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The impacts from an inappropriate management of extractive waste may endanger the environment or human
health and even result in disasters. The Best Available Techniques (BAT) Reference Document for the Manage-
ment of Waste from Extractive Industries provides up-to-date information and data on the management of
extractive waste and a list of BAT to prevent or reduce any related adverse effects on the environment and human
health. The elaboration of BAT constituted a major challenge due to the vast diversity in extractive waste ac-
tivities, sectors, geography, climatic and site specific conditions in Europe. These all influence the resulting
emissions to soil, water and air. The application of a risk-specific approach has enabled reflecting this diversity
and adapting the deployment of techniques according to an evaluation of the environmental risks and possible
impacts. Based on this evaluation, generic and/or risk-specific BAT are identified as cornerstones for setting
performance objectives and managing risk.

A key priority for this reference document was safety. On the one hand, this was addressed by risk-specific BAT
on structural stability, including approaches for design for closure and integrated design. On the other hand, BAT
were identified to help ensuring the physical and chemical stability of extractive waste and the reduction of
dangerous substances. The re-use and recycle of excess water and waste hierarchy principles were also analysed
as central elements towards a circular economy. The monitoring of this reference document implementation will
support the continuous learning and the international developments in extractive waste management and related
BAT.

1. Introduction generated will require appropriate management. This is usually done by

accumulation or deposition of extractive waste in dedicated areas,

The extractive industry as a whole plays a crucial role in the eco-
nomic and societal development of Europe (EC, 2008, 2013). Mineral
resources are commonly grouped into fossil fuels, metalliferous ores,
industrial minerals and construction minerals and all play an important
role in Europe’s economy. The sector as whole counts more than 17500
companies, employs more than half a million people and generates more
than EUR 200 billion turnover (Eurostat, 2015a).

Nevertheless, the extraction of mineral resources also generates
important amounts of extractive waste. This can vary from a few kilo-
grams of extractive waste per tonne of product in the case of peat or clay,
for example, to several millions tonnes of extractive waste per tonne of
product in the case of gold (BRGM, 2001; EC-JRC, 2009; IAI, 2015; Spitz
and Trudinger, 2008). In total, about 550-750 Mt of extractive waste are
generated in the EU every year (Eurostat, 2015b). In any case, the waste

including installations known as Extractive Waste Facilities (EWFs) (e.g.
ponds or heaps). The EU-28 has about 9700 EWFs that are in operation,
in the process of being closed, or abandoned (EC, 2016; Garbarino et al.,
2018). About 200 EWFs out of these 9700 have been reported to be
classified as Category A, i.e. those facilities whose failure or incorrect
operation could give rise to major accidents or those that contain haz-
ardous waste or substances classified as dangerous above certain
thresholds, according to the criteria listed in the Extractive Waste
Directive (EWD; Directive, 2006/21/EC) (EC, 2006) and related Com-
mission Decision 2009/337/EC (EC, 2009). The costs related to the
design, construction, maintenance, closure and rehabilitation of these
areas may be significant. Lessons learned from the past show that, while
extractive projects are synonymous with economic growth and jobs,
possible negative impacts on the environment and human health might
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be generated by extractive waste management activities. In some
extreme cases, failures and accidents have caused environmental
devastation and human health deterioration, including casualties
(Bowker and Chambers, 2017; Chambers and Bowker, 2019; Rico et al.,
2008b; Roche et al., 2017; WISE, 2019).

To avoid these issues, many efforts have been made in the last few
decades by several players in the extractive industry to prevent, reduce
and minimise the negative impacts from the management of extractive
waste, by deploying new management strategies and technologies.
Furthermore, minimising the environmental impacts contributes to
improving the social perception and acceptance of mineral resource
extraction. In that context, the Best Available Techniques (BAT) Refer-
ence Document for the Management of Waste from Extractive Industries
(MWEI BREF) (Garbarino et al., 2018) plays an important role. BAT are
defined as the most effective and advanced stage in the development of ac-
tivities and their methods of operation which indicates the practical suitability
of particular techniques for providing the basis for emission limit values and
other permit conditions designed to prevent and, where that is not practicable,
to reduce emissions and the impact on the environment as a whole (EC,
2012). The MWEI BREF is a technical document representing the results
of the exchange of information, organised by the European Commission,
on BAT for the management of extractive waste and associated
monitoring.

The MWEI BREF has been drawn up within the framework of the
EWD, which is different from the Industrial Emission Directive (EC,
2010) framework under which most BREFs by the European Commis-
sion are developed or reviewed. In addition and in line with the general
requirements of the EWD, the MWEI BREF is to be seen as a reference
aiming at providing extractive industries, competent authorities and
other relevant stakeholders with up-to-date information and data on the
management of extractive waste. It supports decision makers by
providing a list of identified BAT to prevent or reduce as far as possible
any adverse effects on the environment and human health from the
management of extractive waste, duly taking into account the technical
characteristics of the waste facility, its geographical location and the
local environmental conditions. Nevertheless, the techniques listed in
the MWEI BREF are neither prescriptive nor exhaustive and other
techniques that ensure at least an equivalent level of environmental
protection may be used.

