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There are various existing practices and future potential for turning mining waste into valuable products. The
inventory of the tailings in the metal mines in Finland showed that considerable concentrations of many critical
metals are contained in the waste. However, the amounts of generated waste are so significant that the full
implementation of circular economy is challenging. A combination of several different circular economy ap-
proaches (reduce, reprocess, upcycle, downcycle and dispose for future) is needed to manage the waste streams
in mining in a holistic way. Various technologies are already in use for the recovery of metals from the tailings
and for the use of the mineral residues in high and low-value products. The institutional framework has an

impact on the economics of the valorisation of mine waste. Digitalisation can support in identifying where the
biggest potential for valorisation exists. The rising concepts of digital material and product passports would
support the circularity and the traceability of waste-based materials.

1. Introduction

Metals are essential in the transition to the green technologies e.g. in
low emission electric vehicles and in energy storage systems (Upadhyay
et al.,, 2021). At the same time with the positive contribution to the
society, mining also produces significant amounts of solid waste (Edraki
etal., 2014) belonging with millions of tons annually (Wang et al., 2014)
to the largest waste streams in the world (Hudson-Edwards et al., 2011),
along with waste waters (Kinnunen et al., 2021). The circular economy
preserves the value of materials (Antikainen and Valkokari, 2016)
keeping them available instead of disposal (Ritzén and Sandstrom,
2017). The use of the circular economy principle for mine waste is a
mean to reduce liabilities and to increase the value from the mining
waste (Tayebi-Khorami et al., 2019) to recover both metals and mineral
fraction (Bodénan et al., 2021). It is possible to create value from mining
waste by adopting the circular economy principles to keep the resources
in the use and to limit the final waste (Lebre et al., 2017a).

The institutional framework includes regulations, norms and cogni-
tive elements provided by various institutions. The circular economy
emerges via regulations, norms and cognitive processes and has been
identified as an institution (Stal and Corvellec, 2018). The behavior of
organisations is affected by institutional conditions (Campbell, 2006).
Regulations are formal rule settings with monitoring and possible

sanctions. Norms describe appropriate behavior, means and values
(Dale, 2002). The circular economy has been reported only very little in
the scientific literature and in the mining companies’ sustainability re-
ports, but the number of publications is growing (Upadhyay et al.,
2021).

The biggest waste streams both in metal value and in volume in
mining are tailings, which create long-term environmental liabilities to
the companies (Wang et al., 2014) due to the potential for acid rock
drainage generation (Simate and Ndlovu, 2014) from sulphidic tailings.
Instead of considering the tailings only as an environmental challenge,
the tailings could be treated and used as secondary metal sources (Sol-
omons, 2017) including critical raw materials (Araya et al., 2020) by
combining environmental management and economic valorisation
(Bellenfant et al., 2013). This option still needs research and develop-
ment on the industrial scale (Araya et al., 2021). In addition to the
metals, the main minerals in the tailings are useable as raw materials.
Especially, when the metal concentrations are low, the complete mineral
matrix needs to be valorised to increase the economics and to decrease
the amount of waste (Blengini et al., 2019). The tailings could be
reprocessed into a feedstock for new valuable materials and products e.
g. in the high value ceramics such as in chemically bonded ceramics
(Kinnunen et al., 2018), in the production of geopolymers (Solismaa
etal., 2018) or in ceramic coatings for thermal insulation (Karhu, 2020).
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In the same way, mining water effluents have traditionally been
considered valueless, but reducing the water consumption (Gunson
et al., 2012) and closing the water loops in mining (Kinnunen et al.,
2021) are crucial to achieve the sustainability targets. When water is
recycled, the amount of water withdrawals and the release of pollutants
to the environment diminish (Lutandula and Mwana, 2014). Water
already itself has value, but it is also possible to recover metals (Shad-
runova and Orekhova, 2015) and chemicals from the effluents.

The classical economy identifies material resources fixed and finite.
From the institutional perspective, resources are created by humans and
vary due to the development in technology and science (De Gregori,
1987). The line between valuable ore and waste is not clear, since it may
change over time depending on the extractive strategy, the economic
context and technological advancements (Kinnunen and Kaksonen,
2019). Metal grades for recovered ores have decreased over the decades
with the implementation of new innovations, which have changed
previously worthless materials into valuable ores (West, 2011). The
tailings of the past operations have nowadays transformed into potential
raw material sources, which is expected to happen also to today’s ma-
terials in the future (Lebre et al.,, 2017b). The types of tailings may
change when new kinds of metals and minerals are being mined. Since
the richest ores have been already used, there is going to be even more
tailings production in the future (Hudson-Edwards et al., 2011).

Lottermoser (2010, 2011) determined the concepts of remining,
reuse, recycling, reprocessing and treatment in mining. In remining,
minerals are recovered from previously mined areas. Reuse is defined as
the process that involves the new use of the mining waste in its original
form without reprocessing, which supports the waste hierarchy classi-
fication. However, reuse is considered only as using the waste again with
no consideration on the value. This is typically made in the close vicinity
of the mining site covering large-volume applications such as sand-rich
tailings mixed with cement to be used as backfill in underground mines
(Kinnunen et al., 2018). Recycling is defined as the conversion of mining
waste into new valuable products with physical, thermal, biological or
chemical methods. Reprocessing aims at using the waste material as a
feedstock for producing valuable products when the used treatment
reduces the toxicity or volume of the mine waste. Cisternas et al. (2021)
use value retention options (ReX) of refuse, reduce, resell/reuse, repair,
refurbish, remanufacture, repurpose, recycle materials, recovery of en-
ergy and remine for various circular economy strategies in mining and
minerals processing. Not all these ReX imperatives can be used for
tailings.

