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EDITOR'S NOTE:

This article is part of the special series “Remtech Europe 2021: International Approaches to Contamination Manage-
ment.” The series documents and advances the current state of the practice with respect to the sustainable management of
contaminated sites, high-resolution techniques for characterization, disrupting technologies for remediation of soil and
groundwater, and risk assessment frameworks.

Abstract

Governments commit to ensuring the welfare of their citizens by drafting and enforcing regulations that ultimately ensure the
sustainability of mining. This study contributes to improving the sustainability of mining throughout the mine's lifecycle until the
final destination of the mining products. We propose recommendations that address the sustainability of mining from a global
perspective, framed around the United Nations Sustainable Development Goals (SDGs), following waste hierarchy with
Common Agricultural Policies, and policies from the Green Deal on climate, energy, transport, and taxation. Tailings are the
most significant source of environmental impact in mining operations and, therefore, must comply with controlling regulations
through Tailings Management Facilities (TMFs). However, there have been several mining accidents involving TMFs worldwide.
The recommendations begin during planning, preconstruction, and construction with practices such as fair consultations, tax
revenue fairess, and mandatory insurance. The operation and management support parallel industries to mining and sup-
porting health and education. Emergency planning involves the surrounding communities in mock drills and environmental
monitoring. In the closure and rehabilitation, remediation technologies such as phytoremediation, carbon sequestration in-
centives, and biomass valorization are recommended. Finally, supporting a circular economy by prioritizing ethical consumption,
resource reduction, material recovery, and replacing toxic minerals and materials from the start with “benign by design” is
recommended. The strategies involve stakeholders directly or indirectly related to the mining companies' contamination and
demonstrate a commitment to the SDGs, offering a holistic perspective on scientific, social, and regulatory issues. Integr Environ
Assess Manag 2023;19:949-960. © 2023 The Authors. Integrated Environmental Assessment and Management published by
Wiley Periodicals LLC on behalf of Society of Environmental Toxicology & Chemistry (SETAC).
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INTRODUCTION It

is often difficult for the consumer to visualize the

Minerals have a long association with humankind in
their day-to-day activities. They also have cultural value as
they have played a crucial part in advancing civilization.
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whole life cycle of a product and the importance of
mining in high-tech and everyday products. For instance,
food crops are harvested and processed with tools
and machinery made from minerals; water is purified
and transported through metal or plastic pipes; furniture
in our homes is made from metals, plastics, and
materials derived from petroleum products; and energy
is produced and transported by structures made of metal.
All of these things require the extraction of mineral re-
sources.
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On the other hand, mining causes contamination,
drought, land degradation, deforestation, and biodiversity
loss, which jeopardizes food security by reducing soil
quality. Displacement of some Indigenous and rural com-
munities is a major social issue. Moreover, mining can make
a region socially unsafe and create disturbances by gen-
erating violence and unrest (Contreras et al., 2020; Owen
et al., 2020; Zarsky & Stanley, 2013).

Planning preconstruction and construction

Besides active mines, abandoned mines are also a sig-
nificant threat to health as direct exposure to acid mine
drainage discharged from abandoned metal mines can af-
fect aquatic biota and human health (Tomiyama & lgar-
ashi, 2022). Since minerals play a vital role in many areas,
they cannot be entirely avoided. The only option to maintain
a balance between sustainability and mining is to make the
life cycle of mining as sustainable as possible. This includes
prioritizing sustainable mining practices.

The recommendations proposed in this work are aligned
with the United Nations Sustainable Development Goals
(SDGs; Table 1) and with the Common Agricultural Policies
(CAPs) of the European Commission (Pe'Er et al., 2019).
Common Agricultural Policy supports farm income and re-
silience to enhance food security, foster green growth,
mitigateand adapt to climate change and sustainable en-
ergy, and promote business development and inclusion in
rural areas (Pe'Er et al., 2019).

Financial flows from mineral expenditures have no sig-
nificant impact on community welfare, as shown by several
studies (Froberg & Waris, 2011; Kar & Curcio, 2011; Zarsky &

Stanley, 2013). On conflict minerals, European law on inter-
national responsible sourcing standards was enforced as of
January 2021, which aimed at stopping international trade to
and from Europe of minerals associated with armed conflict
and forced labor (European Commission, 2020).

Construction and implementation of regulations

Countries with well-established mining industries, such as
Canada, Australia, and South Africa, are also the ones that
own the most extensive mining industries, and governments
have used their guidelines on good practices for writing
their policies for the prevention of failures on Tailings
Management Facilities (TMFs) (Tailings info, 2018). The
United Nations Office draws policies and plans for Disaster
Risk Reduction (UNDRR, 2022), which can be associated with
TMFs. The Sendai Framework for Disaster Risk Reduction
2015-2030 outlines seven clear targets and four priorities
for action to prevent new and reduce existing disaster risks.
Consequently, 17 SDGs were established to support the
2030 Agenda for SDG implementation. The Paris Agree-
ment is a legally binding international treaty on climate
change. It was adopted by 196 Parties at COP21 in Paris on
12 December 2015.

