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Preface

This book represents an invaluable review
of the whole subject of mineral exploita-
tion and provides the reader with a com-
prehensive list of up-to-date references to
which he/she can gain more specific infor-
mation and guidance on the application of
some of the methods and techniques
described in the book. The author has
clearly researched the subject matter of
the book thoroughly. In particular, it pro-
vides excellent reviews of classification
systems and philosophies for ore deposits
and of international reporting codes and
guidelines for mineral resources and
reserves.

A well-illustrated chapter describing the
main types of ore deposits provides an
excellent basis for the following chapters
which lead us systematically through the
methods that could be used for their explo-
ration, their modeling and evaluation, and
their exploitation. The latter include the
mining methods employed in open-pit
and underground operations and then the
recovery of the valuable minerals/metals

from the ores produced. Numerous case
histories further enhance these descrip-
tions. The penultimate chapter consid-
ers the environmental impact of these
operations and the methods that could
be employed to minimize this impact and
finally site reclamation. The final chapter
describes some of the computer software
packages available for the production and
analysis of assay databases and grade and
tonnage models in 2-D or 3-D and the
design of mining operations and associ-
ated infrastructure.

I believe that this book will prove invalu-
able not only for undergraduates and post-
graduates studying geology and mining
geology but also those following courses in
mining engineering and mineral process-
ing who would benefit enormously from
a solid background in exploration and
mining geology and mineral economics. It
will also provide a superb reference book
for those intending to follow a career in,
or are currently working in, the mineral
economics or mining finance industry.

Alwyn E. Annels
Retired Principal Mining Consultant
Stratford upon Avon, UK
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1.1 - Definitions

Summary

This chapter explains the concepts and
terminology important to mineral resources
studies, from exploration to environment and
sustainability. Important concepts include
mineral resources/reserves classification
systems, mining cycle and its main stages,
international reporting standards, distribution
of mineral resources in the Earth, mineral
resources consumption, sustainable develop-
ment, critical raw materials, mineral resource
recycling, trade and markets, and mining as a
business, introducing the London Metal
Exchange market. A brief history of mining is
also described as a starting point for this book.

1.1 Definitions

It is necessary to define some fundamental terms
that will provide indispensable background for
the entire book. The first term to be explained
deals with the title of the book: mineral resources.
A mineral resource can be defined broadly as the
concentration of material of economic interest in
or on the Earth’s crust. In this book, it includes
solid earth materials such as metals (i.e., copper,
gold, iron), industrial minerals (e.g., fluorite,
quartz), and rocks (e.g., limestone, sand, gravel).
The reason to introduce the word solid is that
some fuel resources, mainly oil and gas, are not
solid materials, and their mining cycle (see » Sect.
1.3) is completely different from other raw materi-
als cited. This restriction is not valid for fuel
resources that are solid ones (e.g., coal, tar sands,
and bituminous shales) and whose exploration,
evaluation, exploitation, mineral processing, and
reclamation stages present similar guidelines that
those involved for metals or industrial minerals
and rocks. This more restricted view of the term,
excluding nonsolid fuel resources, is the most
commonly used in the field of mineral resources.
World mining also includes many other common
terms such as mineral, mineral deposit, ore,
gangue, waste, prospect, commodity (fairly simi-
lar to mineral raw material), and much more.
Some, but not all, used terms are defined because
the list cannot be obviously exhaustive, and this
book is not a mining dictionary. In this sense,
many mining dictionaries can be downloaded
from Internet web pages.

A mineral is «an element or chemical compound
that is normally crystalline and that has been formed
as a result of geological processes» (International
Mineralogical Association). A mineral deposit can
be defined in different ways, all of them very similar:
a concentration of mineral of possible economic
interest, a concentration of mineral resources profit-
able to extract (always in or on the Earth’s crust), and
many others. It is also necessary to bear in mind that
a rock is a naturally formed aggregate of different
types of crystals or mineral particles (8 Fig. 1.1).
Sometimes, the rocks can be profitable to extract,
usually as industrial rocks (e.g., limestone for
cement or granite for ornamental rock). In these
cases, the term mineral deposit is usually applied.

Another essential term used in mining is ore
(B Fig. 1.2). This word is applied solely to describe
the material that is extracted for treatment. By defi-
nition, mines extract ore (Lane 1988) or solid sub-
stances currently recoverable at a profit. It applies to
explored and developed deposits of metallic miner-
als, but the use in other nonmetallic minerals has
long been discussed (e.g., Brown 1956). Whatever
the case, the economic implication is always pres-
ent. This economic implication was already estab-
lishedlongago: «technically, it (ore) is an aggregation
of ore minerals and gangue from which one or more
metals may be extracted at a profit» (Bateman
1950). Alternatively, ore is defined only as a concen-
tration of mineralization, without the economic
background, but this concept is not so common. On
the contrary, gangue means the valueless mineral
particles or crystals within an ore, while waste is the
material that must be mined to obtain the ore.

Regarding the ore concept, it should be con-
sidered that the ore (or mineralization) has a spe-
cific grade, namely, the average concentration of
the valuable substance (e.g., gold or tin) in a sam-
ple or in a mineral deposit. In general, the grade in
metallic ores is expressed as a percentage or as
grams per ton, which is equal to ppm (parts per
million). The minimum grade in an ore needed to
become a profitable extraction is called «cut-off
grade» or simply «cutoft» (see » Chap. 4). This
concept is essential in all mining projects.

A prospect is a term mainly used in mining
exploration. It can be broadly defined as a limited
area of ground with a possibility to include a min-
eral deposit. It commonly receives the name of a
geographical location. Finally, there are some terms
that are also frequently used in mining, but they are
combining words such as mineral occurrence, ore
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O Fig. 1.1 Rock formed

by crystals (Image courtesy S
of Pilar Andonaegui)

B Fig. 1.2 Musselwhite
ore formed by abundant
pyrrhotite, quartz flooding
and, rarely, visible gold
(Image courtesy of Gold-
CorpInc.)

deposit (more or less similar to mineral deposit),
ore reserves, mineral prospect, etc.

1.2 Mineral Resources/Reserves
Classification: <McKelvey Box»

A mineral resource classification is used to orga-
nize information about raw materials or com-
modities of economic value. The classification

systems can be grouped into three main catego-
ries, which are the most accepted by the industry
(resource companies), the financial community,
and the regulatory bodies: (a) classifications devel-
oped by government agencies (e.g., Geological
Surveys): these classifications use a combination
of both enterprise data and geological studies and
are based on the «McKelvey Box» (B Box 1.1:
McKelvey Box); (b) classifications based on gov-
ernment and industry reporting: this group aims



1.2 - Mineral Resources/Reserves Classification: «<McKelvey Box»

at capturing the full resource base in order to proj-
ect future production potential for the country;
this category includes classifications developed by
ad hoc committees (e.g., the NI 43-101 for Canada,
the SAMREC Code in South Africa, or the JORC
Code - Australia and New Zealand); and (c) inter-
national classifications: these are developed at an
international level to promote consistency of ter-

minology and definitions; the most notable are the
International Reporting Template of CRIRSCO
and the United Nations Classification (UNFC).
The first group is explained in detail in this sec-
tion, while the groups (b) and (c) will be described
in » Sect. 1.5. A fourth class can also be consid-
ered, based on Security Disclosure (Edens and
DiMatteo 2007).

McKelvey Box

The most famous and widely cited
resource classification scheme
developed by Geological Surveys
is the classification published at
U.S. Geological Survey Bulletin
(1450-A) entitled «Definitions of
Mineral Resource Classification
Terms used by the U.S. Bureau of
Mines and U.S. Geological Survey». It
was a joint report by the U.S. Bureau
of Mines and U.S. Geological Survey
in 1976. It includes the commonly
known as «McKelvey Box» of mineral
resources and reserves (B Fig. 1.3).
In 1980, the Geological Survey Cir-
cular No. 831 entitled «Principles of
a Resource/Reserve Classification for
Minerals» revised and extended the
previous classification system. The
descriptions of both the documents
are derived from a seminal work
by V.E. McKelvey, director of the
U.S. Geological Survey at that time,
entitled «Mineral Resource Esti-
mates and Public Policy» (1972). In
the document, McKelvey declared «
have been developing over the last
several years a system of resource
classification and terminology that
brings out the classes of resources
that need to be taken into account
in appraising future supplies».
Other systems of classification were
developed by the same time (Harris
and Skinner 1982; United Nations
Secretariat 1979), but the McKelvey
Box was quickly converted in the
main guide for many governments
and markets, and its principles were
widely accepted. This system of clas-
sification can be applied to a specific
mine site, in a region, in a country, or
in the world at large.

One of the most important
features of this classification was

to distinguish between identified
deposits that are recoverable with
existing technology and at cur-

rent prices from those that are yet
undiscovered or, if known, are not
yet within economic research. Thus,
the term «reserves» is applied only
for identified deposits that could

be produced commercially at the
time the estimate is made. Before
the McKelvey Box, a similar scheme
that established the relations among
economics, technology, and degree
of knowledge to categorize the
resources was outlined (Schurr and
Netschert 1960).

In the most classical version of
the McKelvey Box, known resources
are classified from two standpoints:
(1) purely geological or physical/
chemical characteristics such as
grade, quality, tonnage, thickness,
and depth of the material in place;
and (2) profitability analyses based
on costs of extracting and market-
ing the material in a given economy
at a given time, including technol-
ogy, factor prices, and product
price, among others. The former
standpoint provides important
objective scientific information
of the resource and a relatively
unchanging foundation upon which
the latter more variable economic
delineation can be based. According
to these two main edges of classifi-
cation, a resource is a concentration
of naturally occurring solid, liquid, or
gaseous material in or on the Earth’s
crust in such form and amount that
economic extraction of a commod-
ity from the concentration is cur-
rently or potentially feasible.

The other essential topic in
the McKelvey Box is the concept
of reserves. Mineral reserves in

the McKelvey Box are identified
resources known to be economi-
cally feasible for extraction. This

is the portion of a resource that
meets specified minimum physi-
cal and chemical criteria related
to current mining and produc-
tion practices, including those

for grade, quality, thickness, and
depth. It is important to note that,
in general, «reserves» represents
just a tiny fraction of the resources
of any mineral or metal.

Obviously, the edges of this
classification system are dynamic
because the degree of geological
assurance of a resource/reserve
(increasing form right to left) and
the degree of feasibility of recovery
(increasing from bottom to top) can
change (B Fig. 1.4). For instance,
an increase in exploration effort
switches the geological background
of a region; an improvement of the
technological recovery of a metal or
a decrease in its price may change
the economic characterization from
subeconomic to economic. There-
fore, what today is a noneconomic
resource may be an economic
resource 5 years later. This can result
from increased demand and higher
prices, cheapening of the real cost
of labor and capital for a given
technology, the adoption of newly
conceived technology, of all of the
foregoing. In this sense, resources
can be created by man’s economic
activities and his scientific and
engineering genius. Similarly, they
can be destroyed by unfavorable
economics, which includes the
availability of low-cost foreign sup-
plies and policies of taxation, trade,
environmental protection, mineral
leasing, among others (Harris 1984).
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1.3 A Brief History of Mining

Alongside agriculture, mining represents one of
humankind’s earliest activities and has played a
major role in the development of civilization.
Moreover, little has changed in the importance of
these industries, and agriculture (including fish-
ing) and mining (including extraction of any
natural substances - solid, liquid, and gas) con-
tinue to supply all the basic resources used by
modern civilization. Mining contributes to eco-

nomic progress of nations worldwide improving
the quality of life of people. A proof of the impor-
tance of mineral resources obtained in mines is
the denomination of ancient times in the history
of civilization such as Stone Age (prior to
4000 BC), Copper Age or Chalcolithic (consid-
ered a part of the Bronze Age), Bronze Age
(4000-5000 BC), and Iron Age (1500-1780 BC),
which means a sequence of ages linked to the
complexity of mining. This also reflects the rele-
vance of nonfuel minerals, metals, and materials
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technology and applications (e.g., the method to
obtain an alloy). Over time, each metal discov-
ered led to a range of innovations and applica-
tions that provided a marked advantage until they
were adopted by competing civilizations or over-
taken by other innovations. In fact, most known
metals and metalloids were discovered in the last
centuries.

The use of minerals has increased over the cen-
turies in both volume and variety to respond to
the demands of the society. Thus, present-day
society is more dependent on the minerals indus-
try than it was in the past. However, it is necessary
to bear in mind that mining is a business, and, as
such, it relies on the capital markets to operate.
Without the stock market, there would be no
exploration industry and without the larger finan-
cial institutions that support mine development,
there would be no mining industry (Stevens 2010).

1.3.1 Pre-5000 BC

Humans mined hematite in Swaziland (Africa)
about 43,000 years ago presumably to prepare
the red pigment ochre, which was utilized as a
cosmetic for personal adornment and cave
paintings. This African mine is probably the old-
est underground mine yet discovered. Coeval
mines in Europe are believed to be sites where
Neanderthals probably extracted flint to obtain
weapons and tools. They had learned that certain
stone (e.g., flint or obsidian) provided better
workability and sharper cutting edges. Many
Neolithic flint mines located in France, England,
and Spain were developed for these purposes
(8 Box 1.2: Neolithic Flint Mines). Some of the
early flint mines consisted of vertical shafts 2 m
in diameter and 20 m deep. It is apparent that
miners got sufficient geological knowledge to

Neolithic Flint Mine
of Casa Montero

Flint has been a preferred raw
material for tool making since
the Paleolithic because when
struck it splits or fractures in a
reasonably predictable manner.
This kind of fracture (conchoidal)
generates strong, sharp cutting
edges and allows the production
of a wide variety of desired tool
forms. Although seemingly of
little relevance to the Neolithic,
this fact is critical when assessing
Neolithic flint mining. Neolithic

B Fig. 1.5 Neolithic flint works in

Casa Montero (Madrid, Spain) (Illustra-

tion courtesy of Proyecto Casa Mon-

tero, Spanish Research Council—CSIC)

flint mining in Europe was not a
uniform phenomenon, at least
not in terms of labor organization.
There was considerable variability
in labor intensity, the degree of
elaboration of percussion tools,
tool standardization, the scale of
mining events, and the size of the
workforce involved (Capote 2011).
Neolithic miners were clearly able
to adapt to the physical conditions
imposed by the geological settings
they encountered.

The Neolithic flint mine of Casa
Montero (Madrid, Spain) (8 Fig. 1.5)

was discovered in 2003 while per-
forming the Archaeological Impact
Assessment of Madrid's M-50
highway belt. The site, located on

a river bluff south-east of Madrid,
covers an area of at least 4 ha. The
position dominates one of the main
regional river basins, the Jarama val-
ley, where some scattered Neolithic
sites have been known to exist.

