
Chapter 1

Introduction to Mine Wastes

1.1
Scope of the Book

This book focuses on “problematic” solid wastes and waste waters produced and dis-
posed of at modern mine sites. They are problematic because they contain hazardous
substances (e.g. heavy metals, metalloids, radioactivity, acids, process chemicals), and
require monitoring, treatment, and secure disposal. However, not all mine wastes are
problematic wastes and require monitoring or even treatment. Many mine wastes do
not contain or release contaminants, are “inert” or “benign”, and pose no environmental
threat. In fact, some waste rocks, soils or sediments can be used for landform recon-
struction, others are valuable resources for road and dam construction, and a few are
suitable substrates for vegetation covers and similar rehabilitation measures upon mine
closure. Such materials cannot be referred to as wastes by definition as they represent
valuable by-products of mining operations.

This books attempts to gather the scientific knowledge on problematic wastes ac-
cumulating at modern mine sites. Wastes are also produced at mineral processing
plants and smelter sites and include effluents, sludges, leached ore residues, slags, fur-
nace dusts, filter cakes, and smelting residues. Such wastes are not mine wastes by
definition as they generally do not accumulate at mine sites. Thus, this book largely
focuses on mining wastes. It limits the presentation of mineral processing and metal-
lurgical wastes to those waste types accumulating at or near mine sites. Readers inter-
ested in the general areas of mineral processing and metallurgical wastes are advised
to consult the relevant literature (e.g. Petruk 1998).

Mine wastes are commonly classified according to their physical and chemical prop-
erties and according to their source. Such a classification scheme is followed in this
work. The book attempts to cover the major sources of mine wastes including the
mining of metal, energy and industrial mineral resources. Wastes of the petroleum
industry, in particular, wastes of the oil shale and oil sand industry, have been excluded
as they are beyond the scope of this book. The book has been organized into seven
chapters which document the different sources and properties of mine wastes. The
contents of Chapters Two (Sulfidic Mine Wastes), Three (Mine Water), Four (Tailings),
and Five (Cyanidation Wastes of Gold-Silver Ores) are inherent to most metal and/or
coal mines. The contents of Chapter Six (Radioactive Wastes of Uranium Ores) are of
importance to uranium mining operations, whereas Chapter Seven (Wastes of Phos-
phate and Potash Ores) discusses topics that are relevant to the fertilizer producing
industry.
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1. Chapter 1 sets the scene as introduction. It gives important definitions, describes the
environmental impacts of mine wastes in human history, presents the nature and
scope of waste production in the mining industry, and lists the general resources
available to acquire knowledge on mine wastes.

2. Chapter 2 provides an insight into sulfidic mine wastes. Mining of many metal ores
and coal exposes and uncovers sulfide minerals to oxidizing conditions. This chap-
ter documents the oxidation and weathering processes of sulfides which cause and
influence acid mine drainage. This is followed by discussions of the available tools
to predict and to monitor the behaviour of acid generating wastes. The chapter also
lists the various technologies available for the control and prevention of sulfide oxi-
dation.

3. Chapter 3 covers the fundamentals of acid mine waters. It explains important proc-
esses occuring within such acid waters and documents predictive and monitoring
techniques. A documentation of technologies applied for the treatment of acid mine
drainage completes the chapter.

4. Chapter 4 addresses the wastes of mineral processing operations (i.e. tailings). The
chapter presents the characteristics of tailings solids and liquids. It also gives de-
tails on the disposal options of tailings whereby most tailings are stored in engineered
structures, so-called “tailings storage facilities” or “tailings dams”.

5. Chapter 5 covers the characteristics of cyanide-bearing wastes which are produced
during the extraction of gold and silver. The chemistry of cyanide is explained be-
fore the use of cyanide in the mineral industry is shown. A documentation of treat-
ment options for cyanidation wastes concludes the chapter.

6. Chapter 6 summarizes radioactive wastes of uranium ores. It provides the minera-
logical and geochemical characteristics of uranium ores and gives the principles of
radioactivity. The chapter describes uranium mine wastes and the techniques avail-
able for their disposal and treatment. The potential hazards and environmental im-
pacts of uranium mining have been discussed in some detail.

7. Chapter 7 describes wastes of the phosphate and potash mining and fertilizer pro-
ducing industry. Phosphogypsum is the major waste product of fertilizer produc-
tion. The characteristics, storage and disposal practices, and recycling options of this
waste material are documented to some extent.

Sulfidic wastes and acid mine waters have been studied extensively from all scien-
tific angles, and there is a vast literature on the subjects including books, reviews, tech-
nical papers, conference proceedings, and web sites. On the other hand, wastes of pot-
ash ores have received in comparison only limited attention. Such a disproportionate
knowledge has influenced the presentation of this work and is reflected in the length
of individual chapters.

Several chapters contain case studies and scientific issues which demonstrate par-
ticular aspects of chapter topics in greater detail. Some case studies highlight the suc-
cesses in handling mine wastes, others point to future opportunities, whereas some
document the environmental impacts associated with them. The reasoning behind this
is that we have to learn not only from our successes but also from our mistakes in han-
dling mine wastes. Most of all, we have to pursue alternative waste treatment, disposal,
use and rehabilitation options.
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1.2
Definitions

1.2.1
Mining Activities

Definitions are essential for clear communication especially when discussing techni-
cal issues. Therefore, important and relevant terms have been defined in the follow-
ing sections. Operations of the mining industry include mining, mineral processing,
and metallurgical extraction. “Mining” is the first operation in the commercial exploi-
tation of a mineral or energy resource. It is defined as the extraction of material from
the ground in order to recover one or more component parts of the mined material.
“Mineral processing” or “beneficiation” aims to physically separate and concentrate the
ore mineral(s), whereas “metallurgical extraction” aims to destroy the crystallographic
bonds in the ore mineral in order to recover the sought after element or compound.
At mine sites, mining is always associated with mineral processing of some form
(e.g. crushing; grinding; gravity, magnetic or electrostatic separation; flotation). It is
sometimes accompanied by the metallurgical extraction of commodities such as gold,
copper, nickel, uranium or phosphate (e.g. heap leaching; vat leaching; in situ leach-
ing).

