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The circular economy of minerals plays a vital role in 
supporting the global energy transition. This approach 
involves:

• Processing solutions: Developing advanced methods 
for extracting valuable minerals from the mined mate-
rials, waste and industrial byproducts.

• Traceability and recyclability: Implementing advanced 
characterisation and fingerprinting methods to trace 
the origin of minerals and enhancing the recyclabil-
ity of secondary materials through increased material 
knowledge.

• Design-driven circularity: Promoting the use of  
mining waste through innovative project designs and 
the development of co-products that reduce waste, 
support sustainability and enhance resource recovery. 

By focusing on these areas, the circular economy of 
minerals can reduce environmental impacts, increase 
resource efficiency, diversify our sources of materials and 
contribute to a more responsible mining industry.

Designing circularity, and tracing minerals and materials

GTK research presented in this Policy Brief contributes to these United Nations Sustainable Development Goals

Advancing Circularity and  
Responsibility in Mining:  
Geosciences for a Sustainable Future
The shift to sustainable energy technologies increases the demand for minerals and requires 
a more efficient and responsible use of mineral raw materials. Geosciences and minerals 
engineering are essential in solving these issues. Key areas to focus on include improving 
processing solutions, enhancing the traceability and recyclability of materials, and promoting 
design-driven circularity in mining projects. These innovations are essential for responsible 
stewardship of our finite mineral resources, reducing environmental impacts and securing  
the supply of critical materials.
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Building a sustainable mineral supply  
for the energy transition
Societies are currently facing the need to phase out fos-
sil fuels and shift into renewable energy production and 
use. This shift involves minerals-based solutions as new 
energy technologies require considerable amounts of 
raw materials including novel technology metals derived 
from minerals. 

This step-change increase in metal demand will be met 
with an increase in mining production as the increase 
cannot initially come from recycling alone. At the 
moment, as little as 33% of the Cu, 31% of the Ni, 26% 
of the Al, 10% of the Co and 3% of the Li we use are 
derived from secondary sources. Of the rare earth met-
als, only around 1% make it to recycling in the first place. 

The European Union set ambitious targets for Europe in 
the Critical Raw Materials Act: by 2030 25% of strategic 
raw materials should come from recycled materials.

Because the demand for critical raw materials (CRM) 
increases as we strive to curb climate change, the min-
ing sector faces new challenges in balancing resource 
extraction with environmental and social responsibilities. 
The circular economy of minerals seeks to address these 
challenges by focusing on resource-efficient processing 
and mining, responsible sourcing and sustainable waste 
management. This includes using advanced technolo-
gies to recover valuable materials from industrial waste 
and improving recycling methods to reduce dependency 
on primary mining operations. 

Are we putting our efforts to advance the circular economy in the right place? Of the entire  
volume of what is mined, only a small percentage enters the product loop. Yet, we concentrate 
most of our efforts on this part of the value chain. Visualisation of the value chain is a joint 
effort of GTK, NGU, SGU, GEUS and Nordic Innovation.
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The current challenges, shortfalls and opportunities  
in the circular economy of minerals
Mineral deposits are unique, and we only have one 
chance of mining each deposit. Current mining practices 
generate significant waste and often fail to fully utilise 
the available resources. In fact, less than 3% of the rocks 
mined by metal mines ended up in the saleable mineral 
concentrates during recent years in Finland. Additionally, 
the need for traceable, responsibly sourced materials is 
growing due to increasing environmental regulations; 
social, environmental and human rights issues in some 
mineral producing countries; and consumer demand for 
ethical supply chains.

These challenges present an opportunity to innovate 
and enhance the sustainability of the mineral sector. 
The circular economy can help address these issues by 
improving the recyclability of materials, utilising second-
ary resources, increasing the co-products recovered in 

mining projects and developing responsible mining  
practices that can be traced to the final products and 
recycling. The design and feasibility assessment phases 
of new mining projects are crucial here because the 
economic and technical viability of circular production 
approaches is more likely when designed into the  
processes from the start.