The Neolithic flint works contain
over 4000 documented vertical
shafts, 1 m wide on average, and

of up to 9 m deep, dependent on
the variable depth and quality of
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the flint seams. The lithic record is
exceptional, both in quantity and
quality, and includes all phases

of the operative chain. A small
percentage of these shafts contain
chronologically diagnostic items,
mainly impressed pottery and bone
rings that suggest an Early Neolithic
date. This has been confirmed by
two radiocarbon datings.

The petrological characteristics
and the features of the outcrops,
formed by interlayered claystones
and flints, may help to understand
why intensive Neolithic mining
was practiced at Casa Montero:
the mine is unique in terms of
its compact flint layers and their
accessibility. Silica rocks from Casa
Montero form nodules arranged in
discontinuous beds that may have
some lateral continuity. They appear
deformed as a result of collapses
of the underneath evaporitic epi-
sodes. This deformation produced
a depression in which most of the
shafts are concentrated, and may be
particularly related to the horizontal
depth variability of shafts through-
out the site: as a general pattern,

O Fig. 1.6 Shaft cutting a silica level

(Image courtesy of Maria Angeles
Bustillo)

shafts are deeper in the central area
of the excavation. Neolithic miners
certainly had good knowledge of
the geological structure of the area
(8 Fig. 1.6). They stopped excavat-
ing the shallow pits whenever they
found green clay levels that are
stratigraphically located under the
opaline episodes. Furthermore,

the depth of the shafts adapts

to deformations resulting from
siliceous episodes. This geological
know-how would have been the
result of a transmission of local min-
ing knowledge from generation to
generation.

Mining shafts offer little size
and shape variability. They are
mainly simple cylinder-like struc-
tures on average 1 m wide and up
to 9 or 10 m deep. Their infillings
show little differentiation, and
few archaeological remains other
than an impressive amount of flint.
Shafts were dug close together,
none superimposed on another,
and with just enough distance so
as to walk between them while
avoiding wall collapses. Depending
on the size of the flint nodule, and

its position inside the shaft, nodules
would have been extracted whole
or quartered and extracted in large
flakes. Those nodules small enough
to be manipulated would have been
directly removed from flint seams,
while the bigger ones would have
been fractured (Capote et al. 2006).
The soil extracted during the
excavation of shafts was either
dumped into other nearby shafts
along with the remaining waste
from flaking, or left aside and finally
dumped back in. This of course
depends on whether miners opened
more than one shaft at a time. In
any case, it seems that shafts were
filled almost immediately after being
excavated. The mine seems to have
developed as the result of reiterative,
short-term, seasonal mining expedi-
tions. The shafts rarely cut into any
previous extraction pits, suggesting
that these more than 4000 Neolithic
shafts are probably the result of
several centuries of mining. The total
mining intensity would have been
about 13 shafts per year, consider-
ing a time-span of 300 years for the
whole period of activity.

prospect the presence of flint nodules overlain
by sand and gravel. The raw materials were
hauled from the bottom of vertical shafts to sur-
face by one or two men loading in leather bags or
wicker baskets. The first problem for early min-
ers was probably to break the rock because their
crude tools were made of bone, wood, and stone.
They soon devised a revolutionary technique
called fire setting, heating first the rock to expand

it and then doused it with cold water to contract
and break it.

However, the first mineral used by the humans
was probably sodium chloride (salt or common
salt), used to preserve foods since many microor-
ganisms cannot live in a salty environment. An
example of the relevance of salt is that the exploi-
tation of this mineral was a privilege of the kings
during many centuries. The Salt March of Gandhi
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in 1930 against the British monopoly of salt testi-
fies the importance of the mineral even in very
recent times. It is outstanding to note that part of
the dating of this basic mining goes back beyond
the time where the modern man appeared, prob-
ably between 50,000 and 100,000 years ago. It is
thought that some of the mining activity was car-
ried out by Neanderthal man. Such people were
generally considered to be prehuman and thus
incapable of any sort of sophisticated labor such as
mining, as it was suspected that they would have
been unable to instigate the planning necessary to
develop a mine successfully (Coulson 2012).

Regarding the evolution of technology, cruci-
ble, which is a procedure essential in metallurgy,
was probably discovered in Anatolia (actually
Turkey) where tin deposits permitted alloying of
this metal with copper to obtain bronze.
Presumably, the crucible technology spread later
to Middle East, Egypt, Persia, etc., providing the
material for the metalworkers. Learning more on
this subject is problematic because dating of
ancient mining sites is often difficult due to rela-
tive lack of pottery and other datable material.
The use of similar tools and techniques through
long periods of history is an additional factor
against easy dating of mining sites.

1.3.2 Egyptians

The earliest records of organized mining are those of
the Egyptians. They mined different minerals (i.e.,
malachite or turquoise) and gold in northern Sudan
and Israel; Nubian gold mines about 4000 years old
were famous at that time. Moreover, Egyptian mili-
tary expeditions, with mining and quarrying teams,
looking for stone and copper in Sinai and in the
Egypt’s Eastern Desert were constant over the years.
Mining in the Egyptian and early Roman periods
was carried out by prisoners of war and criminals,
being working conditions terrible. In a fragment of
the book «Agatharchidess on the Erythraean Sea»
(Agatharchides was a Greek historian and geogra-
pher who lived about 100-150 BC), this author
describes the ancient mode of working the Egyptian
gold mines: «The Kings of Egypt compelled many
poor people, together with their wives and children,
to labor in the gold mines, wherein they underwent
more suffering than can well be imagined. The hard
rocks of the gold mountains being cleft by heating
them with burning wood, the workers then apply

their iron implements ... These are young men,
under 30 years of age, strong and vigorous, who
pound the broken fragments in iron mortars ... and
women, three on each side, work at it until it is
reduced to a fine powder. These poor women are
entirely naked ... the excavations are of great extent,
and reach down to the sea cost».

Gold was among the first metals mined in the
antiquity. The reason is that it commonly occurs in
its native form, not combined with other elements.
Particularly noteworthy are the gold items in the
tomb of Tutankhamun, a young pharaoh who
ruled Egyptin the fourteenth century BC. Examples
of the utilization of gold in jewelry can be located
worldwide, being the metal par excellence of the
human civilization. From Egypt and Mesopotamia,
the knowledge of metals spread across Europe, and
the copper-based cultures were replaced by cul-
tures using bronze, about 1500 BC. This change
produced improvement in weapons quality. Both
production and trade in copper and bronze were
important features of the Near East and
Mediterranean societies during the third to first
millennia BC (Jones 2007).

With the coming of Iron Age, mining took a
step forward. In earlier mining stages, stone
implements were the main tools for digging and
breaking rock, but they were not robust enough,
thus prone to become quickly unusable. Bronze
was too valuable and too soft to be a realistic sub-
stitute in the making of such heavy-duty tools, but
the emergence of iron introduced an altogether
tougher and more durable metal, ideal for tool
making. These developments proved of material
help in the advancement of civilization, particu-
larly in the hands of Romans (Coulson 2012).

1.3.3 Roman Empire

The Romans followed the Greeks as leaders of the
then known world and were undoubtedly the best
miners in the ancient times. They used hydraulic
mining methods on a large scale in their gold mines,
being the «ruina montium» method the most com-
mon system to obtain the gold included in alluvial
deposits, as described by Pliny the Elder in 77 AD.
(8 Box 1.3: Las Médulas Roman Gold Mine).

The Romans produced large quantities of other
metals distinct than gold, especially lead, copper,
zinc, and mercury. An example is the large-scale,
industrial mining, and production of the copper
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Las Médulas Roman Gold
Mine

Spain was the most important min-
ing region for the Roman Empire,
especially because of the gold
metal. The largest site of Roman
gold mines was Las Médulas (Ledn,
Spain), nowadays showing a spec-
tacular landscape that resulted
from the cited «ruina montium»
mining method (B Fig. 1.7). Pliny
the Elder, who was a procurator in
the region about 74 AD, described
this technique of hydraulic min-
ing that may be based on direct
observation at Las Médulas: «What
happens is far beyond the work of
giants. The mountains are bored
with corridors and galleries made
by lamplight with a duration that
is used to measure the shifts. For
months, the miners cannot see

the sunlight and many of them

die inside the tunnels. This type of
mine has been given the name of
ruina montium. The cracks made
in the entrails of the stone are so
dangerous that it would be easier
to find purpurine or pearls at the
bottom of the sea than make scars
in the rock. How dangerous we
have made the Earth!» Newly, Pliny
stated that: «about 20,000 roman
pounds of gold were extracted
each year and 60,000 free workers
generated 5,000,000 roman pounds
in 250 years», mostly travelling to

O Fig. 1.7 Las Médulas Cultural
Landscape (UNESCO World Heritage
Site — 1997-)

Roma, capital of the Roman Empire.
Present-day studies indicate that
the number of workers probably
fluctuated between 10,000 and
20,000. Now, Las Médulas Cultural
Landscape was listed at 1997 by
the UNESCO as one of the World
Heritage Sites.

Las Médulas is an alluvium or
secondary deposit made of alternate
layers of boulders with clayey matrix,
gravel, sand, and mud. These are all
red deposits formed in the Miocene
era and come from the erosion of
rock or primary materials, located
mainly towards the east near the
Aquiliano mountains and constitut-
ing the mother rock in which the
gold associated with quartz seams
was to be found. Las Médulas mine
was exploited from approximately
30/40 AD until the end of the
second or beginning of the third
century AD. It seems that the
volume of Earth moved was about
93,550,000 m3.

Regarding the «ruina montium»
mining method, once prospecting
had uncovered and valued the
richness of the mine deposits, the
exploitation consisted of cutting
down the gold-bearing conglomer-
ate. Thus, the conglomerate was
mined using a set of galleries and
shafts through which the water was
released so as to cause their total
collapse. This technique was applied

by reaching only once the levels
containing most gold. Water in Las
Médulas was supplied by interbasin
transfer (at least seven long chan-
nels coming from the mountains

of La Cabrera district where rainfall
was relatively high). The mining
method, which involved undermin-
ing a mountain with huge volume of
water, used the strength of torrents
of water to wash enormous portions
of alluvial sediments. The largest
water reservoir (stagnum) had a
capacity of 16,000/18,000 m3. Thus,
the bench collapsed, previously
building a raft for retaining water
that communicated with several
galleries excavated inside the
mountain.

The extraction activity ended
with the mineral processing, prob-
ably by panning the sediments.
Water was also important here, as
after being used as extraction and
dragging force for the conglomer-
ate, the resulting flow was chan-
neled towards wooden gutters in
which gold particles were depos-
ited by gravity. The last phase of
the gold mining process was the
evacuation of the waste material.
The thickest material (the largest
boulders) was stacked by hand in
large piles. The finest wastes were
evacuated out of the mine. The
magnitude of these materials was
such that they filled old valleys.
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Roman mines of Rio Tinto. Moreover, the Romans
created the concept of cement, probably first by
accident, and lime for mortar was developed by
burning limestone. Even the volcanic ash from
Pozzuoli was used to solve the problem of an
excessive free lime in the mixture. During the
Egyptian and early Roman Empire, the miners
were generally slaves, criminals, and prisoners of
war. Because slaves were plentiful, conditions in
the mines were terrible. Some Roman shafts
reached up to 200 m in depth, which tells about the
painful and dangerous work in the mines.

1.3.4 China

Commercial relations between Europe and China
have existed since prehistoric times. Probably the
Silk Road was not only determined by the trans-
port of this famous textile product, but also mining
areas, minerals, metals, and many derivative prod-
ucts configured the Silk Road. More than 5000 years
ago, it is documented that Chinese workers knew
the principle of heat expand and cold contract for
breaking the rocks to extract minerals or metals. In
the Erligang period (1500-1300 BC), Erligang was
the first archaeological culture in China to show
widespread use of bronze vessel castings, being this
culture centered in the Yellow River valley. It is
important to bear in mind that the ternary alloy of
copper, tin, and lead for manufacturing bronze is
unique to China. Since all three constituents were
deliberate and independent additions, and since all
three have different properties, metallurgical
knowledge was developed at a deeper level than
with a binary alloy alone, typical in the rest of the
world (Reinhardt 1997).

Located on the southern bank of the Yangtze
River, Tongliishan is the largest known ancient
mining site in China, with shafts extending over an
area 2 km long and 1 km wide; there was a rather
long period of open-pit mining prior to under-
ground mining. Evidence of smelting at the site
suggests that local population initially processed
the raw material before refined copper was trans-
ported elsewhere, possibly in the form of ingots.
This site had also the longest period of activity,
from 1100 BC to 200 AD, and the mined area
exhibits more than 400,000 tons or ancient slags
and hundreds of shafts and drifts in various struc-
tures, ranging in age from 1100 BC to 200 AD
(Shelach-Lavi 2015). The underground mine at

Tongliishan consists of shafts which descend from
the surface outcrop, and tunnels which extend from
the shaft to follow the ore body. Through time, shaft
and tunnel show enlargement in both cross section
and depth as well as improvement in design.

The ancient Chinese bronze ritual vessels of
the Shang and Zhou Dynasties (2200-770 BC) are
exquisite works of art which have survived more
than three and a half thousand years to the pres-
ent day and are now artifacts that bear witness to
the importance of bronze in China’s first and sec-
ond millennia B.C. (Reinhardt 1997). Bronze
played a crucial role in the acquisition and main-
tenance of political power in ancient China.

1.3.5 Middle Ages

The fall of the Roman Empire in the fifth century
was followed by widespread political and eco-
nomic chaos (the Dark Ages). The rebirth of learn-
ing was under way by AD 1300 and three metals,
antimony, bismuth, and platinum, were added to
the six already in use (Wolfe 1984). Previously,
another important discovery was made, first in
China and then in Damascus. This technological
progress was comparable to that resulting from
alloying tin with copper many years before. Iron
was alloyed with carbon and tempered to produce
steel, earning for the Arabs the reputation of being
invincible due to their steel swords.

Mining as an industry changed in the Middle
Ages. Copper and iron were usually extracted by
surface mining from shallow depths, rather than
deep mines. In that period, the need of weapons,
amour, and horseshoes (military purposes) manu-
factures with iron increased dramatically the
demand of this metal. By the same time, in the early
colonial history of the Americas, native gold and
silver were sent back to Spain in fleets of gold and
silver galleons, being the metals mainly used to pay
Monarchy wars. Aztec and Inca treasuries of the
Mexico and Peru civilizations, respectively, were
plundered by the Conquistadors of the New World.

Towards the second half of the sixteenth cen-
tury, many mines were developed from central
Europe to England to extract different metals such
as iron, zinc, copper, lead, and tin. The use of water
power in the form of water mills was extensive.
Black powder was first used for mining in Hungary
at 1627, allowing blast the rock and look for the
mineral veins. The use of explosives eliminated
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much of the arduous work needed to break the rock.
In 1762, the first mining academy of the world was
founded in Hungary. The book entitled De Re
Metallica (Agricola 1556) is a classical text for medi-
eval mining techniques. Agricola detailed many dif-
ferent mining methods, including the types of
support used in the shafts during that period: «Now
shafts, of whatever kind they may be, are supported
in various ways. If the vein is hard, and also the
hanging and footwall rock, the shaft does not
require much timbering, but timbers are placed at
intervals, one end of which is fixed in a hitch cut
into the rock of the hanging wall and the other fixed
into a hitch cut in the footwall ... If the vein is soft
and the rock of the hanging and foot walls is weak, a
closer structure is necessary; for this purpose tim-
bers are joined together in rectangular shapes and
placed one after the other without a break».

