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MINERAL CARBONATION USING MINE TAILINGS 

– A STRATEGIC OVERVIEW OF POTENTIAL AND OPPORTUNITIES 

KEY MESSAGES 

• Three decades of research and development work on accelerated mineral carbonation (AMC) 
has demonstrated that ultramafic, magnesium rich minerals in mine waste materials has the 
potential to sequestrate CO2 via mineralisation.  However, despite three decades of R&D most 
concepts have not advanced beyond Technology Readiness Level (TRL) 4.1 

• Although the stockpiled amounts of material are vast, the suitability of these materials is 
highly dependent upon specific conditions imposed by mineralogy, geochemistry, petrology, 
permeability and hydrology.  AMC treatment and effectives is therefore highly site-specific. 

• The limited scale-up from laboratory-scale investigation is partly due to the energy 
requirements and chemical kinetics to a timeframe of minutes rather than hours or days, as 
is still commonly being reported.   

• Carbonation of mine wastes using CO2 divided into two broad groups: direct carbonation, 
which often ends in struggling with a passivating silicate layer that prevents rapid chemistry 
and high conversion levels; while the second group focusses on stepwise extraction and 
conversion aimed at reaching higher conversion levels in shorter times.   

• Extraction methods can produce materials of marketable value.  The evidence from this 
review is that there are very few AMC approaches that could be economically viable at an 
industrial CO2 mineralisation scale in a single facility. 

• Although most AMC technology related to Mg rich waste streams is still at TRL 4 a few have 
progressed to TRL 6 or 7.  One company, Mineral Carbon International (MCi), reported in 2021, 
that its aqueous process has advanced from TRL 6 to TRL 7.  The company has received support 
to develop the technology subject to the results of final pilot studies and engineering designs.   

• Calcium-based AMC has niche deployment opportunities as a result of the large markets for 
calcium carbonate based products.  The relative reactive properties of calcium compared with 
magnesium means that the chemistry is less challenging than for conversions that produce 
magnesium carbonate.  

• There have been very few cost assessments to determine the potential for commercial AMC 
deployment, even when possible revenues from the sales of metals or other by-products have 
been included.  The most promising candidates for marketable products from AMC using 
magnesium silicate-type rock feedstock is nesquehonite (MgCO3·3H2O).  However, large-scale 
production could lower the price to uneconomic levels.   

• There is a lack of reported evidence on the economic effectiveness of metal recovery from 
mine waste. 

• Adverse environmental impacts caused by handling Mg-rich silicate host rocks include toxic 
metallic by-product streams, and other problematic solid, liquid or gaseous effluents, that can 
be produced by processing mine wastes.  This aspect has received less attention.  

• Life cycle assessment (LCA) tools are being increasingly used to quantify the environmental 
footprint of AMC.  The technique does require impacts such as land use, water use and 
resource depletion as well as the benefits from a reduction in global warming potential. 

• Deployment of large AMC facilities presents a public acceptance challenge which has yet to 
be adequately addressed.  Experience from CarbFix does show that positive engagement with 
the public can produce favourable attitudes to power generation and associated 
environmental impacts.  In this case subsurface in-situ carbonation. 

 
1 TRLs are a useful method for understanding the technical maturity of a technology. TRL 4 is the fourth level out of nine 

possible levels with nine being the highest.’ 
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BACKGROUND  

There is widespread recognition that naturally occurring ultramafic rock formations, with high 
concentrations of Mg and Ca silicates, react with atmospheric CO2 to form Mg and Ca carbonates.  
Significant concentrations of key industrial mineral resources are often present in ultramafic 
formations, notably nickel, PGE, Chromium.  Consequently, there are large accumulations of mine 
tailings with the potential to react and sequester CO2 either as a solid phase carbonate or modified 
into a useful material.  Countries with mineral resources hosted in ultramafic formations such as 
Canada, the USA, South Africa, Finland and Norway have been actively investigating the potential to 
use mine tailings as a means of ex-situ CO2 sequestration and the potential for reuse or additional 
mineral recovery. 

The most promising route proposed for ex-situ mineral carbonation is aqueous processing of Mg and 
Ca rich naturally occurring silicate minerals.  The overall carbonation reaction consists of the 
dissolution of MgO- or CaO-bearing silicates such as olivine, serpentine, and wollastonite, followed by 
the precipitation of carbonates such as magnesite and calcite.  Experimental investigation of both 
dissolution and the precipitation processes has been conducted in recent years. 

There are, however, a number of complicating factors that need to be taken into consideration.  Mine 
tailings are heterogeneous with varied compositions depending on the host geology of each location.  
Research results show that different Mg-rich minerals react at different rates as the reactivity of Mg-
silicate rocks is a function of both chemical and physical properties of rocks.  Slow kinetics of mineral–
fluid reactions, and dealing with the large volume of source material, plus the energy needed to hasten 
the carbonation process, and related adverse environmental impacts presents significant challenges. 

Carbonation treatment processes of mine waste tailings with high concentrations of Mg-silicates have 
been advocated as a CO2 mitigation option that could incorporate recovery of valuable metals.  
Accelerated mineral carbonation might provide an economic incentive to develop this technology. 

This review provides an overview and an assessment of the current status of CO2 mineral 
sequestration, also referred to as accelerated mineral carbonation (AMC).  The technology is based on 
processes that accelerate natural carbonation reaction rates to enhance CO2 capture and achieve 
economic quantities of valuable metals.  One of its attractions is the use of significant quantities of 
tailings, overburden and other residues that have accumulated at mining sites. 

The review has assessed the current TRL status of AMC, its techno-economic viability, environmental 
benefits and drawbacks.  It has also attempted to assess the most promising products and markets for 
recoverable valuable materials, with emphasis on metals (PGE’s, REE’s, Cr, Ni, V, Mg).  Materials for 
civil construction and other applications sourced from carbonated Ca minerals forms a minor part of 
the investigation. 

SCOPE OF STUDY 

The aim of this review is to evaluate the techno-economic viability of AMC, and the comparative 
maturity of the technology, based on publicly available information.  This report is primarily concerned 
with magnesium-silicate rich mine tailings and ex situ processing to induce carbonation suitably 
reactive rock.  Magnesium silicate rocks can potentially offer significant volumes of material for CO2 
capture compared with calcium-based materials  

In-situ AMC, relies on the comparatively rapid carbonation caused by CO2 from the air reacting with 
tailings and other residues at mining sites.  Direct injection of CO2 (dissolved in water) into Mg-rich 
reactive rock formations, is also covered in this review.  This approach has been an active area of 
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research in recent years, as about a quarter of the literature listed since 2016 deals with in-situ cases.  
Most in situ development has taken place in three sites in Iceland (CarbFix), Canada and Australia.  

It is important to reiterate that the scope of this review is primarily to address ex-situ CCU, rather than 
in-situ CCS, although many mining operations may offer opportunities for effectively and successfully 
incorporating both.  It is also useful to distinguish between waste generated at the mine site and that 
produced during metallurgical processes, as reactive properties may vary considerably.  Figure 1 is an 
attempt to further clarify definitions of mine waste, including overburden, which may be ultimately 
be used again in site restoration and stockpiling of low-grade ore.  This material may be refined at a 
later date, or used as backfill in underground workings or open pits.  Tailings are mineralogically 
refined and enriched as a result of the processing and can therefore be expected to behave differently 
with respect to in-situ sequestration; the presence of water and sulphide phases is, for example, 
significant in this regard. 

 

Figure 1 Summary of mining waste, mineral and metallurgical materials 

The report is divided into three parts which address: magnesium-based resources (Part 1), the main 
focus of this report; followed by much shorter Parts 2 on calcium-based resources; and Part 3 on in-
situ CO2 mineralisation process cases.  Part 1 is further subdivided into four sections that separately 
consider years 1990-2009, 2010-2015 and years 2016-today, plus a section that assesses the status 
from the viewpoint of the key performance indicators.  The appendices include tables with 
compilations of worldwide resources of potentially suitable feedstock rock, and a brief description of 
the variations of the so-called Åbo Akademi (ÅA) University route.  This approach has resulted in five 
different variations of in situ AMC.  The preferential input rock is serpentinite, containing primarily 
serpentine, 3MgO·2SiO2·2H2O, or Mg3Si2O5(OH)4 besides some other species, primarily iron oxides and 
silicates. 

STUDY FINDINGS 

The two major mineral carbonation categories have been sub-divided into direct and indirect 
carbonation illustrated in the Figure 2. 

 

Figure 2. Simplified schematic exemplifying the difference between direct and indirect carbonation 
routes 

Highlights / advancements 1990 – 2009: 
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• The concept of mineral carbonation was introduced (and large potential quickly grasped)  

• Most abundant and suitable minerals were identified (olivine, serpentinite) 

• Multiple routes have been identified, the most promising being additive enhanced (0.64 M 
NaHCO3 and 1 M NaCl) direct aqueous carbonation  

• Multi-step routes introduced for producing high-value products (product valorisation)  

• In-situ mineral carbonation was introduced  

• Investigations into various industrial waste and by-product streams started  

• Understanding that using pure CO2 is too expensive, use of CO2 containing flue gas should be 
pursued instead  

Remaining priority issues that were not addressed during the review period 1990 – 2009: 

The main issues hindering mineral carbonation from advancing on the technology readiness level (TRL) 
ladder at the end of 2009 were:  

• Extracting or activating the reactive component MgO from a silicate mineral 

• Speeding-up the carbonation chemistry kinetics 

• Energy economy (noting in particular that the heat produced of the exothermic carbonation 
reaction was not actively considered / utilized in the processes) 

• Recovery and recycling of chemicals used. 

Prior to 2010 most AMC was conducted at laboratory scale.  In 2011 a field trial where flue gas from a 
large coal-fired power plant was reacted with fly ash.  This experiment demonstrated CO2 capture via 
mineralisation, but reduction levels were modest from 13.0% to 9.6%.  A research project in China in 
2013 successfully extracted Ca from fly ash with the help of ammonium salts.  In this process, up to 93 
% of the Ca precipitated as CaCO3 (precipitated calcium carbonate, PCC).  Furthermore, the purity of 
the PCC was up to 98 %, making it suitably clean for industrial use.  

A multi-step pH-swing process to obtain Mg suitable for CO2 sequestering was reported in 2014.  The 
goal was also to extract other valuable metals from the raw material, in this case a mineralized ore 
sample.  Different forms of magnesium carbonate (MgCO3) and iron hydroxide Fe(OH)2 were obtained.  
Moreover, the research group was able to get a purity > 99 % for the MgCO3.   

Between 2010-2015 there was significant activity in Canada AMC based on mine rock waste.  One of 
the general conclusions from this period is that brucite-rich ores from nickel mines can offer a 
significant passive or accelerated carbonation potential.  However, under certain conditions the 
formation of nesquehonite (MgCO3·3H2O) produces a passivating layer that chemically inhibits 
carbonation on the brucite surface and the availability of water also limits the progress of carbonation. 

In Finland, at the Åbo Akademi (ÅA) University, research into stepwise carbonation of serpentinite was 
published in a large number of reports on the thermal extraction of magnesium using ammonium 
sulphate, the production of magnesium hydroxide and the carbonation of this in a gas/solid 
pressurised fluidised bed.  Of significance from this time was detailed analysis of the role of water 
vapour during magnesium hydroxide (Mg(OH)2) carbonation and the details of the decomposition of 
ammonium sulphate flux salt during the thermal extraction of magnesium. 

Life Cycle Assessment (LCA) based on CO2 mineralisation was investigated between 2010 – 2015.  
Significantly LCA applied to the application of AMC using serpentinite at a Combined Cycle Gas Turbine 
(CCGT) power plant was reported.  The best results (obtained without CO2 pre‐capture) gave an 
avoided 55-66% CO2 emissions, dropping to 42-58% when the impact of shipping and mining was 
included.  Emissions of NOx, SOx and particulate matter were accounted for in the LCA.  Estimated 
system costs in the range 71 – 159 US$/t CO2 were calculated, which corresponds to 18 – 40 US$/t 
solid products for land reclamation. 
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An evaluation of aqueous mineralisation applied to eleven alkaline feedstocks (olivines, a serpentine 
and several industrial alkaline by‐products) for 1,000 t/day CO2 sequestration was conducted during 
this period.  The lowest CO2 emissions (267 kg/t CO2 processed) were obtained with 10 μm olivine 
particles (155°C, 90 bar, 24h).  The impact of energy input for upstream and downstream process 
steps, and water use, were also considered.  Avoided CO2 emissions equal to 317 and 483 kg/t 
mineralised CO2 for these processes were reported.  However, it was concluded that with a CO2 
capture step, (involving solvent-based capture of industrial flue-gases), mineralisation of CO2 could 
not, from an LCA point of view, compete with underground storage of CO2.  

The LCA of CO2 mineralisation used to scrub flue gas on a waste incinerator in Singapore had to take 
account of the ultramafic mineral material sourced from Western Australia or alternatively from 
Malacca, Malaysia.  Heat-activated serpentine is reacted with an aqueous solution of ammonium 
carbonate obtained from scrubbing flue gas with aqueous ammonia.  The heat activation and carbon 
capture step, and especially the transport of rock, generate significant CO2 emissions requiring CO2-
neutral alternatives. 

Highlights and progress between 2010-2015: 

• Advancements in simultaneous capture and mineralisation of CO2 directly from flue gas 

• Carbonating flue gas via leachate e.g., NH4HCO3 as an indirect carbonation route studied at 
lab-scale in several laboratories  

• Better modelling of the kinetics for dehydroxylation in host minerals 

• Better understanding of the temperature’s impact on carbonate precipitation 

• Emphasis on the solid products and their economic value  

• A first study (from BC, Canada) presents a 15-year (2012-2027) opportunity of mine residue 
carbonation via a NPV estimation  

• A significant number of LCA studies reported 

Outstanding issues remaining to be addressed after 2010-2015: 

• Higher carbonation rates are needed for the CCS to pose a viable solution to for green house 
gas mitigation. 

• Deployment at industrial scale, which would demand TRL 5 (demonstrated in the laboratory).  

• None of the reporting from 2010-2015 refers to TRL levels 

• The. fate and consequences of potentially toxic by-products (primarily heavy metals) needed 
more study. This is at least one impact category of LCA studies 

Since 2015 research activity in AMC has been expanding.  There have been around 100 publications 
covering ex-situ CO2 mineralisation with a focus on the use of mine/mining tailings.  These studies are 
almost exclusively investigations on magnesium silicate based material.  In addition there have been 
around twenty-five publications on in-situ CO2 mineralisation, primarily reporting on findings at two 
sites in Australia and Canada.  It is significant that despite the attention over the last 30 years most 
research is still concentrated on laboratory-scale carbonation experiments run over hours.  The focus 
of this work is the conversion of magnesium-based materials into carbonate.  There is only a limited 
amount of literature on technology development, LCA, public acceptance and potential markets for 
carbonate based materials.  Environmental impacts, especially toxicity, water use and energy 
requirements are seldom addressed. 

Mine tailings are recognized as a potentially simple and sustainable way to simultaneously reduce the 
environmental impact of the tailings and CO2 emissions.  Recent examples have included the 
carbonation of ultramafic mine tailings using field-deployable methods.  Two different approaches 
have been applied: direct carbonation using an onsite CO2 source; and indirectly via heap leaching 
using sulphuric acid.  By 2021 neither method has been demonstrated at full field-scale. 
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Other research, summarised in the main report, suggests that to make a significant impact on CO2 
emissions, AMC processing of Mg rich material needs to be enhanced using ex-situ carbonation 
processes.  Recent research has also shown that the mineral content as well as composition influences 
the rate and susceptibility to carbonation.  This phenomenon is evident from the comparison of the 
difference in carbonation rates of olivines ((Mg-Fe)2SiO2) and serpentinites compared with pyroxene-
rich rock (containing primarily enstatite (MgSiO3)) which is less reactive. 

One particular study has highlighted the energy penalty associated with AMC used to process an 18.2 
%-vol (dry) flue gas from a cement plant.  The reported energy penalty is 7.8 GJ/tonne CO2 while 
sequestering 234 kg CO2 per tonne of rock (serpentinite, eventually aiming at chrysotile).  The 
assessment was made for an input of 200 tonne/hr rock input, processed after heat treatment in a 
pressurised aqueous solution, and the precipitation of magnesium carbonates in a series of vessels. 
Some limitations include the removal of CO2 from the gas (62.5 %) and the extraction of MgO from 
the serpentine (50%) from the rock.  Costs were estimated to be 144 $/tonne CO2 (127 €/tonne CO2) 
146 $/tonne CO2 (129 €/tonne CO2) avoided).  

Despite these observations recent technological progress towards the development of AMC is 
becoming apparent.  Advances by Mineral Carbon International (MCi), reported in 2021, claimed that 
the aqueous process under development by the company has advanced from TRL 6 to TRL 7.  The 
company has also received a grant from the Australian Government to support the development of a 
mineral carbonation mobile demonstration plant in the country.  The scale of the demonstration will 
be dependent on final pilot studies and engineering designs.  It is anticipated that MCi Carbon Plants 
could be scaled up to several million tonnes of CO2 at suitable industrial sites.2 

A list of recent pilot and demonstration projects is listed in Table 1 

  

 
2 https://www.mineralcarbonation.com/blog/ccusdf website accessed 22/02/22 

https://www.mineralcarbonation.com/blog/ccusdf
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Table 1 Notable recent AMC pilot plant scale projects 

Project Technology and feedstock Comment 

Carmex (New 
Caledonia, 
France) 

Direct aqueous mineral carbonation 
of mafic/ultramafic mining wastes  

New Caledonia is an excellent candidate 
for implementing mineral carbonation due 
to the availability of both suitable mineral 
feedstocks and proximity to CO2 emission 
sources. (Ended 2012) 

MCi (New South 
Wales, 
Australia) 

Proprietary direct aqueous 
carbonation of various industrial 
wastes and mine tailings 

Demonstration projects planned with 
Japanese ITOCHU Corporation. The 
business model of MCi is that the cost of 
CO2 capture is outweighed by producing 
valuable materials 

Québec process 
(INRS, Québec, 
Canada) 

Aqueous mineral carbonation 
process using heat treated 
serpentinite-based tailings and 
cement plant flue gas 

Potentially commercially viable process, 
provided there is sufficient market for the 
produced magnesium carbonate 

HiGCarb process 
(CSC, Kaohsiung, 
Taiwan) 

Rotating packed bed using hot-
stove gas (28.8 vol% CO2) and 
wastewater for blast oxygen 
furnace slag carbonation 

Carbonate product used as cement 
additive and fast conversion times indicate 
potential feasibility for further scale-up in 
the near future 

Kawashima-
Daini project, 
Japan 

Indirect aqueous carbonation of 
concrete sludge to produce CaCO3 
using boiler flue gas 

Net CO2 reduction achieved, but the low 
reaction rates and large feedstock amounts 
needed / ton of CO2 represents a barrier for 
further development 

CarbonVaultTM Carbonation of diamond mine 
tailings by De Beers Group using 
various AMC technologies 

Pilot testing delayed in 2020/2021. 
Environmental targets include carbon 
neutral mining operations by 2030 

 

Figure 2 highlights the relative technological advancement of AMC and the status of magnesium 
carbonate and calcium carbonate as CCU products. 

 

Figure 2 TRL for main CO2-based products. The list is not intended to be exhaustive (taken from data 
sources between 2018 and 2019)  
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One option that is mentioned in two dozen papers since 2010, but not taken further than that by most 
authors, is the recovery of metallic by-products that have potential market value.  Besides Mg and Ca, 
Fe is the first significant by-product from many serpentinites and other magnesium silicate rock types.  
Indeed, several researchers have been able to (magnetically) separate much of this iron from rock 
after crushing/grinding.  Fe and other metals like Cr, Ni, Zn, Ti, Cu, Al, Mn can be obtained during 
staged processing, after extraction of Mg from rock, in the iron hydroxide precipitate or as separate 
metals.  Other authors have targeted platinum group metals (PGM), with the most comprehensive 
work reported from South Africa.  Al (60%) Ca (80%), Fe (35%), Si (32%), Cr (27%) and Mg (25%) were 
extracted from platinum mine tailings using thermal treatment with ammonium sulphate.  
Improvements are needed, however, in order to extract more of the 12% MgO present in the rock, 
integrating CO2 mineralisation with metals extraction. 

Progress highlights between 2016 – 2021: 

• The realization that mining tailings represent a significant untapped potential for CO2 
sequestration via mineralisation 

Important issues still to be addressed following 2016 – 2021: 

• The main issues hindering mineral carbonation from advancing on the TRL ladder are still 
largely the same as ten years ago:  

• Speeding-up the carbonation chemistry kinetics; 

• Energy economy (i.e. processes are still too energy intensive); 

• Recovery and recycling of chemicals used. 

Environmental Impacts 

Mining and recovery of metals from rock waste and tailings is an attractive proposition and and could 
become commercially viable at many locations but this will depend on site specific circumstances that 
need to be taken into account by investors.’  Additionally, there are legacy issues, particularly the 
neutralization of acid mine drainage, that could potentially lead to such projects obviating the 
potential benefits obtained through mineral carbonation.  This partly depends on whether monitoring 
criteria and performance targets are set at mine scale or national level. 

Oxidation of pyrite is one of the main sources of acid mine drainage, when tailings are exposed to the 
atmosphere or oxidizing vadose groundwaters.  The condition could lead to the dissolution of 
carbonate minerals and CO2 release offsetting the benefits of carbonation elsewhere.  Moreover, 
limestone is commonly used as a neutralizing agent in acid mine drainage.  Its extraction, transport 
and application could incur penalties in a full LCA analysis of mineral carbonation efficiency.   

Metallic species in magnesium silicate rocks can be leached into the surroundings during in-situ 
ambient air carbonation as a result of pH fluctuations.  Heavy metals (e.g. cadmium, antimony etc.) 
and trace elements such as selenium, mercury and arsenic, or dissolved metals like iron and copper, 
also present health and environmental risks. 

Further analysis is required to assess the reactive potential of individual sites, in terms of proportions 
of favourable minerals and the possibility of negative feedback flows from oxidation of sulphides and 
carbonate dissolution associated with acid mine drainage. 

One very attractive side-benefit of CO2 mineralisation is that a hazardous solid waste such as chrysotile 
(asbestos) can be neutralised.  In principle, this can be processed in the same way as serpentinites and 
indeed it is highly recommended to carbonate asbestos wastes once a facility for serpentinites is 
available.   

In contrast to AMC technologies based on magnesium silicate minerals, calcium rich waste materials, 
and olivine, are attracting increasing interest as building products.  Companies active in this area are 
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tabulated in Table 3.  Current estimates of these materials suggest it will be very difficult to reach a 
level above 1 Gt CO2 sequestration with calcium-based resources unless a very large fraction of these 
materials is directed towards carbonation. 

Table 3 Summary of companies actively developing construction materials via carbonation of industrial 
waste products. 

Company Technology TRL Product References (in 
[6]) 

Alcoa Treatment of bauxite 
waste with CO2 (from an 
ammonia plant) 

6 Construction fill, soil 
amendment 

Global CCS 
Institute, 2011 

Carbicrete Carbonation activation of 
steel slag 

6-7 Carbonated 
“concrete” 

Savage, 2017; 
Carbicrete, 2020  

Carbon8 systems Accelerated Carbonation 
Technology 

9 Aggregates/ fill e.g., 
for blocks/ 
concrete/ screed 

Carbon8, 2020b 

Carbstone 
Innovation 

Carbonation of steel slag 9 Construction 
materials including 
roofing tiles 

Vito, 2020 

Blue Planet Carbonate coating over 
an alkaline substrate 

6-7 Aggregate Blue Planet, 
2020 

Carboclave Nano-CaCO3 crystals 
producing a densification 
effect 

7 Concrete blocks Carboclave, 
2020 

Green minerals Carbonation of olivine 3 Building materials On-Site, 2020 

 

Magnesium-based cements are receiving increasing interest, as are magnesium-based batteries.  
Current market prices for magnesite MgCO3, nesquehonite (MgCO3·3H2O) and silica SiO2 are around 
80 €, 420 € and 40 € per tonne, respectively.  Combined with avoided costs for CO2 emission rights, 
this offers significant OPEX revenues after the CAPEX investment for the process equipment has been 
made.  For example, a CAPEX investment of 500 M€ for a facility that allows for sequestration of 0.5 
Mt CO2/year during 20 years gives an immediate minimum cost of 50 €/t CO2. 

CarbFix 

The original idea of the CarbFix project was to capture the CO2 within gas emissions from the 
Hellisheiði geothermal power plant in south-east Iceland.  The gas emissions from the power plant 
consists of 60 vol-% CO2, 20 vol-% H2S, 18 vol-% H2, 2 vol-% N2 and some trace amounts of CH4 and Ar.  
The CO2 and H2S were first separated from the less soluble gases and then from one another.  The 
toxic H2S was then re-injected into the deep geothermal reservoir together with spent geothermal 
water.  In the CarbFix project, CO2 gas is mixed with water and dissolved at elevated pressure before 
injection into the bedrock.  The acidic properties of the mixture promotes dissolution of the basaltic 
rock and the liberation of metal cations, e.g. Ca2+, Mg2+ and Fe2+.  These cations react with the 
carbonate ions which then precipitate in the form of stable metal carbonates.   
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The project’s original aims have been successfully achieved.  The pilot study has confirmed that 95 % 
of the CO2 injected has mineralised successfully within a year of injection.  The H2S has also mineralised 
successfully within four months of injection.   

The success of the concept has led to a scale-up to a dedicated CO2 storage site based on 
mineralisation in basalt.  In April 2021 CarbFix announced the establishment of a hub called the Coda 
Terminal, at Straumsvik.  The facility can accommodate specialised CO2 tankers.  The first CO2 
shipments are scheduled for 2025 and the construction of the hub is estimated to be between 190 to 
220 M€.  At full capacity, the revenues are projected to be between 25 and 45 M€.  The planned 
injection rate for the CarbFix facility is 300,000 tons by 2025, ramping up to 3 million tons per year at 
full capacity by 2030.  For comparison, CarbFix has so far injected 70,000 tons of CO2. 

Public acceptance of the project has been positive largely because of the proactive engagement of 
stakeholders and the public.  Another contributing factor has been the vast amount of open-source 
academic publications and theses produced during the project.  In contrast, the Hellisheiði 
Geothermal Power Plant has been subjected to harsh criticism on several occasions because of its 
financial management and short-sightedness.  It has also received negative press coverage related to 
two different seismic events which occurred in 2011 and the other in 2016, linked to the reinjection 
of geothermal fluid shows.  Successful engagement with the public has subsequently improved the 
public reaction to the project.  This has been attributed to greater interaction with the public and the 
promotion of the positive effects that the reinjection brings.  

A study from 2020 also shows that incorporating the CarbFix CCS method had a positive impact on the 
Hellisheiði Geothermal Power Plant’s life cycle assessment, contributing to green-house gas (GWP 
100) reduction from 15.9 g CO2e/kWh to 11.4 g CO2e/kWh for electricity and 15.8 g CO2e/kWh to 11.2 
CO2e/kWh for heat over the period of the investigation. 

EXPERT REVIEW COMMENTS 

The main comments received from external reviewers are as follows: 

• The chapter with Conclusion should be restructured to include clarity on key Messages, where 
the findings that related to the scope these included TRL of the technology, assessment of the 
techno-economic viability of ex-situ mineral carbonation, positive and negative environmental 
impacts.  The assessment of the most promising products and markets for recoverable 
valuable materials, with emphasis on metals (PGE’s, REE’s, Cr, Ni , V, Mg) and materials for 
civil construction and other applications.  The authors have responded to these requests, 
although the review has only been able to partially address all these aspects because of the 
lack of published information and the current status of AMC technology. 

• Recommendations on the direction and content of future research in a few bullet points 
should be included.  This should be based on where there are still significant uncertainties or 
lack of knowledge or the limitations of what can be currently achieved.  These have been 
included. 

• An acknowledgement that the lead author, Prof. Ron Zevenhoven, is very knowledgeable 
about mineral carbonation and mine tailings.  The research group he leads at Åbo Akademi 
University has a well-balanced view of the topic. 

• The omission of enhanced weathering as an ex-situ method.  A short section on this topic has 
been included.  The external reviewer does acknowledge there may be adverse environmental 
impacts such as heavy metal contamination associated with this practice.  There is a brief 
discussion on this aspect in the report. 

• One reviewer observed that there has been abundant research on laboratory based 
experiments over a period of 30 years.  The authors have reflected on this observation, 
however this situation is the reality of the current status of the technology. 
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• The same reviewer also commented on the complexity of the mineral assemblage of many 
silicate rocks.  This aspect is recognised in the report.  The significance of particle size in mine 
tailings was also highlighted.  Minerals of interest are not sufficiently exposed for reaction, 
even though chemical and mineral analysis suggests that they have carbonation potential.  A 
recommendation to standardized ways of determining the mineral carbonation or enhanced 
weathering was also proposed.   

• Greater clarity on the trends in research and development particularly how particle size 
effects are dealt with.  There is discussion at a general level on how size reduction impacts on 
the efficiency and rate of carbon capture reactions, plus the related comminution 
requirements in terms of energy input calculations.  Further detail was added to the report on 
this topic. 