The MWEI BREF is the result of an in-depth review of the BREF for
the management of tailings and waste-rock (MTWR BREF) (EC-JRC,
2009), published in 2009. One of the main reasons to review this MTWR
BREF was to extend the scope from a limited number of extractive ac-
tivities, concentrated on classic mines, to all extractive activities, in line
with the scope to the EWD. The EWD scope includes the management of
extractive waste from mines, quarries and on-shore oil and gas opera-
tions. In addition, one of the goals was to collect more information on
water management and enhancing the focus on safety. This follows from
the observation that - although guidance for the design, construction
and closure of safe EWFs was available in many relevant guidance
documents (AU DITR, 2016b; UNECE, 2014), including the MTWR BREF
itself (EC-JRC, 2009) - major accidents have continued to occur in
Europe and worldwide in the last decade. In Europe, events with main
impacts were, e.g. the dam failure in Kolontar, Hungary in 2010 or the
leakage of mine water at the Talvivaara mine, Finland in 2012 (WISE,
2019). Not only an inappropriate EWF design, but also the inappropriate
management of extractive waste during operation can be catastrophic.
Prevention measures and correct management tools are usually less
costly than remediation (Garbarino et al., 2018; Orman et al., 2011).

2. Materials and methods

The review process of the MTWR BREF centred on the exchange of
information between a Technical Working Group (TWG) consisting of
stakeholders from the extractive industries, civil society and EU Member
State representatives. It was carried out following the provisions of what
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is known as the “Sevilla process” (EC, 2012). This process aims at
reaching consensus based decisions on what can be considered BAT,
known as the BAT conclusions, through an iterative process. This
involved the identification of key environmental issues encountered in
the management of extractive waste and the examination of the most
relevant techniques to address pollution. The examination included an
assessment of the final levels of pollution achieved following application
of different techniques, known as environmental performance levels,
and the conditions under which these levels were achieved. Further-
more, the BAT conclusions contain information on techniques to
monitor pollution.

The review process started at the end of 2013 and the MWEI BREF
was published in December 2018. The following main sources of infor-
mation were consulted for the review: (i) general data and information
provided by the TWG, together with scientific and technical literature
(consultation of more than 2000 books, reports, publications and stan-
dards, all published and shared until September 2017); (ii) site-specific
data and information reported by operators via dedicated question-
naires; (iii) expert input by the TWG members (including about 2500
comments on draft documents); and (iv) information and data gathered
from site visits.

Data and information were collected from different extractive waste
management sites in Europe using the above mentioned questionnaire
developed for that purpose.

On the one hand, the questionnaire aimed at specific information on
the extractive waste, the EWF and the adverse effects on the environ-
ment and human health. On the other hand, it included questions to
collect contextual or site-specific information.

Specific questions on the extractive waste included questions on the
characteristics and management of the extractive waste, e.g. the treat-
ment of extractive waste prior to or after deposition if any, the compo-
sition of the extractive waste, and the leaching properties and other
characteristics of the extractive waste before and after treatment, e.g.
mixing of acid generating extractive waste with limestone or alkaline
materials, destruction of cyanides from the slurried tailings, removal of
caustic soda from red-muds using filter presses or thermal treatment of
drilling muds to remove oil. In addition, the specific questions on the
adverse effects on the environment and human health encompassed
questions on (i) safety and structural integrity of the extractive waste
facility; (ii) emissions to soil and groundwater, emissions to surface
water and emissions to air along with information on pollution pre-
vention and control techniques possibly applied to reduce emission
levels; (iii) consumption of energy, usage of water and consumption of
reagents, auxiliary materials and feedstock; and (iv) noise and odour
disturbance.

Site-specific information including the geographical location, tech-
nical characteristics and local environment of the EWF was also
requested. Detailed questions on the type of EWF, its confining structure,
the waste transport and delivery, the water management, the prevention
of erosion, the planned closure and after-closure, and the land-use, the
visual impact and the measures to protect biodiversity were included. It
also included additional questions to capture some contextual infor-
mation such as the vicinity of specific areas and water bodies and
climate conditions, i.e. qualitative and quantitative indicators reflecting
annual temperatures, precipitations, evaporations and wind conditions.
Climate condition data helped defining the BAT applicability rules,
particularly in the case of restrictions, such as for dry stacking that may
be restricted in the case of wet climatic conditions, or for water spraying
restricted in the case of limited water availability and cold climate. In
addition, questions on the origin of the extractive waste were also
included, e.g. the type of mineral resources extracted, the type of de-
posit, the type of extractive method, and type of mineral processing
when relevant. The questionnaires targeted different types of EWFs, e.g.:
land based heaps or ponds, oil and gas specific surface and underground
waste facilities.

Finally, operators had the possibility to provide, through the
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questionnaire, a detailed description of techniques they consider BAT
candidates in a so-called 10-headings structure (EC, 2012).

3. Results
3.1. Data overview

In total, 87 questionnaires were collected from different sites located
across the EU, Norway and Turkey (35 for the metalliferous ores sector,
28 for the industrial and construction minerals sector and 24 for the
energy sector). The questionnaires were distributed to sites selected by
the Technical Working Group (TWG) and considered as representative of
the sector and well performing. In Europe, the 17500 companies operate
some 30000 extraction sites (mines, quarries or on-shore oil and gas
exploration and production sites) and about 10000 EWFs, therefore the
87 questionnaires cover only a minor number of these 10000 sites
(~1%). However, these sites were selected by the TWG as representa-
tive. When it comes to the mineral resources, on the one hand, the 87
selected sites cover most of the major mineral resources extracted in
Europe (—~80%); on the other hand, not all sites provided detailed data
on consumption and emission levels, which in return limits the repre-
sentativeness of the data presented.
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Most of the operators (62 out of 87) reported heap- and/or pond-type
EWFs. Almost half of the ponds were classified as Category A, whereas
for heaps this ratio was 3% only.

