to produce
a plan and section of the old workings. This
would be done using a tape and compass survey
(Ritchie et al. 1977, Reedman 1979, Peters
1987, Majoribanks 1997) (Table 5.1, Figs 5.1 &
5.2). Once the layout of the old workings
is known, the mapping and complementary
sampling program can begin. The survey pegs
established during the surveying will be used
to locate the sample points and guide map-
ping. With the tape held between the pegs, the
sample points are marked on the drive or cross-
cut walls and the distance from one peg to
the sample point recorded in the field note
book along with the sample number. The same
number is written on a sample ticket and
included with the sample in the sample bag.
The samples are normally collected at regular
intervals from channels cut normal to the dip
of the mineralized rock (Fig. 5.3). The sample
interval varies depending upon the type of min-
eralisation. A vein gold deposit may well be
sampled at 1 m intervals along every drive,
while a copper deposit may only be sampled
every 5 or 10 m.

If old records are available and reliable, then
their data should be evaluated in conjunction
with new sample data acquired during the
remapping and resampling exercises. Geolog-
ical controls on mineralisation should be estab-
lished using isopach and structure contour
maps as discussed in section 5.2.2. It may be
necessary to apply a cut-off value below which
the mineralisation is not considered mineable.
In Table 5.2 two cut-off parameters (Lane 1988)
are used, in one a direct cut-off and in the
second a weighted average value is used.

In the first case the upper sample cut-off is
taken where the individual grade falls below
1.5%. Some assays within this sample are also
below 1.5%, but they are surrounded by higher
values, which, when averaged out locally, have
a mean greater than 1.5%. The samples be-
tween the two lines are then averaged using the
sample thickness as the weighting function,
giving an average of 2.26% Zn over 2.10 m.
In the second case, the samples are averaged
from the base upwards using thickness as the
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FIG.51 Typical underground survey of a small vein mine using tape and compass.

A’A Closure error
— — Corrected traverse

25m
(I)_Is Uncorrected traverse
FIG.52 Plot of a typical compass traverse. The

errors in closure of the traverse can be corrected
using the calculations shown in Table 5.1. (Modified
from Reedman 1979.)

FIG.53 Sampling strategies across a mineralized
vein. (a) Grab samples across the vein. (b) Channel
samples normal to the vein. (¢) Channel samples at
the same height above the floor. (d) Channel samples
at the same height but with individual samples
oriented normal to the strike of the vein. In all cases
the vein is shown in vertical section.
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TABLE 52 Example of the use of

Assay Zn% Average grade Gradeusinga1l.5% grade cut-off to establish the

width atal.5% weighted average mining width of a Pb-Zn vein
cut-off cut-off deposit.

0.30 0.01

0.30 0.05

0.30 0.13 I

0.20 0.17

0.20 0.25

0.20 0.64

0.20 0.92

0.20 1.10 -

0.20 2.30

0.20 1.20

0.20 2.10 2.26% 1.59%

0.20 5.30 over over

0.23 1.40 2.10m 3.40m

0.15 2.00

0.20 1.90

0.20 1.80

0.20 1.30

0.20 2.60

0.12 3.50

4.00 m 1.35% (overall average)

weighting function. The weighted average is
calculated until the average falls above the cut-
off, which in this case makes 1.59% Zn over
3.40 m. The inclusion of just one more sample
would bring the average down below 1.5%. The
overall weighted average is 1.35% Zn over
4.00 m.

5.1.5 Laboratory program

Once the samples have been collected, bagged,
and labeled, they must be sent to the laboratory
for analysis. Not only must the elements of
interest be specified, but the type of analyt-
ical procedure should be discussed with the
laboratory. Cost should not be the overriding
factor when choosing a laboratory. Accuracy,
precision, and an efficient procedure are also
needed. An efficient procedure within one’s
own office is also required. Sample numbers
and the analyses requested should be noted
down rigorously on a sample control form
(Box 5.1).