Lebre et al. (2017b) suggest a holistic approach to the mineral waste
management with the prioritization order of 1) reduce, 2) reprocess, 3)
downcycle and 4) dispose. Typically, the amount of waste output is
reduced by reducing the material input. The amount of target elements
in the ore is at the maximum some percentages, so a lot of waste is
produced. If the amount of mined ore would be reduced, the associated
un-extracted minerals would be lost. With mining waste, the target is to
minimize mineral losses in all stages. The existing circularity indicators
often take into account only the material in the final product and not the
material losses (Lebre et al., 2017a). Various indicators, such as the
Total Material Consumption, are developed to cover also extracted re-
sources, which are left unused (Ellen MacArthur Foundation, 2015). In
reprocessing, metals are extracted from the material. In downcycling, no
mineral or metallurgical processing takes place and the entire bulk
material is used in a low-value application (Lebre et al., 2017b). As
mentioned above, Lottermoser (2010, 2011) defines this with the term
reuse, referring to the new use of the total waste in its original form
without any reprocessing. In this article, we add upcycling as one
additional component to the tailings management hierarchy, since some
mineral products can have a higher value and do not fit into the
description of downcycling. Even though the valorisation of waste has
the potential to decrease environmental impacts, some actions can
create new environmental problems (Bian et al., 2012). If the material
cannot be reused, reprocessed, upcycled or downcycled, it needs to be
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stockpiled in a way that enables its future use. Additionally, we discuss
the potential of digital technologies to support the holistic mineral waste
management including industrial symbiosis to recycle materials and to
reduce and to avoid material losses.

This paper investigates how the circular economy principles have
been taken into use in the mining industry. The key questions driving the
research were: 1) What are the strategies to manage tailings in the cir-
cular economy context? 2) How much value is contained in the tailings?
3) How do digital technologies support the material management and
waste-to-resource matching and valorisation? The institutional frame-
work affects the transformation towards the circular economy and it is
reviewed in the context of mining industry. We evaluate the possibilities
to preserve the value of solid waste in mining. We identify the existing
commercial and research cases under various waste management cate-
gories (reduce, reprocess, upcycle, downcycle and dispose for future
use) to summarise what can be done to make the material use more
efficient across the categories. We highlight the conceptual trans-
formation from considering the wastes as valueless streams to identi-
fying their potential for a value creation. The results support
minimisation of the environmental footprint and an adoption of the
circular economy principles in the mining industry.

2. Materials and methods

This review is based on a literature search and a review of journal
papers. When relevant, conference publications, company web sites and
reports were searched. Databases and search engines, such as Google
Scholar and eKnowledge Search (Scopus, Science Direct, EbscoHost,
Knovel, IEEE, Springer Nature, Taylor&Francis and Wiley) were used.
We focused on a narrative review to find the relevant literature, because
it focuses on the topic in a broader way compared to a systematic review.
Words such as circular economy in mining, mine tailings, utilization,
metals recovery from tailings, tailings reprocessing, tailings hydromet-
allurgy and digitalisation were used in the search. The gathered infor-
mation was organised to discuss the circular economy practices in the
materials management in mining, and examples for the future material
use were analysed. The literature was selected based on the title and the
abstract in English except for the inventory of the metal content of
tailings in Finland, where information was available mainly in Finnish.
Complementary information was collected in the workshops organised
by the Circular Design Network project funded by the Academy of
Finland.

3. Circular economy in the mining industry

In the circular economy, the waste is turned into valuables and
prosperity is decoupled from resource utilization (Ellen MacArthur
Foundation, 2013). The value is created from existing materials with
better design for reuse and recycling, and with replacing non-renewable
products with services and renewable products (Ellen MacArthur
Foundation, 2015). Besides reducing pollution, the circular economy
also enables repairing previous damages with better designed systems
(Murray et al., 2017). The circular economy is often considered as
closing material loops (Bocken et al., 2016), which clearly decreases the
use of primary materials. Bocken et al. (2016) emphasize an extension of
the product lifetime, recycling and circular flow of resources, and
resource efficiency, to diminish resources utilization for the same pro-
duction. In the mining industry, these concepts could relate to using
recovered metals in the products for an extended period, to recycling
waste streams, such as tailings and water, and to reducing the amount of
waste material with advanced sorting.

Different industrial sectors should be analysed for the possibilities for
the circular economy transition. Only a limited number of efforts have
focused on operating the circular economy concept in mining instead of
the current linear economy concept (Lebre et al., 2017a), despite the
significant economic potential in turning waste into useful materials.
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The use of the circular economy concept in mining has the potential to
increase the metals supply to satisfy the increased needs of metals and to
decrease waste and environmental pollution (Lottermoser, 2011).
However, based on the interviews, value chains to support the use of side
streams are lacking in the mining industry (Kinnunen and Kaksonen,
2019). Mining companies have also emphasised that the amounts of
generated waste are so significant that they can not be fully used to fulfil
the circular economy approach (Kotarska et al., 2018). Even though the
technical use would be possible, often the logistics costs and the envi-
ronmental impacts would be high due to the typically remote location of
the mines. Tayebi-Khorami et al. (2019) highlighted that the technical
solutions can fail without the understanding of the economic, legislative
and regulatory context.

The circular economy concept can be taken to the company and
product micro-level, the regional meso-level and the global and national
macro-level (de Jesus et al., 2018). These levels were used in the circular
economy definition of Kirchherr et al. (2017) based on the analysis of
over 100 definitions. There are different ways to implement the circular
economy in mining, starting from the company level where materials
can be returned to the process or be used in applications, to the mine
area level, and up to the value chain and systemic levels where other
companies and industries can use the side streams (Zhao et al., 2012;
Balanay and Halog, 2016).

4. Institutional framework concerning mining waste
4.1. Institutions affecting mining

The transformation from the linear economy to the circular one is not
only technical, but the institutions have a significant role in it. Com-
panies consider their behavior based on regulations, norms and cogni-
tive elements (Scott, 2008, 2014), which are provided by institutions
(Dale, 2002). Despite the facts that institutional conditions determine
how responsibly organisations behave (Campbell, 2006) and can
simultaneously improve the competitive position and environmental
performance of the company (Nikolaou and Evangelinos, 2010), these
dimensions have not been sufficiently included into the circular econ-
omy discussions (Moreau et al., 2017). The circular economy has been
considered as an institution (Stal and Corvellec, 2018), because it is
taken into the use by regulative, normative and cognitive processes.
Based on the institutional theory, successful companies are mimicked,
which results in similar rules between companies in the mature indus-
trial environment (de Villiers et al., 2014). When the existing institu-
tional systems follow the linear economy model of operations, the
transition to the circular economy is more challenging (Fischer and
Pascucci, 2017). So far, the institutional environment in various areas
has supported mainly recycling and not any other types of circular
economy approaches (Ranta et al., 2018).

