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Top photo: The township of Bento Rodriguez. On the
5 November 2015, the Samarco Mineracio S.A Fundio
tailings dam, containing approximately 55 million m? of
tailings collapsed. The failure released an estimated 33
million m?® of tailings, which travelled down a natural
waterway first inundating the town of Bento Rodriguez,
approximately 8 km from the dam site. The mud and
debris continued to move downstream for 650 km along
the Rio Doce River, reaching the Atlantic coast 17 days
later. Sadly 19 people were killed, including 14 workers
at the dam site, and 5 people in the Bento Rodrigues
community. Hundreds more people were displaced in
towns and cities downstream.

Bottom photo: The Stava memorial, Italy. The sculpture
depicts the scene that faced rescue workers following the
Stava dam failure. The bodies of the men, women and
children were found in the mud, with their hands held
in front of their faces to protect themselves; they had no
chance to escape when a tsunami of mud came down
their valley at lunch time on a beautiful sunny day on
19 July 1985. The memorial is a poignant reminder of
why safety should be the main priority in mining and
that mining should support sustainable development,
not destroy lives and livelihoods.
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Preface

Developing the green technologies needed to achieve the 2030 Sustainable Development
Goals means the demand for large quantities of minerals and metals will continue to
grow for the foreseeable future. Safer, cleaner and less wasteful extraction and production
is paramount to ensuring resource availability, but also community well-being and

ecosystem resilience.

Mining companies, communities and governments
recognize that mine waste, contaminated water and land
pollution damage lives and livelihoods but also threaten
the development of the mining sector. For this reason, they
are committed to work together to reduce the industry’s
footprint.

Despite many good intentions and investments in improved
practices, large storage facilities, built to contain mine tailings
can leak or collapse. These incidents are even more probable
due to climate change effects. When they occur, they can
destroy entire communities and livelihoods and remain the
biggest environmental disaster threat related to mining.

The mining industry has acknowledged that preventing
catastrophic tailings dam incidents with zero fatalities and
environmental protection is fundamental and achievable.
For decades, companies, industry bodies and regulators have
been continually improving best practice guidelines for the
construction and management of tailings dams. However,
eliminating all catastrophic incidents remains a challenge.

achievable.

The United Nations Environment Rapid Response Assessment
on mine tailings looks at why existing engineering and
technical knowhow to build and maintain safe tailings storage
facilities is insufficient to meet the target of zero catastrophic
incidents. It examines the ways in which the established best
practice solutions in international collaborative governance,
enhanced regulations, more resource efficient approaches and
innovation could help to ensure the elimination of tailings dam
failures. It uses case studies from different parts of the world
to highlight the efforts of industry to reduce mine waste and
stimulate new activities while suggesting how these could be
accelerated through regulatory or financial incentives.

It is hoped that this report will encourage targeted action at the
policy and technical level to make zero catastrophic incidents
become a reality and ensure that economic prosperity is fully
compatible with community health and safety.

Ligia Noronha
Director Economy Division
United Nations Environment Programme
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Tailings dams are complex systems that have evolved

over the years. They are also unforgiving systems, in

terms of the number of things that have to go right.

Their reliability is contingent on consistently flawless

execution in planning, in subsurface investigation,

in analysis and design, in construction quality, in

operational diligence, in monitoring, in regulatory
actions, and in risk management at every level. All of
these activities are subject to human error.

— Mount Polley expert panel, IEEIRP 2015, p. 119
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Mine tailings and tailings storage facilities

Mine tailings are a major waste stream generated in mining operations. Tailings
are the waste material left over after the valuable component has been removed
through processing. They include ground-up rock or sand, and the chemical
reagents and process water used to extract the commodity. Tailings dams, also
referred to as tailings storage facilities; are the most common method used to store
this material.

Due to the physical and chemical nature of tailings, they
pose potential risks to people and the environment, which
means they require proper treatment and dedicated, safe
storage locations. Unfortunately, tailings dams can fail. These
failures can release vast quantities of water and sediment,
often capable of devastating downstream communities and
the environment.

Some key facts:

+ Despite the many advances made in the mining sector and

increased geotechnical engineering knowledge, tailings
dam failures still occur. Since 2014 there have been seven
failures significant enough to make international news.
These occurred in Canada, Mexico, Brazil (x2), China,
USA and Israel (WISE 2017). While not all have resulted
in loss of life, they have all caused extensive damage to the
environment. Six case studies of failures dating back to
1985 are described in this report. They illustrate the causes
and consequences of failures, including catastrophic loss of
life (a combined total of 287 direct casualties), damage to
infrastructure and the environment, and the lasting impact
these failures can have.

1. Tailings dams are commonly referred to as tailings storage facilities (TSF)
or tailings management facilities (TMF).
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For many years the overall number of annual tailings dam
failures has been in decline, however, the number of serious
failures has increased (Bowker and Chambers 2015).

There is no publicly accessible inventory of tailings dams,
however, one estimate has put the number of tailings
dams at 3 500 (Davies and Martin 2000). This is likely
an underestimate as there could be more than 30 ooo
industrial mines (SNL 2010).

The global volume of stored tailings is also unknown, but
recent disasters illustrate the potential scale of accidents.
For example, the Mount Polley and Samarco failures in
2014 and 2015 respectively each released more than 25
million cubic metres of tailings into the environment —
combined, this represents enough material to fill more
than 20 ooo Olympic swimming pools.

The cost of tailings dam failures to industry can be extremely
high. For example, BHP has provided US $174 million to
the Renova Foundation for remediation and compensation
programmes following the Samarco dam failure and is also
facing a potentially costly civil claim.



Example of a tailings dam/storage facility — The Fort Knox gold mine in Alaska. The tailings are contained in a valley behind an
earth and rock embankment that creates a dam. This tailings storage facility is eventually expected to cover 395 hectares and store
approximately 270 million tonnes of tailings (calculated as equivalent dry weight, Kinross Gold Corporation 2015).



Mining and mine waste
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Overburden materials like soil and rocks are removed
to access the ore body. These are generally considered
benign and are often used for revegetation or landscaping.
In coal mining the overburden is referred to as spoils.

Waste rock is classed as ores that
are below the economic cut-off grade.

G RIiD)

Figure 1. A mining operation, illustrating a typical process in an open pit mine, from excavation to waste disposal.
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Executive summary

This report is part of the United Nations Rapid Response Assessment series and is
motivated by the human and environmental costs of continued tailings dam disasters.

Acknowledging community concerns over the impact of
tailings dam failures, such as at Mount Polley and Samarco,
this report seeks to examine and explain why tailings dam
failures continue to occur. It provides an accessible and
balanced description of the complexities surrounding tailings
dam failures, informing the global community of the issues.
Sixteen years on from the 2001 International Commission
on Large Dams (ICOLD) “Tailings Dams: Risk of Dangerous
Occurrences” report, it gives an update on the status of
reforms and provides momentum and direction for advancing
the shared ambition of eliminating tailings dam failures.
It also provides an overview of the key issues, using case
studies to illustrate causes and consequences of tailings dam
failures, the progress of reform and the need for a coordinated
stakeholder response.

The comprehensive 2001 ICOLD report established an
urgent need for the reform of tailings storage-facility
planning, management and regulation. The authors found
that all 221 failures examined were avoidable — that the
technical knowledge to build and maintain tailings storage
facilities existed, but that an inadequate commitment to safe
storage combined with poor management was the cause of
most failures. Unfortunately, despite this realization and
the development of many new measures, guidelines and
improved practices, tailings storage facilities have continued
to fail. Furthermore, the issue of safely storing tailings may
become even more challenging as the volume of waste
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from mines increases due to lower ore grades (Mudd 2007)
and as climate change brings about more intense and
variable weather events. An inadequate response will see
failures continue, impacting communities, human rights
and environments, and the reputation and profitability of
mining ventures.

Mining is a complex industry, ranging from small to medium
single-site companies and junior explorers to global giants.
While the risks and rewards for industry players are clear
and subject to annual reviews, those for local communities
are not always as apparent. Improving the safety of tailings
storage facilities requires a change of focus. Currently,
project-based feasibility assessments can underestimate risk
and impact over time, leading to poor tailings management
design and practices and increased risks to the community
and the environment. Although there are existing guidelines
and regulations, the costs of externalities and perpetual
waste management need to be thoroughly defined to provide
an accurate assessment of project viability. Industry and
regulators need to adopt more holistic thinking, which is
flexible enough to allow for site variation, but which also
clearly identifies best practices. Most importantly, these best
practices need to be competently implemented. But as noted
by the Mount Polley expert panel (IEEIRP 2015), existing best
practices and regulations may not be enough to eliminate
failures — what is also required is a fundamental change in
the way we produce, reuse and perpetually store tailings.

This Rapid Response Assessment makes two recommendations
and suggests a range of policy actions that are aimed at catalysing
the change needed to ensure tailings dam safety. These actions
stem from the first recommendation — the mining industry’s
acknowledged priority of “safety first”.

Recommendations

The Rapid Response Assessment highlights issues that are
serious enough to warrant more detailed consideration and
action by the regulators, financiers, owners and operators of
mines (Figure 2).

The actions below are contained in the 2001 ICOLD report
or have been drawn from subsequent academic research,
industry reports and post-failure investigations that identify
the scale, predictability and drivers of tailings dam failures.
They are further developed in section 8.



Recommendation 1

The approach to tailings storage facilities must place safety first by making environmental and human safety
a priority in management actions and on-the-ground operations. Regulators, industry and communities
should adopt a shared zero-failure objective to tailings storage facilities where “safety attributes should be
evaluated separately from economic considerations, and cost should not be the determining factor” (Mount
Polley expert panel, 2015, p. 125)

Recommendation 2

Establish a UN Environment stakeholder forum to facilitate international strengthening of tailings dam
regulation.

Knowledge, :
technology, Failure Crisis
innovation & SEEE o Expand mining regulations to include response

independent monitoring and the enforce-
ment of financial and criminal sanctions for
non-compliance. .
» Regularly publish disaster management plans. Establish a global

» Increase gender diversity and broaden skill sets on financia assurance
company boards. system for mmg-snes.
> Establish independent waste review boards to conduct and Fund a global insurance
publish independent technical reviews prior to, during pool.

construction or modification, and throughout the lifespan

people

P Establish an accessible public-interest,
global database of mine sites, tailings
storage facilities and research.

P Fund research into mine tailings storage
failures and management of active, inactive
and abandoned mine sites.

> Compile and review existing regulations of tailings storage facilties.
and best practice guidance. > Avoid dam construction methods known to be high Benefits
» Encourage innovation in the reuse and risk.
recycling of mine tailings. » Ensure any project assessment or expansion publishes
» Encourage the development of all externalized costs, with an independent life-of-mine
technological solutions to eliminate the sustainability cost-benefit analysis. Ensures best practice in
main causes of failures. > Require detailed and ongoing evaluations of potential tailings management,

failure modes, residual risks and perpetual management monitoring and
costs of tailings storage failiies. rehabilitation
» Enforce mandatory financial securities for life of the mine. Adquesses unmgt
P Ban or commit to avoid riverine disposal and avoid ||gp|l|t|es from major
submarine disposal unless justified by independent review. tailings dam failures.

Benefits » Establishes a basis for improved

regulation and consistent best
practice.

Assists in educating people to
make informed decisions. :
Reduces the volume of tailings =ENETICI »- Clarifies responsibility for talings dam performance.
stored and potentially creates
additional business opportunities.
The path to zero failures (IEEIRP 2015).

» Provides transparency on disaster planning.

Improves governance and corporate social responsibility.
Reduces risk of dam failure by providing
independent expert oversight.

Reduces risk of failure by eliminating less stable
methods of dam construction.

Note: Some of these important actions are
already being undertaken or partially
implemented in a number of jurisdictions.
PI‘OteCtS the enVII’OhmeI’It from |eSS COﬂtI’O"ed The aim is to ensure best practice is enacted

G R'I'D waste disposal. at all mine sites where tailings are stored.

Figure 2. Recommendations and suggested actions for stopping tailings dam failures
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Introduction

Industrial scale mining generates huge volumes of waste tailings. The way mining
companies deal with these tailings can have major long-term implications for local
communities and the environment. The largest tailings storage facilities are among
the biggest man-made structures on Earth. The are expected to provide “secure”
storage of tailings in perpetuity. But is this a realistic expectation?

Recent tailings dam failures have provided evidence that tailings storage facilities
are not always safe. For example, the 2015 Samarco mine tragedy in Brazil resulted
in 19 deaths and polluted hundreds of kilometres of river (see case study, pg 17).
Even when fatalities do not occur, the failure of tailings storage facilities can
have lasting social, environmental and economic consequences and often prove

extremely difficult and costly to remediate.

We understand that the failure to implement adequate tailings
dam standards, guidelines and risk controls can result in
catastrophic events. So, is there a way to reduce the risk of
dam failure? Are there some practices that are inherently
riskier than others that should be reconsidered? And are there
alternatives to the commonly accepted tailings storage and
disposal methods?

Tailings storage facilities are built by industry and should
be regulated by governments, however, all stakeholders,
particularly local communities, bear the impact of failure. The
recently commissioned International Council on Mining and
Metals (ICMM) report (Golder and Associates 2016) concludes
that we have the means to ensure the safe management of
mine tailings, we just need to make sure this occurs.

Numerous well-conceived initiatives have, over the past
decades, made recommendations to improve mine waste
management (Figure 3). Examples include the Mining,
Minerals and Sustainable Development Project (MMSD
2002 and Buxton 2012), the World Bank Extractive Industries
Review (Salim 2003) and the 2001 ICOLD report. Franks et al.
(2011) developed a set of sustainable development principles
for the disposal of mining and mineral processing waste.
Most recently, the ICMM produced a specific tailings-focused
report (Golder and Associates 2016) and a position statement
on preventing the catastrophic failure of tailings storage
facilities (ICMM 2016). National industry bodies, such as
the Mining Association of Canada, also produce guidance
on tailings management, which their members are required
to follow (MAC 2o011). However, despite all these guiding

principles and recommendations, major failures are still
occurring (Figure 3) and are predicted to continue (Bowker
and Chambers 2015).

Sustainable development and mine tailings
(adapted from LPSDP 2016)

The United Nations Sustainable Development Goals
should support and underpin the mining industry’s
contribution to development objectives and their social
licence to operate. The licence should acknowledge that
the failure or poor performance of a tailings storage facility
can be fatal for communities and can cause widespread
damage to the environment on which they depend.

A commitment to sustainable development requires early
and ongoing consultations, where information sharing
and dialogue with stakeholders are required during the
design, operation and closure phases of every mine. This
needs to be supported by transparent compliance with
industry-specific guidelines and by applicable government
regulations, to establish a practical and ethical basis for
mining to contribute to sustainable development and
safely store tailings.

From the earliest planning stages, sustainable closure
of tailings storage facilities requires the incorporation
of closure landform design that will ensure sustainable
post-mining land use and ecological function.



Initiatives to improve mine waste management Breaking New Ground, Mining, Minerals, and Su

Mining and Development, Global Mining, Large Mines a

Case studies on Tailings Management Tailings d
Dangerous

Tailings Management: problems and solutions in the mining industry

| | | | | | | | | | | | |
Known 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2

mining | | : :
accidents

@ Non-tailings (or unknown type) failure
@ Other tailings-related accidents

318 @ Other tailings dam failures 48
c It @ Serious tailings dam failures
asualties @ Very serious tailings dam failures

i 26
] []
] ]
] ]
-
] 5 20

0-g ] ] B
] ] ] |
] ] ] |
] ] ] |
] ] ] B
] ] ] |
] ] ] || 12
] ] ] |
] ] ] | ]

10— ® ] ] ] ]
] ] ] ] ]
] ] ] 8 ] ]
] ] ] ] ] ]
] ] ] ] ] ]
] ] ] ] ] ] 4
] ] ] ] ] ]
] ] ] ] ] ] ]
i i 0 i 0 0 0 0 i i i 0 0 0 i

T T T T T T T T

0 T T —r— "

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2

@ R:1 @ Data source: Center for Science in Public Participation (www.csp2.org); Wise Uranium Project (www.wise-uranium.org).
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China makes advances in tailings dam safety

In the last decade, the Chinese mining industry has
made significant changes in the treatment of mine waste,
including improving engineering design, construction
and monitoring of tailings storage facilities. The
government has increased regulation and mines are now
required to have a tailings disposal system in operation
before mining can begin. Improving tailings dam safety
in China is vital since there are more than 12 000 tailings
dams, of which more than 6 coo were in use at the last
report (Chen et al. 2016). While most of these tailings
dams are small, 95 per cent of them are constructed
using the upstream method, which, while economical,
has proven to be less stable than other methods (Wei
et al. 2013). Due to the large number of failures, mine
owners are now required to provide stability analyses and
flood-control analyses, which are generally undertaken
by professional design companies (Wei et al. 2013). Li et
al. (2017) recently suggested four initiatives to improve
tailings dam safety in China:

« Improve supervision over the whole life cycle of tailings
storage, including closure and reclamation.

- Consider safety, economy and societal and
environmental risks in risk analysis during the design
phase.

« Raise dam stability standards and maximum flood
safety standards to be in line with international best
practice.

« A reclamation and environmental protection fund
should be established by the mining enterprise at the
planning and design phase.

The challenge of safely storing mine waste is growing in
scale and complexity. Over the last few decades, the tailings-
to-ore ratio has been increasing, as mineral deposits with
increasingly lower ore grades are mined (Mudd 2007). The
fate of this increasing volume of waste is a major focus of
the debate on the general sustainability of mining and the
practicalities of storing ever-increasing quantities of tailings.
This is a challenge that could be further complicated by
the increased severity and occurrence of extreme weather
events expected under climate change predictions (Franks
etal. 2011).

With community confidence shaken by recent failures,
the mining industry is being challenged to guarantee the
health and safety of people and the environment. The alarm
over tailings dam failures, along with concerns over land
access, water use and contamination, indigenous rights and
inequality raises questions about the way mining contributes
to sustainable development.
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Case study: Samarco, Brazil, 2015

The mineral-rich area known as the lron Quadrangle is
located in Minas Gerais state in south-east Brazil. There
are more than 300 mines in operation (including gold,
topaz, niobium, manganese, diamond and other ores and
gems), producing more than 17 per cent of the state’s
revenue. Mining activity dates back to the eighteenth
century and has shaped both the environment and urban
development. Among these mines is the Germano mine,
close to the city of Mariana, which is operated by Samarco
— a joint venture between Vale SA and BHP Billiton, two
of the largest mining companies in the world. It produced
just over 23 million tonnes of iron ore pellets in 2014 and in
the process, generated almost 20 million tonnes of tailings
(Samarco 2015).