In addition to embracing circularity and producing min-
eral raw materials responsibly, traceability can be used 
as a tool for auditing and certification in order to ver-
ify sustainability claims. To ensure a material is respon-
sibly sourced and meets the sustainability standards, 
we must know where it comes from. This is where geo-
based fingerprinting of the material has a considerable 

role to play as a traceability method that complements 
digital ledger solutions and paper-based approaches.  
As the geological and elemental characteristics of a 
sample cannot be falsified, the method has unique 
potential as a complementary verification method for 
any certification system.

Traceability techniques are the tools to make the metals and minerals value chain transparent. 
However, making the chain transparent is not enough.  We also need mechanisms such as  
legislation, agreements, and voluntary commitments to ensure sustainability at all steps of the 
value chain we are tracing.

External stakeholders want transparency

A sustainable value chain for metals and minerals needs the transparency that traceability techniques provide

Transparent, sustainable value chain
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GTK Mintec is a unique service provider combining 
mineral research laboratories with an industri-
al-scale pilot plant. The facility also includes a GTK 
SMARTTEST test area for studying the long-term 
behaviour of tailings and extractive waste.

Located in Outokumpu, the GTK Mintec mineral 
processing industry pilot plant and research 

environment offer research and testing services 
throughout the value chain, ranging from ore 
deposits to the closing of mines and the reuse of 
materials. GTK Mintec studies and tests the bene-
ficiation of minerals and mineral-based materials, 
as well as the recyclability of different types of side 
streams.

GTK Mintec helps design responsible mining projects

The mining of metals from hard-rock deposits  
has been – and still is – a major source of waste. 
Lithium is perhaps one the most critical metals for 
the energy transition. Currently, some of the main 
sources of lithium are hard-rock deposits such as 
lithium pegmatites and granites. In this type of 
deposits, the target minerals can make up to 10  
to 20 wt% of the rock. This percentage is more than 
it is for many other mined metals, but still only  
a fraction of the processed ore. 

At the Geological Survey of Finland (GTK), we are 
developing advanced processing routes to pro-
duce a high quality lithium concentrate and to max-
imize the use of the ore by recovering as much as 
possible of the other minerals in the ore into salea-
ble by-products. These include industrial minerals 
like quartz, feldspar or micas, which can make up 

70–80% of the ore, but also critical raw materials 
(CRM)-bearing minerals (~3%) which allow valoris-
ing up to 90% of the ore. 

But we do not stop there. Together with part-
ner organisations, we also seek out applications 
for the remaining residues as construction materi-
als, ceramics or geopolymers. This is made possi-
ble thanks to a mineral-centric integrated approach 
based on increased orebody knowledge via the 
application of geometallurgy relying on advanced 
mineral characterisation methods at our Espoo  
laboratory and the development of new mineral 
processing flowsheets that can be used to 
valorise the entire ore into multiple products at our 
GTK Mintec pilot plant (see other infobox for more 
details) and processing lab.
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Towards a circular and responsible  
mineral industry
Fostering a more sustainable, responsible 
and circular economy of minerals requires 
the following actions:

• Adopt resource stewardship. A mineral deposit can 
only be mined once. We must assume responsibil-
ity for all the materials we extract from the deposit, 
maximise sustainable benefits from the minerals we 
can use today and document the rest of the materials 
as deposits for future generations. 

• Promote circularity in mining. Encourage policies 
that incentivise the co-productisation of the extracted 
minerals and reuse of mining waste through circular 
economy models, including the development of new 
products from waste streams and efficient water 
management systems.

• Invest in processing innovation. Support research 
and development for advanced processing and sepa-
ration technologies and the utilisation of sensors and 
data-enabled approaches in order to recover valua-
ble materials from industrial and mining wastes, trac-
ing the separated streams throughout the process-
ing chain.

