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INTRODUCTION

CIVILIZATION:

Tools: Stone>> Bronze>> Iron >>Machines (Alloys)>> Semi-conductors (Exotics)

ALL are based on mineral resources: Mining goes right back to the beginning

INDUSTRIAL CIVILIZATION:

Fossil Energy is the basic enabler:

Petroleum production has not increased since 2003.
Petroleum usage per person peaked in 1979 (R. Duncan, 2000)
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ARGUMENTS
Availability:

Inverse of Opportunity Cost, or what other goods must be given up to obtain a mineral commaodity.

Real prices of a commodity' Opportunity costst availability i (Tilton, 2001).

In the Past;:

Real prices of most mineral commodities have been flat or gone down almost continuously
since the beginning of the industrial revolution. This was due to three factors:

A Increased areas of land to explore
A Increased use of fossil energy to replace human labor
A Continually advancing technology.

In the future:

No new frontiers left to explore
Increasing energy prices

Exponentially increasing production
Asymptotically decreasing ore grades
Increasing competition for land
Exponentially increasing external costs

oo T o T o Too

©John Berry Assoc.

Slide 4 of 45 MINERAL RESOURCE AVAILABILITY.



EXTERNAL COSTS

ALL non-renewable resource extraction and use is harmful to the planet at some level

We do not know where lie the thresholds of
permanent, irreversible, runaway harm to Earth.

Rate of increase in environmental impact of mining is a
product of three or four exponential functions!
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We therefore need to LOWER per person RESOURCE
CONSUMPTION RATES by ORDERS OF MAGNITUDE.

Dondt bl ame ONLY the extraction
we are ALL responsible: DEMAND is the driver
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REAL PRICES & PRODUCTION OIL & COPPER

Oil production has not increased
since 2003.
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REAL PRICES and PRODUCTION - 2

Cement Price and World Production, 1900-2010

World Iron Ore Production and Price
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Bauxite Prices and Peoduction, 1900-2010

Pt-Group Price and Production, 1900-2010
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IMPORTANT TERMS

MINERAL RESOURCE: any naturally occurring non-living substance that is, has been, or may be useful to human beings

RESOURCE BASE: The total quantity of a mineral commodity cont a
resources, known or unknown.

INFERRED RESOURCES: volumes of mineralization above some minimum grade that are known to exist, or are hypothes-
ized on geological grounds to exist, in a given area, but have not been measured. May be orders of
magnitude less than resource base and greater than the quantities of known ore.

INDICATED RESOURCES: mineral occurrences that have been sampled to a point where an estimate has been made, at a

reasonable level of confidence, of their contained metal, grade, tonnage, shape, densities, physical
characteristics. Generally orders of magnitude less than inferred resources in same area.

LEAD: an area in which there are specific indications of valuable mineralization.

PROSPECT: an area in which there are sufficient indications of the presence of ore to carry out
a serious evaluation campaign (drilling, test mining). (It takes 10 i 100 LEADS to find 1 PROSPECT)

DEPOSIT: a defined or partially defined body of mineralization, which may or may not be ore, depending on
economic conditions. (It takes 10 -100 PRoSPECTS to develop 1 DEPOSIT)

GRADE: the percentage of the rock composed of valuable material. E.g. 62% Fe, 1% Cu,

ORE: rock that can be mined for its mineral content at a profit.

ORE GRADE: any grade above the lowest grade that can be mined at a profit. Varies with time and deposit.
RESERVES: thoroughly explored and characterized volumes ofore( r ar el y amounts to mor e

extraction, because it costs a lot of money to convert resourcestoreserves). i Peak 0 _peopl e
many economists do not understand the difference between Resources and Reserves.

53 ©John Berry Assoc.
% Slide 8 of 45 MINERAL RESOURCE AVAILABILITY




ORE GRADE for SELECTED ELEMENTS

Clarke: the average abundance of an Clarke Ore Grade | Clarke of
Concentration
for Ore Grade

element in the e (in percent) | (in percent)

on-Fe 500 [e0 |12
the concentration of an element in a rock
compared with its average concentration 0.0055
Gold - Au 0.0000005 0.00023 460

Leadipb oo [0 oo |

In general, the larger the Clarke of Concentration for an element, the smaller the typical orebody.
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LIFE EXPECTANCIES OF WORLD RESERVES
FOR SELECTED COMMODITIES, 2000