On 5 November 2015, the mine’s Funddo dam breached,
releasing an estimated 33 million cubic metres of mine waste
(Samarco 2015a; Grupo da Forga-Tarefa 2016). The tailings
slurry flowed down the valley as a high-density mudflow and
inundated parts of the village of Bento Rodrigues. Nineteen
people were killed, including village residents and Samarco
employees. The slurry reached the Doce River Valley, the
fifth largest river basin in Brazil, and travelled for 650
kilometres until it reached the Atlantic coast 17 days later.
The flow and its impacts are illustrated in Figure 4.

The investigation to determine the cause of the dam failure
identified a number of issues that cumulatively led to the
failure. These included inappropriate dam construction
procedures, improper maintenance of drainage structures
and inadequate monitoring (Morgenstern et al. 2016).
Prior to the collapse there had been several incidents
that necessitated alterations to the original dam design.
These changes established the conditions for failure by
creating drainage problems that resulted in large volumes
of saturated sand adjacent to the dam wall. Immediately
prior to the collapse, three small earthquakes exacerbated
the structural weakness of the sand, initiating the flow slide
(Morgenstern et al. 2016).

The final government report (GFT 2015) listed 36 factors
that contributed to the dam failure and noted that the
mining company did not have an emergency plan, or even
warning lights and sirens that could be activated to alert
employees or villages in the event of a disaster. Brazilian
authorities charged 22 individuals over the incident, which
killed 19 people (Wood 2017). The Brazilian government
has suspended Samarco’s environmental and operation
licences. A compensation agreement was reached in March
2016 between the relevant Brazilian authorities and the
mining companies, however, Samarco is also facing a civil
claim, which it expects to settle in 2017.
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Germano mine storage facility failure

The Fundéo dam, one of the tailings Initially it was believed that the The mud devastated the sub-district of Bento
dams at Germano mine, broke on the Santarém dam had also broken, but Rodrigues, pulling vehicles downstream and destroying
afternoon of 5 November 2015. The later it was verified that the mud hundreds of houses, following the Gualaxo and Doce
breach discharged 33 million m® of iron from the Fundéo dam had covered rivers affecting the municipalities of Minas Gerais and
ore tailings slurry. it, causing it to overflow as well. Espirito Santo before reaching the Atlantic Ocean.
Fundio dam Santarém dam Town of Bento Rodrigues Gualaxo do
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Figure 4. Location and impacts of the tailings storage-facility failure at the Samarco mine in Brazil, November 2015
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Direct impacts

PEOPLE FAUNA HERITAGE INFRASTRUCTURE
19 people died, Entire fish populations- at least Numerous colonial monuments The slurry filled 650 km of
600 families were displaced 11 tons- were killed immediately dating back to the 1700s were hydrologic networks.
and at least 400 000 people when the slurry buried them or destroyed.
had their water supply clogged their gills.
disrupted.

LIGHT
VEGETATION SILTING The turbidity of the water prevents
The force of the mudflow The riverbed became light from passing through it,
destroyed 1 469 hectares shallow and even dried preventing photosynthesis from
of riparian forest. out in some areas. occurring.

BOTTOM OF THE RIVER MARGINS

Upstream, where 80% of the The mud is
tailing is deposited, mud composed
. cements the floor of the river  of inorganic matter,
Long-term impacts eliminating all aquatic life. which will prevent
lants from growin
PEOPLE . o pH ANQ TEMPERATURE TURBIDITY . \?/here it hasgsettle d?
The destruction of riparian, The sediment altered the Downstream and close to the river mouth, when the
freshwater and marine ecosystems acidity and the temperature river level rises after the rainy season, turbidity
eliminated irreplaceable natural of the water, killing aquatic increases and metal levels in the water column return
resources and ecological processes life. to the same level as in November 2015.

that support traditional livelihoods,

disrupting fisheries, agriculture, tourism

and freshwater resources. The interruption of the mining activity will severely affect the local economies of 37 villages and cities. Fishing and
agriculture are banned across affected areas for an indefinite period and misguided future use and restoration designs may increase human exposure
to heavy metals.

Sources: Geraque E. et al, 2015, Rastro de lama, Folha de Sdo Paulo; Costa C., 2015, O que j& se sabe sobre impacto da lama de Mariana?, BBC Brasil; Fernandes, G.W. et al, 2016, Deep into the

mud: ecological and socio-economic impacts of the dam breach in Mariana Brazil, Natureza & Conservagéo, n. 14, pp. 35-45; IBGE, 2017, Cidades. Populagéo, ibge.gov.br; Alex Bastos Universidade
Federal do Espirito Santo, Brazil.
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What are mine tailings?

Mine tailings are one of the components of mine waste. Other wastes include
overburden, waste rock and mine water. Figure 5 shows an example of the scale of each
component. This report is primarily concerned with the impacts and safety of tailings
storage facilities, which primarily store tailings and to a lesser extent, mine water and
other mine waste.

The physical and chemical properties of mine tailings are
highly variable and depend on a number of factors, including
the mineralogy of the host rocks, method of processing, size of
mined materials and moisture content. Tailings may contain
hazardous materials, such as heavy metals, metalloids,
radioactive metals, sulphide minerals and processing
reagents (e.g. cyanide used in gold mining). Tailings are
also generated during the extraction of the oil from oil
sands. These tailings contain sand, silt, clay and water, plus
unrecovered hydrocarbons and other contaminants. Table
1 describes some of the potentially harmful components
that can be found in mine tailings, although each mine or
processing facility produces tailings that are unique in their
physical and chemical properties.

Waste type Description

Sulphide waste Not all sulphide minerals are extracted when processing massive sulphide ores (which may contain copper,
lead, zinc, gold and other minerals). When this residue of sulphide minerals is exposed to the atmosphere
and groundwater in the tailings dam, it oxidizes to form acidic sulphate-rich drainage, commonly referred
to as acid mine drainage (AMD).

Heavy metal waste Depending on the type of mine, the tailings can contain various heavy metals. For example, gold mine
tailings may contain elevated concentrations of metals such as arsenic (As), cadmium (Cd), chromium (Cr),
cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), nickel (Ni), and zinc (Zn).

Cyanide waste Cyanide waste is generated primarily in the extraction of gold and silver. This waste will occur in the form
of heap-leach residues, tailings and spent process water.

Radioactive waste Radioactive elements are found in tailings generated in the extraction of uranium, some copper deposits
and the processing of placer and mineral sands deposits. Uranium extraction is selective and therefore, up
to 87% of the radioactivity can remain in the tailings (Mudd 2000).

Phosphate waste Phosphate waste is generated from mining potash and phosphate ores. The major waste products are
brine solution and tailings consisting of salts, clay, sulphides, oxides and evaporative salts.

Bitumen waste Bitumen waste is generated from oil-sand mining. It can contain elevated concentrations of salts, metals
(arsenic, cadmium, chromium, copper, lead and zinc), polycyclic aromatic hydrocarbons, naphthenic acids
and solvents that are added during the separation process. Naphthenic acids are toxic to aquatic
organisms (Grant et al. 2013).

G R 1D)

Table 1. Examples of potentially harmful substances that can be found in tailings
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Mine waste from a large copper mine

The scale of a large copper mine can make it difficult to  Copper concentrate generally contains 20 to 30 per cent

comprehend the challenge of safely storing tailings. The  copper; for this example, 270 ooo tonnes per day of mined

example below illustrates just how much ore, waste rock,  material may produce 1 750 tonnes of copper.
tailings and water are involved in the production of copper.

An average day in a large-sized copper mine

Waste rock
270 000 tonnes per day )
About 270 000 tonnes of rock Ui rjon-economlcal
Non-economical X fraction (about 180 000
ore a6y are.dug out of the mine tonnes are classified as
£ i i e anles &1 waste rock) is disposed 180 000 t/day
non-economical fractions. .
of on-site.
Economical /'

ore

The processing of the economical fraction Nixing 90 000 tonnes of ore with

Water use 114 000 tonnes of water gives
The economical The processing of around 1 750 tonnes of
fraction of the 90 000 tonnes of ore concentrate
ore is sent for requires around 114 &
processing. 000 m3 of water. 1750 t/day
90 000 t/day 114 000 m3/day The concentrate is now

ready for refining into

metal. This produces a

waste slag.

/ .
7/

2 - 20t/day

. e . : ; ] fr 20 tonnes of liquid remains with
After processing, the tailings remain as a mixture of solid and liquid the Concemratil Sl

| recycled after dewatering of

Aortion of th concentrate.
Solid and liquid parts of tailings | ms; Efpeﬁ SL dei;vﬁzr

processing of new ore.

I

| Slurry tailings

88 250 t/day 114 000 m3/day Approx. 200 000 tonnes of
| slurry tailings are pumped into
large tailings dams everyday,
—I—>

year-round often for 20+
years and left in situ when the

> Approx. 200 000 t/day mine closes.

t = Metric tons or tonnes

(G rii

=

J

) Source: Numbers provided by Mudd, 2015

|@

Figure 5. An example of the volumes of tailings and other waste that can be generated in a large copper mine

21



Case study: Mount Polley, Canada, 2014

The Mount Polley mine, a large, open-pit and underground
copper-gold mine in British Columbia, began operation
in 1997 and currently processes about 22 ooo tonnes of
ore per day. The mine’s tailings dam failed in August 2014,
releasing approximately 25 million cubic metres of tailings and
wastewater into a nearby creek (OAGBC 2016; Figure 6). Mine
operations were suspended for a year following the breach and
did not fully recommence until June 2016.

The tailings storage facility (surface area approx. 2.4 km?) was
designed with three embankments — the Main Embankment,
the Perimeter Embankment and the South Embankment. These
were constructed with a core built from excavated, fine-grained
glacial till deposits, supported downstream by filter and rock-fill
zones and upstream by a tailings/rock-fill zone. While the mine
was in operation, the height of the embankments was increased
in nine stages, to an eventual height of 40 metres. Shortly before
the collapse, approval was being sought for Stage 10, which
would have further increased the dam wall height (IEEIRP 2015).

The Mount Polley dam failure created the largest environmental
disaster in Canadian mining history (Schoenberger 2016). The
mine is adjacent to Polley Lake and Hazeltine Creek, which flow
into Quesnel Lake, one of the world’s deepest glacial lakes and
an important commercial, recreational and aboriginal fishery. It
supports sockeye salmon, rainbow trout and a diverse range of
other fish species. Prior to the dam collapse, the water in the
lake had a very low level of particulate material. The collapse
resulted in a massive sediment-laden plume scouring Hazeltine
Creek and entering the west basin of the lake. Petticrew et al.
(2015) monitored the lake for two months post-spill. They found
increases in conductivity and temperature and a persistent,
high-turbidity layer below the thermocline. While subsequent
monitoring indicated that the turbidity reduced to near
background level by the beginning of 2015 (SMA 2016), the full
effects of the spill may not yet be apparent or easily identifiable.

The government of British Columbia commissioned a report
from a panel of experts to determine what caused the failure
(IEEIRP 2015). The review found that a breach occurred
suddenly in the Perimeter Embankment on the northern flank
of the tailings storage facility, as a result of foundation failure.
They concluded that the tailings storage-facility design was not
appropriate for the site, as it did not properly take into account
the underlying geology. The original foundation investigation
failed to understand the nature of a layer of weak glacial
deposits, composed of silt and clay, which are found about
8 to 10 metres below the ground surface in the vicinity of the
Perimeter Embankment. The report also found that the dam was
susceptible to failure from overtopping and internal erosion. The
panel found that additional inspections of the tailings storage
facility would not have identified the foundation problems.
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An audit of compliance and enforcement carried out by the
Auditor General (OAGBC 2016) noted regulatory failures. It
found that the Ministry of Energy and Mines did not ensure that
the tailings dam was being built or operated according to the
approved design, nor did it ensure that the mining company
rectified design and operational deficiencies that were observed
during site inspections. Rather, it continued to approve permit
amendments to raise the tailings dam. As a result of the findings,
the Auditor General recommended that the government
of British Columbia create an integrated and independent
compliance and enforcement unit for mining activities, with a
mandate to ensure the protection of the environment.

In May 2017, Amnesty International (2017) published the
results of its investigation into the spill. The report documents
the impact on the rights of Indigenous peoples to hunt, fish,
pick medicines and berries, and engage in cultural practices
within their traditional territories in the area damaged by the
spill. It makes recommendations to ensure robust monitoring
of the medium and long-term impacts of the spill on the
environment and peoples’ health.

There has not been any government charge against the
corporation to date, but multiple lawsuits have been launched.
These include, three of the main Indigenous Peoples (First
Nations) affected by the spill, MiningWatch Canada, which filed
private charges against both the corporation and the government
of British Columbia for alleged violations of the Federal Fisheries
Act, and the former chief of Xat’sull First Nation, Bev Sellars
who filed private charges for 15 counts under the provincial
Environmental Management Act (Louie 2017; St'at'imc Chiefs
Council 2017; Members of the Tl'esqox 2017; Lapointe 2017).

The corporation that owns and operates the Mount Polley
mine also launched lawsuits against the mine’s engineers of
record, claiming that their flawed mine designs were the cause
of the dam breach. The defendant engineering companies
have also launched a counterclaim against the plaintiff mining
corporation (Imperial Metals Corporation 2017). All of these
litigations are still pending.



Mount Polley mine storage facility failure

CANADA
[ |

On 4 August 2014, the tailings dam
breach sent 25 million m?® of wastewater
and tailings into Polley Lake.

=

T4
nncg.Rupe 98] o

An unknown quantity of
overburden scoured into the
West Basin of Quesnel Lake.
Cooscillating seiches moved
West Basin water both westward
and eastward, contaminating the
Main Basin.

100 km

|
D Immediate affected area
|:| Fraser River Basin

Debris from the dam breach created an
unstable blockage of Polley Lake. The
company that owned the mine, Imperial
Metals, installed a pipe to enable lake
drainage to the creek.

Tailings
storage

The balance of the tailings and water
facility

flowed down Hazeltine Creek, which
was originally 1.2 metres wide, and got
up to 150 metres wide.

Hazeltine Creek

Lorez, 2017

. Sources: Petticrew E. et al, 2015, The impact of a catastrophic mine tailings impoundment spill into one of North America’s largest fiord lakes: QU
(c' R:1 @ Lake, British Columbia, Canada, Geophysical Research Letters, 42; Hume M., 2014, Pollutants from Mount Polley breach may have long-term effects: study, The

Figure 6. Tailings dam failure at the Mount Polley mine in Canada
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Tailings dam failures

An analysis of tailings dam failures over
the last three decades, indicates that
while the overall number of failures
has decreased, the number of serious
failures has increased (Bowker and
Chambers 2016; Figure 7).

It is widely accepted in the technical and scientific community
that good management, with an integrated approach that
extends from facility design to closure, plays a significant role
in mitigating and reducing the risk of tailings storage-facility
failures. However, some external factors may increase the risk
of failure. Bowker and Chambers (2015) found a significant
correlation between an increase in the severity of tailings
storage-facility failures and economic conditions that squeeze
cash flow for miners, such as a decrease in commodity prices
and an increase in production costs (due to lower grades of ore).

The 2001 ICOLD report recommended that a conservative
approach should be taken in designing tailings storage
facilities. This would take into account the most conservative
assumptions about capacity requirements and natural events,
such as floods and earthquakes (Bowker and Chambers 20r15).
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Known mining accidents

@ Very serious tailings dam failures
Multiple loss of life (~20) and/or release of > 1 000 000 m® total discharge,

and/or travel of 20 km or more.

@ Serious tailings dam failures
Loss of life and/or release of > 100 000 m? semi-solid discharge.

1985-1996

USA

Hopewell Mine, 1994

Payne Creek Mine, 1994
Fort Meade Phosphate, 1994
IMC-Agrico Phosphate, 1994
Fort Meade Phosphate, 1994
Gibsonton, 1993

Brewer Gold Mine, 1990
Soda Lake, 1989

Silver King, 1989

Big Four, 1989

Thompson Creek, 1989
Southern Clay, 1989

Stancil, 1989

Hernando County, 1988
Consolidated Coal No.1, 1988
Hernando County, 1988

Rain Starter Dam, 1988
Riverview, 1988

Montcoal No.7, 1987
Montana Tunnels, 1987
Marianna Mine, 1986

Spring Creek Plant, 1986
Bonsal, 1985

La Belle, 1985

Olinghouse, 1985

Peru
Amatista, 1996
Marsa, 1993

Cerro Negro, 1985
Veta de Agua, 1985
El Cobre, 1985
Marga, 1985

HunGArY

Ajka Alumina Plant, 1991 a

ITaLy
Prestavel Mine - Stava, 1985 ‘

CANADA

Iron Dyke, 1991
Matachewan Mines, 1990
Mineral King, 1986
Quintette, 1985

9

MONTENEGRO
Kojkovac, 1992

BuLeaRiA
Sgurigrad,1996
Maritsa Istok 1, 1992

Russia

GUYANA
; Omai Mine, 1995

BoLivia

; El Porco, 1996

Minera Sera Grande, 1994
Pico de Séo Luis, 1986
Iltabirito, 1986

BRazIL

CHILE

ZAMBIA
TD7,1993

Merriespruit, 1994
Saaiplaas, 1993
Saaiplaas, 1993

SouTH AFRICA

Other tailings dam failures
Engineering/facility failures other than those
classified as very serious or serious, no loss of life.

Other tailings-related accidents
Accidents other than those classified under the first
three categories of dam failures.

Non-tailings (or unknown type) failure
Non-tailings incidents - groundwater, waste rock, etc.