All three principal activities of the mining industry – mining, mineral processing,
and metallurgical extraction – produce wastes. “Mine wastes” are defined herein as
solid, liquid or gaseous by-products of mining, mineral processing, and metallurgical
extraction. They are unwanted, have no current economic value and accumulate at mine
sites.

1.2.2
Metals, Ores and Industrial Minerals

Many mine wastes, especially those of the metal mining industry, contain metals and/or
metalloids at elevated concentrations. There is some confusion in the literature over
the use of the terms “metals”, “metalloids”, “semi-metals”, “heavy metals” and “base
metals”. Metals are defined as those elements which have characteristic chemical and
physical properties (e.g. elements with the ability to lose one or more electrons; abil-
ity to conduct heat and electricity; ductility; malleability). In contrast, metalloids or
semi-metals are elements with metallic and non-metallic properties; that is, arsenic,
antimony, bismuth, selenium, and tellurium (e.g. elements with the ability to gain one
or more electrons; lower ability to conduct heat and electricity than metals). Heavy
metals are those metals with a density greater than 6 g cm–3 (i.e. Fe, Cu, Pb, Zn, Sn, Ni,
Co, Mo, W, Hg, Cd, In, Tl) (Thornton et al. 1995). The term “heavy metals” is used in
this work reluctantly because there are alternative, scientifically rigorous definitions
(Hodson 2004). Base metals are those metals used in industry by themselves rather
than alloyed with other metals (i.e. Cu, Pb, Zn, Sn).

In most metal ores, the metals are found in chemical combination with other ele-
ments forming metal-bearing “ore minerals” such as oxides or sulfides. Ore minerals
are defined as minerals from which elements can be extracted at a reasonable profit.
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In contrast, “industrial minerals” are defined as any rock or mineral of economic value
excluding metallic ores, mineral fuels, and gemstones. The mineral or rock itself or a
compound derived from the mineral or rock has an industrial use. Ore and industrial
minerals are commonly intergrown on a microscopic or even sub-microscopic scale
with valueless minerals, so-called “gangue minerals”. The aggregate of ore minerals
or industrial minerals and gangue minerals is referred to as “ore”. Thus, ore is a rock,
soil or sediment that contains economically recoverable levels of metals or minerals.
Mining results in the extraction of ore/industrial minerals and gangue minerals. Min-
eral processing enriches the ore/industrial mineral and rejects unwanted gangue min-
erals. Finally, metallurgical extraction destroys the crystallographic bonds of miner-
als and rejects unwanted elements.

1.2.3
Mine Wastes

Mining, mineral processing, and metallurgical extraction produce solid, liquid and
gaseous wastes. Mine wastes can be further classified as solid mining, processing and
metallurgical wastes and mine waters (Table 1.1):

� Mining wastes. Mining wastes either do not contain ore minerals, industrial miner-
als, metals, coal or mineral fuels, or the concentration of the minerals, metals, coal
or mineral fuels is subeconomic. For example, the criterion for the separation of waste
rock from metalliferous ore and for the classification of materials as economic or
subeconomic is the so-called “cut-off grade”. It is based on the concentration of the
ore element in each unit of mined rock and on the cost of mining that unit. As a re-
sult, every mine has a different criterion for separating mining waste from ore.
Mining wastes include overburden and waste rocks excavated and mined from sur-
face and underground operations. Waste rock is essentially wall rock material re-
moved to access and mine ore (Fig. 1.1). In coal mining, waste rocks are referred to
as “spoils”.

Mining wastes are heterogeneous geological materials and may consist of sedi-
mentary, metamorphic or igneous rocks, soils, and loose sediments. As a conse-
quence, the particle sizes range from clay size particles to boulder size fragments.
The physical and chemical characteristics of mining wastes vary according to their
mineralogy and geochemistry, type of mining equipment, particle size of the mined
material, and moisture content. The primary sources for these materials are rock,
soil, and sediment from surface mining operations, especially open pits, and to a
lesser degree rock removed from shafts, haulageways, and underground workings
(Hassinger 1997).

Once the metalliferous ore, coal, industrial minerals or mineral fuels are mined,
they are processed to extract the valuable commodity. In contrast, mining wastes
are placed in large heaps on the mining lease. Nearly all mining operations gener-
ate mining wastes, often in very large amounts.

� Processing wastes. Ore is usually treated in a physical process called beneficiation or
mineral processing prior to any metallurgical extraction (Fig. 1.2). Mineral process-
ing techniques may include: simple washing of the ore; gravity, magnetic, electrical
or optical sorting; and the addition of process chemicals to crushed and sized ore in
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order to aid the separation of the sought after minerals from gangue during flota-
tion. These treatment methods result in the production of “processing wastes”.
Processing wastes are defined herein as the portions of the crushed, milled, ground,
washed or treated resource deemed too poor to be treated further. The definition
thereby includes tailings, sludges and waste water from mineral processing, coal
washing, and mineral fuel processing. “Tailings” are defined as the processing waste

Fig. 1.1. Schematic cross-sec-
tions of open pit mines: a metal
mines; b coal and oil shale
mines. Waste rocks have to be
mined in order to obtain ore,
coal or oil shale

Table 1.1. Simplified mining
activities whereby a resource is
mined, processed and metallur-
gically treated. Each step of the
operation produces solid, gase-
ous and liquid wastes
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from a mill, washery or concentrator that removed the economic metals, minerals,
mineral fuels or coal from the mined resource.

The physical and chemical characteristics of processing wastes vary according
to the mineralogy and geochemistry of the treated resource, type of processing tech-
nology, particle size of the crushed material, and the type of process chemicals. The
particle size for processing wastes can range in size from colloidal size to fairly
coarse, gravel size particles. Processing wastes can be used for backfilling mine
workings or for reclamation and rehabilitation of mined areas, but an alternative
method of disposal must be found for most of them. Usually, this disposal simply
involves dumping the wastes at the surface next to the mine workings. Most pro-
cessing wastes accumulate in solution or as a sediment slurry. These tailings are
generally deposited in a tailings dam or pond which has been constructed using
mining or processing wastes or other earth materials available on or near the mine
site.