• The calculation of energy penalties covered in the report can produce erroneous results.  
Calculations should be based on exergy analysis.  This should be stressed more and included 
in the conclusions. 

CONCLUSIONS 

• Three decades of research and development work on accelerated mineral carbonation (AMC), 
have still not resulted in significant market uptake.  Increased costs of CO2 emissions, or the 
potential production of value-added materials, have not created sufficiently strong market 
incentives. 

• Despite growing interest in AMC as a means of CO2 mitigation the concept has not advanced 
beyond experimental laboratory investigation, with a few notable exceptions during the last 
five years.  Most AMC technology related to Mg rich waste streams is still at TRL 4 although a 
few have progressed to TRL 6 or 7.  AMC using Ca rich wastes is further advanced ranging from 
TRL 6 – TRL 9. 

• The limited scale-up from laboratory-scale investigation is partly due to the energy 
requirements and chemical kinetics to a timeframe of minutes rather than hours or days, as 
is still commonly being reported.  

• In-situ carbonation of stockpiles and other deposits at mining sites has been the subject of 
considerable R&D in recent years.  This activity has been concentrated in only a few countries 
(Australia, Canada, Iceland, South Africa).  

• The R&D community is still divided into two broad groups: one represented by teams that aim 
at direct carbonation, which often ends in struggling with a passivating silicate layer that 
prevents rapid chemistry and high conversion levels; while the second group focusses on 
stepwise extraction and conversion aimed at reaching higher conversion levels in shorter 
times.  The latter offers the benefits of pure, separated product streams but at the penalty of 
a more complex process lay-out.  This route does, however, hold out the prospect of 
producing materials of marketable value.  The evidence from this review is that there are very 
few AMC approaches that could be economically viable at an industrial kg/s CO2 
mineralisation scale in a single facility. 

• This report has focussed on magnesium-based rock resources found primarily as silicates 
occurring as tailings, overburden and other residues at sites mined for minerals or metallic 
ores.  Although the stockpiled amounts of material are vast, the suitability of these materials 
is highly dependent upon specific conditions imposed by mineralogy, geochemistry, 
petrology, permeability and hydrology.  AMC treatment and effectives is therefore highly site-
specific. 

• Calcium-based AMC has niche deployment opportunities as a result of the large markets for 
calcium carbonate based products.  The relative reactive properties of calcium compared with 
magnesium means that the chemistry is less challenging than for conversions that produce 
magnesium carbonate.  
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• There have been very few cost assessments to determine the potential for commercial AMC 
deployment, even when including possible revenues from the sales of metals or other by-
products.  One major factor that constrains deployment of AMC using magnesium silicate-
type rock feedstock is the uncertain future market value and scale for magnesium carbonate 
(hydrate).  First movers might benefit from transiently high market prices of 300 €/ton for 
nesquehonite (MgCO3·3H2O).  There is a risk that the volume of material from several large 
AMC facilities could lower the price to uneconomic levels.  Industrial deployment also shows 
that the use of a carbon-based fuel for AMC process will make a facility much larger than when 
only zero-emissions heat or power is used. 

• There are some adverse environmental impacts caused by handling Mg-rich silicate host rocks.  
Toxic metallic by-product streams, and other problematic solid, liquid or gaseous effluents, 
can be produced by processing mine wastes.  This aspect has received less attention.  It is 
more encouraging that life cycle assessment (LCA) tools are being increasingly used to 
quantify the environmental footprint of AMC.  It is unfortunate, however, that in many cases 
only the global warming potential (GWP) is considered while, for example, land use, water use 
and resource depletion should be included. 

• Deployment of large AMC facilities presents a public acceptance challenge which has yet to 
be adequately addressed.  Experience from CarbFix does show that positive engagement with 
the public can produce a favourable attitudes to power generation and associated 
environmental impacts.  In this case subsurface in-situ carbonation. 

• The deployment of AMC beyond TRL levels 5 – 6 needs stronger financial support focused on 
technology that could be extensively deployed within less than 10 years, at TRL 8-9.  Repeating 
the work from the 1990s is hardly productive if it reiterates the limitations of AMC.  

• The amounts of mine waste material that could be used are very large, making CO2 emissions 
mitigation very visible.  Experience with mining activities and the state-of-the-art process 
technology, especially in countries with significant suitable mine tailings resources, has the 
potential for AMC if it can become economically viable without causing adverse 
environmental impacts. 

RECOMMENDATIONS FOR FUTURE WORK 

• Demonstration of the technology at a tonnes per day level is required to advance AMC 
technology using Mg-containing mining tailings to progress towards TRL 9 within the next 5-
10 years.  Costs estimated for CO2 mineralisation processes operating at levels of many tonnes 
per day currently suffer from large error margins when based on laboratory-scale information 
for a kg CO2 per day scale.  Performance results, including operational details such as energy 
use from recently proposed pilot-scale demonstrations, needs to be scrutinised by IEAGHG 
and included in future networks and GHGT conferences. 

• The boundaries for LCA analysis, as a mature tool for quantifying the overall environmental 
footprint of ex-situ CO2 mineralisation, needs to be clearly defined.  This should include the 
use of water and chemical additives besides the obvious features of global warming potential 
versus the use of energy. 

• Social acceptance studies for large-scale CCU based on mineralisation are needed. 

• To quantify how much CO2 mineralisation potential, and valuable metal by-products can be 
extracted, standardisation of analysis and characterisation methods will be needed.  Details 
will need to include proper definitions of ores, leached ores, tailings, etc and the wet/dry 
processing and possible aging and weathering paths at each site.  Current information on 
material sampled from a mining site in most cases is too vague or imprecise. 

• Compilation of mine wastes for all countries with significant mineral production associated 
with Mg-silicates.  Quantitative systematic time-series monitoring of passive “background” 
carbonation in waste and tailings, would be ideal so that the significance of in-situ versus 
active carbonation and product development can be compared. 



 

xiii 
 

• The operations of a CO2 producer from that of a CO2 mineralisation entity, could be connected 
via energy integration.  The second entity would be responsible for the sales of carbonate and 
other products, and the purchase of suitable rock feedstock as specialities, while the former 
can benefit via avoiding costs for emitting CO2.  Looking at current trends in waste processing, 
circular economies and markets for “green” products, the use of solid products from AMC 
could have a promising future. 
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Executive summary 

 
The carbonation of magnesium (Mg) and calcium (Ca) rich minerals by reaction with CO2 is a well-

known naturally occurring phenomenon but the process is very slow under atmospheric conditions. 

There are additionally large volumes of mine waste tailings, and other industrial waste products, which 

are potentially reactive with CO2 and could form permanent repositories of stored CO2 in a solid 

carbonate phase. 

This report provides an overview and assessment of the state-of-the-art of CO2 mineral sequestration, 

also known as accelerated mineral carbonation (AMC), making use of tailings, overburden and other 

residues available at mining sites and using processes that include acceleration of carbonation reaction 

rates significantly beyond those that occur naturally.  

Climate change has become a reality and the need for mitigation measures is recognized as urgent.  It 

is therefore certainly timely to review the information and data available in the public domain relating 

to AMC. The aim of this review is to evaluate the techno-economic viability of AMC, and the 

comparative maturity of the technology, based on publicly available information, enabling large-scale 

CO2 producers, decision makers and politicians to make informed decisions.   

CO2 mineralisation is typically considered to be a carbon capture and utilisation (CCU) rather than a 

carbon capture and storage (CCS) technology. In practice the CCU/CCS distinction is made based on 

whether or not the material that contains the carbon has a commercial application. It is also implied 

that legislation and other regulatory frameworks would need to be implemented, along the lines of, 

for example, the 2009/31/EC directive on CCS, as well as ensuring alignment with for carbon trading 

mechanism, such as the EU emission trading system (ETS). Current (end of 2021) prices for emitting 

CO2 under the ETS are already > 80 €/t, which is arguably the main driver for bringing AMC to industry 

and markets.  

In addition to the techno-economic viability, the wider implications of large-scale AMC need to be 

considered as it may result in a significant impact on the environment. Integration with existing or 

earlier mining activities, especially the use of tailings and other residues, for CO2 sequestration as solid 

carbonates (which are stable under ambient conditions) would be advantageous.  Apart from CO2 

emission mitigation, removal of waste piles from mining sites, while simultaneously producing 

materials with market value, is a potentially attractive proposition.  

However, the production of large material streams may overwhelm existing markets, for example Mg 

carbonates, for which the currently traded volumes are of the order of 50 Mt annually 1 . Re-processing 

of waste rock and tailings (with new, more efficient technologies) at mining sites also offers the 

possibility of recovering minor, yet highly valuable commodities including Ni, Cu, Ti, platinum group 

metals (PGMs) and rare earth elements (REEs). Many of these metals are also of increasing strategic 

 

 

1 O’Driscoll, M. 2020 World magnesia supply, presentation at Northeast Asia Magnesia Exchange webinar 9 July 
2020 (http: https://imformed.com/magnesia-in-question-china-world-trends-discussed/ Accessed 31.1.2022).  
Reported worldwide 26.4 Mt magnesia for 2018 corresponds to 55.2 Mt magnesite before calcination. 
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demand for zero-emission energy technologies such as solar PV, wind turbine generators and electric 

vehicles. 

AMC processes can also be used to treat problematic waste streams from mines, offering significant 

environmental benefits, in both abandoned and operating mines. However, the wider environmental 

implications such as the excessive use of water also need to be taken into consideration. For this 

reason, life cycle assessment (LCA), in addition to public acceptance studies that identify concerns in 

society, is essential to ensure that large-scale deployment of AMC is a viable option. The processing of 

industrial wastes using AMC that can deliver a series of solid products and other market opportunities 

also should form part of any LCA. 

This report is fundamentally concerned with magnesium-containing mine tailings and other residues, 

primarily magnesium silicate-based, and ex situ processing using dedicated process equipment located 

at a CO2 production site to which suitably reactive rock is transported, or vice versa (Part 1). The 

reasoning behind this is that magnesium silicate rocks can potentially offer the volumes needed for a 

significant climate change mitigation effect while calcium-based materials cannot. A brief listing of 

calcium-based materials is however included (Part 2). Ultimately, the volumes of material accumulated 

at mining sites determine the potential of large-scale AMC. Tables (Appendices A1 and A2) of metal 

producing mines and industrial minerals in Finland are given as appendices in this report, as an example 

of the quantities of materials of relevance to AMC.  Listing the suitable rock resources piled at mines 

in Finland shows around 320 Mt material at metal mining sites and around 350 Mt material at minerals 

mines exists. If, after analysis,  ~20 % is found to be a suitable AMC resource then this has the potential 

of binding around 40 Mt CO2.  

In situ AMC, aiming at speeding up the natural chemistry of CO2 from the air reacting with tailings and 

other residues at mining sites, and direct injection of CO2 (dissolved in water) into Mg-rich reactive 

rock formations, (Part 3) is also covered in this review. This has been a very significant and active area 

of research in recent years, as about a quarter of the literature listed since 2016 deals with in situ cases.  

Reporting is primarily from three sites in Iceland, Canada and Australia.  

The overriding conclusion that can be drawn from a detailed literature review, and direct research 

experience in AMC R&D, is that there is very limited evidence at present which could be relied upon 

to produce a business plan for the implementation of AMC at large-scale (> 0.1 Mt CO2/ year, by an 

industrial-size CO2 producer). The authors’ own work, in the form of the so-called ÅA routes and their 

applicability (not only in Finland), appears at the forefront of what may soon find commercial 

application, acknowledging that this is more motivated by current trends in pricing of CO2 emissions 

than the business opportunities offered by solid products sales or the valorisation of waste stockpiles 

at mining sites. 

Fewer than ten publications since 2015 could be regarded as useful for making a quantitative or robust 

techno-economic viability assessment. It is also significant that only one actor operating in the field 

claims a technology readiness level (TRL) of 6. 

Despite the potential benefits of recovery of valuable metals from mine tailings, there does not appear 

to be much attention to this issue, or the challenges of having to deal with toxic metals, or other 

hazardous side-streams that could result from recovery processes. The increasing use of LCA is an ideal 

and strongly recommended methodology for addressing and encompassing all environmental and 

social acceptance issues. However, most research on AMC conducted over the last two decades has 

concentrated on laboratory scale work on the chemical kinetics of carbonation or the activation of 
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magnesium in what is considered to be suitable rock material.  It is poignant that the public today is 

largely unaware of this CO2 mitigation alternative, despite having some knowledge of CCS and some of 

the publicity around this climate mitigation option. 

To summarize, AMC still needs the market- or legislation driven push or pull that would make it a 

relevant and economically viable addition to other, more mature CCS/CCU technologies. According to 

the authors’ own experiences, as awareness about climate change continues to increase (together with 

various forms of carbon taxation), AMC is today appearing on shortlists of decision-makers inside 

carbon-intensive industries. The potential benefits of AMC for mining industries looking to reduce / 

offset CO2 emissions are simply too attractive to be overlooked, meaning that the option to carbonate 

mine tailings are a likely trigger for an accelerated development of AMC in the near future. 

Turku and Kuopio, Finland
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TRL technology readiness level 

UNECE United Nations Economic Commission for Europe 

UN SDG United Nations sustainable development goal  

ÅA Åbo Akademi University 

Part 1 - Magnesium-based resources 

1 Objectives and scope 

This study provides a summary and assessment of the current status of available and appropriate 

technologies for mineral sequestration of carbon dioxide, CO2, with particular attention given to the 

viability of large-scale applications. Here, a large-scale process unit is defined to sequester 0.1 Mt/CO2 

or more annually. Viability in this context refers to economic viability based on economic, social and 

environmental performance parameters such as technology readiness level (TRL), revenues and costs 

related to products and by-products, life cycle assessment (LCA) and public acceptance, as illustrated 

schematically in Figure 1.1. 

 
Figure 1.1. Schematic illustration of the need for comprehensive life cycle analysis in assessing the relevance and 

effectiveness of mineral carbonation as a viable CCUS mechanism. It is necessary to simultaneously evaluate the 

energy input requirements associated with mining, including transport of reagents and final products, as well as 

energy used in extraction, crushing and grinding, and subsequent metallurgical processes. Depending on whether 

mineralogy is appropriate, waste rock and tailings can contribute to passive carbonation, offsetting mining-

induced emissions, while mine wastes can also be used to generate new mineral products having commercial 

value. 

Since it was first proposed, in 1990 [2], as a potential abatement mechanism for addressing CO2 

emissions, mineral sequestration, commonly referred to as accelerated mineral carbonation (AMC), 

has primarily been understood in terms of carbon capture and utilization (CCU) rather than merely a 
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carbon capture and storage (CCS) technology. This is aptly illustrated in the 2009 EU directive on CCS 

[1], as well as in the first comprehensive summary publication, in the form of a specific chapter 

“Mineral carbonation and industrial uses of carbon dioxide” in the 2005 IPCC Special report on carbon 

dioxide capture and storage (SRCCS) [3].  However, there has also been considerable research into the 

potential for natural, passive or enhanced mineral carbonation in situ in environments that provide 

access to suitably reactive rock materials; of these, tailings and waste rock in active and abandoned 

mines have received most attention [4].  

Until around 2010 the research into CO2 mineral sequestration focussed on chemical kinetics and 

minimizing energy input requirements. The early studies on waste rock and tailings in the mining 

industry from the 1990s were joined after 2000 by efforts to valorise alkaline industrial wastes, the 

latter being almost exclusively calcium-based [5]. This opened pathways to commercially viable 

processing of CO2, in most cases yielding precipitated calcium carbonate (PCC). Conventional CCS, 

implying CO2 capture and purification at a point source, transport by pipeline and storage in an 

underground geological formation, progressed to the stage of demonstration projects of megaton (Mt) 

scale cases where CO2 is stored underground in “dedicated” sealed sedimentary formations, i.e. saline 

aquifers, as well as several dozen commercial operations where captured CO2 is used for enhanced oil 

recovery (EOR). While EOR can generate the revenues that make the upstream CO2 capture 

economically viable, this concept inherently results in net positive CO2 emissions through downstream 

use of the extracted fossil fuel [6].  

Experience acquired during these projects has made it abundantly clear that revenues, subsidies or 

other financial drivers are needed for CO2 emissions mitigation, whether via CCS or CCU, or as some 

combination of CCUS, to become a realistic option with a relevant and significant effect on climate 

change and global warming.  A very recent publication addressing the financing of CCS in the 

Netherlands demonstrates how taxes, subsidies and a proactive stance by government can interfere 

with the free-market operation of large-scale CO2 emitting industries [7]. The current leadership of the 

EU has taken CO2 emissions mitigation, including CCS/CCU, to the top of the agenda during 2020, in 

order to respond more effectively to commitments under the 2015 Paris agreement. As a consequence 

there is increased interest in the potential of CCS/CCU in all its forms and approaches. This is also timely 

with respect to the circular economy concept, where there is a growing emphasis on more efficient 

use of natural resources, with less waste and more recovery and recycling of both primary resources 

and secondary side-streams [8]. Accordingly, the mineralisation and usage approach appears to offer 

a range of benefits beyond the conventional and demonstrably enormous CO2 storage potential in the 

form of carbonates that are more (thermodynamically) stable than CO2 itself. This last feature largely 

explains why the energy input requirements of CO2 mineralisation are similar or less to that of a CO2 

capture solvent based step as part of conventional CCS [9].  

The challenges facing commercial scale, economically viable carbonation and usage projects are 

analogous to those accompanying more conventional basin storage of CO2. Just as storage in saline 

aquifers will be more feasible where infrastructure already exists and where there are synergetic 

opportunities for enhanced oil and gas recovery, investment in mineral carbonation technologies will 

have greater potential in active mining districts, particularly those proximal to carbon emission sources 

related to heat and power production. The earliest publications presenting the concept of mineral 

sequestration [10] provided theoretical estimates of potential, assuming ideal accessibility and 

reactive potential. Subsequent research has focussed on both laboratory scale exploration of reactive 

materials and reaction kinetics, as well as case studies of specific mine environments. The critical issue 
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is that of access to sufficiently large rock volumes, and whether kinetics are favourable for reactive 

processes over time scales relevant to the agenda set by the IPCC. Recognition of this inevitably leads 

to the fundamental question – can engagement with the mining industry worldwide lead to 

volumetrically significant sequestration as part of the global greenhouse gas drawdown strategy, or is 

the scale such that it will only lead to the mining industry becoming more efficient and environmentally 

compliant, which is of course a desirable outcome in any case. 

The mere existence of enormous volumes of mafic and ultramafic rocks composed of magnesium 

silicates in areas such as the Semail ophiolite in the mountains in Oman, or the basalts of the Deccan 

traps in India (cf. Tables in Appendices) cannot be directly inferred to correspond precisely with real 

amounts of reactive material available and accessible for CO2 mineral sequestration [11]. On the other 

hand, although they are volumetrically smaller, there are numerous and in some places, large 

stockpiles of mining tailings, overburden and other mine wastes produced by the global mining 

industry (see the Appendix tables) which offer significant potential for sequestration of CO2 while 

simultaneously providing side-stream or by-product materials, or opportunities for ameliorating 

environmental geohazards (for example asbestos). Given that such materials are already partially 

processed and may additionally still contain substantial amounts of valuable metallic species, these 

magnesium-containing rocks could offer significant business opportunities, even though the volumes 

of produced (hydrated) carbonates and silica may appear overwhelming.  

In this report we assess the feasibility of large-scale implementation of CO2 mineralisation using 

(primarily magnesium-containing) wastes generated during various stages of mining and metals 

refining processes, as illustrated below in Figure 1.2. Potentially reactive material is available 

throughout the process chain, from the primary resource, with its distinctive mineralogical 

composition - through to metallurgical metal recovery.  The key expectations are that the process is 

possible, feasible and acceptable, offering significant CO2 mitigation using sustainable and profitable 

technologies that are demonstrably beyond proof-of-concept stage, rather than abstract or unproven 

potential concepts. 

 
Figure 1.2 Simplified schema describing the origins of mineralized waste and material flows in the mining industry 

(taken from [12]). Note that through all stages of the mineral supply and production chain, opportunities exist for 

both in situ sequestration as well ex situ usage applications.  

It is important to reiterate that the scope of this review is primarily to address ex situ CCU, rather than 

in situ CCS, although many mining operations may offer opportunities for effectively and successfully 

incorporating both.  It is also useful to distinguish between waste generated at the mine site and that 

produced during metallurgical processes, as reactive properties may vary considerably. Figure 1.3 is an 

attempt to further clarify definitions of mine waste, including overburden, which may be ultimately 

used again in site restoration and stockpiling of low-grade ore, which may be refined at a later date, or 

used as backfill in underground workings or open pits. Tailings are mineralogically refined and enriched 
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as a result of the processing and can therefore be expected to behave differently with respect to in 

situ sequestration; the presence of water and sulphide phases is, for example, significant in this regard. 

 
Figure 1.3. Example of potential materials available for CCU purposes at successive stages of a mining operation, 

from active quarrying, through closure, to reworking of legacy tailings (or waste rock). Waste rock and tailings 

remaining at the site will contribute towards in situ CCS. 

The results of more than three decades of R&D aiming at deployment of the technology at a level that 

impacts climate change and global warming may indeed find practical application and integration 

within current markets, as well as social acceptance, although several questions arising from potential 

side-effects will require careful consideration. When these technologies are aligned with local and 

international mitigation legislation and directives, it is for CO2 producers and governments to work 

together to provide incentives for effective adoption of the opportunities listed and summarised in 

this report. 

This report can in the first instance be seen as an update of other overviews commissioned and 

published by IEA GHG (PH3/17 (2000), 2005/11 and 2013/TR6). Noting that the authors (at Åbo 

Akademi University) have published several literature reviews on the topic as well (2008, 2010, 2014 

and 2017), the main focus of this report is on the last 5-10 years.  

The report is divided into three Parts which address Magnesium-based resources (Part 1), the main 

focus of this report, followed by much shorter Parts 2 on Calcium-based resources and Part 3 on in situ 

CO2 mineralisation process cases. Part 1 is further subdivided into four sections that separately 

consider years 1990-2009, 2010-2015 and years 2016-today, and a section that assesses the status 

from the viewpoint of the key performance indicators. The appendices include tables with 

compilations of mines of industrial minerals in Finland, worldwide resources of potentially suitable 

feedstock rock (Appendices 1 & 2), and a brief description of the variations of the so-called ÅA routes 

(Appendix 4). 

A few additional points of notice: below, the material amount “ton” implies a metric tonne of 1000 kg. 

And, while in situ processes are distinguished from ex situ processes, some in situ process research 

reporting on work involving samples taken from a mining site to a laboratory, for chemical kinetics or 
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other studies, may in this report be addressed in the sections on ex situ processes. Consequently, 

enhanced weathering is here primarily addressed in the section on in situ processes. Bio-geosciences 

are outside the scope of the assessment 

Sources (this chapter): 

[1] Directive 2009/31/EC of the European Parliament and of the council on the geological storage of 

carbon dioxide and …   2009, 22 pp. 

[2] Seifritz, W. 1990 CO2 disposal by means of silicates Nature, 1990; pp. 345:486. 

[3] IPCC. 2005 Special Report on Carbon Dioxide Capture and Storage. Metz, B., Davidson, O., de 

Coninck, H.C., Loos, M., Meyer, L.A. (Eds.) Cambridge University Press, U.K. Chapter 7. 

[4] Power, I.M., Dipple, G.M., Southam, G. 2010 Bioleaching of ultramafic tailings by Acidithiobacillus 

spp. for CO2 Sequestration Environ. Sci. Technol. 44(1), pp. 456–462. doi: 10.1021/es900986n 

[5] Sanna, A., Uibu, M., Caramanna, G., Kuusik, R., Maroto-Valer, M.M. 2014 A review of mineral 
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10.3389/fenrg.2015.00008 
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[8] Valverde, J.-M., Avilés-Palacios, C. 2021 Circular Economy as a Catalyst for Progress towards the 
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processes involving a dry or wet carbonation step Energy, 117(2); pp. 604-611 doi: 

10.1016/j.energy.2016.05.066 
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2 Literature review and status 1990 – 2009 

In 1990, the concept of capturing CO2 in minerals was suggested by Seifritz [1] in an article titled “CO2 

disposal by means of silicates”. This is widely accepted as the birth of the field of mineral carbonation 

(or CO2 mineralization) as a CO2 sequestration method. Since then, work on the topic has accelerated 

and diversified. One significant differentiating feature between various mineral carbonation methods 

is that if the carbonation reaction is separated from the mineral leaching step, this is known as indirect 

carbonation. Thus, the two major mineral carbonation categories have been dubbed, direct and 

indirect carbonation and these have been illustrated in the Figure below. 

 
Figure 2.1 Simplified schema exemplifying the difference between direct and indirect carbonation routes 

(modified from [2])  

The purpose of this chapter is to summarize the main achievements and status of mineral carbonation 

until the end of 2009. The main purpose of this is not to reiterate existing knowledge and challenges 

but rather to provide a strategic overview of the future potential and opportunities of mineralization 

using mine tailings. Accordingly, this chapter will be relatively concise and rely on a number of 

previously prepared literature reviews.  

Up to around the year 2000, the number of articles published in the field of mineral carbonation was 

rather limited and was extensively summarized in a study commissioned by the IEA GHG [3] around 

that time. That report presented six different alternatives for large-scale mineral carbonation and 

concluded that the carbonation of dissolved magnesium silicate rock in a melt of MgCl2 would be the 

best alternative of the six, although none of the processes were considered to have high potential. 

Since then, the number of research papers in the field has grown significantly, even though the report 

had recommended that this area did not warrant any further research effort.  

Nevertheless, and rather fortunately, a second literature review update was funded by the IEA GHG 

some five years later [4], with the outcome being that the previously identified carbonation routes had 

been superseded by other alternatives, primarily aqueous process routes. In general, research began 

to focus more on cost reduction while in addition to the large amounts of naturally occurring suitable 

mineral resources already identified, industrial wastes were introduced as a source of magnesium and 

calcium. This might indeed help to bring costs down, but it was soon recognized that the approach 

would not provide a significant CO2 sequestration solution on a large scale. Another cost reducing 

alternative was introduced by proposing the use of less concentrated sources of CO2, i.e., flue gases 

instead of purified CO2. The most promising route at this stage was considered to be direct (i.e., mineral 

extraction and precipitation in the same step) aqueous carbonation of serpentine (or olivine [5]). In 
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2005, it was concluded in a special report on CCS by the IPCC [5] that “the technology is still in the 

development stage and is not yet ready for implementation”.  

Following the improvements made between 2000 and 2005, attempts to further develop the 

technology were made by separating the extraction step from the precipitation step (referred to as 

indirect carbonation routes) and by experimenting with different additives. In a review study [6] 

focusing on the developments made between 2005 and 2007, it was noted that the preferred 

benchmark process (direct carbonation) of an aqueous solution of 0.64 M NaHCO3 and 1 M NaCl, 

developed at ARC [7] (nowadays NETL) in the US might be further improved by using e.g., concentrated 

alkali bicarbonate (e.g., 5.5 M KHCO3 [8]) solutions. Other interesting findings were made in the field 

of product valorisation, i.e., the formation of valuable materials such as precipitated calcium carbonate 

(PCC) either from natural resources e.g., [9] or industrial wastes [9]. At this time there were also 

indications that the process might be suited for upscaling and become industrially feasible, as topics 

such as solids handling (on a large scale) began to be addressed. However, the general consensus at 

that time (2007) was that “significant technological breakthroughs will be needed before deployment 

can be considered” [11].  

The first life cycle assessment (LCA) study [12] on the topic addressed the environmental footprint of 

the ARC/NETL routes, for coal-fired electricity production. This method for quantifying environmental 

impact converts the energy use into new CO2 emissions, quantified as the global warming potential 

(GWP). Other environmental impact categories that can be considered are effects on human health, 

effects on ecosystem quality, resources depletion, acidification potential, ozone layer depletion and 

eutrophication potential. CO2 mineralisation using wollastonite (a calcium silicate) or mechanically 

activated olivine (magnesium silicate) were considered to have the greatest potential for avoiding 

adverse environmental effects for several impact categories, whereas the use of heat-activated 

serpentinites (composed mainly of serpentine, also a magnesium silicate, formed by hydration of 

olivine) is rendered less favourable due to large energy input requirements. Toxic gaseous and metallic 

release related to these processes were also quantified. Energy input was concluded as being a major 

critical factor for both stand-alone processes, as well as those integrated with CO2 capture (using 

chemical absorption). 

When reviewing developments in 2008 and 2009, the overall conclusion was that further research was 

necessary, a statement which is echoed in an overview book chapter published in 2010: “no 

commercial silicate mineral carbonation technology for CCS has yet been developed” [13]. 

Nevertheless, industry was showing a discernible growth of interest in mineral carbonation 

technologies. The reasons for this interest were diverse, including the possibility of simultaneous 

capture of CO2 and utilization and treatment of waste and by-product streams, such as asbestos and 

mine tailings, electric arc furnace (EAF) dust, steel-making slag, waste concrete, cement-kiln dust, coal 

fly ash, air pollution control (APC) residues, municipal waste incinerator (MSWI) ash, pulverized fuel 

(PF) firing and circulating fluidized- bed combustion (CFBC) ashes and oil shale ashes, as well as ash 

transportation waters [14].  