1.3.6 Industrial Revolution

Industrial Revolution begins in Britain at the end of
the eighteenth century. It produces an exponentially
growth in the demand of metals, being coal the
heart of the Industrial Revolution. Thus, one of the
most important economic effects of the Industrial
Revolution was the dramatic increase in the exploi-
tation of mineral resources. For instance, pig iron
production increased in England from 25 tons in
1720 to 2,000,000 in 1860, being this raw material
essential to make steel through the Bessemer pro-
cess. Some years before, as early as 1705, coal miners
were using steam-powered pumps to remove water
from deep mine shafts in coal mines in England;
thus, pumps were the first modern machines used in
mines. It is important to note that, at a certain depth
in an underground mine, the water table is reached
and drainage becomes priority. Later, the railroad
locomotive changed the world industry, including
the mining sector.

Unfortunately, the working conditions at the
factories were, in general, terrible. In order to
increase production, the average worker spent 14 h
a day at the job, 6 days a week. Many women and
children were employed in the mining industry
because they were the cheapest source of labor;
child labor, especially in coal mines, is one of the
most important topics in this period (B Fig. 1.8). In
1840, Lord Shaftesbury persuaded the Parliament
to set up a Royal Commission to investigate condi-
tions in the mines. Its report, published in 1842,
was the first government report to use pictures (the

Illustration of child labor in coal mines in the

O Fig. 1.8
sixteenth century at Great Britain

Commissioners’ Report was graphically illustrated
with images of women and children at their work),
and it deeply shocked the public. Consequently, in
1842, the Mines Act prohibited all underground
work for women and girls, and for boys under ten.

The minerals economy was also affected by
demand to fertilizer, and big sulfur deposits were
opened to produce the acid to make phosphatic
fertilizer from rock phosphate. Thus, potash
mines were opened in Europe and North America
to supply another ingredient to fertilizer. On the
other hand, asbestos became an important indus-
trial mineral and light metals were produced (e.g.,
aluminum and magnesium). The period from
1760 to 1900 was more dynamic than any previ-
ous time in the history of man and minerals.

1.3.7 Last Two Centuries

One of the most famous mining activity in the last
two centuries, immortalized by numerous motion
pictures such as Paint your Wagon at 1969, was the
gold rush in California, which started in 1849.
About two-thirds of the forty-niners (someone who
went to California to find gold) were Americans,
but also foreign miners came from Europe, South
America, Australia, and China. To obtain the gold,
miners used tools especially designed to separate
the gold from the sediment around it since the gold
in origin was washed by flood waters and concen-
trated into stream beds. The gold rush in California
suddenly started and suddenly finished: by 1852, it
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was over. Meanwhile, Australia also suffered gold
rushes; in 1850s, this area produced 40% of the
world’s production of gold.

According to ICMM (2012), «tracing the center
of gravity of global mining over the past two centu-
ries demonstrates its role as a foundation of society
throughout history; the observation of the percent-
age of world mining by region from 1850 to the
present day allows to conclude that: (1) by the late
nineteenth century, the role of mining in Europe
declined as the economic and political power passed
to North America; the US in the late nineteenth and
early twentieth centuries then saw a dramatic
increase to be followed after Second World War by
the same dramatic decline experienced previously
in Europe, and (2) the shift of mining locations
from developed to developing countries has been a
trend from the mid-twentieth century».

During the last two centuries, there was great
progress in mining technology in many different
areas. In the nineteenth century, the invention of
dynamite by Nobel and its application to mining
was probably the most important advance. After
the Second World War, the era of mechanized
mining started. The intense mechanization of
mines, including big trucks and shovels, permit-
ted to develop very large exploitations, especially
open-pit mines, many times in response to the
introduction of economy of scale theory. Finally,
as the twenty-first century begins, a globalized
mining industry of multinational corporations
has arisen and environmental impacts have
become a continuous concern. On the other hand,
a variety of raw materials, particularly minerals
with rare earth elements (REEs), are increasing in
demand because of the use of new technologies.

1.4 The Mining Cycle

Human societies need natural resources for their
existence, including wood, water, and minerals,
which are essential in the growth and prosperity
of the modern way of life. It is necessary to con-
struct roads with aggregates and bituminous
materials, to build houses with concrete (formed
principally by aggregates and cement, both
obtained from minerals), or to manufacture cars
with aluminum and steel. In the day-to-day, min-
erals are present everywhere, since the carpet for
our feet very early in the morning (made with
calcium carbonate, among others) or the coffee
pot (made of either glass or ceramics), until the

medicine or pharmaceuticals (many excipients
are minerals). The communications equipment
incorporates numerous minerals, for example,
quartz or silica for the silicon chips in PC or
coltan used in many digital products, including
the cell phones. Finally, high-level technological
products can incorporate more than 70 different
metals.

Therefore, exploitation of minerals provides
the necessary raw materials for manufacturing,
construction, and chemical industries. To obtain
mineral raw materials, the mining companies
have to develop a complex, time-consuming, and
high-risk process. However, the consumption
generates sometimes harmful consequences,
being an example the everyday violence in Congo.
This is because the control of coltan production,
essential when making the new generation of cell
phones, since demand of coltan is growing expo-
nentially in the last years. The so-called three T’s,
Tin, tungsten, and tantalum, which can be found
in coltan, are the best known conflict resources
produced in the Congo. In this sense, the OECD
promoted at 2011 a Due Diligence Guidance. The
Guidance aims to help companies respect human
rights, observe applicable rules of international
humanitarian law in situations of armed conflict,
avoid contributing to conflict, and cultivate trans-
parent mineral supply chains and sustainable cor-
porate engagement in the mineral sector.

The distinct phases in successful mine devel-
opment and production involves finding, outlin-
ing, and evaluating a mineral prospect, mine
construction and exploitation, processing of run-
of-mine (material obtained in the mine), and
post-mining closure and reclamation. All these
activities jointly form what is called the mining
cycle or mining life sequence (B Fig. 1.9). Each
step in the sequence is unique and most mining
projects proceed progressively from one step to
the next. It is important to bear in mind that the
timescale from discovery of a mineral deposit to
mine production is generally a very long one
(8 Fig. 1.10). For example, small mining projects
may pass from exploration to mine production
within a few years, followed by closure of the mine
10 years after the start of operation. On the con-
trary, large and complex mining projects may
spend 20 years for exploration and several decades
for mining. Regarding expenditures of the mining
projects, overall expenditures can range from
USD 100 million for small projects to several USD
billions for large projects.
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B Fig. 1.10 The mine project life cycle (ICMM 2012)

1.4.1 Exploration

The search for mineral resources, usually called
exploration or prospection, is the first step in the
mine cycle and includes a complete sequence of
multidisciplinary activities. Mineral resources are
rare and they are buried beneath the surface of the

Earth. Economic mineral resources are even rarer.
Since mineral deposits are rare, finding one is
challenging and the odds of success of any explo-
ration program are relatively low. «Even where a
mineral deposit has been defined, the probability
of it becoming an operating mine is, at best, one in
a thousand» (Stevens 2010).



1.4 - The Mining Cycle

At a preliminary exploration stage, large areas
of possible economic interest (prospects) are eval-
uated by airborne or ground-based geophysical
methods. From the obtained maps and existing
data, specific areas are singled out for more
detailed studies. A second stage involves specific
surveys, including additional mapping, sampling
(take a small representative portion of a larger
mass), and drilling. Preliminary understanding of
the deposit type facilitates the design of appropri-
ate and effective exploration program. In this
regard, mineral deposit models play an active role
because these models provide a framework for
research in economic geology as well as back-
ground for mineral exploration.

Prior to geological mapping, satellite imagery
(science of acquiring, processing, and interpret-
ing images obtained mainly from satellites) and
aerial photography have proven to be important
tools to define mineral exploration projects, pro-
viding reflection data and absorption properties
of soils, rocks, and vegetation. This makes it easier
to map terrain elevation, large-scale geological
structures, like faults or geological contacts, and
also to plan regional mapping or soil/stream sam-
pling campaigns. In some regions such as deserts,
color changes may denote variations in rock type
or show places of rock alteration.

Used extensively for exploration for more than
100 years, geological mapping provides many types
of information essential in exploration for new
mineral resources. The map scales can range from
1:100,000 to 1:25,000 or even 1:10,000, depending
on the stage of exploration, from regional-scale
geological mapping to district-scale exploration
targeting. Geological mapping of outcrops is also

@ Fig.1.11 Airborne
geophysical survey (Image
courtesy of Geotech)

utilized to describe the lithology and morphology
of rock bodies as well as age relationships between
rock units and improves the utility of geophysical
data for refinement of subsurface targets.
Traditional paper-recorded geological mapping
data are now commonly converted to digital for-
mat in the office and analyzed with GIS software.
Geochemical exploration, also known as geo-
chemical prospecting and exploration geochemis-
try, as defined by Hawkes (1957) «... includes any
method of mineral exploration based on system-
atic measurement of one or more chemical prop-
erties of a naturally occurring material». The
purpose of the measurements is the discovery of a
geochemical «anomaly» or area where the chemi-
cal pattern indicates the presence of ore in the
vicinity. The database obtained in geochemical
prospecting (the sets of data often contain thou-
sands of observations with as many as 50 or more
elements) provides an opportunity to discover a
wide range of geochemical processes that are asso-
ciated with underlying geology, alteration, or
weathering and mineralization. The interpreta-
tion of database obtained in geochemical pros-
pecting, commonly including thousands of data,
requires special handling using univariate analysis
combined to bivariate and multivariate analysis.
Another classic method used in mineral pros-
pecting is geophysical exploration, working on
principles of physics to study Earth. Interpretation
highlights «signal» of mineral-related features
under investigation or nongeological «noise». The
geophysical anomalies must be explained geologi-
cally and can indicate possible occurrences of
mineral resources. First, airborne geophysical
surveys (B Fig. 1.11) provide the quickest and
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O Fig. 1.12 Technical
evaluation using mining
software (lllustration
courtesy of Datamine)

often the most cost-effective ways of obtaining
geological information about large and unex-
plored areas. A more detailed ground survey is
carried out, once a target area is identified, using
techniques such as seismic surveys, direct sam-
pling, and drilling.

Finally, exploration drilling is performed
mainly from the surface with holes laid out on a
prescribed grid or pattern. There are two main
methods of drilling in mineral resources explora-
tion: core drilling and reverse circulation drilling.
Core drilling is the most commonly used method
of getting information about the subsurface pres-
ence of minerals. This technique yields solid
cylinder-shaped samples of the ground at an exact
depth. The other method is reverse circulation
drilling, which produces samples called chips,
formed by small particles of sediment or rock. In
reverse circulation drilling, the cuttings from the
hole are transported to the surface where they are
collected in plastic bags. This method offers higher
productivity than diamond core drilling, but the
quality of the samples is obviously lower. For this
reason, diamond core drilling has long been the
preferred choice of many exploration companies.
Nevertheless, a combination of these two methods
can often provide the optimum solution, offering
the most cost-effective way of working. On the
other hand, underground drilling, often drilling
the holes at any angle, is essential to explore and
define new mineral resources to mine in the future.

1.4.2 Evaluation

The mineral resource evaluation process com-
monly involves a technical and an economic stage,
plus a socioeconomic one. Technical evaluation
(B Fig. 1.12) leads to the estimation of tonnage
(quantity) and mineral or metal content (quality)
from analytical data calculated in samples assays,
either globally or for parts of the deposit. The esti-
mation is obtained through classical or geoestatis-
tical methods. The first methods are old style but
easy to understand methods. Some of them were
developed before the twentieth century, and
examples of these methods are panel/section,
polygons, inverse distance weighted, triangula-
tion, and contour methods. The selection of the
specific classical method can be modified based
on the type and form of the material contained
(Annels 1991). The uncertainties in determining
the level of significance and confidence of tradi-
tional estimations with classical methods are over-
come by application of geostatistical procedures
(Matheron 1962), being this modeling method
paramount in modern mineral resource estima-
tion. The most important step in geostatistical
procedure is the spatial correlation among samples
(regionalized variables). It is expressed by the
semivariogram, and the kriging technique, using
the obtained semivariogram, let to interpolates the
needed values (e.g., grades) for mineral resource
estimation.
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After technical evaluation, the selection of the
most adequate economic evaluation method is of
crucial importance. To carry out this economic
evaluation, many other variables of the project
such as production cost, capital cost, royalties,
taxes, among many others, are also needed. It
must be taken into account that mining industry
presents different characteristics than other
industries. For instance, mining industry needs
many years of production before a positive cash
flow and requires longer project life. Moreover,
the overall process is extremely capital intensive.
The most significant feature, which sets mining
projects apart from other commercial activities,
lies in the nature of the main asset, the mineral
deposit. This asset is imperfectly defined, it is not
possible to move, it is depleted and exhausted in
several years, and it cannot be replaced.

The predominant economic evaluation tech-
nique for a mineral project is the discounted cash
flow method, using net present value (NPV),
internal rate of return (IRR), and payback period
(PP) calculations. This methodology is easy to
understand and accepted by the industry and the
financial community. For this reason, all the min-
ing project evaluation processes for investment
decision worldwide are based on these indexes.
Because many of the items included in the calcu-
lation of NPV, IRR, and PP are almost impossible
to be predicted, the process must be adjusted to
risk. From a financial viewpoint, the risk is the
possibility that shareholders will lose money
where they invest in a company. There are quite a

O Fig. 1.13  Surface min-
ing at Los Filos (Mexico)
(Image courtesy of Gold-
corp Inc.)

number of methods to evaluate the risk, being the
Monte Carlo method probably the most used and
well known, especially since the introduction of
the computing equipment. The Monte Carlo
method is based on the simulation of the various
sources of uncertainty affecting the studied value
and subsequent determination of the average
value over the range of resultant outcomes.

1.4.3 Exploitation

If the economic evaluation of a mining project offers
positive results, pointing to high probability that the
exploitation of the mineral deposit will produce
benefits, mining will be the next step. Exploitation
or mining is the process of excavation and recovery
of ore and associated waste rock from Earth’s crust.
Mine method selection criteria is based on rock
competency, distance to surface, characteristics of
the mineral, and economics. Conditioned by the
distance to surface, the mining methods are broadly
grouped into surface (8 Fig. 1.13) and underground
(B Fig. 1.14). About 85% of the global tonnage is
produced in open-pit mines, including placer oper-
ations, while the rest 15% from underground mines
(Ericsson 2012). Operating mines range from small
size underground operations to large open pit, some
of them moving tens of thousands of rock per day.
Surface mining is a form of operation led to
extract minerals lying near the surface. In the last
decades, surface production spreads out since open-
pit mining is less expensive than underground
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O Fig. 1.14 Underground
mining at Mponeng (South
Africa) (Image courtesy of
AngloGold Ashanti)

mining, due to the higher cost of underground
extraction methods. The depletion of richer mineral
bodies combined with the development of new
technologies makes necessary to work in open-pit
mines with lower mineral contents. The present-day
tendency is large-scale surface mining using the
economy of scale, that is, the saving in cost of pro-
duction that is due to mass production. In mining
language, a big mine will produce significantly more
output per unit of input than will a small mine.
Thus, large-scale equipment are used to make oper-
ations efficient and economical. For example, today
trucks are huge, carrying up to 500 tons per load.