An alternative practice is to state clearly the
instructions for test work on the sample sheet

(Box 5.2). In coal analytical work there are
several ways in which the proximate analyses
(moisture, volatile, ash, and fixed carbon con-
tents) can be reported; e.g. on an as received,
moisture free or dry, ash free basis (Stach 1982,
Speight 1983, Ward 1984, Thomas 1992).

A similar form may well be utilized for sand
and gravel or crushed rock analyses where the
geologist requires special test work on his or
her samples, such as size analysis, aggregate
crushing value (ACV), or polished stone value
(PSV) to name but a few.

In today’s computerized era, results are often
returned to the company either on a floppy disk
or direct to the company’s computer from the
laboratory’s computer via a modem and a tele-
phone link. Care must be taken when entering
the results thus obtained into the company’s
database, that the columns of data in the laboz-
atory’s results correspond with the columns
in your own data base (discussed in detail in
section 9.1). Gold values of several percent and
copper values in the ppb range should alert
even the most unsuspecting operator to an
error!
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BOX 5.1 An example of a sample control form used to ensure correct analyses are requested.

Submitted by: Submitted to:
Sample control file: Date submitted:
Returned to: Job File:

Job no. /Area: Date returned:

Personnel file:

Channel or Sample no. From (m) To (m) Thickness Description, analyses and
borehole no. (m) elements requested

BOX52 An example of a form used to give instructions to the laboratory for detailed coal test work.

To: Date:
Order no:
Please analyse the following samples as per the attached instructions

SAMPLE DETERMINATION REQUIRED
IDENTIFICATION

On individual samples marked B or M undertake the following:
Specific gravity of sample

Crush to 4.75 mm and screen out the <0.5 mm fraction

Cut out a representative sample of the raw coal and undertake:
Proximate analysis

Ultimate analysis (H, N, C, & O) on a moisture free basis
Analyze for inorganic and organic forms of S and C1

Calorific value on a moisture free basis

Free silica %

Combined silica %

VXN B P

Submitted by: Signature:
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Element selection

Before samples are submitted to the laboratory,
discussions between the project manager, chief
geologist, and the field staff should take place
to ensure that all the elements that may be
associated with the mineral deposit in question
are included on the analytical request sheet
and that analysis includes possible pathfinder
elements. Typical elemental associations are
discussed in detail in Chapter 8.

Analytical techniques

There are a wide variety of analytical tech-
niques available to the exploration geologist.
The method selected depends upon the ele-
ment which is being analysed and upon the
amount expected. Amongst the instumental
methods available are atomic absorption spec-
trometry (AAS), X-ray fluorescence (XRF),
X-ray diffraction (XRD), neutron activation
analysis (NAA), and inductively coupled
plasma emission or mass spectrometry (ICP-
ES/MS). These analytical methods and their
application to different mineral deposit types
are discussed in Chapter 8. AAS is a relatively
inexpensive method of analysis and some
exploration camps now have an instrument
in the field; this ensures rapid analysis of the
samples for immediate follow-up. The other
methods involve purchasing expensive equip-
ment and this is usually left to specialist
commercial laboratories.

Detailed identification of individual min-
erals is usually undertaken using a scanning
electron microscope (SEM) or an electron
microprobe, and these and other techniques are
discussed in section 2.2.2.

5.1.6 Prospecting

One of the key exploration activities is the
location of surface mineralisation and any old
workings. Although this often results from
the follow-up of geochemical and geophysical
anomalies or is part of routine geological map-
ping, it can also be the province of less formally
trained persons. These prospectors compensate
for their lack of formal training with a detailed
knowledge of the countryside and an acute eye
—an “eye for ore.” This eye for ore is the result

of experience of the recognition of weathered
outcrops and the use of a number of simple
field tests.

