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Supplementary Figure 1. Production forecasts for the iron and steel industry a. Global 

production of slag including estimates from the USGS 1, and b. the carbonation CO2 capture 

potential. Error bars represent the standard error from the range of pathways (for SSP1,3 

RCP2.6 and RCP 6.0 n = 4, for all others n = 5) 
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Supplementary Figure 2. Production forecasts for the cement industry a. The predicted 

absorption into cement (concrete and mortar) during service life and following demolition 

including the estimate from Xi et al., 2 for comparison, and b. the CO2 capture potential of 

cement kiln dust. Error bars represent the standard error from the range of pathways (for 

SSP1,3 RCP2.6 and RCP 6.0 n = 4, for all others n = 5) 
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Supplementary Figure 3 Production forecasts for bioenergy a. Total coal ash production 

(including from hard coal and lignite) including an estimate of contemporary production in the 

early 1990’s by Manz 3, and b. its associate carbonation potential. c. Total biomass energy 

ash/residue production, and d. its carbonation potential. Error bars represent the standard 

error from the range of pathways (for SSP1,3 RCP2.6 and RCP 6.0 n = 4, for all others n = 5) 
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Supplementary Figure 4 Production forecasts for the aluminium industry a. Red mud 

production estimates including an estimate of contemporary production in 2007 by Power et 

al., 4, and b. the carbonation potential of red mud. Error bars represent the standard error from 

the range of pathways (for SSP1,3 RCP2.6 and RCP 6.0 n = 4, for all others n = 5) 
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Supplementary Figure 5 Production forecasts for metal mining a. Ultrabasic mine tailings 

production estimates based on Ni laterite, Ni sulphide and PGM production. b. the carbonation 

potential of mine tailings. Error bars represent the standard error from the range of pathways 

(for SSP1,3 RCP2.6 and RCP 6.0 n = 4, for all others n = 5) 
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Supplementary Figure 6 CO2 capture potential through enhanced weathering The 

various baseline Shared Socioeconomic Pathways (SSPS) are shown for the range of alkaline 

materials to 2100. Error bars represent the standard error from the range of pathways (for 

SSP1,3 n = 4, for all others n = 5) 
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Supplementary Figure 7 Summary of economic and population projections a. future 

gross world product (GWP, PPP), b. population, c. and relative consumption used for driving 

the changes in material production. Error bars represent the standard error from the range of 

pathways (for SSP1,3 RCP2.6 and RCP 6.0 n = 4, for all others n = 5). The framework for 

Shared Socioeconomic Pathways (SSPs) and Representative Concentration Pathways 

(RCPs) 5, forecast future economic growth, population, and consumption were downloaded 

through the International Institute for Applied Systems Analysis web portal 

(https://tntcat.iiasa.ac.at/SspDb). Narratives associated with each future scenario are 

presented in 6, but are summarised as ‘sustainability’ (SSP1), ‘middle of the road’ (SSP2), 

‘regional rivalry’ (SSP3), ‘inequality’ (SSP4), and ‘fossil-fuelled development’ (SSP5). The 

framework pairs baseline SSPs with RCPs 5. Here we evaluate the alkaline material production 

potential of each of these SSPs and the mean value of the associated RCPs. 
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Supplementary Figure 8 Aqueous species of elements that may react with CO2 a. 

magnesium, b. calcium, c. sulphur, d. phosphorus, e. aluminium, and f. iron. The pH 

dependent distributions at 25°C are shown in Supplementary Figure 2, which was generated 

using the geochemical modelling software PHREEQC v2 7 and the associated the database 

file phreeqc.dat at standard temperature and pressure. The distribution of aqueous species of 

iron was further constrained by assuming the redox conditions within the solution were 

influenced by contact with atmospheric O2 in which  ~𝑝𝑒 = 19 − 𝑝𝐻. 
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Supplementary Figure 9 Variation in the coefficients used to calculate 

carbonation/enhanced weathering potential A value greater than zero increases the 

material carbon sequestration potential whereas a value less than zero reduces it. The value 

over the range of the dissolution environment pH is shown at standard temperature and 

pressure. Note for Na2O and K2O the coefficients ε and θ are = 1 for pH<12.  
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Supplementary Table 1 A summary of lime use in the US1 and EU12 

Product 

US 
(1993-
2015) 

EU 
(2013) 

Consequences of use 

Fertilizer/ agricultural 
lime 

0.2 3 
Reaction with CO2 (and other soil acids 
for pH regulation)* 

Glass 0.8 

14 

Reaction with silica and other cations 
(mainly Na) to produce a silicate glass. 
Potential for post use carbonation. 