• Enhance traceability. Establish methods for geo-
chemical fingerprinting, standards and certification 
schemes to ensure responsible sourcing and improve 
recyclability across supply chains. Implement material 
traceability in all product chains and life cycles. 

• Observe circularity in legislative processes. 
Resource stewardship and the uniqueness of the 
mineral sector and the non-renewable but highly 
recyclable and durable raw materials produced by 
mining should be observed in all legislative and 
administrative processes for sustainable outcomes. 
Legislation should promote comprehensive circularity 
and resource-efficiency to reduce waste.

• Collaborate across sectors. Strengthen partnerships 
between mineral-producing and mineral-using indus-
try sectors, research institutions and governments to 
implement circular economy practices, ensuring that 
innovations in waste reduction and resource recovery 
are scaled effectively.

Critical areas of innovation in mineral circularity

Innovations in the following three key 
areas are crucial for advancing the circular 
economy of minerals:

Processing solutions. New technologies are needed 
to extract valuable metals and industrial by-products 
from increasingly complex (i.e. lower grade) ores and 
mine waste, with a focus on the materials critical for 
the energy transition, such as lithium, cobalt and alter-
native battery materials. In addition, the widespread 
adoption of circularity in mining projects requires pro-
cesses that are capable of recovering multiple mineral 
fractions into separate, marketable products. Many of 
these will be similar in physical properties and thus  
difficult to separate. We should explore innovative  
processing methods, sophisticated analysis tools and 
sensors, and data-driven approaches to allow the full 
utilisation of the mined materials.

Traceability and recyclability. The development of 
geochemical fingerprinting techniques allows the  
tracking of metals and materials along supply chains, 

ensuring responsible sourcing and promoting better 
recycling processes. Understanding the origin of  
materials and their recyclability is critical in reducing 
 the environmental footprint of mining, refining and 
manufacturing. Detailed material characterisation with 
sophisticated techniques can greatly enhance our  
recycling efforts when employed as a tool in developing 
waste-based products and new uses for minerals.

Design-driven circularity. Sustainable designs for  
mining and mineral processing are essential for  
reducing waste and promoting the reuse of materials. 
This involves identifying, developing and evaluating 
potential uses for minerals in the rocks to be mined, 
placing this information in deposit models for early- 
stage decision-making and investments in circularity. 
We need to learn to create and foster industrial ecosys-
tems around mineral deposits, developing data-driven 
approaches to mining and processing operations that 
allow circularity, improving the management of water 
and other material flows at the mine site, creating new 
minerals-based products and extracting raw materials 
from other secondary sources.
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for Its Implementation
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and the Safe Management of Tailings

• Study: Reliable Metal Traceability Takes Steps Forward
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Management of the Long-Term Behaviour of Extractive Waste

• GTK Mintec in Finland is Important for Mineral Processing  
and Growth in the Circular Economy Globally

Peer-reviewed publications
Processing Solutions
• Korbel, C., Demeusy, B., Kahou, Z.S., Filippova, I.V., Dehaine, Q., 

Filippov, L.O. 2025. Flowsheet development for the selective  
flotation of lepidolite from the Beauvoir granite from  
mineralogical insights. Minerals Engineering 225, 109207. 

• Dehaine, Q., Tijsseling, L.T., Rollinson, G.K. & Glass, H.J. 2024.  
Flotation of a copper-cobalt sulphide ore: Quantitative insights 
into the role of mineralogy. Minerals Engineering, 218, 108958.

• Heikola, T., Salo, M., Mäkinen, J., Dehaine, Q., Bertelli, M., Kinnunen, 
P., 2024. Comparison of chemical and biological leaching  
methods with the effect of chloride on the recovery of nickel, 
cobalt and copper from a pentlandite-pyrrhotite concentrate.  
Minerals Engineering, 214, 108771.