Many deposits which crop out have been
recognized because they have a very different
appearance from the surrounding rocks and
form distinct hills or depressions. A classic
example of this is the Ertsberg copper deposit
in Irian Jaya, Indonesia. It was recognized
because its green-stained top stood out through
the surrounding jungle. Its presence was first
noted by two oil exploration geologists on a
mountaineering holiday in 1936 and reported
in a Dutch university geological journal (Dozy
et al. 1939). A literature search by geologists
working for a Freeport Sulfur-East Borneo com-
pany joint venture found the report and invest-
igated the discovery resulting in one of the
largest gold deposits outside South Africa. The
Carajas iron deposits in the Brazilian Amazon
were also recognized because they protruded
through rain forest (Machamer et al. 1991). On
a smaller scale silicification is characteristic
of many hydrothermal deposits, resulting in
slight topographical ridges. It is said that the
silicification of disseminated gold deposits is
so characteristic that one deposit in Nevada
was discovered by the crunchy sound of a geo-
logist’s boots walking across an altered zone
after dark. Karst-hosted deposits in limestone
terrain often form distinct depressions, as do
many kimberlite pipes, which often occur
under lakes in glaciated areas (see section 17.2).

Besides forming topographical features most
outcropping mineral deposits have a charac-
teristic color anomaly at the surface. The most
common of these is the development of a red,
yellow or black color over iron-rich rocks,
particularly those containing sulfides. These
altered iron-rich rocks are known generic-
ally as ironstones, and iron oxides overlying
metallic sulfide deposits as gossans or iron
hats (an example is shown in Fig. 5.4). These
relic ironstones can be found in most areas of
the world, with the exception of alpine moun-
tains and polar regions, and result from the
instability of iron sulfides, particularly pyrite.
Weathering releases SO2 ions, leaving relic red
iron oxides (hematite) or yellow-brown oxy-
hydroxides (limonite) that are easily recognized
in the field. Other metallic sulfides weather
to form even more distinctively colored oxides



5: FROM PROSPECT TO PREFEASIBILITY 79

FIG.5.4 Gossan (above adit) overlying sulfides
exposed in the pit wall of the San Miguel deposit,
Rio Tinto, southern Spain.

or secondary minerals. For example, copper
sulfides oxidize to secondary minerals that
have distinctive green or blue colors such as
malachite and azurite. Metals such as lead and
zinc normally form white secondary minerals
in carbonate areas that are not easily distin-
guished on color grounds from the host carbon-
ates. A fuller list is given in Table 5.3. Besides
providing ions to form secondary minerals, sul-
fides often leave recognizable traces of their
presence in the form of the spaces that they
occupied. These spaces are relic textures,
often known as boxworks from their distinct-
ive shapes, and are frequently infilled with
limonite and goethite. Ironstones overlying
sulfides have a varied appearance with much

alternation of color and texture giving rise to
the term “live,” in contrast to ironstones of
nonsulfide origin that show little variation and
are known as “dead” ironstones. Ironstones
also preserve chemical characteristics of their
parent rock, although these can be consider-
ably modified due to the leaching of mobile
elements.

The recognition of weathered sulfides over-
lying base metal or gold deposits and the
prediction of subsurface grade is therefore of
extreme importance. This particularly applies
in areas of laterite development. These areas,
such as much of Western Australia, have been
stable for long periods of geological time, all
rocks are deeply weathered, and the percent-
age of ironstones that overlie nonbase metal
sulfides (known rather loosely as false gossans)
is large. In Western Australia the main tech-
niques for investigating these are (Butt &
Zeegers 1992):

1 visual description of weathered rocks;
2 examination for relic textures;
3 chemical analysis.

Visual recognition requires experience and
a good knowledge of primary rock textures.
Visual recognition can also be supplemented
by chemical analysis for trace and major ele-
ments. Hallberg (1984) showed that Zr-TiO,
plots are extremely useful in confirming rock
types. Both elements are immobile and easy
and cheap to determine at the levels required.
They may be supplemented by Cr determina-
tions in ultrabasic areas, although Cr is more
mobile than the other two elements.

Relic textures can sometimes be observed
in hand specimen but this is usually supple-
mented by microscopic examination using
either a binocular microscope or a petrographic
microscope and an impregnated thin section.
In a classic study of relic textures, Blanchard
(1968) described the textures resulting from the
weathering of sulfides. Major types are shown
in Fig. 5.5. Although boxwork textures are dia-
gnostic they are, unfortunately, not present in
every gossan overlying base metal sulfides and
textural examination must be supplemented
by chemical analysis.