Paper and pulp 4.7 
Reaction with Na2CO3 to produce CaCO3 
and NaOH in the Kraft Process** 

Precipitated calcium 
carbonate 

5.2 Reaction with CO2* 

Sugar refining 3.8 
pH regulation and includes reaction with 
organic carbon compounds and 
impurities.** 

Steel and iron 29.7 38 As a fluxing agent, ultimately ending up as 
a component of slag Nonferrous metallurgy 5.7 - 

Asphalt 1.5 

18 

Reacts with the surface of silicate 
aggregates and organic acids in bitumen 
to stabilise an strengthen the asphalt. 

Building uses + Other 1.9 
As lime wash or lime mortars. Potential to 
carbonate as part of life-cycle* 

Soil stabilization 6.5 

Hydration (resulting in soil drying), and 
reaction with clays to produce calcium 
silicate hydrates. Some carbonation is 
also likely.* 

Flue gas 17.2 

16 

Reaction with acid gasses to produce 
calcium sulphate minerals. Some 
carbonation is likely. 

Sludge treatment: 1.7 
Used to increase temperature and pH to 
disinfect prior to spreading on land. 
Potentially will carbonate in soils.* 

Water treatment: AMD 0.8 
Reaction with sulphuric acid in mine 
waters. 

Drinking water 5.0 
For pH regulation and precipitation of 
carbonate.* 

Waste water 2.0 For neutralising acid waters. 

* Activities involving the reaction of lime (quicklime or hydrated lime) with CO2 to produce 
carbonates, these have been included in this model (approximately 20% of lime 
production). 
**Activities that promote reaction with CO2 that was derived from biomass. There is 
potential to incorporate this into biomass energy carbon capture and storage, but has 
been excluded from this model. 
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Supplementary Table 2 The values used for calculating the emissions intensity of alkaline 
materials 

Material Current 
emissions (kgCO2 
functional unit-1) 

Future emissions 
(kgCO2 functional 
unit-1) 

Functional 
unit 

functional units 
t-1 of material 

Iron and steel 
slag 

220010 900 – 1400 (2030) 
500 – 800 (2050) 
200 – 500  
(5359† - 21003*) 

tonne steel 5.41 

Ordinary portland 
cement 

80010 400 – 600 (2030) 
200 – 400 (2050) 
100 – 200 (2100)3* 

tonne 
cement 

1 

Cement kiln dust 8.711 

Lime 785 (lime)12 
~1000 (rounded) 

80% reduction in 
current ~ 200 

tonne lime 1 

Ultrabasic mine 
tailings 

2100 13 - tonne nickel 0.004 - 0.01214 

Coal ash 96015 96 – 12515** MWh (coal) 2115,16 

Biomass ash 1817 -600 to -1,40017*** MWh 
(bioenergy) 

2718–22 

Red mud 18,00023 3,600 (80% on 
current)24 

tonne 
aluminium  

0.31 

*using pre-commercial technologies – carbon capture and storage and decarbonised power 
**includes oxyfuel. 
***The range for biopower with carbon capture and storage 
†Includes the integration of H2 within the lifecycle of steel making 

 

Supplementary Table 3 The regression parameters for aluminium, cement, lime, nickel, 
PGM and steel 

Material Saturation value 
(kg person-1):  a 

b Log m r 

Aluminium 21.5 ± 1.8 -4531.7 ± 841.7 -4.046 -1.96 x 10-4 ± 6.80 x 10-6 

Cement 509.6 ± 26.4 -2562.5 ± 527.6 -4.000 -6.08 x 10-5 ± 1.24 x 10-6 

Lime 62.9 ± 2.4 -1040.4 ± 233.1 -3.699 -2.17 x 10-4 ± 4.33 x 10-7 

Nickel 2.7 ± 0.3 -3667.7 ± 1520.9 -4.222 -2.91 x 10-4 ± 9.81 x 10-7 

PGM 1.4 x 10-3 ± 1.5 x 10-4 -18090.0 ± 2843.0 -4.523 -6.85 x 10-4 ± 5.59 x 10-6 

Steel 463.1 ± 7.9 -2864.0 ± 117.9 -4.046 -1.44 x 10-4 ± 1.21 x 10-6 

 

Supplementary Table 4 The parameters used in absorption model of CO2 into concrete during service life 

 Type/ class  
ki (mm 
yr-0.5) 

di 
(mm) 

Total 
thick. 
(mm) 

Concrete 
use (%) Ai (m2) Vi (m3) 

Ci (kg 
m-3) 

Wi 
(kg) 

Vi yr-

0.5 

(m3) 

Wi 

(kg 
yr-0.5) 

Public 4.35 29.4 300 0.1 3.33 0.0980 217.4 2.13 0.015 0.315 

Dam, power station, 
dock and infrastructure 3.66 24.7 225 0.1 4.44 0.1097 247.9 2.72 0.016 0.403 