• Pell, R., Tijsseling, L., Goodenough, K., Wall, F., Dehaine,  
Q., Grant, A., Deak, D., Yan & X., Whattoff, P. 2021. Towards  
sustainable extraction of technology materials through  
integrated approaches. Nature Reviews Earth & Environment, 2, 
665–679.

• Dehaine, Q., Tijsseling, L.T., Glass, H.J., Törmänen, T. & Butcher, 
A.R. 2021. Geometallurgy of cobalt ores: A review. Minerals  
Engineering, 160, 106656.

Traceability and Recyclability:  fingerprinting and 
characterizing mineral and circular economy materials

• Butcher, A.R., Dehaine, Q., Menzies, A.H. & Michaux, S.P. 2023. 
Characterisation of Ore Properties for Geometallurgy.  
Elements, 19, 352–358.

• Donnelly, L., Pirrie, D., Power, M., Corfe, I., Kuva, J., Lukkari, S., 
Lahaye, Y., Liu, X., Dehaine, Q., Jolis, E.M., Butcher, A.R. 2023.  
The Recycling of End-of-Life Lithium-Ion Batteries and the 
Phase Characterisation of Black Mass. Recycling 8, 59.

• Rinne, T., Kuva, J., Serna-Guerrero, R. 2024. The unexpected  
stability of froth structures formed with battery materials allow 
their characterization with x-ray computed tomography.  
Minerals Engineering 221 (2025) 109112.

• Demeusy, B., Arias-Quintero, C.A., Butin, G., Lainé, J., Tripathy, S.K., 
Marin, J., Dehaine, Q., Filippov, L.O. 2023. Characterization  
and Liberation Study of the Beauvoir Granite for Lithium Mica 
Recovery. Minerals 2023, 13, 950.

• Tarvainen, T., Lehtonen, M., Lahaye, Y., Jarva, J. 2023.  
Analytical workflow to trace lead sources in fill-derived soils in 
Turku, Southwest Finland. Applied Geochemistry 156, 105735.

• Dehaine, Q., Tijsseling, L.T., Rollinson, G.K., Buxton, M.W.N.,  
Glass, H.J. 2022. Geometallurgical Characterisation with  
Portable FTIR: Application to Sediment-Hosted Cu-Co Ores.  
Minerals 2022, 12, 15.

Design-Driven Circularity

• Solismaa, S., Muniruzzaman, M., Kuva, J., Szlachta, M., Hyvönen, 
S., Kauppila, P., Kauppila, T. 2024. Interaction of cemented paste 
backfill (CPB) and circumneutral mine water during column  
experiments. Applied Geochemistry. 

• Brooshan, E., Kauppila, T., Szlachta, M., Jooshaki, M., Leveinen, J. 
2023. Utilizing Recycled concrete aggregate for treating Acid 
Mine Drainage. Cleaner Materials, 9, 100205.

• Solismaa, S., Ismailov, A., Karhu, M., Sreenivasan, H., Lehtonen,  
M, Kinnunen, P, Illikainen, M, Räisänen, M. 2018. Valorization of 
Finnish mining tailings for use in the ceramics industry.  
Bulletin of the Geological Society of Finland. 90.

• Solismaa, S., Torppa, A., Kuva, J., Heikkilä, P-, Hyvönen, S.,  
Juntunen, P., Benzaazoua, M, Kauppila, T. 2021. Substitution of 
Cement with Granulated Blast Furnace Slag in Cemented  
Paste Backfill: Evaluation of Technical and Chemical Properties. 
Minerals 11, no. 10:1068.

• Niu, H., Helser, J., Corfe, IJ., Kuva, J., Butcher, AR., Cappuyns, V., 
Kinnunen, P., Illikainen, M. 2022. Incorporation of bioleached  
sulfidic mine tailings in one-part alkali-activated blast furnace 
slag mortar. Construction and Building Materials 333.