CHINA
Longjiaoshan, 1994
Jinduicheng, 1988
Xishimen, 1987
Huangmeishan, 1986

Niujiaolong, 1985

PHILIPPINES

Marcopper, 1996

Negros Occidental, 1995
Surigao del Norte Placer, 1995
Bekovsky, 1987
Marcopper, 1993
Itogon-Suyoc, 1993

Tubu, 1992

Surigao Del Norte Placer, 1987

Mankayan, 1986

Middle Arm, 1995
Riltec, 1995
Olympic Dam, 1994
Rossarden, 1986
Story’s Creek, 1986

NEw ZEALAND
; Golden Cross, 1995

AUSTRALIA

(c'r'i'D)

Figure 7. An indication of the number and location of tailings dam failures since 198g
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CANADA
Yellow Giant Mine, 2016

Imperial Metals, 2014
Obed Mountain Coal Mine, 2013
Casa Berardi Mine, 2013
Gullbridge Mine , 2012
Hudson Bay Mine, 2012
Bloom Lake, 2011

2007 - 2017

L%
New Wales plant, 2016
Gold King Mine, 2015
Dan River Steam Station, 2014

Russia
; Karamken, 2009

FINLAND

UK ‘ Sotkamo, 2012

@ Glebe Mines, 2007

Ajka Alumina Plant, 2010 *

Kingston fossil plant, 2008

CHINA

Tonglvshan Mine, 2017

Louyang Xiangjiang Wanji Aluminum, 2016
Mianyang City, 2011

Zijin Mining, Xinyi Yinyan Tin Mine, 2010

Zijin Mining, Zijinshan Gold and Copper Mine, 2010
Zijin Mining, Zijinshan Gold and Copper Mine, 2010
Huayuan County, 2009

Zangezur Copper Taoshi, 2008
Mexico HOnGARY Molybdenum Combine, 2013
6 Buenavista del Cobre mine, 2014 . ARMENA
BrazL Mishor Rotem, 2017 Hpakant, 2015 ?
Samarco, 2015 IsRaEL MvaNMAR Antamok, Baguio, 2016
Herculano Iron Mine, 2014 Padcal No 3, 2012
Unidad Minera Caudalosa Chica, 201 p . -
Mineragao Rio Pomba Cataguases, 2007 Johson Gold Mining 2012
Unidad Minera Caudalosa Chica, 2010
Peru Tranque Adosado Planta Alhug, 2010 PHILIPPINES
Las Palmas, 2010
Tranque Planta Chacén, 2010
Veta del Agua Tranque No. 5, 2010
Tranque Adosado Planta Alhué, 2010
CHILE
1997-2006
USA SwEDEN
Bangs Lake, 2005 CANADA Aitik Mine, 2000
Riverview, 2004 Russia
Pinchi Lake, 2004 RomaNiA
Inez, 2000 RS o0 Borsa, 2000 Partizansk, 2004
Mulberry, 1997 Al IoLLzaI, FRANCE CHINA
Pinto Valley, 1997 Malvési, 2004 @ FAERAEED Miliang, 2006
CHie Fonte Santa, 2006 l Sasa Mine, 2003 Nandan Tin Mine, 2000
Cerro Negro, 2003 PorueaL MACEDON'A
El Cobre, 2002 Huelva, 1998
El Cobre, 2002 Tarkwa 2001 Los Frailes, 1998 San Marcelino Zambales, 2002

Algarrobo, 1997
Algarrobo, 1997
Maitén, 1997

La Cocinera, 1997

GHANA SPAIN

', Konkola Copper Mines, 2006
! pp

ZAMBIA
Mineragao Rio Pomba Cataguases, 2006

Mineragao Rio Pomba Cataguases, 2003
Sebastizo das Aguas Claras, 2001

BRazIL

San Marcelino Zambales, 2002
Toledo City, 1999

Surigao del Norte Placer, 1999
Zamboanga del Norte, 1998
Zamboanga del Norte, 1997

PHILIPPINES

Lopez, 2017

Source: Center for Science in Public Participation; Wise Uranium Project.
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Storage dams — why are tailings dam failures more common than water dam failures?

Water dams have been known to fail with catastrophic
consequences but in the last 40 years, failures have
become very rare, whereas tailings dams have continued
to fail. Is there something that can be learned from water
dams to improve the safety of tailings dams? Unlike water-
retaining dams, where the dam wall is usually constructed
from concrete or some combination of engineered rock-
fill and soil, most tailings storage facilities are built using
designs that partially depend on the tailings themselves
for support, a design feature not available to water supply
reservoir dams (Chambers 2012).

Other key differences between water-retaining dams and
tailings storage facilities are:

» Water-retaining dams are built to full height, then filled

and operated; tailings storage facilities are usually built storage facility, there are likely to be many changes to
incrementally and operated during this incremental the operating and management personnel, creating
building phase. challenges that are often not addressed.

« Construction of a tailings storage facility may take many < A water-retaining dam is regarded as an asset, typically

decades until it reaches final design height, with a single for common use, while tailings storage facilities are
tailings storage facility often being used for the entire life seen as a cost — a means of storing waste rather than
of the mine. During the operational period of a tailings providing a service (Figure 8).

Differences between water-retention dams and tailing dams

Component Tailings dam Water-retention dam
Stored material Tailings solids and processed water with various Water
contaminant levels, run-off water
Regulatory regime Ministry of Mines, Ministry of Environment Ministry of Public Works, Regional Authorities, National
Dam Associations
Operation life Limited operation life - 5 to 40 years Typically designated as 100 years but “as long as
required by society”
Construction period Raised over the mines operating time Usually 1 to 3 years
Closure Infinite closure period, aim for “walk away” design Often not addressed, but facility may be decommissioned
Engineering Medium to high level High level
Continuity of engineering Varies: Owner and engineer may change frequently Usually one engineering firm for design and construction
during the construction period
Quality assurance and Generally good for starter dam, variable levels during High level
quality control construction period. Can be at a low level for some
companies
Consequences of failure Tailings debris flow resulting in physical damage and Water-inundation damage

environmental contamination

Dam section Can vary during the design life, e.g. transition to Usually a consistent section
centreline or downstream

@ R D) Source: Adapded from McLeod and Murray 2003

Figure 8. Comparison of water dams and tailings dams
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Water and Tailings dam construction methods

Using natural materials water supply reservoir dams centerline or upstream- construction, designs that water
have only one design option — known as downstream  supply reservoir dams cannot employ. Centerline and
type construction. Tailings dams sometimes use this upstream dams are not as inherently safe as downstream
construction type, but more often use, what is termed  construction.

Types of sequentially raised tailings dams

Starter dyke: 1.

The dam design terms,
upstream, downstream and
centreling, indicate the
direction in which the
embankment crest moves in
relation to the starter dyke at
the base of the embankment
wall.

Dyke: 2 to 4 or more

Dykes are added to raise the
dam wall. This continues
throughout the operation of the
mine.

Loez, 2017 (G R'1'D) Source: Vicks 1983, 1990

Figure 9. Dam building methods

Causes of failure

In the literature on the topic, the majority of the tailings
storage-facility failures discussed can be attributed to a few
factors — in particular, the lack of management continuity and
inadequate resourcing (especially financial) for the facility
(Figure 10). In cases of failure triggered by mechanisms such as
overtopping or piping, inadequate management has occurred
over a period of time. The failure may ultimately have been
triggered by a particular mechanism, but the tailings storage
facility should never have been permitted to reach a point
where it was susceptible to such a triggering mechanism in
the first place. In the case of failures due to earthquakes, where
the loading is rapid and unexpected, the initial design of the
tailings storage facility is the most important management
consideration. The design needs to be fit for purpose — for
example, tailings storage-facility studies indicate that the
upstream method of dam construction is more susceptible to
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Causes of tailing dams failures 1915-2016

52 Unknown
Many of the older dam failures that were not
sufficiently documented may fall into this
category.

27 Earthquake - seismic instability
Dams are designed to withstand
earthquakes, but if the earthquake is
larger than that which was anticipated,
the structure can be destroyed by the
shaking.

7 Erosion - external erosion
Simple erosion of a dam face, typically due
to precipitation run-off that is not repaired

/

17 Seepage - seepage and internal erosion
Erosion of dam material due to water passing through
areas of the dam that are designed to remain dry.

G

30 Slope instability - static failure

A constant load that causes deformation, to the point
at which a dam partially or completely fails. Often
caused by partial saturation of areas of the dam that
are designed to remain dry.

15 Foundation - structural and foundation
conditions, foundations with insufficient
investigations

Failure related to building the dam on a surface
that does not provide sufficient support for the
weight of the dam. An example is a layer of clay
under a dam.

16 Structural - structural inadequacies,
inadequate or failed decants

Design errors or failure of a designed
component to function as designed. Failed
decants (which drain water from the impound-
ments) are a common cause.

44 Overtopping

Water flowing over the top of a dam.
Tailings dams are made of erodible
material, and overtopping will cause
erosion.

1 Mine subsidence

If the dam or impoundment is built above an
underground mine, collapse of the underground
mine workings can lead to release of the
impounded tailings.

Source: ICOLD 2001, Chambers 2017

Figure 10. Reported causes of tailings dam failures

instability from seismic loading compared to the downstream
method (Liang and Elias 2010).

The presence of water on tailings exacerbates the consequences
of a tailings dam failure. The Mount Polley expert panel noted:
“Without exception, dam breaches produce tailings releases. This
is why best practices can only go so far in improving the safety
of tailings technology that has not fundamentally changed in
the past hundred years. Improving technology to ensure against
failures requires eliminating water both on and in the tailings:
water on the surface, and water contained in the interparticle
voids.” (IEEIRP 2015, pp. 119-120). An initial breach of the
retaining embankment of a tailings storage facility — for example,
due to overtopping — can result in erosion of the embankment to
the extent that retained water begins flowing from the tailings
storage facility. Once this begins, it invariably escalates, with
the entire volume of retained water flowing through the
breach, usually mobilizing a large volume of fluid tailings
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in the process. If no water were retained on top of a tailings
storage facility, overtopping would be a vastly reduced risk.

Unfortunately, getting rid of all free water on top of existing
tailings storage facilities depends on the storage method
employed. Many tailings storage facilities deposit wet tailings.
When the solids settle, large volumes of free water separate
out and must be stored and managed (in most cases, water
is returned to the mill), although in wet climates, a “wet
cover” is a common closure strategy to prevent acidic and
metallic drainage. This requires the surface of the tailings
storage facility to be kept submerged, potentially for decades
or even centuries. In light of the Mount Polley failure, there
will undoubtedly be a focus on assessing the risk of using wet
covers as long-term closure options.

In order to avoid, or at least minimize the storage of water on
top of a tailings storage facility, what are the realistic options



Failures at management level — a recurring
theme

A recurring theme in the vast majority of tailings storage-
facility failures is the failure to recognize and react to
an emerging problem, often because of a reluctance to
adequately finance tailings management. For example,
the main question that arises from reading the extensive
literature on the Stava failure in Italy in 1985 (see case
study below) and the Merriespruit failure in South Africa
in 1994 is: how did a failure not occur much sooner?

It is clear that in most documented failures (with the
exception of earthquake-induced failures), there were
ample warning signs beforehand. The tragedy is that the
warning signs were either ignored or not recognized by
under-resourced management. When developing strategies
to prevent future catastrophic failures, it is therefore
inadequate to simply think in terms of technology. Rather,
the focus should be on assessing risk and choosing the
best technology available for a given site, and then ensuring
that the operation and management of the site is properly
resourced, in terms of both personnel and finances.

The issue of adequate resourcing of an operational tailings
storage facility is a topic that was highlighted in the
recent report by the ICMM, which summarized findings
from their “Global Tailings Management Review” (ICMM
2016). The report illustrates the critical importance of an
integrated approach to managing tailings, from initial
site selection and facility design, through to construction,
operation, monitoring and closure, emphasizing the role
and importance of monitoring and independent, third-
party review throughout this process.

for such a scenario? In the aftermath of the Mount Polley
failure, a great deal of discussion focused on the concepts of
best available practice (BAP) and best available technology
(BAT). One outcome of the debate has been the perception, at
least in some quarters, that best available technology always
means complete removal of water from a tailings storage
facility. The options offered include utilizing filtered tailings
(see box on dry stacking) and high-density thickened tailings
as solutions that solve the key problems associated with water
storage. However, as industry rightly points out, there is no
single solution. Each site must be assessed individually and
the lowest risk strategy for managing tailings adopted, but
finding an alternative to water covers on new tailings dams
would significantly reduce the risk of failure in the future.
According to the Mount Polley expert panel, for established
mines with wet tailings, the primary goal should be a dry
closure (IEEIRP 2015, p.122). This can be achieved by draining
and treating water, for example.

Is climate change increasing the risk of
tailings dam failures?

Our changing climate presents significant challenges for
mining companies and governments that are responsible
for regulating the industry (Figure 11). Increased climate
variability and extreme weather events have not necessarily
been considered in the design and construction of existing
tailings dams. Planning for an uncertain climate future is
now an essential part of risk management. Heavy rain has
been implicated in 25 per cent of global and 35 per cent of
European tailings dam failures (Rico et al. 2008).

With the increasing uncertainty around climate change,
the planning of tailings dams will have to factor in this
uncertainty and the associated risks. Reliable data are
essential in developing a life-cycle plan for current and future
operations that incorporates climate change adaptation. By
utilizing the existing climate projections, coupled with good
planning and a zero-risk approach, it may be possible to
mitigate against climate-related changes and construct safe
and responsible tailings storage facilities.

Attempts are being made to repair the spillway at the Gold
Ridge mine in the Solomon Islands. In 2015, following
extremely heavy rainfall, the mine’s tailings dam was breached,
releasing contaminated water into the nearby river system.
The mine has since been sold by the Australian company St
Barbara to the local landowners for Aus$100 (approximately
US$78). At the time of the sale, the dam was considered to
be unstable with the possibility of a future collapse and the
potential release of millions of tons of cyanide- and arsenic-
contaminated sludge (Armbruster 2016). Consequently, the
Solomon Islands’ government cancelled the mining licence.
However, in early 2017 the licence was reinstated and there
are plans by the local company, Gold Ridge Community
Investment Ltd., to reopen the mine.
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Climate change and its effect on the stability and lifespan of a tailings dam

Tailings pond o

i
i
A
l|

Tailings containing heavy metals and other pollutants:
could be transported further than previously
experienced via surface run-off and wind-blown

dust due to more extreme weather events. fe e

Impacts on the health and well-being of individuals
and communities due to inhalation of tailings dust,
or contamination of local sources of food and water
by tailings containing heavy metals.

Structural weakening of dams through:

a) Increased contraction-expansion cycles caused

by more extreme wet-dry periods; p—
b) Erosion and instability of embankment slopes caused |

by more intense weather events and patterns

(rain, wind, hot/humid periods);

c) Potential mass movement of embankment slopes

due to increased precipitation, in the form of creep,

solifluction and/or landslides.

Figure 1. Potential impacts of climate change
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Increased levels of acid mine drainage (AMD) due
to increased rates of oxidation of metal sulphides,
such as pyrite (iron sulphide), as a result of
increased precipitation and/or temperatures.
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Increased risk of large-scale pollution incidents due to

. more extreme weather events, e.g. flooding caused

by structural breach of dam, could result in significant
long-term impacts on the local area in the vicinity

of the dam. For example, contamination of agricultural
and/or residential soils; loss of ecological habitats, flora
and fauna; loss of local livelihoods and traditions; and
contamination of local sources of drinking water.
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Case study: Stava, Italy, 1985

In July 1985, the tailings dam of the Prestavel fluorite mine in
northern lItaly collapsed, causing the deaths of 268 people.
Since the end of World War Il the mine had a number of owners,
but from 1980 to the time of the dam collapse, it was managed
by Prealpi Mineraria. The mine tailings had been stored in
two upstream cascading dams, built on a small tributary of
the Stava Creek. Around lunch time on a summer’s day, the
upper dam collapsed without warning onto the lower dam,
which subsequently also collapsed. Approximately 180 ooo
cubic metres of semi-fluid tailings were released, burying the
downstream villages of Stava and Tesero (Figure 12).

The tailings dams had been constructed on a steep mountain
slope with poor foundations and inadequate drainage systems
(Sammarco 2004). The lower dam was built in 1961 and the
upper dam in 1969. The method of construction for the upper
dam, which involved part of the base of the dam resting on the
weakly consolidated lower dam tailings, has been identified as
one of the principle causes of the failure (Campanella et al. 1989).
The mine operators assumed that the tailings in both dams
would consolidate soon after deposition and that the tailings
stored in the lower dam could support the load of the upper
dam. However, due to poor management, this assumption was
never verified and the construction and expansion of the tailings
basins occurred in the absence of any monitoring or geotechnical
testing. Essentially, the dams were an accident waiting to happen.

The exact nature of the failure sequence has never been
established, but the heavy rainfall that occurred in the two days
prior to the disaster has been considered as a contributing
factor (Takahashi 2007). This was compounded by the fact that
in the month before the disaster, widespread land clearing had
been carried out on the slope directly above the upper dam.
There were no water diversion structures upstream of the
dams and drainage pipes below the dams were not functioning

effectively — evidence suggests they failed at least twice in 1985
(Luino and de Graff 2012). Combined, these factors lead to
increased water seepage and retention in the dams.

At the criminal trial which followed the disaster, 10 people were
convicted of multiple manslaughter offences. Among those
convicted were the mine managers, employees of companies
contracted by the mine and the local government officials who
failed to competently monitor the dams. Compensation was
paid by companies who had contributed to the construction and
management of the upper dam and by the local government.
The mining company, Prealpi Mineraria, was declared bankrupt
and paid no compensation (Stava 1985 Foundation).
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Val di Stava dam collapse
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Altitude (m)

Prestavel mine

In July 1985, the embankment of the upper decanting
basin dropped, causing the collapse of the lower one as
well. This released a mass of about 180 000 m?® of water
and mud pouring at a speed of about 90 km/h in the
valley below. Along the route, another 40 000-50 000 m?
of erosion caused the destruction of buildings and
hundreds of trees.
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The cause of the collapse was identified in the chronic instability of
landfills, and in particular the upper basin, which did not have the minimum
safety coefficients needed to avoid the collapse. In over 20 years, landfills
were never subjected to a series of stability checks.