Challenges in consistent implementation

Consistent implementation of these regulations during the
whole life cycle of a mine is a challenging job. Goldcorp, for
instance, was qualified as outstanding on the Jantzi Social
Index in 2008 for its censure toward highly conflicted areas,
but later was ineligible for socially responsible investing
portfolios the same year (Jantzi Research, 2008).

TABLE 1 Sustainable Development Goals (SDGs) and their relevance in mining

SDG Relevance to mining.

SDG 1 & 2 Seeks to end poverty by supporting parallel industries, mainly farming, with insurance instruments.

SDG 3 &4  Support health and education.

SDG 6 Promotes reducing water pollution and scarcity in the case of an accident.

SDG 7 Encourages energy efficiency by improving extraction and smelting techniques; promotes CO, emission reduction.

SDG 8 Promotes growth and decent work for the surrounding mining and/or farming communities so that inequality can be
reduced.

SDG 10 Encourages official development assistance, tax fairness, and insurance so that financial flows get redistributed.

SDG 11 Ensures that essential services make settlements resilient and sustainable as risk management, but not only in the case
of an accident.

SDG 12 Promotes sustainable consumption and production patterns by encouraging resource efficiency, environmental sound
management of chemicals and wastes, benign design, and maximum resource extraction.

SDG 13 Action to combat climate change by a long-term remediation plan that incorporates carbon into the soil and
immobilizes and/or transforms toxic effluents.

SDG 14 Encourages reducing toxic effluents and decreasing ocean acidification.

SDG 15 Fosters sustainable use of terrestrial ecosystems.

SDG 16 Campaign for fair trade in the mineral industry to reduce violence, abuse, and exploitation from suppliers' countries.

Source: UNDP (2016).

Integr Environ Assess Manag 2023:949-960

wileyonlinelibrary.com/journal/ieam

© 2023 The Authors



UNCHARTED MEASURES FOR SUSTAINABLE MINING—Integr Environ Assess Manag 19, 2023 951

Recommendations for sustainable mining: Balancing social,
environmental, and economic dimensions

The mining industry must reflect on social and environ-
mental investment to reach a sustainable status. Un-
fortunately, reclamation of the waste from mining poses few
economic incentives; therefore, it is essential to make an
alliance between the environmental, social, and economic
dimensions to facilitate sustainable growth. The recom-
mendations that we propose here consider the SDGs, waste
hierarchy, the CAP, and the Green Deal (a set of policy
measures that targets the European Union to achieve
climate neutrality).

This article proposes a long-term risk management plan
for reducing and mitigating the damage caused by mining
accidents, with specific, measurable, achievable, relevant,
and time-bounded targets. The present work is an overview
of past incidents regarding TMFs and the measures taken by
the European Union (EU) to manage the risk and prevent
further incidents. Furthermore, a brief discussion of some
innovative and practical recommendations is provided to
improve waste management throughout the entire life cycle
of a mine, including ethical consumption and circular
economy relevant to the mining sector. All these sugges-
tions proposed as preventive steps would mitigate the im-
pact of regular mining operations during the entire life cycle
of the site and reduce the effects of a significant accident.

Literature review

A brief history of accidents and contingency measures. In
Europe, around 60% of soil-contaminated sites are esti-
mated to be caused by mineral and heavy metal waste, as
reported by the European Commission (Panagos et al.,
2013). The European Commission has created a series of
documents, namely, the Best Available Techniques Refer-
ence Document (BREF) for the Management of Tailings and
Waste-rock in mining Activities (MTWR) (MWEI BREF, 2018).
The document presents the up-to-date and best available
techniques that can be used to manage TMFs, which pose
an environmental and human concern for the EU, including
accidents. The Guidance Document for Risk Assessment
Pre-selection Protocol for the Inventory of Closed Waste
Facilities mentions specific steps for the preselection of
wastes based on article 20 of Directive 2006/21/EC. The
document also addresses measures for rehabilitation and/or
remediation of active and/or abandoned mines, including
tailings (Stanley et al., 2011).

The MWEI BREF document (2018) addresses almost all
questions related to mining and its possible effects on living
organisms, offering specific questions that can be used for
mine risk assessment. A series of surveys were conducted by
the industry to estimate the amount of total waste, pollu-
tants, and water use in the EU. The industry surveys revealed
that certain sectors, such as oil and gas extractive waste, had
minimal or no water use due to their complete water re-
cycling, while other sectors had undisclosed data on water
use. It seems necessary to consider that the data on the use

and quality of water and soil were reported voluntarily by
the mining sector. The MWEI BREF document (2018) re-
ported an investigation of 18.401 mine sites and 218 tailings
dam accidents that identified the leading causes of dam
failure as unusual weather, poor management of the facili-
ties, or seepage. Less frequent causes were slope instability
or structural defects.

According to MWEI BREF (2018), there were six accidents
in Europe related to upstream-raised dams and seven ac-
cidents related to downstream embankment dams, while
the numbers at the global level were 60 and 10, re-
spectively. In Brazil, the upstream embankment method was
prohibited by 1993; however, in 2012, this prohibition no
longer existed in the legislation (Carmo et al., 2017).