� Metallurgical wastes. Processing of metal and industrial ores produces an interme-
diate product, a mineral concentrate, which is the input to extractive metallurgy.
Extractive metallurgy is largely based on hydrometallurgy (e.g. Au, U, Al, Cu, Zn, Ni,
P) and pyrometallurgy (e.g. Cu, Zn, Ni, Pb, Sn, Fe), and to a lesser degree on
electrometallurgy (e.g. Al, Zn) (Ripley et al. 1996; Warhurst 2000). Hydrometallurgy
involves the use of solvents to dissolve the element of interest. For example, at gold
mines leaching of the ore with a cyanide solution is a common hydrometallurgical
process to extract the gold. The process chemical dissolves the gold particles and a
dilute, gold-laden solution is produced which is then processed further to recover

Fig. 1.2. Simplified flow-chart of a mineral processing operation, in which ore is processed to yield an
ore mineral concentrate and tailings (after Ripley et al. 1996)
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the metal. In contrast, pyrometallurgy is based on the breakdown of the crystalline
structure of the ore mineral by heat whereas electrometallurgy uses electricity. These
metallurgical processes destroy the chemical combination of elements and result in
the production of various waste products including atmospheric emissions, flue dust,
slag, roasting products, waste water, and leached ore (Fig. 1.3).

“Metallurgical wastes” are defined as the residues of the leached or smelted re-
source deemed too poor to be treated further. At many gold, uranium or phosphate
mines hydrometallurgical extraction is performed, and hydrometallurgical wastes
accumulate on site. In contrast, electro- and pyrometallurgical processes and their
wastes are generally not found at modern mine sites, unless there is cheap fuel or
readily available energy for these extractive processes. At many historical metal
mines, the ore or ore mineral concentrate was smelted or roasted in order to re-
move sulfur and to produce a purer marketable product. Consequently, roasted ore,
slag, ash, and flue dust are frequently found at historical metal mine sites.

� Mine waters. Mining, mineral processing and metallurgical extraction not only in-
volve the removal and processing of rock and the production and disposal of solid
wastes, but also the production, use and disposal of mine water. “Mine water” origi-
nates as ground or meteoric water which undergoes compositional modifications
due to mineral-water reactions at mine sites. The term “mine water” is collective and
includes any water at a mine site including surface water and subsurface ground water
(Morin and Hutt 1997) (Table 1.2).

Water is needed at a mine site for dust suppression, mineral processing, coal
washing, and hydrometallurgical extraction. The term “mining water” is used here
in a general sense to refer to waters which run off or flow through a portion of a
mine site and had contact with any of the mine workings (Table 1.2). “Mill water” is
water that is used to crush and size the ore. “Process water” is water that is used to
process the ore using hydrometallurgical extraction techniques. The water com-
monly contains process chemicals. At some stage of the mining operation, water is

Fig. 1.3. Simplified flow-charts of a pyrometallurgical and b hydrometallurgical operations, in which
ore is treated to yield metals and wastes
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unwanted and has no value to the operation. Such mine water is generated and dis-
posed of at various stages during mining, mineral processing or metallurgical ex-
traction. Water of poor quality requires remediation as its uncontrolled discharge,
flow, drainage or seepage from the mine site may be associated with the release of
heat, suspended solids, bases, acids, and dissolved solids including process chemi-
cals, metals, metalloids, radioactive substances or salts. Such a release could result
in a pronounced negative impact on the environment surrounding the mine site.

“Acid mine drainage” (AMD) refers to a particular process whereby low pH mine
water is formed from the oxidation of sulfide minerals. A number of other terms
are also used to describe this process such as “acid drainage” or “acid rock drain-
age” (ARD). These latter two terms highlight the fact that there are naturally out-
cropping sulfide orebodies and sulfidic rocks, which actively weather, oxidize, and
cause acidic springs and streams (Furniss et al. 1999; Posey et al. 2000; Munk et al.
2002). In fact, the acid streams draining such ores and rocks can contain high lev-
els of metals and metalloids that exceed water quality standards and result in toxic
effects to aquatic life. The use of these terms tries to highlight the fact that AMD
occurs naturally and unrelated to mining activities. However, such natural situa-
tions are rare compared to those where mining has been directly responsible for
the acidification of waters. Therefore, in this work the term AMD is preferred. AMD

Table 1.2. Mine water terminology
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is still an unfortunate term since AMD impacts more frequently on ground water
quality than on the surface drainage from a mine (Bennett and Ritchie 1993). Such
impacted ground water has also been named “acid ground water” (AG). Finally, the
waters generated by the oxidation of sulfide minerals are also referred to by some
authors as “acid sulfate waters” (ASW).

1.3
Mine Waste Production

The modern mining industry is of considerable importance to the world economy as
it provides a great diversity of mineral products for industrial and household consum-
ers (Table 1.3). The consequence of the large size of the mining and mineral process-
ing industry is not only the large volume of materials processed but also the large
volume of wastes produced.

Table 1.3. World production of selected non-fuel mineral commodities in 1999 (USGS Mineral Resources
Program 2001)
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The exploitation of mineral resources results in the production of large volumes of
waste rocks as they have to be removed to access the resource. Once the resource has
been extracted from the Earth, it is processed for its valuable components. These valu-
able components vary in mass from 100% to a few parts per million of the original
resource. For instance, extraction and production of clay, sand and gravel generally
do not produce any waste. Operators extract and process the entire mined material.
Also, crushing, washing and sizing of rock aggregates generate only minor amounts
of unwanted fine-grained slimes and dust particles. These slimes and dust particles
can be put to good use as mineral fertilizer. In contrast, exploitation of a metallifer-
ous mineral resource aims to extract only a few percent concentrations of copper, lead
or zinc or even parts per million values of gold. Only a very small valuable component
is extracted from metalliferous ores during processing and metallurgical extraction.
The great majority of the total mined material is gangue which is generally rejected
as processing and metallurgical waste. Therefore, mining, mineral processing, and
metallurgical extraction result in the production of a high volume of unwanted mate-
rial.