Highlights / advancements 1990 – 2009: 

• The concept of mineral carbonation was introduced (and large potential quickly grasped)  

• Most abundant and suitable minerals were identified (olivine, serpentinite) 

• Multiple routes have been identified, the most promising being additive enhanced (0.64 M 

NaHCO3 and 1 M NaCl) direct aqueous carbonation  
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• Multi-step routes introduced for producing high-value products (product valorisation)  

• In situ mineral carbonation was introduced  

• Investigations into various industrial waste and by-product streams started  

• Understanding that using pure CO2 is too expensive, use of CO2 containing flue gas should be 

pursued instead  

Remaining priority issues that were not addressed during the review period 1990 – 2009: 

The main issues hindering mineral carbonation from advancing on the technology readiness level (TRL) 

ladder at the end of 2009 were:  

• Extracting or activating the reactive component MgO from a silicate mineral; 

• Speeding-up the carbonation chemistry kinetics; 

• Energy economy (noting in particular that the heat produced of the exothermic carbonation 

reaction was not actively considered / utilized in the processes); 

• Recovery and recycling of chemicals used. 

Sources (this chapter): 
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[3] IEA GHG (2000), CO2 storage as carbonation minerals. Prepared by CSMA Consultants Ltd, PH3/17, 

Cheltenham, United Kingdom 

[4] Huijgen, W.J.J., Comans, R.N.J., 2005, Carbon dioxide sequestration by mineral carbonation: 

Literature review update 2003-2004, ECN-C--05-022, Energy Research Centre of The Netherlands, 

Petten, The Netherlands. Also published as IEA GHG report 2005/11. 

[5] IPCC, 2005, IPCC special report on carbon dioxide capture and storage, Prepared by Working Group 
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and L. A. Meyer (eds.)), Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
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3 Literature review and status 2010 – 2015 

This chapter readdresses the reporting from the period 2010-2015 seen from the viewpoint of the key 

performance indicators (see Chapter 5) for near-future deployment of CO2 mineralisation using mine 

tailings, overburden and other residues. Year 2015 can be seen as the point where results from lab-

scale work started to penetrate industry. At the same time though, the phase-out of fossil fuel-fired 

heat and power production gained momentum which shifted the attention of AMC (accelerated 

mineral carbonation) to metal, cement/lime and other industry sectors where feedstock containing 

fossil carbon materials cannot easily be replaced. An incidental benefit of this that there is often a 

higher concentration of CO2 in gaseous waste streams, while (local) governments also became more 

aware of those industries and processes for which emissions remain hard to avoid and which are 

therefore largely insensitive to a transition to renewable energy. 

Since during these years the economic feasibility and other key performance indicators (KPIs) for this 

study became relevant this half-decade is reviewed again, seen from today’s objectives. Also, it 

became clear that AMC belongs under the CCU portfolio, being increasingly ignored by those actively 

developing CCS (CCGS). 

3.1 Research papers 

Up until 2010 most CCS research had been conducted at laboratory scale. In 2011, a study was 

conducted at a large coal-fired power plant, under field conditions, where flue gas was reacted with 

fly ash obtained from production at the plant itself, in a fluidized bed reactor. In the early experiments, 

the researchers managed to obtain a decrease in CO2 levels from 13.0 % to 9.6 %. This early pilot scale 

study showed that it is possible to capture and mineralise CO2 to carbonates from flue gas by means 

of fly ash in an AMC process. Furthermore, the fly ash also captured SO2 and Hg from the flue gases. It 

may however be that the composition of carbonated fly ash apparently prevented its utilization [1]. In 

2013 a research project in China studied on-site CCS via indirect carbonation, using Ca as a 

mineralisation agent. The Ca was extracted from fly ash, rich in Ca, from a power plant on site, with 

the help of ammonium salts. The best ammonium salt for this purpose was found to be CH3COONH4, 

ammonium acetate, which can easily be recovered and reused in repeating the process. To react the 

CO2 with the Ca available the research group found that it was much better for both the carbonation 

rate and efficiency to introduce CO2 as part of NH4HCO3 than just as CO2(g) into the leachate. In this 

process, up to 93 % of the Ca precipitated as CaCO3 (precipitated calcium carbonate, PCC). 

Furthermore, the purity of the PCC was up to 98 %, making it suitably clean for industrial use. 

Calculations showed that 0.111 tonnes of CO2 could be sequestered per tonne of fly ash [2]. The same 

ammonium salts had also previously been shown to be selective for calcium extraction while 

developing the so-called slag2pcc concept in Finland (which implies selective extraction of calcium 

from steel converter slag followed by carbonation of the calcium-rich solution while recovering the 

ammonium flux salt, all under (near) ambient process conditions [3-6]).  

In the US, the ARC/NETL route was reappraised by a team led by Columbia University. The role of 

additives NaCl, assumed to act (slightly) in chelating and NaHCO3 for pH buffering, which affects iron 

precipitation, was studied for olivine carbonation, confirming earlier findings. The differences between 

freshly ground versus aged olivine and the different behaviour of very fine particles (< 10 µm), was 

shown, with faster dissolution competing with crystal growth to large magnesite crystals. . The 

carbonation of asbestos-containing material was tested and compared with the less (environmentally) 
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problematic magnesium silicates serpentine and olivine. Results were encouraging as it was evident 

that the problematic fibrous structure of asbestos was significantly changed. Sodium oxalate was also 

observed to speed up the carbonation process [7-9].  

Advances were also made in the preparation of the host mineral for CO2 sequestering. In a 2014 report 

from ETH Zürich, a non-steady state kinetic model for dehydroxylation of lizardite was clarified. The 

model is based on one fully homogeneous and one heterogeneous pathway to obtain two different 

dehydroxylated particle structures for the lizardite materials. For this, two different ways of controlling 

the pH were used. In the first case the pH was adjusted by flue gas containing CO2 and in the other one 

pH was controlled by HCl. The study was the first to describe in detail the kinetics of dissolution for 

dehydroxylated lizardite and to confirm this experimentally. In the experiment 83 % of Mg and 72 % 

of Si dissolved during the first 100 minutes. For both Mg and Si, the dissolution rate was observed to 

increase with temperature and partial pressure of CO2. This study improves understanding of the 

dissolution kinetics of lizardite and the modelling helps constrain the kinetics of materials that cannot 

be assessed via standard dissolution models. This can help optimizing a mineralization process for flue 

gas [10, 11]. The possibility and benefits of using flue gas rather than pre-separated or purified CO2 

had already been considered many years earlier but was addressed in this connection as well [12]. 

In 2014, researchers from Singapore and Iran reported on the impact of temperature and pH 

conditions in a multi-step pH-swing process to obtain Mg suitable for CO2 sequestering [13]. Bipolar 

membrane electrodialysis (BMED) is used to produce a pair of acidic (HCl) and alkaline (NaOH) 

solutions from salt (NaCl) water, using the first solution to extract magnesium from silicate rock and 

the second to raise the pH of the dissolved magnesium solution so that a carbonation reaction 

becomes possible. The goal was also to extract other valuable metals from the raw material, in this 

case a mineralized ore sample. Different forms of magnesium carbonate and iron hydroxide were 

obtained, the form of the latter being highly dependent upon the reaction pH, while the magnesium 

carbonate composition was controlled more by reaction temperature. Furthermore, the research 

group was able to get a purity > 99 % for the MgCO3. This is an important finding, since industries prefer 

high-purity materials in their processes. This increased value compared to a mixed aggregate material 

greatly enhances the prospects of CCS/CCU technologies which are otherwise confronted by the 

dilemma of what to do with the low-grade products obtained in earlier processes.  

The same research team had earlier reported on the production of nanostructured magnesium 

carbonate from serpentine, according to the following process: magnesium is leached from 

serpentinite using 1 M HCl, followed by a stepwise pH increase from 0.76 to 9.00 using 1 M NaOH, then 

to 9.50 and finally 10.65 using 0.5 M Na2CO3 to produce hydromagnesite 4MgCO3·Mg(OH)2·4H2O with 

“nanoflaked honey-comb morphology”. This material may find application as a flame retardant in 

polymers [14]. However, a drawback of this method is the energy penalty in the form of electricity for 

the electrodialysis [13]. Commenting on a similar approach reported earlier [15], Åbo Akademi 

University (ÅA) researchers pointed out common problems associated with calculating energy 

penalties. Simple addition of reaction heat inputs and outputs at different temperatures produces 

erroneous results; calculations should be based on exergy analysis instead [16]. An earlier paper from 
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the US had presented a similar electrodialysis approach, using the thermodynamic concept of 

availability (similar to but not the same as exergy) [17]. 2 

The years 2010-2015 saw very significant activity in Canada. One research group operating from 

Vancouver, BC. One study [18] addresses the economic value of mine rock waste (from the Turnagain 

nickel mine in BC) when seen from a CO2 sequestration potential viewpoint. No process route is 

outlined for accelerating the natural weathering process of silicate rock but a possible annual fixation 

of ≈ 2.8 Mt CO2 at the site is estimated for the 29 years proposed operation. A two-step calculation 

method is described for the valorisation of the rock for CO2 sequestration – but no monetary value. A 

follow-up study [19] suggests experimental work using olivine rather than serpentinite from the same 

site using an autoclave following the ARC / NETL route. At the same time, the bioleaching of chrysotile 

tailings from an asbestos mine in Yukon was studied with Acidithiobacillus spp., using its acid-

generating metal and sulphur content [20].  A one-year test using lab-scale columns yielded ~14% 

leaching of Mg from the tailings, an order of magnitude more (faster) than what was found in waters 

from the site. One advantage noticed was the immobilisation of Cu, Fe and Zn; a disadvantage is that 

aqueously dissolved carbonate is obtained, requiring a downstream precipitation step. It is estimated 

that the Mg leached from the 10 Mt tailings may sequester ≈ 0.46 Mt CO2 during a single year.  

An important report by Hitch and Dipple [21] takes economic feasibility as the starting point, making 

it one of the first to combine technical feasibility with costs. A net present value (NPV) of 131.5 million 

US$ was calculated (using 8% discount) for the olivine-rich waste rock from a nickel mine in Northern 

BC. Sensitivity analysis shows the amount of CO2 produced during the mineralisation process and thus 

the CO2 avoidance ratio to be the most critical parameter (of ten parameters considered), followed by 

the costs for operating the process facility and the pre-separation of the CO2. Included in the work is a 

table listing several earlier case studies reporting a cost of 50 – 100 US$/t CO2 mineralised. Presumably 

assuming the traditional ARC/NETL process route, a CO2 mineralisation cost of 82.5 US$/t CO2 was 

calculated, giving the mentioned NPV based on an assumed cap-and-trade CO2 price increasing to 200 

US$/t CO2 in 2027. An external supply of CO2 to the site would nevertheless be required for profitable 

deployment. 

The following year the same UBC team reported on the mineralisation of CO2 using brucite-rich mine 

tailings, studying slurries containing 50 g/litre of 2-4 µm brucite (90-95% pure) from Nevada [22]. Pure 

and dilute CO2 streams were bubbled through the slurries during tests of 56-72 h (“short”), 198 h and 

2856 h duration (with atmospheric CO2) at apparently ambient conditions. Emulating the conditions at 

Mount Keith Nickel Mine in Australia where ≈ 11 Mt tailings are produced annually, containing 1 – 2.5 

%-wt brucite, it is estimated that 22-57% of the annual 0.37 Mt mining operation emissions (during the 

early 2000’s) may be sequestered as carbonates, while in practice the annual value is around 56 kt CO2. 

(This is nonetheless much more than what takes place as a natural process at a chrysotile mine in 

Québec, Canada.) Brucite-rich ores from nickel mines do offer a significant passive or accelerated 

 

 

2 Exergy analysis, based on the Second Law of Thermodynamics allows for calculating the maximum power or 
useful work that can be produced from a given energy form. For power P, the exergy Ex(P) = P; for heat Q at 
temperature T and surroundings temperature T0, Ex(Q) = Q · (1-T0/T). This can be extended to chemical exergy 
of fuels and chemical compounds.  
See: Szargut, J., Morris, D.R., Steward, F.R. 1988 Exergy analysis of thermal, chemical and metallurgical processes. 
Hemisphere Publ. Corp, New York; Szargut J. 2005 Exergy method. WIT Press, Ashurst, UK. 



Mineral carbonation using mine tailings - A strategic overview of potential and opportunities 

 

 
 
 
Page 19 of 65  

carbonation potential. A follow-up paper ([23] from the team on brucite carbonation studied 

magnesium carbonate precipitation in 10% CO2 gas streams with varying humidity at ambient 

conditions with a 10% brucite / 90% quartz samples. Under these conditions the formation of 

nesquehonite (MgCO3·3H2O) produces a passivating layer that chemically inhibits carbonation on the 

brucite surface and the availability of water also limits the progress of carbonation. 

A valuable technology summary addressing ex situ as well as in situ industrial carbonation of 

serpentinite opportunities and limitations concludes that ex situ industrial operations processing 0.1 - 

1 Mt CO2/ year are likely feasible with existing (in 2013) technologies [24]. Hoisted amounts of suitable 

ultramafic rock at mining sites at rates larger 10 Mt/year may result in accumulation of several Gt of 

reactive rock, such as can be found at chrysotile mines in Québec alone. 

Another area of significant research activity was from the Canadian province of Québec. In a series of 

three papers, Assima and co-workers report on the direct ambient carbonation of five different 

ultramafic residues from nickel and chrysotile mining. Aiming at enhancing direct ambient carbonation 

of chrysotile mining residues with a theoretical CO2 binding capacity of approx. 700 Mt, the first [25] 

paper reports on the importance of features such as particle size, water flow and pH on the 

carbonation dynamics. Layers of mining residue were sparged with humid CO2 after saturation with 

water during four days under ambient conditions. It was found that the Fe/Mg ratio and especially the 

presence of Fe(III) in the form of magnetite has a strong limiting effect. Not surprisingly, brucite 

fractions carbonate much faster than magnesium silicate fractions. Mg carbonation conversion levels 

from 1.7% to 10.7% were obtained with size fractions 1.8-2 mm and  < 75 µm. As found in the studies 

from BC, the availability of water improves carbonation yields. The second study [26] considers a 

Québec nickel mine residue leached under a gas stream containing, besides 8-10 %-vol CO2, O2 levels 

ranging from 0 to 20%-vol, at 10 – 40⁰C. A significant result was obtained in that conversion was an 

order of magnitude faster at 40⁰C compared to 10⁰C, partly facilitated by a temperature rise caused 

by exothermic chemistry. Addition of a chelating agent (CDTA) interferes with the precipitation of 

Fe(OH)3, with increased Fe(III) levels in the pore water, resulting from increased O2 levels. Mg 

conversions levels ≈ 8% were obtained after 1000 s at 40⁰C with 106-850 µm (d20, d80) particles. The 

third [27] paper gives an assessment for five ultramafic mining residues, being two chrysotiles, two 

nickel mine residues and one diamond mine residue, all from Québec, capable of sequestering 0.27 - 

0.35 ton CO2/ ton material. Also here, direct ambient air carbonation is emulated under mild conditions 

[25]. Again, brucite dissolution contributed significantly to the necessary pore water alkalinity for 

carbonation while Fe/Mg and Si/Mg ratios can explain carbonation chemistry-inhibiting passivation via 

precipitation of Fe(OH)3 and formation of silica gel, respectively. 

Other research efforts from Québec have involved the magnetic removal of iron after grinding of 

chrysotile mining residue and the role of water during the gas/solid carbonation of serpentinite residue 

after chromite mining residue, respectively. The first study [28] showed that, with a mean particle size 

of 75 µm, 71 % of iron impurities can be magnetically removed, giving a 79%-wt (as Fe2O3) iron 

magnetic fraction and a final 3.4 %-wt (as Fe2O3) iron in the non-magnetic fraction, compared to 10.9 

%-wt (as Fe2O3) iron in the feedstock material. The magnesium content (as MgO) increased from 42.5 

%-wt in the feedstock to 44.9 %-wt in the non-magnetic fraction, and was only 9.2 %-wt in the magnetic 

fraction. Unfortunately, however, the energy input requirements for the magnetic separation were 

not given. Of a completely different nature is the second study [29], which reports on direct gas/solid 

carbonation of a serpentinite at up to 300⁰C, pressure up to 25 barg in a simulated cement kiln off-gas 

containing 18 %-vol CO2. A Parr gas/solid batch reactor is used, with 1.5 g untreated material or 1 g 
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after 30 min pre-heat at 650⁰C. The best result is obtained with the pre-heat sample at 200⁰C, 25 barg. 

It is suggested that the reaction products are MgCO3·3H2O and Mg2Si2O6·H2O.  

The research done in Canada during 2010-2015 addresses many relevant issues focussing especially on 

deployment as direct ambient air carbonation of mining residues at mining sites. At this point, only 

one reference [21] gives a quantified economic feasibility consideration in the form of a NPV, with an 

assumption for increasing taxes or other costs for CO2 emissions.  

In Finland, at the Åbo Akademi University, research into stepwise carbonation of serpentinite was 

published in a large number of reports on the thermal extraction of magnesium using ammonium 

sulphate, the production of magnesium hydroxide and the carbonation of this in a gas/solid 

pressurised fluidised bed. Thesis studies by Fagerlund [30] and Nduagu [31] on these respective 

subjects were followed by that of Romão who focussed on process integration, the co-extraction of 

metals and comparing Finnish and Portuguese serpentinites [32]. Of significance from this time too 

was the co-operation with Singapore, resulting in detailed analysis of the role of water vapour during 

magnesium (hydr)oxide carbonation [33,34] and the details of the decomposition of ammonium 

sulphate flux salt during the thermal extraction of magnesium [35]. Also, the team switched focus to 

processes operating on flue gas directly, avoiding a CO2 capture step and reported on implementation 

of the (first) ÅA route and process integration at an industrial scale lime kiln [36]. (Brief descriptions of 

the various ÅA routes that have been developed since 2005 are given as an Appendix 4 to this report.)  

Elsewhere in Europe, Wang and Maroto-Valer reported on a pH-swing process using ammonium 

bisulphate (ABS) for leaching magnesium from serpentine, followed by (after removal of solids and 

raising pH using aqueous ammonia) carbonation with ammonium bicarbonate (ABC) obtained from 

scrubbing flue gas with aqueous ammonia. Most critically, near 100% extraction of magnesium was 

obtained within 3h.  Problematic disadvantages were the thermodynamics of reproducing ABS from 

the final ammonium sulphate (AS) solution via thermal decomposition, as well as the energy penalty 

for that [37,38] - see also the 1967 patent by Pundsack [39]. In Denmark, Eikeland and co-workers were 

able to fully carbonate olivine particles within 4 hours, at 190⁰C, in a solution of 0.5 M NaHCO3 + 0.5 

0.75 M NaCl. The (energy) cost comes from extra fine grinding (<10 μm) and 100 bar CO2 pressure 

needed [40]. This suggests that certain optimal concentrations of chemical additives exist when 

processing certain particle sizes. Energy inputs for crushing/grinding, mixing of solutions and heating 

can be mirrored against concentrations of reacting species and reaction time (and reactor volume).    

In Australia, work continued along the path of aqueous carbonation of heat-activated rock, aiming at 

avoiding the presence of NaCl in the solution (as this may cause corrosion) [41]. The heat treatment 

process itself (applied to rock from the NSW Great Serpentine Belt) was also the subject of further 

optimization studies, reporting on energy requirements > 540 MJ/ton serpentinite and costs of 1.25 

A$ per ton active serpentine in the rock, with preferable (wet ground) particle size d80 = 75 µm [42,43].  

In South-Africa, following a scoping study by Doucet [44], Meyer and co-workers report on carbonation 

of platinum group metal (PGM) mine tailings containing large fractions of orthopyroxene minerals. 

Conversion levels were only 30%, 3% and 9% carbonation of the material’s Ca, Mg and Fe, respectively, 

using 2 M HCl at 70°C for extraction. Addition of 15 M NaOH facilitated carbonation which was 96, 59 

and 98% efficient for Ca, Mg and Fe, respectively. Clearly, extraction and carbonation levels for Mg 

need significant improvement [45]. 

In the US, a study by Kruse and Strosnider reviewed CO2 sequestration using waters (especially acid 

mine drainage, AMD) and solid waste from mining operations and saw a large gap in knowledge. Much 
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is unknown on the interaction between carbonate, AMD that may contain sulphate, and the net uptake 

or release of CO2, either as dissolved (bi-)carbonate or precipitate [46]. 

Renforth et al. [47] gives world-wide estimates for silicate-based materials generated by human 

activities, including mine tailings. The number given is 7 – 17 Gt capable of 700 – 1,220 Mt CO2 (190-

332 Mt C) sequestration. For mine waste, an annual production amount of 2,000 – 6,500 Mt is given 

(in 2011!) with “unknown” as the CO2 sequestration potential. Assuming an MgO content of, say, 15 

%-wt feasible for application in a CO2 mineralisation process with give an estimated annual potential 

of 360 – 1065 Mt CO2/year (2011 tailings production rate). 

3.2 Life cycle assessment (LCA) 

As summarised in the 2017 review by Zevenhoven and Romão [48], LCA considered from a CO2 

mineralisation viewpoint was the subject of around ten publications during 2010 - 2015. Khoo et al. 

[49]. reported on an application in Singapore, this time for the first ÅA route to a natural gas combined 

cycle (NGCC) power plant using serpentinite shipped in from Australia. Four calculated cases involve 

90% and 100% Mg carbonation efficiency, and amine scrubbing for CO2 pre‐capture or operation on 

(pressurised) flue gases directly. The best results (obtained without CO2 pre‐capture) give an avoided 

55-66% CO2 emissions, dropping to 42-58% when the impact of shipping and mining is included. 

Emissions of NOx, SOx and particulate matter were accounted for, for the power plant as well as for 

the shipment of rock and its mining. Estimated system costs in the range 71 – 159 US$/t CO2 could also 

be calculated, which corresponds to 18 – 40 US$/t solid products for land reclamation.  

Kirchofer et al. [50] considered aqueous mineralisation applied to eleven alkaline feedstocks (olivines, 

a serpentine and several industrial alkaline by‐products) for 1,000 t/day CO2 sequestration. The lowest 

CO2 emissions (267 kg/t CO2 processed) are obtained with 10 μm olivine particles (155⁰C, 90 bar, 24h). 

The impact (as CO2 emissions) of energy input for upstream and downstream process steps and water 

use are considered as well. Nduagu et al. [51] compared the (first) ÅA route with the ARC/NETL direct 

process using exergy analysis as well as LCA, for a pre-captured CO2 feed, with serpentinite rock. The 

energy input requirements for the processes were found to be very similar at ≈ 3.5 GJ/t CO2, but the 

LCA showed a smaller environmental impact for the ÅA process. Avoided CO2 emissions equal 317 and 

483 kg/t mineralised CO2 for the ARC/NETL and ÅA routes, respectively, resulting from better 

recoverability of additional chemicals, lower temperatures and better heat integration for the latter. 

The analysis was updated during the following year [52]. Stasiulaitiene et al. [53] applied the (first) ÅA 

route to Lithuanian serpentinite and reported an LCA that compares it with CCGS (carbon capture with 

geological storage). It was concluded that with a CO2 capture step, (involving solvent-based capture of 

industrial flue-gases), mineralisation of CO2 cannot, from an LCA point of view, compete with 

underground storage of CO2, reporting numbers that agree with Nduagu et al. [51].  

Giannoulakis et al. [54] presented an LCA analysis comparing both the first ÅA route and the ARC/NETL 

work with CCGS, i.e. geological storage of CO2, for pulverised coal firing and NGCC power plants. It was 

concluded that the “life cycle greenhouse gas reduction” achievable with mineralisation is less than 

with geological storage. The reasons for this are the use of energy and chemical additives use, besides 

the health issues related to particulate formation during mining. Unfortunately, there is no mention 

made of the research reported by Khoo et al. [49] or of other studies that specifically mention the 

treatment of flue gas, without CO2 pre‐separation, as a significant benefit related to CO2 

mineralisation, when compared to CCGS. 
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Bodénan et al. [55] include LCA (albeit briefly) in reporting the Carmex project, distinguishing between 

direct aqueous carbonation of olivine as such, or with either organic ligands or mechanical exfoliation. 

This was compared with alternative scenarios of no CCS or with CCGS for nickel mining in New 

Caledonia. CO2 is assumed to be transported over a 300 km distance from a coal‐fired power plant. Of 

five LCA impact categories considered, climate change (GWP) decreases when compared to a no CCS 

scenario while for the other impact categories (resources depletion, non‐renewable primary energy 

use, terrestrial acidification and photochemical oxidation) the environmental impact of ex‐situ CO2 

mineralisation is also higher when compared to CCGS. The paper includes a world map showing where 

significant suitable mineral resources can be found within a 300 km distance from (at that time) large 

CO2 emitters – see Fig 3.1. 

 
Fig. 3.1 Ore deposits related to ultramafic rocks lying less than 300 km from a CO2-emission site [55]. 

An extensive analysis including LCA of CCS and CCU (including CO2 mineralisation) was reported by 

Cuéllar‐Franca and Azagapic [56]. GWP is the main LCA impact category considered plus nine others.  

The work reported by Khoo et al. [49, 57] and Nduagu et al. [51] mentioned above represent three of 

the CCU studies considered, all producing MgCO3 from a process with intermediate Mg(OH)2. The 

assessment reports CO2 emissions in the range 524‐1,073 kg CO2/t CO2 fixed as minerals, mainly 

depending on (having) upstream CO2 capture and CO2 concentration, and the heat source/heat 

integration. Within the CCS + CCU portfolio, mineralisation is reported to have a larger GWP than 

“conventional CCS” (i.e. CCGS) and CCS + EOR (enhance oil recovery). 

Highlights and progress between 2010-2015: 

• Advancements in simultaneous capture and mineralisation of CO2 directly from flue gas 

• Carbonating flue gas via leachate e.g., NH4HCO3 as an indirect carbonation route studied at 

lab-scale in several laboratories  

• Better modelling of the kinetics for dehydroxylation in host minerals 

• Better understanding of the temperature’s impact on carbonate precipitation 

• Emphasis on the solid products and their economic value  

• A first study (from BC, Canada) presents a 15-year (2012-2027) opportunity of mine residue 

carbonation via a NPV estimation  

• A significant number of LCA studies reported 
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Outstanding issues remaining to be addressed after 2010-2015: 

• Higher carbonation rates are needed for the CCS to pose a viable solution to the GHG challenge  

• Deployment at industrial scale, which would demand TRL = 5 demonstrated in the laboratory. 

None of the reporting from 2010-2015 refers to TRL level 

The fate and consequences of potentially toxic by-products (primarily heavy metals) needs 

more study. This is at least one impact category of LCA studies.  
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4 Literature review and status 2016 – 2021 

A literature search covering the last five years - since the Zevenhoven and Romão (2017) literature 

review – found around 100 publications addressing the field of ex situ CO2 mineralisation with focus 

on the use of mine/mining tailings, almost exclusively magnesium silicate - based material.  Besides 

these, around twenty-five publications report on in situ CO2 mineralisation, primarily reporting findings 

(mostly during 2017 and 2018) from two sites in Australia and Canada, respectively. (For a discussion 

on these, see Part 3 of this report.) Around twenty review papers since 2015 address the subject, with 

main findings and conclusions as summarised below.  

When it comes to key performance indicators that quantify the technological maturity and economic 

viability necessary for developing a large-scale business model around CO2 mineralisation using of 

mine/mining tailings, the information is (still) scarce or inconclusive. As described in the following 

chapters, TRL, LCA, public acceptance, possible revenues from carbonate and other materials obtained, 

toxicity and other material hazards, and input requirements for energy and water are seldom 

addressed, while many researchers (still) report on laboratory-scale carbonation experiments. After 

more than thirty years of R&D, most researchers (still) use hours rather than minutes as the time scale 

for significant conversion of magnesium-based materials into carbonate. 

Only a dozen or so publications provide information that goes beyond chemical conversion 

experimenting and aim at upscaling technology from the laboratory to industry, short-listing several 

process routes or industrial sites. LCA is increasingly used as a tool, having been addressed in a dozen 

papers since 2006 (with four from the last five years).    

4.1 Overview of research articles 

Based on recent (2016 to mid-2021) publications, much work is still being done in the lab to further 

the understanding of the different mechanisms at play during mineral extraction and carbonation 

processes. The fact that there are still so many examples of basic research being published is in itself 

an indication that there is still considerable potential for new ideas and processes. 

Specific examples of recent basic research include a study [1] of the formation of undesirable by-

products during direct aqueous mineral carbonation, which recommends a greater focus preventing 

such by-products, in order to enhance carbonation. Wang et al. [2] studied the kinetics and 

mechanisms of olivine carbonation with the intention to develop the theory further, while Rausis et al. 

[3] studied brucite (Mg(OH)2) carbonation under various conditions.  

Stopić et al. [4] used an autoclave to study direct aqueous olivine carbonation under high pressure and 

temperature conditions (for several hours), while Arce et al. [5] performed fundamental leaching 

studies of a specific mineral under relatively mild process conditions, indicating that certain minerals 

(in this case sterile from asbestos production) are more suitable for carbonation than others. Zarandi 

et al. [6] also studied carbonation reactions of nickel mine tailings containing brucite at ambient 

conditions, highlighting the main limiting factors (carbonate nucleation and surface layer inhibition) 

for carbonation at mining sites.  