Railway, Road, tunnel, 
and bridge 4.05 27.3 160 0.3 6.25 0.1709 236.9 12.15 0.025 1.799 

C+I 4.37 29.5 160 0.2 6.25 0.1843 217.5 8.02 0.027 1.188 

Residential Buildings 4.15 28.1 200 0.3 5.00 0.1403 223.0 9.38 0.021 1.389 

Parameters simplified from2  
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Supplementary Table 5 A summary of parameters used in Monte Carlo simulation 

 Variable Distribution Baseline alpha beta Mode Max Min 

Clinker to cement rate  Weibull 0.9 25 91       

CaO Content in Clinker Triangular 0.65     0.65 0.67 0.6 

Proportion of 
Conversion Concrete Weibull 0.8 25 86       

Proportion of 
Conversion Mortar Weibull 0.8 20 92       

Service Life  Weibull 50 3 50       

Parameters simplified from2 
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Supplementary Table 6 The carbonation reactions of minerals typically found in alkaline materials 

Mineral Formula Material ΔGf (kJ 
mol-1) 

Carbonation reaction ΔGf (kJ 
mol-1) 

ΔGf(n) * 
(kJ 
mol-1) 

Anorthite8 CaAl2Si2O8 S -4007.9 
𝐶𝑎𝐴𝑙2Si2O8 + 𝐶𝑂2 + 2𝐻2𝑂 → 𝐶𝑎𝐶𝑂3 + 𝐴𝑙2Si2O5(𝑂𝐻)4 

-59.5 -59.5 

‘Belite’/ Larnite8 Ca2SiO4 S,C -2191.2 
𝐶𝑎2SiO4 + 2𝐶𝑂2 + 2𝐻2𝑂 → 2𝐶𝑎𝐶𝑂3 + 𝐻4𝑆𝑖𝑂4 

-130.7 -65.4 

Brucite8 Mg(OH)2 S -833.5 
𝑀𝑔(𝑂𝐻)2 + 𝐶𝑂2 →  𝑀𝑔𝐶𝑂 3 + 𝐻2𝑂 

-48.7 -48.7 

Diopside MgCaSi2O6 M -3036.6 
𝑀𝑔𝐶𝑎𝑆𝑖2O6 + 2𝐶𝑂2 + 4𝐻2𝑂 → 𝐶𝑎𝐶𝑂3 + 𝑀𝑔𝐶𝑂3 + 2𝐻4𝑆𝑖𝑂4 

-19.9 -9.9 

Forsterite8 Mg2SiO4 M, S -2053.6 
Mg2SiO4 + 2𝐶𝑂2 +  2𝐻2𝑂 → 2𝑀𝑔𝐶𝑂3 + 𝐻4𝑆𝑖𝑂4 

-70.3 -35.1 

Gehlenite8 Ca2Al2SiO7 S -3808.7 
𝐶𝑎2𝐴𝑙2SiO7 + 2𝐶𝑂2 + 5𝐻2𝑂 → 2𝐶𝑎𝐶𝑂3 + 2𝐴𝑙(𝑂𝐻)3

+ 𝐻4𝑆𝑖𝑂4 

-111.6 -55.8 

Jennite-type (hydrated 
cement gel)9 

Ca9Si6O18(OH)6 
8H2O 

C -13644.4 
𝐶𝑎9Si6O18(𝑂𝐻)6 ∙ 8𝐻2𝑂 + 9𝐶𝑂2 + 𝐻2𝑂 → 9𝐶𝑎𝐶𝑂3

+ 6𝐻4𝑆𝑖𝑂4 

-662.4 -73.6 

Lime8 CaO S, L, C -603.1 
𝐶𝑎𝑂 + 𝐶𝑂2 →  𝐶𝑎𝐶𝑂 3 

-141.0 -141.0 

Merwinite8 Ca3Mg(SiO4)2 S -4339.4 
𝐶𝑎3Mg(SiO4)2 + 4𝐶𝑂2 +  4𝐻2𝑂 → 3𝐶𝑎𝐶𝑂3 +  𝑀𝑔𝐶𝑂3

+ 2𝐻4𝑆𝑖𝑂4 

-205.3 -51.3 

Periclase8 MgO S -569.2 
𝑀𝑔𝑂 + 𝐶𝑂2 →  𝑀𝑔𝐶𝑂 3 

-75.9 -75.9 

Portlandite8 Ca(OH)2 S, L, C -898.4 
𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 →  𝐶𝑎𝐶𝑂 3 + 𝐻2𝑂 