Various institutions have focused on improving the implementation
of the circular economy in mining. Society, international networks, and
European Union regulations and collaboration were identified as in-
stitutions, which drive the circular economy transition in the mining
industry (Kinnunen and Kaksonen, 2019). In the global setting, social,
regulatory and institutional factors including R&D support were iden-
tified as important factors for moving to the circular economy (de Jesus
and Mendonca, 2018). Typically, corporate social responsibility has
been the widely studied institution in mining (e.g. Gifford et al., 2010).
International Council on Mining and Metals has established ten princi-
ples for sustainable development, which support the circular economy
and in addition address various sustainability issues in the mining sector
(ICMM, 2016). Globally, United Nations have established Sustainable
Development Goals (SDGs), where the mining industry can contribute,
for example, to minimizing the waste and recycling the water (World
Economic Forum, 2016). Other efforts include World Business Council
for Sustainable Development Vision 2050 work and the World Economic
Forum’s Mining and Metals in a Sustainable World 2050, which include
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circular economy compatible strategies (ICMM, 2016). When trying to
reach the SDGs and to implement the Paris Agreement, society needs
more metals and mining to enable the electrification of transport in the
battle against the climate change (Ali et al., 2017).

A number of government initiatives (e.g. Netherlands, Germany, UK,
EU, Japan, China) have focused on improving the application and re-
covery of materials, product design and minimizing waste generation
(ICMM, 2016). In the U.S., National Environmental Policy Act, Clean Air
Act, Clean Water Act, Toxic Substances Control Act, Resource Conser-
vation and Recovery Act, and Comprehensive Environmental Response,
Compensation, and Liability Act affect mining industry activities (Mul-
vaney et al., 2021). The circular economy has been selected as the main
framework also in China (Murray et al., 2017). In Europe, the European
Commission has adopted the circular economy package in 2015 in order
to use materials more efficiently and to drive a more sustainable econ-
omy (European Commission, 2015, 2017a). Directive 2006/21/EC on
the management of waste from extractive industries supports the mini-
misation and prevention of environmental effects of extractive waste
(European Commission, 2017b). The European mine waste management
is governed by the Extractive Waste Directive (2006/21/EC) (European
Commission, 2006). The European Union (European Union, 2016)
considers that mining waste could be used for an improved raw mate-
rials supply with a subsequent reduction in environmental effects.
However, the policies and practices related to the reprocessing of
extractive waste have been rather limited in the EU member states and
the applied permits have mainly been associated with
construction-related purposes with a low number of secondary extrac-
tion from tailings and waste (European Commission, 2017b).

4.2. Regulations and taxation

Institutional incentives including regulations can make the transition
towards the circular economy easier (Fischer and Pascucci, 2017). The
use of waste materials (e.g. gypsum) in materials and products is
dependent on regulations and economic instruments (Jiménez-Rivero
and Garcia-Navarro, 2017). There are currently no common regulation
limits for pollutants in secondary materials, such as mining waste, to be
used in construction applications in the EU (Plicanic et al., 2020). A
strict global standard setting is considered better than any uncertainties
in regulations (Dashwood, 2014). In the future, several economic areas
are expected to require specific labels and production standards for the
materials that are used within their borders. For example, the European
Union is launching the Battery Directive, where the aim is to develop
methods to prove the sustainability and track the metals that are used in
the battery value chain in Europe.

Even though the institutions have tried to encourage the use of cir-
cular economy solutions, sometimes uncertain or complex regulations
and policies create barriers instead (Gregson et al., 2015). The possi-
bilities for a reuse of materials depend on local policies and environ-
mental conditions. As an example, mine waste can be reused in
roadways in China, but not in the United States (Bian et al., 2012).

Despite regulations being an important factor in applying the cir-
cular economy principles, they may not necessarily result in the actual
implementation of the circular economy (Ranta et al., 2018). Since there
may be some other barriers to the adoption of the circular economy in
addition to the restrictive regulation, a holistic approach is needed to
create an enabling environment for the circular economy (van Barnefeld
et al., 2016).

In addition to regulations, institutions can use sustainable taxation
decisions (Stahel, 2013) such as reduced value added tax (Kirchherr
et al., 2018) to support the circular products over conventional ones.
However, sometimes non-circular product prices are too low because of
subsidies on energy and water (Kirchherr et al., 2017). The potential for
the circular economy solutions may also relate to the geographical area
due to the differences in the taxation of landfilling. Taxation and gate
fees of various waste categories vary considerably country-wise and also
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material-wise. As an example, the landfill taxations in the EU varied
from 5 €/ton of municipal solid waste in Lithuania to 268 €/ton for a mix
of hazardous and non-hazardous waste in Belgium in 2021 (CEWEP,
2021). The landfill tax is typically higher for the hazardous waste, but in
some countries taxation is cheaper for the hazardous waste and the
treatment of hazardous material to turn the waste into the
non-hazardous waste can actually increase the taxation costs (Fischer
et al., 2012). As an example, Finland imposes no taxes on the hazardous
waste, but a tax of 70 €/ton is applied on the non-hazardous waste
(CEWEP, 2021). In some European countries, waste rock and tailings are
exempted from the landfill tax due to the reason that according to the
European Commission, an exemption from the landfill tax for these
materials is not a subsidy and there are limited possibilities for alter-
native waste management methods for the large quantities of waste. If
the exemption from the landfill taxation was removed, it could result in
the use of metal-containing waste material as construction material and
in the loss of the possibility to reprocess the old piles in the future
(Johansson et al., 2014).

4.3. Self-implemented initiatives

In mining, a limited resource is consumed, which makes the use of
the sustainability concept in mining challenging. The framework of
sustainable mining has focused on reducing the environmental impacts
of mine operations, and more recently also taking into account the
whole lifecycle of the mined material (Gorman and Dzombak, 2018).
When further considering the relationship between the mining industry
and the circular economy, the mining sector has been widely lacking
from the circular economy discussion (Lebre et al., 2017a). There has
also been criticism about the circular economy in the context of mining
due to the unsustainable growth of materials demand (Florin et al.,
2015) and a lack of the social dimension (Murray et al., 2017).