A majority of operators reported consumption data, but less than a
half of them reported data on emission levels to air, soil and ground-
water or surface water. As for emission to air, no stack emissions were
identified. Only diffuse emissions were reported, mainly dusting, and
the distinction on the origin, i.e. the extractive waste management or the
extraction itself, was not possible. Emissions to soil and groundwater
resulting from the management of extractive waste are usually also
diffuse emissions such as seepage from extractive waste. Finally, data on
emissions to surface water includes batch and continuous direct
discharge of excess water in one reference year. Operators had the
possibility to report the total volume discharged, as well as the con-
centration of different pollutants in the influents (before treatment) and
effluents (after treatment). The questionnaire aimed at collecting mini-
mum, maximum, average and median levels.

Finally, it should be noted that the site specific data, collected with
these questionnaires, report exemplary achieved performances using
specific techniques from a wide range of extractive waste management
operations. These data cannot be generalised for all installations, but
serve as indicative performance levels, while reflecting the extractive
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Fig. 1. Annual TSS levels and contextual information reported by operators (site numbers indicated) and supplemented with literature data related to sites

in Canada.
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waste characteristics, the technical characteristics of the EWF, its
geographical location and the local environmental conditions.

Data on Total Suspended Solids (TSS) are some of the most provided
data by operators and as such represent a good example of what the
questionnaire aimed for. The data collected and provided by operators
are presented in Fig. 1. The figure shows that 21 operators (24%) re-
ported data on emission levels of Total Suspended Solids (TSS). Data
were supplemented with literature data extracted from a Canadian study
(MEND, 2014). Yearly averages, minima and maxima for certain pol-
lutants in influents and effluents sent to tailing ponds have been
extracted from this document for a number of mineral resource cate-
gories: base metals, precious metals, iron ore, uranium and coal. When
possible, these data were presented along with the data collected with
the questionnaires. However, it is important to note that the Canadian
study included as far as possible data from all the sites and did not focus
necessarily on well or best performing ones. This may help explain why
the min-max ranges reported from this study are broader than the ones
from the EU questionnaire. Five operators provided data on levels of TSS
in both influents and effluents. Two operators provided data on TSS
levels in added water. Therefore, it was not always possible to estimate
the removal efficiency. In addition, the measurement standard used was
reported by 7 operators. Some operators reported several discharge
points indicated with a letter a, b, ¢, and d. When reported by operators,
maximum, average, median, and minimum levels are plotted on Fig. 1
for the influents (EWF input stream), effluents (EWF output stream) and
added water (EWF additional input stream such as mine water).
Maximum levels above 100 mg/1 levels are not visible on the plot.

In addition to emission levels, Fig. 1 presents the different treatment
techniques of Extractive Waste Influenced Water (EWIW) prior to
discharge, including BAT candidates. Some operators did not report any
treatment of water prior to discharge, whereas others usually reported a
combination of techniques. Data from literature refer to average levels
calculated from different sites in Canada and therefore all the treatment
techniques applied at different sites are reported.

3.2. From data to BAT

3.2.1. Challenges in translating data into BAT

Differently from Directive (2010)/75/EU on industrial emissions,
which applies to activities reaching certain capacity thresholds, the
EWD does not define any thresholds. Accordingly, the MWEI BREF
should apply to the management of extractive waste from any extractive
activity, ranging from small quarries to large metal mines and including
on-shore oil and gas exploration and production.

EWFs and extractive waste management may vary significantly from
one sector to another, or from one region to another. The management of
extractive waste from oil and gas exploration and production, alumina
production or dimension stones extraction represent three very different
examples of mineral resources extraction where the operator will have
to face different issues and challenges. Additionally, the management of
extractive waste in Nordic countries also has different constraints
compared to Mediterranean countries because of the different climates.
Nevertheless, all these operators share the same objective: to ensure the
short-term and long-term safe and environmentally responsible depo-
sition of extractive waste, including chemical, physical and mechanical
stability over time, in order to prevent any accident and to minimise
emissions that could have a negative effect on the environment and/or
human health.

Another relevant issue is related to the site-specific conditions, which
influence both the extraction and treatment of mineral resources and the
management of extractive waste. More specifically, the geological
characteristics of the deposit constitute the determining factor in the
choice of extraction and mineral processing methods. These influence
the method selected for the management of extractive waste, together
with the extractive waste characteristics, the technical characteristics of
the EWF, its geographical location and the local environmental
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conditions. Climate changes including extreme weather events may
greatly influence and increase complexity in the extractive waste
management.

Emissions to soil, water and air are also complexly related to the site-
specific conditions, including the geological background, the techniques
applied to prevent or minimise them and the other activities carried out
on site. Furthermore, differently from emissions to surface water where
point sources are identifiable, emissions to soil, groundwater and air
resulting from the management of extractive waste are usually diffuse
emissions, encompassing also fugitive emissions (e.g. seepage, leakage
or fugitive emissions of gas or volatile organic compounds).

Moreover, at most sites, extractive waste management is usually part
of the overall ore extraction or oil and gas drilling operation and the
possible treatment of minerals. Often, emissions are associated to all the
above mentioned activities and they cannot be linked directly to the
management of extractive waste only. This is for instance the case for
dusting from blasting and mineral processing as well as from the man-
agement of the related extractive waste.

Some of the potential impacts on the environment and human health
can also be reduced substantially by considering the whole life cycle of
the EWFs from the very beginning. This comprises the planning and
design phase, the operational phase, and the closure and the after-
closure phases. It has therefore to be specified in which life cycle
phase the BAT apply. An overview of the main challenges is shown in
Fig. 2.