Important accidents related to mining. After this change,
some accidents occurred. One of the most important was the
Bento Rodriguez dam rupture in Minas Gerais in
November 2015 (Zago et al., 2019). In January 2019, a
massive accident occurred in the Cérrego do Feijdo mine in
Brumadinho. This last upstream embankment incident killed
250 people and damaged the ecosystem (National Geo-
graphic, 2019). After that disaster, Brazil's legislation was
changed by decommissioning the upstream dam. However,
the deadlines were extended by August 2019 (Mining, 2019).

Supporting Information: Table S1 presents some incidents
related to TMFs in Europe during the last 30 years. These
accidents produced casualties, injured people, and caused
ecosystem damage, contamination, economic loss, and so-
cial unrest. Human errors mainly caused the sludge tailings
spill. For example, in Baia Mare, Romania, in 2000, an en-
vironmental disaster occurred when 100 000 m* of cyanide-
laced water spilled from a TMF into three Balkan rivers
and the Danube. The United Nations Economic Commission
for Europe (UNECE) encourages economic cooperation
among its Member States. Afterward, the UNECE member
countries decided to jointly develop safety guidelines and
good practices for TMFs under two UNECE Conventions:
the Convention on the Transboundary Effects of Industrial
Accidents (Industrial Accidents Convention) and the Con-
vention on the protection and use of Transboundary
Watercourses and International Lakes (Water Convention)
(UNECE, 2014).

Measures to improve the safety of TMFs—Guidelines and
checklist for competent authorities. The development of
guidelines and a checklist for improving the safety of TMFs
serves as a methodology toolkit for the expert authority to
reduce the number of accidents and mitigate their effects.
Ultimately, it is the local government's responsibility to
write, abide by, regulate, and comply with these guidelines.

Winkelmann-Oei et al. (2015) explained this toolkit
methodology as consisting of a checklist for compliance
with existing best practices guidelines by UNECE and the
Tailing Hazard Index (THI). The THI indicates the degree of
hazard presented by a TMF, taking into consideration sev-
eral impacts; these include (1) the capacity of the dam;
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(2) the toxicity of the tailings; (3) the quality of the man-
agement; (4) the natural conditions specific to the site; and
(5) dam safety. The higher the THI, the greater the risk of a
possible accident's impact on the TMF. The UNECE Con-
vention on the Transboundary Effects of Industrial Accidents
(UNECE, 2014) provides the legal basis for preventing in-
dustrial accidents and strengthens international coopera-
tion. It considers the best-known practices of TMFs and
proposes to implement them through the guideline check
and categorization of THI. Additionally, the convention ad-
vocates for public consultation with neighboring commun-
ities before the start of a mining project to reassure them
about the utilization of best practices and subsequent vali-
dation of the plans, mapping critical TMFs, and categorizing
them according to the degree of hazardousness (i.e., THI),
as well as the training of the operators and authorities
in case of TMF accident.

Finally, several proposals to contribute to mining sus-
tainability are also considered, especially to avoid incidents
or at least mitigate their effects. In general, it is to improve
the sustainability of mining from extraction to the end of the
mineral's life.

MATERIALS AND METHODS

This article provides an overview of the gaps in countries'
governments' regulations on mining activities.

To develop this document, we followed a comprehensive
methodology that involved several key components. First,
we conducted a critical review of the official literature on
Best Management Practices for Minerals from Europe,
Australia, and Canada, in addition to analyzing gray doc-
umentation sourced from the industry's risk management
self-evaluation. Second, we actively participated in soil
pollution meetings and engaged in discussions with inter-
national experts. Third, we revised current news and inter-
acted with the community to stay updated on recent
developments related to accidents in the TMF.

Based on our findings, we identified gaps and made
recommendations not only on policies relevant to the
management of the TMF but also on the entire life cycle of a
mine. The ultimate goal was to improve the overall man-
agement of minerals, from extraction to disposal, while
prioritizing safety and sustainability. The 17 SDGs, CPA, and
the European Green Deal were revisited in relation to
mining, and recommendations were developed (Figure 1).
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The materials considered here are referenced accordingly
throughout the article. Additionally, study cases for phy-
toremediation are shared by the authors' research data.
Different levels of implementation are addressed to mining
companies, local and international governments, raw ma-
terial and product traders, smelters, refiners, and non-
governmental organizations (NGOs).

The research findings are framed in the context of the
current scientific discussion involving the necessity of im-
proving the regulations on mining that comply with the
SDGs, strengthened CAPs, and the circular economy. The
research strategy for this assessment consisted of online and
library research on legal, political, economic, and societal
considerations of pollution and disaster occurrence by
mining activities.

RESULTS AND DISCUSSION

Sustainable practices need to be implemented
throughout the life cycle of a mine. Practices will be dis-
cussed below in detail and are necessary as risk-prevention
measures so that the impact would be minimal in case of a
disaster. Necessary measures such as proper site design,
environmental assessment, and proper infrastructure at the
design and construction phase are critical to helping re-
duce the risk and scale of any impacts in later accidents.
We discuss in this work the underrated “Uncharted meas-
ures,” which are not customarily addressed in the mining
narrative. The following are the recommendations to in-
clude in the guidelines and good practices to make mining
as sustainable as possible.