If the depth of an ore deposit is such that
removal of overburden makes surface mining
unprofitable, underground methods must be con-
sidered. Underground mining refers to extraction
of raw materials from below the surface of the
ground. One logical procedure to categorize
underground mining methods is to divide them
into the following three groups: (a) methods pro-
ducing openings naturally supporting or requir-
ing minimum artificial support (e.g., room and
pillar); (b) methods requiring substantial artificial
support (e.g., cut and fill), and (c) caving methods
where collapse of the rock is integral to the extrac-
tion process (e.g., block caving). For instance, in
the room-and-pillar method, very common in
underground mining, the minerals are obtained
from large voids (rooms) and pillars are left
between the rooms to support the overlying rocks.
In general, the mineral body included in the
pillars remains upon completion of mining and is

not recovered. If the mineral body extends from
surface to great depth, mining sometimes starts
near the surface from an open pit and later con-
tinues the exploitation with underground mining
for the deeper parts of the mineral body; this
method is usually called combined mining.

The use of explosives is often indispensable in
mineral resources exploitation. Therefore, blast-
ing is usually a part of the mining cycle. Blasting
is the process of fracturing material by the utili-
zation of an amount of explosive loaded in spe-
cial holes. There are many different types of
explosives used today such as ANFO (ammo-
nium nitrate plus fuel oil), slurries, and emul-
sions. The holes drilled for blasting are loaded so
that each one is fired in a designed sequence to
obtain the desired break of the rocks. The explo-
sives are then detonated in the drill holes
(8 Fig. 1.15).

1.4.4 Mineral Processing

After exploitation, mineral processing separates
useful minerals from waste rock or gangue, pro-
ducing a more concentrated material for further
processing. The concentration of valuable miner-
als in the run-on-mine material is also known as
beneficiation or concentration process. The objec-
tive is to reduce the bulk of the material using
cheap and low-energy physical methods to sort
out the valuable minerals from the waste rock. In
general, the heavier the material, the more costly
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O Fig. 1.15 Blastingin

an open-pit mine (Image
courtesy of Anglo American
plc)

O Fig. 1.16 Particle

size reduction using mills
(Image courtesy of North
American Palladium Ltd.)

it is to transport. Therefore, metal ores become
much lighter once upgraded to concentrates or
processed into semi-finished products, making
them more economical to transport long dis-
tances. Thus, metal ores are commonly processed,
at least partly, close to their extraction site.

The material obtained in the mine is concen-
trated using particle size reduction (@ Fig. 1.16),
liberation, and concentration with mainly physical
methods. To begin, the rock is crushed, grinded,
and classified utilizing a very broad variety of equip-
ment. The primary crushing can be carried out dur-
ing the mining, especially where an underground
method is selected. Regarding concentration or

beneficiation methods, there are many types since
metal content and physicochemical properties of
minerals are quite different. It is necessary to pro-
duce concentrates of every category with maximum
efficiency. The three main groups of concentration
systems methods are magnetic, gravity, and froth
flotation methods, the last one being the most used
to concentrate metallic minerals. Magnetic meth-
ods use the difference in magnetic properties of the
mineral particles. They are implemented in four
different ways, being the devices distinguished
firstly on the basis of dry or wet material, and, sec-
ondly, on the basis of magnetic field intensity (high
or low).
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Gravity concentration separates grains of
minerals depending on their density. The separa-
tion process is also determined by the size of the
particles. Minerals with value can be removed
along with the material despite differences in den-
sity if the particle sizes change. For this reason,
particle sizes must be uniform and the use of as
screens and hydrocyclones is essential. However,
most of profitably minerals (e.g., sulfides of Cu,
Zn, or Pb, PGE minerals, and many others) are
best suited to froth flotation method. This con-
centration method is a technique where particles,
in a mineral/water slurry, are adhered to air bub-
bles using chemical reagents, which preferentially
react with the desired mineral. Then, the particles
are carried to the surface and removed. In general,
it is very useful for processing fine-grained ores
and can be applied to many types of mineral sepa-
rations (e.g., separating sulfide minerals from sil-
ica gangue, removing coal from ash-forming
minerals, or separating different industrial miner-
als, among others). The nonvalue minerals
obtained in froth flotation or any concentration
process are disposed to tailing pond or void filling
stabilization of underground mines.

Since water is usually involved in the concen-
tration process, the last stage in mineral process-
ing is to remove water in the slurry. This process is
called dewatering and commonly starts with
thickening, utilized if the liquid-to-solids ratio is
high. The mechanism employed is based on sedi-
mentation where the solids are allowed to settle
through the liquid phase, resulting in a liquid

B Fig.1.17 Revegeta-
tion in mining reclamation
(Image courtesy Newmont
Mining Corporation)

essentially solid free and a thickened slurry.
Afterwards, vacuum or pressure filtration is
applied to remove water from the slurry using a
porous filter medium, which prevents the passage
of the solid particles. The product obtained, usu-
ally named cake, can be already sent to metallurgy
process. Two different types of equipment are
commonly used in vacuum filtration: drum and
disk filters. On the other hand, pressure filtration
is carried out with plate filter.

1.4.5 Closure and Reclamation

Mine closure is the last phase in the mining cycle
since mining is a temporary activity, with the oper-
ating life ranging from some years to several
decades. Closure starts when the mineral resource
is exhausted or operations are no longer profitable.
Mine closure plans are required by most regulatory
agencies worldwide before a mining permit is
granted. Financial assurance is required in many
countries as a guarantee that the funds needed for
mine closure will be available if the responsible
company is unable to complete the process as it
was planned. Reclamation, which occurs at all
stages of the mine life (environmental analysis
begins at the earliest stages of the exploration of the
mineral resource), involves earthwork and site res-
toration including revegetation of disposal areas
(B Fig. 1.17). The aim of reclamation must always
be to return the site to a condition that match the
premining condition. Other possibilities include to
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use the mine sites recreational areas, gardens,
parks, etc. Previously, an environmental impact
assessment (EIA) is requested and presented. An
EIA can easily be defined as a study of the effects of
a proposed mining project on the environment.
The environmental impact assessment process is
an interdisciplinary and multistep procedure to
ensure that environmental aspects are included in
decisions regarding mining projects.

Potential environmental impacts linked to
mining activities include impacts such as hazard-
ous materials, land use, biodiversity, visual impacts,
and air and water quality, among others. In general,
underground mines are much less apparent than
surface mines, and they disturb a relatively small
area of the land surface close to the principal shaft.
Where underground mining activities finish, the
shafts can be sealed and the area returns to previ-
ous condition, especially in which respects to visual
impact. In relation to the impact of waste disposal
(tailings dam), which usually incorporate small
amounts of harmful elements, it can contaminate
surface and groundwaters. Occasionally, tailings
dam failures cause huge environmental disasters,
as occurred in Alnazcollar (Spain) in 1998, where
Los Frailes Mine tailings dam failed and released
five million cubic meters of acidic tailings. The
fine-grained material contained dangerous levels of
several heavy metals that travelled about 40 km
before it stopped, just near a UNESCO World
Heritage Site (Dofiana National Park), which is one
of the largest National Parks in Europe.

1.5 International Reporting

Standards

Although the definition and classification of
Mineral Resources and Reserves shown in
> Sect. 1.2 are widely accepted and used in many
countries, the main guidelines to apply these terms
are undoubtedly the International Reporting
Standards, also known as Mineral Reporting Codes.
They are essential nowadays to any project evalua-
tion process of mineral resources, especially if the
financial world is involved. It is important to note
that mineral resources and reserves are the most
important economic asset for a mining company
since the financial strength of the enterprise depends
mainly on the size and quality of its resources and
reserves. However, reported mineral reserve data
for mining projects include numerous types of
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uncertainty such as geological estimation and diffi-
culties to predict the future commodity price
(Dimitrakopoulos and Abdel Sabour 2007). Since a
reserve is only a small portion of the total ore body,
variations in price obviously alter reserve estima-
tions. For this reason, regulatory guidelines for
reserve estimation must take in consideration the
potential economic variability in the complete life-
time of the mining project (Evatt et al. 2012).

Mining is historically important in many
regions around the world, being the major mining
centers countries such as Australia, South Africa,
the USA, and Canada. Thus, these countries,
together with Europe (especially the United
Kingdom), are the main sources of capital for min-
ing projects. For this reason, these countries have
promoted the reporting standards most used
worldwide. After its initiation in the USA, Australia
got ahead in providing codes and guidelines for
reporting and classifying mineral resources and
reserves; omitting the McKelvey Box, really the
precursor to mining codes, the first International
Reporting Code was the JORC Code (Australia). It
was published in 1989 and later updated.
Afterwards, a rapid increase in the creation of
these codes and standards in other countries was
produced. This process of creating new standards
began in the late 1990s and continues today.

These standards/codes derived from the glo-
balization of the mining industry and their objec-
tives are to give a certain level of comfort to
investors and other stakeholders regarding quality
and usefulness of valuation of mineral deposits
(see Bre-X Affair in @ Box 1.4). The increasing
investment by foreign countries in developing
countries of Asia, Africa, and South America,
among other reasons, needs to an international
method to define the assets of mining companies
and also the mineral wealth of the countries. Major
mining companies commonly finance new proj-
ects internally and develop many times their own
systems of control. Although these are usually
similar to common codes and standards, a relevant
exception is that the responsibility for determining
and certifying ore reserves lies on a qualified team
of professionals, rather than an individual expert.
Broadly, International Reporting Codes can be
classified into two groups: (a) International
Systems (CRIRSCO and UNFC) and (b) National
Codes (e.g., 43-101, JORC, or SMA). There are dif-
ferences between them, but certainly many terms
and definitions are similar in all documents.
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The Bre-X Affair

Bre-X Minerals Ltd., a member of

the Bre-X group of companies, was
involved in one of the major scandals
of the entire history of mining. David
Walsh founded Bre-X Minerals Ltd.,

a small Canadian exploration firm,

in 1989 as a subsidiary of Bresea
Resources Ltd. Initially, the focus of
the company was to explore looking
for diamonds in the Northwest Ter-
ritories. The company did not make a
significant profit before 1993, when
Walsh followed the advice of geolo-
gist prospector John Felderhof and
bought a property in March 1993 in
the middle of a jungle near Busang
River in Borneo, Indonesia, for US$S
80,000. In August 1993, Bre-X began
to explore in Kalimantan (Borneo),
and it soon reported significant drill-
ing results at Busang. Assays of the
drill samples indicated consistent
gold mineralization, extending from
the surface to a depth of hundreds
of meters, and estimates of the size
of the resource steadily grew. The
evaluation of geologist Michael

de Guzman, Project Manager, was
impressive: the first estimate was 17
million ounces of gold, which would
have made it the richest gold deposit
ever. Thus, the company reported

in October 1995 an enormous gold
deposit located in Indonesia. The
company moves to the Toronto Stock
Exchange in April 1996 and splits its
shares ten to one in May. The new
shares trade at $28.65 (Canadian
dollars).

Therefore, the stock’s price of
the company grew logarithmically
in the Toronto Stock Exchange. From
initial private offerings at 30 cents a
share, Bre-X stock climbed to $286.50
(Canadian dollars) per share by 1997
(split adjusted). In its peak, it had a

total market capitalization equal to
approximately USS$5 billion (Cana-
dian dollars) on the open market.
Near the maximum Bre-X share price,
major banks and media were buying.
In December 1996, Lehman Brothers
Inc. strongly recommended a buy on
«the gold discovery of the century».
Obviously, major mining companies
and top producers fought a battle to
get a piece of Bre-X's Busang deposit.
This was because the gold amount

in the deposit was changing over
the years from 30 million ounces
(900 tons) in 1995 to 200 million
ounces (6200 tons) in 1997 (or up

to 8% of the entire world’s gold). As
the estimated size of the deposit
grew, so did the stock price and the
hysteria.

At that moment, the Indonesian
government of President Suharto
also got involved. It claimed that
Bre-X was not playing by the
«rules» of the country, and Bre-X's
exploration permits were revoked.
Stating that a small company like
Bre-X could not exploit the site by
itself, the Indonesian government
suggested that Bre-X share the site
with the large Canadian mining
firm Barrick Gold in association with
Suharto’s daughter Siti Rukmana.
Finally, a joint venture is reached in
1997 that gives Indonesia 40% share,
Bre-X 45%, and Freeport-McMoRan
Copper and Gold Inc. at 15% share
of interests. The fraud began to
unravel on March 19, 1997, when
Bre-X geologist Michael de Guzman
jumped to his death on a suicide
(or was pushed) from a helicopter
in Indonesia. Meanwhile (January
1997), a mysterious fire destroys at
Busang the administration office and
geology records. On March 26, 1997,
Freeport-McMoRan announced that

its own due-diligence core samples
showed «insignificant amounts of
gold». As a result, Suharto post-
poned signing the mining deal. A
third-party independent company,
Strathcona Mineral Services Ltd., was
brought in to make its own analysis.
They published their results on May
4,1997: the Busang ore samples
had been salted with gold dust.

A year later, David Walsh dies of a
brain aneurysm at his home in the
Bahamas.

Consequently, Bre-X Minerals
collapsed in 1997 after the gold
samples were demonstrated to be a
fraud and its shares became worth-
less, in one of the biggest stock
scandals in Canadian history. Trad-
ing in Bre-X was soon suspended
on the TSX and the NASDAQ, and
the company filed for bankruptcy
protection. Among the major losers
were several Canadian public sector
organizations such as The Ontario
Municipal Employees Retirement
Board, the Quebec Public Sector
Pension fund, and the Ontario
Teachers' Pension Plan. The funda-
mental problem was the lack of con-
trol in the gold assays data because
the results were clearly manipulated
and falsified using a salt process;
salt process in mineral exploration
means to add metal (typically gold
or silver) to an ore sample to change
the value of the ore with an aim to
deceive. Bre-X salt process can be
considered as the most elaborated
fraud in the history of mining and
one of the biggest stock scandals
in Canadian history. This scandal
accelerated the development and
publication of standards worldwide
and particularly the publication
of NI 43-101 in Canada to protect
investors.