Other reports and publications
• Liu, X., Keiding, J.K., Coint, N., Jonsson, E., Stendal, H., Þórðarson, 

Þ., Sadeghi, M., Keulen, N., M., Heredia, Eerola, T., Huyskens, M., 
Clausen, R.J., B. Gautason, B., Yang, J., Höskuldsson Á.,  
Þórhallsson E.R., Fransson H., Lahaye, Y. 2024. Mineral to Metal 
Traceability: A proof-of-concept study of rare earth elements in 
the Nordic nations. Nordic Innovation Report.

• Kaikkonen, H., Kivinen, M., Dehaine, Q., Pokki, J., Eerola, T.,  
Bertelli M., Friedrichs, P. 2022. Traceability methods for cobalt, 
lithium, and graphite production in battery supply chains. 
BATTARCE Project Report. GTK Open File Research Report 
20/2022

• Kauppila, T. (Ed.). (2022). Handbook for a Data-Driven  
Circular Economy in Finland: Data Sources, Tools, and  
Governance for Circular Design. VTT Technical Research  
Centre of Finland. VTT Technology No. 401

• Eerola T., Solismaa S., Hokka J. 2024. Environmental, and social 
governance issues of the Otanmäki (Finland) ilmenite tailings  
remining project. GTK Open File Research Report 56/2024.

• Feltrin, L., Andersson, M., Larsen, B. E., Tassis, G.,   Finne, T.E.,  
Raaness, A., Lewerentzc, A., Reginiussenc, H., Eerola, T., Solismaa, 
S., Clausen, R.J.,   Keiding, J.K.,  Øyene, R., Gautason, B., Þórðarson, 
Þ , Höskuldsson, Á. 2024. Information Management and  
Classification of Secondary Resources and their Critical Raw 
Material Potential in the Nordic Countries. Nordic Sustainable  
Minerals Program, Nordic Innovation. 125 p.

• Karlsson, T., Hokka, J., Kauppila, P., Tornivaara, A., Baldassarre, G. 
2024. Potential of Critical Raw Materials in Closed Finnish Mine 
Waste Sites: A Preliminary Review. ICARD 2024 Proceedings,  
the Canadian Institute of Mining, Metallurgy and Petroleum, 8 p.

Sources and additional information

The Geological Survey of Finland (GTK) produces impartial and objective research data and services in support of decision-making in industry, 
academia, and wider society to accelerate the transition to a sustainable, carbon-neutral world. GTK employs more than 400 experts specializing 
in the mineral economy, circular economy, solutions related to energy, water and the environment, as well as digital solutions. GTK is a research 
institution governed by the Finnish Ministry of Employment and the Economy, operating in Finland and globally.

Geological Survey of Finland
Solutions to accelerate the transition to a sustainable, carbon-neutral world