In general, coal mining and processing generate the largest quantity of waste fol-
lowed by non-ferrous and ferrous ores and industrial minerals. Waste production varies
greatly from nation to nation. For example, more than 4 700 Mt of mining waste and
1 200 Mt of tailings are stored all over the European Union, most of the mine waste in
Finland, Germany, Greece, Ireland, Portugal, Spain, Sweden, and the United Kingdom
(BRGM 2000). The production of mine wastes is particularly significant in nations
with a major mining industry. In Australia, the mining industry produces 1 750 Mt of
mine wastes per year. It is by far the largest producer of solid, liquid and gaseous waste
and exceeds municipal waste production by at least 450 Mt. Of the 2 100 Mt of solid
waste generated annually in Australia, 80% is produced by the mining sector (Connor
et al. 1995; cited by Boger 1998). In South Africa, over 1 100 mines contribute to 72.3%
of the country’s total solid waste stream, with approximately 25 000 ha of land utilized
as dumping areas in the form of tailings storage facilities (Maboeta and Rensburg
2003).

The global quantity of non-fuel mineral commodities removed from the Earth’s
crust each year by mining is now of the order of 3 700 Mt (Table 1.3). While the con-
sumption of mineral commodities is well documented, there is no data available on
the global production of mine wastes. Therefore, an estimation of the annual quantity
of mine waste produced globally has to be based on several assumptions. In 1999, ap-
proximately 40 Mt of metals (As, Be, Co, Cr, Cu, Hg, Nb, Ni, Pb, Sb, Sn, Ta, V, W, Zn)
were produced worldwide (Table 1.3). Assuming that the average ore grade of the metal
deposits was 0.5%, mining, processing and extraction of the ores generated 8 000 Mt
of solid wastes. Similarly, the production of 2 540 t of gold generated about 1 250 Mt of
solid wastes, assuming an average gold ore grade of 2 ppm. In addition, every year
approximately 4 500 Mt of coal, 990 Mt of iron ore, 127 Mt of bauxite, and 2 500 Mt of
industrial minerals are consumed globally. For every tonne of these ores consumed,
there will be at least the same amount of solid waste generated (i.e. waste rocks, tail-
ings). Such calculations indicate that approximately 15 000 to 20 000 Mt of solid mine
wastes are being produced annually around the world.

These calculations and statistics represent approximations and can only serve as
an indication of the magnitude of waste production. Furthermore, every mine site has
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its own unique waste because there are compositional differences in the mined ore,
and there is a great diversity of applied mining and mineral processing methods. Wastes
generated at different mines vary considerably in their properties. While certain sci-
entific principles apply to particular commodities, every mine requires its very own
waste characterization, prediction, monitoring, control, and treatment.

Mine wastes represent the greatest proportion of waste produced by industrial ac-
tivity. In fact, the quantity of solid mine waste and the quantity of Earth’s materials
moved by fundamental global geological processes are of the same order of magni-
tude – approximately several thousand million tonnes per year (Fyfe 1981; Förstner
1999). Fundamental global geological processes such as oceanic crust formation, soil
erosion, sediment discharge to the oceans, and mountain building naturally move
Earth’s materials around the Earth’s crust and shape our planet. In contrast, mankind
extracts material from the Earth during mining and discards most of the extracted
crust as waste. As a result, the Earth is getting increasingly shaped by mine wastes rather
than by natural geological processes. In addition, metal ores of increasingly lower
grades are being exploited, and more wastes are being produced as a result of it. The
production of mine wastes may even double within a period of 20 to 30 years (Förstner
1999). Today and in the future, commercial exploitation of a mineral resource is about
waste production and waste disposal as well as resource production and provision.

1.4
Mine Wastes: Unwanted By-Products or Valuable Resources?

The term “mine waste” implies that the material has no current economic value and is
an unwanted by-product of mining. However, some mine wastes can be useful and this
has been recognized since the beginning of mining and smelting. For example, the
use of slag in road construction can be traced back to the very early days when the
Romans used iron slag as a pavement material for their roads. Also, while wastes of
the mineral industry are generally useless at the time of production, they can still be
rich in resource ingredients. Unfavourable economics, inefficient processing, techno-
logical limitations or mineralogical factors may not have allowed the complete extrac-
tion of resource ingredients at the time of mining. In the past, inefficient mineral pro-
cessing techniques and poor metal recoveries produced wastes with relatively high
metal concentrations (Scientific Issue 1.1; Fig. 1.4). In some cases, old tailings and waste
rock piles that were considered worthless years ago are now “re-mined”, feeding mod-
ern mining operations. This approach is widely used in the mining industry.

Hence, changing circumstances may turn a particular waste into a valuable com-
modity, either because the economic extraction of resource ingredients may now be
possible using improved technology, or a market has been found for the previously
unwanted material. What may be waste to some miners, can be a very important, use-
ful resource to other mining operations, either now or in the future. Yesterday’s waste
can become today’s resource.

Recycling today’s waste is similarly possible. Manganese tailings may be used in
agro-forestry, building and construction materials, coatings, resin cast products, glass,
ceramics, and glazes (Verlaan and Wiltshire 2000). Tailings can also be suitable fertil-
izers for golf courses; phosphogypsum can be used in the agricultural and the build-
ing industry; clay-rich wastes can improve sandy soils or are the raw material for brick
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manufacturing; mine waters can be converted into drinking water (Schwartz and
Ploethner 2000; Smit 2000; Varnell et al. 2004); mine water can be used for heating or
cooling purposes (Banks et al. 2004; Watzlaf and Ackman 2006); mine drainage slud-
ges can be a resource for pigment (Kirby et al. 1999); and pyritic waste rock can be an
excellent soil amendment to neutralize infertile alkaline agricultural soils (Castelo-
Branco et al. 1999). If such innovative alternatives to current waste disposal practices
are pursued and if wastes are used as raw materials, then waste disposal problems are
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eliminated. Total resource utilization, where all of the material extracted is put to good
use, is a challenging concept for researchers and miners.