3.2.2. Towards a risk-specific approach

Due to the wide variety of sectors and related potential environ-
mental issues to be considered in the BAT conclusions, a sector-specific
approach, previously applied in the MTWR BREF, was abandoned in
favour of a risk-specific approach. This was particularly based on the
TWG experts’ feedback, who greatly supported applying this change
within the MWEI BREF. The risk-specific approach is based on rigorous
risk assessment and management principles to evaluate the potential
impacts of an EWF along the whole life cycle. Apart from the extractive
waste management (AU DITR, 2016b; Golder and Associates, 2016;
ICMM, 2016; IRMA, 2018), these principles have also been applied to
mining and post-mining activities (AU DITR, 2011, 2016a; IRMA, 2018;
MAPAMA, 2016). This approach aimed at adapting to the diversity of
extractive waste types, sites and operators, at focusing on key environ-
mental issues and at covering a broad range of potential risks to be
considered by operators responsible for the management of extractive
waste. Apart from changing the sector-based approach previously
applied in the MTWR BREF, the novelty introduced in the MWEI BREF
consisted not only of focusing on the risk assessment overarching prin-
ciple, but of deploying the BAT as the basis for setting performance
objectives and managing risk.

Risk assessment provides an improved understanding of the risks
that could affect the achievement of the objectives, and of the adequacy
and effectiveness of the controls/monitoring already in place. This in
turn provides a basis for decisions about the most appropriate approach
to be used to treat the risk. The Environmental Risk and Impact Evalu-
ation is therefore a key part of the management of all the life cycle
phases of the extractive waste management (EC-DG ENV, 2011; EC,
2016; ICMM, 2016; ICOLD, 2011a; MAPAMA, 2016; Rico et al., 2008b;
Roche et al., 2017).

An appropriate and comprehensive Environmental Risk and Impact
Evaluation considers the full spectrum of hazards and risk elements,
including source-pathway-receptor linkages, for a given extractive
waste management site. It is based, among others, on information
related to the initial characterisation of extractive waste, the extractive
waste site options and the extractive waste management options, which
includes handling/transport, treatment and deposition alternatives. It is
adapted to the site-specific conditions. The relevant principles of the ISO
standards on risk management are taken into consideration (ISO, 2009a,
b, ¢), prioritising environment, human health and safety. Furthermore, it
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Fig. 2. Overview of the main challenges in translating data into BAT.

may be integrated into existing procedures on Environmental Impact
Assessment in place for certain extractive activities (EC, 2014; Jantunen
et al.,, 2015). An example of risk-specific objectives and potential haz-
ards and risk/impact elements from the management of extractive waste
is given in Supporting Table 1.

In summary, an Environmental Risk and Impact Evaluation consists
of a structured, dynamic and often iterative process, which is part of the
risk management, where all the environmental risks and impacts from
the management of extractive waste are identified, analysed and eval-
uated over the whole life cycle.

Depending on the outcome of this evaluation, one or more generic
and/or risk-specific BAT are identified and applied to minimise each
overall risk, and to prevent or reduce, as far as possible, any adverse
effects on the environment and human health. The overview of the
generic and risk-specific BAT identified in the MWEI BREF is shown in
Fig. 3. Generic BAT are generally applicable in every site where
extractive waste is managed, while risk-specific BAT are applicable to
sites where specific environmental risks and possible impacts are iden-
tified. The Environmental Risk and Impact Evaluation is the core BAT in
the new approach. It serves to identify risks of major accidents, pollutant
leaching/release, water status deterioration and soil and air pollution
and the related measures to prevent or minimise the impacts. It is also
updated over time to reflect changes in the operation or closure and
after-closure and background conditions, by applying the related BAT on
the management of change, based on the monitoring findings.

3.2.3. The main outcomes

Following this approach, the MWEI BREF document contains 57 BAT
conclusions, of which 10 generic BAT conclusions and 47 risk-specific
BAT conclusions (see Figs. 3 and 4), addressing 25 generic and risk-
specific objectives, and providing information about almost 200 tech-
niques. The following processes and activities are considered: (i) the
management of extractive waste from onshore extractive activities; (ii)
the handling/transport of extractive waste (e.g. loading, unloading and
on-site transport); (iii) the treatment of extractive waste: a) physical and
mechanical treatment (e.g. sorting, blending, dewatering, thickening);
b) chemical treatment (e.g. desulphurisation, cyanide detoxification); c)
biological treatment (e.g. biological sulphide reduction); (iv) the depo-
sition of extractive waste: a) temporary deposition; b) permanent

deposition in extractive waste deposition areas (including EWFs); (v) the
activities directly associated with the management of extractive waste:
a) treatment of EWIW; b) preparing extractive waste to be placed back
into excavation voids.

Generic BAT on corporate management, extractive waste charac-
terisation, identification of extractive waste site and management op-
tions, Environmental Risk and Impact Evaluation and waste hierarchy
aim at improving the overall environmental performance of the
extractive waste management operation (see Fig. 4 and Supporting
Fig. 1 in the Supplementary data). The waste hierarchy principles - i.e.
the decreasing order of preference given to extractive waste prevention,
generation reduction, possible re-use, recycling and recovery before
considering disposal - form a key element in the context of sustainable
development and the transition to a circular economy. Prevention of the
generation of solid extractive waste, reduction of the generation of non-
inert and hazardous extractive waste, and recovery of solid extractive
waste, together with reduction of extractive waste from oil and gas
exploration and production to be deposited, are identified as generic
BAT (see Figs. 3 and 4 and Supporting Fig. 1 in the Supplementary data).