Mining waste management processes may involve dew-
atering by geotextile tubes, anaerobic wetlands, reverse os-
mosis, biological farming, passivation, microencapsulation
and biological treatment, use of microbial mats or algae, and
so forth (Garbarino et al., 2018). Managing waste with bio-
logical and phytomanagement methods is socially accept-
able, environmentally desirable, and economically viable
(Conesa et al., 2012). Based on our expertise and literature
review, the physicochemical and biological characterization
of the ecosystem (soil, water, and biota) is necessary. De-
pending on the THI, the exact methodology can be de-
signed. In parallel, an evaluation of the relevant plants that
would serve as hyperaccumulators of toxic substances for site
remediation should be undertaken.

Ultimately, the objective of the recommendations pro-
posed in this study is to challenge the paradigm of the
“polluter pays” principle in exchange for planning for risk
prevention and reclamation from the start with preventive
measures involving environmental goals yet economically
interesting to be implemented by the mining companies.

Local governments, miners, smelters, farmers, local
communities, and other stakeholders must check the
sustainability of their mining enterprises. Technical and
already put-in-place guidelines can be found in the
guidelines implemented by the UNECE (Vijgen &
Nikolaieva, 2016). Table 2 presents a summary of our
recommendations.

Planning, preconstruction, and construction

Fair consent. At the start of the life cycle of a mine, the local
population affected should be consulted so that they are
informed but do not necessarily have the power to veto
them. Sometimes, negotiations that are not entirely trans-
parent result in the approval of the mine without the consent
of the local population. Actually, several financial in-
stitutions, including the World Bank, have pushed for the
concept of consultation over consent. Therefore, free, prior,
and informed consent should be implemented (Maclnnes
etal., 2017). Despite the economic benefits of mining, social
disruption cannot be fully offset, even with accurate cost
accounting. The number of assassinated community leaders
is alarming in Latin America and around the world, mostly in
impoverished countries, as noted by Globalwitness (2018) in
their report. Many of these social leaders are environmental
defenders. More substantial punishment should be meted
out to the culprits to serve as a deterrent to others or in-
tended violators, as well as fair trade and mapping original
minerals; see section on Ethical consumption.

Tax revenue fairness. Companies transport unrefined ore to
another country with lower refining costs to reduce the tax
they have to pay in the original region. In some cases, this
transport is only documented on paper and directed to-
wards a tax haven, enabling these companies to avoid
paying taxes altogether. (NSSRA, 2017). This could be
avoided if all the governments would force companies to
pay a tax in every country where the parent or subsidiary
company operates, which requires fair payment to the
country from which the ores originate.

Companies' shares have no limit (Hinton, 2020) and should
be illegal while half of the world's population lives in poverty
(Agarwal et al., 2007). Companies involved in extracting nat-
ural resources should pay their taxes to local governments
and, ultimately, to local communities. This is already
changing; in May 2018, it was announced that British Co-
lumbia and the Nisga'a Nation (Indigenous communities near
the mining site) were the first to receive a share of the gold
mines' tax revenue (Ruiz Leotaud, 2018).

Perhaps, a hindrance to implementing this fairmess in the
local policies is the influence of the mining corporations.
Employees of such corporations work later on for the gov-
ernment and vice versa, influencing policy decisions. A
more detailed study can be found in Vélez-Torres and Ruiz-
Torres (2015).

Mandatory insurance. Local governments are responsible
for writing laws that allow the protection of the population,
environment, and goods. Therefore, local legislative en-
forcement is required, including creating a budget for po-
tential accidents by obtaining mandatory insurance. The
Brazilian government claimed US $40 billion for compensa-
tion to the mining company Samarco for the damages
caused by the Bento Rodrigues dam failure (Phillips, 2018).
After some significant mining disasters, the mining compa-
nies failed to compensate the affected populations on time;
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TABLE 2 High-risk impacts to be addressed by measures for sustainable mining operations

Issue to address

Planning, preconstruction, and construction

Problematic consultations

Tax revenue that is not reflected in local communities' well-being.

In many cases, insurance is not in place, and a contingency plan is
compromised for a deficit of monetary resources.

Operation and management

Mining monopolizes economic activity, and the region is
depressed after the closure of the mine.

Basic services missing

There is overconsumption that is beyond the carrying capacity of
the environment.

Many mining operations are in regions where human rights are
violated.

High-tech devices are planned to have a short life span for the
sake of economic incentives.

The occurrence of minerals has a limit, and overexploitation
causes the reserves to become exhausted.

When the THI is very high and/orthe substances are included in
the REACH list, the danger that poses substances or mineral in
the mining operation override the benefits.

Emergency planning

High-risk impact due to accidents could occur through physical
contact and toxic contamination. If the communities are not
aware of the dangers, they cannot react in case of an
emergency.

Community members close to the sites have no way to alert and
warn the other stakeholders about danger signals or action
levels of contaminants.