Among others, the causes of instability have been identified in:

- the humid nature of the soil, which did not enable sludge drainage;

- the incorrect construction of the upper reservoir embankment and in the
proximity to the lower one;

- the excessive height (34 m) and slope (up to 40°) of the embankment;

- the incorrect location and maintenance of the overflow pipes of decanting

waters. 250m

Lorez, 2017
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G R @ Sources: Fondazione Stava1985 (http://www.stava1985.it); Chandler J, Pellegrini M and Tosatti G, 1995, Le cause del disastro, in Lucchi G (eds), "Stava:
Perché la genesi, le cause, la responsabilita della catastrofe di Stava negli atti dell'inchiesta ministeriale e nelle sentenze del procedimento penale", pp. 221-230, Curcu & Genovese, Trento.

Figure 12. The Val di Stava tailings dam failure
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Case study: Marinduque, Philippines, 1996

In 1996, Marcopper Mining Corporation, 39.9 per cent owned by
Canadian Placer Dome, began mining the Mount Tapian copper-
gold deposit on the island of Marinduque in the Philippines.
By 1990 the mine was exhausted and the company opened a
second site at San Antonio, three kilometres away. Following a
failed attempt to obtain permission to dispose of tailings directly
into the sea, the company was granted a 10-year certificate to
deposit tailings into the mined-out Tapian Pit. Tunnels that had
previously been used to drain the pit were sealed with concrete
to contain the tailings. On 24 March 1996, after four years of
tailings disposal into the Tapian Pit, the plug in the drainage
tunnel leading to the Boac River gave way, resulting in one of the
most catastrophic mining disasters in history (Figure 13).

Three to four million tons of metal-enriched and acid-generating
tailings were discharged into the 26-kilometre-long Boac River,
flooding villages and agricultural land. An investigative team from
the United Nations visited the island shortly after the tailings spill
and noted: “... it is unclear why an environmental impact
assessment of the Tapian Pit option was never carried out; why
no apparent efforts had been made to find an alternative disposal
method and site ... why no monitoring of the portal area was
being carried out even though it was reported to the U.N. Mission
that the mine tailings had been escaping in some quantity for a
considerable period of time. The unconventional use of the Tapian
Pit as a containment system for tailings, particularly because of the
presence of a disused drainage tunnel near its bottom, should have
been sufficient to ensure that risk assessment and contingency

Cross section of Tapian Pit

Collapsed tunnel portal

planning were carried out. Furthermore, it is clear from cross-
sectional diagrams of the drainage tunnel that were reviewed at the
mine site that fracture zones and ground water seepage were likely
to occur along its length.” (UNEP 1996). The United Nations team
noticed unrelated leaks in other mine structures and concluded,
“it is evident that environmental management was not a high
priority for Marcopper” (UNEP 1996). Placer Dome divested
from Marcopper a year after the spill and consistently denied
responsibility for the disaster, blaming it instead on a small
earthquake that happened a week before the collapse (Coumans
1999). Initially, the company pledged to clean up the Boac River,
but this has not been achieved and a large quantity of tailings
remain in the river system (Macdonald and Southall 2005). The
Philippine Department of Environment and Natural Resources
has rejected the proposed clean-up methods, due to concerns
about additional environmental and safety issues. The companies
involved have paid no compensation, although two years after
the disaster, communities impacted along the Boac River had
received a total of 21.6 million pesos (approximately $426 0oo)
from the government’s Environmental Guarantee Fund — this
equates to around $124 per household (Bennagen 1998).

The Boac River was essentially destroyed by the spill, which
resulted in the complete loss of river-based sources of
livelihood. The few environmental studies of the river that
have been carried out suggest there will likely be ongoing acid
leaching of heavy metal from the tailings, which will continue
to contaminate the river (Taylor 1999; USGS 2000).
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Concrete plug installed
before tailings placed in pit

( G'R i D ] Source: Dumbar S, 2012, Basics of Mining and Mineral Processing, Americas School of Mines.

Figure 13. lllustration of the Tapian pit
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Boac River with bursting bags of tailings piled up on the far bank. The blue colour is due to copper contamination.
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Mine tailings management and disposal

Successfully managing mine tailings is a significant part of any large-scale mining
operation. The methods employed for long-term storage should be based on a number

of factors, illustrated below (Figure 14).

Major disposal techniques management of tailings storage facilities. Tailings can be
The pre-disposal treatment of the tailings, especially  stored as wet slurry, thickened, paste, dry cake or a mix of
the degree of de-watering, influences the design and tailings and coarse waste.

Considerations for long-term storage

EXTREME EVENTS
settlements downstream S S P
existing land earthquakes -
. use _ _ Regulations development
infrastructure Geographical setting cost
downstream
aquatic life company policy
volume . - post-closure
terrestrial associations e
biodiversity guidelines

wet or dry
G RIiD)
Figure 14. Considerations for implementing the long-term storage of mine tailings
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Overview of environmental issues related to major tailings storage and disposal techniques

Options Advantages Disadvantages
Impoundments | More economical construction; Water-intensive;
Without dewatering | Maintaining water in the tailings reduces the possibility of acid High risk of seepage;
mine drainage by restricting oxidation of sulphides. High risk of damage in the event of dam failure due to large
volume of water;
Large footprint and habitat disturbance;
Rehabilitation only possible after mine closure.
Impoundments | Lower risk of damage caused by dam failure; Additional costs (thickening, paste, pumping);
With thickened or Lower risk of seepage due to smaller volume of water; Relatively large footprint and loss of habitats;
past tailings Reduced volume of tailings; Moderately water-intensive;
Slightly smaller footprint. Paste tailings can be costly to pump;
Rehabilitation only possible after mine closure.
Impoundments | Lower risk of damage caused by dam failure; Additional costs (Thickening, Paste, Pumping, larger dam

With co-disposal of
tailings and coarse
grained waste

Lower risk of seepage due to less water;
Smaller footprint to store separate waste streams.

required);

Relatively large footprint and habitat loss;
Moderately water intensive;

Paste tailings can be costly to pump;
Rehabilitation only possible after mine closure.

Impoundments | Economical construction (a drain system must be installed before | Only slightly more costly than impoundments without

With dewatering operation). dewatering;

after closure Post-closure drain seepage probably needs passive
treatment.

Backfilling Reduced surface storage area; Additional costs (thickening, paste, pumping, barricade,

Paste tailings and
binder

Low risk of groundwater contamination;
More water is recycled and more volume of tailings is reduced;
Minimal rehabilitation required.

binder);
Seepage;
Only for underground mines.

Filtered tailings

Reduced water use;

High capital costs and moderate operational costs with

Dry stacking Elimination of the risks of catastrophic tailings flow associated modern filtration and conveying technology;
with dam failures; Requires surface management system to prevent wind and
Reduction of risk of groundwater contamination through water erosion.
seepage;
Reduced storage footprint enabling progressive rehabilitation
during mine operation;
Easier to gain a permit for;
Potential for treatment of long-term seepage if potentially acid
generating (PAG) material is dry stacked;
Some progressive reclamation possible.
River Low capital and operating cost. Environmental contamination and disturbance;
(RTD) Difficult to gain a permit for;

Water-intensive due to low water recovery;
Difficult or impossible to mitigate impacts.

Sub-marine and
deep marine
(STD, DSTD)

GOiD

Low capital and operating cost.

Environmental contamination and disturbance;
Mass wasting from the ground sites;

Difficult to gain a permit for;

Water-intensive due to low water recovery;
Lack of data on environmental impacts;
Difficult or impossible to mitigate impacts.

Table 2. Overview of environmental issues related to major disposal techniques
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Dry stacking of tailings

The majority of the world’s large-scale surface mines store
tailings in impoundments. These complex, engineered
structures are designed to contain wet mine waste, which,
as reported in this report, can fail with catastrophic
consequences.

An alternative to this method of storage is dry stacking,
which involves filtering the tailings to produce a stackable
material (Davies 2011). The filtered tailings are stacked
in “cakes” — unlike slurries, which can be pumped to the
disposal site, the filtered tailings must be transported,
usually either by conveyor or truck. Dry stacking has
been identified as an option in areas where water is
scarce or conventional impoundments are not feasible.
One advantage of dry stacking is that it can make land
reclamation and rehabilitation easier. Dry-stacking systems
have generally been restricted to smaller mining operations
(less than 50 ooo tons/day throughput), although recently
the technology has been scaled up to work successfully at
bigger mines (120 ooo tons/day; FLSmidth pers. comms.
2017). However, the potential pitfalls must be acknowledged
and thoroughly evaluated. These include (but are not limited
to) high initial costs, the need for redundant machinery
due to the inevitable downtime required to clean filters,
impacts of climate (e.g. erosion of the stack) and potential
geotechnical instability, particularly when placing filtered
tailings on an existing footprint

Dry stacking at the currently closed La Coipa gold and
silver mine in Chile (installed 1990) with a capacity of
28 800 tonnes per day
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Riverine and offshore disposal

In some areas where tailings dam construction is difficult
(e.g. mountainous areas), mining companies have been
allowed to dispose of tailings in river systems. In some
coastal areas, submarine disposal has also been permitted.
These methods are generally considered to be an undesirable
option for waste management and are not permitted in many
countries, including Canada and Australia. Although initially
cost-effective, the documented environmental impacts and
the potential for long-term effects have prompted some
companies to develop internal standards that prevent
riverine or marine disposal. Figure 15 shows the locations
of mines carrying out marine and riverine tailings discharge
in 2012. All of these mines have government permits to
discharge into the ocean or rivers.

One emerging issue relates to deep-sea mineral extraction,
where marine waste disposal of fine material — but not
strictly tailings unless processing takes place at sea, which
is unlikely — is the only option. Deep-ocean ores are often
much higher grade than their on-land counterparts, making
them attractive in terms of the value of the ore, however,
they remain unproven with concerns over financial viability.
Scientists and communities have voiced concerns over the
mining process and the on-site disposal of waste material,
which may cause significant environmental impact due
to increased turbidity and the blanketing of sea-floor
organisms with fine material.




Marine discharges of mine tailings
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Figure 15. Locations of reported marine and riverine tailings disposal sites in 2012
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|- Mine closure considerations

Planning for safe closure

buildings, etc. must not pose any hazard to public health and
safety; engineered structures must not deteriorate or fail; erosion
from the site must not adversely impact surrounding terrestrial or
aquatic environments.

— Geochemical stability - harmful materials must not leach from
or erode the site; surface waters and groundwater must be
protected against contamination.

™ Land use - the closed mine site should be rehabilitated to
pre-mining conditions or conditions that are compatible with the
surrounding land or achieve an agreed, alternative, productive
use of the land.

impact the sustainability of social and economic benefits, should
be maintained and transferred to succeeding custodians.

QD

Table 3. Mine closure
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= Sustainable development - elements of mine development that

= Physical stability of the site - tailings storage facilities, roads, ™

I= Required outcome

— Protect public health and safety.

— Alleviate or eliminate environmental damage.

™ Make productive use of the land, return it to its original
condition or find an acceptable alternative.

= As far as possible, ensure sustainability of social and
economic benefits resulting from mine development and
operations.

Source: adapted from Robertson and Shaw (2002)

Managing for mine closure — perpetual
management

Planning for tailings storage-facility management after mine
closure should be an essential component of mine planning.
Best practice requires that it should commence before the
start of mining and be continually updated throughout
the life of the mine until final closure. Proper post-closure
management of tailings not only safeguards communities
and the environment, but also makes good business sense by
avoiding costly future remediation and compensation.

Mine planning must take into consideration the long-term
physical, chemical, biological, social and land-use characteristics
of the area surrounding the mine. The extent of the mine
footprint needs to be carefully determined prior to mining. The
poor performance of post-closure management of tailings is
one of the drivers for governments imposing significant final
rehabilitation commitments on mining companies before
mining projects are approved (LPSDP 2016). There are too
many examples where problematic mining operations have
been abandoned or offloaded by those responsible, leaving
the regulators and community to clean up. In the worst cases,
clean-up is not even attempted, and mines are abandoned and
continue to release pollutants into the environment.

Impacts of mining waste on biodiversity
The impacts of tailings dam failures on biodiversity can

be both immediate and long term (Figure 17). When large
volumes of tailings enter waterways, the material can have



Estimated cost of mine clean-up — an example from oil-sand mining in Alberta, Canada

The Alberta Energy Regulator (AER) estimates that mine
clean-up costs in the province have increased with the growth
of oil-sand mining and in 2016, topped more than Can$23
billion (approximately US$18 billion; Cryderman 2017). The
extraction of bitumen from surface oil sands in north-eastern
Alberta produces an enormous amount of fluid tailings
— for every barrel of bitumen extracted from the oil sands,
1.5 barrels of tailings waste is produced (Grant et al. 2013;
Figure 16). It is estimated that Alberta currently has more
than 1 billion cubic metres of oil-sand tailings (AER 2017).

The Alberta Mine Financial Security Program collects a
security deposit from oil-sand miners to protect the public

Growth in the volume of stored oil-sand tailings

50 km2

GriD)

from end-of-life project closure costs. The programme
requires a base security, which increases when the mine
has less than 15 years of life remaining. The fund currently
holds about Can$1.38 billion — it is designed to cover
the cost of making the site safe and providing ongoing
management if the approval holder fails to meet its
obligations (AER 2017). The AER has recently introduced
measures to improve tailings management and ensure
compliance with legislative requirements (AER 2016).
However, there is concern that the programme does not
currently obtain sufficient financial security from mine
operators to safeguard the public from clean-up liabilities
(Cryderman 2017).

2013 Constant seepage from

tailings ponds
2008 >11 million litres/day

Equivalent to 4.4 Olympic
swimming pools per day

2016  Not reported

Estimated to be 26 million
litres/day

Equivalent to 10.4 Olympic
swimming pools per day

2040

220 km?

Source: Grant et al, 2013.

Figure 16. The increasing volume of oil-sand tailings stored in Alberta, Canada, evidenced from the increase in the surface area

of storage ponds

Impacts of tailings dam failures on biodiversity and associated ecosystem services

Immediate environmental

impacts Long-lasting effects

Directional effect

Decreased water quality

and oxygen content Loss of regenerative capacity

Changes in ecosystem

Social implications
structure and function P

I

Altered species composition More floods

Bio-accumulation of heavy

High levels of toxicity metals

Change in vegetative structure Reduced fish catches

Persistence of heavy metals in
floodplain sediment

Decreased populations of
aquatic species

Loss of ecosystem connectivity|  Reduced carbon capture

Loss of vegetation and
nursery habitats

G RIiD)

Increase in bank/bed erosion Loss of tourism revenue

Decreased clean-water supply

Source: UNEP-WCMC

Figure 17. A summary of potential impacts of tailings dam failures on biodiversity and associated ecosystem services
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physical (e.g. increased turbidity, smothering) and chemical
(e.g. toxicity from toxic contaminates, decreased oxygen)
impacts on aquatic organisms. The type and location of failure
is, however, an important factor in the severity and extent of
these impacts. Analysis of 306 reported tailings dam failures
(reported in WISE 2017) indicates that 24 have occurred
within a legally protected area, and a further 158 occurred
within 10 kilometres of a protected area.

The impacts of these tailings dam failures on biodiversity
are immediate, in terms of smothering habitats and
contaminating waterways. Aquatic life is heavily impacted
due to the extreme change in water chemistry. The suspended
solids that are introduced can get trapped in fish gills, with
flow-on effects on semi-aquatic and terrestrial species.

The flow of tailings burying aquatic and riparian nursery
habitats and the persistence of heavy-metal contamination
have also been shown to negatively affect the regenerative
capacity of aquatic and terrestrial ecosystems, leading to
long-term changes in ecosystem structure and functions.
This severely impacts the services these ecosystems provide
to people, such as flood defence, erosion control and soil
stability, water purification and regulation, nutrient cycling
and carbon storage. (Fernandes et al. 2016; Kossof et al.
2014). While the direct human costs of tailings dam failures
are quantified, the long-term social costs in terms of poor
heath, and loss of income and livelihoods that result from a
degraded environment, remain largely unknown.

Case study: Maramures County, Romania, 2000

In February 2000, an upstream tailings dams at the Baia
Mare gold mine in Maramures County, Romania failed. The
failure is thought to have been caused by a combination
of poor design, unforeseen operating conditions and heavy
rain and snow, which resulted in overtopping (BMTF 2000).

Two months later, this failure was followed by another
upstream dam failure at the nearby Borsa lead and zinc
mine, which also occurred as a result of overtopping. These
two incidents released more than 200 0oo cubic metres
of contaminated water and 40 000 tonnes of tailings into
tributaries of the Tisza River, a major tributary of the Danube
(WWF 2000).

The Baia Mare spill was the most damaging of the two
failures, releasing 50 to 100 tonnes of cyanide, as well
as copper and other heavy metals, making it the worst
environmental disaster in Europe since Chernobyl. Over
a four-week period the combined spills travelled through
Romania into Hungary, Serbia and Bulgaria, and finally
entered the Black Sea. The spill traversed a number of
ecologically sensitive and highly populated areas, with
significant transboundary implications (Figure 18). Acute
effects of the cyanide were observed along the river system
to the point where the Tisza River meets the Danube. The
Baia Mare failure created a 30- to 40-kilometre-long wave
of contaminants that wiped out the flora and the fauna of
the central Tisza River. Plankton were killed instantly by the
plume; fish were killed in the plume or died soon after. In
the Hungarian section of the river, the impact was especially
severe — it is estimated that 1 240 tonnes of fish were killed
(UNEP/OCHA 2000).

An international task force, chaired by the European
Commission, was created to assess the damage and
propose remedial actions (EU 2000). The task force insisted
on the necessity of providing adequate emergency-storage
facilities and recommended that new tailings storage
facilities should not be allowed to store water or slurry
containing cyanide in tailings ponds open to the elements
(Lucas 2001).



Case study: Romania

Locations of tailings spills
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Progress of the spill plume
30 January
Cyanide spill occurs at Baia Mare, Romania

1 February
Spill plume reaches Romanian-Hungarian border

5 February
Cyanide registers in tests at Tiszalok

9 February
Spill plume reaches Szolnok

11 February
It crosses the Hungarian-Yugoslavian border

13 February
It reaches Belgrade (Perlez), Yugoslavia

15 February

It meets the Romanian border again, at Ram

17 February N
Cyanide registres in tests at Iron Gate, Romania GO Black Sea

25-28 February
The plume reaches the Danube Delta

G R I @ Sources: UNEP/OCHA, 2000, The Cyanide Spill at Baia Mare, Romania. Before, During and After.