1.5.1 CRIRSCO International
Reporting Template

CRIRSCO Template is targeted to the international
minerals industry, including mining and explora-
tion companies, professional institutions, regula-
tors, financial institutions, and others. One
important aspect is that this document only relates

to the reporting of economic and potentially eco-
nomic mineralization as defined in the reporting
standards. Thus, it does not consider the reporting
of subeconomic or yet undiscovered mineraliza-
tion. As the scope of the document explains, the
main principles governing the operation and
application of the Template are transparency,
materiality, and competence. Transparency means
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that sufficient information is provided to the
reader of a Public Report; materiality indicates
that a Public Report contains all the significant
information that investors would rationally
require; and competence means that the Public
Report is based on work carried out by appropriate
qualified persons. Thus, the author of the Public
Report is a Competent Person or Persons. A
Competent Person is defined in the Template «as a
minerals industry professional with a minimum of
5 years relevant experience in the style of mineral-
ization or type of deposit under consideration and
in the activity that the person is undertaking».

The Template, as well as all Standards, is very
long to summarize here, but the most important
terms must be incorporated, especially those
devoted to concepts of Exploration Results,
Mineral Resources, or Mineral Reserves.
Regarding Exploration Results, an Exploration
Target is «a statement or estimate of the explora-
tion potential of a mineral deposit in a defined
geological setting where the statement or esti-
mate, quoted as a range of tons and a range of
grade or quality, relates to mineralization for
which there has been insufficient exploration to
estimate mineral resources. Exploration Results
include data and information generated by min-
eral exploration programs that might be of use to
investors but do not form part of a declaration of
Mineral Resources or Mineral Reserves».

The second main topic of the Template is the
concept and the different categories of Mineral
Resources. A Mineral Resource is «a concentration
or occurrence of solid material of economic inter-
est in or on the Earth’s crust in such form, grade or
quality and quantity that there are reasonable pros-
pects for eventual economic extraction. The loca-
tion, quantity, grade or quality, continuity and
other geological characteristics of a Mineral
Resource are known, estimated or interpreted from
specific geological evidence and knowledge,
including sampling». There are three categories of
Mineral Resources: Inferred, Indicated, and
Measured. Their definitions are somewhat different
from those shown in the McKelvey Box. An
Inferred Mineral Resource is «that part of a Mineral
Resource for which quantity and grade or quality
are estimated on the basis of limited geological evi-
dence and sampling. Geological evidence is suffi-
cient to imply but not verify geological and grade
or quality continuity». An Inferred Mineral
Resource has a lower level of confidence than that
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applying to an Indicated Mineral Resource. Since
confidence in the estimate is usually not sufficient
to allow the results of the application of technical
and economic parameters to be used for detailed
planning, there is no direct link from an Inferred
Resource to any category of Mineral Reserves.

In turn, an Indicated Mineral Resource in the
Template is «that part of a Mineral Resource for
which quantity, grade or quality, densities, shape
and physical characteristics are estimated with
sufficient confidence to allow the application of
Modifying Factors in sufficient detail to support
mine planning and evaluation of the economic
viability of the deposit. Geological evidence is
derived from adequately detailed and reliable
exploration, sampling and testing and is sufficient
to assume geological and grade or quality conti-
nuity between points of observation». Concerning
Modifying Factors, they are «considerations used
to convert Mineral Resources to Mineral Reserves;
these include, but are not restricted to, mining,
processing, metallurgical, infrastructure, eco-
nomic, marketing, legal, environmental, social
and governmental factors» (8 Fig. 1.18).

Obviously, an Indicated Mineral Resource has a
lower level of confidence than that applying to a
Measured Mineral Resource and can only be trans-
lated to a Probable Mineral Reserve, but has a
higher level of confidence than that applying to an
Inferred Mineral Resource. Finally, a Measured
Mineral Resource in the Template is «that part of a
Mineral Resource for which quantity, grade or
quality, densities, shape, and physical characteris-
tics are estimated with confidence sufficient to
allow the application of Modifying Factors to sup-
port detailed mine planning and final evaluation of
the economic viability of the deposit; geological
evidence is derived from detailed and reliable
exploration, sampling and testing and is sufficient
to confirm geological and grade or quality continu-
ity between points of observation». Of course, a
Measured Mineral Resource has a higher level of
confidence than that applying to either an Indicated
Mineral Resource or an Inferred Mineral Resource
and it may be converted to a Proved Mineral
Reserve or to a Probable Mineral Reserve.
According to the Template, this category «requires
a high level of confidence in, and understanding of,
the geology and the controls of the mineral deposit;
the choice of the appropriate category of Mineral
Resource depends upon the quantity, distribution
and quality of data available and the level of confi-
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dence that attaches to those data». A Competent
Person or Persons, as defined above, must deter-
mine the appropriate Mineral Resource category.

The third topic of the Template includes the
concept and categories of Mineral Reserves. Thus,
a Mineral Reserve is «the economically mineable
part of a Measured and/or Indicated Mineral
Resource; the term economically mineable implies
that extraction of the Mineral Reserve has been
demonstrated to be viable under reasonable finan-
cial assumptions». Therefore, Mineral Reserves
«are those portions of Mineral Resources that,
after the application of all mining factors, result in
an estimated tonnage and grade which, in the
opinion of the Competent Person making the esti-
mates, can be the basis of a viable project, after
taking account of all relevant Modifying Factors».

Mineral Reserves are classified in the Template
as Probable and Proved. A Probable Mineral
Reserve is «the economically mineable part of an
Indicated, and in some circumstances, a Measured
Mineral Resource; the confidence in the Modifying
Factors applying to a Probable Mineral Reserve is
lower than that applying to a Proved Mineral
Reserve». Therefore, a Probable Mineral Reserve
has a lower level of confidence than a Proved
Mineral Reserve, but it is of sufficient quality to
serve as a basis for decision on the development of
the deposit. Related to Proved Mineral Reserve, «it
implies a high degree of confidence in the
Modifying Factors and represents the highest con-
fidence category of reserve estimate».

Mineral Resources can be estimated mainly
based on geological information. However, Mineral
Reserves need consideration of the Modifying
Factors affecting extraction. Thus, Mineral reserves
should be estimated mainly with input from a dif-
ferent discipline. It is also very important the type
and characteristics of the technical studies. Scoping,
prefeasibility, and feasibility studies are carried out
to establish the overall characteristics of the mining
project in each stage of its development. The
descriptions of each type of study are detailed in
> Sect. 4.5.1.

1.5.2 United Nations Framework
Classification

This standard is entitled «United Nations
Framework Classification for Fossil Energy and
Mineral Reserves and Resources». The last update
was made in 2009 (UNFC-2009) (8 Fig. 1.19). The
document is a complex combination of categories,
subcategories, classes, and subclasses, and it is still
not completely accepted in the mining world.
UNFC-2009 is a generic principle-based system
in which quantities are classified based on three
fundamental criteria: economic and social viabil-
ity (E), field project status and feasibility (F), and
geological knowledge (G). Combinations of these
criteria and using a numerical coding system, a
three-dimensional system is created. Categories
(e.g., E1, E2, E3) and, in some cases, subcategories
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(e.g., E1.1) are defined for each of the three crite-
ria. According to this classification, the first set of
categories (the E axis) indicates «the degree of
favorability of social and economic conditions in
establishing the commercial viability of the proj-
ect, including consideration of market prices and
relevant legal, regulatory, environmental and con-
tractual conditions». The second set (the F axis)
«points to the maturity of studies and commit-
ments necessary to implement mining plans or
development projects». The third set of categories
(the G axis) «designates the level of confidence in
the geological knowledge and potential recover-
ability of the quantities».

This classification system is quite complicated
regarding definitions of the different concepts and
types of Mineral Resources and Reserves, always
related to letters and numbers. Moreover, some
terms are misleading on purpose, since the
Standard states that «reserves is a concept with dif-
ferent meanings and usage; even the extractive
industries, where the term is carefully defined and
applied, there are some material differences
between the specific definitions that are used in
different sectors. It indicates that it is not ideal as a
basis for global communication of such an impor-
tant quantity». Obviously, this remark is probably
true, but the solution is not to create an intricate
network of letters and numbers to explain con-
cepts already delimited in other classical and

accepted classifications as the CRIRSCO men-
tioned above or the following 43-101 from Canada.

1.5.3 National Codes

A National Code is a standard whose utilization is
obligatory in the proper country that promotes its
development. There are many national codes, but
only some of them are accepted worldwide. This is
the case of NI 43-101, created in Canada but con-
sidered essential in many countries. Because many
mines around the world are property of companies
which report their results on stock exchanges
within Canada, NI 43-101 is thoroughly used in
the mining world. Other National or Regional
Codes more or less similar to NI 43-101 include
the JORC Code (the first code in time, as stated
before) and the VALMIN Code in Australia, the
SME Guide in the USA, the SAMVAL Code and
SAMREC Code in South Africa, the PERC
Standard in Europe, the NAEN Code in Russia, the
MRC Code in Mongolia, and the CCEP in Chile.
The development of NI 43-101 in Canada is
partly related to the Bre-X Affair, which is consid-
ered the most elaborated fraud in the history of
mining (8 Box 1.4: The Bre-X Affair). In broad
terms, NI 43-101 is very similar to CRIRSCO
Template and the rest of National Codes. It is clear
that most of the national codes are derived or




26 Chapter 1 - Introduction and General Concepts

extracted from the JORC Code, since it was estab-
lished earlier and has been relatively reliable as
compared to the rest of codes. The Standard
includes definitions of Qualified Person (the
author of the Public Report), Mineral Resources,
Reserves, different categories, etc., in a same way
to that of CRIRSCO or JORC Code. In general,
public reporting of these topics in the diverse
National Codes benefits from considerable inter-
national conformity, due to the efforts of national
reserves committees and CRIRSCO. Interestingly,
the person responsible for the preparation of the
report in the Certification Code of Chile is called
«Qualified Competent Person», which is a mix-
ture of «Qualified Person» (NI 43-101) and
«Competent Person» (JORC Code).

NI 43-101 includes a long table of items in the
content of the technical report (8 Table 1.1). NI
43-101 and JORC Code technical reports are com-
monly regarded interchangeable, since their con-
tents and scientific rigors are often very similar. As
a result, both codes are accepted as industry
reporting standards by numerous professional
institutions. The difference lies in how the different
classes of resources are used in economic studies,
especially the inferred resources, since the required
levels of confidence can be change for every cate-
gory. For instance, inferred resources can be used
with some cautions in economic studies in the
SME Guide (USA) and the SAMREC (South
Africa), but notin the NI 43-101 (Canada), because
of the low confidence and insufficient data. It
clearly states that inferred mineral resources may
be only utilized for internal planning.

Distribution of Mineral
Resources in the Earth

1.6

Mineral resources are present in the Earth’s crust,
a thin outer shell about 10-100 km thick, which
comprises no more than 0.4% of the Earth’s mass,
being assigned the rest of the mass to the core and
mantle. The oceans are underlain by a thin
(10 km) homogeneous crust that covers approxi-
mately 70% of the surface, and the continents
have a much thicker crust (30-100 km) covering
the remaining 30%. The continental crust is quite
more inhomogeneous, since magmatic, sedimen-
tary, and metamorphic processes have led to seg-
regation and local concentration of elements. It
represents the main focus of exploration and

B Table 1.1 Items in the Ni 43-101 technical

report

Item 1 Title Page

Iltem 2 Table of Contents

Iltem 3 Summary

Item 4 Introduction

Item 5 Reliance on Other Experts

Iltem 6 Property Description and Location

Item 7 Accessibility, Climate, Local Resources,
Infrastructure, and Physiography

Iltem 8 History

ltem 9 Geological Setting

Iltem 10 Deposit Types

Item 11 Mineralization

Iltem 12 Exploration

Iltem 13 Drilling

Item 14 Sampling Method and Approach

Item 15 Sample Preparation, Analyses, and
Security

ltem 16 Data Verification

Iltem 17 Adjacent Properties

Item 18 Mineral Processing and Metallurgical
Testing

Item 19 Mineral Resource and Mineral Reserve
Estimates

Item 20 Other Relevant Data and Information

Item 21 Interpretation and Conclusions

Item 22 Recommendations

Item 23 References

Iltem 24 Date and Signature Page

Item 25 Additional Requirements for Technical
Reports on Development Properties
and Production Properties

Item 26 Illustrations

exploitation of mineral resources. The average
concentration of elements in the Earth’s crust
controls the occurrence of mineral deposits. Nine
elements, called major elements, make up over
99.5% of the continental crust, while the rest of
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B Table 1.2 Element abundance in the Earth’s

crust

Element Crustal abundance (%)
Oxygen 46
Silicon 27
Aluminum 8.1
Iron 6.3
Calcium 5
Magnesium 2.9
Sodium 23
Potassium 1.5
Titanium 0.66
Carbon 0.18
Hydrogen 0.15
Manganese 0.11
Phosphorus 0.099
Fluorine 0.054
Sulfur 0.042
Strontium 0.036
Barium 0.034
Vanadium 0.019
Chlorine 0.017
Chromium 0.014
Zirconium 0.013

the elements, called minor and trace elements,
account for less than 0.5% (B Table 1.2).

Major elements are abundant enough to form
the most usual minerals and rocks, but minor and
trace elements, including most of the metals, need
to be enriched under exceptional geological con-
ditions to form exploitable mineral deposits,
usually combined with other elements like oxygen
(oxide), sulfur (sulfide and sulfate), and carbon
(carbonate). Thus, although any piece of rock in
the Earth’s crust contains small amounts of metal-
lic and nonmetallic elements, a specific natural
process is necessary to produce sufficient enrich-
ment of the element to form an exploitable min-
eral deposit (B Fig. 1.20). An additional point is
that processes forming mineral deposits operate
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at geological time scales, so that most economic
mineral resources are basically nonrenewable. In
other words, new deposits are impossible to be
generated in human timescales.

The distribution of mineral resources in the
Earth’s crust is irregular, from not only a com-
modities point of view but also considering the
geographical position of the mineral deposits
across the different continents; the major reserves
of metal ores are geographically concentrated in a
handful of countries. Even the distribution of the
valuable mineral in each deposit is varied accord-
ing to the grade and the tonnage of the mineral-
ization. Geographically, the global distribution of
mineral resources depends on the type of mineral
or metal. Thus, gold deposits are present in more
than 100 countries, but the largest reserves are
concentrated in South Africa (27-28% of world’s
reserves). On the contrary, platinum metal group
deposits are known only in 16 countries, and the
share of two largest countries (South Africa and
Russia) covers 97% of world’s reserves. In general,
the global distribution of mineral resources is
very conservative and it was not changed over a
long time. For instance, today world’s reserves of
tin are distributed in the same countries and
regions as they were 30 years ago, although the
contribution of each country or region has
changed. These variations of the contribution are
related to the world economic development and
the situation of the raw material markets.