-82.8 -82.8 

Rankinite8 Ca3Si2O7 S, C -3748.1 
𝐶𝑎3Si2O7 + 3𝐶𝑂2 + 4𝐻2𝑂 → 3𝐶𝑎𝐶𝑂3 + 2𝐻4𝑆𝑖𝑂4 

-151.5 -50.5 

Tobermorite-type 
(hydrated cement gel)9 

Ca5Si6O12(OH)10 
3H2O 

C -10466.4 
𝐶𝑎5Si6O12(𝑂𝐻)10 ∙ 3𝐻2𝑂 + 5𝐶𝑂2 + 4𝐻2𝑂 → 5𝐶𝑎𝐶𝑂3

+ 6𝐻4𝑆𝑖𝑂4 

-626.8 -125.4 

Tricalcium aluminate Ca3Al2(OH)12 R, C -5019.3 
𝐶𝑎3𝐴𝑙2(OH)12 + 3𝐶𝑂2  → 3𝐶𝑎𝐶𝑂3 + 2𝐴𝑙(𝑂𝐻)3 + 3𝐻2𝑂 

-234.1 -78.0 

Wollastonite8 CaSiO3 S, C -1549.9 
𝐶𝑎SiO3 + 𝐶𝑂2 + 2𝐻2𝑂 → 𝐶𝑎𝐶𝑂3 + 𝐻4𝑆𝑖𝑂4 

-27.8 -27.8 

ΔGf (kJ mol-1) values for the other products and reactants were H2O = -237.1, CO2 = -384.4, H4SiO4 = -1307.8, Al(OH)3 = -1154.9, Al2Si2O5(OH)4 = -
3797.5, CaCO3 = -1128.5, MgCO3 = -1029.5, *S – slag, C – cement, L – lime, R – red mud, M – mine waste. **Gibbs free energy normalised to moles 
of CO2 in the reaction. 
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Supplementary Table 7 The major elemental composition of alkaline materials and their carbonation and enhanced weathering 
potential 

Material CaO (%) MgO (%) Na2O (%) K2O (%) SO3 (%) P2O5 (%) Cpot (kgCO2 t-1) Epot (kgCO2 t-1) 

Ash (biomass)18 (n = 4)* 29.8 ± 8.2 7.0 ± 1.8 7.3 ± 3.7 15.0 ± 3.7 9.3 ± 4.8 11.8 ± 4.9 186.2 ± 126.1 461.6 ± 260.2 

Ash (lignite)16,25 (n=300)** 20.2 ± 1.0 5.8 ± 0.9 2.3 ± 0.9 0.4 ± 0.0 13.7 ± 1.8 0.1 ± 0.0 145.6 ± 27.9 245.5 ± 52.0 

Ash (hard coal)16 (n = 20)** 6.2 ± 0.4 1.3 ± 0.1 0.9 ± 0.1 1.4 ± 0.1 4.5 ± 0.3 0.5 ± 0.1 35.5 ± 5.7 73.0 ± 10.1 

Cement26 (n=1) 65.0 1.0 0.8 - 2.0 - 510 773 

Cement kiln dust27 (n = 63) 44.0 ± 1.0 1.6 ± 0.1 0.7 ± 0.1 4.0 ± 0.4 6.0 ± 0.5 - 330.0 ± 11.6 530.4 ± 21.4 

Lime† (n = 14) 86.2 ± 1.4 9.2 ± 0.2 - - - - 776.9 ± 12.9 1165 ± 19.4 

Ni-laterite mine tailings28 (n 
= 6) 

0.2 ± 0.1 22.9 ± 9.4 - - - - 251.0 ± 26.7 377.2 ± 40.1 

Ni-sulphide mine tailings29–

31 (n = 31) 
0.7 ± 0.1 34.2 ± 0.5 - - 1.9 ± 0.2 - 367.5 ± 7.6 555.3 ± 11.7 

PGM Ultrabasic mine 
waste32 (n = 78) 

5.4 ± 0.3 14.3 ± 0.6 1.2 ± 0.1 0.6 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 196.6 ± 10.4 311.5 ± 17.2 

Red mud33,34 (n = 43)‡ 5.7 ± 1.0 0.3 5.2 ± 0.6 0.4 0.1 - 46.8 ± 8.1 128.3 ± 18.1 

Slag (Blast furnace)35 (n = 
11) 

38.3 ± 0.8  11.6 ± 0.5 - - 2.6 ± 0.2 0.1 ± 0.0 413.0 ± 12.5 619.5 ± 18.8 

Slag (Steel)35 (n = 45) 37.1 ± 1.0 9.1 ± 0.4 - - 0.3 ± 0.0 0.7 ± 0.1 384.7 ± 13.4 577.1 ± 20.1 