Figure 18. The location of the Baia Mare and Borsa tailings disasters in Romania and the affected rivers
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Risk, rewards and responsibility

Mining makes many important contributions to society, but it also has a range of
social and environmental impacts (ICMM 2016a). Among the most challenging
is the treatment and storage of mine waste. The reality is that all methods of
tailings and mine waste management and disposal present a host of challenges
and entail varying degrees of risk. Keeping in mind that the risks from tailings
vary depending on who is considering them, this section explores these risks from

various stakeholder perspectives.

Understanding the risks of mine waste

Mine planning involves risk assessment. Typically, a project
will go through a due diligence process that identifies a range
of issues and risks, including market forces, force majeure
and those of a technical, financial, regulatory, operational,
environmental, social and political nature (Tinsley 2007). These
are all assessed within the context of project feasibility, and the
process is usually designed and undertaken by the proponent.
This can mean that risks are assessed from a company
standpoint, which considers social and environmental risk
from a business-risk perspective. The same risk, for example,
of impact of dam failure, could be expected to be assessed quite
differently by a community immediately downstream (Table
4). Consequently, the potential impact to the community or
environment is often analysed in terms of the flow-on risk
to the mine owner, operator and financier, rather than to
governments or host communities (Franks 2014).

However, risk can also be assessed from a community
perspective, including the varying risks faced by men, women
and children. Women and children are particularly vulnerable
to polluted tailings, with the impact of heavy metals and toxins
affecting maternal and foetal health and children’s physical
and mental development (Jenkins 2014). Their risks are very
different from those faced by the owners and operators. This is
evident when you compare the impact of tailings dam disasters
on owners and operators and on community members.
Companies generally suffer financial and reputational
losses while communities can suffer death and destruction
of homes, income and environment (see case studies).
Community impacts can also be long-lasting as evidenced by
the communities affected by the Marinduque disaster, which
occurred more than 20 years ago.

These negative human and environmental impacts can
be described as externalities — that is, the costs of mining
not borne by the miner, but rather transferred to other
stakeholders. Consequently, externalities, whether in monetary
or non-monetary terms, fall outside feasibility assessments and
company balance sheets, which often leads to the risk being

undervalued or ignored. This transfer of cost, common in
relation to pollution or carbon dioxide emissions, is regarded
by economists as a market failure (Cardoso 2015). Declining
water quality is an example of a risk that is often undervalued,
and yet it can have a considerable impact, especially for
indigenous, agricultural and/or subsistence communities that
rely on healthy aquatic ecosystems as a food source and to
support agriculture.

The risks associated with tailings dams are not confined
to catastrophic failures (which attract the most attention
internationally). There are many mine sites scattered around
the world that pose a slow-motion environmental problem
associated with the leaching of harmful substances from
tailings dams into the environment. These mines are areas
of chronic impact that may need to be managed in perpetuity.
Remediation and long-term monitoring of these sites is
generally not included in the original cost-benefit analysis of
the mining operation. They are externalized costs that often
only become apparent after the mine has closed or a disaster
occurs (Roche and Judd 2016). The duration of long-term or
perpetual management can extend beyond current financial
management structures. Under these circumstances, there
is little certainty about society’s ability to manage mine sites
whose management costs could eventually exceed production
benefits (Kempton et al. 2010).

The physical impacts and costs of addressing negative
externalities on the environment are not, however, the only
cost transferred to communities. In addition to direct impacts,
tailings dam disasters and pollution can also force changes to
local and/or traditional community practices, especially where
complex social and ecological interdependencies exist. The
difficulty in agreeing on the extent of impact should not be
underestimated and the usual economic valuation tools do not
easily apply to these impacts (Centemeri 2015).

Mental health impacts from tailings dam failures should

also be recognized. People feel grief, loss and anger when
destruction affects their environment and their sense of place.
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Sector | Stakeholders Impact Risk from mine waste - Reward from mining Influence
extent of exposure and control
over risk
Company Local Staff Injury, temporary or permanent loss High (multiple indicators) Low to medium (good salaries Low
of work/income, impact on and opportunities, improved
family/housing/subsistence infrastructure and services)
International staff | Injury, loss of work/income, civil or Low or high for criminal High - salaries High
and management criminal liability responsibility
Investors Loss of share value High for $ invested, (limited Low to high, depending on Medium
exposure if balanced investments, investment (can only lose
no additional liability) investment)
Financiers Loss of investment, reputation- High for $ invested, (limited Low to high, depending on High
al damage exposure if balanced investments, security
limited additional liability)
Government Local Physical impact, lower community High (multiple indicators - Medium to high (economic Low
resilience and function, loss of exposed to chronic and growth, local opportunities,
income, cost of rehabilitation catastrophic impacts) local taxes, improved
infrastructure)
National Loss of income, cost of rehabilitation Low to medium (depends on Medium (economic growth, High
balance/size of economy and taxes)
waste problem)
Regulatory Nominally responsible Low (limited to no liability) No direct reward High
Community Local Injury, temporary or permanent loss High (multiple indicators) Low (royalties, rents, business Low
of work/income, impact on opportunities, improved
family/housing/subsistence infrastructure and services)
National Economic Low (chronic) Low (economic growth - depends Low
Medium (catastrophic) on balance/size of economy)
Individuals Injury, temporary or permanent impact High (multiple indicators) Low (opportunities, improved Low
on family/housing/subsistence infrastructure and services)
Consumers N/A N/A High - in products Low for
commodities
Specific groups Women and children more Low (limited to no liability) No direct reward Low
vulnerable to social and environ-
mental change
Environment Biota Altered environment, chemical or High (exposed to chronic and N/A N/A
physical harm catastrophic impacts)
Land Erosion, contamination High (exposed to chronic and N/A N/A
catastrophic impacts)
Water Change in water balance, groundwater | High (exposed to chronic and N/A N/A
pollution catastrophic impacts)
Ecosystem Breakdown/altering of processes High (exposed to chronic and N/A N/A
processes caused by direct physical or chemical catastrophic impacts)
impacts or indirect due to change in

GIyD

species composition/behaviour

Table 4. Impact, risk, reward and control
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These impacts are rarely captured in impact assessments,
existing as very real but unacknowledged externalities
(McManus et al. 2014).

Table 4 illustrates the correlation between reward and risk. The
highest financial rewards go to international staff, financiers
and investors, with the level of rewards to government and
local staff dependent on tax schemes and wage levels. In
contrast, non-financial risk to local staff, communities and the
environment, for example, receives little or no reward. In other
words, risking your financial investment provides a reasonable
return with some control, while the community (and the
environment) are exposed and vulnerable to events outside
their control. For example, while BHP, the part-owner of
Samarco, suffered a short-term financial loss, the communities
and environment will be affected for decades.

Responsibility for mine waste

Despite the efforts of the mining companies, regulators and
other stakeholders to eliminate tailings dam failures, they
still occur, although at a lower rate. After the tragic failure of
the Samarco tailings dam, the ICMM consulted with its 23
member companies to determine how best to minimize the
risk of a recurrence of such a catastrophic dam failure. The
conclusion of the Review of Tailings Management Guidelines
(Golder and Associates 2016) was that an increased emphasis
on governance is needed to ensure that the extensive existing
technical and management guidance is implemented more
effectively. A position statement was issued (ICMM 2016a)
that commits member mining companies to minimizing the
risk of catastrophic failures of tailings dams. Six key elements
of the tailings dam governance framework are detailed in
the position statement:

1. Accountability, responsibility and competency
2. Planning and resourcing

3. Risk management

4. Change management

5. Emergency preparedness and response

6. Review and assurance

The emphasis of the six key elements is in defining clear
responsibilities and improving the knowledge of those
involved in the design, construction, operation, closure and
overall management of the tailings dams. Examples of some
of the initiatives or changes to the governance of tailing dams
being undertaken or further developed by the ICMM member
mining companies include the following:

« Appointing a Dam Owner, a Responsible Dam Engineer
and an Engineer of Record (EOR) for all significant
tailings dams: As stated in the ICMM position statement,
accountability for the overall governance of tailings facilities

resides with the owners and operators. The appointed Dam
Owner and Responsible Dam Engineer are employees of
the mine owner’s organization. The Dam Owner is the
single point of accountability for maintaining the integrity
of the tailings dam throughout its life cycle, so that the risks
associated with dam design, construction, operation and
closure are effectively identified, controlled and managed to
minimize impacts on health, safety, communities and the
environment. The Responsible Dam Engineer is a member
of the Dam Owner’s team, and is a suitably qualified
individual accountable for maintaining overall engineering
stewardship of the tailings dam. The engineer of record is
a professional engineer responsible for ensuring that the
tailings dam is safe, i.e. that it is designed, constructed,
operated and/or closed in accordance with the current state
of practice and applicable regulations, statutes, guidelines,
codes and standards. The engineer of record is an integral
part of the risk management system for the tailings dam,
and provides design continuity and ongoing technical
support to the owner with respect to tailings dam safety
over the life of the facility. The engineer of record is an
individual, supported by a team of experts in the field, as
applicable, who has been appointed by the owner and has
accepted the responsibility.

Implementing a Stewardship Programme for all significant
tailings dams: Provide a high level of attention and governance
to ensure implementation of good practices and common
standards; improve the efficiency of the dam operation;
promote benchmarking and exchange of information
between different mines; improve knowledge and discipline;
and raise risk awareness. Performing site inspections,
reviewing relevant documents and data pertaining to tailings
dam management, and training of site personnel are some
of the activities included in the programme.

Improving tailings dam surveillance and emergency
response systems: This includes improvements in
monitoring instrumentation, adopting early-warning
systems and emergency response systems, and training
site personnel and communities in emergency response.

Other activities include performing Dam Safety Reviews,
developing preventive and mitigating controls, appointing
Independent Technical Review Boards and investing in
technology development aimed at reducing dam safety risks
(e.g. monitoring instrumentation, tailings dewatering and

dry stacking).

The implementation of these guidelines by ICMM member
companies would serve as a valuable example to all other
mining companies and an opportunity to put into practise
some of the reforms identified in and since ICOLD.
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Case study: Los Frailes, Spain, 1998

The tailings dam at the Los Frailes gold-copper-lead-zinc  (Figure 19). It released approximately 5.5 million cubic metres
mine, located at Aznalcéllar near Seville, failed in April 1998  of acidic, metal-rich water and approximately 1.3 to 1.9 million
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Aznalcollar mine
storage facility failure

A slab of soil beneath the dam slid approximately
one metre towards the Rio Agrio.

The front of the slide was about 20 metres wide,
and it was located in the area of the junction of the
two impoundments.

The dam cracked and broke. y La Palma del ¢ Sanllcar
o Condado ¢ LaMayor
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Between five and seven million m3 of
contaminated slurry spilled through
the gap.

This caused the bed of the Rio Agrio to
rise locally by three metres.

Parks designed after tailings spill
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Figure 19. The tailings dam failure at the Los Frailes gold-copper-lead-zinc mine
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cubic metres of toxic tailings into the Agrio, Guadiamar and
Los Frailes Rivers (WWF 2002). The contamination affected
62 kilometres of waterways and 4 286 hectares of land,
including farmland in the fertile Guadiamar basin and part of
the ecologically significant Dofiana National Park — a Natura
2000 and World Heritage Site. The emergency construction of
barriers stopped more extensive waste intrusion into the park,
which is the largest reserve in Spain and significantly, home to
361 bird species (Grimalt et al. 1999).

The high acidity (pH 3), low dissolved oxygen and turbidity
caused by the spill resulted in the widespread death of aquatic
organisms. Thirty-seven tons of dead fish were collected from
the river mouth and all shellfish disappeared (Grimalt et al.
1999). The possibility of heavy-metal contamination (Figure 20)
resulted in the closure of over 50 irrigation wells for a period
following the spill. There was also a ban on the sale of
agricultural produce from affected farmland. The land was not
considered suitable for future agriculture and the government of
Andalusia began a programme of compulsory acquisition. The
disaster had major economic impacts on agriculture, fishing,
tourism and the mining sector in the region.

The metals released were mostly in the form of insoluble
sulphides, but when exposed to oxygen in the environment,

these quickly began to oxidize and form more mobile, water-
soluble sulphates.

Immediately following the spill, clean-up work began to create
a green corridor along the Guadiamar River, connecting
two large natural areas — the Dofiana National Park and
the Sierra Morena (Rico et al. 2008). The cost of remedial
and restoration works reported in 2013 was estimated at
more than €170 million (BIO Intelligence Service et al.
2012). Most of the deposited tailings and 4.6 million cubic
metres of contaminated soil were excavated and placed
into the open-mine pit. This was successful in removing a
significant amount of contamination from the Guadiamar
River channel and floodplain, although elevated levels
were still present in samples collected six months after
the first remediation programme (Hudson-Edwards et al.
2003; Kemper and Sommer 2002). The clean-up activities,
however, changed the structure of the river and floodplain
and removed the riparian vegetation that provided a natural
refuge for fauna (Macklin et al. 2003; Rico et al. 2008).
Reptile populations, for example, were still found to be
severely depleted eight years after the dam collapse. The
green corridor failed to meet the requirements for their
reintroduction due to the absence of shelters (Mérquez-
Ferrando et al. 2009).

Estimated amount of metals released into the environment

(I) 30|00 60|00

QOIOO 12?00

14 500 tonnes of zinc and lead

3 600 tonnes of copper

- 900 tonnes of antimony

100 tonnes of cobalt
90 tonnes of thallium and bismuth
45 tonnes of cadmium and silver

27 tonnes of mercury

18 tonnes of selenium and other metals
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Source: Grimalt et al 1999

Figure 20. Estimated volume of heavy metals released into the environment by the Los Frailes tailings dam failure






Life cycle of mine waste and tailings dams —
from refuse to resources?

If we think of tailings as a product of the mining process, rather than a waste, it
becomes something for which we only have to discover a use (Rankin 2015).

Is it wise to continue storing increasingly larger volumes of mine tailings, believing
that they are safely locked away, or can society demand more sustainable practices
in the design and planning of tailings management, including zero (or minimal)
mine waste and turning mine waste into secondary resources?

Within the mining and metals industry there is a growing
interest in finding value in mine tailings and developing
new and innovative ways to reduce and reuse them. The
extraction of additional resources provides an opportunity
to create value and reduce environmental liability, and is
potentially one way the industry can improve sustainability
(Golev 2016; Figure 21).

New mining and waste technologies

The technologies for processing minerals have not
changed significantly over the last century, driven largely
by throughput and economics. However, as the industry
moves into processing more complex, lower-grade ores and
environmental standards increase, new technologies are

Bioleaching

Bioleaching, using microorganisms, can be an effective
technology for metal extraction. It has been used in the
recovery of copper, uranium and gold from sulphide
minerals and applications are expanding. The key
organisms come from the genus Acidithiobacillus. They
derive their energy by oxidizing naturally occurring sulphur
and sulphide compounds to generate sulphuric acid.
As the process takes place at atmospheric pressure and
low temperatures, there is also the potential to reduce
operational costs and energy requirements compared to
conventional methods (Beolchini et al. 2013; Watling 2015).
Alkaline bioleaching, using alkalophilic microorganisms
such as Burkholderia sp. (Hu et al. 2016; Ramanathan and
Ting 2016a; Ramanathan and Ting 2016b; Yang et al. 2016),
have been shown to recover metal ores. While anaerobic
bacterium, Clostridium sp., has been exploited to pretreat
and stabilize radioactive contaminated wastes and mineral
tailings (Francis et al. 1994, Black 2011). Bioleaching also
has potential for use in re-mining and detoxification of
tailings and soil contaminated with heavy metals.

emerging. These include the use of more benign leaching
reagents to improve recovery and reduce the transfer of toxins
with mine wastes (Alvarado-Macias et al. 2015; Anderson
2016). Technologies that improve the containment of
tailings, and lessen leaching and acid mine drainage are also
being developed. They include methods that reduce water
infiltration by decreasing the porosity of the tailings, systems

Smart sensors for monitoring

Smart sensors can be used to monitor conditions in
tailings storage facilities. They can provide early warning of
structural failures, monitor environmental compliance (air
and water), slope stability, water levels, discharge rates and
weather conditions. Traditionally, tailings storage facilities
have been monitored using manual measurements of
various parameters, such as pore water pressure and
embankment deformation. However, these occasional
measurements may not give adequate warning of rapidly
evolving problems. Automatic sensor networks, which
make it possible to continually monitor dams in real
time, provide a more robust indication of dam stability
and are becoming more common. In situ monitoring
systems include wires, optic cables or wireless networks
that obtain data from permanent sensors installed in the
dams. Automated monitoring can be used at active mine
sites as well as reclaimed or closed sites. Goldcorp has
recently installed a trial smart-monitoring system at their
closed Equity Silver mine in British Columbia, Canada.
At one of the three dams that contain the 120 hectares of
water-covered tailings, the company has installed a solar
power source, data loggers, radio monitoring stations,
an automated survey station, a weather station, digital
cameras and sensors to capture information on water
levels, pore water pressure and structural integrity of
the dam. Any incidents are automatically reported to the
relevant personnel (Goldcorp 2016).
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that neutralize the acidity of drainage water (e.g. successive
alkalinity-producing systems (SAPS)) and barrier systems.
Improving the quality of contaminated tailings and restoring
soils affected by acid mine drainage using biological, chemical,
electrokinetic and filtration methods are also being utilized to
improve rehabilitation (Schindler et al. 2017).

Re-thinking mine tailings

Mine wastes, including tailings and waste rocks, can be
defined as by-products of mining, mineral processing and
metallurgical extraction. They are unwanted, have no current
economic value and accumulate at mine sites (Lottermoser
2010). However, some tailings and waste rocks may have
an immediate use (Table 5) and this has been recognized
since mining and smelting operations first began. For
example, European miners in the sixteenth century already
reprocessed existing tailings to extract leftover ore minerals.
Additionally, the reuse of slag can be traced back to historic
times, when the Romans used iron slag in construction,
road surfacing and as a flux in the production of iron. Thus,
the concept of waste as a resource is not new to the modern

world. Humanity has always pursued mine waste recycling
(i-e. the extraction of new value-material and/or conversion
of waste to value-added products) and reuse (i.e. the new,
beneficial use or application of waste). Yesterday’s waste can
become today’s resource.