1.5
Mining and Environmental Impacts

Major impacts of mining on land can occur before, during and after operation and
may include: vegetation clearance; construction of access roads, infrastructure, sur-
vey lines, drill sites, and exploration tracks; creation of large voids, piles of wastes, and
tailings dams; surface subsidence; excessive use of water; destruction or disturbance
of natural habitats or sites of cultural significance; emission of heat, radioactivity, and
noise; and the accidental or deliberate release of solid, liquid or gaseous contaminants
into the surrounding ecosystems.

An understanding of the long-term release of contaminants requires a solid
knowledge of the factors that control such discharge. The major factor that influences
contaminant release is the geology of the mined resource (Scientific Issue 1.2). Climate
and topography as well as the applied mining and mineral processing activities also
play their role in the type and magnitude of contaminant release from a specific mine
site or waste repository. The long-term off-site release of contaminants is particularly
possible from mining, processing or metallurgical wastes or waste repositories. As a
result, the operations of the mining industry have been criticized by the conservation
lobby for some time (Scientific Issue 1.3).

Fig. 1.4. Derelict copper-lead-gold-silver smelting works at Chillagoe, Australia. Smelting operations were
conducted from 1901 to 1943 and produced 1 Mt of slag. The slag contains wt.% levels of zinc that is
principally hosted by glass, olivine and hedenbergite
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1.5.1
Contamination and Pollution

Much of the environmental impacts of mining are associated with the release of harm-
ful elements from mine wastes. Mine wastes pose a problem not just because of their
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sheer volume and aerial extent, but because some of them may impact on local eco-
systems. As a result, in many cases mine wastes must be isolated or treated to reduce
oxidation, toxicity, erosion or unsightliness and to allow the waste repositories to be
used for other purposes after mining ceases. If uncontrolled disposal of mine wastes
occurs, it can be associated with increased turbidity in receiving waters or with the
release of significant quantities of potentially harmful elements, acidity or radioac-
tivity. These contaminants may spread to the pedosphere, biosphere, atmosphere, and
hydrosphere and cause environmental effects. For example, anthropogenic inputs of
metals and metalloids to atmospheric, terrestrial and aquatic ecosystems as a result
of mining have been estimated to be at several million kilograms per year (Nriagu
and Pacyna 1988; Smith and Huyck 1999).

However, it is important to understand that releases of elements or compounds from
mine wastes do not necessarily result in damage to the environment. Even if strongly
elevated metal and metalloid concentrations are present in mine wastes, the elements
may not be readily bioavailable (i.e. available for uptake into the organism) (Williams
et al. 1999). Furthermore, even if the elements are bioavailable, they are not necessar-
ily taken up by plants and animals. In cases where the elements are taken up, they do
not necessarily lead to toxicity. Many metals are essential for cellular functions and
are required by organisms at low concentrations (Smith and Huyck 1999). It is only
when these bioavailable concentrations are excessively high that they have a negative

Fig. 1.5. Noble Island, Australia. Much of the island is naturally enriched in metals and metalloids
(i.e. tungsten-tin-arsenic-copper ores). Weathering and erosion lead to the physical and chemical trans-
port of metals and metalloids into the surrounding Great Barrier Reef
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impact on the health of the organism and toxicity might be seen. Processes that cause
toxicity, disrupt ecological processes, inflict damage to infrastructure, or pose a haz-
ard to human health are referred to as pollution (Thornton et al. 1995). In contrast,
contamination refers to processes which do not cause harmful effects (Thornton et al.
1995).

Environmental contamination and pollution as a result of improper mining, smelt-
ing and waste disposal practices have occurred and still occur around the world. Prob-
lems encountered are as diverse as the emissions from smelters, or the environmental
clean-up of collapsed mining ventures which have to be paid for by the taxpayer. This
is unacceptable to those of us who believe that technologies can be used to prevent
pollution and regulations should be enforced to ensure that the environmental per-
formance of companies is adequate. Regardless of this debate, the challenges for the
modern mining industry will remain the same:

� To continue to improve its environmental operations
� To operate in a sustainable manner
� To prove its critics wrong

1.5.2
Historic Mining

Mining has been with us for thousands of years. Even the earliest mining operations
during the Copper, Bronze and Iron Ages resulted in the production of gaseous, liquid
and solid wastes. In historic times, mine wastes were released into the environment
with some of them causing contamination or even pollution on a local or regional scale.
Environmental contamination as a result of mining is not new to the industrialized world.

Air contamination as a result of smelting has been detected as far back as 5 000 years
ago. Stratigraphic and physicochemical investigations of numerous European peat bogs
have confirmed that smelting of sulfide minerals led to metal contamination of the
environment (Shotyk et al. 1996; Ernst 1998). For example, the smelting of lead-rich
silver ore in Spain by the Romans 2 000 years ago quadrupled the levels of lead in the
atmosphere as far away as Greenland (Rosman et al. 1997). Generally, the smelting of
sulfide ore in open air furnaces by the Greeks and Romans resulted in a vast area of
the Northern Hemisphere being showered with metal-rich dust (Hong et al. 1996;
Shotyk et al. 1996; Rosman et al. 1997). Human contamination of the atmosphere with
arsenic, antimony, copper, mercury, lead and zinc, at least in the Northern Hemisphere,
began well before the Industrial Revolution.

Water and sediment contamination and pollution are similarly not a by-product
of industrialization. For example, soil erosion began with clearing of land and primi-
tive agricultural practices 5 000 years ago (Lottermoser et al. 1997a), and metal min-
ing in the northern Harz province of Germany resulted in metal pollution of regional
stream sediments as far back as 3 500 years ago (Monna et al. 2000). Similarly, exploita-
tion of the Rio Tinto ores in Spain has caused massive metal contamination of stream
and estuary sediments since the Copper Age 5 000 years ago (Leblanc et al. 2000; Davis
et al. 2000).

Acid mine drainage resulting from the oxidation of sulfides in mine wastes is a major
environmental issue facing the mining industry today. This pollution process has a
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long history dating back thousands of years when the Rio Tinto mining district of Spain
experienced periods of intense mining and the associated production of pyrite-rich
wastes and AMD waters. AMD production must have been occurring at least since the
first exploitation of the Rio Tinto ores 5 000 years ago, which highlights the long-term
nature of AMD.