For every substance, it is possible to calculate
a value called concentration or enrichment factor,
dividing the economical concentration, that is,
the necessary concentration in a mineral deposit
for profitable mining, by the average crustal abun-
dance for that substance. Concentration factors
and average crustal abundances for some of the
most important metals are listed in B Table 1.3
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B Table 1.3 Average crustal abundances and concentration factors for some of the most important metals

Element Chemical Average
symbol concentration %
Aluminum Al 8.1
Iron Fe 54
Titanium Ti 0.5
Manganese Mn 0.10
Chromium Cr 0.01
Nickel Ni 0.008
Zinc Zn 0.007
Copper Cu 0.005
Cobalt Co 0.002
Lead Pb 0.001
Uranium u 0.0003
Tin Sn 0.0003
Molybdenum Mo 0.0002
Tungsten w 0.0001
Silver Ag 0.00001
Gold Au 0.0000003

(Gocht et al. 1988). For example, aluminum (aver-
age crustal abundance of about 8%) has a concen-
tration factor of 3-4 because a mineral deposit of
aluminum (e.g., gibbsite mineral) can contain
between three and four times the average crustal
abundance to be economical (between 24% and
32% aluminum). Obviously, this enrichment or
concentration factor is very different for each ele-
ment, ranging from low values (3-4 for alumi-
num) to very high values (4000-5000 for gold).

It is essential to estimate the amount of a given
mineral resource in the world from its abundance
in the Earth’s crust. The reason is that strategic
planning for future supply of a mineral or a metal is
controlled by the estimates of prognostic resources,
although the predictions of undiscovered resources
quantifications are obviously very difficult. The
methods proposed are usually based on extrapola-
tion of resources in well-known regions to less
known, but geologically similar, parts of the Earth
(e.g., Singer and Menzie 2010). However, the topic
of mineral resource assessment is quite complex.
Assessment methods considered were time rate,

Quantity/km? Typical ore Enrichment
(000 mt) grades % factor
250,000 30 4
150,000 53 10
15,000 0.7-15 2-40
3000 31 310
300 30 3000
200 1 130
190 4 570
135 0.5-4 100-800
60 0.4-2 200-1000
35 5 3850
7 0.3 1100
7 0.3 1200
4 0.2 1300
3 0.7 5800
0.2 0.01 1400
0.01 0.001-0.0001 300-3000

crustal abundance, cumulative tonnage versus
grade, geometric probability, and discriminant
analysis, among many others. The selection of the
method to be employed in an assessment must be
based on different factors such as adequacy of the
material to the problem, constraints in resources
(e.g., information or time forthcoming for the
assessing), the level of uncertainty and acceptance
of errors in the evaluation, and finally the require-
ment for checking outcomes and approval of the
technique (Singer and Mosier 1981).

McKelvey (1960) was one of the first authors to
analyze the distribution of mineral resources in the
Earth. He pointed out that «the tonnage of mine-
able reserves in short tons (R) for many elements in
the United States was equal to crustal abundance in
percent (A) times 10° to 10'°, and that the linear
relation that appears to prevail between reserves
and abundance is useful in forecasting reserves in
large segments of the Earth’s crust or over the
world at large». Even for purposes of estimating
world reserves of unexplored elements, McKelvey
affirmed that «a figure of A x 10'° to 10! probably
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will give the right order of magnitude». In other
words, reserves for some elements exhibit a con-
stant ratio to their average crustal abundance and
for less explored commodities the reserves can be
estimated from well-explored ones. With regard to
the question as to whether or not the USA is a rep-
resentative sample of the Earth’s crust, it does have
all the major kinds of geological terranes found
anywhere and may be accepted as a reasonably
representative sample of the Earth’s crust.

The total amount of different metals in the
Earth’s crust can be calculated combining crustal
abundance data and the McKelvey reserve-
abundance relationship. Thus, the potential recov-
erable resource in metric tons for most elements
should approach 2.45A x 105, where A is abundance
expressed in parts per million (Erickson 1973). If
the abundance-reserve relationship is accepted, the
amount expressed is a minimum total resource esti-
mate because the relationship is based upon cur-
rently recoverable resources and does not include
resources whose feasibility of economic recovery is
not established. The abundance-reserve relation
should become more closely defined as analytical
techniques progress, as the understanding of geo-
chemical processes enhances, and as exploration
techniques advance and it was possible to explore
and examine the crust until a reasonable depth.

Estimating contemporary reserves is very use-
ful, but it is only a starting point because the focus
of the question is not on the short-term, but on
long-sighted availability (e.g., Graedel et al. 2011).
These authors tried to estimate the extractable
global resource (EGR), that is, «the quantity of a
given resource that is judged to be worthy of
extraction over the long term given anticipated
improvements in exploration and technology»,
for most metals, considering that information
available on the potentially extractable geological
resources of metals is negligible. The main con-
clusion of this study was that it is not possible at
the moment reliably to estimate the extractable
global resource (EGR) for any metal.

The aforementioned aspects deal with the dis-
tribution of mineral resources in big areas or
regions, even in the Earth as a whole. However, a
crucial point is to know how the resources/
reserves (grades and tonnage) are distributed in a
mineral deposit with a gradation from relatively
rich to relatively poor mineralization, that is to
say, the relation between grades and tonnages in
an ore deposit. Lasky (1950) was the pioneer in
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applying mathematical laws to predict reserves of
ore deposits and to study how the recoverable
reserves of porphyry copper deposits (a copper
deposit type, see » Chap. 2) varied as a function
of the usual selection criterion, the grade in Cu
percentage (B Box 1.5: Lasky’s Law).

The relationship between ore grade and tonnage
in a mineral deposit can be analyzed in terms of
fractals (Turcotte 1986) because grade relations and
tonnage for economic ore deposits show a fractal
behavior if the tonnage of ore with a specific mean
grade is proportional to this mean grade raised to a
power. If it is assumed that the concentration of ele-
ments in ores is statistically scale invariant, the
renormalization group approach can be used to
derive a fractal relationship between mean grade
and tonnage. Moreover, the obtained results are
independent of the mechanism of mineral concen-
tration as long as the concentration mechanism is
scale invariant. This approach would not be expected
to be valid if different concentration mechanisms
are operative at different scales. Thus, in terms of
fractals, the relationship between ore grade and ton-
nage in a mineral deposit can be defined by using
the following equation (Turcotte 1997):

Core /Cmin = (Mmin M )D/3

ore

where C__is the average grade of the tonnage M_,
C,;, is the minimal grade included of the mass
M_. . and D is the fractal dimension. M_, may be
the mass of ore exploited at the lowest grade mine
or even source rock from which the ore in a dis-
trict is thought to be derived. Based on this corre-
lation, undiscovered resources can be estimated.
Tonnage versus cut-oftf and average grade versus
cut-off models can be outlined according to the
fractal distribution of element concentrations,
considering that the cut-off grade has great influ-
ence on the reserve and resource calculation in a
single deposit (Wang et al. 2010).

Another possibility is to combine the fractal
modeling and geostatistics for mineral resource
classification to look for a clear separation, identi-
fication, and assessment of high-grade ore zones
from low-grade ones in a deposit, which are
extremely important in mining of metalliferous
deposits (e.g., Sadeghi et al. 2014). Compared to
existing methods of mineral resource classifica-
tion, the technique that combines geostatistics
and fractal modeling can address the complexity
of the data for different parts of a mineral deposit.
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Lasky’s Law

Samuel G. Lasky, Chief Mineral
Resources Section of the U.S. Geo-
logical Survey, was a pioneer in
applying mathematical laws to
predict reserves of ore deposits
and to study how the recover-
able reserves of porphyry copper
deposits (a copper deposit type)
varied as a function of the usual
selection criterion, the grade in Cu
percentage. For the average U.S.
porphyry copper deposit, he found
that a decrease in grade of 0.1% Cu
was associated with an increase in
tonnage of about 18%. Thus, the
famous Lasky’s equation (Lasky
1950), also known as Lasky’s law
(Matheron 1959) or the arithmetic-
geometric (A/G) ratio was derived
from production records of several
porphyry copper deposits. The
equation states that if ore grades
are distributed log-normally, the
increase of reserves is exponential.
Therefore, the tonnage of ore

that has been produced plus the
estimated reserves (T) and the
weighted average grade of this
tonnage (G) distribution follow the
equation:

G=K, -K,xIn(T)

where K, and K, are constants to be
determined for each ore deposit.

They usually have to be determined
empirically, using historical data. K,

is always preceded by a minus sign
to indicate the inverse relationship
between tonnage and grade. A
typical curve for such a relation-
ship will be plotted as a straight
downsloping line on a semiloga-
rithmic paper, with the grade on
the logarithmic horizontal axis and
tons of ore on the arithmetically
spaced vertical axis. The cumulative
contained copper curves become
flat at a point that Lasky called the
zero cut-off grade, at which the
copper grade tends to approach
average abundance of copper in
the Earth'’s crust.

The most common mistake
made in quoting Lasky’s law is to
assume that it states that the quan-
tity of metal increases geometrically
as the ore grade declines arithmeti-
cally. In fact, Lasky’s results show a
definite limit to the cumulative
quantity of metal in a deposit. The
aim in reporting the relationship was
to enable mining engineers to fore-
cast the recoverable reserves from a
given deposit. Therefore, his results
say nothing about the distribution
of different deposits, only about the
distribution of ore within a given
deposit (Chapman and Roberts
1983).

Lasky'’s relationship is consis-
tent with studies of the correlation
between average grades and cumu-
lative ore tonnage of mineralized

material in the resource analysis

of groups of deposits as well as to
individual deposits. However, it is
also possible that a linear relation

is obtained if the logarithm of the
tonnage is plotted against the
logarithm of the grade (Cargill et al.
1981). One of the issues of this
relationship is that the projection
of Lasky’s analysis to lower grades
is limited because the mathemati-
cal formulation predicts physically
impossible situations below some
limiting grade: as average grade (G)
approaches zero, the derivative of
tonnage (T) with respect to average
grade produces «astronomical»
increases in tonnage. As a rule,
Lasky’s law is only true for specific
deposits, but it cannot be used as a
general tool because Lasky’s tech-
nigue had geological limitations in
addition to the empirical limitations
of the equation at high or low
grade. Lasky'’s relationship should
be found notoriously ineffective for
the majority of mercury, gold, silver,
tungsten, lead, zinc, antimony,
beryllium, tantalum, niobium, and
rare earth deposits. Singer (2013)
affirmed that significant deviation
from lognormal distributions of
most metals when ignoring deposit
types demonstrates that there is
not a global lognormal or power
law equation for these metals.

1.7 Mineral Resources
Consumption

Natural resources provide essential inputs to
production. World population is growing faster
than at any time in history. Meanwhile, mineral
consumption is increasing more quickly than
population as new consumers enter the market
for minerals and as global standard of living
rises. According to Gloser et al. (2015), the rapid
economic development of emerging countries in
combination with an accelerating spread of new
technologies has led to a strongly increasing
demand for industrial metals and minerals
regarding both the total material requirement
and the diversity of elements used for the pro-

duction of specific high-tech applications.
Therefore, minerals and metals are consumed in
greater quantities than ever before. Since 1900,
the mine production of the main metals has
increased by several orders of magnitude
(Graedel and Erdmann 2012) (8 Fig. 1.21).
Increased world demand for minerals will be
affected by three factors (Kesler 2007): applica-
tions for mineral commodities, the level of popu-
lation that consumes these raw materials, and the
standard of living that will establish how much
each person consumes. As new materials and
applications are found, markets for mineral com-
modities can expand considerably. In this sense,
present technologies utilize almost the entire
periodic table.
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Demand forecasting is difficult, but it is needed
to guide supply policies. Human population was 6.5
billion in 2005, with a 95% of population growing in
developing world, and United Nations forecast near
ten billion by 2050 (an increase of 40%). The devel-
oping economies need minerals for construction,
energy, etc., and in the near future mining deeper
will be necessary, with lower grades and larger
scales, which means more health risks and carbon
footprint will increase as well. Nowadays, the easy
mineral resources, the least expensive to extract and
process, have been mostly exploited and depleted
(Bardy 2014). There are plenty of minerals left to
extract, but at higher cost and increasing difficulty.

There are two competing views of mineral
depletion: the fixed stock paradigm and the oppor-
tunity cost paradigm. Under the opportunity cost
paradigm, mineral depletion is considered mainly
a matter of economics and availability a function of
price; long-term tendencies in real mineral prices
indicate few problems of availability (Humphreys
2013). With regard to the effects of consumption
on worldwide mineral supply, there are two classi-
cal schools of thinking: those who think that min-
eral resources are being depleted and consequently
will be exhausted, and those who believe that there
are infinite possibilities in the supply of mineral
resources. Numerous studies about the quantifica-
tion of supply risks of mineral and metallic raw

materials have been carried out in the past 15 years
due to the current tensions in raw material markets
(e.g., Speirs et al. 2013; Gloser et al. 2015).

As a representative of the former school, there
is an impending shortage of two fertilizers: phos-
phorus and potassium, and these two elements
cannot be made, cannot be substituted, are neces-
sary to grow all life forms, and are mined and
depleted (Grantham 2012). Therefore, according
to this author, their consumption must be com-
pletely decreased in the next 20 or 30 years or the
humanity will start to starve. Grantham’s article
concluded that the society is actually in a hopeless
situation related to these two raw materials.
Similar are the conclusions of a study based on
potential substitutes for 62 different metals in all
their major uses and of the performance of the
substitutes in those applications (Graedel et al.
2015). The study concludes that any of the 62 met-
als have exemplary substitutes available for all
major uses. Other alarmist forecasts suggest that
for some minerals and metals, depletion may
occur over relatively short timescales of a few
decades or even years. These forecasts are usually
based on reserves estimates. It seems that they are
untrustworthy previsions of the long-sighted
accessibility of metals since their definitions
depend on economics, present science, and tech-
nology (Graedel et al. 2014).
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Hubbert Peak Theory

It is well known that there are three
main laws to describe the depletion
of any finite resource: (a) production
starts at zero, (b) production then
rises to a peak which can never be
surpassed, and (c) once the peak has
been passed, production declines
until the resource is depleted. These
simple rules were first described in
the 1950s by Dr. Marion King Hub-
bert (American geophysicist) and
applied to depletion of the world’s
petroleum resources. In 1956,
Hubbert developed a theory (The
Hubbert curve) now referred to as
«The Hubbert Peak Theory» predict-
ing that petroleum supplies did not
come in an endless supply. The Hub-
bert peak theory says that the rate
of oil production tends to follow a
bell curve in which there is a point
of maximum production based on
discovery rates, production rates,
and cumulative production. Later,
production declines because of
resource depletion, and finally the
oil production would enter in a final
decline. The theory can be applied
to any given geographical area,
from an individual oil-producing
region to the planet as a whole. In
fact, Hubbert has believed in 1956
that nuclear energy would become
a long-term source of energy at a

magnitude far greater than that of
fossil fuels. This approach assumes
that the level of production is
mainly driven by technical factors
that can reasonably be approxi-
mated by a logistic function.