Scientists have important contributions to make by
providing the knowledge necessary for the identification
of cost-effective reuse and recycling options that can be
adopted by industry, and for rational decision-making
in critical areas such as waste recycling and reuse. The
most pressing challenge facing scientists working on
the recycling and reuse of tailings and waste rock is the
quantification and distribution of resource ingredients and
the environmentally significant elements in these waste
products. We must accurately describe mine tailings and
waste rock, and understand their properties and processes
as well as their short- and long-term behaviour (Lottermoser
2017; Edraki 2014). Unfortunately, many modern concepts
of reuse and recycling of tailings and waste rock have
remained ideas, theoretical designs or laboratory trials
without wider application. These concepts have not been

Reuse and recycling possibilities for tailings and waste rock

Tailings Reprocessing to extract minerals and metals;

Waste reduction through targeted extraction of valuable minerals during processing;
Sand-rich tailings mixed with cement used as backfill in underground mines;
Clay-rich tailings used as an amendment to sandy soils and for the manufacturing of bricks, cement, floor tiles,

sanitary ware and porcelains;

Manganese-rich tailings used in agro-forestry, building and construction materials, coatings, cast resin products,

glass, ceramics and glazes;
Bauxite tailings used as sources of alum;

Cupper-rich tailings used as extenders for paints;

Iron-rich tailings mixed with fly ash and sewage sludge for lightweight ceramics;
Energy recovery from compost - coal tailings mixtures;

Phlogopite-rich tailings for sewage treatment;

Phosphate-rich tailings for the extraction of phosphoric acid;
Ultramafic tailings for the production of glass and rock wool;
Carbon dioxide sequestration in ultramafic tailings and waste rocks.

Waste rock Source of minerals and metals;

Backfill for open voids;
Landscaping material;
Capping material for waste repositories;
Substrate for revegetation at mine sites;

Aggregate in embankment, road, pavement, foundation and building construction;

Asphalt component;
Feedstock for cement and concrete;

Sulphidic waste rock used as soil additive to neutralize infertile alkaline agricultural soils.

(criD)

Source: Lottermoser 2011

Table 5. Reuse and recycling possibilities for tailings and waste rocks (Lottermoser 2011)
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Capturing and generating value from mine tailings

Waste treatment Description

@ Extracting more from tailings

Ale Using tailings in new
products
Upcycling

Finding on-site alternatives
to long-term storage

Downcycling

Griv)

Examples Value

@ Provides additional income-
generation stream

@ Reduces loss of valuable
material

® Recovery of additional
IEET

® Reduces mine footprint

Limits potential for future
recovery

Generates savings on site
remediation

The use of mine waste for
site remediation

Source: Golev 2016

Figure 21. Capturing and generating value from mine tailings (adapted from Golev 2016)

taken up by industry because poor economics, resistance to
change and budget priorities have prevented their evaluation
and application in the real world. To this day, the recycling
and reuse of tailings and waste rock is largely driven by their
practical applications and financial returns. However, there
is a clear business case for the reuse and recycling of mine
tailings and waste rock to achieve zero-waste mining.

New solutions to waste production and disposal are required
if we are to reduce waste and achieve the zero-failure
objective. Stakeholders need to work collaboratively to ensure
that potential and innovative solutions are applied at the mine
design phase. Finally, the regulator should use its tax and
legal options to make it more profitable for companies to use
mine tailings and waste rock for other purposes.

-y
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—
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Potential utilization of bauxite residue

As storage, remediation, rehabilitation and monitoring costs
rise, and land space is increasingly at a premium, there is a
growing interest in finding ways to profitably utilize bauxite
residue. There have been numerous patents and trials and
some applications have been commercialized, but matching the
tonnage arising annually with possible commercial application
has been, and continues to be, a major challenge. In many
cases the possible use involves replacing another low-cost raw
material, so while the concept may be technically feasible, the
costs cannot be justified. Significant barriers include distance
to market (especially for high volume-low value applications),
chemical and physical characteristics, resistance to change by
market incumbents and, in some cases, impeding regulations.

The possible uses for bauxite residue fall into various categories:
extracting some of the components (e.g. iron or rare-earth
elements); using it as a source of a particular component (e.g.
iron and alumina in cement); using the material for a specific
characteristic (e.g. colour); using it as a construction material
(e.g. bricks, tiles, aggregate, blocks, wood substitute); or using
it as a bulk impermeable material for covering landfill. The
majority of patents filed have involved bauxite residue being
used in construction, building and agricultural industries.
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The main application areas that have been evaluated include:

Cement production: Work on using bauxite residue in Portland
cement has been under way for over 75 years. Substantial
quantities of residue have been used in cement production in
Greece, Russia and China.

Road construction: When dewatered, compacted and mixed
with a suitable binder, bauxite residue makes a good road-
building material. Trials have been carried out successfully in
France, Australia and Jamaica.

Brick production: Mixtures of bauxite residue with clay, shale,
sand and fly ash have been proposed and evaluated by groups
in Jamaica, Sardinia, Hungary and Sardinia. Roof tiles have
been manufactured from residue in Turkey.

Soil amelioration: Addition of bauxite residue to acidic and sandy
soils can be beneficial in many ways and considerable work in
this area has been undertaken in Western Australia. The additions
imparted improved water retention and nutrient-utilization ability.
Though the use of red-mud waste has been controversial with
farmers concerned about pollution and toxicity.

Iron production: The high iron content of bauxite residue (up
to 60 per cent) has prompted a lot of activity and experimental
work. Many methods have been proposed but all are currently
uncompetitive with high-quality iron ore sources.

Acid mine drainage and heavy-metal absorption: The ability
of residues to react with heavy metals has been examined by
several groups around the world, including in Italy, Australia
and Korea.

Phosphate removal: Partially neutralized residue has been
shown to be effective in removing phosphate from treated
sewage water.

Pigments and catalyst manufacture: The high iron content and
finely divided nature of residue has generated interest in it as
a pigment. Considerable interest has also been shown in the
ability of bauxite residue to act as a low-cost, high-surface area,
“disposable”, iron oxide and titania catalyst.

Wood substitute: Good results have been achieved using
bauxite residue with natural fibre and polyester resin to make
a wood substitute product for building applications. Products
with high strength, and good water resistance, weatherability
and fire resistance have been obtained.

Geopolymers: The potential for bauxite residue to be used in the
production of geopolymers as a substitute for ordinary Portland



cement has been studied for many years, and attempts have
been made to render it a sustainable commercial proposition.

Extraction of rare-earth and other metals: Strongly growing
markets and the very high prices in recent years for certain
rare-earth elements has reawakened interest in their extraction
from bauxite residue. Light and heavy rare-earth metals (e.g.
lanthanum, cerium, neodymium, praseodymium, terbium,
etc.) plus scandium and yttrium are among the elements
of interest.

The global ambition for more efficient use of resources
has led to increased efforts in looking into uses of bauxite
residue over the past few years. Increased enthusiasm from
industry, more university activities and the contribution of
funds from organizations such as the European Union has

=
x

Construction using bricks made from residue

led to greater cooperation between industry and academia.
Under the Horizon 2020 initiative, the European Union is
funding substantial research programmes on the recovery
of materials from and the utilization of bauxite residue. The
Zero-Waste Valorisation of Bauxite Residue project is focusing
on the extraction of iron, aluminium, titanium and rare-earth
elements, and the production of new building materials.
A European Innovation Partnership — Bauxite Residue and
Aluminium Valorisation Operations (BRAVO) - has also
been formed to bring together industry, researchers and
stakeholders to explore the best available technologies for
recovering critical raw materials (BRAVO 2017). The Alumina
Technology Roadmap (2010) has a strategic goal of 20 per cent
reuse by 2025 and the Chinese government a target of 25 per
cent. Research and development investment continues in the
search for application breakthroughs.
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Driving forces for tailings management

The 2001 ICOLD report and subsequent research have illustrated that both chronic
and catastrophic tailings storage-facility failures are preventable — caused not by a
lack of technical knowledge but by management failures. As demonstrated by the
Mount Polley and Samarco case studies, even failures relating to natural events,
such as rainfall or earthquakes, or technical faults such as overtopping can reflect a
flawed design or management failure. Acknowledging that technical solutions are
site-specific, the driving forces identified below relate to management approaches
that frequently contribute to technical failures.

Stakeholder risk and reward ratios

As identified in chapter 5, the various stakeholders in a mining
project are exposed to different risks and experience different
degrees of benefit from and control over the operation. The
interests of shareholders are generally prioritized and do
not account for the potential losses that could result from a
failure. This has the potential to produce poorer outcomes for
other stakeholders. The McArthur River mine in the Northern
Territory of Australia provides a salient example (Mudd
2010). There, successive mine expansions have led to chronic

leaching of acid, metals and salts from the tailings storage
facility and waste rock dump, causing tailings storage-facility
fires and contamination of the local river system. With a
series of government approved mine expansions overlooking
or undervaluing the cultural and environmental values
identified by local indigenous communities.

An international industry with local impact
Many of the essential decisions that govern tailings storage-
facility performance may be made by remote decision makers

The mouth of the Doce River on the Atlantic coast — the tailings plume five days after the Samarco disaster.
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A conceptual model for calculating the net present value of mine closure

Capital cost of mine

closure

[million dollars]
1000 o _

o Operating life of mine Post-closure of mine
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500 > $45 million

400 2% discount applied to $100 million
closure, equates to $45 million in net

300 present value

AL Cumulative cost of post-closure - $100 million
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7% discount applied to $100 million closure, equates to $6.7 million in net present value (6 riD)

Figure 22. A conceptual model of net present value of closure costs and perpetual mine management

who have little or no exposure to any long-term risks. For
example, key decision makers may live off-site in company
home countries or only work on the project for a limited
period. This can lead to a focus on a narrow range of factors,
such as declining ore grades, commodity price fluctuations
and pressure for higher shareholder returns. In contrast,
those most at risk from waste management failures live
near or downstream from the mines, often over successive
generations, and have little influence over the design,
regulation and management of tailings storage facilities.
These communities stand to lose much more than their
investment if a failure or major pollution incident occurs.

Project feasibility

The mining industry uses a combination of metrics such as
the internal rate of return (IRR), return on investment (ROI),
or net present value (NPV) to assess the viability of a mine in
the context of feasibility assessments. All of these tools assess
the financial profitability of the mine from a shareholder’s
perspective. The concern is that they may not fully recognize
the overall value of a project, as they concentrate on the cost of
development for mine owners and do not necessarily take into
account the cost to the community or the true end-of-mine
costs. Unfortunately, this approach can leave governments,
communities and the environment exposed to the impacts
of mines designed to be funded and approved, rather than
closed and maintained successfully.

Of the three metrics, net present value and the application
of discounting to future costs is the most relevant to mine
closure and the ongoing, safe storage of mine waste and
tailings. Applying net present value enables proponents

to discount the value of future costs by a percentage every
year, reducing future costs to an insignificant amount at the
development stage. For example, see the reduction of costs
from $100 million to $6.7 million illustrated in Figure 22
above. This means that the cost of managing a tailings storage
facility in 40 years time is of minimal relevance to project
design and feasibility.

Currently when determining net present value, the
environmental and social costs are generally discounted at the
same rate as other costs. A better approach might be to apply
dual discounting, where environmental and social costs are
treated separately from other costs, with the lower discount
rate more accurately capturing the non-financial impacts of
closure on communities. This reduces the discount applied to
future costs, increasing the relevance of future costs to project
planning and viability. As illustrated in Figure 21, applying
a dual discount rate of 2 per cent increases the present
cost to $45 million. This method results in a more accurate
sustainable cost-benefit analysis (Kula and Evans 2011). The
2008 ICMM report, in discussing the closure costs for mines,
recognized the flaws in feasibility assessments, noting orders
of magnitude errors and the lack of incentive for proponents
to clearly identify closure costs, of which safely storing mine
waste is a major component.

Financial assurance

While in most countries, there are some financial assurance
requirements for reclamation and closure, there are no
financial assurance requirements for catastrophic failure. If
a catastrophic failure occurs, either the operator must be able
to provide financial compensation, and/or that responsibility
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falls to government. If neither is able to provide compensation,
then the environmental and social costs fall on those who live
near the mine. A revised scheme could help address the risks
to and vulnerability of affected communities, such as those
downstream of the Marindique dam disaster, for whom no
satisfactory or equitable compensation system exists.

Similarly, the financial liability of long-term or perpetual
management of legacy sites has concerned the industry for
many years, with two significant reports from the ICMM on
financial assurance and integrated closure planning (Miller
2005; ICMM 2006). Further work by Kempton (2010) outlines
the diverse management issues and potential for hundreds of
years of management for problems like acid mine drainage,
or thousands of years for radioactive mine tailings. These are
potential liabilities with a longevity greater than many of our
financial institutions. If long-term management was adequately
costed, the required financial assurance could help incentivize
innovation in mine design and tailings management.

Changes to financial assurance are required for both dam
failures and long-term management. While management
could be improved with more accurate project assessment
and costings (see above) a compensatory mechanism is
required to address failures. The oil industry compensation
fund for accidents provides a model which could be applied to
the mining industry.

Regulators

Regulations governing mining operations are specific
to national and jurisdictional regulations and local
circumstances. While their variation precludes an extensive
review in this report, given that regulatory failures and
inadequacies contribute to tailings dam failures (Golder and
Associates 2016), an international regulatory systems review
would be beneficial in improving tailings management.
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Tailings Dam failures are a shared responsibility, caused
as much by regulatory as management failure. In cases of
catastrophic failures, the regulatory system has failed to
ensure good design, and to implement, monitor and enforce
adequate standards. As ICOLD determined, these failures are
frequently human-caused. Regulatory systems with multiple,
independent checks are required to ensure standards and
detect impending failures.

A regulatory system, for example, should cover the civil works,
environmental performance and risk calculations associated
with tailings storage facilities. They should also stipulate
financial requirements for perpetual management of waste or
a requirement for rehabilitation to a level that enables the site
to be safely relinquished for reuse for non-mining purposes.
While the practical requirements for mine waste planning,
treatment, storage, monitoring and management are highly
specific to the mine location, some higher-level issues are
widely applicable. Figure 23 illustrates an evolution of tailings
management, from proponent-driven to a gradual increase in
regulations for a more inclusive approach that would reduce
risk for all stakeholders.

The issue of regulation remains a sensitive one for the
industry. The recommendations in the 2001 ICOLD report
concentrated on industry responses, such as increased
professionalism, more studies and planning, skilled audits
and better monitoring — the basic premise being that as
poor management was the cause of most failures, better
management would be the solution. The UN Environment
view, expressed in the same report, more clearly addresses
the need for effective regulation to improve waste
management, stating “the major driving force in reducing
the number of tailings dam incidents is ... the adoption of
regulations that require regular independent auditing...”
(ICOLD 2001, p. 56).

After the Samarco failure, the ICMM conducted a review
of tailings management (Golder and Associates 20106)
and issued a position statement and tailings management
framework (ICMM 2016). While identifying owners and
operators as those responsible for tailings safety, the review
found that most companies have guidance documents that
meet or go beyond good practice. Although the position
statement represented a significant step-up in leadership
and commitment, it again suggested that improvements in
management, and more specifically design, construction,
supervision and auditing would prevent failures. While
the importance of assurance was recognized, the absence
of a role for regulation in the position statement was stark
and perhaps indicated the industry’s preference for self- or
voluntary regulation. Whether this reflects the ICMM’s
general preference for self-regulation (Dashwood 2012), or a
specific belief that more robust regulations are not required to
resolve tailings dam failures, is unclear.



Others see a much clearer role for regulation. For example, the
2016 United Nation Development Programme recommends
the incorporation of all relevant sustainable development
goals (of the 17 defined SDGs) into mining regulations,
while Dashwood (2014) suggests that the mining industry
would accept a higher global standard to ensure certainty
and consistency across operations. Certainly, implementing
global standards that do incorporate wider aspects of human
development could help overcome past regulatory failures.
Such an approach is reflected in the recommendations of de
Oliveira Neves et al. (2016), derived from the Samarco disaster,
which emphasize rigorous licensing procedures, protection
of ecosystems, regional planning, internalization of negative
externalities, increased tax rates and royalties and diversification
— all dependent on a strong, holistic regulatory approach.

While tailings dam failures are more common at active
sites (IEEIRP 2015; Strachan and Goodwin 2015; Rico et al.
2008), chronic problems arising from legacy sites have been

well known for many years (Lyon 1993). Less publicized
is the high rate of unplanned closures of mine sites. For
example, in Australia this occurs at 75 per cent of mine sites
(Laurence 2006, 2011). These unclosed or poorly closed
sites may require long-term or perpetual management, with
the risk of failure and maintenance costs potentially borne
by local communities and authorities. In contrast, properly
planned and implemented closure and remediation can have
significant environmental and social benefits — one example
is the Phoenix #5 surface coal mine in West Virginia, US.
The site received a US Office of Surface Mining award for
reforestation and reclamation (WV Coal 2017).

More female involvement to accelerate
improvements in tailings dam safety

A lack of diversity on company boards may encourage
groupthink and result in underestimation of the costs and
risks of externalities. The latest “Mining for Talent” study,
commissioned by Women in Mining UK (PwC 2015) found
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that companies gain significantly from increased female
representation on boards. The benefits include better overall
financial performance, increased disclosure and transparency
for environmental, social and governance performance and a
greater adherence to global standards. Having more women
in leadership positions may go some way to ensuring there
is greater consideration of risks to the community and
environment from tailings dam failures. The Mining for
Talent study also found that while the mining industry had
almost the lowest number of women on company boards of
any industry group worldwide (only marginally ahead of the
oil industry), a positive trend in female board representation
was occurring.