Rigopoulos et al. [32] studied ball-milling of mine tailings but did not consider the energy requirements 

(for 20 h of milling). However, the positive impact of ball-milling on carbonation was further considered 

in a later study [33] that investigated the enhanced weathering of pulverized and ball-milled 

peridotites and basalts. This study subjected the minerals to artificial seawater in a batch reactor open 
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to the atmosphere for two months. One goal of the study was to demonstrate that if ball-milling can 

be performed in a cost-effective manner (e.g. by integrating with existing cement and lime industry), 

then the sub-sequent carbonation step can be simplified (and made less energy intensive). 

Carbonates are generally considered a stable sink for CO2 sequestration, but additional information is 

still needed regarding the detailed behaviour of carbonates used for permanent CO2 storage. For 

instance, Harrison et al. [34], noted that nesquehonite (MgCO3·3H2O) readily transformed to dypingite 

(Mg5(CO3)4(OH)2·5H2O) or hydromagnesite (Mg5(CO3)4(OH)2·4H2O) under ambient conditions, 

accompanied by a small loss in CO2. 

Others have studied novel ideas such as combining grinding media into a reactor with CO2 partial 

pressure swing [7], but further studies are needed to make any conclusions regarding its large-scale 

feasibility. Santos et al. [8] and Turri et al. [9] are also furthering the development of a novel idea 

(Patent: NL2004851C2), a so-called “CO2 energy reactor”, but the results still warrant further research 

and testing on a larger scale.  

Ebrahimi et al. [10] suggested combining alkaline industrial waste with acid tailings in order to reduce 

requirements for pH adjustment using e.g. NaOH in the carbonation step, while Power et al. [11] 

successfully used carboxylated polystyrene microspheres to catalyse magnesite precipitation at mild 

(ambient) conditions. 

Many researchers recognise the need for pilot testing and using “real” materials, such as actual flue 

gas, industrial waste streams and mine tailings. For example, Kemache et al. [12, 13] experimented 

with real (cement plant) flue gas and heat-treated serpentinite but concluded that the method, still 

batch-wise, must be adapted to continuous flue gas flow in order to be industrially applicable. 

Mine tailings are recognized as a potentially simple and sustainable way to reduce the environmental 

impact of the tailings and CO2 emissions at the same time [14, 15]. Recent examples of this include 

Hamilton et al. [16] who studied the carbonation of ultramafic mine tailings using so called field-

deployable (i.e. scalable and relatively simple) methods, but both of the employed methods (direct 

carbonation using an onsite CO2 source or indirectly via heap leaching of Mg using sulphuric acid) 

should still be demonstrated outside the lab to establish their full potential.  

Similarly, Power et al. [17] presents an example of sequestering CO2 using simple aeration of ultramafic 

mine tailings. Due to the anticipated low-cost of the proposed method, this process becomes 

increasingly viable as carbon tax prices increase. However, it should be noted, that out of the significant 

CO2 sequestration potential of various mine tailings only a small fraction is “easily” carbonated [18]. 

For example, Paulo et al. [18] estimated that only 3 - 9 kg CO2 / t material out of the full potential of 

268 - 342 kg CO2 / t was readily available for carbonation at Earth’s surface conditions. This study 

suggests that in order to make a significant impact on the CO2 emissions, the conditions need to be 

enhanced, for example using ex situ carbonation processes. 

Studies suggesting the implementation of ex situ carbonation using mine tailings have increased during 

recent years. Suitable mining operations include e.g. diamond mines that have significant untapped 

potential according to Mervin et al. [19]. Jiajie and Hitch [20], on the other hand, focused on nickel 

mining and estimated that the operating cost for mineral carbonation at a nickel mine in British 

Columbia would be between 104.1 to 107.1 $ /t of avoided CO2 emissions. Mohamed et al. [21] 

experimented (at lab-scale) with a thermochemical method using ammonium sulphate to extract 
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elements from platinum group metals (PGM) tailings, but further work is needed to combine the 

method with selective precipitation of valuable products. 

Examples where cost awareness is clearly driving the research are exemplified by studies focusing on 

product sales in addition to CO2 capture. For example, one recent study by Chakravarthy et al. [22] 

investigated the possibility to utilize carbonate kimberlite tailings (from diamond production) as a 

substitution material for partial cement replacement. This study, similarly to others (e.g. [23]), 

attempts to provide solutions for decarbonization of the construction industry by reducing the need 

for virgin calcium carbonate in cement production. Kularatne et al. [25] proposed a mineral 

carbonation method that combines CO2 sequestration with hydrogen production. However, that 

process is still at an early stage and is dependent on highly specific conditions (e.g. mine close to 

residual heat source).  

Another example of cost awareness is provided by Pasquier et al. [24] who claim that a process (based 

on mine tailings) could be highly profitable depending on the market for magnesium carbonates. This 

process has been the subject of further research and significant improvements (25% lower heat 

demand) can be made by heat treatment optimization and integration with the existing plant (in this 

case a cement plant), as discussed by Tebbiche et al. [31] - see Figure 4.1. The reported heat 

requirements were 5 GJ/t CO2 captured and 9.5 GJ/t CO2 avoided.  

 
Fig. 4.1 Carbon mineralization process description for application at a cement plant [31] (cooling and heating 

utilities are not indicated for simplicity).  

Other recently reported research progress includes studies that aim to quantify the CO2 sequestration 

of mining tailings or ultramafic rock samples using mild process conditions, which results in very low 

degrees of carbonation even after long reaction times. Testing of tailings from a PGM (platinum group 

metal) mine in Montana (US), using a flow-through reactor where a diluted CO2 stream reacted with 
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Ca, Mg and other ions in pore water at ambient conditions for up to 60 h gave < 1% Ca and no Mg 

dissolution [40]. Another study that likewise aimed at quantifying the CO2 sequestration potential for 

ten (ultra)mafic rocks from Southwest Portugal resulted in < 1% carbonate precipitates of Ca, Mg and 

Fe for the two most suitable materials after 64 days at 40⁰C, 80 bar in a supercritical CO2 

supersaturated natural brine (sampled from an old borehole in a saline aquifer) [41,42]. 

At the ACEME2021 conference hosted (on-line) from Tallinn, Estonia, Brent reported on the latest 

developments at MCi in Australia, where currently an aqueous process under “mild conditions” has 

advanced from TRL 6 to TRL 7 during this year [35]. Zevenhoven reported on the five alternative “ÅA 

routes” (see Appendix 4) for step-wise carbonation of serpentinites, using ammonium sulphate as the 

flux salt and presented “company neutral” results (assuming 0.5 Mt/year CO2 sequestration) from 

ongoing work on large-scale implementation at one of the world’s largest seaports [36]. Bourgeois 

reported on AMC as a supply chain driven design problem, addressing New Caledonia (viz. the Carmex 

project mentioned above) [37]. Two studies reported on AMC applied to cement production, offering 

the opportunity to sequester CO2 while producing materials that can be mixed into the cement product 

[38,39]. 

4.1.1 Life cycle assessment studies 

LCA analysis of CO2 mineralisation has been addressed in fewer than ten studies identified as relevant 

for this report. Ekayaoglu and Deminel [26] do not address CO2 sequestration but describe how to carry 

out LCA for mining activities (in Turkey), with a focus on material handling equipment. Likewise, the 

reporting by Ruan and Unluer [27] on cements containing MgO shows how LCA pinpoints the use of 

energy and the resultant emissions as the main contributors to the environmental footprint.  

Zevenhoven and co-workers include LCA in the description of the ÅA routes for large-scale CO2 

mineralisation using serpentinite and ammonium sulphate as the flux salt. It shows the necessity of 

high levels of flux salt recovery, maintaining it inside the process, the importance of operating on flue 

gas directly without a CO2 capture step, and that the contribution of transport of rock (5, 50, 500 km) 

to the overall environmental footprint is (surprisingly) small. Ncongwane et al. [29] give a comparison 

of five CO2 mineralisation process routes using LCA and process system modelling, focussing on 

pyroxene-rich PGM mine tailings. The ÅA (first) process route (still with pre-separated CO2) was shown 

to have the smallest overall environmental footprint, based on climate change as apparently the only 

impact category considered. It is noted that with pyroxene-rich rock (containing primarily enstatite) 

the conversion rates and degrees demonstrated by olivines and serpentinites have not yet been 

realised.  

Very recently, Z.-Y. Khoo and co-workers [30] report a further LCA on CO2 mineralisation from 

Singapore’s perspective, with focus on transport distances of suitable rock, for twelve scenarios. Rock 

sourced from Western Australia or alternatively from Malacca, Malaysia are considered, with several 

options for heat pre-treatment, crushing/grinding and the energy sources used for that. Flue gas from 

a waste incinerator in Singapore (one example of a country without territorial geological storage 

options) is considered in a process where heat-activated serpentine is reacted with an aqueous 

solution of ammonium carbonate obtained from scrubbing flue gas with aqueous ammonia (patent 

application SG11201908958V, 2018).  The heat activation and carbon capture step and especially the 

transport of rock generate significant CO2 emissions, requiring CO2-neutral alternatives, while the 

mineralisation process itself also has scope for improvement, for example via process integration.  
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Progress highlights between 2016 – 2021: 

• The realization that mining tailings represent a significant untapped potential for CO2 

sequestration 

Important issues still to be addressed following 2016 – 2021: 

The main issues hindering mineral carbonation from advancing on the TRL ladder are still largely the 

same as ten years ago:  

• Speeding-up the carbonation chemistry kinetics; 

• Energy economy (i.e. processes are still too energy intensive); 

• Recovery and recycling of chemicals used. 

4.2 Overview of review articles 

Consolidating the recent literature reviews in the area of accelerated mineral carbonation (AMC) 

provides an opportunity to collect well-informed conclusions as well as recommendations for next 

steps regarding AMC development efforts. It was noted that for many of these review papers, the 

authors are rarely, if at all active in the development of AMC technology themselves; therefore the 

reviews are treated in this separate sub-chapter. 

Based on the reviews it is evident that no single process has yet risen to meet the challenge of large 

scale CO2 emission mitigation. For instance, out of the 23 review papers included in this study, 

published between 2016 and 2021, only two mention TRL directly. Economic feasibility on the other 

hand is at least mentioned in 15 of the papers, but in general only superficially, with unquantified 

uncertainty as most technologies are at early stages of development. LCA studies are also still scarce 

and mentioned only in two of the papers. Public acceptance, however, is at least mentioned in ten of 

the papers, while the production of metals in conjunction with AMC is only mentioned in four of the 

papers [44, 52, 59, 64]. Issues with toxicity and the risk of generating new toxic waste streams during 

AMC is also noted (only) in five papers. 

Despite the apparent lack of a systematic approach to presenting and evaluating new technologies in 

the field of AMC, the following findings have been found to summarize the recent review articles from 

the last five years: 

• In general, significant progress has been identified in the field of AMC [58, 59] and AMC is most 

likely one of the first CCU technologies to be implemented commercially [15]  

• Mining wastes, in particular tailings, represent the best opportunity for CCU and can be considered 

as the “low-hanging fruit” for AMC processes [47, 55] 

o Integrating AMC with mining operations (crushing/grinding) is recommended [51, 52] 

o AMC of industrial (alkaline) wastes should be the focus of further research [43, 45, 46, 47, 

55, 56] 

o In particular the use of fly ash [53] 

• Commercial efforts should be directed towards utilizing AMC (mainly Ca-based) as part of or 

replacing existing (Portland cement based) concrete production processes and products [43, 46, 

49, 55, 62] 

• Magnesium based AMC processes currently lack market demand for the product [55] 
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As an example of market potential, [13] gives the thermal decomposition enthalpies for 

magnesium-based fillers when used as flame retardants – see Table 4.1. 

Table 4.1 Physical properties of potential fire-retarding mineral fillers (taken from [55]) 

Filler Formula Tdecomp (°C) ΔHdecomp (kJ / g) 

Nesquehonite MgCO3·3H2O 70 - 100 1750 

Hydromagnesite Mg5(CO3)4(OH)2·4H2O 220 - 240 1300 

Huntite Mg3Ca(CO3)4 400 980 

 

• Likewise, a proof-of-concept study for thermal energy storage (TES) at ambient, indoor house 

temperature conditions utilizing the reversible system nesquehonite <-> magnesite + water vapour 

has been reported from Åbo Akademi University [60, 61]. 

• The recovery and production of valuable (sufficiently pure) end-products (such as silica, iron oxides 

and other metals, Mg-carbonates) should be aimed for, in addition to capturing CO2 [44, 52, 58] 

• Indirect carbonation using ammonia and bipolar membrane electrodialysis for additive recovery 

should be studied further [56] 

• The opportunity to avoid an intermediary CO 2 capture and purification step should be focused on 

[56, 58] 

• Further research is needed, 

o but “it is time to put a stop to the repeated strategies, including elevating the process 

conditions, utilising energy-intensive thermo-mechanical feedstock, and large-scale 

expensive chemical consumptions.” [58] 

One of the reviews [49] included the mapping of recent patents (up to 2017). The study pointed out 

that the number of patents towards CCUS and AMC have accelerated in the recent past, and it is 

estimated that this trend will continue. The number of patents found between 1980 and 2017 in the 

field of mineral carbonation was 103 and from the results it could be seen that pace (numbers of 

patents issued) is accelerating. 

Despite the significant amount of recent review papers, very little information about commercial 

maturity (expressed specifically as TRL) is available. However, in the review by Chauvy and De Weireld 

[59], a (non-exhaustive) list of processes with products utilizing CO2 was provided. In line with other 

review authors [e.g. 49, 55], the AMC for the construction industry in the form of concrete curing has 

the highest TRL level of 8, together with sodium bicarbonate production. However, sodium 

bicarbonate production results in a highly unstable end-product in terms of CO2 long-term storage. 

Calcium carbonate production using AMC was estimated at TRL 7 (demonstration scale), while 

magnesium carbonate is still at TRL 4 (lab prototype).  

Chauvy and De Weireld [59] also assessed other aspects of the various CCU technologies in order to 

provide a qualitative comparison of the overall viability of AMC using the following indicators: 

technology status, energy performance, CAPEX, OPEX, CO2 utilization, sustainability and social (public) 

acceptance. Overall, both carbonate production and concrete curing were provided relatively high 

scores with an average of 2.9 out of 4 across all seven indicators. 

4.3 Lab-scale work versus large-scale application 

Based on a number of recent literature reviews [e.g. 49, 52,58,63], it is evident that additional efforts 

to scale-up the various AMC approaches is needed (keeping in mind the overall energy efficiency and 
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sustainability of the proposed process). In the past, only a few methods have been tested outside the 

laboratories and currently (late 2021) there are only a handful of active AMC projects as presented in 

the Table below.  

Table 4.2 Notable recent AMC pilot plant scale projects [49,58,63] 

Project Technology and feedstock Comment 

Carmex (New 
Caledonia, 
France) 

Direct aqueous mineral carbonation 
of mafic/ultramafic mining wastes  

New Caledonia is an excellent candidate 
for implementing mineral carbonation due 
to the availability of both suitable mineral 
feedstocks and proximity to CO2 emission 
sources. (Ended 2012) 

MCi (New South 
Wales, 
Australia) 

Proprietary direct aqueous 
carbonation of various industrial 
wastes and mine tailings 

Demonstration projects planned with 
Japanese ITOCHU Corporation. The 
business model of MCi is that the cost of 
CO2 capture is outweighed by producing 
valuable materials 

Québec process 
(INRS, Québec, 
Canada) 

Aqueous mineral carbonation 
process using heat treated 
serpentinite-based tailings and 
cement plant flue gas 

Potentially commercially viable process, 
provided there is sufficient market for the 
produced magnesium carbonate 

HiGCarb process 
(CSC, Kaohsiung, 
Taiwan) 

Rotating packed bed using hot-
stove gas (28.8 vol% CO2) and 
wastewater for blast oxygen 
furnace slag carbonation 

Carbonate product used as cement 
additive and fast conversion times indicate 
potential feasibility for further scale-up in 
the near future 

Kawashima-
Daini project, 
Japan 

Indirect aqueous carbonation of 
concrete sludge to produce CaCO3 
using boiler flue gas 

Net CO2 reduction achieved, but the low 
reaction rates and large feedstock amounts 
needed / ton of CO2 represents a barrier for 
further development 

CarbonVaultTM Carbonation of diamond mine 
tailings by De Beers Group using 
various AMC technologies 

Pilot testing delayed in 2020/2021. 
Environmental targets include carbon 
neutral mining operations by 2030 

  

As also indicated from the (non-exhaustive) Table above, the number of processes considering mine 

tailings or natural mineral resources containing abundant magnesium are in a minority compared to 

processes utilizing various industrial wastes. 
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5 Assessment on key performance indicators 

5.1 Availability and quality of rock resources 

Evaluation of potential sequestration reservoirs for conventional CCS has been the subject of 

numerous studies over several decades and has benefited greatly from the industry exploration data 

that provide robust modelling of basin architecture and reservoir rock characteristics. Based on this 

information, it has been possible to further assess the viability of potential sequestration sites in terms 

of proximity to CO2 sources and synergies with respect to enhancement of petroleum recovery (EOR). 

Similarly, a comprehensive and useful global assessment of suitable mineral resources for significant 

CO2 carbonation needs to provide more than a simple theoretical inventory of potentially reactive rock 

volumes and should instead be informed by the following factors: 

• Documentation of volumes of in situ and mined resources, ideally compliant with 

internationally recognized resource accounting mechanisms (UNECE, JORC; N43-101)  

• Characterization of waste rock and tailings and water in mine environments, to determine 

carbonation effectiveness and reaction pathways and potential for recovery of by-products 

• Documentation of infrastructure, material transport, energy sources and energy consumption 

related to extraction, processing and beneficiation; this information can be used in the LCA 

process and thus provides a way of assessing the relevance of sequestration within the overall 

scale and cost of operations. 

This breadth of data is necessary to establish whether a specific mining region:  

• has a resource endowment of sufficient magnitude that it could represent a CCUS carbonation 

site of global significance, or whether  

• its potential resides rather in supporting the economic and environmental sustainability of 

individual local mining operations. 

In both scenarios, it is important to evaluate the potential benefits of carbonation and by-product 

recovery in the light of overall mining costs and energy consumption. This too, is analogous to the 

situation facing saline aquifer storage combined with EOR, for example, whereas some EOR 

sequestration projects may become carbon emissions positive, if injected CO2 volumes are exceeded 

by emissions related to burning extracted fuel. Similarly, it is necessary to fully understand the entire 

environment surrounding a given mining project and the mineralogical complexity of reactive tailings. 

It is not uncommon, in the case of sulphide ore deposits in ultramafic rocks, for carbonate minerals to 

be present in waste rock and tailings, along with such iron sulphides as pyrite or pyrrhotite which are 

generally devoid of economic interest. Oxidation of pyrite is one of the main sources of acid mine 

drainage, when tailings are exposed to the atmosphere or oxidizing vadose groundwaters, leading to 

dissolution of carbonate minerals and carbon dioxide release [1], which in turn may offset the benefits 

of carbonation elsewhere in the system. Further feedback effects on in situ carbonation, or carbonate 

dissolution are possible, depending on whether or not the tailings pore spaces are water saturated. 

Moreover, limestone is commonly used as a neutralizing agent in acid mine drainage; extraction, 

transport and application of limestone could thus incur penalties in a full life cycle analysis of mineral 

carbonation efficiency.  
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It is necessary to evaluate how and to what extent CCUS will be adopted alongside other mitigation 

strategies for emissions reduction. For large corporations with a diverse and possibly global resource 

portfolio, it is necessary to ascertain the proportion of emissions abatement that could be assigned to 

mineral carbonation in general and CCU in particular, compared to other strategies, such as divestment 

and changing energy sources. In corporate annual reports it has become routine and best practice to 

declare energy sources and flows and greenhouse abatement measures. In some cases, compliance 

with emissions reduction targets has been met by changing investment priorities, for example, and via 

abandonment of, or divestment from combustion-based energy resources (coal, gas and oil). At the 

scale of individual mining operations, investment in replacing diesel fuel in transport and power 

generation by electrification has already proven significant with respect to energy efficiency and 

emissions abatement. 

Innovation has always been integral to the mining industry, through the development and refinement 

of processing technologies and products, or through efficiency gains, including those minimizing 

energy consumption. Mineral carbonation and generation of new mineral products through CCU can 

therefore be seen as yet another opportunity for improvement. This demand for innovation can be 

expected to continue, irrespective of the magnitude of the role that CCU plays in the global mix of 

greenhouse gas abatement strategies during the next few decades. 

The role and potential of CCU may therefore be evaluated using two timelines. Over the longer term, 

the intention is to ensure a robust future minerals industry that is aligned and compliant with global 

sustainable development goals (SDGs). A more immediate, 30 year time frame is constrained by 

international treaties and recommendations within IPCC and IEA reports, as well as = various national 

governments and advisory bodies on the urgent requirement for mitigation and abatement strategies 

to achieve a net zero, ecologically and economically sustainable, dynamically balanced and global 

carbon flow by 2050. This makes it all the more essential to realistically assess the potential for CCU as 

a greenhouse gas abatement mechanism and underscores the need for advancing the TRL of bench 

scale projects to full-scale deployment, so that CCUS could make a meaningful contribution to the 

emissions reduction within the timeframe required under the 2015 Paris Agreement. Ultimately, there 

is a need for at least semi-quantitative estimates of the current volume of accessible mineral resources 

and where possible, anticipated production estimates over the next three decades. A review of past 

mining production where primary products and waste materials are mineralogically amenable to 

carbonation, as well as case studies that have monitored mineralogical changes and “passive” 

carbonation is also essential and instructive in providing constraints on long-term trends and 

expectations for this particular part of the minerals sector.  

When searching for such information for this scoping study, it became apparent that the quality and 

availability of data is highly variable. In some jurisdictions, there is a long history of mining activity, as 

a result of which mining authorities and geoscience agencies have compiled and released 

comprehensive data for past and present production history. This applies for example to Australia, 

Canada and Finland, where significant mining projects are associated with rocks considered favourable 

for mineral carbonation. 

A further development in recent decades has been the recognition by the mining industry that 

compliance with environmental legislation and improvements in energy efficiency can have pragmatic 

as well as ethical consequences. In many cases embracing of UN SDGs are overtly stated in corporate 

mission statements and this is particularly important in the case of transnational corporations. As a 

result of these factors and increased public awareness and shareholder concerns and scrutiny, 
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disclosures and statements of policy, including climate change commitments and investment and 

production figures are widely available in company financial and annual reports, providing transparent 

and valuable reference material for future studies. 

5.1.1 Case study for national resource accounting – Finland. 

The information in Appendix 1 pertaining to mining in Finland has been compiled by the Geological 

Survey of Finland (gtk.fi) and the National Mining Register (Tukes.fi) and illustrates the type of data 

that can be used to investigate potential mineral carbonation sources. Appendix 2 represents a 

preliminary global compilation of mafic and ultramafic rock units and selected mining data but there 

are difficulties in evaluating realistic carbonation potential at this broad scale. The gaps in data evident 

from this first-pass compilation nevertheless serve to indicate the type and quality of information that 

is needed for future studies. The Finnish example thus highlights how more detailed mining production 

and resource assessment figures are required for making more informed assessments of CCU potential.   

Mining and quarrying operations in Finland have been separated in two groups, according to whether 

the primary project has been metal recovery or industrial minerals (Appendix 1.1 and Appendix 1.2). 

This is relevant to overall national inventories of energy and carbon flows and emissions in the mining 

industry, if for example quarrying of limestone and its applications in cement manufacture or 

neutralizing of acid mine waters is considered. 

For completeness, historical workings are listed in the table but many of these have total production 

less than 500 tonnes. This is approximately the capacity of a single modern large-scale mining dump 

truck and therefore, even those mineral occurrences with potentially reactive mineralogy maybe 

dismissed at this stage, especially in the absence of knowledge concerning potentially feasible and 

accessible resource extensions. 

A significant number of ore deposits in Finland occur in host rocks that would not normally be 

considered favourable for carbonation, with a cumulative mined ore tonnage of some 223 Mt. Nearly 

half of this can be attributed to a single mine at Talvivaara operated by Terrafame Oy, which only 

commenced production in 2008. The tabulated data show considerably more in situ resources and 

reserve, calculated in compliance with accepted reporting standards but a detailed analysis cannot yet 

made, in the absence of schedules and feasibility studies.  

While renewed mining and recovery of metals from waste and tailings may become significant and 

profitable at many of these deposits, it important to appreciate that in the overall context, the need 

to treat legacy or ongoing issues such as neutralization of acid mine drainage could potentially lead to 

such projects obviating the potential benefits obtained through mineral carbonation at other mines. It 

depends to some extent whether monitoring criteria and performance targets are set at mine scale or 

national level. 

Finland is also endowed geologically with significant volumes of mineralized mafic and ultramafic 

rocks, notable the serpentinites of the Outokumpu Cu-Co-Zn mining district and the Kemi Cr mine, 

which have been critical to the development of copper and steel refining in Finland.  Accordingly, there 

is a close synergy between mining, processing and energy production and consumption, which could 

be favourable with regard to carbonation opportunities. There are also a number of nickel deposits 

within smaller ultramafic intrusions, such as Hitura, from which serpentinite material has already 

tested with extensive laboratory experiments during the early phases of carbonation research [2]. 
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In total there are 326 Mt of recorded ore production and a similar amount is present in several projects 

awaiting evaluation and in reserves remaining at several mines. 

Industrial mineral deposits have similarly been grouped into several categories, of which the most 

relevant for carbonation and by-product recovery are those in potentially reactive ultramafic rocks 

that are principally mined for talc. These are principally within the Outokumpu ore field and have a 

cumulative mined production of about 42 Mt with estimated reserves of additional 25 Mt. Together 

with the potentially reactive host rocks associated with metallic mining, this yields a total mass of 

almost 400 Mt. 

Further analysis is required to assess the reactive potential of individual sites, in terms of proportions 

of favourable minerals and the possibility of negative feedback flows from oxidation of sulphides and 

carbonate dissolution associated with acid mine drainage. 

The statistics for calcite and dolomite (total cumulative production of 301 Mt) are also presented, as 

these resources are used in cement manufacture and also in neutralization of mine tailings and hence 

in any national accounting evaluation, ought to be calculated as offsetting emissions sequestered by 

carbonation. 

We recommend continuing compilation for all countries with significant mineral production, as well as 

quantitative systematic time-series monitoring of passive “background” carbonation in waste and 

tailings, so that the significance of in situ versus active carbonation and product development can be 

compared. 

As reporting of energy consumption and emissions is becoming routine in mining company 

prospectuses and annual reporting, to shareholders and regulatory authorities alike, it would be a 

relatively small step to formalize reporting of sequestration potential, though this would require 

detailed mineralogical and textural analysis of side-streams and waste rock and tailings. 

It is recommended that future studies make use of compilations in company reports that nowadays 

generally provide additional information on energy consumption and emissions in mining and 

transport operations. This would provide a further perspective on the potential opportunities for 

carbonation within overall strategies for dealing with emissions, as specified for example in the GHG 

Protocol Corporate Accounting and Reporting Standard, which classifies corporate GHG emissions into 

the following three ‘scopes’. 

Scope 1 emissions are direct GHG emissions from operations that are owned or controlled by the 

reporting company (e.g. emissions from fuel consumed by haul trucks or electricity generated by diesel 

at mine sites).  

Scope 2 emissions are indirect emissions from the generation of purchased energy consumed by a 

company (e.g. emissions from electricity purchased from the grid for use at mine sites).  

Scope 3 emissions are all other indirect emissions (not included in Scope 2) that occur in the value 

chain of the reporting company (e.g. emissions from power stations burning the energy coal purchased 

from the mining company, or in processing of marketed iron ore to steel).  

Integration of carbonation with value-added by-product and side-stream recovery may play a role in 

offsetting Scope 1 and Scope 3 emissions in particular, but case studies from specific mining companies 

will be needed to demonstrate their practical significance. 



Mineral carbonation using mine tailings - A strategic overview of potential and opportunities 

 

 
 
 
Page 43 of 65  

5.2 Technology readiness levels (TRLs) for ex situ process routes 

After more than thirty years of development work, most research is still taking place at benchtop scale 

inside laboratories, with first mention of the concept of TRL appearing in AMC reporting in 2015. The 

figure below from [3] position magnesium carbonate and calcium carbonate as CCU products with TRL 

= 4 and TRL = 7, respectively. 

 
Fig. 5.1 TRL for main CO2-based products. The list is not intended to be exhaustive (taken from [3] using data 

sources from 2018 and 2019)  

Most encouraging are the efforts at (or coordinated by) Newcastle, NSW in Australia, where Mineral 

Carbonation International (MCi) announced a TRL = 6 in the early part of 2021 [4], for “breakthrough 

technology” that involves mild conditions (near ambient temperature and low pressure) aqueous 

carbonation. TRL 6 (following EU ranking) implies “Technology demonstrated in relevant environment 

(industrially relevant environment in the case of key enabling technologies)”.  