High-risk impact due to resource scarcity.
Closure and rehabilitation

The pollution caused by mining accidents endangers a whole
ecosystem and the services it provides. It presents the
potential presence of hazardous materials and compromises
the rehabilitation of the surrounding areas.

Mining operations deplete organic carbon reserves from the soil,
use energy, and release CO, during operations.

There are not many incentives for phytoremediation.

Accidents from TMF spill to nearby terrains.

Measures to be taken

Fair consent: Free, prior, and informed consent to ensure
transparency in mining practices.

Tax revenue fairness: Companies pay a fair tax contribution in
every country in which the parent or subsidiary companies
operate.

Mandatory insurance: Companies must have mandatory
insurance or a protection instrument such as captive
insurance.

Supporting parallel industries to mining: Companies should
support other parallel industries and/or services.

Supporting health and education: Ensure basic services during
operation.

Ethical consumption: Promoting consumption reduction,
recycling, and reuse.

Fairtrade practices and mapping the origin of minerals.

Abolishing planned obsolescence.

Waste as a resource: Ensuring maximum mineral and material
extraction and utilization to support a circular economy.

Replacing toxic minerals: Toxic minerals and materials must be
replaced and, better yet, designed to be benign from the
start.

Mock drills: The community must be involved in the preparation
and mock drills of possible accidents.

Environmental monitoring: The educated and involved
community should be provided with communication alarms
and monitoring kits and/or biological markers.

Ensuring basic services during and after a disaster.

Phytomanagement: A long-term reclamation and rehabilitation
planto be implemented from the operational phase of a mine.
For this, it is expected that the companies join in the research
on the appropriate strategies for their type of hazards.

Carbon sequestration incentives: Mining operations may
encourage the building of natural reserves for carbon
sequestration by using remediation technologies.

Biomass valorization: Provides an economical incentive for
phytoremediation.

A life barrier of perennial trees surrounding vulnerable sites of a
mine or TMF should be encouraged as a risk-prevention
measure to mitigate the damage.

Abbreviations: REACH, Registration, Evaluation, Authorization, and Restriction of Chemicals; THI, Tailing Hazard Index; TMF, Tailings Management Facility.
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for instance, after the disaster of Minas Gerais (November
2015) in Brazil, the company battled legal lawsuits until a
final settlement in November 2018. This could have been
avoided if an insurance policy had been in place.

Meanwhile, the lives of those affected are on hold while
they await Brazilian legal decisions. The Renova Foundation,
responsible for repairing the damage caused by the Sa-
marco dam in Minas Gerais, Brazil, has already spent over
US $2 billion, but has yet to take significant actions towards
restoring the Doce River Basin affected by the disaster. In
this way, the Public Prosecutor's Office asked for Renova's
extinction (Souza et al., 2021). It would be necessary for the
mining companies to develop strategies to join forces and
produce an alternative instrument that allows them to create
insurance or funds such as “captives,” which means self-
insurance for mining companies and will represent the
miners' and communities' security going forward. Ulti-
mately, this is a way to protect taxpayers' money, em-
ployees and surrounding communities, and the company's
and government's reputations.

Similar instruments had been regulated by the EU
(Scannell, 2012). Indeed, it has been reported that compa-
nies with captives have higher profitability, more significant
market share, lower sales volatility, and lower cash balances
(Bodnaruk et al., 2016).

Operation and management

Supporting parallel industries to mining and supporting
health and education. The assurance of essential services
such as health and education must be a right of the com-
munities surrounding the mining areas as well as users of the
rivers and underground waters, and it should be the re-
sponsibility of both the companies that are exploiting those
natural resources as well as the local government and reg-
ulators.

Zarsky and Stanley (2013) performed a comprehensive in
situ study of the socioeconomic consequences of gold
mining in a case study in Guatemala; the concepts of strong
and weak social and environmental responsibility are dis-
cussed in depth. Ultimately, the study reported few net
benefits of mining for neighboring communities and
strongly emphasized the role that the mining industry
must play in supporting parallel initiatives to make mining
sustainable.

Moreover, it is necessary to consider that after the mines'
closure, the mine workers are left with no jobs; even during
the operational phase, not everybody can be involved in the
mining activity. However, due to the mine, everybody would
have to live with the increase in land value and cost of living.
In addition, other social problems, such as the absence of
investment in the region by the temporal workers, prostitu-
tion, and so forth, also arise as significant problems. There-
fore, mining companies should support parallel activities and
industries in mining to encourage the community to be
self-reliant. Brucejack Gold Mine also plans to support self-
reliant communities and promote sustainable development

(CEAA, 2013). This article recommends that mining compa-
nies support farmers who would share the remediation
processes of the land as well as parallel industries formed
from the beneficiation of the waste mineral and/or phytor-
emediation business (biorefineries).

Ethical consumption. The consumers' awareness of con-
sumption reduction is a first step that may be considered
globally for a world with finite resources. Attention is
needed to disrupt consumer perceptions to encourage
them to adopt sustainable practices and consumption and
also to disrupt corporate images to encourage companies
to adopt sustainable practices (European Commis-
sion, 2020; UNDP, 2016). The life cycle of the mine products
needs to be more visible so that consumers feel responsible.