Policies and practices

In addition to national regulatory regimes there are some

guidelines, reporting instruments, global agreements and

soft law initiatives that should influence mine tailings

management. Many were referenced when the ICMM

benchmarked their 10 principles for sustainable development

(which member companies are required to implement)

against the 1992 Rio Declaration (ICMM 2o015). They include:

« Global Reporting Initiative

« Mining Association of Canada Tailings Guidelines

« The OECD Guidelines for Multinational Enterprises

« The OECD Convention on Combating Bribery of Foreign
Public Officials in International Business Transactions

+ The International Finance Corporation’s Environmental
and Social Performance Standards

« International Labour Organization Conventions

« The Voluntary Principles on Human Rights and Security

« Equator Principles

While there is evidently a role for industry policies to
become a driver of better tailings management, it is difficult
to determine what effect these guidelines and company
policies are having on waste management practices without
a comprehensive assessment. Undoubtedly, there are good
examples of best practice and harm reduction, but these are
overshadowed by industry failures. Greater transparency of
what these initiatives have achieved would help encourage
adoption and build community confidence.

The Samarco tragedy, which helped prompt this assessment,
demonstrates that despite these positive initiatives, more
progress is needed to prevent tailings dam failures. The
Samarco mine is owned by two of the world’s largest and
most profitable mining companies, BHP Billiton and Vale SA.
BHP Billiton is a long-term member of the ICMM, while Vale
SA, who were not a member at the time of the accident, have
recently re-joined. The inability of these industry giants, with
their vast experience and expertise, to safely manage tailings
demonstrates both how difficult tailings management is and
the inadequacy of these initiatives in changing our approach
to mine tailings.
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European Union mining waste regulation

The European Union has multiple legal instruments to
regulate waste including mining waste, promoting safety
and sustainability (Figure 24). In addition to general
industrial regulation, specific legislation includes the
Mining Waste Directive, which details the requirements
for the safe management of extractive waste, including
proper characterization of the waste, provision of financial
guarantees, emergency plans, a policy for prevention of
major accidents and the development of safety management
systems for operations where there is a risk to public health
or the environment (Twardowska et al. 2010).

The European Commission, Member States, the mining
industry and stakeholders have progressively built up
this regulatory framework, starting with publication of
a Best Available Techniques reference document for the
management of tailings and waste rock in 2004 (currently
under revision), adoption of the Mining Waste Directive in
2006 and a series of supporting Commission Decisions
and guidance documents from 2009 to 2012. Recognizing
that innovation is the indispensable and fundamental
basis of growth in the European Union, a European
Innovation Partnership on Raw Materials was launched at
the end of 2012, to bring together raw-material suppliers
and raw-material users and to ensure that innovations
with a societal benefit get to market more quickly (Allard
et al. 2013).

The European Union also has applicable rules regarding
water protection, nature protection, environmental impact
assessment, major industrial accidents, environmental
liability and health and safety. It has been suggested that
this robust legislation could provide a model for other
countries to emulate (Allard et al. 2013; Scannell 2012).
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Opportunities for better tailings management

The prevention of a tailings dam disasters is an ambitious, but challenging goal.
A goal made more difficult by the cyclical, competitive and international nature
of the mining industry. Although ICOLD (2001) provided recommendations for
change, which have, in many jurisdictions, improved tailings management, the
industry has not yet achieved a zero-failure rate.

The approach to tailings storage-facility design, construction
and management must place safety as the number one
priority. Failure to implement change, coupled with the reality
of declining ore grades and consequent increasing waste
volumes, will inevitably lead to more catastrophic failures with
more deaths, human suffering and environmental destruction.

This report makes two recommendations and identifies
actions to improve regulation and practice, and inform the
UN Environment stakeholder forum.

Recommendation 1. The approach to tailings storage
facilities must place safety first, by making environmental and
human safety a priority in management actions and on-the-
ground operations. Regulators, industry and communities
should adopt a shared zero-failure objective to tailings
storage facilities where “safety attributes should be evaluated
separately from economic considerations, and cost should
not be the determining factor”. (Mount Polley expert panel,

2015, p. 125)

Recommendation 2. Establish a UN Environment
stakeholder forum to facilitate international strengthening of
tailings dam regulation.

The actions below are contained in the 2001 ICOLD report
or have been drawn from subsequent academic research,
industry reports and post-failure investigations that identify
the scale, predictability and drivers of tailings dam failures.

Action 1. Facilitate international cooperation on mining
regulation and the safe storage of mine tailings through a
knowledge hub

a) Create and fund an accessible public-interest, global database
of mine sites, tailings storage facilities and research.

b) Fund research into mine tailings storage failures and
management of active, inactive and abandoned mine sites.

c) Compile and review existing regulations and best practice
guidance.

Industrial mining is a complex, globalized enterprise with
the many disaggregated stakeholders exhibiting high levels of

inter- and intra-variability. States have different approaches to
regulation and enforcement, while companies make different
commitments to public safety and shared benefits. These
factors can be further complicated by global inequalities and
asymmetries of power, knowledge, resources and influence
that, combined with high financial flows, can create the
conditions for corruption and poor regulation. These local
and global realities make international cooperation essential
in overcoming the voluntary, incremental and site-specific
factors that restrict tailings reform.

The international cooperation and coordination that comes
with a global agreement could ensure a firm, universal
commitment to eliminating tailings storage-facility failures
and could provide the impetus for countries to learn
from each other, and agree on rather than bargain away
essential protections. Such an agreement could assist in
overcoming obstacles posed by a lack of research and data
sharing, by supporting a freely accessible international
database and comprehensive research programme. With the
acknowledgement that some tailings storage failures are never
adequately addressed, a global agreement could provide the
necessary structure for an international system of financial
assurance to protect states from disaster and default.

Action 2. Failure prevention

d) Expand mining regulations, including tailings storage,
independent monitoring and the enforcement of financial
and criminal sanctions for non-compliance.

e) Regularly publish disaster management plans that relate
to local and regional circumstances and planning.

f) Increase gender diversity on company boards, and include
local representatives and skill sets focusing on community
engagement, ethics, social and environmental impact.

g) Establish independent waste-review boards to conduct
and publish independent technical reviews prior to,
during construction or modification and throughout
tailings storage-facility lifespan.

h) Avoid dam construction methods known to be high risk.

i) Ensure any project assessment or expansion publishes
all externalized costs, with an independent life-of-mine
sustainability cost-benefit analysis.
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i) Require detailed and ongoing evaluations of potential
failure modes, residual risks and perpetual management
costs of tailings storage facilities.

k) Enforce mandatory financial securities for life of the
mine (includes post-closure).

1) Ban or commit to not use riverine tailings disposal. Adopt
a presumption against the use of submarine tailings
disposal, water covers on tailings dams and the use of
upstream and cascading tailings dams unless justified by
independent review.

Under an international agreement, authorities would be
encouraged to adopt regulations to ensure failure prevention.
Such a system would provide certainty and inspire
industry confidence in the regulatory system, supporting
companies who want to innovate and adopt best practice
and new technologies. It could also reward transparency
and best practices in assessing projects against proponents’
established reputation and against practices around the world.
While approaches will vary between jurisdictions, and in
acknowledging and leaving the specificity of technical matters
to regulatory authorities, action two identifies a number of
core elements that should apply across the board.

Of these actions, the role that financial tools and instruments
play is perhaps the least well known in the wider community.
The problems created by the failure to recognize future costs
and the future discounting of externalized impacts and risks
can be partially overcome by dual discounting for future social
and environmental liabilities and by a separate assessment of
project value. Rather than being limited to investor returns,
this would consider social financial returns, non-financial
values, other potential land uses and perpetual management
costs. Such an assessment would be independent of the
proponent and would enable a decision to be made on
whether the project would produce an adequate return for
the risks and impacts to the environment, local communities,
governments and future generations.
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Agreement on which practices are inherently unsafe
would provide greater certainty to all stakeholders.
Increased transparency and responsibility are also vital,
with independently reviewed and frequently updated risk
assessments and disaster management plans made in
conjunction with and available to local stakeholders. In
addition to greater financial securities, director liability of
operator and parent companies would encourage more active
management of and responsibility for risk. Balancing this,
regulators should encourage best practice and incentivize
better tailings management, reuse and recycling, and the
re-mining of older mine sites or waste streams.

Lastly, effective regulation relies on well-resourced regulatory
authorities, which are able to attract and retain expert personnel
in policy formation, monitoring and enforcement. This
challenge, which could be examined by the knowledge hub,
must be overcome if industry, regulators and other stakeholders
are to have access to the expert advice and services they require.

Action 3. Crisis response

m) Establish a global financial assurance system for mine
sites to ensure rehabilitation, tailings management and
monitoring.

n) Fund a global insurance pool to address any unmet
liabilities from major tailings dam failures on local
communities.

Tailings dam failures create crises for a number of stakeholders,
who are often unprotected and lack the resources or capacity
to move on from or overcome the impact of a disaster. A
financial assurance system would provide resources to
address the impacts of failure with adequate funds for site
clean-up and remediation. While an insurance pool would
provide compensation for affected stakeholders, particularly
local and downstream communities and incentivize the
industry to reduce the number of failures.



References

AER (2017). Alberta Energy Regulator, Mine Financial Security
Program https://www.aer.ca/abandonment-and-reclamation/liability-
management/mfsp (Accessed May 2017).

AER (2016). Directive 085: Fluid Tailings Management for Oil
Sands Mining Projects http://www.aer.ca/documents/directives/
Directiveo85.pdf (Accessed May 2017).

Alfthan, B., Semernya, L., Ramola, A., Adler, C., Pefiaranda, L.F.,
Andresen, M., Rucevska, 1., Jurek, M., Schoolmeester, T., Baker, E.,
Hauer, W. and Memon, M. (2016). Waste Management Outlook for
Mountain Regions — Sources and Solutions. UNEP, GRID-Arendal and
ISWA.

Allard, B., Andrusikiewicz, W., Bickstrém, M., Bilstad, T., Cala, M.,
Cholewa, M., Drielsma, ., Galos, K., Gehér, S., Karu, V. and Kotarska,
I, (2013). Mining waste management in the Baltic Sea Region:
Min-Novation project.

Alumina Technology Roadmap (2010) World Aluminium http://www.
world-aluminium.org/media/filer_public/2013/01/15/floooo422.pdf
(Accessed August 2017)

Alvarado-Macias, G., Fuentes-Aceituno, J.C. and Nava-Alonso, F. (2015).
Silver leaching with the thiosulfate-nitrite-sulfite-copper alternative
system. Hydrometallurgy, 152: pp. 120-128.

Amnesty International (2017). The Human Rights Impacts of The Mount
Polley Mine Disaster, British Columbia, Canada https://www.amnesty.
ca/sites/amnesty/files/FINAL_May%2024_Mount%2oPolley%20
briefing.pdf (Accessed October 2017).

Anderson, C.G. (2016). Alkaline sulfide gold leaching kinetics. Minerals
Engineering, 92: pp. 248-256.

Armbruster, S. (2016). Major tailings dam spill at Solomon Islands
‘disaster’ gold mine. SBS News. http://www.sbs.com.au/news/
article/2016/04/08 /major-tailings-dam-spill-solomon-islands-
disaster-gold-mine (Accessed February 2017).

Bear, S., Rahaman, N. and Post, C., (2010). The Impact of Board Diversity
and Gender Composition on Corporate Social Responsibility and Firm
Reputation. Journal of Business Ethics, Vol. 97, No. 2 (December
2010), 207-221.

Bennagen, M.E. (1998). Estimation of environmental damages from
mining pollution: the Marinduque mining accident. EEPSEA research
report series. Singapore: economy and environment program for
Southeast Asia.

Beolchini, F., Fonti, V., Rocchetti, L., Saraceni, G., Pietrangeli, B.
and DellAnno, A. (2013). Chemical and biological strategies for
the mobilisation of metals/semi-metals in contaminated dredged
sediments: experimental analysis and environmental impact
assessment. Chemistry and Ecology, 29(5): pp. 415-426.

BIO Intelligence Service et al. (2012). Study to explore the feasibility of
creating a fund to cover environmental liability and losses occurring
from industrial accidents, Final report prepared for European
Commission, DG ENV.

Black, G. (2011) ‘Uranium-eating’ bacteria to clean-up radioactive sites |
COSMOS magazine.” COSMOS magazine | The science of everything.
N.p., n.d. Web. 9 Nov. 2011.)

BMTF (Baia Mare Task Force) (2000). Report of the International Task
Force for Assessing the Baia Mare Accident. http://viso.jrc.ec.europa.
eu/pecomines_ext/docs/bmtf_report.pdf (Assessed May 2017)

Bowker, L.N. and Chambers, D.M. (2015). The Risk, Public Liability, &
Economics of Tailings Storage Facility Failures. Earthwork Act.

Bowker, L.N. and Chambers, D.M. (2016). Root Causes of Tailings
Dam Overtopping: The Economics of Risk & Consequence. 2nd
International Seminar on Dam Protection Against Overtopping. Ft.
Collins, Colorado, USA, 7-9 September 2016.

Buxton, A. (2012). MMSD+ 10: Reflecting on a decade of mining and
sustainable development. London, UK: International Institute for
Environment and Development. Available online at: http://pubs.iied.
org/1604111ED/.

BRAVO 2017 Bauxite Residue and Aluminium Valorisation Operations
http://bravoeip.eu/ (Accessed August 2017)

Campanella, F., Govi M., Maione V., Margaritora G., Praturlon A. (1989).
Dalla relazione della Commissione tecnico-amministrativa di inchiesta
nominata dal Consiglio dei Ministri. In: Calvino F. (ed) La strage di
Stava negli interventi della parte civile alternativa, un processo alla
speculazione industriale. Mezzocorona, Trento, Appendice I, pp.
179-191.

Cardoso, A. (2015). Behind the life cycle of coal: Socio-environmental
liabilities of coal mining in Cesar, Colombia. Ecological Economics,
120, pp. 71-82.

Centemeri, L. (2015). Reframing Problems of Incommensurability
in Environmental Conflicts Through Pragmatic Sociology: From
Value Pluralism to the Plurality of Modes of Engagement with the
Environment. ENVIRONMENTAL VALUES, 24(3), pp. 299-320.

Center for Science in Public Participation (2017) http://www.csp2.org/

Chambers D. (2012). Long Term Risk of Releasing Potentially Acid
Producing Waste Due to Tailings Dam Failure, gth International
Conference on Acid Rock Drainage (ICARD), May 23, 2012, Ottawa
ON, Canada.

Chambers, D. (2016). Tailings dam failures 1915-2016. http://www.csp2.
org/tsf-failures-1915-2016 (Accessed May 2017)

Chen, F., Yao, Q. and Tian, J., 2016. Review of ecological restoration
technology for mine tailings in China. Engineering Review, 36(2),
Pp.II5-I21.

http://er.riteh.hr/index.php/ER/article/view/578 (Accessed July 2017)

Coumans, C. (1999). Boac Tragedy Aftermath. Marinduque’s other toxic
river. Philippines Centre for Investigative Jounalism. http://pcij.org/
stories/marinduques-other-toxic-river/ (Accessed May 2017).

Cryderman, K. (2017). Estimated clean-up costs for Alberta’s mines jumps
to $23.2- billion. The Globe and Mail. https://www.theglobeandmail.
com/report-on-business/industry-news/energy-and-resources/
estimated-cleanup-costs-for-albertas-mines-jumps-to-232-billion/
article34912511/ (Accessed June 2017).

Dashwood, H. S. (2012). The rise of global corporate social responsibility:
Mining and the spread of global norms. Cambridge, UK: Cambridge
University Press.

Dashwood, H. S. (2014). Sustainable Development and Industry Self-
Regulation: Developments in the Global Mining Sector. Business &
Society, 53(4), 551-582. doi:10.1177/0007650313475997

Davies, M. (2o11). Filtered dry stacked tailings: the fundamentals.
Proceedings of Tailings and Mine Waste 2011, Vancouver. Available
online at:  http://www.infomine.com/library/publications/docs/
davies2or1.pdf.

Davies, M.P. and Martin, T.E. (2000). “Upstream Constructed Tailings
Dams - A Review of the Basics”. In proceedings of Tailings and Mine
Waste ‘oo, Fort Collins, January, Balkema Publishers, pp. 3-15.

De Oliveira Neves, A.C., Nunes, F.P., de Carvalho, F.A. and Fernandes,
G.W. (20106). Neglect of ecosystems services by mining, and the worst
environmental disaster in Brazil. Natureza & Conservagio, 14(1), pp.
24-27.

Edraki, M., Baumgartl, T., Manlapig, E., Bradshaw, D., Franks, D.M. and
Moran, C.J., (2014). Designing mine tailings for better environmental,
social and economic outcomes: a review of alternative approaches.
Journal of cleaner production, 84, pp.411-420.

Energy Alberta (2017) Facts and Statistics. http://www.energy.alberta.ca/

65



OilSands/791.asp (Accessed May 2017).

EU (2000). Safe operation of mining activities: a follow-up to recent
mining accidents, Brussel, COM(2000) 664 of 10.23.2000 http://
reliefweb.int/report/hungary/safe-operation-mining-activities-follow-
recent-mining-accidents. (Accessed May 2017).

Fernandes, G.W., Goulart, F.F., Ranieri, B.D., Coelho, M.S., Dales, K.,
Boesche, N., Bustamante, M., Carvalho, F.A., Carvalho, D.C., Dirzo,
R., Fernandes, S., Galetti, P.M., Millan, V.E.G, Kielke, C., Ramirez, J.L.,
Neves, A., Rogass, C., Ribeiro, S.P., Scariot, A. and Soares-Filho, B.
(20106). Deep into the mud: ecological and socioeconomic impacts of
the dam breach in Mariana, Brazil. Natureza & Conservagio, 14(2), pp-
35-45.

FLSmidt (2017). pers. comms.

Francis, A. J., Dodge C.J., Lu, F., Halada G.P., and Clayton C.R. (1994).
XPS and XANES studies of uranium reduction by Clostridium sp.
Environ. Sci. and Technol. 28:636-639.

Franks, D.M., Boger, D.V., Céte, C.M., Mulligan, D.R. (2011). Sustainable
development principles for the disposal of mining and mineral
processing wastes. Resource Policy 36, pp. 114-122.