The choice of material to be sampled and the
interpretation need to be carefully scrutinized.
Andrew (1978) recommends taking 20 samples
as representative of each gossan and using a
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TABLES3 Colours of minerals in outcrop.

Mineral or metal

Outcrop color

Mineral /compound in outcrop

Iron sulfides

Yellows, browns, chestnuts, reds

Goethite, hematite, limonite, sulfates

Manganese Blacks Mn oxides, wad

Antimony White Antimony bloom

Arsenic Greenish, greens, yellowish Iron arsenate

Bismuth Light yellow Bismuth ochres

Cadmium Light yellow Cadmium sulfide

Cobalt Black, pink, sometimes violet Oxides, erythrite

Copper Greens, blues Carbonates, silicates, sulfates, oxides, native Cu
Lead White, yellow Cerussite, anglesite, pyromorphite

Mercury Red Cinnabar

Molybdenum Bright yellow Molydenum oxides, iron molybdate

Nickel Green Annabergite, garnierite

Silver Waxy green, yellow Chlorides, native Ag

Uranium Bright green, yellow Torbernite, autunite

Vanadium Green, yellow Vanadates

Zinc White Smithsonite

@ multielement analysis, either XRF or ICP-ES,

FIG.55 Typical boxwork structures. Primary ore
minerals were: (a—c) galena (a — cleavage, b — mesh,
¢ —radiate); (d,e) sphalerite (d — sponge structure,

e — cellular boxwork); (f) chalcopyrite; (g,h) bornite
(triangular cellular structure); (i,j) -tetrahedrite
(contour boxwork). Approximately 4x
magnification. (After Blanchard & Boswell 1934.)

following a total attack to dissolve silica. The
interpretation needs to be treated with care. A
large amount of money was wasted in West-
ern Australia at the height of the nickel boom
in the early 1970s because ironstones were
evaluated for potential on the basis of their
nickel content. While most ironstones with
very high nickel contents do overlie nickel
sulfide deposits, a number have scavenged
the relatively mobile nickel from circulating
ground waters or overlie silicate sources of
nickel and a number of deposits have a weak
nickel expression at surface. More careful
research demonstrated that it is better to con-
sider the ratio of nickel to more immobile ele-
ments, such as copper, or even better immobile
iridium that is present at the sub-ppm level in
the deposits. These elements can be combined
into a discriminant index (Travis et al. 1976,
Moeskops 1977). Similar considerations also
apply to base metal deposits; barium and lead
have been shown to be useful immobile tracers
in these (summarized in Butt & Zeegers 1992).

Field tests

Although a large number of field tests have
been proposed in the literature only a few of the
simplest are in routine use. At present only two
geophysical instruments can be routinely car-
ried by man, a scintillometer to detect gamma
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FIG.5.6 Diagram showing the gossan and copper minerals formed by weathering of a copper sulfide vein.

(After Levinson 1980.)

radiation and a magnetic susceptibility meter
to determine rock type. The application of
the former is discussed in section 7.5. Ultra-
violet lamps to detect fluorescence of minerals
at night are commonly used, particularly for
scheelite detection, although a number of other
minerals glow (Chaussier & Morer 1987). In
more detailed prospecting darkness can be
created using a tarpaulin.

A number of simple field chemical tests aid
in the recognition of metal enrichments in the
field, usually by staining. Particularly useful
tests aid the recognition of secondary lead and
zinc minerals in carbonate areas. Lead minerals
can be identified in outcrops by reaction with
potassium iodide following acidification with
hydrochloric acid. Lead minerals form a bright
yellow lead iodide. A bright red precipitate
results when zinc reacts with potassium fer-
rocyanide in oxalic acid with diethylaniline.
Gray copper minerals can be detected with
an acidified mixture of ammonium pyropho-
sphate and molybdate and nickel sulfides with
dimethyl glyoxine. Full details are given in
Chaussier and Morer (1987).