Mining companies have various self-implemented sustainability
initiatives (Dashwood, 2014). First ones were global, followed by the
recommendation to establish local best practices (Gorman and Dzom-
bak, 2018). Global examples are International Council on Mining and
Metals’ ten principles for sustainable development (ICMM, 2016),
UNEP’s Mineral Resource Governance in the 21st Century gearing
extractive industries towards sustainable development (UNEP, 2020)
and International Cyanide Management Code to improve operating
practices in order to protect waters (Northey et al., 2016). As a local
example, the Finnish Network for Sustainable Mining was established in
2014 and the Mining Standard was developed in Finland by a variety of
stakeholders including NGOs (Ruokonen, 2020).

In mining, the institutional environment of the head quarter location
largely determines the behavior of the whole company (Dashwood,
2014), and in addition local communities influence decision-making as
governance actors (Prno and Slocombe, 2012). Companies and pro-
fessionals follow the behavior of successful mining companies, which
finally results in a shared way of thinking and common norms in the
industry (de Villiers et al., 2014). Mining companies have similar
environmental management practices due to this mimicking (Nikolaou
and Evangelinos, 2010). According to the study of Upadhyay et al.
(2021) based on the reporting practices of large and known mining
companies, recycling of waste and water has been reported, but the
increase of the circular economy practices has not yet taken place on a
large scale.

Companies can create partnerships to exchange materials, water and
energy (van Beers et al., 2007). The few efforts have focused on recy-
cling and reuse of mining wastes even though there could be also sharing
of other resources (Balanay and Halog, 2016). Sharing of resources and
the use of by-products from another company can be greatly promoted
by establishing external institutions to connect various actors together.
One example is Kwinana Industry Council in Australia, which has
established relationships between companies in a certain mining area
(Chertow and Ehrenfeld, 2012).
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5. Tailings management within the circular economy in mining

In this chapter, the possibilities to manage the mine tailings with
reduce, reprocessing, upcycle, downcycle and disposal strategies are
discussed. In the subchapter 5.2, an inventory of the metal content of
mine tailings in Finland is presented.

5.1. Reduce

In mining, the needed input flows will even increase in the future,
when the ore grades decrease. However, there are some tools that can be
used in identifying, which parts of the mined material should go to
processing and which parts to the waste. When specialized in situ ana-
lyses are used to have a better and more detailed understanding of the
ore characteristics (Machado et al., 2020), the treatment can be opti-
mized. Ore sorting can be used before further processing steps to remove
any materials below the cut-off grade in order to decrease the energy
costs and the amount of tailings (Kinnunen et al., 2021). The energy
efficiency of comminution is only at the level of 1-2% (Donoso et al.,
2013), and with ore sorting significant energy savings can be achieved.

There are examples of 20-30% removal of the ore calculated as final
tailings with subsequent production of 70-80% ore mass in flotation due
to the successful sorting (Grotowski and Witecki, 2017). With minimized
ore losses, also energy, water and reagents use in relation to the outputs
are minimized (Lessard et al., 2016). When the processes are designed in
a way that takes into account the whole material value and various in-
ternal loops are closed, the consumption of chemicals can be reduced.

5.2. Reprocess

5.2.1. Inventory of metal mine tailings in Finland

Availability of data on secondary materials is needed to advance the
recovery practices (Blengini et al., 2019). One of the identified chal-
lenges to reprocess tailings is the lack of knowledge on tailings contents
(Kinnunen and Kaksonen, 2019). There are some initiatives taken at the
European level to gather information on raw material content in tailings,
e.g. in Horizon 2020 funded ProSUM (Prospecting Secondary raw ma-
terials in the Urban mine and Mining waste project, 2015-2018) and
ORAMA (Optimising quality of information in Raw Materials data
collection across Europe, 2018-2019). The ProSUM project started
gathering the data of mining waste and storing the data as an extension
to the Minerals4EU database enabling the link between the primary raw
material data to the mining waste data (Huisman et al., 2017). The work
continued in the ORAMA project and in May 2019 the mining waste
information included Czech Republic, Denmark, Croatia, Ireland, Nor-
way, Sweden, Slovenia, and Ukraine (Wagner et al., 2019). Within these
initiatives the work has begun, but is still far from being completed.

Even though there are national mining waste registries, the infor-
mation is often at a too generic level (e.g. not containing information on
concentrations and impurities) in order to evaluate the remining po-
tential, or the information may be available only in a specific language
(Zibret et al., 2020). Table 1 shows as a major example the summary of
the metal contents of various tailings from some of the existing and
historic metal mines in Finland. The tailings contain for example nickel,
cobalt and zinc. The value of the metals in one single tailings waste pile
reaches hundreds of millions of euros calculated from the concentrations
and amounts. However, the business potential needs to be evaluated
case-by-case taking into account also impurities and processing costs. In
addition, the existing infrastructure is important when considering the
valorisation potential.

5.2.2. Metals recovery from tailings

Tailings are waste products of mineral processing, where target
minerals or metals of an ore are separated from the unwanted gangue.
Thus, the mineralogy of the orebody and selections made in mineral
processing play a major role in the tailings characteristics and metal



Table 1

Inventory of metals content in some historic and operating metal mines in Finland as a major example.

General info Content in tailings (g/t) Infrastructure

Mine or plant, tailings piled Pile size Ag Al As Au Ba Cd Co Cr Cu Fe Hg Mg Mn Mo Ni Pb S Sb Ti V In Cover Road Reservoir
(years) (Mt)

Aijala’? 2.0 8 0.7 1,200 1,070 71,000 5,070 P No No
1949-58;

64-74

Hammaslahti*® 5.3 2 100 0.1 3 55 30 760 81,000 4,200 305 15 30 37,600 1,230 C Yes  Yes
1973-86

Kemi™® (Elijarvi) 13 (2009) 65,000 1,000 100 P Yes Yes
1967-

Haveri>® 1.4 3 158 1.6 3 115 43 830 107,000 79 10 29,000 208 140 P Yes No
1942-60

Hitura’"* 13.5 (2006) 2,130 984 2,139 98 0o Yes  Yes
1970-

Keretti*’ 10.5 1,920 13 100 348 107 781 38,700 0.4 21,000 173 4 375 12 25,800 100 1,380 C Yes Yes
1913-89

Kevitsa' %! 8.9 (2013) 6,880 7.5 0.07 58 615 425 55,500 60,100 978 2 6,500 0.3 42 24 0 Yes  Yes
A: 2012- 1.03 (2013) 6,880 42 0.34 460 490 4,100 205,000 41,000 10,800 5 124,300 0.3 35 80 0