Risk-specific BAT on safety aim at helping to ensure the short-term
and long-term structural stability of the extractive waste deposition
areas (see Fig. 4 and Supporting Fig. 2 in the Supplementary data) and
the physical and chemical stability of extractive waste (see Fig. 4 and
Supporting Fig. 3 in the Supplementary data). Other risk-specific BAT
aim at preventing or minimising water status deterioration, air and soil
pollution (see Figs. 4 and 5, Supporting Figs. 4 and 5 in the Supple-
mentary data) or other risks to human health, flora and fauna, related to
noise emissions, odour nuisance, visual and footprint impacts and
extractive waste containing Naturally Occurring Radioactive Materials
(NORMs) (see Fig. 4 and Supporting Fig. 6 in the Supplementary data).

BAT conclusions have been derived based on the exchanged data and
information and by pondering relevant principles, recommendations
and developments on extractive waste management proposed in well-
conceived international initiatives or peer-reviewed publications over
the past 15 years, particularly on extractive waste characterisation
(CEN, 2012; INAP, 2014; Lottermoser, 2010), best practices and tech-
niques to reduce the impacts to human health and the environment
(Hawley and Cunning, 2017; IFC, 2007a; ITRC, 2010; Kerr and Ulrich,
2011; Martin et al., 2002; Orman et al., 2011; Pinasseau et al., 2018;
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SME, 2011; UNECE, 2014), responsible mining activities (IRMA, 2018)
and extractive waste alternative approaches (Edraki et al., 2014; Franks
et al., 2011).

A number of BAT conclusions are important and may be interlinked.
The applicability of some depends on the result of others and an inte-
grated approach is required for the implementation of BAT. The
following paragraphs illustrate a number of key examples of BAT.

In addition, different best practices and techniques applied in the
management of waste from specific extractive sectors, such as those
published by international organisations and/or public authorities (IAI,
2015; IFC, 2007b; IOGP, 2009, 2016; Kauppila et al., 2013; UK EA,
2016), have also been considered to evaluate the applicability and the
relevance of each BAT. Together with the application of a risk-specific
approach, this allowed deriving the BAT for a wide variety of sectors
and related potential environmental issues (see the relevance identified
for the different BAT in the schemes reported in the Supporting
Information).

As an example, the risk-specific BAT on the prevention or mini-
misation of groundwater status deterioration and soil pollution (see
Fig. 5) encompass BAT on basal structures, covering, groundwater and
soil pollution remediation, monitoring supported by detection and

control systems (apart from leakage detection systems for the temporary
storage). These are relevant for extractive waste types of different nature
(such as non-inert, non-hazardous, Potentially Acid Generating PAG
extractive waste), except for those produced by the oil and gas sector.
Furthermore, they are also relevant for different kinds of extractive
waste deposition areas, such as ponds, dams, heaps and extractive voids
where extractive waste is placed back.

Finally, because a BAT can be used for achieving different objectives,
a system of cross-references has been introduced in order to highlight
the different links. Diversion of water run-off systems and landscaping
and geomorphic reclamation are, for example, mainly applied to prevent
or minimise emissions to surface water (see Supporting Fig. 4 in the
Supplementary data), while drainage systems primarily help to ensure
the structural stability of extractive waste deposition areas (see Sup-
porting Fig. 2 in the Supplementary data). However, because they are
also aimed at preventing or minimising emissions to soil and ground-
water, a cross-reference is included in water streams management (see
Fig. 5).

Based on the TWG experts’ feedback and in line with the UNEP
assessment (Roche et al., 2017), risk-specific BAT on safety are pre-
sented as key measures. They encompass about one third of the total
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number of BAT proposed.

The short-term and long-term structural stability of the extractive
waste deposition areas is addressed by a number of BAT such as design
for closure, ground investigation, dam construction materials selection,
construction methods for dams and heaps, design flood, free water
management, drainage systems, geotechnical analysis, monitoring of the
physical stability supported by conformance checks and audits, together
with specific organisational and corporate management tools (such as
quality assurance/quality control, management of changes and mitiga-
tion of accidents) (see Supporting Fig. 2 in the Supplementary data).

They reflect relevant principles on planning, design, construction,
operation, closure and after-closure as identified in the exchanged in-
formation, international initiatives (ANCOLD, 2012; Davies et al., 2002;
ICOLD, 2001, 2011a, b; Kossoff et al., 2014) and recommendations and
standards on geotechnical design (CEN, 2004a, 2007; 2012; EC-JRC,
2013; Fleurisson and Cojean, 2014; Ozcan et al., 2013), seismic design
(CEN, 2004b; ICOLD, 2016; Wieland, 2012) and design flood, including
extreme climatic conditions (Franks et al., 2011; ICOLD, 2011a; Rico
et al., 2008a).

In line with the principle of perpetual waste management defined in
the UNEP assessment (Roche et al., 2017), and based on the TWG
members’ feedback and the exchanged information, a design for
closure approach has been introduced, gathering the recommendations
of updated guidelines and projects (ICOLD, 2011b; IFC, 2007a; Kauppila
et al., 2015; Williams, 2014). To achieve environmentally responsible
management of extractive waste, it is important that its deposition is
planned and designed for closure from the very beginning and that
appropriate attention is given to quantification of the long-term envi-
ronmental behaviour and structural stability of the deposition area. For
example, the planned closure design life of the dam retaining extractive
waste is usually as long as 1000 years or more in the case of large storage
ponds (ICOLD, 2011b; UNECE, 2014). The management of extractive
waste deposition areas is continuously adapted and improved, based on
the outcomes of appropriate operational and corporate management
systems and the monitoring results during the whole life cycle phases.