The knowledge that mining and smelting may lead to environmental impacts is not
new to modern science either. The Greek philosopher Theophrastus (ca. 325 B.C.) rec-
ognized the oxidation of pyrite, the formation of metal salts and the production of
acid. During the Middle Ages, AMD in central Europe was documented by Agricola
who wrote the first systematic book on mining and metallurgy. In this 16th century
classic, Agricola (1556) also recognized the environmental effects of ubiquitous min-
ing in central Europe and described mining pollution:

“The fields are devastated by mining operations … Further, when the ores are washed, the water
which has been used poisons the brooks and streams, and either destroys the fish or drives them
away. Therefore the inhabitants of these regions, on account of the devastation of their fields, woods,
groves, brooks and rivers, find great difficulty in procuring the necessaries of life, and by reason
of the destruction of the timber they are forced to greater expense in erecting buildings. Thus it
is said, it is clear to all that there is greater detriment from mining than the value of the metals
which the mining produces.” (Reprinted from Agricola 1556, De re metallica, p. 8. Translated by
Hoover HC, Hoover LH, 1950, Dover Publications, New York, with permission of the publisher)

As the scale of mining increased during the Middle Ages, so did the degree of con-
tamination and pollution (Ernst 1998). Coupled with this increase in scale came
changes in smelting and processing techniques, including the use of chemicals and
the transport of ores and concentrates over greater distances. However, it was not un-
til the Industrial Revolution, with the event of major technological changes including
the introduction of blast furnaces, that base metal smelter operations throughout the
world became one of the primary sources of metal contamination (Ernst 1998). When
this large-scale smelting technique was developed, contamination became even larger
in scale. The smelting process released massive amounts of sulfur dioxide and metals
into the atmosphere (Fig. 1.6). These activities resulted in ever-increasing environmen-
tal impacts which largely went unchecked until the second half of the 19th century
(Case Study 1.1). Until then environmental impacts of mining and mineral processing
were poorly understood, not regulated, or viewed as secondary in importance to re-
source extraction and profit maximization. The advent of environmental laws and regu-
lations in the 20th century made the mining industry more accountable and enforced
environmental protection (Fig. 1.7).

The concern for the health of miners has evolved in parallel with mining develop-
ment, particularly in respect to the exposure of humans to mercury and arsenic. Mer-
cury deposits in the Mediterranean were first worked by the Phoenicians, Carthaginians,
Etruscans and Romans, who used the ore as a red pigment for paint and cosmetics. To
protect local workers and the environment, the Italian mines were closed by the Ro-
mans (Ferrara 1999). The mercury was then mined by slaves in occupied Spain.

Mercury has also been used for nearly 3 000 years to concentrate and extract gold
and silver from geological ores (Lacerda and Salomons 1997). The use of mercury in
gold mining is associated with significant releases of mercury into the environment
and with an uptake of mercury by humans during the mining and roasting processes
(Lacerda and Salomons 1997). Around 2 100 years ago, Roman authorities were import-
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ing mercury from Spain to be used in gold mining in Italy. Curiously, after less than
100 years, the use of mercury in gold mining was forbidden in mainland Italy and
continued in the occupied territories. It is quite possible that this prohibition was al-
ready a response to environmental health problems caused by the mercury process
(Lacerda and Salomons 1997).

The above mentioned practice to enforce mining operations in occupied territo-
ries with no environmental management and no regard for the health of local miners
has continued into modern times. For example, the former Soviet Union conducted
mining in occupied East Germany from 1946 to 1990. Environmental management of
mining and proper waste disposal did not occur, local uranium miners were exposed
to deadly radiation levels, and poor regard for the environment left an environmental
disaster on a massive scale (Case Study 6.1).

1.5.3
Present-Day Unregulated Mining

Today, mines wastes are produced around the world in nearly all countries. In many
developing countries, the exploitation of mineral resources is of considerable impor-
tance for economic growth, employment and infrastructure development. In these

Fig. 1.6. Denuded, bare hills at Queenstown, Australia. During the late 19th and early 20th centuries,
smelting operations were conducted at the Mt. Lyell copper-gold mine. The smelting operations com-
bined with timber cutting, frequent bushfires and high annual rainfall resulted in extensive loss of veg-
etation and considerable soil erosion on the surrounding hills
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developing nations and in former communist states the environmental management
of municipal, industrial and mine wastes is often unregulated, lax, not enforced or
overruled for economic reasons. Strict environmental management of wastes and regu-
lation of mining still remains a luxury of wealthy industrialized nations.

Many of the world’s poorest countries and communities are effected by artisan
mining and the associated uncontrolled release of mine wastes. Operations are referred
to as artisan when the applied mining techniques are primitive and do not employ
modern technology. Such small-scale mining has been estimated to account for 15 to
20% of the world’s non-fuel mineral production (Kafwembe and Veasey 2001). Arti-
san mining is highly labour intensive and employs 11.5 to 13 million people worldwide,
and up to 100 million people are estimated to depend on small-scale mining for their
livelihood (Kafwembe and Veasey 2001). The largely unregulated mining practices and
associated uncontrolled release of mine wastes cause environmental harm. One ex-
ample is the use of mercury in gold mining.

Gold mining and extraction have been with us for over 3 000 years. In the past much
of the gold has been exploited either by physically concentrating the gold particles
and/or by applying mercury. From the late 19th century onwards, mercury was no
longer used since cyanide leaching was invented which allowed large-scale gold min-
ing operations. In the 1970s, the mercury process was reintroduced in developing coun-
tries like Brazil, Bolivia, Venezuela, Peru, Ecuador, Colombia, French Guyana, Indone-

Fig. 1.7. Abandoned tin dredge in the dry stream bed of Nettle Creek, Innot Hot Springs, Australia. The
bucket dredge was used in the 20th century to extract alluvial cassiterite. During mining, the dredge
caused a massive increase in suspended sediment loads and the deterioration of stream water quality.
Consequently, the Mining Act Amendment Act 1948 was introduced which is one of the first pieces of
Australian legislation specifically concerned with environmental protection. The act required opera-
tors to construct settling ponds for turbid mine waters
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sia, Ghana, and the Philippines. Here, individual artisanal miners use mercury because
its application is cheap, reliable and simple (Salomons 1995; Lacerda and Salomons
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1997). However, the unregulated mining practices have caused mercury contamina-
tion of rivers such as the Amazon on a massive scale (Case Study 1.2).