B: 2012-

Korsnas™* 1961-62; 0.77 3,000 5,000 C Yes No
64-73

Kotalahti” 9.4 0.4 3 <01 30 1,100 330 67,000 1,100 7 610 60 1,000 110 C Yes No
1959-87

Luikonlahti'*!* 6 9,020 32 5 403 488 947 60,500 44,500 1,470 450 76,300 3,831 O Yes  Yes
1968-83 2.5 2,400 145 0.5 69 2276 67 31,780 222,500 1,080 1,295 9,600 175

1979- 0.5/a 200 500 200 11,900 400

2006

2012-

Makola'* 0.38 16,504 146 898 143,030 0.1 424 2,075 38,800 0 No No
1941-48;

51-54

Mustavaara'® 11.5 27,500 3 58 0.3 56 18 770 54,200 11,900 490 1 83 5 900 4 2,440 520 87 0 Yes No
1976-85

Pahtavaara'®'” 1.2 0.2 13,200 6 382 0.1 28 860 80 41,500 36,200 990 0.8 390 07 2220 02 760 87 9 0 Yes No
1996-2000;

03-14

Pyhasalmi'®!° 10 28,000 386 111,400 23 265 1,030 154,000 23,800 235 29 400 139,000 1,200 71 2,460 C Yes No
A: 1962-72; 76-97 3 (2003) 600 203,000 1,800 O

D: 1997-

Stormi+>?%2! 5.8 0.8 8 006 0.35 109 410 1,555 115,000 <0.1 146,500 1,530 23,000 <0.1 33 41 0 Yes No
1974-94 1.59 (2011) 3.9 0.05 1.1 31 11 <0.1 6 5 706 0.25 7 18

1990- 0.13 (2011) 386 0.25 12 34 33 <0.1 13 5 3,660 0.2 71 60

1990-

Vihanti” (Lampinsaari) 1954-92 13.7 5.9 0.14 800 80,000 900 55,000 1,900 C Yes  Yes
Virtasalmi*'® (Hallinméki) 1966- 4.2 0.3 0.03 50 205 88,000 100 20 2,400 C Yes No
83

Vuonos'° 9.1 320 350 69,000 770 33,000 2,900 O Yes  Yes
1967-86

Yiojarvi'® (Parosjarvi) 1943-66 2.77 5.7 51 206 98,000 18 192 P Yes No

°ID 32 uaunuuly ‘d

D Martikainen, 2016.

D Réisanen et al. (2015).

® Tenhola and Réisénen (2006).

4 Groundia Ltd, 2009.

PSAVI Regional State Administrative Agency for Northern Finland, 2010.
® parviainen (2009).
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recovery possibilities. From the mineralogy point of view, the tailings
may contain silicate-, oxide-, hydroxide-, carbonate- and sulphide min-
erals, either as main gangue components of an ore, or as minor residues
due to the inefficiency of a minerals processing technique (Lottermoser,
2010). As an example of physical properties, flotation tailings generally
consist of <100 pm sized particles (Wills et al., 2015) and have 20-40%
solids content (Lottermoser, 2010). While the valuable metal concen-
trations in the tailings are generally lower than in the concentrates or
ores, the tailings may still possess recovery potential as the mining and
particle size reduction have already been commissioned (Falagan et al.,
2017).

Several different technologies have been studied to recover metals
from the tailings. Flotation utilizes different surface properties of min-
erals and is considered effective in separating sulphides from other
minerals, or even different sulphide species from each other. However,
modern applications include also flotation of non-sulphidic minerals
(Wills et al., 2015). Due to its versatility, flotation has been studied as an
additional treatment of tailings after primary mineral processing. For
example, cobalt (Lutandula and Maloba, 2013), copper (Yin et al., 2018)
and tin (Leistner et al., 2016) have been successfully separated from
various tailings types. Magnetic separation utilizes different magnetic
properties of minerals (Wills et al., 2015). It has shown potential in
recovering iron (Bicalho da Rocha et al., 2019), manganese (Zhang
et al., 2017), titanium (Zhang et al., 2020) and chromium (Giiney et al.,
2001) from tailings. The separation technologies based on density
and/or size difference have shown potential for recovering chromium
(Tripathy et al., 2013), and zinc and lead (Khalil et al., 2019). Pyro-
metallurgical solutions for tailings treatment are interesting due to the
transformation of iron into hematite or magnetite and the trans-
formation of sulphides into sulphuric acid. For example,
nickel-containing pyrrhotite may be treated via this route to produce
hematite, nickel sulphate and sulphuric acid (Peek et al., 2011). Pyro-
metallurgy has also been suggested for recovering tin (Lopez et al.,
2018) and gold (Fu et al., 2018) from the tailings. Hydrometallurgical
technologies are based on the treatment of the solid material in the
presence of an aqueous phase. Due to the high diversity of available
leaching, oxidizing, reducing and complexing agents, hydrometallurgy
can offer very versatile processing options for a wide range of valuable
metals (Free, 2013). As an example, sulphuric acid leaching is widely
studied for base metals, such as zinc (Espiari et al., 2006) and copper
(Antonijevic et al., 2008). Gold can be leached with cyanide and halides
(Altinkaya et al., 2018), thiosulphate (Ubaldini et al., 2019) and thio-
urea (Ahmed et al., 2020). Hydrometallurgical methods can also include
leaching of tailings with organic acids (Hernandez et al., 2007). Bio-
leaching, which can be considered as one application of hydrometal-
lurgy, is a potential technology in the tailings treatment, especially when
valuable metals are incorporated to sulphide minerals, such as cobal-
tiferous pyrite (Morin and d'Hugues, 2007), pentlandite (Neale et al.,
2017) or mixed sulphides (Makinen et al., 2021). With hydrometallur-
gical processing, the target metal is typically transformed into a dis-
solved form and must be recovered from the leachate by chemical
precipitation, solvent extraction, ion exchange, crystallization and/or
electrolysis (Free, 2013).