Such awareness recommendations that result in ethical
consumption may comprise mapping mineral origin, fair
trade, exposing bad practices, and abolishing planned ob-
solescence. Multinational companies may have subsidiaries
that do not comply with the standards of best-known mining
practices, and the multinational is not obliged to review
those subsidiaries since they are not legally related (Suppa
& Bures, 2020). Some countries have human rights violations
and fund armed conflicts by the mineral exploited (Ullah
et al., 2021; UNEP, 2012). It seems necessary to make a
mapping of these companies around the world to make it
possible to trace the origin of the dirty goods. By exposing
bad practices, it may be possible to encourage companies
to adopt fair practices. Rwanda's Government and the NGO
“Enough” are pushing for this change (Lekakis, 2014).

Planned obsolescence is the way businesses make con-
sumers buy new hardware. This practice should be aban-
doned since it is contrary to the United Nations' goals of
resource efficiency and ethical consumption SDG 12
(UNDP, 2016). Instead of improving durability, allowing re-
pair and repurposing should be promoted, increasing
strategies such as swapping, borrowing, and leasing (Pomy-
kata & Tora, 2017). Ultimately, ethical consumption is a
political strategy that could shape the industry and make
mining more sustainable.

Waste as a resource. For mining to be sustainable, it should
support the circular economy package, which gives direc-
tives on waste prevention, promotes prolongation of the life
cycle by reuse and recycling, and extends producer re-
sponsibility for end-of-life products such as electronics,
batteries, accumulators, and metals (European Commis-
sion, 2020). The European Association of Metals, following
the circular economy package, identified five priorities in the
mineral sector: product design, chemical management,
waste, global trade, and climate 2050 strategy (Euro-
metaux, 2020). The megatrends in natural resource uti-
lization in Australia have been studied in relation to the
extraction and processing of minerals, including ore milling,
ore grades, open cut versus underground mining, over-
burden and/or waste rock, and economic resources
(Mudd, 2010). This study reported critical issues such as
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declining ores' grades, increased waste rock, and associated
liabilities. Environmental problems related to the resource
intensity for gold and uranium present challenges for energy
consumption, water usage, and cyanide use, as well as
greenhouse emissions. Detailed data can be found in Mudd
(2010). It is necessary to find ways to better utilize mining
waste as a resource and develop novel technologies to
extract the maximum quantity of metals from it (Kanalli
et al., 2015; Shekdar, 2009). Minerals extracted in minor
concentrations should be utilized elsewhere, or to develop
techniques that allow the maximum extraction of the
tailings, reprocessing minerals, using them as aggregate, soil
additive, construction mineral, landscaping material, an ag-
gregate component for building materials, mineral proc-
essing applications, copper-rich paints, and so forth
(Pappu et al., 2007; Rajendran & Gambatese, 2007). Max-
imum resource utilization could also involve using old mine
excavations for seasonal energy storage and pumped hy-
dropower or compressed air storage technologies. Another
essential part of waste utilization is using biomass waste as
feedstock in a biorefinery (see Biomass valorization).

Replacing toxic minerals and materials. Toxic minerals and
materials are a significant problem related to mining activ-
ities. Some mining resources have the potential to become
sustainable with sound techniques that render toxic efflu-
ents useful or innocuous. Benign by design methodology
aims to produce green chemicals and materials. The mo-
lecular building blocks are critically assessed regarding their
toxicity and environmental friendliness to create less toxic or
nontoxic chemical substances and materials while attending
to the product's effectiveness, acceptability, and bio-
degradability (Zuin, et al., 2021). However, some minerals
and processes do not have this potential, such as mercury
utilization, and therefore are being phased out by the Min-
amata Convention (Lennett & Gutierrez, 2014; UNEP, 2013).
Also, the EU has banned halogen bulbs since September
2018. Unfortunately, it is not so with fracking, even when it
has severe consequences, including the induction of seis-
micity close to fracking wells (Meng & Ashby, 2014). Con-
cemns regarding shale gas fracking had been expressed by
Olsson et al. (2013) regarding some pollutants found in
German facilities such as Cl, Sr, Ca, Ba, S, K, Li, Fe, Mn, Mg,
Ni, Pb, Zn, acetate, and formate. The authors recommend
recycling the flow backwater. Gordalla et al. (2013) also re-
ported Hg, As, Pb, Zn, Cd, BTX, PAHs, and radioactive el-
ements, with fracking as a toxicological threat to
groundwater and drinking water.

Toxic elements and nonenvironmentally friendly prac-
tices should be reduced. The REACH regulations in Europe
have phased out several toxic materials and continue to
work toward making the chemical industry as environ-
mentally friendly as possible. Germany, for instance, closed
its last coal mine in 2018 and is determined to become
greener by using renewable energy sources (Scholl &
Freudenstein, 2018; Schulz & Schwartzkopff, 2015). How-
ever, Germany is a significant importer of Colombian coal

(Vogele & Govorukha, 2022). Colombia's giant coal mine,
El Cerrejon, Guajira, is in production in an arid region with
limited water resources and no surplus (Ospina-Norefia
et al., 2017). Meanwhile, neighboring communities report
starvation and loss of ecosystem services (Contreras et al.,
2020). Therefore, in a highly interconnected and globalized
world, it is necessary to look at the complete material flow
analysis and supply chain to replace minerals and materials
globally.