An integrated design approach, defined in the MWEI BREF as a
design that takes into account all the relevant parameters in order to
optimise the overall environmental, human health and safety aspects of
a project in the short and long term, has also been applied.

The integrated design applied to dams intended for total solids and
partial water retention is outlined in Fig. 6. The selection of a dam

construction method is based on the results of a proper Environmental
Risk and Impact Evaluation. BAT is to rigorously design the dam using
modern engineering principles to ensure that the embankments are
adequately drained, that an appropriate beach length is guaranteed at
all times, including a minimum beach length during extreme flood
events, and that the phreatic surface is controlled. The dam is monitored
and maintained during the operational phase and the closure and after-
closure phase, while applying corporate management systems and a
design for closure approach. BAT is also to include a basal structure,
whose structure and permeability are related to the nature of the
extractive waste to be contained.

The integrated design approach consists of selecting the dam con-
struction method by considering all the relevant parameters from the
design for closure, ground investigation, dam construction materials
selection, design flood evaluation, free water management, drainage
systems and geotechnical analyses. Furthermore, a composite basal
structure (an impermeable basal structure in combination with a proper
drainage system) is designed based, among others, on the hydraulic
conductivity of the basal structure, the extractive waste characteristics,
the water balance and on the design criteria resulting from the dam
construction material selection and the geotechnical analysis.

Similar principles and approaches apply for the BAT on construction
methods for heaps.

Safety is also prioritised by helping to ensure the physical stability
of extractive waste by applying BAT on solid/liquid control of extractive
waste, stabilisation of extractive waste for placing it back into excava-
tion voids and subsequent compaction, consolidation and deposition
techniques. The latter include thickened/paste extractive waste sub-
aerial deposition, wet or dry filter cake deposition and co-disposal (see
Supporting Fig. 3 in the Supplementary data). Furthermore, safety is
prioritised by helping to ensure the chemical stability of extractive
waste, by applying BAT on prevention or minimisation of pollutant
leaching, Acid Rock Drainage (ARD) and self-ignition of extractive
waste, and the reduction of dangerous substances in extractive waste,
including reducing the cyanide concentration in ponds and hydrocarbon
concentration in drilling extractive wastes (see Supporting Fig. 3 in the
Supplementary data).

These BAT have been derived based on the outcomes of the infor-
mation exchange process, the TWG members’ feedback and by consid-
ering relevant technical guidance documents (AU DITR, 2016b; INAP,
2014) and papers (Davies, 2011; Davies et al., 2010; Edraki et al., 2014;
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Junqueira et al., 2009; Kossoff et al., 2014; Williams, 2015).

For example, solid/liquid control BAT, such as thickening and clar-
ifying or dewatering by means of a pressure gradient or a centrifugal
force, followed by wet or dry filter cake deposition (or dry stacking) or
mud farming, are particularly relevant for extractive waste from
alumina refining (red muds) (see Fig. 7). They are applicable based on
the results of a proper Environmental Risk and Impact Evaluation. As for
the integrated design, the level of dewatering and so the selection of the

appropriate solid/liquid control technique will depend on the design
criteria of the EWF, including the selection of dam construction mate-
rials, the geotechnical analyses and the characterisation of the extractive
waste.

Finally a specific focus to the management of EWIW, including
treatment techniques, is given in the MWEI BREF, which considers
relevant recommendations and guidelines published in the last decade
(Brinkmann et al., 2016; CSM, 2009; ITRC, 2010; Lee et al., 2014;
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MEND, 2008, 2014; Papirio et al., 2013; Punkkinen et al., 2016; US EPA,
2014). BAT such as re-use or recycling of excess water, diversion of
water run-off during operation and landscaping and geomorphic recla-
mation aim at preventing or minimising the EWIW generation. More-
over, measures such as re-use and recycling of excess water in the

extraction, mineral processing and extractive waste management help
fostering the circular economy growth. Emissions to surface water are
minimised by applying BAT such as the removal of suspended solids or
suspended liquid particles, removal of dissolved substances, neutrali-
sation of EWIW prior to discharge by active or passive treatments, and
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monitoring (see Supporting Fig. 4 in the Supplementary data).
4. Discussion

The application of the risk-specific approach allows to encompass
the diversity of extractive waste types, operators and sites, as well as
related possible risks. The new approach introduces BAT as a basis for
setting performance objectives and managing risk. This implies that the
deployment of techniques is adapted according to an evaluation of the
environmental risks and possible impacts, which is updated over time to
reflect changes in the operation or closure and after-closure and back-
ground conditions, based on the monitoring findings. Apart from the
MWEI BREF, other recent guidance documents considered this approach
(IRMA, 2018; MAC, 2017).

Considering safety as a priority for human health and the environ-
ment, different design approaches, structural stability analyses and
monitoring techniques, organisational and corporate management sys-
tems, and tools are identified as BAT. This fosters the zero failure goal,
which needs to be the common objective inspiring activities among
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regulators, designers, industry, inspectors and communities (Bowker
and Chambers, 2017; IEEIRP, 2015; Roche et al., 2017). While economic
factors cannot be neglected, other aspects, such as the costs of exter-
nalities or the extractive waste life cycle management for perpetuity
(Roche et al., 2017), need to be thoroughly assessed. Particularly for
new EWFs, the Mount Polley Independent Expert Engineering Investi-
gation and Review Panel recommended to evaluate safety attributes
separately from economic considerations and to not consider cost as the
determining factor (IEEIRP, 2015).