Besides this, TRL= 5 (“Technology validated in relevant environment (industrially relevant environment 

in the case of key enabling technologies)” may be claimed by the researchers in Québec [5,6]. The first-

mentioned study from 2016 is perhaps the most useful so far, as it reports the energy penalty (7.8 GJ/t 

CO2) while sequestering 234 kg CO2 per tonne of rock (serpentinite, eventually aiming at chrysotile), 

processing an 18.2 %-vol (dry) flue gas from a cement plant. The assessment is made for 200 t/h rock 

input, processed after heat treatment in a pressurised aqueous solution, precipitating magnesium 

carbonates in a series of vessels. Some limitations include the removal of CO2 from the gas (62.5 %) 

and the extraction of MgO from the serpentine (50%) from the rock, which make the use of process 

equipment rather inefficient and the material flows unnecessary large. Costs are estimated at 144 $/t 

CO2 (146 $/ t CO2 avoided). Admirably the energy input requirements are separated into heat 

consumption and power consumption, rating it somewhat less efficient than the (first) ÅA route 

(assuming operation on pre-separated CO2). Follow-up work [6] re-addressed the process chemistry of 

the conversion step. The recent reporting on the process [7] focusses on heat integration as clearly the 

efficiency of using the magnesium (i.e. make available for reaction with CO2) in the feedstock is critical.  

Perhaps it is appropriate to apply a TRL = 5 to the ÅA routes based on full extraction of magnesium 

from (preferably) serpentinites using ammonium sulphate / bisulphate and after removal of unreacted 

rock, silica and metals impurities, carbonation of either solid/gas Mg(OH)2 or dissolved MgSO4 directly 

with the flue gas [8].The most advanced of five ÅA route alternatives (see the Appendix material for 
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descriptions of these) use membrane electrodialysis [b7, b8] for recovery of the flux salts and control 

the pH of solutions [9,10].  

5.3 Valuable products and economic viability 

Although the bulk of scientific reporting on AMC involves laboratory-scale work aiming at making a 

magnesium silicate-based rock react with CO2, for those who are (or claim to be) beyond that point 

and take the technology to industry, the prime question is: what to do with the solid products? For 

magnesite, the world market of around 40 Mt annually is easily flooded when a similar amount of CO2 

is mineralised with a magnesium-based rock. Nevertheless, an increased demand for magnesium in 

the Asia-Pacific region is predicted [11] and magnesium is on the list of critical raw materials (CRM). 

Magnesium-based cements are receiving increasing interest, as are magnesium-based batteries. 

Current market prices for magnesite MgCO3, nesquehonite MgCO3·3H2O and silica SiO2 are around 80 

€, 420 € and 40 € per tonne, respectively. Combined with avoided costs for CO2 emission rights, this 

offers significant OPEX revenues after the CAPEX investment for the process equipment has been 

made. (For example, a CAPEX investment of 500 M€ for a facility that allows for sequestration of 0.5 

Mt CO2/year during 20 years gives an immediate minimum cost of 50 €/t CO2.) 

One option that is mentioned in two dozen papers since 2010 but not taken further than that by most 

authors is the recovery of metallic by-products that have potential market value. Besides Mg and Ca, 

Fe is the first significant by-product from many serpentinites and other magnesium silicate  rock types. 

Indeed, several researchers have been able to (magnetically) separate much of this iron from rock after 

crushing/grinding. Fe and other metals like Cr, Ni, Zn, Ti, Cu, Al, Mn can be obtained during staged 

processing, after extraction of magnesium from rock, in the iron hydroxide precipitate [12] or as 

separate metals [13,14]. Other authors target platinum group metals (PGM), with the most 

comprehensive work reported from South Africa [15]. Al (60%) Ca (80%), Fe (35%), Si (32%), Cr (27%) 

and Mg (25%) were extracted from platinum mine tailings using thermal treatment with ammonium 

sulphate. Improvement is needed in order to extract more of the 12% MgO present in the rock, 

integrating CO2 mineralisation with metals extraction.  How advanced is the concept & what stage has 

it reached 

5.4 Toxic or otherwise problematic by-products 

One very attractive side-benefit of CO2 mineralisation is that a hazardous solid waste such as chrysotile 

(asbestos) can be neutralised. In principle, this can be processed in the same way as serpentinites and 

indeed it is highly recommended to carbonate asbestos wastes once a facility for serpentinites is 

available. Metallic species in magnesium silicate rocks may be leached into the surroundings during in 

situ ambient air carbonation as a result of pH fluctuations. It has also been observed that during ex situ 

processing the formation of (for example) Cr (VI) ions in solutions may present a health risk. Only one 

reference [16] lists “heavy metals (e.g. cadmium, antimony etc.), trace elements such as selenium, 

mercury and arsenic, or dissolved metals like iron and copper” as being harmful to the extent that it 

may limit the use of mine waste rock. Moreover, “waste containing sulphide minerals pose the greatest 

environmental risk because of oxidation and subsequent acid production.” It should not be forgotten 

that many chemicals and chemical species present a larger threat to environment, society or economy 

than carbon dioxide, although on the other hand the use of toxic chemicals in mining operations is far 

from uncommon. 
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It should be noted that metals are part of the end-point or mid-point impact categories for LCA but as 

noted in the next section, many researchers up until now have limited their LCA to CO2 emissions and 

global warming potential. 

From the foregoing, it is clear that the issue of toxicity has not been taken very seriously so far in an 

AMC context. The matter will become more evident and urgent however, when larger amounts of 

materials are to be handled and disposed of in an industrial, rather than laboratory setting. 

5.5 Environmental footprint and life cycle assessment (LCA) 

Life cycle assessment/analysis, LCA, has progressed towards a serious tool for quantifying the 

environmental footprint or impact of processes or products. Cradle-to-grave, cradle-to-gate and 

several system or timeline boundaries can be defined, while databases such as Ecoinvent and quite a 

few others are continuously being updated and expanded. 

For CO2 mineralisation, the number of published studies so far is around twenty, including several that 

address steelmaking slags or construction wastes, since the first paper by Khoo and Tran in 2006. 

Several other studies relevant here address the mining sector, with an important paper on mine tailings 

management from 2009 [17] showing that backfilling and especially the use of cover with capillary 

barrier effects made of natural soils followed by revegetation gives the greatest environmental 

impacts. This early reporting (for a Canadian copper zinc underground mine) is important for CO2 

mineralisation since the removal and valorisation of mine tailings circumvents what would otherwise 

give the largest environmental impact of a mining operation during the closure phase, including the 

effects of land use. The authors note that the results are strongly mine-site specific and also affected 

by the inherent ambiguities of the impact categories selected and the databases used. (Selection 

criteria and databases available today leave less room for wide variations.)  

An earlier paper on LCA and the Finnish metal industry [18] claims that the environmental impacts of 

the mining of metals are smaller than those from metal production.  Regardless, Awuah-Offei and 

Adekpedjou pointed out ten years ago [19] that mining companies increasingly adopt ISO 14001 

certified environmental management systems (EMSs). Defining the functional unit and system 

boundaries are often challenging, apart from a lack of (accurate) relevant reference data that covers 

the possible impact categories. A useful indicator is the relative mass energy economic (RMEE) value 

that weighs in energy use as an important impact factor. Land use of mining operations is an impact 

category that is difficult to correctly account for.  

As discussed above (sections 3.1 and 4.1.1), LCA is being applied to CO2 mineralisation but all too often, 

only energy use and overall CO2 fixation in relation to global warming are considered as impact 

categories. Use of water and especially the use of chemical additives will enforce a wider scope with 

more impact categories quantified for. 

5.6 Public acceptance studies 

While public acceptance of CO2 sequestration has been addressed and reported for CCS involving on 

underground storage (with the main result that off-shore CCS is acceptable to many while on-shore 

storage isn’t), practically no studies address the public acceptance of CO2 mineral sequestration. The 

reporting from the CarbFix in situ storage project in Iceland [20] mentions that long-term storage is a 

necessity in order to gain public acceptance, similar to claims that leakage cannot be accepted from 

underground storage. A Finnish study [21] addresses CO2 mineralisation from a wider CCS viewpoint: 
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it is considered a positive feature that leakage from an underground storage will not occur from a 

thermodynamically stable solid material, which renders it more attractive than underground storage 

of CO2 (which inside Finland’s borders is geologically feasible anyway). Costs are seen as prohibitive 

while environmental contamination resulting from mining activities will make CO2 mineralisation 

unattractive as well.  

For proper discussion to take place, it is important that CO2 mineralisation as a CCU method is not 

confused with (conventional) CCS. It is clear that a large gap in knowledge needs to be addressed, with 

international policies bringing CO2 mineralisation potential to the attention of large-scale CO2 emitters. 

A very recent publication on the public acceptance of CCU products illustrates this: the report did not 

refer to (inorganic) carbonate, being limited to carbonated beverages, plastic food storage containers, 

furniture made with foam or plastic, and shatterproof glass [22]. Or presumably some forms of precast 

concrete, fillers produced from industrial slags etc (not addressed in this report). 

Sources (used in this chapter) 
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in CCS technology - Vol. 2 Carbon dioxide (CO2) storage and utilization” M. Maroto-Valer (Ed.), 
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Part 2 - Calcium based resources 

6 Calcium-based resources 

6.1 Calcium-based feedstock for CO2 mineralisation 

In addition to magnesium-based resources suitable for CO2 mineralisation, calcium-based resources 

also offer significant potential. Natural calcium resources are primarily found as carbonates that leave 

limited room for CO2 fixation, but large amounts of alkaline by-products and wastes from industrial 

activities potentially provide a pathway towards the production of precipitated calcium carbonate 

(PCC), a material with a wide range of possible applications and hence significant market value. 

Benefits compared to magnesium-based material carbonation is the higher reactivity which makes 

processing under mild, near ambient conditions possible where magnesium-based materials would not 

react with CO2, and as a result, reaction times are also shorter. On the other hand, the volumes of 

calcium-based materials produced as by-products from human activities is modest and won’t allow for 

more than 1 Gt CO2 mineralisation annually, if even that, as shown below. 

Types of calcium-based alkaline waste streams are steelmaking slag (SS), air pollution control (APC) 

residue (incl. flue gas desulphurisation gypsum), bottom ash from municipal solid waste or refuse-

derived fuel incineration, oil shale ash, waste concrete, cement kiln dust (CKD), brines and 

phosphogypsum (PG). For the gypsum materials, a carbonation step would release sulphur dioxide, 

while for most resources the acidity introduced via CO2 should be compensated for via added alkalinity, 

for example sodium hydroxide or ammonia.     

The Table 6.1 below, taken from [1] lists for several calcium-based materials the amount of CaCO3 that 

may be produced. As noted in [1] “With the assumption that only the calcium present in the materials 

is completely carbonated, while other elements such as magnesium remain inert, none of the solid 

waste streams would be sufficient to capture global CO2 emissions at a level of even 1 day/year.” 

Table 6.1 Estimated theoretical capacities of carbonation of some waste materials (taken from [1] references as 

footnotes given there) 

Mineral source Ca 
content 

Material 
availability 

Max amount 
of CO2 
captured a) 

Max amount 
of CaCO3 
produced 

Part of 
annual CO2 
emissions b) 

Brine c) 3.3% 2.3 x 109 m3/a 85.1 Mt/a 193.6 Mt/a 2.5 x 10-3 

Cement kiln dust d) 24.7% 15 Mt/a 0.4 Mt/a 0.9 Mt/a 1.1 x 10-5 

Fly ash e) 21.2% 1.3 Mt/a 0.3 Mt/a 0.7 Mt/a 8.7 x 10-6 

FGD gypsum f) 23.2% 45.9 Mt/a 11.7 Mt/a 26.6 Mt/a 3.4 x 10-4 

Oil shale ash g) 21.5% 5 Mt/a 1.2 Mt/a 2.7 Mt/a 3.4 x 10-5 

Phosphogypsum h) 31.9% 40 Mt/a 14.0 Mt/a 31.9 Mt/a 9.2 x 10-4 

Steel slag i) ~30% 1.6 Mt/a 0.5 Mt/a 1.1 Mt/a 1.5 x 10-5 

Seawater j) 400 ppm 1.3 x 109 km3 5.9 x 1014 ton 1.3 x 1015 ton 16 900 
 

a) Assuming that only calcium is carbonated, even if the material would contain other elements that could be 

carbonated. 

b) Calculated with the annual emission rate of 2011, 34.8 Gt/a (ref. 55 in [1]). 

c) Production in the United States and the United Kingdom (ref. 19 in [1]). 

d) Production in the United States (2006) (ref. 56 in [1]). 
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e) Victorian brown coal fly ash from Latrobe Valley, Victoria, Australia (ref. 22 in [1]). 

f) Production in the United States, EU, China, Korea, and Japan (ref. 57 in [1]). 

g) Production in Estonia (ref. 23 in [1]). 

h) Production in the United States (ref. 58 in [1]). 

i) Finnish steelmaking slag, year 2008 (ref. 5 (Table 10.6) in [1]). 

j) It is assumed in calculations that no additional calcium is dissolved to sea during the carbonation. The 

estimates for the total volume of seawater and average calcium concentration are obtained from Refs 51 and 

59 (in [1]) 

The large phosphogypsum tailings heap at Huelva, Spain, at 120 Mt, for example, could contribute to 

fixation of around 40-45 Mt CO2, which would also require vast amounts of NaOH or NH3 (aq) to bind 

the released sulphur as Na2SO4 or (NH4)2SO4 while producing PCC [2].  

Table 6.2 below is reproduced from the study of mine tailings by Renforth et al. (2011) [3] referred to 

earlier (in Part 1). This compilation of data for silicate-based waste streams indicates sequestration 

potential of between 700 – 1220 Mt CO2 (190-332 Mt C). 

 

Table 6.2 Carbon Capture Potential of Silicate Minerals [3] 

Material Approximate 
divalent cation 
content 

Global 
production 
(Mt / a) 

Carbon capture 
potential 
(MtC / a) 

Historically 
produced 
(Mt) 

Fines from 
aggregate 
production 

3% CaO 3% MgO 
nominal 

3 300 51 Unknown 

Mine waste Unknown 2 000 - 6 500 Unknown Unknown 

Cement kiln dust 65% CaO 420 - 568 57 - 59 
9 000 - 12 000 (since 
1926) 

Construction waste 14% CaO 249 - 1239 9 - 37 Maximum limited by 
cement production 
around 60 Gt Demolition waste 10% CaO 1 106 - 4 661 24 - 100 

Blast furnace slag 
38% CaO 12% 
MgO 

250 - 300 29 - 35 
7 900 - 9 500 (since 
1875 - 80% potentially 
reused) 

Steel making slag 
45% CaO 7% 
MgO 

130 - 200 15 - 23 
4 200 - 6 400 (since 
1875) 

Lignite ash 
20% CaO 1% 
MgO 

32 - 61 2 - 3 
7 600 - 14 600 (since 
1927) Anthracite ash 3% CaO 1% MgO 20 - 46 < 1 

Bituminous ash 3% CaO 1% MgO 146 - 276 1 - 3 

Total   190 - 332  

 

 

In 2019, the review paper by Woodall et al. gives tabulated data for alkaline (calcium based) industrial 

by-products as given in Table 6.3. 
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Table 6.3 Global abundance and carbonation potential of industrial wastes. [4] 

Feed Production rate (Mt / 
a) 

Carbonation capacity 
(kg CO2 / t feed) c) 

Annual CCS potential 
(Mt CO2 / a) 

Brines 51 700 a) 5.5 b) 284 

Cement kiln dust 500 570 284 

Concrete 27 333 10 273 

Steel slags 400 410 163 

Fly ash 660 220 144 

APCr 7.7 330 3 
 

a) Million m3 / a 

b) kg CO2 / m3 feed 

c) Capacity based on storing magnesite / calcite 

In this context it is also worth mentioning wollastonite, CaSiO3, a calcium silicate mineral typically 

obtained as a side-stream from limestone processing. It is rarely found as a pure ore with resources 

worldwide of several 100 Mt. Produced amounts were 1.1-1.2 Mt annually worldwide in 2018- 2019 

[5]. Although wollastonite is still the subject of CO2 mineralisation studies, its cost of > 50 US$/ton 

makes it more attractive for production of additives and filler, or substitute for asbestos, than for CO2 

mineralisation. (In fact, for many of these applications magnesite offers a lower-weight alternative.)  

6.2 CO2 mineralisation processes using calcium-based feedstock  

Probably the most promising in Europe is the UK based Carbon8, producing aggregates. Hills et al. [6] 

(also connected to Carbon8) recently presented the following table listing enterprises operating at TRL 

levels up to the highest possible value of TRL = 9 (“Actual system proven in operational environment 

(competitive manufacturing in the case of key enabling technologies; or in space”). The same reference 

mentions a current annual market for aggregates of 50 Gt, with a per annum mineralisation potential 

ranging from 1-5 Gt CO2 using various waste streams (which may include magnesium-based feedstock). 

Table 6.4 Selected mineralization processes yielding construction products. [6] 

Company Technology TRL Product References (in 
[6]) 

Alcoa Treatment of bauxite waste 
with CO2 (from an ammonia 
plant) 

6 Construction fill, soil 
amendment 

Global CCS 
Institute, 2011 

Carbicrete Carbonation activation of 
steel slag 

6-7 Carbonated 
“concrete” 

Savage, 2017; 
Carbicrete, 2020  

Carbon8 systems Accelerated Carbonation 
Technology 

9 Aggregates/ fill e.g., 
for blocks/ concrete/ 
screed 

Carbon8, 2020b 

Carbstone 
Innovation 

Carbonation of steel slag 9 Construction materials 
including roofing tiles 

Vito, 2020 

Blue Planet Carbonate coating over an 
alkaline substrate 

6-7 Aggregate Blue Planet, 2020 

Carboclave Nano-CaCO3 crystals 
producing a densification 
effect 

7 Concrete blocks Carboclave, 2020 

Green minerals Carbonation of olivine 3 Building materials On-Site, 2020 
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US-based CarbonCure has developed technology for concrete where CO2 is injected into a ready-mix 

concrete slurry during a batching process, also known as cement curing (see carboncure.com). This 

process is estimated to have so far “saved” 55 kt CO2 during the last year. Another US-based company, 

Solidia offers technology for reacting cement with CO2, stating “the potential to eliminate at least 1.5 

Gt of CO2” (see solidiatech.com). Concrete curing and concrete waste processing are receiving 

significant attention today, including a recent LCA study [6]; see also the technology offered by France-

based FastCarb (see fastcarb.fr) producing recycled concrete aggregate (RCA). 

The examples and tables given above point to one fact: it will be very difficult to reach a level above 1 

Gt CO2 sequestration with calcium-based resources unless a very large fraction of these materials is 

indeed directed towards carbonation, which will consequently bring a large amount of aggregate-type 

material to the market. Aqueous brines would also need to be used, for example as suggested by the 

Scottish-based The Carbon Capture Machine, producing precipitated calcium carbonate and hydrated 

magnesium carbonate by dissolving “combustion CO2 from any source” in “abundantly available 

calcium and magnesium brines” (see ccmuk.com).  

On the other hand, just as calcium-based resources are of limited potential when aiming primarily at 

climate change mitigation rather than (cheap) production of construction material, there are as yet no 

examples of industrial applications of magnesium-based resources at Mt scale. 

Sources (used in this chapter) 

[1] Mattila, H.-P., Zevenhoven, R. 2014. “Production of precipitated calcium carbonate from steel 

converter slag and other calcium-containing industrial wastes and residues” Chapter 10 in: “Advances 

in Inorganic Chemistry Volume 66: CO2 Chemistry” R. van Eldik, M. Aresta (Eds.), Academic Press: 

Burlington, VT, Vol. 66, (2014) (ISBN 978-0124202214) pp. 347−384. 

[2] Zevenhoven, R., Morales-Floréz, V., Santos, A.J., Esquivias, L. 2019. Transforming phosphogypsum 

waste into products with market value Part 4, subchapter 22 in: Progress towards the resource 

revolution C. Ludwig, S. Valdivia (Eds.) World Resources Forum / Paul Scherrer Institute, Switzerland 

(Oct. 2019) pp. 157-161, reference list pp. 201-224. 

[3] Renforth, P., Washbourne, C.-L., Taylder, J., Manning, D.A.C. 2011 Silicate Production and 

Availability for Mineral Carbonation Env. Sci. & Technol. 45; 2035-2041 doi: 10.1021/es103241w 

[4] Woodall, C.M., McQueen, N., Pilorgé, H., Wilcox, J. 2019, Utilization of mineral carbonation 

products: current state and potential, Greenh Gas Sci Technol. 9; pp. 1096–1113, doi: 

10.1002/ghg.1940 

[5] US Dept. of the Interior, US Geological Survey, 2020, Mineral commodities 2020, pp. 184-185 

[6] Hills, C.D., Tripathi, N., Carey, P.J. 2020 Mineralization Technology for Carbon Capture, Utilization, 

and Storage Front. Energy Res., 14 July 2020 doi: 10.3389/fenrg.2020.00142 

[7] Huang, H., Wang, T., Kolosz, B., Andresen, J., Garcia, S., Fang, M. Maroto-Valer, M.M. 2019 Life-

cycle assessment of emerging CO2 mineral carbonation-cured concrete blocks: Comparative analysis 

of CO2 reduction potential and optimization of environmental impacts J. Clean. Prod. 241, paper 

118359. doi: 10.1016/j.jclepro.2019.118359  
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Part 3 - In situ process cases 

7 In situ process cases 

7.1 Introduction and objectives 

There are numerous locations on Earth where geological characteristics and conditions in rocks and 

soils are favourable for reacting with CO2 under mild conditions, when subject to some kind of 

activation. One such special location is Iceland, where for almost a decade CO2 injection into basaltic 

rock has been investigated. Two other major sites are found in the Canadian Québec region and NSW 

in Australia, where the carbonation of asbestos-type mine wastes are being studied, not only with the 

aim of neutralising a hazardous material but also to quantify what may be seen as a sink for CO2.  In 

most cases, however, a significant additional input is required, usually in the form of thermal 

treatment, biologically active additives or mechanical action (shaking up a pile or crushing/grinding), 

to achieve volumetrically significant CO2 sequestration. On the other hand, some sites contain very 

large amounts of material with significant potential, such that when passive (under ambient air) 

carbonation chemistry can be accelerated by 10 – 100 times, annual CO2 sequestration could attain 

Mt/year magnitudes. However, as noted earlier, the presence of sulfur may result in acidic leachates 

that will prevent carbonation or eventually dissolve carbonate precipitates, with potential release of 

metallic species into the environment, as discussed above in the context of environmental impact, LCA 

and public acceptance.  

7.2 CarbFix 

In Iceland, where basaltic rocks predominate, a consortium of researchers and industries have 

developed an alternative solution for CCS by means of sedimentary rocks as CO2 storage hosts. The 

first large scale results were obtained in 2012 and 2013 when approximately 200 tons CO2 were stored 

in situ as carbonate minerals in the so-called CarbFix project. The project has stakeholders from the 

energy sector, the EU and a variety of universities from several countries. At the beginning of the 

project, the main goal was to establish a proof of concept that CO2 can be stored in basalt in an 

economically feasible way. For this, different modelling and laboratory experiments for basalt-CO2 

interaction were undertaken before the first field injection pilots were done. For the first field 

injections to be plausible, several laws, regulations and permits had to be secured. The timeline of the 

CarbFix project from its commencement until 2018 can be seen in Figure 7.1. The pilot phase of the 

project ran from 2006 until 2016 [1].  
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Figure 7.1: A brief timeline for CarbFix from the beginning in 2006 until 2018 [1].   

The original idea of the CarbFix project was to capture the CO2 within gas emissions from the Hellisheidi 

geothermal power plant, which has been one of the stakeholders from the beginning of the project. 

The gas emissions from the power plant consists of 60 vol-% CO2, 20 vol-% H2S, 18 vol-% H2, 2 vol-% N2 

and some trace amounts of CH4 and Ar. Of these gases, the H2S poses the greatest challenges to 

obtaining pure CO2 since the gas is highly corrosive and toxic. Via a scrubber-deareator process plant, 

the CO2 and H2S were first separated from the less soluble gases and then from one another in a 

distillation column. The toxic H2S was then re-injected to the deep geothermal reservoir together with 

spent geothermal water. This process proved troublesome, however, since the apparatus constantly 

broke down. It was eventually determined that the cause of these breakdowns was corrosion caused 

by H2S, which was potentially hastened by the presence of steam in the distiller. The CarbFix team was 

still determined to proceed with the CO2 injections even though not all the process steps to obtain 

adequate amounts of CO2 had been clarified. Some pure CO2 was procured for the pilot experiment 

for carbon mineralization [1].  

In the CarbFix project, CO2 gas is mixed with water at elevated pressure before injection into the 

bedrock. By elevating the pressure, the dissolution of CO2 is favoured according to Henry’s law thus 

enabling more CO2 to dissolve. Through this, the water becomes denser than fresh water and 

additionally the water becomes acidic due to the formation of carbonic acid. In practice the CO2 gas is 

injected into water at a depth of 350 meters in the bedrock as small bubbles that subsequently dissolve 

in the water under high pressure. When the water is made denser, due to the dissolved CO2  the risk 

of the injected gas re-surfacing is reduced. The acidic properties of the mixture in turn promote 

dissolution of the basaltic rock and thus liberate metal cations, e.g. Ca2+, Mg2+ and Fe2+. These cations 

can in turn react with the carbonate ions to precipitate in the form of stable metal carbonates [1].  

The outcome of the pilot study was to confirm that 95 % of the CO2 injected mineralised successfully 

within a year of injection. Likewise, the H2S mineralised successfully within four months of injection. 

The cost of the pilot phase of CarbFix was approximately 12 million €, including the following:  

• laboratory studies  

• pre-injection field hydrology studies  
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• numerical modelling  

• studies of natural analogues  

• design and construction of injection and tracer equipment  

• operation of pilot injections and  

• monitoring and coring. [1]  

Since the summer of 2014 the gases CO2 and H2S have been directly injected into a geothermal system 

in the bedrock. The gases are firstly captured in a water-scrubbing tower by condensation. The acidic 

gases dissolved in the water are then injected at temperatures over 250 °C. Such high temperatures 

inhibit the formation of bio-clogs created by bacteria that had earlier disturbed the process by clogging 

the aquifer at the end of the outlet gas pipes. Sampling and geochemical calculations proved that both 

H2S and CO2 gases successfully mineralise as sulphides and carbonates respectively, within six to twelve 

months after injection. The gases used here are the exhaust gases from the Hellisheidi power plant 

and the process captured 34% of CO2 emissions and 68% of H2S emissions. This clearly demonstrates 

that the process is viable on an industrial scale. Furthermore, Reykjavík Energy calculated that by 

March 2018 the company had saved more than 100 million € by using the CarbFix method for H2S 

pollution reduction at the Hellisheidi power plant compared to conventional industrial sulphur removal 

methods. Unfortunately however, energy balance calculations that reveal the heat and power input 

requirements are not given [1].  

There are also concepts based on the CarbFix technology to store CO2 under the seafloor in areas with 

basaltic bedrock. It is estimated that in the mid-ocean ridges up to 100 000 Gt of CO2 could be 

mineralised. One of the proposed advantages in this method is that there would be an abundant supply 

of seawater to be used in the process [1].  

Throughout the project's existence, there have been no problems with public acceptance related to 

deployment of CCS technologies. One of the biggest partners in the CarbFix project, the Hellisheiði 

Geothermal Power Plant, has nevertheless been subjected to harsh criticism on several occasions. This 

criticism had concerned the company´s financial management, short-sightedness and mismanagement 

and has in fact lessened in severity during the CarbFix project. It can therefore be argued that the 

CarbFix project has increased overall public acceptance of the Hellisheiði Geothermal Power Plants. 

This is mostly because the CarbFix project itself has received much favourable attention by the media 

and by the authorities, and this in turn has reflected on the Hellisheiði Geothermal Power Plant. One 

of the keys to the successful public acceptance of the project has been the systematic engagement of 

stakeholders and public. Another contributing factor has been the vast amount of open-source 

academic publications and theses produced during the project. A case study from two different seismic 

events, one which occurred in 2011 and the other in 2016, associated with reinjection of geothermal 

fluid shows that the negative press coverage concerning such events had practically disappeared when 

comparing the coverage between 2011 and 2016. This can be explained by the fact that the CarbFix 

project had started to interact with the public and promote the positive effects that the reinjection 

brings [2].  

A study from 2020 also shows that incorporating the CarbFix CCS method had a positive impact on the 

Hellisheiði Geothermal Power Plant’s life cycle assessment, contributing to GWP100 reduction from 

15.9 g CO2e/kWh to 11.4 g CO2e/kWh for electricity and 15.8 g CO2e/kWh to 11.2 CO2e/kWh for heat 

over the period of the investigation time [3]. 
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In April 2021 it was announced that CarbFix is building a hub, called the Coda Terminal, at Straumsvik 

which can accommodate specialised ships and receive CO2 shipments. The first CO2 shipments are 

scheduled for 2025 and the construction of the hub is estimated to be between 190 million to 220 

million EUR. At full capacity, the revenues are projected to be between 25 million and 45 million euro. 