Emergency planning

High-risk impacts due to accidents could occur through
physical contact, toxic contamination, and resource scarcity.
Some recommendations are as follows:

Mock drills

Currently, disaster preparedness is arranged by mining
companies and governments. The contingency plans, the
chain of responsibility, and the authority to take action are
very well established (UNECE, 2014). In the 2015 disaster in
Minas Gerais, there was a lack of functional alarms that
alerted the population so that they could take action to
evacuate the community (Zago et al., 2019).

It seems necessary and advisable that the population
neighboring the mine sites' radius of influence be aware of
the possible risk and prepared in case of an emergency. This
preparation should involve drills and exercises in which the
community would participate, the authorities being the
coordinating entity together with the mining companies
and NGOs.

Environmental monitoring

The monitoring of the environment is typically carried out
by trained personnel who wear protective gear to ensure the
safety of the mining operations. However, adjacent com-
munities often reside in the area and can play an essential
role in environmental monitoring. These communities
are able to detect early warning signs of potential danger,
such as changes in the water quality, and help to prevent or
mitigate any adverse impacts of mining activities on the
environment.

Therefore, it would be necessary to encourage the local
population to monitor the river and air. Additionally, people
can be provided with measurement kits so that the river
quality would be monitored by those interested in its con-
servation. Also, biological indicator species such as nemat-
odes (Salamin et al., 2012), earthworms (Protopopov
et al.,, 1999), microbes (Bosecker, 2001), and micro-
arthropods (Lakshmi & Joseph, 2017) could serve to monitor
the surrounding areas.

Closure and rehabilitation

Phytoremediation. The pollution caused by mining acci-
dents endangers whole ecosystems and the services they
provide because of hazardous materials and destruction
capacity. Long-term reclamation and rehabilitation planning
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using phytomanagement are recommended from the op-
erational phase of a mine. Mirgorodsky et al. (2013) worked
on restoring a former uranium mine in East Thuringia,
Germany. The soil was left contaminated with hazardous
substances and radionuclides. The remediation process
was carried out using plant species with different treat-
ments. Successful synergies were reported with mycorrhiza
and bacteria (metal-resistant Streptomyces) and soil
amendment strategies (pH and organic matter adjust-
ment). They also included a step on valorizing the biomass
waste from which combustion and biogas production
were planned. Smelting sites had also been studied, and
biochar amendments from 2% to 5% increased soil pH,
electrical conductivity, and water-holding capacity. Higher
percentages showed reduced bioavailability and toxicity
of Cd, Pb, and Zn by immobilizing them (Lomaglio
et al., 2018).

Phytoremediation also helps to restrict the movement of
water and contaminants, preventing them from coming into
contact with people and the environment in general,
avoiding erosion, and incorporating carbon into the soil. For
example, poplars take up a large amount of groundwater,
absorbing and transferring contaminants to the surface, thus
purifying groundwater (Volk & Daley, 2016).

Studies have reported synergism between mycorrhiza
varieties and bacteria. The bacteria make nitrogen available,
and the mycorrhiza increases the absorption of other ele-
ments, such as phosphor (Rivera & Fernandez, 2003).
Rhizobacteria could also promote photodegradation by re-
leasing phytohormones, helping the absorption of phos-
phates, and inducing redox reactions (Langella et al., 2014).
Bacteria of the genera Halomonas and one Bacillus localized
on the rhizosphere have been found to stimulate
plant growth and resistance to salty soil for Allenrolfea
occidentalis (Kearl et al., 2019).

Carbon sequestration incentives. The “4 per 1000” initiative
launched by the French government at COP21 in Paris in
December 2015 proposes to recover the soil of the earth by
incorporating organic carbon by 4 g/1000g of CO, every
year (organic carbon sequestration; Lal, 2016).

Biological agriculture comprises a series of environ-
mentally friendly techniques. These techniques involve re-
ducing pesticide use by incorporating plants that repel
pests (allelopathy) and agroforestry (FAO, 2018; Muzell
Trezzi et al., 2016). The idea is to stabilize climate in addition
to ensuring food security, with good critical practices such
as keeping the ground covered, engaged in CO,-extracting
photosynthesis, minimizing tillage, utilizing trees as boun-
daries, maximizing biodiversity, incorporating perennials,
introducing more intermediate crops, row intercropping,
grass strips, and rotating crops.