Franks, D. M., Davis, R., Bebbington, A. J., Ali, S. H., Kemp, D., &
Scurrah, M. (2014). Conflict translates environmental and social risk
into business costs. Proc Natl Acad Sci U S A, 111(21), 7576-7581.
doi:10.1073/pnas.1405135111

Garcia, L. C., Riberiro, D. B., de Oliveira Roqus, F., Ochoa-Quintero,
J. M. and Laurance, W. F. (2017). Brazil's worst mining disaster:
Corporations must be compelled to pay the actual environmental costs.
Ecological Applications, 27(1), pp. 5—9.

GESAMP (Group of Experts on the Scientific Aspects of Marine
Environmental Protection) (2015).

Scoping Paper on the Impacts of wastes and other matter in the marine
environment from mining operations. http://www.gesamp.org/data/
gesamp/files/media/ GESAMP_42/gallery_2288 /object_2558_large.
pdf

GFT (2015) Avaliacio dos efeitos e desdobramentos do rompimento da
Barragem de Funddo em Mariana-MG

http://www.agenciaminas.mg.gov.br/ckeditor_assets/attachments/770/
relatorio_final_ft_03_o2_2016_r5hsmin.pdf (Accessed August 2017).

Grupo da Forga-Tarefa (2016). Avaliac 3o dos efeitos e desdobramentos
dorompimento da Barragem de Fundio em Mariana-MG, http://www.
agenciaminas.mg.gov.br/ckeditor_assets/attachments/770/relatorio_
final_ft_o3_o2_2016_15hsmin.pdf (Accessed February 2017).

Golder and Associates (2016). Review of tailings management guidelines
and recommendations for improvement. International Council on
Mining and Metals (ICMM).

Goldcorp (2016). Tailings Monitoring Embraces Innovation. http://www.
goldcorp.com/English/blog/Blog-Details /2016 /Tailings-Monitoring-
Embraces-Innovation/default.aspx (Accessed March 2017).

Golev, A. (2016). The contribution of mining to the emerging circular
economy. Presented at Life-of-Mine 2016, Brisbane from 28-30
September 2016.

Grant, J., Huot M., Lemphers, N., Dyer, S, and Dow, M. (2013). Beneath
the Surface: a review of key facts in the oilsands debate. The Pembina
Institute. http://www.pembina.org/reports/beneath-the-surface-
oilsands-facts-201301.pdf

Grimalt, J.O., Ferrer, M. and Macpherson, E. (1999). The mine tailing
accident in Aznalcéllar. Science of the Total Environment, 242(1), pp.
3-11.

Hu, KJ., Wu, AX, Wang, HJ. and Wang, S.Y, (2016). A New
Heterotrophic Strain for Bioleaching of Low Grade Complex Copper
Ore. Minerals, 6(1).

Hudson-Edwards, K.A., Macklin, M.G., Jamieson, H.E., Brewer, P.A,,
Coulthard, T.J., Howard, A.]., et al. (2003). The impact of tailings
dam spills and clean-up operations on sediment and water quality in

66

river systems: the R 10s Agrio-Guadiamar, Aznalco llar, Spain. Appl.
Geochem. 18, pp. 221-239.

ICMM (20006). Integrated closure planning (pp. 6): International Council
on Mining and Metals.

ICMM. (2008). Planning for integrated closure: Toolkit. International
Council on Mining and Metals

ICMM (2015). ICMM 10 Principles https://www.icmm.com/en-gb/
about-us/member-commitments/icmm-10-principles (Accessed May
2017).

ICMM (2016). Position statement on preventing catastrophic failure
of tailings storage facilities Retrieved from http://www.icmm.com/
tailings-ps (Assessed June 2017)

ICMM. (2016a). The International Council on Mining and Metals 2016
Annual Review - Enhancing mining’s contribution to society. London,
UK

ICOLD (2001). Tailings Dams Risk of Dangerous Occurrences: Lessons
Learnt from Practical Experiences. Bulletin 121 (pp. 145). Paris, France:
International Commission on Large Dams (ICOLD).

IEEIRP (2015) Independent Expert Engineering Investigation and Review
Panel (2015). The Report on the Mount Polley Tailings Storage Facilities
Breach. Vancouver, Province of British Columbia.

Imperial Metals Corporation (2017) Imperial Metals Corporation v Knight
Piésold Ltd, Vancouver Law Courts, File #166102.

Jenkins, K. (2014). Women, mining and development: An emerging
research agenda. The Extractive Industries and Society, 1(2), 329-339.
Kemper, T., Sommer, S. (2002). Estimate of heavy metal contamination
in soils after a mining accident using reflectance spectroscopy.

Environmental Science and Technology 36, pp. 2742—2747.

Kempton, H., Bloomfield, T. A., Hanson, J. L., and Limerick, P. (2010).
Policy guidance for identifying and effectively managing perpetual
environmental impacts from new hardrock mines. Environmental
Science and Policy, 13(6), pp. 558-566.

Kinross Gold Corporation (2015). Fort Knox Mine Fairbanks North Star
Borough, Alaska, USA National Instrument 43-101 Technical Report,
John Sims, AIPG Certified Professional Geologist.

Kojo, I. and Huppe, H. (2011). Sustainable copper production processes
from mine to cathode copper: some process selection considerations,
Cleanmining, Ninth International Conference on Clean Technologies
for the Mining Industry.

Kossoff, D., Dubbin, W.E., Alfredsson, M., Edwards, S.J., Macklin,
M.G. and Hudson-Edwards, K.A., (2014). Mine tailings dams:
characteristics, failure, environmental impacts, and remediation.
Applied Geochemistry, 51, pp.229-245.

Kula, E. and Evans, D. (2011). Dual discounting in cost-benefit analysis
for environmental impacts. Environmental Impact Assessment
Review, 31(3), pp.180-186.

Lapointe (2017) Ugo Lapointe (MiningWatch Canada) v Mount Polley
Mining Corporation and Her Majesty the Queen in Right of British
Columbia, Williams Lake Law Courts, File #34472-1.

Laurence, D. (20006). Optimisation of the mine closure process. Journal
of Cleaner Production, 14(3-4), pp. 285-298.

Laurence, D. (2o11). Establishing a sustainable mining operation: an
overview. Journal of Cleaner Production, 19(2-3), pp. 278-284.

Li, Q., Zhang, H., and Li, G. (2017). Tailings Pond Life Cycle Safety
Management System. Geo-Resources Environment and Engineering
(GREE), 2, 95-100.

Liang, J. and Elias, D. (2010). Seismic Evaluation of Tailing Storage
Facility. Australian Earthquake Engineering Society 2010 Conference,
Perth, Western Australia

Lottermoser, B.G. (2010). Mine Wastes: Characterization, Treatment
and Environmental Impacts. Third edition. Springer-Verlag, Berlin
Heidelberg, 400 pp.

Lottermoser, B.G. (2011). Recycling, reuse and rehabilitation of mine



wastes. Elements 77: 403-408.

Lottermoser, B.G. (2017). Environmental Indicators in Metal Mining.
Springer Nature, Springer International Publishing Switzerland, 413
pp-

Louie (2017) Louie, Chief v Mount Polley Mining Corporation, Vancouver
Law Courts, File #167023.

LPSD (2016). Leading Practice Sustainable Development for the
Mining Industry Handbook Series. https://industry.gov.au/resource/
Documents/LPSDP/LPSDP-TailingsHandbook.pdf.

Lucas, C., (2001). Baia Mare and Baia Borsa Accidents: Cases of Severe
Transboundary Water Pollution. Envtl. Pol'y & L., 31, p.106.

Luino, F. and De Graff, J.V. (2012). The Stava mudflow of 19 July 1985
(Northern Italy): a disaster that effective regulation might have
prevented. Natural Hazards and Earth System Sciences, 12(4), p.1029.

Lyon, J.S., Bethell, T.N., and Hilliard, T.J. (1993). Burden of gilt: the legacy
of environmental damage from abandoned mines, and what America
can do about it. Washington, D.C.: Mineral Policy Center.

MAC (2011). A Guide to the Management of Tailings Facilities Second
Edition, 2011. The Mining Association of Canada.

Macdonald, I. and Southall, K. (2005). Mining ombudsman case report:
Marinduque island. Oxfam Australia.

Macklin, M.G., Brewer, P.A., Balteanu, D., Coulthard, TJ., Driga,
B., Howard, A.J. and Zaharia, S. (2003). The long term fate and
environmental significance of contaminant metals released by the
January and March 2000 mining tailings dam failures in Maramure
County, upper Tisa Basin, Romania. Appl. Geochem. 18, pp. 241-257.

Marquez Ferrando, R., Pleguezuelos, ].M., Santos, X., Ontiveros, D. and
Fernandez Cardenete, J.R. (2009). Recovering the Reptile Community
after the Mine Tailing Accident of Aznalcéllar (Southwestern Spain).
Restoration Ecology, 17(5), pp. 660-667.

Members of the Tl'esqox (2017) Members of the Tl'esqox (Toosey Indian
Band) v Amec Foster Wheeler Ameriques Limited, Vancouver Law
Courts, File #167087.

McLeod, H. and Murray, L. (2003). Tailings dam versus a water dam, what
is the design difference. In ICOLD Symposium on Major Challenges
in Tailings Dams (Vol. 15, p. 12).

McManus, P., Albrecht, G. and Graham, R. (2014). Psychoterratic
geographies of the Upper Hunter region, Australia. Geoforum, 51, pp.
58-65.

Miller, G. (2005). Financial Assurance for Mine Closure and Reclamation.
Report prepared for ICMM. https://www.icmm.com/website/
publications/pdfs/282.pdf (Accessed June 2017).

MMSD (2002). Mining Minerals and Sustainable Development. Breaking
New Ground, Vancouver.

Morgenstern, N.R., Vick, S.G., Viotti, C.B. and Watts, B.D. (2016). Fundao
Tailings Dam Review Panel. Report on the Immediate Causes of the
Failure of the Fundao Dam.

Mudd, G.M., (2007). Global trends in gold mining: Towards quantifying
environmental and resource sustainability. Resources Policy, 32(1),
Pp-42-56.

Mudd, G. (2016). The McArthur River project: the environmental case for
complete pit backfill Retrieved from Perth, Western Australia.

OAGBC (2016). An Audit of Compliance and Enforcement of the Mining
Sector. Auditor General of British Columbia, Canada.

Petticrew, E. L., Albers, S.J., Baldwin, S.A., Carmack, E.C., Déry, S.J.,
Gantner, N., Graves, K.E., Laval, B. Morrison, J., Owens, P.N., Selbie,
D.T.,, and Vagle, S. (2015). The impact of a catastrophic mine tailings
impoundment spill into one of North America’s largest fjord lakes:
Quesnel Lake, British Columbia, Canada, Geophysical Research
Letters, 42, pp. 3347-3355.

PwC (2015). Mining for Talent 2015 A review of women on boards in the
mining industry 2012-2015.

Ramanathan, T. and Ting, Y.P. (2016a). Alkaline bioleaching of municipal

solid waste incineration fly ash by autochthonous extremophiles.
Chemosphere, 160: 54-61.

Ramanathan, T. and Ting, Y.P. (2016b). Alkaline bioleaching of municipal
solid waste incineration fly ash by autochthonous extremophiles (vol.
160, pg 54, 2016). Chemosphere, 164: 692-692.

Rankin, W.]. (2015). Towards zero waste. AusIMM Bulletin, p. 32. https://
www.ausimmbulletin.com/feature/towards-zero-waste/ (Assessed
June 2017)

Rico, M., Benito, G., Salgueiro, A.R., Diez -Herrero, A. and Pereira,
H.G. (2008). Reported tailings dam failures: a review of the European
incidents in the worldwide context. J. Hazard. Mater. 152, pp. 846-852.

Roche, C. and Judd, S. (2016). Ground Truths: Taking Responsibility for
Australia’s Mining Legacies. Retrieved from Perth, Western Australia.

Salim, E. (2003). Striking a better balance: The World Bank Group and
extractive industries. The final report of the Extractive Industry Review.

Samarco (2015). Annual Sustainability Report 2014. http://www.samarco.
com/wp-content/uploads/2015/11/Anual-Sustainability-Report-20141.
pdf (Accessed February 2017).

Samarco (2015a) Funddo Dam Failure http://www.samarco.com/en/
rompimento-da-barragem-de-fundao/ (Accessed July 2017)

Sammarco, O. (2004). A tragic disaster caused by the failure of tailings
dams leads to the formation of the Stava 1985 Foundation. Mine Water
and the Environment, 23(2), pp. 91-95.

Scannell, Y. (2012). The regulation of mining and mining waste in the
European Union. Washington and Lee Journal of Energy, Climate, and
the Environment, 3(2), p.177.

Schindler, F., Merbold, L., Karlsson, S., Sprocati, A.R. and Kothe, E.
(2017). Seasonal change of microbial activity inmicrobially aided
bioremediation. Journal of Geochemical Exploration, 174: pp. 4-9.

Schoenberger, E. (2016). Environmentally sustainable mining: The case
of tailings storage facilities. Resources Policy 49, pp. 119—128.

SMA (2016). Environmental Forum 2016 Proceedings. Saskatchewan
Mining Association.

SNL (2016). Global Mining Information: SNL Metals and Mining’s
Metals Economics Group. (Accessed March 2017)

St'at'imc Chiefs Council (2017) on Behalf of the St'at'imc v Mount Polley
Mining Corporation, Vancouver Law Courts, File #167024.

Stava Foundation (198s5). http://www.stavar98s.it. (Accessed March
2017).

Strachan, C. and Goodwin, S. (2015). The Role of Water Management in
Tailings Dam Incidents. Proceedings Tailings and Mine Waste 2015
Vancouver, BC, October 26 to 28, 2015

Takahashi, T. (2007). Debris flows: Mechanics, prediction and
countermeasures. Rotterdam: Monograph, Balkema.

Taylor, S. (1999). ‘Boac Coastal Survey: Status of Mine Tailings report’
(survey conducted 16 to 29 August 1999).

Tinsley, R. (2007). Project-finance risks — due diligence matters. Paper
presented at the Proceedings Project Evaluation 2007, Melbourne.

Twardowska, I., Walder I., Wahlstrom M., Kaartinen T. and Drielsma J.A.
(2010). European Waste Characterisaton Standards for the prevention
of acid/neutral rock drainage. In Wolkersdorfer and Freund (Eds.)
International Mine Water Association Symposium Proceedings —
Mine Water and Innovative Thinking. Sydney, Nova Scotia, Canada 5-9
September 2010

UNDP. (2016). Mapping Mining to the Sustainable Development Goals:
An Atlas.

UNEP (1996). Final Report of the United Nations Expert Assessment
Mission to Marinduque Island, Philippines.

UNEP GPA (2013). International Assessment of Marine and Riverine
Disposal of Mine Tailings.

http://www.imo.org/en/OurWork/Environment/LCLP/newand
emergingissues/Documents/Mine%2o0Tailings%20Marine%20
and%2oRiverine%2o0Disposal%20Final%2ofor%20Web.pdf

67



USGS (2000). An Overview of Mining-Related Environmental and
Human Health Issues, Marinduque Island, Philippines: Observations
from a Joint U.S. Geological Survey -- Armed Forces Institute of
Pathology Reconnaissance Field Evaluation, May 12-19, 2000. http://
geology.cr.usgs.gov/pub/open-file-reports/ofr-00-0397

UNEP/OCHA Assessment Mission (2000). Spill of liquid and suspended
waste at the aurul s.a. retreatment plant in Baia Mare. Cyanide spill
at Baia Mare, Romania. United Nations Environment Programme,
UNEP / Office for the Coordination of Humanitarian Affairs, OCHA.

Watling, H.R. (2015) Review of Biohydrometallurgical Metals Extraction
from Polymetallic Mineral Resources. Minerals, 5: pp. 1-60.

Wei, Z., Yin, G., Wang, J.G., Wan, L. and Li, G., (2013). Design,
construction and management of tailings storage facilities for surface
disposal in China: case studies of failures. Waste Management &
Research, 31(1), pp.106-112.

WISE (2017). World Information Service on Energy and Uranium-

68

Project. http://www.wise-uranium.org.

Wood, I. (2017). Samarco Update, January 201y. BHPbilliton.
http://www.bhp.com/-/media/documents/media/reports-and-
presentations/2017/170131_samarcoupdate.pdf (Accessed May 2017).

WV Coal (2017). Mining companies recognized for reclamation efforts.
https://www.wvcoal.com/latest/mining-companies-recognized-for-
reclamation-efforts. (Accessed May 2017).

WWF (2002). Mining in Dofiana, Learned lessons. WWT Spain. Online:
http://assets.wwf.es/downloads/mining_in_donana_english.pdf
(Assessed July 2017)

WWF (2000). Tisza Report 2000. Coordinated by WWF Hungary,
research completed by Hungarian NGOs, 100 pg., English, Budapest,
Hungary.

Yang, Z.H., Zhang, Z., Chai, L., Wang, Y., Liu, Y., and Xiao, R. (2010).
Bioleaching remediation of heavy metal-contaminated soils using
Burkholderia sp. Z-go. Journal of Hazardous Materials, 301: pp. 145-152.



Photo credits

1 Wikimedia Commons/Rogério Alves, TV Senado 1 Fondazione Stava
1985 7 Northern Alaska Environmental Center 10 Wikimedia Commons/
Pawel Litwin 12 Alamy/Zute Lightfoot 16-17 Wikimedia Commons/
Romerito Pontes 20 Google Earth 22 Chris Blake 24-25 Wikimedia
Commons/Rogério Alves, TV Senado 25 Wikimedia Commons/
Rogério Alves, TV Senado 28 iStock/Mario Guti 29 Google Earth
31 Wolf Forstreuter, SPC 34 Fondazione Stava 1985 37 Ingrid Macdonald
38 iStock/NNehring 40 iStock/francisblack 42 Wikimedia Commons/
Bill Gillette/US National Archives and Records Administration 44 iStock/
meen_na 46 iStock/oranhall 52 iStock/John Carnemolla 55 iStock/
Miloslavy8 56 Wikimedia Commons/VargaA 57 Jamaica Bauxite Institute
58 Marcos Daniel Leite, Universidade Federal do Espirito Santo, Brazil
60 Wikipedia/Ok Tedi Mine CMCA Review 72 iStock/Galorey7y



www.unep.org

United Nations Environment Programme
P.O. Box 30552, Nairobi, 00100, Kenya
Tel.: (+254) 20 762 1234
E-mail: publications@unep.org

environment