Average
Life expectancy in annual
1997-1999 years, at three growth 1n
Mineral 1999 b average growth rates" production,
" 1975-1999
production Y0 5% (percent)

. T T
Commodity” TESEIves annual

Coal 987x 10°  4561.3 x 10° 1.1
Crude Oil 1035 x 10° 23.7x 10° : : 0.8
Natural Gas 5145x 10 80.5x 10" 2.9
Aluminum 25x 107 123.7 x 10° ; 29
Copper 340x 10° 12.1x 10° 34
Tron 74x 107 5595x 10° : 0.5
Lead 64x10° 3070.0x 10° 17 14 05
Nickel 46x 10° 1133.3x 10° : 1.6
Silver 280 x 10° 16.1x 10° 5 17 3.0
Tin 8x10° 207.7x10° : 0.5
Zinc 190x 10° 77533 x 10° : 1.9
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LIFE EXPECTANCIES OF RESOURCE BASE
for SELECTED COMMODITIES, 2000

Mineral

Commodity  (metric tons)

b
Resource base

1997-1999
average
annual
production

at three growth rates

Life expectancy in years.

Average
annual
growth in
production.
1975-1999
(percent)

Coal®
Crude Oil®
Natural Gas®

n/a
n/a
n/a

4561.3 x 10°
23.7x10°
80.5x 10"

n/a
n/a

1.1
0.8
2.9

Aluminum 20x 10"

224x10° 893x10°

2.9

15x 107
1.4x 10"
290.0 x 10%

Copper
Iron
Lead

1243 x 10°
25x10°
94x10°

12.1x 10°
559.5 x 10°
3070.0 x 10°

34
0.5
-0.5

Nickel 21x 107

1133.3x 100 18x10°

1.6

1.8x 10"
408 x 10"
22x 107

Silver
Tin
Zing

16.1x10° 111.8x10°
207.7x10° 1965x10°
7753.3x 10° 283.7x 10°

3.0
-0.5
1.9

Note: The life expectancies are meaninglessly large, since we will never recover (many) commaodities

even from
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THE LOG-NORMAL DISTRIBUTION

AA continuous probability distribution of a

o= 2,0=0.301

Clarke

Massive

50 100 200 300 sulfides

* * *
=

=g original scale b log scale

A log-normal distribution with original scale (a) and with logarithmic scale (b).
Shaded areas =1 and 2 0  (from http://stat.ethz.ch/~stahel/lognormal/bioscience.pdf)
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Most of the Worl dbés Mineral Sup
—* Grade
For the distribution above, the threshold for the top 2.3% of the deposits is

4 times the Medi an. This i s fiequi va Multimodal distribution of
"x=100, G=150 .
x . el ements in Ea

VIRTUALLY ALL GEOLOGICAL PHENOMENA ARE LOG-NORMALLY DISTRIBUTED, including SIZES AND GRADES OF
MINERAL DEPOSITS. Thus MOST OF THE SUPPLY IS IN A FEW VERY LARGE or VERY HIGH-GRADE OREBODIES.
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Laws of Deposit Size and Grade:

A Ore grade and tonnage statistical
distributions are lognormal, both
within deposits and across deposits:

A Most ore is thus in a few very large
deposits.

A For Copper - Mines
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#1. Escondida, Chile: 8% 1.3 Mt 2008

#2: Chuquicamata, Chile: 6% 0.9 Mt 2006

#3: Grasberg, Indon: 4% 0.6 Mt 2006
Bingham Canyon, UT: 265,600 t 2006
Highland Valley, BC: 119,300t 2008

The top 3 mines produce around 18% of the
worl dés copper

A For Copper i Production by country, 2009

320 1,000 3,200 10,000 32,000

Chile: 5,941,000 Mt 34% 34% S

o ) Pgg/median = 6.3
Peru: 1,407,000 Mt 8% TONNAGE (MILLORS) =90
S LSOO bl Example: Porphyry Copper Deposits. Lognormal
china: 1,171,000 Mt — 7% Distribution of Ore Deposit Tonnage. These are
Indonesia: 1,098.000 Mt 6% 62% P ge.
Aeralar 941.000 Mt 5% the largest class of copper deposits, and also
Russia: 745.000 Mt 4% contain Au, Ag, and Mo. The vertical lines indicate
Zambia: 614,000 Mt 4% the 10, 50" and 90" percentile of deposits.
Canada: 540,000 Mt 3%
Poland: 484,000 Mt 3% 81%
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DEPOSIT TYPES, GRADES AND TONNAGE: GOLD