gtk.fi/en
Facebook | LinkedIn | Instagram

https://www.gtk.fi/en/research/
https://www.gtk.fi/en/research-area/circular-economy-of-minerals/
https://www.gtk.fi/en/current/mining-based-on-circular-economy-has-many-advantages-companies-and-research-organisations-are-developing-ways-for-its-implementation/
https://www.gtk.fi/en/current/mining-based-on-circular-economy-has-many-advantages-companies-and-research-organisations-are-developing-ways-for-its-implementation/
https://www.gtk.fi/en/current/mining-based-on-circular-economy-has-many-advantages-companies-and-research-organisations-are-developing-ways-for-its-implementation/
https://www.gtk.fi/en/current/designing-and-testing-the-beneficiation-process-is-the-most-crucial-step-for-the-comprehensive-utilisation-of-ores-and-the-safe-management-of-tailings/
https://www.gtk.fi/en/current/designing-and-testing-the-beneficiation-process-is-the-most-crucial-step-for-the-comprehensive-utilisation-of-ores-and-the-safe-management-of-tailings/
https://www.gtk.fi/en/current/designing-and-testing-the-beneficiation-process-is-the-most-crucial-step-for-the-comprehensive-utilisation-of-ores-and-the-safe-management-of-tailings/
https://www.gtk.fi/en/current/study-reliable-metal-traceability-takes-steps-forward/
https://www.gtk.fi/en/current/smart-field-testing-platform-and-concept-improves-management-of-the-long-term-behaviour-of-extractive-waste/
https://www.gtk.fi/en/current/smart-field-testing-platform-and-concept-improves-management-of-the-long-term-behaviour-of-extractive-waste/
https://www.gtk.fi/en/current/finland-holds-a-trump-card-for-mineral-processing-and-growth-in-the-circular-economy/
https://www.gtk.fi/en/current/finland-holds-a-trump-card-for-mineral-processing-and-growth-in-the-circular-economy/
https://www.sciencedirect.com/science/article/pii/S0892687525000354?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687525000354?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687525000354?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S089268752400387X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S089268752400387X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687524002000?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687524002000?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687524002000?via%3Dihub
https://www.nature.com/articles/s43017-021-00211-6
https://www.nature.com/articles/s43017-021-00211-6
https://www.nature.com/articles/s43017-021-00211-6
https://doi.org/10.1016/j.mineng.2020.106656
https://doi.org/10.1016/j.mineng.2020.106656
https://doi.org/10.2138/gselements.19.6.352
https://doi.org/10.3390/recycling8040059
https://doi.org/10.3390/recycling8040059
https://www.sciencedirect.com/science/article/pii/S0892687524005417?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687524005417?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0892687524005417?via%3Dihub
https://doi.org/10.3390/min13070950
https://doi.org/10.3390/min13070950
https://doi.org/10.3390/min13070950
https://doi.org/10.1016/j.apgeochem.2023.105735
https://doi.org/10.1016/j.apgeochem.2023.105735
https://doi.org/10.3390/min12010015
https://doi.org/10.3390/min12010015
https://doi.org/10.1016/j.apgeochem.2024.105965
https://doi.org/10.1016/j.apgeochem.2024.105965
https://doi.org/10.1016/j.apgeochem.2024.105965
https://doi.org/10.1016/j.clema.2023.100205
https://doi.org/10.1016/j.clema.2023.100205
https://doi.org/10.17741/bgsf/90.1.002
https://doi.org/10.17741/bgsf/90.1.002
https://doi.org/10.3390/min11101068
https://doi.org/10.3390/min11101068
https://doi.org/10.3390/min11101068
https://doi.org/10.1016/j.conbuildmat.2022.127195
https://doi.org/10.1016/j.conbuildmat.2022.127195
https://doi.org/10.1016/j.conbuildmat.2022.127195
https://norden.diva-portal.org/smash/record.jsf?pid=diva2%3A1899324&dswid=8631
https://norden.diva-portal.org/smash/record.jsf?pid=diva2%3A1899324&dswid=8631
https://hakku.gtk.fi/en/publications?id=22144
https://hakku.gtk.fi/en/publications?id=22144
https://hakku.gtk.fi/en/publications?id=22144
https://doi.org/10.32040/2242-122X.2022.T401
https://doi.org/10.32040/2242-122X.2022.T401
https://doi.org/10.32040/2242-122X.2022.T401
https://tupa.gtk.fi/raportti/arkisto/56_2024.pdf
https://tupa.gtk.fi/raportti/arkisto/56_2024.pdf
https://tupa.gtk.fi/raportti/arkisto/56_2024.pdf
https://norden.diva-portal.org/smash/record.jsf?pid=diva2%3A1899330&dswid=-8513
https://norden.diva-portal.org/smash/record.jsf?pid=diva2%3A1899330&dswid=-8513
https://norden.diva-portal.org/smash/record.jsf?pid=diva2%3A1899330&dswid=-8513
gtk.fi/en
www.facebook.com/GTK.FI
www.linkedin.com/company/geological-survey-of-finland/
www.instagram.com/geologicalsurvey_fi/