The majority of the proposed tailings treatment processes rely on
technologies that have already been tested and possibly implemented
with richer and less complex ores. Thus, these processes can be
considered technically feasible for tailings treatment, especially after
tailoring the full plant layout to allow more complex elemental

LSSAVI Regional State Administrative Agency for Western and Inland Finland, 2014. C) Covered; P) Partly covered; O) Open.

PSAVI Regional State Administrative Agency for Northern Finland, 2007.
) In addition, 57 g/t of Eu203 and 7,000 g/t of La203.

PSAVI Regional State Administrative Agency for Northern Finland, 2014b.
Toropainen and Heikkinen (2006).

PSAVI Regional State Administrative Agency for Northern Finland, 2014a.

LVT Lapin vesitutkimus Ltd, 2006.
Heikkinen and Raisanen (2009).
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a rather complex hydrometallurgical process of leaching, iron removal,
solution purification and cobalt recovery (Morin and d’Hugues, 2007).
Another strategy is to utilize flowsheets that recover also iron and/or
sulphur value of the tailings. Historic industrial scale examples can be
found from the Sudbury area, rich in nickel-bearing pyrrhotite tailings.
Typically, these operations relied on pyrrhotite roasting, then producing
different nickel, iron (hematite or magnetite) and sulphur (sulphuric
acid or elemental sulphur) products. These processes were eventually
shut down due to the increased availability of high-quality iron oxide
ores and the low price of sulphuric acid (Peek et al., 2011). As a
conclusion, recovering elemental values from tailings is not only a
process-related issue, but strongly affected by global markets of ores and
chemicals.

The economic benefit of a remining project can be increased, if in
addition to the conventional target metals, also the by-products are
extracted. The term Enhanced Tailings Mining could be used for the
projects, which take into account a higher degree of valorisation (Suppes
and Heuss-ABbichler, 2021).

Due to a high variety in the tailings, including different minerals and
metals and/or impurities, aging, particle size, water content and quality,
and the presence of process chemicals, each metal recovery process must
be tailored according to the site-specific characteristics. According to the
literature review, many applications may have to be linked together to
result even in a technologically viable processing route. Thus, successful
process design requires an understanding of all possible applications and
their proper utilization.

5.2.3. Integration of primary and secondary materials processing

There are also possibilities for the integration of primary and sec-
ondary metals recovery. Metal production and mineral waste recycling
have approached each other in the last decades due to technical, social,
legislative and economic factors (Spooren et al., 2020). In the roadmaps
for the coming years, the integration of secondary raw materials or in-
termediates into the primary production has been identified as a means
to increase the value of previously unused fractions (Batteries Europe
ETIP, 2021). The benefits of the integration include a more efficient use
of the existing infrastructure and synergies in materials sourcing and
resource recovery. Some examples of the integration of primary and
secondary production exist. In Sweden, the mining company Boliden
uses both primary and secondary materials in its smelters (Florin et al.,
2015).

5.3. Upcycle

In addition to the metals recovery from the tailings, also the mineral
fraction in the tailings can be valuable. With reprocessing, the mine
tailings can be modified to be utilized in high-value products. E.g. the
recent article by Wong-Pinto et al. (2021) reports biosynthesis of copper
nanoparticles from copper tailings. In addition, the literature provides
several examples of the mine tailings upgrading by reprocessing into
secondary raw materials for the construction and ceramic industry. The
optimal value creation for the mining residues can be considered as a
combination of different circular economy strategies (reduce, reprocess,
upcycle, downcycle).

Every mine produces a unique type of tailings because of the
compositional differences in the mined ore and the differences in the
applied mining and mineral processing methods. The utilization of
tailings is dependent on their characteristics: chemical and mineralog-
ical composition, particle size and physical form (Lottermoser, 2010).
Thus, efforts need to be put on developing tools and methods to control
this variety in characteristics in the material and product design pro-
cesses (Karhu, 2020).

5.3.1. Upgrading tailings as secondary raw materials for the construction
industry
Construction applications, where residues function as active
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components, such as replace cement in concrete, can be seen as high-
value uses (Simonsen et al., 2020). Supplementary cementitious mate-
rials (SCMs) are defined as substitute active components which
contribute to the properties of concrete. SCMs can be natural or of in-
dustrial origin and their chemical and physical properties determine
their potential for the cement replacement. The industrial residues
typically used as SCMs are blast furnace slag and fly ash (UN Environ-
ment et al., 2018). Only a limited number of studies have discussed mine
tailings utilization as a means to replace cement in concrete. Kundu et al.
(2016) show preliminary experiments of substituting cement with cop-
per mine tailings percentages ranging from 0 to 50%. They concluded
that a moderate use of mine tailings can be possible as SCMs but further
investigations of the mechanical properties of the concrete will be
needed. A study by Simonsen et al. (2020) indicates that depending on
their chemical composition and amorphous content, selected mine
tailings show potential to be utilized as SCMs but presumably chemical
or physical pretreatment can improve their potential. Martins et al.
(2021) state in their current review publication that very limited data
have been published about mine tailings use as SCMs and specifically for
sulphidic tailings because of their chemical composition incompatibility
to the common cement standards.

Geopolymerisation is studied in several publications as a technology
to reprocess the mine tailings into bricks for the use of the construction
and building industry. Publications show e.g. utilization of tungsten
mine waste mud for the preparation of geopolymeric binders (Pache-
co-Torgal et al., 2008), copper mine tailings use in the production of
bricks through geopolymerization (Ahmari and Zhang, 2012, 2013),
albite activation for the use in geopolymers (Feng et al., 2012) and
sulphidic gold mine tailings use as raw materials in geopolymerization
as an option for tailings inertization (Kiventera et al., 2016, 2018).
Generally, geopolymerisation is considered as an effective method to
stabilize the mine tailings to be used as construction materials (Ahmari
and Zhang, 2013). Ismailov et al. (2020) also show the potential of the
mine tailings as a raw material for the magnesium potassium phosphate
cements, which are chemically bonded ceramic materials typically used
in civil engineering for rapid repair. The mine tailings are also reported
to be reused as fine aggregates in concrete to replace natural sand, e.g.
by the use of copper tailings (Thomas et al., 2013) and the use of
low-sulphide Pb-Zn tailings (Argane et al., 2016).