1.5.4
Regulation of Modern Mining

The present-day worldwide utilization of mercury by individual miners is a good ex-
ample of how unregulated mining by non-professionals causes harm to humans and
the environment. In contrast, many modern mines particularly in industrialized na-
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tions are designed to have minimum environmental impacts outside an area set aside
for the mine operation and waste disposal. However, waste discharges into the envi-
ronment have been allowed to occur and still occur under communist regimes (Fig. 1.8),
in developing countries (Fig. 1.9), and also in industrialized nations (Fig. 1.10), and thus
even in countries where the mining industry is regulated.

In many countries, mining companies are required to conduct environmental im-
pact assessments prior to the development of proposed mining and mineral process-
ing operations. In preparing such an assessment, operators identify the actions they
intend to implement to limit environmental impacts. Acceptance of the proposed ac-
tions are subject to the approval of governmental regulatory agencies. These agencies
monitor the activities when the facilities are in operation. Nowadays, the environmental
aspects of mining are paramount in determining the viability of a modern mining
operation, certainly in developed countries (Maxwell and Govindarajalu 1999). Min-
ing companies have to operate under environmental laws and regulations and are re-
quired to place multi million dollar bonds to cover all the costs of rehabilitation ac-
cording to the designated future land use.

Environmental impact assessments and environmental protection are essential
parts of a modern mining operation. These aspects become increasingly important

Fig. 1.8. Abandoned slag and waste heaps of copper ores, Eisleben, Germany. Mining in the area occurred
for over 800 years, resulting in over 2 000 individual waste heaps, 1 000 km of underground workings
and 56 million cubic metere of mine voids. Under the East German communist regime, the extraction
of metals from very low grade, uneconomic copper ores was pursued, and large volumes of fly ashes,
tailings, and smelting slags were generated. The unconstrained release of wastes into the local environ-
ment, especially of atmospheric emissions from smelting works, has caused widespread contamination
of streams and lakes with metals and metalloids



251.5  ·  Mining and Environmental Impacts

as waste production in the mining industry is significant in volume and diverse in
composition when compared to other industries. However, the demands on the min-
ing industry are the same as they are for all industries producing waste:
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� To reduce and to recycle waste;
� To ensure that there are no or minimal impacts from wastes on the environment and

humans;
� To understand the composition, properties, behaviour and impacts of wastes.

1.6
Rehabilitation of Mine Wastes and Mine Sites

Mining creates wastes and disturbs proportions of land and areas of existing vegeta-
tion and fauna. Mining activities may also cause distinct changes in topography, hy-
drology and stability of a landscape. Once mining ceases, the mined land and its waste
repositories need to be rehabilitated. Rehabilitation of mine sites is an integral part of
mine planning, development and final closure. This process does not start with mine
closure. In industrialized nations, the operator of a mine is required to undertake
monitoring as well as progressive rehabilitation of areas of the mine site wherever
possible. The latter generally involves revegetation and contouring but operational con-
straints allow in most cases little ongoing rehabilitation work.

There are several issues which must be addressed in the successful rehabilitation
of a mine site. Some rehabilitation issues are common to almost all mines regardless
of the type of resource extracted or whether they have used open pit or underground
mining methods. These general aspects of mine site rehabilitation include:

Fig. 1.9. The Ertsberg open pit, Irian Jaya, Indonesia. The Grasberg-Ertsberg mine – located at about
4 000 m among the jagged alpine peaks of the Jayawijaya mountain range – is one of the world’s largest
mining operations. Approximately 0.24 Mt of copper ore are mined every day, and 0.2 Mt of tailings are
dumped into the Ajkwa River system every day, causing increased sedimentation on the coastal floodplains
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� Removal of mine facilities. All mine facilities such as crushers and processing plants
need to be dismantled and removed.

� Sealing and securing of mine workings. Underground workings such as shafts and
adits are sealed at the surface, and open pits may need to be fenced.

� Ensuring long-term stability of waste repositories. Waste rocks and tailings must be
contained within repositories which have to remain stable in the long-term and pre-
vent migration of contaminants into the environment. The safe long-term isolation
of problematic mine wastes represents one of the most challenging tasks facing the
mining industry.

� Modeling future water quality and quantity in pit lakes. Many surface mining opera-
tions create voids which may fill with water once mining ceases. Such open pits need
to be modelled for future water quality and quantity.

� Modeling future water quality in underground workings and aquifers. Similar to open
pits, the closure of an underground mine leads to mine flooding. Deep saline ground
waters may rise to shallow levels or contaminants may be leached from the work-
ings into shallow aquifers. Therefore, an assessment of the potential contamination
of shallow ground waters is needed.

� Construction of suitable landforms. Artifical land forms which will remain after mine
closure such as waste rock dumps must be shaped to reduce wind and water ero-
sion. Also, the topography of the mine site and waste repositories needs to be sculp-
tured to create adequate drainage and to resemble the surrounding landform.

Fig. 1.10. The copper and lead smelter stacks at Mt. Isa, Australia. Until recently, the sulfurous plume
was dispersed over the town and across 100000 km2 northwest of Mt. Isa. Over the years, the emissions
resulted in the acidification of local soils and killed or reduced vegetation in the vicinity of the smelt-
ers. The recent installation of a sulfuric acid plant has reduced sulfur emissions
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� Development of a suitable plant growth medium. A suitable plant growth medium
needs to be developed for the covering of waste repositories and for the revegetation
of mined/disturbed areas. This can be achieved through the selective handling of
soil and waste. Many mine wastes are structureless, prone to crusting, and low in
organic matter and essential plant nutrients (P, N, K), have low water-holding capacity,
and contain contaminants such as salts, metals, metalloids, acid, and radionuclides.
If the waste is left uncovered, few mine wastes can become colonized by plants.