Supergene enrichment

As metallic ions are leached at the surface
they are moved in solution and deposited at
changes in environmental conditions, usually
at the water table, where active oxidation and
generation of electrical charge takes place. This
leaching and deposition has very important
economic implications that are particularly
significant in the case of copper deposits as
illustrated in Fig. 5.6. Copper is leached from
the surface, leaving relic oxidized minerals
concentrated at the water table in the form of
secondary sulfides. A simple Eh-pH diagram
enables the prediction of the occurrence of
the different copper minerals. From the sur-
face these are malachite, cuprite, covellite,
chalcocite, bornite, and chalcopyrite (the pri-
mary phase). The changes in mineralogy have
important implications for the recovery of
the minerals and the overall grade of the rock.
Oxide minerals cannot be recovered by the
flotation process used for sulfides and their
recovery needs a separate circuit. The overall
grade of the surface rock is much lower than
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the primary ore and sampling of the surface
outcrops does not reflect that of the primary
ore. Near the water table the copper grade
increases, as the result of the conversion of
chalcopyrite (35% Cu) to chalcocite (80% Cul).
This enrichment, known as supergene enrich-
ment, often provides high grade zones in dis-
seminated copper deposits, such as those of the
porphyry type. These high grade zones pro-
vide much extra revenue and may even be the
basis of mines with low primary grades. In con-
trast to the behavior of copper, gold is less
mobile and is usually concentrated in oxide
zones. If these oxide zones represent a signific-
ant amount of leaching over a long period then
the gold grades may be become economic. An
example of this is the porphyry deposit of Ok
Tedi discussed in Box 11.4. These near surface,
high grade zones are especially important as
they provide high revenue during the early
years of a mine and the opportunity to repay
loans at an early stage. These gold-rich gossans
can also be mechanically transported for con-
siderable distances, e.g. the Rio Tinto Mine in
southern Spain.

Float mapping

The skill of tracing mineralized boulders or
rock fragments is extremely valuable in areas
of poor exposure or in mountainous areas.
In mountainous areas the rock fragments
have moved downslope under gravity and the
lithology hosting the mineralisation can be
matched with a probable source in a nearby
cliff and a climb attempted. Float mapping and
sampling is often combined with stream sedi-
ment sampling and a number of successful
surveys have been reported from Papua New
Guinea (Lindley 1987). In lowland areas miner-
alized boulders are often disturbed during cul-
tivation and may be moved to nearby walls.
In this case it is often difficult to establish a
source for the boulders and a soil survey and a
subsequent trench may be necessary. Burrow-
ing animals may also be of help. Moles or rab-
bits, and termites in tropical areas, often bring
small fragments to the surface.

In glaciated areas boulders may be moved
up to tens of kilometers and distinct boulder
trains can be mapped. Such trains have been
followed back to deposits, notably in central
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FIG.57 Train of mineralized boulders from the
Laisvall lead deposit, Sweden.

Canada, Ireland, and Scandinavia (Fig. 5.7). In
Finland the technique proved so successful
that the government offered monetary rewards
for finding mineralized boulders. Dogs are also
trained to sniff out the sulfide boulders as their
sense of smell is more acute than that of the
exploration geologist!

5.1.7 Physical exploration: pitting and
trenching

In areas of poor to moderate outcrop a trench
(Fig. 5.8) or pit is invaluable in confirming the
bedrock source of an anomaly, be it geological,
geochemical, or geophysical. The geology of
a trench or pit wall should be described and
illustrated in detail (Fig. 5.9). For further details
see section 9.2. Trenches and pits also provide
large samples for more accurate grade estim-
ates as well as for undertaking pilot processing
plant test work to determine likely recoveries.

Some operators in remote areas, particu-
larly in central Canada, strip relatively large
areas of the overburden to enable systematic
mapping of bedrock. However, this would
now (probably) be regarded as environmentally
unfriendly.
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FIG.5.8 Typical exploration
trench, in this case on the South

African Highveld.
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FIG.5.9 Sketch of a trench testing a copper anomaly in central Zambia. (From Reedman 1979.)

An alternative to disturbing the environ-
ment by trenching is to use a hand-held drill
for shallow drilling. This type of d