Note that the calculation procedure for the mineral carbonation (Cpot) and enhanced weathering (Epot) potentials are presented in the online methods 
*The biomass chemistry, ash, and energy content include data from a range of biomass sources including wood/woody biomass, herbaceous and 
agricultural residue, animal biomass, and marine algae.  
**The average percentage ash content of lignite, hard coal, and biomass was 10.2 ± 1.216, 11.0 ± 4.216,25,36, and 6.9 ± 1.118–21,37 respectively, 
containing a higher heating value of 28, 14, and 19.1 ± 0.3 GJ t-1 respectively.  
†Based on the relative production of high-calcium and dolomitic lime in the US between 2001 – 201438 
‡The red mud elemental composition considers untreated material, with larger concentrations of calcium typical in red mud stabilised by 
treatment with lime, to avoid double counting. 
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Supplementary Note 1 

Table 1 in the manuscript presents the CO2 emission intensities of alkaline materials, and their 

sequestration potentials through mineral carbonation and enhanced weathering. The method 

for calculating the potential (columns c and e, Table 1) are presented below. The current and 

future emissions intensities (columns a and b, Table 1) of the materials were calculated by 

taken known present or predicted future emissions for associated industries, and normalising 

them to the mass of the material (Supplementary Table 1). For instance, 2200 kgCO2 are 

produced t-1 of steel, which may be reduced to 200 to 500 kgCO2 with extensive mitigation 

(including decarbonised power and carbon capture and storage)10. Approximately 5 - 6 t steel 

is produced t-1 blast furnace slag. The emission intensity of slag is the product of these two 

numbers (12,000 kgCO2 t-1 currently, or ~1,000 kgCO2 t-1 with extensive mitigation). 

Studies have shown that under controlled conditions it is possible to achieve levels of 

carbonation that approach the theoretical maximum (e.g., 39–44), whereas other results have 

returned poor conversion (e.g., 45,46). These are presented in column d in Table 1. The 

protocols for these experiments are not standardised, they do they test the sensitivity to a full 

range of control parameters, nor are they applicable to enhanced weathering estimates. 

Supplementary Note 2 

Approximately 500 Mt of slag is produced every year1, estimates shown as shaded region 

annotated in Supplementary Figure 1. For every tonne of finished crude steel approximately 

185 ± 5 and 117 ± 6 kg of blast furnace and steel slag are produced respectively47. Recycling 

waste metal (scrap) within the production of steel may result in a lower production of pig iron, 

which may be expected as economies move towards circular material life-cycles48. However, 

the average percentage of scrap in steel production has been largely constant (43 ± 0.7%) 

since the late 1960’s1, with trends decreasing (to 35% in 2014). The pig iron to steel production 

has also remained relatively constant (0.722 ± 0.002 t t-1). It remains unclear how the global 

stock of steel (25 Gt currently in use49) will be reused or recycled over the next 100 years, how 

it will feed the material consumption of developed or developing economies, or the impact on 

slag production. These uncertainties have not been included within the model (for steel and 

other metals), and as such, we may overestimate the production of slag. The total carbonation 

potential of slag in 2100 (Supplementary Figure 1) may be between 320 MtCO2 yr-1 (SSP3) 

and 870 MtCO2 yr-1 (SSP2), and enhanced weathering potential between 480 and 1300 MtCO2 

yr-1. 

Supplementary Note 3 

Heating limestone with clay or shale in a kiln at ~1500°C produces cement clinker, and cement 

kiln dust. Clinker is mixed at a ratio of ~9:1 with gypsum and other substitutes to create 
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cement, the ratio of which has reduced since the 1990’s. Dust is produced as a by-product of 

typical kiln operation (cement kiln dust, CKD), in which a small selection of cement plants in 

the US produced 115 ± 17 kg t-1 clinker, 45 ± 10% of which is currently disposed of11. In Europe 

>80% of the cement produced is type CEM1 and CEM2, containing 100%, and more than 

65%, portland cement (95% cement clinker + 5% gypsum) respectively. The balance is 

typically made up of blast furnace slag. In the US since the mid 1990’s, cement clinker is 89 ± 

0.2 % of total cement production1. China, the US, and Europe uses 70 ± 0.2 %. 87 ± 0.7%, 

and 72 ± 2% respectively of cement in concrete2. The balance being made up by use in mortar. 

Globally, it is estimated that 74 ± 1.5 % of cement is used in concrete2, which was adopted 

and fixed within this model for future forecasts. The total amount of concrete or mortar 

produced in a given year (P) can be estimated using Eq1 

𝑃 = 𝑃𝑐𝑒𝑚  × 𝑅 (
𝜌

𝐶
) × 1000 Eq1. 

where Pcem is the production of cement in a given year, R is the proportion of cement used in 

either concrete or mortar, ρ is the density or concrete or mortar (2.4 or 2.2 t m-3 respectively), 

and C is the cement content of concrete of mortar (294 ± 7.8 or 250 ± 6.6 kg m-3 respectively). 