Based on his theory, Hubbert
presented a paper to the 1956
meeting of the American Petroleum
Institute in San Antonio (Texas,
USA), which predicted that overall
oil production would reach the
peak in the USA at 10.2 million
barrels of petroleum/day between
1965 and 1970, which he consid-
ered an upper-bound. The term
Peak Oil refers to the maximum rate
of the production of oil in any area
under consideration, recognizing
implicitly that it is a finite natural
resource subject to depletion.
Almost everyone, inside and
outside the oil industry, rejected
Hubbert’s analysis. However, the
controversy raged until 1970, when
the US production of crude oil
started to fall: Hubbert was right.
As an example, the oil production
in the USA by the mid-2000s had
fallen to 19405’ levels. Moreover, in
1974, Hubbert projected that global
oil production would peak in 1995
«if current trends continue».

The theory does not take
into account any other sources

of petroleum besides crude oil.
However, although unconven-
tional oil is not included, the
basic principle behind the Hub-
bert curve that production will
eventually peak and decline still
stands. Oil production in the mid-
nineteenth century recovered 50
barrels of oil per barrel that was
extracted. The number of barrels
recovered today is 1-5 per barrel
extracted. As ever, two views are
possible, optimistic and pes-
simistic. Optimistic view holders
predict a world peak in oil pro-
duction around 2020, becoming
critical closer to 2030. Pessimistic
view holders believe that a peak
has already happened. With the
varying estimations of data, it is
difficult to conclude when the
world will peak or if it has already
happened. Most data, however,
support optimism, placing a peak
date around 2020-2030. This date
varies from Hubbert's predicted
date due to the attempted regula-
tion of Organization of the Petro-
leum Exporting Countries (OPEC)
and the use of alternative ener-
gies and unconventional oil and
gas. Regarding the former, pre-
dicting production for the OPEC
has widely diverged from the
Hubbert curve since the 1970s.

One of the most classical examples of mineral
resource exhaustion school is the peak theory in
the context of an earlier debate about the future of
the US oil production (Hubbert 1956) (8 Box 1.6:
Hubbert Peak Theory). Examining the world pro-
duction of 57 minerals reported in the database of
the USGS, Bardi and Pagani (2007) affirm that
eleven minerals where production has definitely
peaked and is actually declining while some more
can be peaking or near peaking; adjusting the pro-
duction curve with a logistic function, the defini-
tive quantity extrapolated from the adjusting
corresponds well to the quantity obtained adding
the cumulative production so far and the reserves
calculated by the USGS. The results obtained by
these authors clearly indicate that in general the
Hubbert model is valid for worldwide production
of minerals and not just for regional cases.

However, the application of the peak concept to
metals production has been criticized (Crowson
2011; Ericsson and Soderholm 2012). For instance,
data from the last 200 years show that prices of
major metals are mainly cyclical, with intermittent
peaks and troughs closely to economic cycles.
Thus, declining production is usually generated by
falling demand rather than by declining resources
or lack of resource discovery. For this reason, the
peak concept is not very useful for modeling min-
eral resource depletion. The reserves could be
«infinite», but other problems can arise. For exam-
ple, the reserves of some raw materials (e.g., coal)
seem to be very extensive, but the use of these raw
materials has a negative impact on the world’s cli-
mate. Therefore, climate policies can be a more
restrictive factor on raw materials use than its
availability. Moreover, many of the important raw
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materials are located in countries that are econom-
ically and/or politically unstable. Hence, exploita-
tion of these resources originates local conflicts, a
high risk of instability, and supply interruptions.
Regarding the former, these are the so-called con-
flict minerals because miners are forced to take
part in the illicit mining economy, and money
earned from the sale of these conflict minerals is
utilized mainly to promote violent causes and wars.

Regarding the second school of thinking, the
changes of global reserves to global consumption
between 1995 and 2010 for several minerals show
that available reserves have been able to keep up
with global demands. Overall analysis suggests that
increasing demand and prices led to expansion of
supply (Wellington and Mason 2014). The data also
show that although there is a greater worldwide
demand for a selected number of minerals, new
sources are being exploited and the global mineral
reserves should meet world demand for the next 50
years. In this sense, demand is likely to remain the
dominant factor in world mineral supplies for the
next few decades. Obviously, the problem of min-
eral resources supply can be diminished by the
application of more detailed mineral exploration
strategies, better mining and mineral processing
technology, resource efficiency and improvements
in recycling, and processes of substitution for many
raw materials. For instance, in addition to identi-
fied copper resources of 2100 million metric tons
(Mt), a mean of 3500 Mt of undiscovered copper is
expected globally using a geology-based assess-
ment methodology (Johnson et al. 2014).

On the other hand, history of mining proves
that increasing demand for minerals and higher
prices will generally lead to technological and sci-
entific innovations that result in new or alterna-
tive sources of supply.

According to Lusty and Gunn (2015), wide-
spread adoption of low-carbon mining technolo-
gies, supported by multidisciplinary research, and
incremented global use of low-carbon power
sources will enable challenges such as power con-
sumption and varying the present link between
metal production and greenhouse gas emissions
to be met. In this sense, new focused research will
improve the understanding of the processes mobi-
lizing and concentrating these elements, enhanc-
ing the exploration models, and ability to identify
new deposits. In addition, while it may generally
be the case that properly functioning markets will
provide solutions to mineral shortages, there are a
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variety of constraints on mineral supply response
(Humphreys 2013).

1.8 Sustainable Development

The best way to mitigate the problem of mineral
resources depletion is to use them in a sustainable
way. The definition of sustainable development that
is most commonly used today was presented by the
United Nations in 1987 (The Brundtland Report).
In this report, sustainable development is defined
as «development that meets the needs of the pres-
ent without compromising the ability of future gen-
erations to meet their own needs». This has become
the most accepted definition of sustainable devel-
opment internationally. This report stressed the
need for the world to progress toward economic
development that could be sustained without per-
manently harming the environment. In this sense,
the discovery of new reserves may be viewed as
only a temporary possible solution to mineral
resource sustainability. Other potential solutions to
sustainability of mineral resources include the fol-
lowing (Wellmer and Becker-Platen 2007): (1)
improvement removal from the deposit, (2) finding
new material to replace, (3) enhancing recycling
processes, (4) decreasing consumption by more
efficient use, and (5) looking for new possibilities.
On the other hand, the concept of sustainable
production and consumption was implemented at
the beginning of the 1990s. Its main goal is the cor-
rect production and use of natural resources, the
minimization of wastes, and the optimization of ser-
vices and products. Sustainable production and con-
sumption intends to provide the utilization of goods
and services over the life cycle so as not to jeopardize
the needs of future generations (Sustainable
Consumption Symposium in Oslo, Norway, 1994).
Regarding substitution of mineral resources to
promote sustainable development, the impor-
tance of the hierarchy of relative mineral resource
values must be emphasized. According to this
model (Wellmer and Becker-Platen 2007), «the
most valuable resources (energy resources)
occupy the top of the hierarchy; the next lower
value category consists of those mineral resources
whose deposits are created by natural enrichment
(for example, metalliferous deposits and some
nonmetallic deposits like phosphate and barite);
the next lower level consists of bulk raw materials
such as those used in construction and those
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whose availability, from a geological viewpoint, is
unlimited in the Earth’s crust; finally, waste prod-
ucts and residues from beneficiation or burning
of higher value resources occupy the lowermost
part of the hierarchy». Obviously, if possible, the
main goal of any policy leading to mineral sus-
tainable development is to utilize low-value
resources at the base of the mineral resources
hierarchy. Thus, the high-value resources at the
top are conserved. Another relevant tool for com-
paring materials consumption is eco-efficiency,
which combines the notions maximum environ-
mental and economic benefit and minimum envi-
ronmental and economic cost. Eco-efficiency also
decreases raw materials consumption throughout
the life cycle to a limit more or less in line with the
Earth’s calculated capability. This concept focuses
heavily on effective resource consumption and the
reduction of waste (Fleury and Davies 2012).

The role of developed countries in sustainable
development is crucial since these countries are
mostly involved in mineral resource consump-
tion and depletion. For instance, Europe environ-
mental footprint is one of the largest on the
planet; if the rest of the world lived like Europeans,
it would require the resources of more than two
earths to support them. For this reason, some
developed countries such as EU countries have
elaborated extensive programs trying to resolve
the dualism rich countries — poor countries. As
an example of these programs, the European
Union (EU) is developing the named «Sustainable
Consumption and Production and Sustainable
Industrial Policy Action Plan». This plan includes
different actions, of which 11 are devoted to
Natural Resources. Europe 2020 strategy has as its
flagship initiative a «resource efficient Europe: to
help decouple economic growth from the use of
resources», being the resource efficiency the key
political priority.

Previously, the EU Raw Materials Initiative of
2008 included an integrated strategy based on the
following three pillars: «(1) ensure access to raw
materials from international markets under the
same conditions as other industrial competitors;
(2) set the right framework conditions within the
EU to foster sustainable supply of raw materials
from European sources; and (3) boost overall
resource efficiency and promote recycling to reduce
the EUs consumption of primary raw materials
and decrease the relative import dependence».

There is a growing awareness that the con-
struction structures, building, and other prod-
ucts in the economy today could be the urban
mines of the future (OECD 2015). Thus, anthro-
pogenic stocks have been less studied than geo-
logical stocks. They represent a growing area of
interest, particularly in industrialized economies
where geological stocks are limited but man-
made stocks are believed to be large. Much of the
study of anthropogenic stocks focuses on metals
because they can be infinitely recycled, and
unlike minerals, which dissipate with consump-
tion (e.g., fossil fuels, salt for deicing), metals
retain their chemical and physical properties
over time. Many of the potential negative envi-
ronmental impacts associated with the produc-
tion and consumption of metals can be reduced
using these anthropogenic stocks with recycling.
Simultaneously, pressure on virgin stocks could
be diminished.

1.9 Critical Raw Materials

The global market of mineral raw materials is
characterized by: (a) increasing demand for min-
erals from both industrial and developing coun-
tries, (b) dramatic changes in where minerals are
sourced, (c) volatile markets and pricing, and (d)
increased vulnerabilities in the mineral supply
chain. In this framework, modern society is
increasingly dependent on mineral resources,
which differ in their availability, the way of use,
the cost of production, and their geographical dis-
tribution. Raw materials are essential for the
development of the economy of industrialized
regions. Sectors such as construction, chemicals,
automotive, aerospace, and machinery are com-
pletely dependent on access to certain raw materi-
als. European extraction covers only 29% of the
demand for concentrates necessary to meet the
requirements for production in metallurgical
plants. Therefore, the potential effects of mineral
supply disruption are essential for maintaining
and improving the quality of life.

Moreover, a type of scarcity referred to as
«technical scarcity» or «structural scarcity» pres-
ents a particular challenge and may be difficult
and expensive to alleviate. Technical scarcity
applies chiefly (Graedel et al. 2014) to «a range of
rare metals used mostly in high-tech applications;
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many of these are not mined on their own, rather
they are by-products of the mining of the ores of
the more common and widely used metals (e.g.
aluminum, copper, lead, and zinc); these by-
products are present as trace constituents in the
ores of the host metals and, under favorable eco-
nomic conditions, they can be extracted from
these ores, which means that there is a little eco-
nomic incentive to increase production at times
of shortage».

Demand for a variety of mineral resources,
such as rare earth elements (REEs), platinum group
elements (PGEs), beryllium, and lithium, among
others, has increased with continued consumption
in developed economies and the emergence of
other developing countries. Such elements are cru-
cial to a variety of manufacturing, high-tech, and
military applications. In this framework, many
governments consider that a stable supply of some
mineral resources is essential for economic pros-
perity. It is important to note that the production of
minerals that supply many of these elements is
concentrated in a few countries. Thus, China pro-
duces more than 95% of the global rare earth ele-
ments supply, and almost 80% of global platinum
production is from South Africa. @ Table 1.4
(European Commission 2014) indicates the pri-
mary supply in percentage of some critical raw
materials from most important producing coun-
tries. In this scenario, the concept of critical min-
eral or raw material must be introduced.

The term «criticality» was first used in 1939.
The American administration decided in those
days to build up a stock for 42 raw materials with
military relevance. This was enforced by the so-
called Critical Material Stock Piling Act. The geo-
political situation after the end of the Cold War
relaxed, but the stock piling of military relevant
raw materials is continued until today (Achzet
and Helbig 2013). The National Research Council,
in the book entitled Minerals, Critical Minerals,
and the U.S. Economy (2008) mentions the differ-
ence between «strategic» and «critical», com-
menting that the terms «critical» and «strategic»
as mineral or material descriptors have been
closely associated but commonly not definitely
differentiated. A mineral can be regarded as criti-
cal «only if it performs an essential function for
which few or no satisfactory substitutes exist».
Thus, the dimension of criticality is therefore
related to the demand for a mineral that meets
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B Table 1.4 Primary supply (%) of some critical
raw materials from the most important producing
countries (European Commission 2014)

Critical raw Supply Major suppliers
material (%) (>20%)
Antimony 93 China (87%)
Beryllium 99 USA (90%)
Borates 88 Turkey (38%)

USA (30%)
Chromium 88 South Africa (43%)

Kazakhstan (20%)
Cobalt 82 DRC (56%)
Coking coal 94 China (51%)
Fluorspar 84 China (56%)
Gallium 90 China (69%)
Germanium 94 China (59%)
Indium 81 China (58%)
Magnesite 86 China (69%)
Magnesium 96 China (86%)
Natural 93 China (69%)
graphite
Niobium 99 Brazil (92%)
PGMs 93 South Africa (61%)

Russia (27%)

Phosphate rock 66 China (38%)
REE (heavy) 100 China (99%)
REE (light) 100 China (87%)
Silicon metal 79 China (56%)
Tungsten 91 China (85%)
Total 90 China (49%)

very precise specifications required in certain key
applications, but it is not simply related to overall
demand for all applications. Furthermore, a min-
eral can be regarded as critical «if an assessment
indicates a high probability that its supply may
become restricted, leading either to physical
unavailability or to significantly higher prices for
that mineral in key applications». Consequently,
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the two main dimensions of criticality are impor-
tance in use and availability. Obviously, the criti-
cality of a specific mineral can change overtime as
production technologies evolve and new products
are developed.

A more recent definition in the American
Mineral Security Act of 2015 (US Congress) says
that a critical mineral means «any mineral, ele-
ment, substance, or material designated as critical
pursuant to: (1) subject to potential supply restric-
tions (including restrictions associated with for-
eign political risk, abrupt demand growth,
military conflict, violent unrest, anti-competitive
or protectionist behaviors, and other risks
throughout the supply chain); and (2) important
in use (including energy technology-, defense-,
currency-, agriculture-, consumer electronics-,
and health care-related applications)». The term
does not include here fuel minerals, water, ice, or
SNOW.