� Establishment of a vegetation cover. Suitable vegetation and soil amendments must
be chosen for the local conditions. Planting stock needs to be propagated in a nurs-
ery on the mine site, and local species have to be chosen for the vegetation cover.

� Addressing generic mine waste issues. Every mine produces its very own unique waste,
and this waste requires its very own characterization, prediction, monitoring, treat-
ment, and secure disposal. For example, sulfidic waste rock dumps require covers to
prevent sulfide oxidation, and acid mine waters or cyanide-bearing waters need treat-
ment. Hence, mine waste issues are generic to individual mine sites depending on
the waste characteristics, the local mining methods, and the hydrology, geology,
meteorology and topography of the area. These generic waste issues are presented
in the following chapters.

The construction of post-mining landforms including the shaping of waste reposi-
tories, the development of suitable plant growth media, and the establishment of veg-
etation on waste repositories are all integral parts of mine waste disposal. These top-
ics also represent the final aspects of mine waste management. Such detailed soil sci-
ence and botanical aspects of mine wastes and mine sites are beyond the scope of this
book. In addition, these aspects have already been addressed to some degree by the
specialized soil science, plant nutrition and botany literature, and interested readers
are directed to these works (e.g. Loch and Jasper 2000).

Rehabilitation of mined land does not imply that the mine site and its waste re-
positories are to be converted to a pristine wilderness, which may or may not have
existed prior to mining. Mine site rehabilitation returns mined land to future land use.
The future land use of a waste repository and the entire mine site is highly site spe-
cific. In sparsely populated areas, mine waste repositories and mine sites may be re-
habilitated to a standard which may allow only limited grazing. In densely populated
areas, rehabilitated mine waste dumps have become centres of social amenity such as
parklands, football fields, golf courses, and even artificial ski slopes. Open pits may
be used as: water storage facilities; wetland/wildlife habitats; aquaculture ponds for
fish and crustaceans; recreational lakes; heritage sites; engineered solar ponds to cap-
ture heat for electricity generation, heating, or desalinisation and distillation of wa-
ter; or as repositories for mining, industrial or domestic waste. Underground mines
are used as storage facilities, archives, and concert halls, and in Europe some radon
emitting mines become part of health spas.

Whatever the future land use of a former mine site or a waste repository may be,
mining has to be regarded as a stage in the sequential use of land. Therefore, rehabili-
tation of a mine should aim to return mined land in such a manner that it is consis-
tent with intended future land use. The goals for mine site rehabilitation are based on
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the anticipated post-mining use of the area, and this process includes the rehabilita-
tion of mine waste repositories. However, some historic mines, particularly those with
AMD, can only be monitored and managed in order to restrict contamination to the
mined area. In these cases, collection and treatment of AMD waters represents the only
viable and cheapest option. Finally, mine site rehabilitation efforts should not be evalu-
ated and awarded too quickly. In many cases the success of mine site rehabilitation
can only be judged well after mining has ceased.

1.7
Sources of Information

There are considerable and excellent resources available for the study of mine wastes
and other related topics such as surface reclamation of wastes (i.e. revegetation, land-
form design), environmental impacts of mine wastes, and mine site rehabilitation.
Several organizations are instrumental in supplying a number of publications includ-
ing journals, reports, conference proceedings, workshop abstracts, databases, and text-
books. These publications and other important resources including web sites are listed
in Tables 1.4 and 1.5.

1.8
Summary

All human activities produce wastes and mining is no exception. Mine wastes are liq-
uid, solid and gaseous by-products of mining, mineral processing, and metallurgical
extraction. They are unwanted and have no current economic value. While some mine
wastes are benign and pose no environmental threat, and others can be used for the
rehabilitation of mine sites, many mine wastes are problematic wastes as they contain
contaminants which may impact on ecosystems.

Mineral resources contain valuable components which vary in mass from 100% to
a few parts per million of the original geological resource. For example, in the metal
mining industry only a small valuable component is extracted from the originally
mined ore during processing and metallurgical extraction. The great majority of the
total mined material is gangue which is rejected as mining, processing and metallur-
gical waste.

Mine wastes present the highest proportion of solid waste produced by industrial
activity, with approximately 15 000 to 20 000 Mt being produced annually. The min-
ing industry is the most significant industrial producer of solid, liquid and gaseous
wastes. Every mine thereby produces its own unique waste because there are compo-
sitional differences in the mined ore and there is a great diversity of applied mining
and mineral processing methods.

Changing circumstances may turn a particular waste into a valuable commodity,
either because the economic extraction of resource ingredients may now be possible
using improved technology, or a market has been found for the previously unwanted
material. Yesterday’s waste can become today’s resource. What may be mine waste to
some, can be a very important, useful resource to others, either now or in the future.
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Table 1.4. Resource materials covering aspects of mine wastes
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Mine wastes have been with us since the beginning of mining. Thus, anthropogenic
contamination of air, water, sediments and soils by mine wastes is as old as people’s
abilities to mine, smelt and process ores. The impact of mine wastes on the environ-
ment has been recognized for more than 2 000 years, well before 20th century organi-
zations took on the issue. Also, the detrimental effects of mine wastes on the health of
workers have been of concern to authorities and miners for over 2 000 years.

In many industrialized countries, the majority of mining environmental problems
are legacies from the past. Today, improper disposal practices of wastes continue to
occur in developing nations and communist states where unregulated mining and
uncontrolled release of mine wastes cause environmental harm.

Rehabilitation of mine sites is an integral part of modern mine planning, develop-
ment and mine closure. Several issues have to be addressed in the successful rehabili-
tation of a mine site including: removal of all mine facilities; sealing and securing of
mine workings; ensuring long-term stability of waste repositories; modeling of future

Table 1.4. Continued



32 CHAPTER 1  ·  Introduction to Mine Wastes

water quality and quantity in pit lakes; modeling future water quality in underground
workings and aquifers; construction of suitable landforms; development of a suitable
plant growth medium; establishment of a vegetation cover; and addressing generic
mine waste issues. Every mine produces its very own unique waste, and this waste re-
quires its very own characterization, prediction, monitoring, treatment, and secure
disposal.

Table 1.5. Web sites covering general aspects of mine wastes