850-1920
Viable at $24/0z i
WITWATERSRAND
COMSTDCK EPITHERMAL VEIN

SEDMENT-HDSTED GOLD

“"""\

10.000 TONS GOLD

HOT-SPRING GOLD \

1980-Present *--.
Viable at $3060/0z

PORPHYRY COPPER

Golds a by-produsg

© £5 PERCENT Price baxely matters
OF DEFOSITS
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METRIC TONS OF ORE ( IN MILLIONS )

NOTES:

Not shown: Since 1980 there has been a modern gold rush for SH/HS Gold in Nevada, but it
takes ~500 of these deposits to replace the output from 1 Witwatersrand deposit,
Their average grade is 1/ 7 that of the
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Long-term Availability 1:

pper
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Common rocks

The ENERGY BARRIER

Copper smelting + electro-refining: 33 MJ/kg (0.11 gal/lb)
Copper Heap Leach + SX/EW: 64 MJ/kg (0.22 gal/lb)

Nickel sulfide flash smelt +SG ref: 114 MJ/kg (0.39 gal/lb)

e Nickel laterite pressure acid leach:194 MJ/kg (0.66 gal/lb)

' mineralogocal
' barrier

Aluminum (oxide ore) smelting: 217 MJ/kg (0.74 gal/lb)

Mentified sulfide ores Magnesium metal refining: 343 MJ/kg (1.16 gal/lb)
Titanium(oxide ore) metal refining: 369 MJ/kg (1.25 gal/lb)

0.1

Ore grade, %Cu

Energy required per pound of copper metal derived from
sulfide ore and common silicate rock (source: Skinner (1976))

vy
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TWO CLASSICAL ECONOMICS VIEWS

Two approaches to analyzing exhaustion and depletion

Physical: Mineral resources occur as deposits in the earth that were formed in geologic time
and cannot be duplicated in human time. Removal of ore directly depletes the

resource.

The Pure Theory of Exhaustion (the Gray-Hotelling Theory), has been developed to
fit this physical view. (p.457)

Economic Approach:

AMi nerals é have not | imited societyods wel far
for limiting the welfare of mankind in the future, so long as certain conditions are

maintained.

A Internalization of external environmental damages,

A Access to the earthoés crust for explorat
A Worldwide trade access to raw materials and,

A Prevention of market control by either sellers or buyers.

Anf these rules ¢é are foll owed, markets wil/ pr o\v
materi als wil/l be avail able to meet societyds ne
ti me, probably for ever. (p. 457) 0

VOGELY, William A., Nonfuel Minerals and the World Economy.
Chapter 15 in REPETTO, Robert, ed., 1985: The Global Possible.
Resources, Development, and the New Century. Yale UP, New Haven.

3 ©John Berry Assoc.
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PROBLEMS WITH THE PHYSICAL AND ECONOMIC VIEWS

A The Gray-Hotelling Theory ignores new discovery, technology, and substitution

A TheEcadinomi c A phpgsevare limiations, stemming from:

1. Internalization of external environmental damages:
Taxation vs regulation vs markets in Acr
2 . Access t o t heCompetitiatnioblandycr ust f or expl
Cities, far ms, Wil derness Areas & Par ks

3. Worldwide trade access to raw materials
Deposit di st r iithavéesiamdhave mots.i| umpy o
Some people dondt play by our rul es

4. Prevention of market control by either sellers or buyers.
Mineral deposits are log-normally distributed
many more low-grade deposits than high grade
many more small deposits than large ones
Log-normal distribution and capital intensive operations give opportunities
for market control by companies (DeBeers) & countries (China)

©John Berry Assoc.
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EXTERNAL (ENVIRONMENTAL)
COSTS 1 - MINING

Grade and amount of earth moved:

A ifore grade is halved, size of the mine is doubled, etc.
The tailings (fine waste) have to be disposed of.

Overburden: Bingham Canyon, UT

A Can be more than ten times the volume of the ore (see Right)

Dewatering:

A Lots of problems for surface owners, potential pollution problems
(e.g. Bastrop Co. lignite.)

Stripping Ratio = vol. overburden/vol. ore
=12:1 in this case

Dust (esp. toxic dust from tailings):

AHealth issues
Acid Mine Drainage

A Almost universal and unavoidable: Pyrite oxidizes.
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