Density values were assumed, cement contents were taken from2. 

We used a diffusion model (Eq2-4, described in detail in2) to estimate the absorption of CO2 

into cement and mortar during the life of a building. 

𝑑𝑙𝑖 = 𝑘𝑙𝑖  × √𝑡  Eq2. 

𝑉𝑖 = 𝑑𝑖  × 𝐴𝑖  Eq3. 

𝑊𝑙𝑖 =  ∑ 𝑉𝑖  × 𝐶𝑖 Eq4. 

where di is the absorption/carbonation depth of CO2, and is related to the reaction time (t) with 

an empirically derived carbonation rate coefficient (ki). The volume of carbonated material (Vi) 

is calculated by multiplying the depth of carbonation with the exposed area (Ai). ki has been 

determined for a range of cement types/additives, surface coatings, strength characteristics, 

and ambient CO2 concentrations. Given that future projections of the ki controlling parameters 
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are uncertain, the published model2 has been simplified taking globally representative values 

(Supplementary Table 4). An average mortar thickness of 20 mm was assumed, with a 

carbonation rate of 5 mm yr-0.5. Values of CO2 uptake were consistent with previously 

published values2. 

Demolition waste production was calculated by assuming a 50-year service life, and the CO2 

uptake potential was calculated by subtracting the proportion carbonated during the service 

life. Previous modelling work2 does not consider the potential of carbonating demolition waste 

at the point of demolition, or its carbonation as a consequence of demolition practices50. We 

assume that 80% of remaining carbonation potential is used at the point of demolition which 

is consistent with ambient CO2 capture in demolition waste51. We used a Monte Carlo 

simulation with 10,000 iterations for each scenario, with the parameters in Supplementary 

Table 5, to consider variations on these assumptions.  

Using historical production estimates of cement, the results of CO2 absorption into mortar and 

concrete during service life and following demolition between 1960 – 2014 are consistent with 

the results in Xi et al.,2 (Supplementary Figure 2). Cement production may decrease to 3.5 Gt 

yr-1 (SSP5), or increase to 7.5 Gt yr-1 (SSP2) by 2100, and cement-based demolition waste 

(which also includes sand and aggregate, 90-85 % by mass) may increase to 20 – 40 Gt yr-1 

(Figure 2). Forecasts for 2100 CO2 absorption into cement during the life cycle or carbonation 

following demolition range between 1.5 GtCO2 yr-1 (SSP5) and 3.5 CO2 yr-1 (SSP2). If 

enhanced weathering is promoted in the demolition waste, the carbon sequestration potential 

may be between 2.2 and 4.7 GtCO2 yr-1 respectively. 

Supplementary Note 4 

Approximately 300 million tonnes of lime are produced annually1. In the US, 41 ± 1 % was 

used in steel manufacturing, 27 ± 0.6 % was used in chemical and industrial applications, 8 ± 

0.4 % was used in construction, and 22 ± 0.9% was used in environmental applications 

between 1975 and 200313. A similar distribution is found in the EU (Supplementary Table 112).  
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The recarbonation of lime is a thermodynamically likely consequence of its use or life-cycle 

(see Supplementary Table 6), particularly in environmental applications. Some applications 

explicitly involve reaction with CO2 (e.g., recovery of NaOH in the Kraft Process of paper 

manufacturing), whereas others use lime to neutralise sulphuric acid (acid mine drainage, or 

flue gas desulphurisation). Approximately 20% of lime production has a reaction with CO2 

during its life-cycle (which has been used in this model), 8.5% of lime is reacted with CO2 from 

biomass (in the Kraft process and sugar refining, this has not been included in this model), 

and a further 2.3 % of lime may be available for carbonation at the end of lime of its product 

(glass and asphalt), however this has not been included. Lime use in the steel industry has 

not been included (to avoid double counting with the carbonation potential of slag). We have 

not included lime that is reacted with stronger acids in the model (acid mine drainage 

treatment, or flue gas desulphurisation), however this may represent an avoided emission has 

acid mine water or acid rain is buffered in the environment by the carbonate system. The 

carbonation potential of lime is between 60 and 143 MtCO2 yr-1 by 2100. While some calcium 

from dissolved lime may remain in solution, due to the difficulty in separating these reactions 

from precipitated carbonate, we assume no enhanced weathering in lime. 

Supplementary Note 5 

Approximately 600 Mt of ash are produced every year from coal combustion, equating to 

between 3.6 and 7.9 kg of ash GJ-1 of primary energy. Between 1998 and 2013 coal use was 

90.2 ± 1.0 % and 9.8 ± 0.3 % ‘hard coal’ (anthracite and bituminous) or lignite respectively 38. 