Biomass valorization. To promote the use of phytor-
emediation, it is essential to ensure the sustainability of bi-
omass production. Mineral extraction (phytomining) may
be low efficient and laborintense; however, it is not the only

process to be considered. Foremost, the process restarts
the land reclamation on the land of low development value
to provide ecosystem services that otherwise will not be
provided. Additionally, the biomass is to be marketable.
Robinson et al. (1997) calculated the viability for a metal
concentration of 1% dry mass on a hyperaccumulator
with an average annual biomass yield of 30ton/ha and
found that only Co, Ni, Sn, Cd, Mn, and noble metals would
be profitable. Nickel biomass yield was of 22 ton dry bio-
mass/ha crop when using Berkheya coddii, which was ca-
pable of hyperaccumulating 1.8-7.8 g/kg of nickel above
ground. The plant could remove 168 kg Ni/ha (Robinson
et al., 1997). Recently, Jiang et al. (2015) simulated financial
gain with different scenarios; successful combinations were
found for biomass with high energy value and high metal
accumulating capacity.

After extraction of metals and/or metalloids, the biomass
may be feedstock for a biorefinery to produce essential oils
or building blocks for biomaterials such as bioplastic, which
may pose an excellent alternative to the growing trend of
using this biomass as an energy source. Maddhesiya et al.
(2022) enhanced the productivity of some perennial aromatic
grasses on marginal lands through plant growth-promoting
rhizobacteria (PGPR) and reported oil yields of 16.38, 71.14,
53.13 and 49.49 kg/ha, respectively, for Vetiveria zizanioides
(vetiver), Cymbopogon citratus (lemongrass), Cymbopogon
martinii (palmarosa), and Cymbopogon winterianus (cit-
ronella). Tailings from mining regions amended with organic
matter and rhizobacteria were used to cultivate Chrysopogon
zizanioides (vetiver), Cymbopogon citratus, and Cymbo-
pogon winterianus, giving yields of biomass 16, 10, and 4 kg/
halyear, respectively (Zago et al., 2019). Using PGPR, a high
net return of 2094.95 dollars for the total crop cultivation of V.
zizanioides was demonstrated.

Figure 2 shows the predominance diagram of iron at the
site of the disaster in Brazil from 2015 tailings. On this chart,
the redox potential Eh (V) versus pH decides which chemical
species is predominant. Iron is more biologically available in
the form of Fe Il, which is toxic. The presence of organic
matter improves the soil, and iron is transformed into a car-
bonate that immobilizes the metal. Biorefineries must involve
processes to manage toxic waste and add value to biomass.
Proper ecotoxicological risk assessment and certification of
the bioproducts must be in place so that there is no risk for
the bioproducts entering the food chain.

Recent studies showed a high accumulation of toxic
metals in native plant Artemisia vulgaris tissues grown in
polluted soils contaminated with a range of 71.6-3480 mg/
kg of copper from an open mine in Armenia (Ghazaryan
et al.,, 2019). The species is a permanent grass; hyper-
accumulated copper was 50 mg/kg in shoots and 70 mg/kg
in roots, accounting for 3 ton/halyear of dry mass. These
results demonstrate that it is possible to valorize biomass so
that the remediation is valid in a sustainable way. Ultimately,
phytoremediation, followed by biorefinery processing,
would valorize biomass; however, more research is needed
in this regard.
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FIGURE 2 Iron predominance diagram in tailings of the Brazil Samarco
disaster. Predominance diagram of iron Eh (V) versus pH. Samples from
tailings from the Brazil Samarco disaster in 2015. Tailings and compost
samples' mineral concentration data were taken from Zago et al. (2019) and
Silva et al. (2017). Sample number 1 (red dot: Fe Il in the tailings) and sample
number 2 (gray dot: Fe in compost) were reported by Zago et al. (2019).
Sample 3 (green dot: Fe in mixture 3:2 of the two first samples) and sample 4
(orange dot: Fe in tailings) were reported by Silva et al. (2017). The database
used was PRODATA_SIT_Mine_RedoxO2_1.4.dat

Progressive rehabilitation in situ would require that the
high metal and/or metalloid content on tailings waste be
treated before it is released into the environment as a first
step. This means utilizing existing techniques to clean this
waste, which involves chemical treatment, physical removal,
and biosorption. These treatments may include laying an
impermeable liner, building drainage, char (Lomaglio
et al., 2018), and bare rocks to increase buffering capacity,
water retention, and nutrient capacity and use of tailings
with soil and amendments (pH, organic carbon, mycorrhizas,
and bacteria) with pioneer species and quick-growing gra-
mineous and legumes and harvesting the resulting crops,
extracting the associated metals, and reincorporating fer-
tilizer and finally, the building of a living fence with perennial
trees that phytostabilizes the terrain but also, in the case of
an accident, serves as a contention barrier, and diluting
agent; eventually, when decay occurs, using the biomass as
an amendment for the soil.

CONCLUSION

This study encourages the use of sustainable practices
throughout the mining life cycle. It critically analyzed the
problems generated by mining from different areas of the
human sphere: environmental, social, and economic. We
proposed interconnected solutions seeking to support
ecosystem services necessary for sustainable mineral proc-
essing. Furthermore, we demonstrated that sustainable
practices are possible. Future work on the sustainability of

mining should lead scientists to integrate all aspects and
ultimately suggest guidelines that could help governments
in each country.
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