The CO2 will be injected by a CarbFix facility on site starting with 300,000 tons in 2025 and then ramping 

up to 3 million tons per annum at full capacity by 2030. For comparison, CarbFix has so far injected 

70,000 tons of CO2 [4]. 

The CarbFix project and the technology used has aroused interest elsewhere as well. In the Xujiaweizi 

region in northeastern China an experiment with hydraulic fracturing has been conducted to increase 

the permeability of the basalt rock in an old oil well. The main problem encountered is that when the 

CO2 is injected with water into the basaltic rock the precipitation of carbonates reduces permeabiity, 

precluding the water-CO2 mixture from penetrating deeper into the storage medium and thus 

inhibiting the reservoir from reaching its fullest storage potential. Simulations and calculations based 

on the on-site experiments showed that hydraulic fracturing decreased by only 4.5 % in a decade. The 

CO2 sequestration potential was calculated to be 1.19 kg/m3 and the total potential in the reservoir to 

approximately 57,200 tonnes. This is a significant number and economic calculations shows that CO2 

sequestration in such decommissioned oil or gas wells is both feasible and reliable [5]. 

7.3 Enhanced weathering 

Perhaps one of the simplest ways of in situ CO2 sequestration is a form of passive carbon mineralisation 

where mine tailings are left at the mining site (cf. Figure 1.3 above). For this kind of passive carbon 

mineralisation, brucite and chrysotile have been found to be the most promising candidates for the 

mineralisation process [6]. It is estimated that 419 Mt of such ultramafic mine tailings and mine by-

products are produced every year from Ni, PGMs, asbestos, diamond, chromite, and talc mines. If 

complete carbonation were to occur, these tailings and by-products would have the potential to 

sequester about 175 Mt CO2 per year, which is equivalent to more than 100 conventional bedrock sites 

for CO2 injection and storage. The additional combined tailings produced from Ag, Au, Pb, Cu, Mo, Sn, 

Zn, and W mines yields a total of 5560 Mt of tailings, further increasing the potential volume of rock 

available for capturing CO2. These tailings could in theory sequester up to 441 Mt CO2 per year. It is 

calculated that 1.5 % of global CO2 emissions could be sequestered via passive carbonation in mine 

tailings and other mining by-products if optimised and ideal conditions prevail [7]. Such ultramafic 

mine tailings can often contain some first-row transition metals e.g., Cr, Co, Cu, Ni, which are known 

to be toxic, even at low concentrations. These transition metals can be leached selectively during 

natural mineral carbonation processes, accompanied by sulphide oxidation, generating acidic 

solutions. These leaching processes must be understood in order to avoid natural disasters and also 

for potential recovery of these metals [8]. 

Another mineral suitable for in situ carbonation through weathering is serpentinite. In nature, CO2 can 

react with serpentinite in a weathering-process if the hydrothermal environment is suitable. This 

process can be hastened if microorganisms are present. The metabolism of some microorganisms 

produces acids as by-products, which enhance the dissolution of the minerals and makes them more 

susceptible for CO2 gas to mineralize. The reaction rate of the passive carbonation is substantial. One 

metric ton of tailings can sequester 0.1 to 10 kg of CO2 in one year or up to 238 metric ton per year per 

hectare of wetland with ultramafic mine tailings in the presence of cyanobacteria [9]. In Figure 7.2, 

three distinct kinds of in situ techniques for CO2 sequestration are described [10]. 



Mineral carbonation using mine tailings - A strategic overview of potential and opportunities 

 

 
 
 
Page 56 of 65  

 

 
Figure 7.2: Schematic picture of three different in situ techniques for CO2 sequestration: A. passive mineral 

carbonation in mine tailings, B. abiotic CO2 injection into the tailings, C. CO2 sequestration by dint of bioleaching 

and microbial carbonate precipitation. [10] 

At the Woodsreef Chrysotile Mine in New South Wales, Australia, trials were conducted to determine  

optimal CO2 sequestration factors for weathering of mine tailings . Analysis of results showed that the 

passive mineral carbonation at Woodsreef could sequester more CO2 than earlier research predicted. 

In the in situ tests at Woodsreef Chrysotile Mine diluted H2SO4 (pH 1) was used in one test and water 

in another test for leaching the minerals to make them more susceptible for CO2 sequestration. The 

presence of fluids also increased the weathering rate of the mine tailings by maintaining soil pore 

saturation within optimal levels. During the tests however, no increase or acceleration in CO2 

sequestration was observed. The technology used could nevertheless be used to increase the supply 

of CO2 for mineral carbonation at the site and for future research in the field of tailings dissolution [11]. 

A 2013 study found that the mine tailings at Woodsreef had sequestered between 1,400 and 70,000 

tonnes of atmospheric CO2 via passive weathering since the decommissioning of the mine, 29 years 

ago. This recessive weathering has left the mine tailings covered with hydromagnesite-rich crusts [12]. 

Besides the hydromagnesite-rich crust, which extends down as far as 40 cm into the pile, other 

minerals, namely coalingite and pyroaurite form at depths of 40 cm to 120 cm beneath the surface, 

due to lower CO2 concentrations [13]. The composition and quantity of the minerals can be established 

by combining the PONKCS and Pawley/internal standard methods and has also been done on samples 

from the Woodsreef Chrysotile Mine [14]. At the site in New South Wales, field tests with portable XRD 

instruments were also made to validate the use of such instruments in both engineered and natural 

environments outside the laboratory [15]. A study also found that microbes can be used to contain 

and stabilize hazardous asbestos, which is also present at the Woodsreef Chrysotile Mine. Microbial 

carbonation can also be used to develop more efficient CO2 sequestration strategies [16]. 

Similar research has been conducted in Canada at the Dumont Nickel Project (DNP) where it is 

estimated that 1.7 Gt of ultramafic mining by-products will be produced over a time span of 33 years. 

It is calculated that via weathering of these by-products, 21,000 tonnes of CO2 could be sequestered 

per year. In the DNP tests two cells were used, named EC-1 and EC-2, with different kinds of mining 

by-products. In cell EC-1, which contained waste rock from blasting of a dunite outcrop, the grain size 

varied from silt to gravel particles up to several centimetres in diameter. In cell EC-2, which contained 

milling residues produced in a pilot plant, including slimes, fluff, and rougher non-magnetic tails, the 
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material was much more homogeneous in size, with a diameter distribution D10 of 2.2 μm, and D80 

of 119 μm. Both cells were then left to weather and no extra water was added. The pH of rainwater 

was measured at 5.5. Carbon sampling from cell EC-1 was only done from the surface area of the cell, 

and thus it was not possible to accurately determine how much carbon has been sequestered. In cell 

EC-2 more sampling was made at deeper levels, from both the centre and the edges of the cell, 

enabling calculations for quantifying captured CO2. The calculations showed that CO2 was sequestered 

at a mean rate of 1.4 (±0.3) kgCO2/tonne/year [17]. Analyses showed that the total C content of the 

weathered DNP mine tailings varied from 0.2 wt% to 6.5 wt% [18]. Furthermore, it has been shown 

that at the Dumont Nickel mine the main mineral controlling CO2 uptake is brucite [19, 20]. The pH of 

the weathering process was between 9 and 10. This promoted the formation of secondary Mg 

carbonates and prevented the mobilisation of many other metals available in the tailings e.g., Ni, Fe, 

Zn, and Cu [21]. It was found that both temperature change and wet-dry cycling have a great impact 

on the sequestration via weathering and on the stability and form of the precipitated carbonates. 

Additionally, when the tailing pile dries out and/or freezes, the newly formed carbonates crack and 

flake off and the Mg rich substrate is exposed to react with more CO2 to form new carbonate [22].  

Similar cell experiments were conducted at Thetford Mines in Québec, Canada in 2016. The Thetford 

Mines mine tailings mainly consist of magnesium-rich lizardite and chrysotile combined with smaller 

amounts of brucite, magnetite and antigorite. Here the experiment showed that the sequestration 

rate in the tailings was about 4 kg CO2 per m3 of tailing per year over the four years duration of the 

experiment [23]. 

A study made in 2012 showed that CO2 sequestration through weathering also occurs in mineshafts. 

In the microclimates of mineshafts, the mineral form of MgCO3 is mainly lansfordite and – in smaller 

quantities – nesquehonite. These minerals form on the shaft surfaces as the carbonates precipitate in 

the presence of drip water. Studies showed that multiple entrances to the mines increased air 

circulation and evaporation in the mineshafts and such mines are widely coated throughout the entire 

system of shafts with precipitate. These carbonate minerals are often brittle and peel of the walls and 

fall to the bottom of the shaft, enabling new Mg-rich surfaces to react with CO2 [24]. 

Weathering does not necessarily need to be restricted to mine sites or in areas above sea level. A 

research group suggested in 2017 that olivine could be placed in the sea just off the coast. This would 

cause an upsurge in the seawater alkalinity as the olivine dissolves and thus subsequently increase the 

absorption of atmospheric CO2 as bicarbonate and carbonate into the sea. The CO2 will then precipitate 

from seawater as carbonates, mainly MgCO3  [25]. Furthermore, this negative energy technology (NET) 

has a positive effect in that it neutralises ocean acidification and does not destroy or displace land nor 

adversely affect natural terrestrial ecosystems. A lot of unknown factors are still present concerning 

the effectiveness of this technique under in situ conditions, including the ratesof carbonisation and 

long-term effects on the maritime biotope [26]. 

Other noteworthy in situ research from the last few years includes : 

• Hasan et al. on soil, sludge and sediments from a gold mine as a resource for mineral 

carbonation and supplementary cementatious material [27, 28],  

• Boshi et al. on brucite-driven CO2 uptake in serpentinized dunites [29],  

• Beaudoin et al. on passive mineral carbonation of Mg-rich mine wastes by atmospheric CO2 

[30],  
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• Siegrist et al. on analysis of the potential for negative CO2 emission mine sites through bacteria-

mediated carbon mineralisation [31], and 

• Li et al. also presented a review on integrated mineral carbonation of ultramafic mine deposits 

[32]. 

One of the earlier in situ studies was carried out by Kelemen and Matter and co-workers, accelerating 

natural carbonation at the Semail ophiolite in Oman by injecting CO2 heated to 30°C and 90°C [33] or 

CO2 containing fluid [34], thus initiating and taking advantage of exothermic chemistry which can be 

self-sustaining. It was claimed that the site could potentially sequester up to a Gt CO2 annually in a 

relatively low-cost way when further developed. 
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8 Conclusions 

Three decades of research and development work on accelerated mineral carbonation (AMC), have 

still not resulted in significant market uptake, driven by either the increasing costs of CO2 emissions or 

the business opportunities presented by the production of value-added materials. 

The review of (primarily) peer-reviewed literature in this report shows that even during the five years 

since the COP21 Paris Agreement, the concept of AMC is mostly being dealt with through studies in 

laboratory environments. A large proportion of reporting in recent years still addresses the same 

challenges and questions that were being addressed a decade or more ago. The number of AMC 

technologies or process routes that appear to have matured to levels that motivate commercial 

application can be counted on one hand, and even for those, the technology readiness level (TRL) rarely 

approaches TRL 6 or 7. Fortunately, the authors of this report may claim to operate at the forefront of 

this. 

The above statements apply primarily to ex situ AMC in dedicated process facilities. In contrast, it was 

found that in situ carbonation of stockpiles and other deposits at mining sites has been the subject of 

considerable R&D in recent years, albeit this too is concentrated in only a few countries (Australia, 

Canada, Iceland, South Africa).  

This report has focussed on magnesium-based rock resources found primarily as silicates occurring as 

tailings, overburden and other residues at sites mined for minerals or metallic ores. While the 

stockpiled amounts of material are indeed vast, the suitability of these materials is highly dependent 

upon specific details of mineralogy, geochemistry, petrology, permeability and hydrology and can only 

be assessed from data for individual case studies. Although the volumes of residual material from 

mining operations are not comparable with an entire mountain range composed of potentially suitable 

reactive rocks, they are nevertheless considerable on a global scale and may mitigate CO2 emissions at 

the required Gt/year magnitude for many years. This is orders of magnitudes larger than what can be 

achieved with calcium-based industrial by-products, a matter which has also been addressed in this 

report. Nonetheless calcium-based AMC will still find assured niche deployment as a result of the large 

markets for calcium carbonate and the fact that “acceleration” of the chemistry is less challenging than 

for conversions that produce magnesium carbonate.  

Up to the present, there have been very few cost assessments or NPV calculations for potential 

commercial AMC deployment, even when including possible revenues from the sales of metals or other 

by-products from, for example, nickel- or PGM mining operations. An important factor here is, 

obviously, the cost of emitting CO2. A major obstacle for wide deployment of AMC using magnesium 

silicate-type rock feedstock is the uncertain future market space for magnesium carbonate (hydrate). 

First movers might benefit from transiently high market prices of 300 €/ton for nesquehonite 

MgCO3·3H2O but this price would be expected to drop rapidly when several large AMC facilities 

become operational. The first steps from laboratory scale to industrial deployment also shows that the 

use of a carbon-based fuel for AMC process heat or power will make a facility (much) larger than when 

only zero-emissions heat or power is used. 

The challenges and obstacles for laboratories lie in transforming the reporting of energy requirements 

and chemical kinetics to the timeframe of minutes rather than hours or days, as is still commonly being 

reported. Otherwise, the R&D community is still divided into two broad groups – one represented by 

teams that aim at direct carbonation, which often ends in struggling with a passivating silicate layer 
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that prevents rapid chemistry and high conversion levels, while the second group focusses on stepwise 

extraction and conversion aimed at reaching higher conversion levels in shorter times, which offers 

the benefits of pure, separated product streams but at the penalty of a more complex process lay-out.  

Several non-technical features of AMC, such as the handling of toxic metallic by-product streams or 

other problematic solid, liquid or gaseous effluents have so far received little attention in the evaluated 

literature. More encouraging is that life cycle assessment (LCA) tools are being increasingly used for 

quantifying the environmental footprint of AMC. However, it is unfortunate that in many cases only 

GWP is considered as the LCA impact category while, for example, land use, water use and resources 

depletion ought to be considered as well. A significant final point is that deployment of large AMC 

facilities presents challenges such as public acceptance, which have yet to be adequately addressed, 

in a world where CO2 emissions mitigation is dearly needed while CCS/CCU can be perceived as 

technical drivers for continued use of fossil fuels.    

As an overall final conclusion, it can be stated that deployment of AMC beyond TRL levels 5 – 6 needs 

a stronger (financial support) focus on technology that may be extensively deployed within less than 

10 years, at TRL 8-9. Repeating the work from the 1990s is hardly productive: what does not work has 

been (and still is…) widely reported. It is quite clear by now which, very few, AMC approaches could be 

economically viable at an industrial kg/s CO2 mineralisation scale in a single facility. As reported above, 

a first choice to be made is whether to produce either a low-value aggregate or a set of high-value pure 

carbonate and other materials. For the second choice, methods developed at ÅA seem most advanced.  

As a second conclusion, it may be wise to decouple the operations of a CO2 producer from that of a 

CO2 mineralisation entity, connected via energy integration. The second entity would be responsible 

for the sales of carbonate and other products and the purchase of suitable rock feedstock as 

specialities while the former can benefit via avoiding costs for emitting CO2. Looking at current trends 

in waste processing, circular economies and markets for “green” products, the use of solid products 

from AMC should have a promising future.  

A final caveat: the amounts of material that need to be handled are very large, making CO2 emissions 

mitigation very visible. Fortunately, experience with mining activities and the state-of-the-art process 

technology can make this possible, especially in countries with significant suitable mine tailings 

resources. 

Overall key findings and recommendations: 

• A technology readiness level (TRL) above 6 has not been claimed (in the open literature) for 

Mg-based feedstock CO2 mineralisation while for Ca-based materials a TRL level 9 has been 

claimed for a steelmaking slag-based process 

• There has been scarcely any reporting on the economic viability of industrial scale deployment, 

even when considering the market value of by-product materials, primarily metals (Ni, Cr, 

PGMs, REEs), besides the carbonate products. Nonetheless, product markets that go beyond 

the use of construction materials are being developed – more of this is becoming necessary 

within the circular economy and green urban regions concepts. A major economic driver, 

however, for CCU based on CO2 mineralisation, seems to be the cost of CO2 emissions rather 

than the profit that may be made with solid products sales.  

• Costs estimated for CO2 mineralisation processes operating at levels of many tons per day 

suffer from large error margins when based on lab-scale information for a kg CO2 per day scale. 
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Therefore, demonstration of the technology at a tons per day level is dearly needed, which 

would see Mg-containing mining tailings carbonation progress towards TRL 9 during the 

coming 5-10 years. This cannot all be funded by governments: a strong and long-term 

commitment from private industry is needed. 

• While Ca-based carbonated materials have markets in place and benefit from easier CO2 

mineralisation processing when compared to Mg-based materials, these are unlikely to offer 

a CO2 sequestration potential that exceeds 1 Gt CO2 per annum. On the other hand, while Mg-

based feedstock amounts do offer a much larger potential that would have a significant climate 

change mitigation effect, the current markets for magnesium carbonate -based products is 

much smaller, even though current market prices are high. 

• CO2 mineral sequestration is preferably operated with (waste) heat integration, for example 

at the site where CO2 is produced, and should preferably rely on zero-emission electricity. The 

energy use as heat and power per tonne CO2 mineralised is an important process feasibility 

parameter, including crushing/grinding, mixing, pumping/compression/expansion, 

heating/cooling/drying and heat exchange, as well as transport of the rock, CO2-containing gas 

and other solid products. However, most CO2 mineralisation studies still do not consider 

energy use. 

• Separation of CO2 from a CO2-containing gas stream is not needed for CO2 mineralisation: this 

gives significant energy savings compared to CCS/CCU where such separation (“capture”) is 

needed.  

• A disadvantage of CO2 mineral sequestration may be the large material streams involved, 

regardless of the fact that wastes and by-product streams at mining sites are processed and 

largely removed. Life cycle assessment (LCA) is nowadays a mature tool for quantifying the 

overall environmental footprint of ex situ CO2 mineralisation. This should include the use of 

water and chemical additives besides the obvious features of global warming potential versus 

the use of energy.  

• Social acceptance studies for large-scale CCU based on mineralisation are needed. 

• For any identified feedstock rock resources, it is necessary to quantify how much CO2 

mineralisation potential and valuable metal by-products these can offer. Information in the 

literature is in most cases vague or imprecise with respect to the history of material sampled 

from a mining site, and whether it represents overburden, tailings, stockpiled low-grade ore, 

or something else, or whether it has been freshly mined or exposed to weathering for many 

years. In general, standardisation of analysis and characterisation methods is needed, 

including proper definitions of ores, leached ores, tailings, etc and the wet/dry processing and 

possible aging and weathering paths these went through.  

• More internationally coordinated development of CCU (similar to CCS since the 1990s) is 

needed for example under the umbrella of IEA GHG activities. For example, legislation on CCU 

(similar to the 2009 EC directive on CCS) is lacking. And, besides the potentially negative 

emission technology (NET) BECCS for bioenergy (BE), also BECCU deserves consideration. 

 

  



Page 64 of 65 

Mineral carbonation using mine tailings - A strategic overview of potential and opportunities 

9 Appendices 

Appendix A1: Mining operations and industrial mineral resources in Finland

Appendix A2: Global rock / mineral resources

Appendix A3: Review articles from 2016

Appendix A4: The ÅA routes



Mineral carbonation using mine tailings - A strategic overview of potential and opportunities 

 

 
 
 
Page 65 of 65  

 



Mineral carbonation using mine tailings 

A strategic overview of potential and opportunities 

IEA/CON/21/274 

APPENDIX A1‐A4 

Ron Zevenhoven a, Jens Back a, Johan Fagerlund b, Peter Sorjonen‐Ward c 

a Åbo Akademi University, FI‐20500 Turku Finland 
b Citec Oy, FI‐20520 Turku Finland 

c Geological Survey of Finland, FI‐70210 Kuopio Finland 

contact: ron.zevenhoven@abo.fi 



G
e
o
lo
gi
ca
l s
e
tt
in
g 
an

d
 

d
e
p
o
si
t 
n
am

e

M
ai
n
 m

e
ta
l a
n
d
 m

in
e
ra
l 

co
m
m
o
d
it
ie
s 
e
xt
ra
ct
e
d
 f
o
r 

b
e
n
e
fi
ci
at
io
n
 

Se
co
n
d
ar
y 
co
m
m
o
d
it
ie
s 
 

re
co
ve

re
d
 f
o
r 

b
e
n
e
fi
ci
at
io
n
 

C
u
m
u
la
ti
ve

 r
e
p
o
rt
e
d
 m

e
ta
l p

ro
d
u
ct
io
n

N
I‐
4
3
‐1
0
1
 o
r 

JO
R
C
 

co
m
p
lia

n
t 

re
so
u
rc
e
 

as
se
ss
m
e
n
t?

N
at
u
re
 o
f 
m
in
in
g 
o
p
e
ra
ti
o
n

G
re
e
n
st
o
n
e
 b
e
lt
s 
o
r 
o
th
e
r 
m
af
ic
 v
o
lc
an

ic
 t
e
rr
ai
n
s

P
ah

ta
va
ar
a‐
K
it
ti
lä

Fe
Fe
 4
.2
 t

N
o

o
p
en

 p
it
 

P
o
rk
o
n
en

Fe
Fe
 4
0
0
0
 k
g

N
o

o
p
en

 p
it
 

Ta
in
io
va
ar
a

N
i

C
u
, C

o
, P

G
E,
 S

N
i 2
6
2
.9
9
 t
, C

u
 2
2
.5
4
 t
, S
 6
5
3
.7
1
 t

N
o

o
p
en

 p
it
 

K
an

ga
sj
är
vi

Zn
, A

u
C
u
, P

b
, A

g,
 S

Zn
 4
6
8
3
.7
 t
, A

u
 3
7
3
9
.4
 k
g,
 C
u
 8
0
.5
8
 t
, S
 3
4
6
5
7
.9
  t

N
o

o
p
en

 p
it
 

H
av
er
i

A
u

C
u
, F
e

A
u
 4
4
3
9
.7
9
 k
g,
 A
u
  t
, C

u
 6
0
8
5
.0
3
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

P
am

p
al
o

A
u

A
u
 6
.2
3
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

H
an

n
u
ka
in
en

Fe
, C

u
A
u
, C

o
Fe
 1
8
6
5
2
4
1
.5
3
 t
, C

u
 1
4
8
1
3
.7
4
 t
, A

u
 2
1
2
.9
7
 k
g

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

H
an

n
u
ka
in
en

Fe
, C

u
A
u
, C

o
Fe
 1
8
6
5
2
4
1
.5
3
 t
, C

u
 1
4
8
1
3
.7
4
 t
, A

u
 2
1
2
.9
7
 k
g

Ye
s

P
ah

ta
va
ar
a

A
u

A
u
 1
0
.8
6
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

R
au

tu
va
ar
a

Fe
C
u

Fe
 5
3
4
1
8
7
9
.0
8
 t
, C

u
 2
6
3
4
5
.7
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

R
au

tu
va
ar
a 
SW

Fe
C
u
, M

n
N
o

o
p
en

 p
it
 

K
it
ti
lä

A
u

A
g

A
u
 3
0
.9
5
 t
, A

g 
4
0
4
.3
 k
g

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

V
ih
an

ti
Zn

, C
u

Zn
 1
4
4
5
1
2
2
.6
7
 t
, C

u
 1
2
8
6
8
2
.0
2
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

V
ih
an

ti
A
u
, P

b
, A

g,
 U
, P

, S
P
b
 9
8
3
2
7
.2
7
 t
, A

u
 3
2
6
7
.1
3
 k
g,
 A
g 
2
7
8
.0
7
 t
, S
 4
2
2
6
4
3
.8
8
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

M
af
ic
 ‐
 u
lt
ra
m
af
ic
 la
ye

re
d
 in

tr
u
si
ve

 c
o
m
p
le
xe
s

M
ak
o
la

N
i

C
u
, C

o
, F
e,
 S

N
i 3
0
5
1
.3
1
 t
, C

u
 1
8
0
3
.4
9
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

K
o
ve
ro
‐o
ja

N
i, 
C
u

C
o
, S

N
i 1
8
4
0
 t
, C

u
 1
3
8
0
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

Te
lk
kä
lä

N
i

C
u
, C

o
, S

N
i 7
8
3
6
.4
 t
, C

u
 1
9
8
9
.0
4
 t
, S
 2
0
5
0
2
.6
8
  t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

K
yl
m
äk
o
sk
i

N
i

C
u
, C

o
N
i 2
5
0
3
.5
4
 t
, C

u
 1
8
8
7
.4
4
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

V
u
o
ro
ka
s

Fe
, V

, T
i

Fe
 4
5
8
3
2
0
 t
, T
i 6
0
6
0
7
.8
7
 t
, V

 2
6
9
6
 t

N
o

o
p
en

 p
it
 

En
o
n
ko

sk
i

N
i, 
C
u
, C

o
N
i 5
0
4
8
6
.8
9
 t
, C

u
 1
4
3
9
6
.3
1
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

St
o
rm

i
N
i, 
C
u

C
o

N
i 5
1
4
9
6
.0
8
 t
, C

u
 3
1
9
6
3
.5
5
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

K
o
ta
la
h
ti

N
i, 
C
u
, C

o
P
t,
 S

N
i 8
2
0
7
9
.6
2
 t
, C

u
 3
2
2
8
0
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

M
u
st
av
aa
ra

V
, F
e,
 M

gt
Ti

V
 2
7
4
8
4
.8
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d

H
it
u
ra

N
i

C
u
, C

o
, P

G
E,
 S

N
i 9
2
6
2
3
.3
9
 t
, C

u
 3
5
6
8
3
.7
3
 t
, C

o
 5
4
4
.2
5
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

O
ta
n
m
äk
i

Fe
, V

Ti
, S

Fe
 8
6
2
2
5
3
8
 t
, V

 6
4
4
6
7
.8
9
 t
, T
i 1
9
2
3
7
6
9
.6
 t
, S
 1
1
8
1
3
7
.9
1
 t

Ye
s

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

K
ev
it
sa

N
i, 
C
u

C
o
, A

u
, P

d
, P

t
N
i 7
8
9
2
2
 t
, C

u
 1
5
5
3
9
6
 t
, A

u
 3
5
1
8
.4
5
 k
g,
 P
d
 6
.5
3
 t
, P

t 
8
.5
7
 t
, C

o
 3
4
8
3
 t

Ye
s

o
p
en

 p
it
 

K
em

i
C
r2
O
3

C
r2
O
3
 1
4
0
3
8
8
6
1
.6
7
 t

Ye
s

o
p
en

 p
it
 c
h
ro
m
e

A
h
m
av
aa
ra

P
G
E,
 N
i, 
C
u
, P

d
, P

t
A
u
, C

o
Ye

s
p
la
ti
n
u
m
 g
ro
u
p
 m

et
al

K
o
n
tt
ijä
rv
i

P
G
E,
 N
i, 
C
u
, P

d
, P

t
A
u

Ye
s

p
la
ti
n
u
m
 g
ro
u
p
 m

et
al

O
p
h
io
lit
ic
 u
lt
ra
m
af
ic
 c
o
m
p
le
xe
s

K
yl
yl
ah

ti
C
u
, Z
n

A
g,
 A
u
, N

i, 
C
o

C
u
 7
0
6
5
9
 t
, Z
n
 1
2
9
9
9
 t
, A

g 
5
.7
4
 t
, A

u
 3
4
2
6
 k
g,
 C
o
 5
7
0
2
 t
, N

i 2
1
4
9
 t

Ye
s

u
n
d
er
gr
o
u
n
d
 

V
u
o
n
o
s 
C
u

C
u
, C

o
Zn

, N
i, 
A
g,
 A
u
, F
e,
 S
e,
 S

C
u
 1
1
7
8
0
6
.7
5
 t
, C

o
 7
2
6
9
.9
4
 t
, N

i 7
0
7
4
.3
3
  t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

V
u
o
n
o
s 
C
u

C
u
, C

o
Zn

, N
i, 
A
g,
 A
u
, F
e,
 S
e,
 S

N
i 7
0
7
4
.3
3
 t
, Z
n
 6
8
7
1
5
.0
2
 t
, F
e 
1
1
4
1
1
0
1
.3
1
 t
, S
 8
0
6
0
5
3
.9
6
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

V
u
o
n
o
s‐
N
i

N
i, 
C
o

C
u
, A

g,
 S
e

N
i 1
0
9
3
9
.4
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

Lu
ik
o
n
la
h
ti

C
u
, C

o
Zn

, N
i, 
S

C
u
 6
4
9
2
8
.9
3
 t
, C

o
 7
0
3
4
.6
3
 t
, N

i 6
2
4
.0
9
 t
, Z
n
 2
4
7
4
0
.2
3
 t
, S
 1
1
5
2
0
4
9
.7
8
 t

N
o

o
p
en

 p
it
 +
 u
n
d
er
gr
o
u
n
d
 

O
u
to
ku

m
p
u

C
u
, C

o
N
i, 
Zn

, A
g,
 A
u
, F
e,
 S

C
u
 9
5
6
4
9
9
.3
6
 t
, C

o
 5
4
3
5
6
.1
1
 t
, Z
n
 2
2
6
6
4
8
.4
9
 t
, S
 6
2
4
8
1
9
9
.0
7
 t

Ye
s

u
n
d
er
gr
o
u
n
d
 

P
o
te
n
ti
al
 a
n
d
 r
e
co
ve

re
d
 m

e
ta
l a
n
d
 m

in
e
ra
l c
o
m
m
o
d
it
ie
s

A
p
p
en

d
ix
 1
.1
 M

in
in
g 
o
p
er
at
io
n
s 
in
 m

af
ic
 a
n
d
 u
lt
ra
m
af
ic
 r
o
ck
s 
in
 F
in
la
n
d

Appendix 1.1 Mining operations in mafic and ultramafic rocks in Finland

57 of 97

rzevenho
Typewritten Text

rzevenho
Typewritten Text

rzevenho
Typewritten Text

rzevenho
Typewritten Text

rzevenho
Typewritten Text

rzevenho
Typewritten Text

rzevenho
Typewritten Text



G
e
o
lo
gi
ca
l s
e
tt
in
g 
an

d
 

d
e
p
o
si
t 
n
am

e
R
e
so
u
rc
e
s 
to
ta
l

R
e
se
rv
e
s 
to
ta
l

To
ta
l o

re
 m

in
e
d

C
u
rr
e
n
t 
st
at
u
s

C
u
rr
e
n
t 
o
p
e
ra
to
r 
o
r 
le
ga
cy
 o
w
n
e
r

G
re
e
n
st
o
n
e
 b
e
lt
s 
o
r 
o
th
e
r 
m
af
ic
 v
o
lc
an

ic
 t
e
rr
ai
n
s

P
ah

ta
va
ar
a‐
K
it
ti
lä

1
4
 M

t 
@
 F
e 
3
0
 %

1
4

H
is
to
ri
c

En
d
o
m
in
es
 O
y

P
o
rk
o
n
en

9
 M

t 
@
 F
e 
3
0
 %

1
5

H
is
to
ri
c

Ta
in
io
va
ar
a

0
.4
3
 M

t 
@
 N
i 0
.5
 %
, C

u
 0
.0
3
 %
, C

o
 0
.0
1
 %

1
9
9
8
4

C
lo
se
d

K
an

ga
sj
är
vi

0
.3
 M

t 
@
 Z
n
 5
.4
 %
, A

u
 0
.3
 p
p
m
, C

u
 0
.0
6
 %
, P

b
 0
.0
2
 %
, A

g 
5
 p
p
m

9
1
2
0
5

C
lo
se
d

C
u
lle
n
 R
es
o
u
rc
es
 L
td

H
av
er
i

3
1
.6
 M

t 
@
 A
u
 0
.9
9
8
 p
p
m

1
5
5
9
0
2
0

C
lo
se
d

P
am

p
al
o

8
0
6
7
3
8
 t
 @

 A
u
 2
.7
5
1
 p
p
m

1
9
3
2
3
9
4

O
p
er
at
in
g

En
d
o
m
in
es
 O
y

H
an

n
u
ka
in
en

2
2
1
 M

t 
@
 F
e 
3
2
.1
9
2
 %
, C

u
 0
.1
7
1
 %
, A

u
 0
.0
7
7
 p
p
m

9
2
.6
 M

t 
@
 F
e 
3
2
.2
0
3
 %
, C

u
 0
.