The MWEI BREF considers that the impacts from an inappropriate
management of extractive waste, particularly from an improper EWF
design and operation, could be catastrophic. Dam collapses can cause
severe environmental damage and lead to human casualties. Major ac-
cidents continue to occur at an average of about two to three per year
(worldwide) (Roche et al., 2017; WISE, 2019). It is particularly noticed
that dams retaining extractive waste have a failure rate that is signifi-
cantly higher than that of water supply reservoir dams (on average
0.01%, one chance in 10000 dams) (Martin et al., 2002). According to
some authors (Chambers and Higman, 2011; Kossoff et al., 2014; Martin
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et al., 2002), the yearly failure rate of major dams retaining extractive
waste varies from 0.06% to 0.14% over the total number of active ponds
considered by these studies (about 3500 worldwide). This failure rate
may increase to about 1% if considering minor accidents (Martin et al.,
2002). Additionally, in the last 6 years at least 11 failures with severe
environmental damages and, in some cases, human victims occurred
(Roche et al., 2017; WISE, 2019). Moreover, the overall trend of fre-
quency of major failures and their severity, measured in released vol-
umes and run-out distances, appears to be increasing (Bowker and
Chambers, 2015, 2017).

Furthermore, in the MWEI BREF, it is concluded that dam raising
techniques, such as upstream or centreline methods, whose cost might
be lower in the short term, can be more susceptible to instability from
seismic loading compared to downstream methods (Chambers and
Higman, 2011; ICOLD, 2001, 2011a; 2016; Kossoff et al., 2014). They
are thus not applicable when the slightest risk of liquefaction has been
identified after seismic evaluation of dams.

The investments needed to protect the environment and human
health will pay off by avoiding the possible costs for remediating the
consequences of accidents, which could be many times higher. Proper
planning, design and operation are imperative to avoid clean-up and
remediation costs due to EWF failures (Orman et al., 2011), which can
reach several hundred million euro (e.g. Los Frailes, Aznalcéllar, Spain
about EUR 270 million (Kossoff et al., 2014), Baia Mare, Romania EUR
190 million (Kossoff et al., 2014), Mount Polley mine, Canada about at
least EUR 150 million (Lee, 2014), of which only one third was spent so
far in 2015 (Schoenberger, 2016).

Companies generally face other financial costs, related to the envi-
ronmental liability, fines, civil claims and compensations, together with
reputational losses.

In 2016 the mining company Samarco, owned by BHP Billiton and
Vale, reached a deal with the Brazilian government to pay about EUR 5
billion in damages over 15 years from the deadly failure of the dam at
Bento Rodrigues in 2015 (Boadle and Eisenhammer, 2016).

A big burst of an upstream dam occurred in January 2019 at Bru-
madinho, Brazil, and left more than 250 dead (WISE, 2019). In the
following months the Brazilian Government ordered the elimination of
all upstream dams until 2021 and the Brazilian judicial authorities froze
EUR 2.7 billion of Vale’s assets (BBC, 2019). Vale could face damages as
high as EUR 6.4 billion for the current disaster (Millan Lombrana, 2019).

A proper management of water in and on the extractive waste, i.
e. the pore water contained in the interparticle voids and the water on
the surface (e.g. the supernatant water) is crucial to help ensuring the
structural stability of the EWF and the physical stability of extractive
waste. To this aim, BAT on water balance analysis, free water manage-
ment, drainage systems, geotechnical analysis, monitoring, solid/liquid
control and compaction, consolidation and deposition of extractive
waste, including thickened/paste extractive waste deposition or dry
stacking, apply. The elimination of the water from the pond and the
deposition of thickened/paste extractive waste or wet or dry filter cakes
is recommended by some experts (Adiansyah et al., 2015; Edraki et al.,
2014; IEEIRP, 2015). However, getting rid of all free water depends on
the deposition method and the closure strategy chosen. Free water
covers are, for example, BAT to prevent ARD from PAG extractive waste,
i.e. to help ensuring the chemical stability of extractive waste. In this
case, extractive waste is covered with a water layer in order to isolate
contaminants, reduce erosion, dusting and oxygen infiltration. Anyhow,
any measure for achieving chemical stability first needs to ensure the
structural stability in the short and long term (IEEIRP, 2015). Hence, a
free water cover is a long-term closure option applicable on the base of
the results of a proper of Environmental Risk and Impact Evaluation.
This closure strategy is identified since the very beginning, in the initial
closure and after closure plan, together with an assessment of costs
related to the proposed and alternative closure strategies, including a
cost benefit analysis, details on the final landform and surface rehabil-
itation, long-term stability analyses and control and monitoring
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procedures.