With regard to the European Union, the last
report on critical raw materials for the EU (2014)
establishes that «non-energy raw materials are
intrinsically linked to all industries across all
supply chain stages, and consequently they are
essential for EU way of life; sectors may rely on
these materials as direct inputs, for instance
metals refining relies on metallic ores as well as
on industrial minerals; this primary industry
underpins downstream sectors, which utilize
processed materials in their products and ser-
vices; thus, the healthcare sector uses equipment
containing high performance magnets made
from rare earth elements, electricity distribution
relies on pylons and cables constructed of alu-
minium and copper respectively, and most vehi-
cles are equipped with tyres that are comprised
of natural rubber». The EU is in a particularly
vulnerable position on imports for many raw
materials (e.g., EU produced only 3% of the
world metal production) which are increasingly
affected by growing demand pressure. Moreover,
the production of many materials is concen-
trated in a small number of countries. Supply
risks may arise as a result of political-economic
instability of the producing countries and export
or environmental restrictions imposed by these
countries.

To assess criticality, the methodology utilized
in the EU is a combination of two components:
economic importance and supply risk. The result

non-critical

A measure of risk of supply shortages

A measure of economic importance or
expected (negative) impact of shortage

O Fig. 1.22 General scheme of the criticality concept
projected into two dimensions (Sievers et al. 2012)

is a relative ranking of the materials across the
assessment components, with a material classified
as critical if it exceeds both the threshold for eco-
nomic importance and the supply risk (Sievers
et al. 2012) (@ Fig. 1.22). For a country economy,
the importance of a raw material is difficult to
determine as it presents not only data but also
conceptual and methodological difficulties. The
analysis is carried out by evaluating the propor-
tion of each raw material associated with indus-
trial megasectors at an EU level and then scaled to
define the overall economic importance for a
material. On the other hand, the overall supply
risks are a combination of factors such as substi-
tutability, high concentration of producing coun-
tries with poor governance, and end-of-life
recycling rates.

The last updated list of critical and noncritical
raw materials (both metals or metallic ores and
industrial minerals) from the European
Commission (2014) includes 20 critical raw mate-
rials (8 Fig. 1.23). The main characteristics that
make them critical for EU are: (a) the import
dependence of the EU (generally more than 70%;
in most cases 100%), (b) their use is fundamental
in emerging technologies, (c) they are produced
as by-products of other main metals treatment or
coupled elements, (d) their recycling rate is quite
low, and (e) the substitution options are limited.
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B Fig. 1.23  Critical and noncritical raw materials in EU (European Commission 2014)

China is the major producer of the EU critical raw
materials, and it is the most influential in terms of
global supply. Other countries such as the USA
for beryllium and Brazil for niobium provide spe-
cific raw materials.

The list of critical raw materials is being used
to help prioritize needs and actions. It serves as a
supporting element when negotiating trade agree-
ments, challenging trade distortion measures, or
promoting research and innovation. The list not
only includes the name of the raw material, but
also some data about main producers, main
sources of imports, substitutability index, and
end-of-life recycling input rate. These two last
indexes are essential for the supply of critical raw
materials. According the European list, «the sub-
stitutability index is a measure of the difficulty in
substituting the material, scored and weighted
across all applications; the end-of-life recycling
input rate measures the proportion of metal and
metal products that are produced from end-of-life
scrap and other metal-bearing low-grade residues
in end-of-life scrap worldwide». The European
Commission adopted a strategy document as a

result of previous considerations. The aim of this
document is to secure and improve access to raw
materials for the EU countries. Materials security
and materials criticality have also been of growing
interest for other international forums, leading to
a number of studies and initiatives related to raw
material supply and criticality (e.g., Resourcing
Future Generations — IUGS).

1.10 Mineral Resource Recycling

Waste management priorities are organized
according to the named «the three R's»: reduce,
reuse, and recycling (8 Box 1.7: The Three R’s). In
abroad sense, there are three main groups of min-
eral resources that can be reused or recycled: con-
struction and demolition waste, industrial
minerals, and metals. Each of them has its own
characteristics dealing with source and capability
to be recycled. Recycling will never be 100% effi-
cient and varies greatly among different mineral
commodities due to the use and functionality in
their respective applications.
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The Three R’s

Over the last half century, the
amount of waste created per person
in the developed countries has
doubled. Thus, the concept and pro-
motion of the three R's was created
to help combat the drastic increase
in solid waste production. As a

rule, the three R’s (reduce, reuse,
and recycling) conserve natural
resources, landfill space, and energy.
The problem of the landfill space

is nowadays very important, since
siting a new landfill has become
difficult and more expensive due

to environmental regulations and
public opposition. Moreover, the
three R’s ensure that future genera-
tions have clean air to breathe, clean
water to drink, as well as forests,
fields, and beaches to enjoy. For
instance, it is possible to create a
compost pile of the organic, biode-
gradable kitchen waste and apply

it to the garden. Organic material in
the compost stores carbon, keeping
it from entering the atmosphere

as a greenhouse gas. Nutrients in
compost encourage healthy bacte-
rial growth in soil, enabling plants to
grow strong and healthy the natural
way.

The three R’s are really a waste
management hierarchy with reduce
being the most important strategy.
The best way to manage a waste is
not to produce it. Reducing waste
yields the greatest environmental

O Fig. 1.24 Recy-
cling at Grand Can-
yon (USA)

benefits. As less material is used,
pollution from its manufacture and
transportation is reduced, energy
and water is saved, and material is
kept out of landfills. Waste reduction
therefore should be the main prior-
ity in the waste management plans.
Thus, reducing is the most effective
of the three R’s. Aluminum cans are
a good example of source reduction
because they are now made with
1/3 less aluminum than they were
20 years ago.

The second most effective
strategy for environmental stew-
ardship is to reuse. An item might
be reused for the same purpose or
it might be used in a different way.
Reusing extends the life of exist-
ing materials and decreases the
resources needed for new prod-
ucts. This concept can be difficult
because the life in the actual world
includes many disposable items,
and it takes some imagination
and creativity to see how items
can be reused. For instance, it is
estimated that a glass beverage
bottle can make about 15 round-
trips between the manufacturer
and the consumer before it must
be recycled due to damage.

Finally, the last resort is to
recycle. Recycling includes several
steps that take a used material and
process it, remanufacture it, and
sell it as a new product. Where a
product is recycled, a new life is

given to the material and save it
from going to the landfill. Materi-
als like glass, plastic, aluminum,
and paper can be mass collected
(B Fig. 1.24), broken or melted
down, and made into entirely

new products. The definition of
recycling is varied. For instance,
according to the Waste Framework
Directive of the European Union
(Directive 2008/98/EC on waste)
recycling is defined as: «any
recovery operation by which waste
materials are reprocessed into
products, materials or substances
whether for the original or other
purposes. It includes the reprocess-
ing of organic material but does
not include energy recovery and
the reprocessing into materials
that are to be used as fuels or for
backfilling operations». Recycling
again conserves resources and
diverts materials from landfills.
The possibilities of recycling are
infinite. For example, metals form
almost 9% of the municipal solid
waste (MSW) in the USA in 2012
(EPA 2014). Sources of metals from
MSW include residential waste
(including waste from apartment
houses) and waste from com-
mercial and institutional locations,
such as businesses, schools, and
hospitals, and these include items
such as packaging, food waste,
grass clippings, sofas, computers,
tires, and refrigerators.
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1.10.1 Construction and
Demolition Waste

Construction and demolition waste (CDW) is
one of the most significant waste streams in the
world. It comprises very many materials such as
metals, glass, concrete, gypsum, bricks, wood,
plastic, solvents, and excavated soil, among oth-
ers, many of which can be recycled. CDW has
high potential for recycling because many of the
components have high resource value. In particu-
lar, there is a market for aggregates derived from
CDW waste in roads, drainage, and other con-
struction projects. For instance, recycled and sec-
ondary materials account for 30% of the aggregates
market in Great Britain. They include construc-
tion and demolition waste, asphalt planings, used
railway ballast, etc. In the European Union, CDW
has been identified as a priority waste stream
since it accounts for approximately 25% to 30% of
all the waste generated in the EU; approximately
900 million tons per year, two tons per capita. The
quantitative target set by The Waste Framework
Directive of the EU at 2008 is the following: «by
2020, the preparing for reuse, recycling and other
material recovery, including backfilling opera-
tions using waste to substitute other materials, of
non-hazardous construction and demolition
waste ... shall be increased to a minimum of 70%
by weight». Concrete is the most important frac-
tion in the CDW. It presents many treatment
options (e.g., landfill, recycling into aggregates for
road construction, or backfilling, among others),

O Fig. 1.25 Glass build-
ing (The National Grand
Theater of China, Beijing)
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but barriers to recycling the waste are numerous.
Among them, the misconception about the qual-
ity of recycled products compared to new materi-
als is the most important, since ignorance of the
good results of these materials in some applica-
tions probably will continue for years.

1.10.2 Industrial Minerals

The valuable physical properties of many miner-
als used in industrial and manufacturing pro-
cesses are either destroyed in use or the minerals
are dispersed, and they cannot be recoverable in
their original form. Thus, plasticity of ceramic
clays is lost during firing in the kiln. Some
industrial minerals that are valued for their
chemical properties are impossible to reuse or
recycle. The most classical example is salt uti-
lized to treat roads in the winter, and potassium
or phosphorous minerals that are the basis of
numerous agricultural fertilizers. However,
many industrial minerals can be recovered and
recycled in their manufactured form. For exam-
ple, ceramic materials can be recycled as con-
struction fills or as aggregates. Glass is an
outstanding case of material with high recycling
capacity (B Fig. 1.25). It is a manufactured prod-
uct that may simply be melted and reformed in a
similar way than metals.

According to IMA Europe (2013), «in general,
recovering these minerals from their end applica-
tions would be technically complicated, time
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consuming and, ultimately, environmentally
unsound; however, although the minerals them-
selves may not be recyclable per se, many of them
lead second, third, fourth or even an infinite num-
ber of lives». The Industrial Minerals sector in
Europe estimates that a total 40-50% of all the
minerals consumed in Europe are recycled, which
is the case for about 73% of all silica used in
Europe. Markets for this recycled silica are varied:
construction and soil, container and flat glass,
foundry, ceramics, etc. Other data about recycling
rates for industrial minerals in Europe are 50% of
bentonite, 58% of calcium carbonate, 67% of feld-
spar, 49% of kaolin, or 60% of talc.

1.10.3 Metals

Despite the vast reserves of several industrially
important metals, the growing world population
cannot keep consuming metals at current standard
for the western industrialized society. This is no
doubt beyond what is likely to be sustainable.
Altogether, metal production today represents
about 8% of total global energy consumption and a
similar percentage of fossil-fuel-related CO, emis-
sions. Obviously, recycling will help in decreasing
this footprint as it usually requires less energy than
primary manufacture (UNEP 2013). When recy-
cling metals, energy use is diminished because scrap
metals commonly require less energy to convert

O Fig.1.26  Old scrap

back into high-grade materials than mining and
refining processes. For this reason, carbon emis-
sions from recycling are substantially lower than
those derived from mining. As a rule, the main ben-
efits from recycling metals are: (a) lowering energy
consumption by 60-95% compared to primary pro-
duction, (b) reducing CO, emissions and environ-
mental impact on water and air, (c) preserving
primary geological resources, and (d) decreasing the
dependency on raw material imports. Depending
on the metal and the form of scrap, recycling can
save as much as an indicator of ten or twenty in
power consumption (Reck and Graedel 2012).

In the metals industry, the term recycling is
commonly used to include two fundamentally
different kinds of scrap: (1) new scrap or process
scrap: the material generated during processing
and manufacturing, and (2) old scrap (B Fig. 1.26)
or obsolete scrap (also post-consumer scrap or
end-of-life scrap): the material recovered after
being built into a construction or a manufactured
article that has been used and eventually dis-
carded. Thus, scrap is generally categorized as
new scrap or old scrap. A broad range of terms,
such as external scrap, home scrap, internal scrap,
mill scrap, prompt scrap, and purchased scrap,
have been developed to design scrap originated by
different industry operations (Papp 2014).

Hagelitken (2014) affirmed that recycling
possibilities or recyclability of a product is based
on various technical, economic, structural and
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organizational factors: (a) the intrinsic metal value
of the base material depending on its absolute
metal content and the metal price, and determines
the economic attractiveness of recycling; (b) the
material composition beyond the chemical com-
position to include physical characteristics such as
shape, size, and the type of connection between
materials and components; and (c) the application
field of a product and how it is used referring to the
area of use while the latter deals with new or reuse
products, user behavior, risk of dissipation, etc.

Few metals are used in pure form, and most are
components of alloys or other mixtures. In cases
where these materials undergo reprocessing, some
elements will be reprocessed to their elemental
form (e.g., copper), but many will be reprocessed
in alloy form (e.g., nickel or tin) (Reck and Graedel
2012). Tercero (2012) suggests that a main obstacle
to recycling is the complexity of the products
themselves. There are many difficulties such as the
energy and labor required to separate the materials
of interest so that they can be recycled. Sometimes,
an adequate large-scale technology is not available
(locally or worldwide) to recover the desired mate-
rials in a useful quality. This is the case for phos-
phors in energy-saving lamps, which are to date
not recycled on a large scale. There is also an
important difficulty yet recycling might be possi-
ble but too expensive given current technology
and prices, forcing downcycling or preventing
recycling altogether. An example of downcycling is
lithium from discarded lithium-ion batteries. It is
currently possible but too expensive to produce
technical grade lithium carbonate out of recycled
lithium compared to primary production.

In spite of the resulting benefits from an envi-
ronmental, economic, and social perspective, cur-
rent recycling rates are still rather low for most
metals (B Table 1.5). The world’s most recycled
material is steel, the metal used in 8-9 times greater
quantity than all other metals combined. Of the
three R’s, recycling is probably the most recognized
attribute of steel. «More than 475 million tons of
steel scrap was removed in 2008 from the waste
stream into the recycling stream; this is more than
the combined reported totals for other recyclable
materials, including paper, plastic, glass, copper,
lead, and aluminum; in 2012, the United States
recycled 69 million metric tons (Mt) of selected
metals, an amount equivalent to 59% of the appar-
ent supply of those metals, and more than 91% of
recycled metal was steel» (Papp 2014). Obviously,
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B Table 1.5 Recycling rates in the USA (Papp
2014)

Element USA (%)
Aluminum 52
Chromium 28
Copper 33
Iron and steel 50
Lead 68
Nickel 45
Tin 27
Titanium 63

steel recycling has an enormous impact on the
reduction of CO, emissions. However, the greatest
request for logistical and technological advance in
steel recycling is in recovery and processing of
scrap, covering enhancement in contaminant
removal and recovery (Bowyer et al. 2015).

One of the most promising recycling sources
is waste electronic and electrical equipment
(WEEE), which contains many of the metals of
rising demand. Much of WEEE is typically metal,
not only the 60% «metals» slice, but also the metal
and metallic compounds found in printed circuit
boards, LCD screens, cables and metal-plastic
mixes, etc. B Table 1.6 (Bakas et al. 2014) shows
the critical metals included in EEE and hence in
WEEE. With increasing gross domestic product
(GDP), world consumption of these products
accelera