4
5
6
3
0
8
0

C
lo
se
d

H
an

n
u
ka
in
en

2
2
1
 M

t 
@
 F
e 
3
2
.1
9
2
 %
, C

u
 0
.1
7
1
 %
, A

u
 0
.0
7
7
 p
p
m

9
2
.6
 M

t 
@
 F
e 
3
2
.2
0
3
 %
, C

u
 0
.

4
5
6
3
0
8
0

U
n
d
er
 d
ev
el
o
p
m
en

t

P
ah

ta
va
ar
a

4
6
4
0
0
0
0
 t
 @

 A
u
 3
.2
 p
p
m

5
8
2
0
3
2
1

O
p
er
at
in
g

R
u
p
er
t 
R
es
o
u
rc
es
 L
td

R
au

tu
va
ar
a

1
.7
3
6
 M

t 
@
 F
e 
4
6
.7
8
 %
, C

u
 0
.2
 %

1
1
5
6
4
4
0
5

C
lo
se
d

H
an

n
u
ka
in
en

 M
in
in
g 
O
y

R
au

tu
va
ar
a 
SW

4
.5
 M

t 
@
 F
e 
4
2
.7
 %
, C

u
 0
.1
5
 %
, M

n
 0
.8
1
 %

C
lo
se
d

H
an

n
u
ka
in
en

 M
in
in
g 
O
y

K
it
ti
lä

3
1
9
6
6
0
0
0
 t
 @

 A
u
 3
.1
6
2
 p
p
m

2
8
9
2
5
0
0
0
 t
 @

 A
u
 4
.4
0
7
 p
p
m

1
4
8
1
7
1
6
5

O
p
er
at
in
g

A
gn

ic
o
 E
ag
le
 F
in
la
n
d
 O
y

V
ih
an

ti
2
.5
9
 M

t 
@
 U
 0
.0
2
8
 %
, P

h
o
s 
3
.2
4
 %
 +
 9
.1
6
4
 M

t 
@
 Z
n
 0
.3
6
 %
, C

u
 0
.3
4
 %

2
7
9
3
8
8
3
2

C
lo
se
d

N
o
rr
b
o
tt
en

 E
xp
lo
ra
ti
o
n
 A
B

V
ih
an

ti
2
.5
9
 M

t 
@
 U
 0
.0
2
8
 %
, P

h
o
s 
3
.2
4
 %
 +
 9
.1
6
4
 M

t 
@
 Z
n
 0
.3
6
 %
, C

u
 0
.3
4
 %

2
7
9
3
8
8
3
2

C
lo
se
d

N
o
rr
b
o
tt
en

 E
xp
lo
ra
ti
o
n
 A
B

M
af
ic
 ‐
 u
lt
ra
m
af
ic
 la
ye

re
d
 in

tr
u
si
ve

 c
o
m
p
le
xe
s

M
ak
o
la

1
 M

t 
@
 N
i 0
.8
 %
, C

u
 0
.4
2
 %
, S
 8
.4
 %

4
1
2
6
4
5

C
lo
se
d

M
u
o
n
 S
o
lu
ti
o
n
s 
O
y

K
o
ve
ro
‐o
ja

0
.6
4
 M

t 
@
 N
i 0
.4
 %
, C

u
 0
.3
3
 %

4
6
0
0
0
0

C
lo
se
d

D
ra
go

n
 M

in
in
g 
O
y

Te
lk
kä
lä

6
0
5
3
9
6

C
lo
se
d

O
u
to
ku

m
p
u
 M

in
in
g 
O
y

K
yl
m
äk
o
sk
i

6
8
9
6
1
6

C
lo
se
d

V
u
o
ro
ka
s

6
.5
 M

t 
@
 F
e 
3
2
.5
 %
, T
i 3
.2
9
7
 %
, V

 0
.2
6
 %

1
3
4
8
0
0
0

C
lo
se
d

V
u
o
ro
ka
s 
O
y

En
o
n
ko

sk
i

1
.1
7
8
 M

t 
@
 N
i 0
.4
1
 %
, C

u
 0
.1
 %
, C

o
 0
.0
0
7
 %

6
7
0
7
5
1
5

C
lo
se
d

O
u
to
ku

m
p
u
 M

in
in
g 
O
y

St
o
rm

i
1
.6
 M

t 
@
 N
i 0
.4
4
 %
, C

u
 0
.2
9
 %
, C

o
 0
.0
4
 %

7
5
7
7
9
7
7

C
lo
se
d

D
ra
go

n
 M

in
in
g 
O
y

K
o
ta
la
h
ti

1
2
4
5
3
6
4
7

C
lo
se
d

B
o
lid

en
 A
B

M
u
st
av
aa
ra

1
4
5
.9
 M

t 
@
 V
 1
3
8
3
 p
p
m
, F
e 
9
6
1
1
0
 p
p
m
, T
i 5
6
4
0
 p
p
m

1
3
6
4
8
2
2
0

C
lo
se
d

St
ra
te
gi
c 
R
es
o
u
rc
es

H
it
u
ra

3
0
6
4
0
0
0
 t
 @

 N
i 0
.5
3
8
 %
, C

u
 0
.1
8
7
 %
, S
 2
.4
5
1
 %

1
6
5
6
0
0
0
 t
 @

 N
i 0
.4
6
4
 %
, C

u
 0

1
7
1
7
7
3
6
2

C
lo
se
d

B
el
ve
d
er
e 
R
es
o
u
rc
es
 L
td

O
ta
n
m
äk
i

1
4
 M

t 
@
 F
e 
4
0
 %
, V

 0
.2
6
 %
, T
i 7
.6
 %

3
0
6
2
9
1
7
4

C
lo
se
d

K
ev
it
sa

1
5
7
.2
 M

t 
@
 N
i 0
.2
2
9
 %
, C

u
 0
.3
3
7
 %
, P

d
 0
.0
9
1
 p
p
m
, P

t 
0
.1
4
2
 p
p
m
, C

o
 1
0
8
.8
6
8
 p
p
m
, A

u
 0
1
4
0
.3
 M

t 
@
 N
i 0
.2
3
9
 %
, C

u
 0
.

5
4
5
7
3
6
8
6

O
p
er
at
in
g

B
o
lid

en
 A
B

K
em

i
1
0
0
 M

t 
@
 C
r2
O
3
 2
9
.3
4
1
 %

4
8
.3
 M

t 
@
 C
r2
O
3
 2
5
.9
 %

5
4
6
0
9
2
2
4

O
p
er
at
in
g

O
u
to
ku

m
p
u
 O
y

A
h
m
av
aa
ra

1
8
7
.7
7
 M

t 
@
 N
i 0
.0
6
9
 %
, C

u
 0
.1
7
5
 %
, P

d
 0
.8
2
5
 p
p
m
, P

t 
0
.1
7
 p
p
m
, A

u
 0
.1
 p
p
m

U
n
d
er
 d
ev
el
o
p
m
en

t
G
o
ld
 F
ie
ld
s 
A
rc
ti
c 
P
la
ti
n
u
m
 O
y

K
o
n
tt
ijä
rv
i

7
5
2
4
0
0
0
0
 t
 @

 N
i 0
.0
4
6
 %
, C

u
 0
.0
9
7
 %
, P

d
 0
.9
5
3
 p
p
m
, P

t 
0
.2
7
1
 p
p
m
, A

u
 0
.0
7
3
 p
p
m

U
n
d
er
 d
ev
el
o
p
m
en

t
G
o
ld
 F
ie
ld
s 
A
rc
ti
c 
P
la
ti
n
u
m
 O
y

O
p
h
io
lit
ic
 u
lt
ra
m
af
ic
 c
o
m
p
le
xe
s

K
yl
yl
ah

ti
5
0
2
0
0
0
 t
 @

 C
u
 0
.6
4
 %
, Z
n
 0
.2
8
2
 %
, A

u
 1
.2
3
1
 p
p
m
, N

i 0
.2
4
7
 %
, C

o
 0
.1
6
2
 %

5
4
3
3
5
9
2

C
lo
se
d

B
o
lid

en
 A
B

V
u
o
n
o
s 
C
u

0
.7
6
 M

t 
@
 C
u
 1
.7
6
 %
, C

o
 0
.1
4
 p
p
m
, Z
n
 1
.3
3
 %
, A

u
 0
.1
 p
p
m
, A

g 
1
1
 p
p
m

5
4
8
9
5
7
6

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

V
u
o
n
o
s 
C
u

0
.7
6
 M

t 
@
 C
u
 1
.7
6
 %
, C

o
 0
.1
4
 p
p
m
, Z
n
 1
.3
3
 %
, A

u
 0
.1
 p
p
m
, A

g 
1
1
 p
p
m

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

V
u
o
n
o
s‐
N
i

7
4
6
5
4
3
9
 t
 @

 C
o
 0
.0
3
 %
, S
e 
3
 p
p
m

5
4
9
5
7
6
1

C
lo
se
d

B
o
lid

en
 A
B

Lu
ik
o
n
la
h
ti

6
9
8
3
1
6
4

C
lo
se
d

B
o
lid

en
 K
yl
yl
ah

ti
 O
y

O
u
to
ku

m
p
u

2
9
1
8
8
3
1
5

C
lo
se
d

A
lt
o
n
a 
M
in
in
g 
Lt
d

To
ta
l 3

2
6
3
5
2
3
8
5

R
e
so
u
rc
e
 e
st
im

at
e
s 
an

d
 p
ro
d
u
ct
io
n
 f
ig
u
re
s

A
p
p
en

d
ix
 1
.1
 M

in
in
g 
o
p
er
at
io
n
s 
in
 m

af
ic
 a
n
d
 u
lt
ra
m
af
ic
 r
o
ck
s 
in
 F
in
la
n
d
 (
co
n
ti
n
u
ed

)

Appendix 1.1 Mining operations in mafic and ultramafic rocks in Finland

58 of 97

rzevenho
Typewritten Text

rzevenho
Typewritten Text



D
e
p
o
si
t 
n
am

e
A
lt
e
rn
at
iv
e
 n
am

e
R
e
so
u
rc
e
 t
yp

e
M
ai
n
 m

e
ta
l a
n
d
 m

in
e
ra
l 

co
m
m
o
d
it
ie
s 

Se
co
n
d
ar
y 
co
m
m
o
d
it
ie
s 
 

re
co
ve

re
d
 f
o
r 
b
e
n
e
fi
ci
at
io
n
 

R
e
so
u
rc
e
s 
to
ta
l

To
ta
l o

re
 m

in
e
d
 

(t
o
n
n
e
s)

C
u
m
u
la
ti
ve

 r
e
p
o
rt
e
d
 

m
e
ta
l p

ro
d
u
ct
io
n
 

(t
o
n
n
e
s)

C
u
rr
e
n
t 
st
at
u
s

C
u
rr
e
n
t 
o
p
e
ra
to
r 
o
r 
le
ga
cy
 o
w
n
e
r

Jo
rm

u
a

Jo
rm

u
a

 o
p
en

 p
it

ta
lc

N
i, 
C
o

1
5
3
6
2
4
Tl
c 
9
1
6
1
5

C
lo
se
d

P
it
kä
n
p
er
ä

M
ie
sl
ah

ti
‐P
it
kä
n
p
er
ä

 o
p
en

 p
it

ta
lc

N
i

1
0
 M

t 
@
 T
lc
 4
0
 %

1
6
Tl
c 
8

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

La
h
n
as
la
m
p
i

La
h
n
as
la
m
p
i

 o
p
en

 p
it

ta
lc

N
i

1
7
6
4
9
2
9
0
Tl
c 
5
5
9
5
3
3
9

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

U
u
te
la

U
u
te
la

 o
p
en

 p
it

ta
lc

N
i, 
C
o

5
 M

t 
@
 T
lc
 5
0
 %

2
7
6
3
3
3
5
Tl
c 
1
8
1
5
8

O
p
er
at
in
g

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

P
u
n
as
u
o

La
h
n
as
la
m
p
i

 o
p
en

 p
it

ta
lc

N
i

2
8
7
9
7
6
2

O
p
er
at
in
g

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

P
eh

m
yt
ki
vi

H
o
rs
m
an

ah
o

 o
p
en

 p
it

ta
lc

N
i, 
C
o

4
2
7
0
5
1
0
Tl
c 
7
5
8
1
7

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

P
ih
la
ja
va
ar
a

P
ih
la
ja
va
ar
a

 o
p
en

 p
it

ta
lc

5
5
7
9
Tl
c 
5
5
7
9

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

R
ep

o
va
ar
a

R
ep

o
va
ar
a

 o
p
en

 p
it

ta
lc

7
1
6
4
4
4
Tl
c 
3
2
8
2
5
6

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

M
ie
sl
ah

ti
M
ie
sl
ah

ti
‐P
it
kä
n
p
er
ä

 o
p
en

 p
it

ta
lc

N
i

1
0
 M

t 
@
 T
lc
 4
0
 %

9
6
7
9
4
Tl
c 
4
3
2
8
3
.5

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

H
o
rs
m
an

ah
o

H
o
rs
m
an

ah
o

 o
p
en

 p
it

ta
lc

N
i, 
C
o

9
8
9
8
0
0
4
Tl
c 
2
6
5
1
6
4
8

O
p
er
at
in
g

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

K
ar
n
u
kk
a

K
ar
n
u
kk
a

 o
p
en

 p
it

ta
lc
, m

ag
n
es
it
e

1
1
0
0
8
9
8

O
p
er
at
in
g

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

V
as
ar
ak
an

ga
s

V
as
ar
ak
an

ga
s

 o
p
en

 p
it

ta
lc
, n

ic
ke
l

C
o

1
0
5
4
6
0
4
Tl
c 
4
6
5
9
0
9

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

Li
p
as
va
ar
a

Li
p
as
va
ar
a

 o
p
en

 p
it

ta
lc
, n

ic
ke
l

1
8
8
3
6
5
4
Tl
c 
8
2
0
6
2
7

C
lo
se
d

M
o
n
d
o
 M

in
er
al
s 
B
.V
.

To
ta
l 2

5
0
0
0
0
0
0
 t

To
ta
l 4

2
4
7
2
5
1
4

D
e
p
o
si
t 
n
am

e
A
lt
e
rn
at
iv
e
 n
am

e
R
e
so
u
rc
e
 t
yp

e
M
ai
n
 m

e
ta
l a
n
d
 m

in
e
ra
l 

co
m
m
o
d
it
ie
s 

Se
co
n
d
ar
y 
co
m
m
o
d
it
ie
s 
 

re
co
ve

re
d

R
e
so
u
rc
e
s 
to
ta
l

To
ta
l o

re
 m

in
e
d
 

(t
o
n
n
e
s)

C
u
m
u
la
ti
ve

 r
e
p
o
rt
e
d
 

m
e
ta
l p

ro
d
u
ct
io
n
 

(t
o
n
n
e
s)

C
u
rr
e
n
t 
st
at
u
s

C
u
rr
e
n
t 
o
p
e
ra
to
r 
o
r 
le
ga
cy
 o
w
n
e
r

Si
ili
n
jä
rv
i

Si
ili
n
jä
rv
i

 o
p
en

 p
it

ap
at
it
e,
 p
h
lo
go

p
it
e

C
al
, M

ic
a

9
9
9
 M

t 
@
 P
h
o
s 
3
.7
2
9
  %

3
2
5
6
7
1
1
4
0
A
p
at
 2
7
6
5
9
7
4
6
, C

al
 1
7
5
4
3O

p
er
at
in
g

Ya
ra
 S
u
o
m
i O

y

So
kl
i

So
kl
i

 o
p
en

 p
it

p
h
o
sp
h
o
ru
s 
p
en

to
xi
d
e

N
b
, F
e,
 U
, T
h
, T
a,
 Z
r,
 R
EE

1
2
3
.3
 M

t 
@
 P
h
o
s 
1
3
.6
8
7
  %

5
6
7
2
0
P
h
o
s 
1
1
3
4
4

U
n
d
er
 d
ev
el
o
p
m
en

t
Ya
ra
 S
u
o
m
i O

y

To
ta
l 3

2
5
7
2
7
8
6
0
 t

In
d
u
st
ri
al
 m

in
e
ra
l r
e
so
u
rc
e
s 
an

d
 m

in
in
g 
o
p
e
ra
ti
o
n
s 
in
 m

af
ic
 a
n
d
 u
lt
ra
m
af
ic
 r
o
ck
s

A
p
p
en

d
ix
 1
.2
 In

d
u
st
ri
al
 m

in
er
al
 r
es
o
u
rc
es
 a
n
d
 m

in
in
g 
o
p
er
at
io
n
s 
in
 F
in
la
n
d

In
d
u
st
ri
al
 m

in
e
ra
ls
 in

 c
ar
b
o
n
at
it
e
 h
o
st
 r
o
ck
s

Appendix 1.2 Industrial mineral resources and mining operations in Finland

Page 59 of 97



D
e
p
o
si
t 
n
am

e
A
lt
e
rn
at
iv
e
 n
am

e
R
e
so
u
rc
e
 t
yp

e
M
ai
n
 m

e
ta
l a
n
d
 m

in
e
ra
l 

co
m
m
o
d
it
ie
s

Se
co
n
d
ar
y 
co
m
m
o
d
it
ie
s 
 

re
co
ve

re
d
 

R
e
so
u
rc
e
s 
to
ta
l

To
ta
l o

re
 m

in
e
d
 

(t
o
n
n
e
s)

C
u
m
u
la
ti
ve

 r
e
p
o
rt
e
d
 

m
e
ta
l p

ro
d
u
ct
io
n
 

(t
o
n
n
e
s)

C
u
rr
e
n
t 
st
at
u
s

C
u
rr
e
n
t 
o
p
e
ra
to
r 
o
r 
le
ga
cy
 o
w
n
e
r

A
m
et
is
ti
aa
rr
e

Yl
i‐
Lu
o
st
o

 o
p
en

 p
it

am
et
h
ys
t

0
.1

O
p
er
at
in
g

p
ri
va
te
 e
n
te
rp
ri
se

La
m
p
iv
aa
ra

La
m
p
iv
aa
ra

 o
p
en

 p
it

am
et
h
ys
t

3
2
.8
5
A
m
t 
1
8
.8
5

O
p
er
at
in
g

K
ai
vo

sy
h
ti
ö
 A
rc
ti
c 
A
m
et
is
ti
 O
y

K
än

n
ät
sa
lo

K
än

n
ät
sa
lo

 o
p
en

 p
it

b
er
yl

Q
tz
, F
el
d

9
3
1
9

O
p
er
at
in
g

K
ar
el
ia
 B
er
yl
 O
y

A
la
‐A
u
lis

A
la
‐A
u
lis

 o
p
en

 p
it

fe
ld
sp
ar

1
6
1
0
8
1
6

O
p
er
at
in
g

Si
b
el
co
 N
o
rd
ic
 O
y 
A
b

Ju
u
ra
kk
o

Ju
u
ra
kk
o

 o
p
en

 p
it

fe
ld
sp
ar

N
b
, T
a,
 B
e,
 L
i

1
8
0
0
0
Fe
ld
 1
8
0
0
0
, Q

tz
 1
8
0
0
0

C
lo
se
d

Lö
vb

ö
le

Lö
vb

ö
le

 o
p
en

 p
it

fe
ld
sp
ar

1
9
0
0
Fe
ld
 5
3
2
, Q

tz
 1
3
3

C
lo
se
d

H
aa
p
al
u
o
m
a

H
aa
p
al
u
o
m
a

 o
p
en

 p
it

fe
ld
sp
ar

6
8
5
4
6
2
Fe
ld
 2
1
4
8
0
7
, Q

tz
 1
1
9
3
8
7
.C

lo
se
d

P
er
u
sm

aa
 K
y

V
iit
an

ie
m
i

V
iit
an

ie
m
i

 o
p
en

 p
it

fe
ld
sp
ar
, q

u
ar
tz

1
2
0
6
0
0
Fe
ld
 8
5
3
7
7
, Q

tz
 1
7
0
2
6

C
lo
se
d

Le
m
n
äs

Le
m
n
äs

 o
p
en

 p
it

fe
ld
sp
ar
, q

u
ar
tz
, B

eO
3
7
8
0
0
Fe
ld
 1
4
8
0
5
, Q

tz
 6
3
0
, B

eO
 C
lo
se
d

K
aa
ti
al
a

K
aa
ti
al
a

 o
p
en

 p
it

fe
ld
sp
ar
, q

u
ar
tz
, N

b
, B

e
Li

5
1
6
1
8
8
Fe
ld
 1
5
1
5
4
2
, Q

tz
 4
4
0
4
0

C
lo
se
d

P
ih
la
ja
va
ar
a

P
ih
la
ja
va
ar
a

 o
p
en

 p
it

ka
o
lin

1
.2
 M

t 
@
 K
ao

l 3
0
 %

3
8
3
K
ao

l 3
8
3

C
lo
se
d

M
o
re
n
ia
 O
y

K
ap

te
en

in
au

ti
o

K
ap

te
en

in
au

ti
o

 o
p
en

 p
it

ky
an

it
e

1
0
8
.8
 M

t 
@
 K
ya
 1
3
.7
  %

2
0
0
0
0

C
lo
se
d

K
va
rt
si
la

K
in
ah

m
i

 o
p
en

 p
it

q
u
ar
tz

1
2
4
2
6

O
p
er
at
in
g

Si
b
el
co
 N
o
rd
ic
 O
y 
A
b

H
ie
kk
am

äk
i

H
ie
kk
am

äk
i

 o
p
en

 p
it

q
u
ar
tz

1
3
4
5
3
2
9
Q
tz
 1
0
5
8
5
1
0

C
lo
se
d

R
is
ti
m
aa

R
is
ti
m
aa

 o
p
en

 p
it

q
u
ar
tz

1
5
2
8
2
7
1
.9
9
Q
tz
 7
5
9
7
7
3
.5
8

O
p
er
at
in
g

SM
A
 M

in
er
al
 O
y

K
in
ah

m
i

K
in
ah

m
i

 o
p
en

 p
it

q
u
ar
tz

7
3
8
3
7
9
4
Q
tz
 5
5
4
3
5
8
4
.4

O
p
er
at
in
g

Si
b
el
co
 N
o
rd
ic
 O
y 
A
b

K
ie
ty
ö
n
m
äk
i

K
ie
ty
ö
n
m
äk
i

 o
p
en

 p
it

q
u
ar
tz
, s
p
o
d
u
m
en

e 
Ta
, S
n
, Q

tz
, N

b
0
.4
 M

t 
@
 L
iO
2
 1
.5
 %
, S
n
 1
6
0
 p
p
m
, T
a 
3
0
 p
p
m

2
4
Q
tz
 1
9

H
is
to
ri
c

Li
ti
u
m
lö
yd

ö
s 
O
y

H
ir
vi
ka
lli
o

H
ir
vi
ka
lli
o

 o
p
en

 p
it

q
u
ar
tz
, s
p
o
d
u
m
en

e 
Q
tz

0
.1
 M

t 
@
 L
iO
2
 1
.7
8
  %

2
4
Q
tz
 1
9

H
is
to
ri
c

Te
va
la
in
en

Te
va
la
in
en

 o
p
en

 p
it

sp
ec
tr
o
lit
e

3
6
8
5
Sp

ec
 3
6
8
5

O
p
er
at
in
g

p
ri
va
te
 e
n
te
rp
ri
se

Ti
p
as
jä
rv
i

Ti
p
as
jä
rv
i

 o
p
en

 p
it

su
lp
h
u
r

8
0
9
.9

S 
2
7
5
.3
6

C
lo
se
d

R
äs
va
ar
a

R
as
iv
aa
ra

 o
p
en

 p
it

su
lp
h
u
r,
 F
e

S
1
4
S 
5
.6

C
lo
se
d

O
tr
av
aa
ra

O
tr
av
aa
ra

 o
p
en

 p
it

su
lp
h
u
r,
 z
in
c

2
3
8
8
2
S 
9
8
9
6
.7

C
lo
se
d

To
ta
l 1

3
3
1
8
7
6
0
.8
4
 t

In
d
u
st
ri
al
 m

in
e
ra
l r
e
so
u
rc
e
s 
in
 s
ili
ca
te
 a
n
d
 o
th
e
r 
h
o
st
 r
o
ck
s

A
p
p
en

d
ix
 1
.2
 In

d
u
st
ri
al
 m

in
er
al
 r
es
o
u
rc
es
 a
n
d
 m

in
in
g 
o
p
er
at
io
n
s 
in
 F
in
la
n
d
 (
co
n
ti
n
u
ed

)

Appendix 1.2 Industrial mineral resources and mining operations in Finland

Page 60 of 97



D
e
p
o
si
t 
n
am

e
A
lt
e
rn
at
iv
e
 n
am

e
R
e
so
u
rc
e
 t
yp

e
M
ai
n
 m

e
ta
l a
n
d
 m

in
e
ra
l 

co
m
m
o
d
it
ie
s 

Se
co
n
d
ar
y 
co
m
m
o
d
it
ie
s 
 

re
co
ve

re
d
 

R
e
so
u
rc
e
s 
to
ta
l

To
ta
l o

re
 m

in
e
d
 

(t
o
n
n
e
s)

C
u
m
u
la
ti
ve

 r
e
p
o
rt
e
d
 

m
e
ta
l p

ro
d
u
ct
io
n
 

(t
o
n
n
e
s)