The safe depositing of extractive waste could be further challenged
by an increased climate variability, climate change and the occurrence
of extreme weather events (Roche et al., 2017). Unusual rain is, for
example, the first identified cause of dam failure in Europe and world-
wide (Rico et al., 2008b). The EWF planning and design need to consider
this uncertainty and the associated risks. Risk management should
include measures to ensure EWFs are resilient enough that risks continue
to be appropriately managed, also in the closure and after-closure phase
(MAC, 2017). By utilizing existing climate projections, coupled with
good planning and a zero-risk approach, it may be possible to mitigate
against climate-related changes (Roche et al., 2017). In the MWEI BREF,
it is suggested to include reliable data on climate change in the baseline
studies to help an appropriate identification of the extractive site options
and environmental risk and impact evaluation. Moreover, the BAT for
design flood evaluation indicates that EWFs, and related decant systems
and emergency spillways, need to accommodate extreme hydrologic
events, considering also climate change scenarios and consequent
anomalies, such as sudden snowmelt, extreme rainfall or ice clogging.
Furthermore, BAT is to guarantee an appropriate beach length and
freeboard at all times, including a minimum beach length during
extreme flood events. Finally, the management of changes system
address the procedures to follow when any changes occur, including
extreme events.

Another key aspect analysed is the integration of the extractive
waste management into the mine planning (Edraki et al., 2014;
[EEIRP, 2015; Schoenberger, 2016). In the BAT conclusions it is rec-
ommended to integrate the EWF closure and after-closure planning into
the periodic extraction plans as for the design for closure and to consider
together the EWIW and Acid Mine Drainage (AMD) issues in an inte-
grated water management plan.

The application of proper management, monitoring and auditing
systems is BAT to enhance the overall environmental performance of
the extractive waste management along the whole life cycle. Indepen-
dent external auditing is also proposed, in line with the technical review
by a panel of third party experienced engineers identified as key mea-
sure in several guidance documents (Golder and Associates, 2016;
[EEIRP, 2015; MAC, 2017).

A key contribution to a more circular economy may come from
extractive waste, because this often contains residual valuable minerals
(Mathieux et al., 2017). The recovery of extractive waste is not a widely
applied practice in the EU. Nevertheless, there are some notable exam-
ples that not only demonstrate the potential, but also the availability and
economic viability of technologies, and the existence of a highly inno-
vative sector (Blengini et al., 2019). These examples have already shown
that the occurrence of critical raw materials may not per se justify a
re-mining activity. Both critical and other valuable raw materials need
to be included in the evaluation of the cut-off grades. Furthermore, the
recovery of these raw materials may be neither economic nor sustain-
able without the proper management of the residual extractive waste.

Regarding the data analysis, in general, derivation of sector-specific
BAT associated environmental performance levels (BAT-AEPL) or asso-
ciated emission levels (BAT-AEL) was not possible at this stage (e.g. for
metal mining, coal mining, oil and gas drilling, construction minerals
quarrying). This was mainly due to the limited number of data provided
on emission levels. Besides, derivation of BAT-AEL for the entire
extractive waste management sector was complicated by the nature of
the extractive waste management process itself. The management of
extractive waste is in general carried out in EWFs that are in interaction
with their environment and not in closed reactors. Moreover, the
composition of extractive waste is influenced by the composition of the
mineral resource and the material in which this is embedded. Therefore,
to derive BAT-AEL, one should not only consider the prevention and
control measures implemented by operators, but also other site-specific
information such as climate and geological conditions or the variety of
different types of extractive wastes and EWFs. In that sense, the
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difficulty lies in the large variety of different combinations of extractive
waste origins (e.g. excavation, mineral processing, drilling), extractive
waste properties and compositions, waste facility types (e.g. heaps,
ponds with downstream, upstream, centreline dams), waste transport
options (e.g. covered or uncovered conveyors, trucks or pipelines) and
treatments of extractive waste (e.g. dewatering, compaction, detoxifi-
cation, blending).

In addition, with EWFs generally being located close to the extractive
sites, it was not possible to quantify the contribution of the extractive
waste management activity to the total emission level that includes also
the extractive activity itself (e.g. the mining or quarrying). This was the
case for example for dust emissions or dust deposition emissions. After
all, a part of the dust originates from the extraction site itself, e.g. the
mine or the quarry, and a part from the extractive waste management.

Nevertheless, it was possible to identify BAT for pollution prevention
and control. In particular for emissions to surface water, it was possible
not only to identify BAT but also exemplary performance levels achieved
and reported by operators.

5. Conclusion

The MWEI BREF, and more specifically the BAT conclusions section,
provides competent authorities in the EU with the technical basis to be
considered when setting permit conditions. These BAT result from the
information exchange and consensus decisions taken by of a TWG
composed of European extractive sector experts during a 5-years
intensive collaboration. The expanded scope now covers all the on-
shore extractive waste management activities in Europe.

The monitoring of the MWEI BREF implementation in Europe will
support the continuous improvement process on the management of
extractive waste, together with other recent guidance documents
(Cambridge et al., 2018; Roche et al., 2017). It will also support new
international framework initiatives, such as i) the UNEP proposal of
establishing a UN Environment stakeholder forum (Roche et al., 2017);
ii) the Global Tailings Review, aimed at establishing an international
standard (ICMM et al., 2019) and iii) the Investor Mining and Tailings
Safety Initiative (Church of England and Swedish Public Pension Funds
Council on Ethics, 2019).

The future review of the MWEI BREF will also beneficiate from the
outcomes of these initiatives. It should also consider that not all the
challenges in translating data into BAT have been solved in the current
BREF. In particular, a recommendation for future work includes
improving the data collection, allowing for a more in depth analysis and
understanding of the links between the site specific conditions (e.g.
geological background) and the different techniques applied, leading to
a certain final level of pollution reduction or prevention.

Finally, the BAT implementation is already supported by ongoing
actions of the European Commission, such as the ones aimed at further
striving towards a more circular approach (Blengini et al., 2019) where
extractive waste is re-mined instead of opening up new deposits.
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