Lignite use decreased over that period to 8.5%. Future production of ash is heavily dependent 

on transformations within the energy system. Baseline SSPs predict increases in coal use, 

whereas decreases are predicted in RCPs 2.6, 3.4, and 4.5. For future forecasts, we assume 

that the proportion of lignite in the coal mix to decrease to zero in all scenarios. While this may 

be unlikely in scenarios that predict increases in coal use, it is a conservative assumption 

given that the carbonation potential of hard coal is approximately a quarter that of lignite 

(Supplementary Table 7). Coal ash production may remain similar to current values (SSP1) 
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or increase to 4.2 Gt yr-1 (SSP5) by 2100. RCP 2.6 and 3.4 largely predict decreases to 140 – 

270 Mt yr-1 (Supplementary Figure 3). The carbonation potential of coal ash may be between 

5 and 150 MtCO2 yr-1, and the enhanced weathering potential may be between 10 – 305 

MtCO2 yr-1. 

Oxidising organic carbon in biomass to produce energy results in a by-product relatively 

enriched in the non-oxidized products (Ca, Mg, Si, Al, etc.), regardless of the method of energy 

conversion. Conceptually the production of ash from complete biomass combustion provides 

the simplest method of calculating carbonation potential of these by-products. The proportion 

and chemistry of ash varies with biomass source (0.2 – 39 %), with an average of 6.9 ± 1.1 % 

(3.6 ± 0.6 kg GJ-1)16,25,36 and the average major elemental composition provided in 

Supplementary Table 7. These values are indicative of the range of sources, and not a 

prediction of future biomass mix. Future production of ash (Supplementary Figure 3) may be 

as large as 1.2 Gt yr-1 (RCP 2.6), or 230 Mt yr-1 (SSP2). The carbonation potential of biomass 

ash is between 44 and 229 MtCO2 yr-1. Alternatively, the enhanced weathering potential is 

between 110 and 569 MtCO2 yr-1. 

Supplementary Note 6 

The production of 1 tonne of aluminium produces 3.45 ± 0.04 tonnes of red mud (also known 

as ‘bauxite residues’)52. Approximately 120 Mt of red mud are produced annually (with a global 

stock of approximately 3 Gt)4. The acid neutralising capacity of red mud is approximately 10 

moles kg-1 53, or notionally 44-66 kgCO2 t-1 if neutralising carbonic acid, which is derived from 

the reaction of the NaOH rich liquor with CO2 (Eq5) 

𝑁𝑎𝑂𝐻(𝑎𝑞) + 𝐶𝑂2 → 𝑥𝑁𝑎𝐻𝐶𝑂3 (𝑎𝑞) + 𝑦𝑁𝑎2𝐶𝑂3 (𝑎𝑞)  Eq5. 

The neutralising capacity of red mud equates to approximately 40 kgNaOH t-1, or 

approximately ~5 Mt of sodium hydroxide. This is consistent with NaOH use in the Bayer 

Process (0.09 t of NaOH t-1 of aluminium, or 4.5 Mt NaOH54). However, to avoid double 

counting with the sodium content of solid red mud (which may have precipitated from solution 
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during drying prior to analysis), the carbonation potential of red mud was calculated from the 

major elemental composition alone (Supplementary Table 7). Red mud production is predicted 

to increase to between 360 Mt yr-1 (SSP3) and 1.2 Gt yr-1 (SSP2, Supplementary Figure 4), 

with a carbonation potential of 17-55 MtCO2 yr-1. The enhanced weathering potential of red 

mud, given the contribution from Na, may be greater (45 – 150 MtCO2 yr-1)  

Supplementary Note 7 

The extraction of some metals produces overburden or tailings material that is rich in ultrabasic 

rocks. As the concentration of the metal in the ore is less than a few percent for most metals, 

the waste rock production can be substantial. The most promising mining waste is generated 

from metals contained in ultrabasic host deposits. Previous work has investigated material 

associated with chrysotile asbestos (Mg3(Si2O5)(OH)4) mining, in which carbonation has been 

detected in the drainage waters, attributed to weathering of the accessory mineral brucite. It 

remains unclear, even under favourable conditions, that the entire rock mass would weather 

sufficiently rapidly55. While historically important, asbestos mining has limited future potential, 

and has not been considered within future production estimates. Other mine waste has also 

been considered for use in CO2 capture including those associated with nickel, platinum group 

metals, and diamonds. The first two represent the largest potential, with current waste rock 

and tailings production of 100-200 Mt yr-1 (Ni-laterites and platinum group metals; 

Supplementary Figure 5). This may increase to several hundreds of Mt yr-1 to 2 Gt yr-1 by 2100. 