C
u
rr
e
n
t 
st
at
u
s

C
u
rr
e
n
t 
o
p
e
ra
to
r 
o
r 
le
ga
cy
 o
w
n
e
r

Li
m
b
er
g‐
Sk
rä
b
b
ö
le

Li
m
b
er
g‐
Sk
rä
b
b
ö
le

 o
p
en

 p
it

ca
lc
it
e

1
0
5
5
8
3
9
8
3
C
al
 1
0
5
5
8
3
9
8
3

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

G
en

b
ö
le

G
en

b
ö
le

 o
p
en

 p
it

ca
lc
it
e

W
o
l

6
.7
3
6
 M

t 
@
 C
al
 6
8
.8
  %

1
1
5
6
5
C
al
 1
1
5
6
5

H
is
to
ri
c

M
u
st
io

M
u
st
io

 o
p
en

 p
it

ca
lc
it
e

1
1
5
6
8
7
9
7
C
al
 1
1
5
9
3
3
7
8

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

H
yy
p
iä
m
äk
i

H
yy
p
iä
m
äk
i

 o
p
en

 p
it

ca
lc
it
e

1
7
 M

t 
@
 C
al
 7
6
 %

1
2
3
4
5
9
3
C
al
 1
2
3
4
5
9
3

O
p
er
at
in
g

Sa
lo
n
 M

in
er
aa
li 
O
y

Ill
o

Ill
o

 o
p
en

 p
it

ca
lc
it
e

1
2
.8
6
3
 M

t 
@
 C
al
 7
7
.4
  %

1
3
9
5
6
0
.6

C
al
 1
3
9
5
6
0
.6

C
lo
se
d

Lä
h
te
en

o
ja

K
al
kk
im

äk
i

 o
p
en

 p
it

ca
lc
it
e

D
o
l, 
M
rb
l, 
W
o
l

9
.6
 M

t 
@
 C
al
 7
1
.0
8
 %
, M

rb
l 1
0
0
 %
, W

o
l 2
.8
4
  %

1
8
0
0
0
C
al
 1
8
0
0
0

C
lo
se
d

R
em

o
n
m
äk
i

R
em

o
 o
p
en

 p
it

ca
lc
it
e

W
o
l, 
D
o
l

4
.3
9
7
 M

t 
@
 C
al
 6
9
.3
7
8
 %
, W

o
l 3
.3
7
 %
, D

o
l 1
.2
9
  %

2
7
C
al
 2
7

H
is
to
ri
c

Jä
rv
en

ky
lä

Jä
rv
en

ky
lä

 o
p
en

 p
it

ca
lc
it
e

2
.9
5
2
 M

t 
@
 C
al
 8
2
.2
6
  %

3
7
3
5
0
C
al
 3
7
3
5
0

H
is
to
ri
c

Ty
ty
ri

Ty
ty
ri

 u
n
d
er
gr
o
u
n
d
 m

in
e

ca
lc
it
e

3
8
6
5
5
7
2
6
C
al
 3
8
6
4
8
7
2
5

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

Ä
kä
sj
o
en

su
u

Ä
kä
sj
o
en

su
u

 o
p
en

 p
it

ca
lc
it
e

4
4
0
3
4
8
8
C
al
 4
3
9
7
6
2
5

C
lo
se
d

N
o
rd
ka
lk
 O
yj
 A
b
p

H
aa
p
an

ie
m
i‐
ka
lk
ki

H
yy
p
iä
m
äk
i

 o
p
en

 p
it

ca
lc
it
e

1
7
 M

t 
@
 C
al
 7
6
 %

4
5
0
C
al
 4
5
0

H
is
to
ri
c

Sa
lo
n
 M

in
er
aa
li 
O
y

Si
p
o
o

Si
p
o
o

 o
p
en

 p
it

ca
lc
it
e

D
o
l

6
3
1
1
8
9
5
C
al
 6
3
1
2
4
5
9

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

Ih
al
ai
n
en

Ih
al
ai
n
en

 o
p
en

 p
it

ca
lc
it
e

7
0
9
6
2
0
3
0
.6
5
C
al
 7
0
1
6
3
5
2
3
.6
2
, W

o
l 7
1
3O

p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

Fö
rb
y

Fö
rb
y

 o
p
en

 p
it

ca
lc
it
e

8
5
0
6
4
5
8
C
al
 8
7
6
0
8
8
4

C
lo
se
d

R
u
o
ko

jä
rv
i

R
u
o
ko

jä
rv
i

 o
p
en

 p
it

ca
lc
it
e,
 d
o
lo
m
it
e

1
3
7
0
0
4
9
8
C
al
 1
3
7
3
1
2
8
5

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

H
er
m
al
a‐
ka
lk
ki

H
er
m
al
a

 o
p
en

 p
it

ca
lc
it
e,
 z
in
c

C
u
, P

b
, A

g,
 F
e

9
0
0
0
C
al
 9
0
0
0

H
is
to
ri
c

V
al
kj
är
vi

K
u
o
vi
la

 o
p
en

 p
it

ca
lc
it
e,
 z
in
c,
 w
o
lla
st
o
n
it
e,
 d
o
l o
P
b
, C

u
, A

g
8
7
.8
1
 M

t 
@
 C
al
 7
3
.1
1
3
 %
 +
 1
0
5
0
0
 t
 @

 Z
n
 1
.4
3
 %
,

2
7
9
0
C
al
 2
7
9
0

H
is
to
ri
c

K
u
o
vi
la
 L
im

es
to
n
e 
O
y

R
ee

ti
n
n
ie
m
i

R
ee

ti
n
n
ie
m
i

 o
p
en

 p
it

d
o
lo
m
it
e

C
al
, M

rb
l

1
1
4
3
9
1
3
D
o
l 1
1
4
8
9
7
0

O
p
er
at
in
g

Ju
u
an

 D
o
lo
m
iit
ti
ka
lk
ki
 O
y

R
u
o
ko

la
n
va
ar
a

R
u
o
ko

la
n
va
ar
a

 o
p
en

 p
it

d
o
lo
m
it
e

1
2
0
0
0
D
o
l 1
2
0
0
0

O
p
er
at
in
g

A
h
o
la

A
h
o
la

 o
p
en

 p
it

d
o
lo
m
it
e

1
2
2
6
7
4
D
o
l 1
2
2
6
7
4

C
lo
se
d

N
o
rd
ka
lk
 O
yj
 A
b
p

A
h
o
la

A
h
o
la

 o
p
en

 p
it

d
o
lo
m
it
e

1
2
2
6
7
4
D
o
l 1
2
2
6
7
4

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

Si
iv
ik
ka
la

Si
iv
ik
ka
la

 o
p
en

 p
it

d
o
lo
m
it
e

2
7
6
3
2
2
D
o
l 2
7
6
3
2
2

C
lo
se
d

N
o
rd
ka
lk
 O
yj
 A
b
p

A
n
ke
le

A
n
ke
le

 o
p
en

 p
it

d
o
lo
m
it
e

M
rb
l

2
8
2
5
8
6
0
D
o
l 2
8
4
5
9
7
5

O
p
er
at
in
g

SM
A
 M

in
er
al
 O
y

V
es
te
rb
ac
ka

R
yy
ti
m
aa

 o
p
en

 p
it

d
o
lo
m
it
e

C
al

2
9
6
0
3
9
D
o
l 6
8
0
2
7
4
4

C
lo
se
d

N
o
rd
ka
lk
 O
yj
 A
b
p

P
u
tk
in
o
tk
o

P
u
tk
in
o
tk
o

 o
p
en

 p
it

d
o
lo
m
it
e

C
al

3
6
4
7
4
0
5
D
o
l 3
7
1
8
9
0
6
, C

al
 5
3
6
9
5

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

M
o
n
to
la

M
o
n
to
la

 o
p
en

 p
it

d
o
lo
m
it
e

3
6
8
4
5
8
9
D
o
l 3
7
5
0
2
2
0

C
lo
se
d

M
at
ar
a

M
at
ar
a

 o
p
en

 p
it

d
o
lo
m
it
e

3
9
4
3
4
5
D
o
l 3
9
4
3
4
5

O
p
er
at
in
g

Ju
u
an

 D
o
lo
m
iit
ti
ka
lk
ki
 O
y

In
d
u
st
ri
al
 m

in
e
ra
ls
 in

 (
m
e
ta
m
o
rp
h
o
se
d
 c
ry
st
al
lin

e
) 
ca
rb
o
n
at
e
 r
o
ck
s

A
p
p
en

d
ix
 1
.2
 In

d
u
st
ri
al
 m

in
er
al
 r
es
o
u
rc
es
 a
n
d
 m

in
in
g 
o
p
er
at
io
n
s 
in
 F
in
la
n
d
 (
co
n
ti
n
u
ed

)

Appendix 1.2 Industrial mineral resources and mining operations in Finland

Page 61 of 97



D
e
p
o
si
t 
n
am

e
A
lt
e
rn
at
iv
e
 n
am

e
R
e
so
u
rc
e
 t
yp

e
M
ai
n
 m

e
ta
l a
n
d
 m

in
e
ra
l 

co
m
m
o
d
it
ie
s 

Se
co
n
d
ar
y 
co
m
m
o
d
it
ie
s 
 

re
co
ve

re
d
 

R
e
so
u
rc
e
s 
to
ta
l

To
ta
l o

re
 m

in
e
d
 

(t
o
n
n
e
s)

C
u
m
u
la
ti
ve

 r
e
p
o
rt
e
d
 

m
e
ta
l p

ro
d
u
ct
io
n
 

(t
o
n
n
e
s)

C
u
rr
e
n
t 
st
at
u
s

C
u
rr
e
n
t 
o
p
e
ra
to
r 
o
r 
le
ga
cy
 o
w
n
e
r

Si
ik
ai
n
en

O
ta
m
o

 o
p
en

 p
it

d
o
lo
m
it
e

4
6
4
9
9
2
9
D
o
l 4
6
4
9
9
2
9

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

R
yy
ti
m
aa

R
yy
ti
m
aa

 o
p
en

 p
it

d
o
lo
m
it
e

C
al

6
9
7
2
1
9
7
D
o
l 6
9
7
2
1
9
7

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

Le
p
p
ik
an

ga
s

Le
p
p
ik
an

ga
s

 o
p
en

 p
it

d
o
lo
m
it
e

5
 M

t 
@
 D
o
l 1
0
0
 %

7
4
4
D
o
l 2
7

U
n
d
er
 d
ev
el
o
p
m
en

t
Ju
u
an

 D
o
lo
m
iit
ti
ka
lk
ki
 O
y

K
al
kk
im

aa
K
al
kk
im

aa
 o
p
en

 p
it

d
o
lo
m
it
e

7
5
0
 M

t 
@
 D
o
l 1
0
0
 %

7
5
8
7
7
3
5
D
o
l 7
8
8
8
9
0
0

O
p
er
at
in
g

SM
A
 M

in
er
al
 O
y

M
at
ku

sj
o
ki

M
at
ku

sj
o
ki

 o
p
en

 p
it

d
o
lo
m
it
e,
 c
al
ci
te

7
9
1
3
1
3
D
o
l 7
9
1
3
1
3

O
p
er
at
in
g

N
o
rd
ka
lk
 O
yj
 A
b
p

R
an

ta
m
aa

R
an

ta
m
aa

 o
p
en

 p
it

d
o
lo
m
it
e,
 m

ar
b
le

3
3
2
0
1
D
o
l 1
3
1
0
4
, M

rb
l 2
0
0
9
7

C
lo
se
d

SM
A
 M

in
er
al
 O
y

Yb
b
er
n
äs

Yb
b
er
n
äs

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

1
1
3
7
0
7
0
R
w
o
o
l 1
0
9
3
0
1
1

O
p
er
at
in
g

P
ar
o
c 
O
y 
A
b

Le
h
la
m
p
i

Le
h
la
m
p
i

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

1
3
1
5
8
4
6
R
w
o
o
l 1
1
1
5
6
9
1

O
p
er
at
in
g

P
ar
o
c 
O
y 
A
b

Jo
u
ts
en

en
la
m
p
i

Jo
u
ts
en

en
la
m
p
i

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

2
6
7
7
7
9
8
R
w
o
o
l 2
1
9
0
8
9
3

O
p
er
at
in
g

P
ar
o
c 
O
y 
A
b

M
u
st
am

äk
i

M
u
st
am

äk
i

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

4
7
9
8
5
0
R
w
o
o
l 4
7
9
8
5
0

C
lo
se
d

R
u
d
u
s 
O
y

M
et
sä
si
an

n
ie
m
i

M
et
sä
si
an

n
ie
m
i

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

4
9
7
5
1
6
R
w
o
o
l 4
9
7
5
1
6

C
lo
se
d

P
ar
o
c 
O
y 
A
b

V
an

h
as
u
o

V
an

h
as
u
o

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

6
7
2
0
9
5
R
w
o
o
l 6
3
5
4
9
1

O
p
er
at
in
g

P
ar
o
c 
O
y 
A
b

Sa
lli
tt
u

Sa
lli
tt
u

 o
p
en

 p
it

m
at
er
ia
l f
o
r 
ro
ck
 w
o
o
l

9
9
5
5
3
7
R
w
o
o
l 9
7
3
4
1
2

O
p
er
at
in
g

P
ar
o
c 
O
y 
A
b

To
ta
l 3

0
1
4
8
2
8
6
3
.3
 t

A
p
p
en

d
ix
 1
.2
 In

d
u
st
ri
al
 m

in
er
al
 r
es
o
u
rc
es
 a
n
d
 m

in
in
g 
o
p
er
at
io
n
s 
in
 F
in
la
n
d
 (
co
n
ti
n
u
ed

)
In
d
u
st
ri
al
 m

in
e
ra
ls
 in

 (
m
e
ta
m
o
rp
h
o
se
d
 c
ry
st
al
lin

e
) 
ca
rb
o
n
at
e
 r
o
ck
s 
(c
o
n
ti
n
u
e
d
)

Appendix 1.2 Industrial mineral resources and mining operations in Finland

Page 62 of 97



Appendix A2: Global rock / mineral resources 

In assessing the potential reactive mineral resources available for carbonation of CO2, it is instructive 

to note parallels with sequestration by injection in sedimentary basins. This conventional CCS approach 

has been the subject of extensive research, with numerous studies of national and global estimates of 

the  dimensions  and  physical  and  chemical  characteristics  of  potential  repositories.  This  has  been 

possible drawing on the detailed information and reservoir modelling acquired during petroleum and 

gas  exploration,  with  the  additional  economic  incentives  associated  with  enhanced  recovery  and 

access  to  existing  infrastructure.  However,  there  will  be  many  basins  with  favourable  storage 

characteristics  which  can  be  excluded  from  consideration,  being  too  remote  from  economically 

feasible exploration and production, or from industrial CO2 emissions sources.  

Explanatory note to Appendix A2 

The compilation of mafic and ultramafic rocks in Appendix 2 is preliminary and far from complete; the 

enormity of the task of collecting and verifying data nationally, and from individual mining operations 

is beyond the scope of this review. Moreover, the focus of this review has been on the potential for 

CCUS with respect to tailings, rather than sequestration in reactive bedrock reservoirs. Ultimately, a 

useful  global  inventory of potentially  reactive  rocks and mine  tailings  for mineral  carbonation also 

needs to be realistically constrained by meeting the following criteria: 

1. Feasibility of reaction progress, from a mineralogical and chemical thermodynamic and reaction rate

viewpoint. This requires both experimental mineral studies and where possible, evaluation of evidence

for carbonation occurring through natural weathering processes in regolith environments and also in

anthropogenic mine tailings

2. Accessibility,  for  example  whether  reactive materials  are  present  as  relatively  permeable mine

tailings or leaching of porous formations, or whether the process would incur energy penalties through

the need for crushing intact rock (and whether this would be done in conjunction with existing mining

operations, or exclusively for the purpose of carbonation).

3. Proximity  to  anthropogenic  sources  of  CO2  for  effective  greenhouse  gas  mitigation  –  both

environmentally and economically

4. Identification of processing pathways and products for commercial carbonate‐based products for

industrial and construction, which provide the dual benefit of reducing emissions and additional value

to mining and metallurgical operations.

The focus of this review has been on carbonation in mine tailings and more particularly, tailings from 

mining operations  in Mg‐rich geological environments. As discussed in the Chapters 2 and 3 of this 

report, the potential for in situ carbonate precipitation in tailings, whether abiotically or microbially 

mediated, has been investigated and is demonstrably significant in some abandoned and operating 

mines,  as  reviewed  here  in  Chapter.  Likewise,  natural  carbonate  precipitation  processes,  notably 

calcium carbonate caliche and nodular cryptocrystalline magnesite, occur during weathering in tropical 

and arid environments and may also volumetrically significant,  though rates of  formation have not 

been quantified.  

Weathering  of  serpentinites  in  tropical  environments  can  also  generate  significant  amounts  of 

cryptocrystalline magnesite – the best known example being the Kunwara nodular magnesite deposit 

in northeastern Australia. 
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There  are  four  broad  categories  of  geological  environments  and  processes  within  which  Mg‐rich 

silicate rocks maybe classed. The data in Appendix A2 are separated accordingly, where possible, even 

though the categories are not mutually exclusive: 

1. Large igneous basaltic provinces, or large igneous provinces (LIPs) 

These occur as extensive outpourings of basaltic lava (MgO contents approximately 4‐8%), although 

early  in Earth´s history,  komatiitic  lavas with higher MgO contents  (11‐23%) were abundant.  Large 

volume eruptions may occur within relatively short periods of time geologically (1‐2 million years) and 

cover hundreds of thousands of square kilometers; individual flows maybe 10‐100 meters thick but 

cumulatively theymay attain several kilometers total thickness large 

2. Greenstone belts or other mafic terrains 

These are characteristic of older terrains, in which many so‐called greenstones may have originated as 

submarine  or  subaerial  flood  basalt  provinces.  Due  to  complex  geological  history,  the  original 

mineralogy is commonly hydrothermal alteration; for example olivine is typically serpentinzed. These 

terrains are typically highly mineralized, with Au, Ni, PGE being particularly significant.    

3. Mafic‐ultramafic layered intrusive complexes 

These  typically  form  sheet‐like  bodies  that  have  intruded  at  various  depths  in  the  Earth´s  crust, 

typically in rifted environments during incipient breakup of diverging plate boundaries. Chemical and 

mineralogical differentiation during crystallization leads to compositional layering with accumulation 

of very Mg‐rich phases (5‐15%). Many of these intrusions are also economically significant, particularly 

for  Ni,  Co,  Cr  PGE.  In  continental  settings,  intrusions  tend  to  have  lower  MgO  contents  and  are 

characteristically associated with Fe, Ti and V and REE mineralization.  

Most of the data in Appendix 2 relates to these kinds of intrusions and is substantially derived from a 

recent global review compiled by Smith and Maier (2021) continental plates or at oceanic spreading 

ridges.   

4. Mafic‐ultramafic ophiolitic complexes 

These terrains represent fragments of oceanic crust and lithosphere, or in some cases deep continental 

lithosphere which have been  tectonically emplaced  into continental environments. Peridotites and 

serpentinites in these complexes may have MgO contents between 25‐38%, if they represent residual 

compositions following extraction of other silicates during successive melting events. These terrains 

are  also  important with  respect  to  Cu,  Co, Ni mineralization  and  hydrothermal  alteration  has  also 

resulted in the formation of asbestos and talc deposits. These terrains are therefore some of the most 

ideal for combi mining and mineral carbonation. 

Within the tables, highlighting by bold text and gray shading refers to occurrences where there has 

been active mining and hence potential for establishing whether tailings are of sufficient volume and 

quality for CCU. 

National or provincial estimates of maximum theoretical carbonation capacity are unfortunately rather 

crude; calculations are based on area of  the geological complex multiplied by depth  (with a  rather 

generous maximum cutoff of 2 km), in turn multiplied by the approximate MgO percentage, if available 

(typically 8‐15%), with a final approximation based on a density of 3 kg/m3 (which is also a rather high 

value, given that serpentinite typically has a density in the range 2.65‐2.67 kg/m3.
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Appendix A3:  Review articles from 2016 

Selected (recent) references to additional information regarding global mineral carbonation 

potential 

Ref  Information  Comment 

[1]  Table 3. Australia’s mineral resources and 
potential of its mining waste for carbon 
capture and storage (CCS) by mineral 
carbonation 

Carbonation capacity not estimated, 
but estimates of world production 
capacity of various mineral resources 
provided 

[2]  Table 1. Example of worldwide super‐large 
sites potentially available for ex situ mineral 
carbonation with an attempt of prioritization. 

Examples of worldwide source sink 
matching. Distances between source 
and sink estimated. 

[3]  Table 3. Global abundance and carbonation 
potential of industrial wastes. 

Overall global mineral carbonation 
potential estimated, but not for 
natural minerals / mine tailings 

[4]  Supplementary information 7. Estimated 
material suitability (CO2 (Mt) converted to 
alkalinity per 1 Mt of tailings), Annual tailings 
production (ATPX) and annual CDR [large scale 
CO2 removal] capacity of selected commodity‐
hosting silicate deposit types. 

Combined with Figure 1, the 
supplementary material gives an 
good overview of global mine tailings 
potential for mineral carbonation. 

[1] Azadi,  M.,  Edraki,  M.,  Farhang,  F.,  Ahn,  J.  2019,  “Opportunities  for  Mineral  Carbonation  in
Australia’s Mining Industry” Sustainability 11(5); 1250, doi: 10.3390/su11051250

[2] Bodénan, F., Bourgeois, F., Petiot, C., Augé, T., Bonfils, B., Julcour‐Lebigue, C. 2014. “x situ mineral
carbonation  for  CO2  mitigation:  Evaluation  of  mining  waste  resources,  aqueous  carbonation
processability and life cycle assessment (Carmex project), Miner. Eng. 59 (2014) 52–63.

[3] Woodall,  C.M.,  McQueen,  N.,  Pilorgé,  H.,  Wilcox,  J.  2019  Utilization  of  mineral  carbonation
products: current state and potential, Greenh Gas Sci Technol. 9; 1096–1113 doi: 10.1002/ghg.1940

[4] Bullock, L.A., James, R.H., Matter, J., Renforth, P., Teagle, D.A. 2021. Global Carbon Dioxide Removal
Potential  of  Waste  Materials  from  Metal  and  Diamond  Mining.  Front.  Clim.,  28  July  2021
https://doi.org/10.3389/fclim.2021.694175
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Appendix A4: The ÅA routes 

Research at Åbo Akademi Univ. (ÅA) in Turku, Finland since 2005 has resulted in five different varieties 

of what is referred to in the literature referred to as the “ÅA route”. In most cases the first or, less 

commonly, the second variety of these routes is referred to. The preferable input rock is serpentinite, 

containing  primarily  serpentine,  3MgO∙2SiO2∙2H2O,  or  Mg3Si2O5(OH)4  besides  some  other  species, 

primarily iron oxides/silicates. 

In short, the first route implies extraction of Mg from serpentinite using ammonium sulfate (AS) flux 

salt in a rotary kiln at 400 ‐ 450°C, giving water‐soluble magnesium sulfate MgSO4 which, after removal 

of iron oxyhydroxide FeOOH is converted into magnesium hydroxide Mg(OH)2. The latter is carbonated 

to give magnesite MgCO3 in a pressurised fluidised bed (PFB) reactor at 500 – 520 °C, at a CO2 partial 

pressure  of  20  bar.  (Pressurisation  is  needed  since MgCO3  is  not  stable  above  approx.  410  °C  at 

atmospheric  pressure CO2;  a  higher  temperature  than  that  is  needed  for  sufficiently  fast  chemical 

kinetics.) Residence times for the two process steps are 30 min and 10‐15 min, respectively; note that 

for raising the pH in the aqueous solutions for FeOOH and Mg(OH)2 precipitation, the ammonia NH3 

released as vapour from the rotary kiln can be used. Recovery of (moist) AS from the solutions after 

Mg(OH)2  precipitation  is  accomplished  using  mechanical  vapour  concentration  and  drying.  After 

separation from silica product, unreacted rock  is returned to the extraction step. The development 

was  reported  in  the  doctoral    theses    of  Fagerlund1  and  Nduagu2  and  appended  papers  in  2012. 

Combined, this gives the first, ÅA1 route as schematically depicted in Figure 1.   

 

Figure 1: The first ÅA route, based on “dry” extraction of magnesium and “dry” carbonation 

Detailed  studies  addressed  the  processes  in  the  kiln  3  and  the  suitable  geochemistry/mineralogy/ 

petrology  of  magnesium  silicate  rock  for  this  process  4.  Approximately  30‐35%  of  the  heat 

requirements for the extraction step can be covered by the heat from the carbonation reactor. Follow‐

up work  focussing on energy  integration was  reported  in  the  theses by Romão  5  and  Slotte6  (with 

appended  publications).  The  latter  considered  processing  of  CO2‐containing  gas  without  pre‐

separation of CO2 and also included LCA. 

For cases where the disadvantages of complexity cannot motivate heat recovery from the carbonation 

step in a PFB, the carbonation process step can be carried out in an aqueous solution. This gives the 

process  scheme  as  simplified  in  Figure  2,  i.e.  the  ÅA2  route.  The  extraction  of  magnesium  and 

production of aqueous MgSO4 is identical to that described above for route ÅA1. However, it is not 
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possible to carbonate MgSO4 unless in alkaline solution for which again, the ammonia vapours from 

the magnesium extraction kiln can be used. After raising the pH to pH = 10.2 – 10.5 the solution allows 

for reaction with CO2 from a flue gas, giving a magnesium carbonate hydrate (MCH) MgCO3∙3H2O a.k.a. 

nesquehonite. Otherwise, as with the ÅA1 route an aqueous solution of AS is obtained that needs to 

be processed to give AS as a (moist) powder for re‐use. 

 

Figure 2: The second ÅA route, based on “dry” extraction of magnesium and “wet” carbonation 

For two case studies, namely a lime kiln and a natural gas – fired power plant (NGPP) a comparison of 

the routes has been published 7, while a summary of the results obtained at ÅA with the ÅA1 and ÅA2 

routes up to 2017 8 also introduces also the use of membrane separation methods, as outlined below. 

Following the proof‐of‐concept work  for  the ÅA1 and ÅA2 routes,  focus on  the recovery of AS salt 

resulted  in  assessments  based  around  membrane  separations  and  electrodialysis,  as  recently 

summarised in the doctoral thesis by Koivisto 9: 

 The aqueous solution containing dissolved sulfates of Mg, Fe and contaminants, after removal of 

unreacted rock and silica, contains a significant amount of dissolved ammonium bisulfate, ABS. 

This  derives  from  decomposition  of  the  excess  AS  (typically  15‐20%  depending  on  rock  iron 

content) in the kiln, giving ABS and ammonia vapour. Separating HSO4
‐ from SO4

2‐, an ABS stream 

can be removed and returned to the furnace for Mg extraction10. 

 The aqueous solution after carbonation of MgSO4 with added NH3 and CO2‐containing gas is an 

alkaline  solution  containing  mainly  AS.  This  can  be  processed  using  bipolar  membrane 

electrodialysis (BMED) into three streams 1) more concentrated AS, facilitating water removal, 2) 

water and 3) an NH4OH solution 11.  

 A conventional use of BMED for an aqueous AS solution would give sulphuric acid H2SO4 and an 

NH4OH solution as products. The first can be mixed with AS to give an ABS / AS mixture. 

As an outcome, a third, ÅA3 route was designed as schematically shown in Figure 3. It includes optional 

reverse osmosis (RO) membrane (pre‐) separation for the removal of water from the process flows. 
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Figure  3:  The  third  ÅA  route,  route  ÅA3,  based  on  “dry”  extraction  of  magnesium  and  “wet” 

carbonation, improved with membrane separation methods 

The above considerations led to work on extraction of Mg from serpentinite in an aqueous solution (at 

ambient or near ambient temperatures) containing a mixture of ABS and AS 12. Thus, in parallel with 

the above ÅA3 route a fourth ÅA4 route was suggested as shown in Figure 4.  

 

 

Figure  4:  The  fourth  ÅA  route,  route  ÅA4,  based  on  “wet”  extraction  of  magnesium  and  “wet” 

carbonation, improved with membrane separation methods 

This relies fully on BMED to produce the sulfuric acid for producing the ABS to be used with AS for Mg 

extraction using aqueous solutions, and the NH4OH solution for raising the pH for the MgSO4 solution 

in which the carbonation shall take place with the CO2‐containing gas. 
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As noted, the PFB carbonation reactor as part of the first ÅA route may not produce sufficient heat for 

primarily the extraction of Mg from serpentinite at 400‐450°C. A special case, though, occurs if high 

CO2 concentrations in the gas to be processed would motivate the use of a PFB carbonation reactor.  

Then membrane‐based technologies and considerations given above can be combined with the use of 

a PFB carbonator. This gives the most recent (2020) fifth ÅA4 process route as depicted in Figure 5. 

 

 

Figure 5: The fifth ÅA route, route ÅA5, based on “wet” extraction of magnesium and “dry” carbonation, 

improved with membrane separation methods 

More detail,  including a discussion on which ÅA route  if preferable  for given CO2 emission process 

characteristics is given elsewhere 13. 

While the ÅA1 and ÅA5 routes give magnesite as the carbonate product, the ÅA2, ÅA3 and ÅA4 routes 

give nesquehonite. One application developed and tested at ÅA, presented this year in the doctoral 

thesis  of  Erlund  14  is  the  use  of magnesium  carbonate  hydrate  (MCH)  for  seasonal  or  diurnal  TES 

(thermal energy storage). This suits the temperature range 0 – 60 °C based on the chemical conversion 

MgCO3∙3H2O (s) + 1 MJ/kg heat  MgCO3(s) + 3H2O(g). Silica gel mixed with the MCH can absorb/ 

desorb the water vapour during the heat storage/discharge stages.15  

The maturity of  all ÅA  routes  is  still  low  (TRL = 5), not having been  tested outside  the  laboratory. 

However, current work involves taking at least one of the selected routes to an industrial‐scale setting. 
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