5.3.2. Upgrading tailings as secondary raw materials for the ceramic
industry

An upgrading of the mine tailings into secondary raw materials for
the ceramics industry has been studied, e.g. as chemically bonded ce-
ramics (Kinnunen et al., 2018), glass-ceramics utilizing sulphidic gold
mine tailings (Shao et al., 2005) and Au—Cu tailings (Ye et al., 2015). The
study by Karhu et al. (2019b) shows the potential of the mine tailings as
raw materials for mullite-based ceramics. Mullite is a typical ceramic
material for high temperatures, such as for refractory bricks and pro-
tective coatings. The mine tailings rich in quartz and alkali feldspars
show potential to be used as raw materials for the mullite ceramics
intended for operating temperatures up to 1,450 °C.

In the high-value ceramic applications, the use of the magnesite-rich
mine tailings as a Mg-source for high-temperature electrical insulation
ceramic coatings has been recently demonstrated (Karhu et al., 2019a,
2020). The coating deposition resulted in magnesium aluminate spinel
(MgAl;04) ceramic coatings showing comparable level of electrical
insulation capability and considerably lower wear rate, when compared
to MgAl;O4 coatings prepared using virgin, primary raw materials as
powder feedstock materials. A considerably lower wear rate of the mine
tailings-based coatings indicates a longer lifetime of the coated com-
ponents, decreasing the input of new raw materials.
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5.4. Downcycle

5.4.1. Use without reprocessing at the mining site

In downcycling, the waste bulk is used without reprocessing in large-
volume applications. Some examples of tailings use are backfilling,
construction materials and carbon capture (Lebre et al., 2017b). The use
of the mine tailings may be defined here as their use as such, in their
original form, without any reprocessing. In this case, the mine tailings
are typically used at the mining site (Kauppila et al., 2011) or in the close
vicinity of the mining site for civil engineering purposes (Kinnunen
et al., 2018). A common approach for the inert mine tailings is to use
them as construction materials at the mining site as such, e.g. in road
construction, as backfill material or as dam support material (Solismaa
et al., 2018).

5.4.2. Carbon capture

The capture and storage of atmospheric CO; in tailings is a potential
CO4 sequestration technology (Lottermoser, 2010). The capture and
storage of CO3 is based on mineral carbonation, involving the reaction of
atmospheric CO5 with unstable silicates such as olivine, wollastonite,
serpentine, anorthite and formation of carbonates. Several studies about
mineral carbonation have been published, e.g. for serpentinite rocks and
serpentine mineral samples (Lavikko, 2017) and their carbonation rates
(Wilson et al., 2006). Additionally, the basis for mineralization in
geologically derived minerals and industrial wastes has been discussed
(Hills et al., 2021) as well as the feasibility of combining the recovery of
valuable components in certain tailing deposits with the ex-situ
sequestration of COy (Marin et al., 2021). However, quantifying the
amount of CO, that can be captured into mine wastes is a complex task
because several processes are occurring simultaneously. A great amount
of further work and technology development will be required to resolve
the full potential of mineral carbonation considering different site and
climate conditions (Lechat et al., 2016).

5.4.3. New purpose for the closed mine

When extending the scope from the reuse of waste materials to the
reuse of the closed mine site, there are examples of repurposing the
mining areas into tourist attractions or science education sites (Zhao
et al., 2012). Closed mines have also been used as energy storage sys-
tems. In Australia, mining pits have been used in the hydro power
storage as the upper and lower reservoirs to generate water power via
solar energy (Genex Power, 2021).

5.5. Dispose

The amounts of mine waste residues are so significant that it is
challenging to find a suitable usage for all of them. In a case where the
material cannot be valorised, it should be safely deposited considering
also the possibilities for future use. Long-term planning is needed to
consider the waste valorisation already in the planning phase of the
mine. The disposal method determines whether the valorisation of waste
is possible or whether the material is made unsuitable for future uses
(Lebre et al., 2017a). As can be seen in Table 1, an important factor is
also whether the tailings waste pile has already been covered and if
there is existing infrastructure at the mine site to allow easier
reprocessing.

6. Digital technologies supporting waste prevention and
valorisation

The European Commission (2020b) has identified digital technolo-
gies as a key factor for reaching the objectives of the European Green
Deal and the Sustainable Development Goals. Mining waste prevention
pathway includes the reduction of output achieved by decreasing the
input for example through targeted excavation or mineral processing
optimisation. After minimizing the amount of the residues, the
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valorisation and utilization of the remaining mine tailings e.g. as con-
crete will decrease the remaining waste fractions to landfill. Digital
mining technologies have a strong link to digital mine and digital twin
concepts of the mines and mineral processes. This generated data, if it
also includes waste fractions, is potential data source for waste utiliza-
tion purposes as well.

In this chapter, we summarise the digital core technologies and so-
lutions that currently support or have the potential to support waste
management, not concentrating on the incorporated role of business,
market, skills or policies related to digitalisation.

6.1. Data flow processes and circular waste strategies

Digital circular economy discussion combines data flow processes
and circular economy strategies for minimizing waste. Circular Econ-
omy data flow processes start from 1) data acquisition and are followed
by 2) data integration and 3) data analysis (Pagoropoulos et al., 2017).
Additionally, 4) data sharing (Berg et al., 2020) is identified as an
important phase, when structuring and grouping digital technologies for
the circular economy solutions. The linkage between data flow processes
and circular strategies identified by Berg et al. (2020) includes solutions
to cover industrial symbiosis to restore, reduce and avoid material los-
ses. The implementation of these strategies and how smartly data could
be presented or generated into knowledge, can vary from descriptive
data collection towards predictive and prescriptive data analytics. Dig-
ital solutions supporting data flow processes can advance the circular
economy approach and reduce the environmental and social footprint.
However, data acquisition, data management and data analytics de-
mand considerable amounts of energy, and in addition, digital hardware
and electronic devices require numerous natural mineral resources.
Therefore, the impacts of the implementation of digital technologies are
important to understand.

6.2. Digital solutions to support reduce, reprocess and downcycle
strategies

Digitalisation is considered as an enabler for the circular economy
through several ways, for example by supporting in the closure of the
material loops, by monitoring waste and water streams, by providing
accurate data and information about the availability, location, quantity
and quality of materials, and by controlling the process more efficiently
(Antikainen et al., 2018). Artificial intelligence (AI), machine learning,
virtual and augmented reality, automation and autonomous design, the
Internet of Things (IoT), digital infrastructure and data security are
identified as the main contributors to the digital transformation of the
raw materials sector and to the optimisation of processes, resource ef-
ficiency and productivity (EITRaw Materials, 2020), also to support
waste prevention and data generation for waste valorisation. Further-
more, digital platforms can facilitate the valorisation of mine tailings by
new and alternative waste-to-resource matches.