Supplementary Note 8 

We used a non-linear least squares regression through 1960 – 2014 national production data1 

(or regional aggregates for aluminium52) to derive saturation values of capita-1 consumption 

(see Figure 1 and the online methods). As <5% of cement and lime are traded internationally, 

national production data were used for simplicity. Historical GDP data56 were normalised to 

2014 US$ values, and divided by historical population to derive GDP capita-1. The regression 

procedure is described in the online methods, and the parameters and their uncertainties are 

shown in Supplementary Table 3.  
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Aluminium consumption data were derived from52 and includes information for China, Japan, 

Europe (Albania, Austria, Belgium, Bosnia Herzegovina, Bulgaria Belarus, Croatia, Czechia, 

Denmark, Finland, France, Germany, Greece, Hungary, Italy, Latvia, Luxembourg,   Rep. of 

Moldova, Montenegro, Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovakia, 

Slovenia, Spain, Sweden, Switzerland, Turkey, Ukraine, TFYR of Macedonia, United 

Kingdom), Latin/South America (Argentina , Brazil , Venezuela) ,  Middle East (Iran, Oman, 

Qatar, Saudi Arabia, United Arab Emirates), North America (Canada, Mexico, the United 

States), ‘Other Asia’ (India ,  Indonesia , Malaysia,  Pakistan ,  Rep. of Korea ,  Singapore ,  

Thailand ,  Viet Nam), and ‘Other Producing Countries’ (Azerbaijan, Egypt, Ghana, 

Kazakhstan, New Zealand, Nigeria, Russian Federation, South Africa, Zimbabwe).  

Cement production data were derived from a compilation of production statistics from United 

States Geological Survey (USGS) Mineral Yearbooks1 from 1960 to 2015 and includes 

information for Argentina, Australia, Brazil, Canada, China, the European Union, Indonesia, 

India, Japan, Mexico, Middle East, New Zealand, Rep. of Korea, Russia, South Africa, 

Thailand, and the United States. These countries have produced 76 ± 14 % (s.d.) of global 

annual cement since 1960. 

Steel consumption data was compiled from USGS Mineral Yearbook1 production statistics 

from 1967 to 2015 and includes information for Albania, Algeria, Argentina, Australia, Austria, 

Azerbaijan, Bangladesh, Belgium and Luxemburg, Bosnia-Herzegovina, Brazil, Bulgaria, 

Byelorussia, Canada, Chile, China, Colombia, Croatia, Cuba , Czech Republic, Denmark, 

Ecuador, Egypt, El Salvador, Finland, France, Germany, Ghana, Greece, Guatemala, 

Hungary, India, Indonesia, Iran, Israel, Italy, Japan, Jordan, Kazakhstan, Kenya, Latvia, Libya, 

TFYR of Macedonia, Malaysia, Mexico, Moldova, Mongolia, Montenegro, Morocco , Myanmar, 

Netherlands, New Zealand, Nigeria, Norway, Oman, Pakistan, Paraguay, Peru, Philippines, 

Poland, Portugal, Qatar, Rep. of Korea, Romania, Russia, Saudi Arabia, Serbia, Singapore, 

Slovak Republic, Slovenia, South Africa, Spain, Sri Lanka, Sweden, Switzerland, Syria, 

Thailand, Trinidad and Tobago, Tunisia, Turkey, Uganda, Ukraine, United Arab Emirates, 
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United Kingdom, United States, Uruguay, Uzbekistan, Venezuela, Viet Nam, and Zimbabwe. 

These countries equate to 95 ± 13 (s.d.)% of the global steel consumption since 1967. 

Global lime production data were derived from a compilation of production statistics from 

USGS Mineral Yearbooks1 from 1990 to 2015 and include information for Australia, Brazil, 

Canada, China, European Union, India, Japan, Mexico, New Zealand, Russia, South Africa, 

and the United States. These countries equate to 62 ± 22 (s.d.)% of the global lime production 

since 1990 

Nickel production and consumption data were derived from57 and includes information for 

Australia, Austria, Belgium and Luxemburg, Brazil, Canada, China, Colombia, Cuba, 

Germany, Dominican Republic, Egypt, Spain, Finland, France, United Kingdom, Hong Kong, 

Indonesia, India, Italy, Japan, South Korea, Netherlands, Norway, Russia, Singapore, 

Sweden, Thailand, Turkey, Taiwan, the United States, Viet Nam, and Zimbabwe. These 

equate to >90% of global production since 1995. 

There is less available national data on platinum group metals (PGM) consumption. Here we 

use data from58, which includes information for Japan, The European Union, and North 

America. These regions consumed the equivalent of 133% of global production between 1987 

and 2002, the discrepancy is potentially the result of 20-30% of PGM sourced through 

recycling58. 

For the years in which production or consumption information was available, these data were 

compiled with population and 2014 normalised gross domestic product data from45 
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