Digital technologies, many of them already supporting waste man-
agement, can be divided into three application levels such as processes,
products and platforms and their related technologies such as sensor
technologies, machine vision, artificial intelligence, the IoT and
Distributed Ledger Technologies (DLT) (Berg et al., 2020). The waste
material data of the mining processes relates to the hierarchical levels of
substances and materials, rather than component, product or product
system levels. Data acquisition, data management and data analytics of
processes and products are related, for example, to the chemical
composition, and physical and chemical properties of substances and
materials. The mining waste reduction and reprocessing strategies can
be supported by process monitoring and material detection (ore sorting)
technologies, such as spectroscopy, machine vision, image analysis or
pattern recognition. Digital Twins are commercially available for mining
processes, including material flow location, material quantity and
quality, and timing data.
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Platforms connect consumers and producers, allow development of
services and dematerialisation, industrial symbiosis (Berg et al., 2020),
and such as Urban Mine Platform may support recovery of secondary
raw materials (Hedberg and Sipka, 2020). The digital planning and
management tools for mine closure are proposed instead of the tradi-
tional written plans, and they should cover aspects related to the man-
agement and treatment of tailings, waste rock and water (Kauppila et al.,
2019).

6.3. Digital solutions to support upcycle strategies

Waste upcycling strategies target at reprocessing the mine tailings
for the raw materials of high-value products. In these development
projects and solutions, digital technologies can support both the process
and production state, but also the whole ‘end’ product lifecycle.
Therefore, material management relates to the substance and material
hierarchical level in the raw material and waste phase, but to the
component, product or product system hierarchical level through the
final product lifecycle. On the other hand, some digital solutions facil-
itating the material and product lifecycle management are arising to
cover the materials lifecycle starting from mining. Digitalisation of the
raw materials data has the potential to support the entire value chain
and the circularity of the raw materials. Despite of the need for a
database for the properties and prices of secondary materials, there
might be barriers to sharing waste related data due to long traditions of
data protection by companies, seeing the value of data resources as a
competitive business critical advantage and the sensitivity of waste
material information, based on our recent workshop for battery value
chain actors.

The arising concepts of material and product passports are digital
representations of physical substances, materials or products through
the value chain. For example, the Global Battery Alliance has presented
the concept of battery passport to connect the data from mining and
refining stakeholders through the lifecycle of batteries until the recy-
cling phase. The Battery Passport is described as a digital twin of its
physical battery enabled by the digital Battery Passport platform (Global
Battery Alliance, 2020). However, the potential of data generated
through evolving digital technologies is worth of evaluation to support
mine tailing valorisation. The concepts of digital passports are evolving
as well. To our knowledge, there is no existing passport for waste
material.

The concept of circularity is highlighted in raw materials process
design and operations e.g. by EIT Raw Materials (2020). Furthermore,
satellites, open data and Al are commercially used to support the raw
materials value chain, from the geological origin to the final product
(EIT Raw Materials, 2021). The other common digital technologies are
cloud-based solutions, edge computing and block chain technology to
support both (secondary) raw materials trade and raw materials
traceability.

7. Conclusions

There are various practices and potential for turning the mining
waste into valuable products. As shown in the metal mine tailings in-
ventory from Finland, the tailings deposits contain metals worth of
hundreds of millions of euros, and these materials have the potential to
be economically valorised but need to take into account the processing
costs. In addition, information about existing infrastructure such as
roads and covers is needed to determine the possibility for tailings val-
orisation. Various technologies are already exploited for the recovery of
metals from the tailings and for the use of the mineral residues in high-
or low-value products. The mine sites can even be used for completely
new purposes in tourism and in energy storage. The economics of the
valorisation of tailings is dependent on the institutional framework
including e.g. taxation and regulations, which may also change over
time. The most important parameters affecting the economics are the
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amount and the price of the targeted metals. The volume must be high
enough to support the costs associated with processing.

Since the ore grades are getting lower and the metal demand is
known to grow significantly, the amount of tailings is expected to boost
in the next decades. At the same time, the demand of new kinds of metals
results in the formation of new types of tailings, which also need to be
taken into account preferably already in the planning stage. The
amounts of generated waste are so significant that their full use in order
to fulfil the circular economy approach is challenging. This means that
not only one approach is enough, but a combination of several different
circular economy approaches (reduce, reprocess, upcycle, downcycle
and dispose for future) are needed to manage the waste streams. We
emphasize the possibility for upcycling, as according to the waste hi-
erarchy and the Circular Economy framework the value should be kept
at the maximum. Typically, the management strategies of tailings have
focused on downcycling, but there are possibilities for transforming the
tailings into higher value products as described in our examples. We also
highlight the need to evaluate the possibilities to valorise the tailings in
a holistic way. It is possible that investigating only metals recovery or
minerals use in the applications separately, the separate approaches are
both economically inviable, but in the holistic view taking into account
all approaches, the investment decision can be positive. Various valor-
isation technologies have already been developed and tested, but many
of them are still in the non-commercial stage. In addition to techno-
logical advancements, which were in the focus of this article, we
acknowledge the need to develop suitable ecosystems and partnerships
for tailings valorisation.

Digitalisation can support the material and waste management, for
example through the information of the material and waste flow loca-
tion, quantity, quality and timing. Digital technologies currently
enhance process and materials efficiency, as well as business intelli-
gence, through advanced monitoring technologies and data analytics
which yield information about waste streams and predict value chain
dynamics. Furthermore, digitalisation can facilitate discovering the
biggest potential for waste valorisation by identifying and exploring the
new and alternative waste-to-resource matches within digital platforms
for secondary raw materials. Barriers for data sharing were identified,
due to both the business criticality of data and on the other hand the data
may be sensitive, especially waste material data. Therefore, the digital
tools for mine closure, for example, should especially cover these as-
pects. Additionally, the rising concepts of digital material and product
passports have a potential to increase the circularity and the traceability
of the waste-based materials and to support their safe utilization.
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