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1. Carbonation mechanism of alkaline industrial wastes
[bookmark: OLE_LINK2]Carbonation of alkaline industrial wastes is a complex physicochemical process. When alkaline industrial wastes are disposed or reused, their alkaline components such as calcium-magnesium oxides, hydroxides, and silicates, react with atmospheric CO2 to form stable and insoluble carbonates, primarily calcium carbonate and magnesium carbonate1,2. This process, known as "natural carbonation", is exothermic reaction. Over time, it leads to the gradual transformation of alkaline industrial wastes from an alkaline state to a neutral state3–5. The carbonation process in the alkaline wastes, progressing from the surface to the interior over time, involves key reactions as follows:



In the early stages of carbonation, CO2 diffusion and carbonation reaction rate are fast. However, as carbonation progress from the surface to the interior of alkaline industrial wastes, the initial surface carbonation layer limits further internal carbonation, leading to a reduced carbonation reaction rate1,6. Calcium carbonate formation also fills surface porosities of the wastes, slowing CO2 diffusion and lowering the carbonation process (Supplementary Fig. S1)1,7. Alkaline components in industrial wastes typically don't fully dissolve, and their conversion into carbonates usually remains below 90%8.

2. Alkaline industrial wastes and carbon uptake accounting boundary
This study classifies alkaline industrial wastes into four categories: metallurgical slag (iron and steel slag, magnesium slag, and red mud), chemical waste (lime mud, yellow phosphorus slag, and calcium carbide slag), incineration ash (coal combustion ash, municipal waste incineration ash, oil shale ash, and biomass ash), and cement and lime waste (waste concrete, waste mortar, cement kiln dust, and lime kiln dust)9,10. These wastes are primarily byproducts of various industrial activity processes related to raw materials production or consumption. The accounting boundary is defined as Supplementary Figure S2. 

2.1 Metallurgical Slag
This category includes byproducts from diverse metallurgical processes, such as blast furnace slag (from blast furnace ironmaking), steel slag (from steelmaking), magnesium slag (from the silico-thermal production of magnesium), and red mud (from alumina production by the Bayer method).

2.2 Chemical Industry Wastes
This category comprises lime mud from paper-making, calcium carbide slag from processes related to calcium carbide production, and the yellow phosphorus slag as a byproduct during yellow phosphorus production.

2.3 Incineration Ash
This category comprises different types of ash generated from combustion processes, including coal combustion ash, municipal waste incineration ash, oil shale ash, and biomass ash from biomass power plant, open burning straw and wood fuel incineration. 

2.4 Cement and Lime Wastes 
This category primarily includes byproducts such as cement/lime kiln dust generated during the cement/lime production stage (CKD and LKD), mortar and concrete loss in construction stage, as well as waste concrete/mortar generated during building demolition and crushing.

3. Carbon uptake by alkaline industrial wastes
[bookmark: OLE_LINK54]We modeled the carbonation process of alkaline industrial wastes and estimated the amount of CO2 absorption based on various disposal methods, such as backfilling8,11, using them as supplementary cementitious material12, agricultural use or landfilling13 (see Supplementary Data S15-S18). The carbonation parameters of the model are influenced by various factors, including the inherent characteristics of alkaline industrial wastes (such as composition, particle size, moisture content, and porosity) as well as environmental variables (such as exposure conditions, CO2 concentration, relative humidity, and temperature)8,4,5,14. Total CO2 uptake by alkaline industrial wastes () can be calculated by Eq S1, where , , and  represent the uptake amounts of cement wastes, metallurgical wastes, chemical wastes, and incineration ash, respectively.
	
	Eq S1




3.1 Metallurgical slag
3.1.1 Iron and steel slag
Iron and steel slag contains blast furnace slag (BFS) originating from pig iron smelting and steel slag (SS) generated in crude steel production15. According to USGS, standard iron ore grades (60% to 66% iron) typically yield 0.25 to 0.30 metric tons (t) of slag per ton of pig iron in a blast furnace. However, with lower-grade ores, slag production can notably rise, sometimes reaching 1.0 to 1.2 t of slag per ton of crude iron. The production of steel slag typically amounts to approximately 0.2 t per ton of crude steel, with up to 50% of the melt containing recoverable entrained metal. Following metal removal, marketable steel slag commonly constitutes 10% to 15% of crude steel production in developed countries, with higher values in developing nations. Iron and steel slag production can be calculated by Eq S2, where  represents the production of type  slag in the year , with = BFS or SS,  represents the production of pig iron or crude steel, and  represents the type  slag output rates.
	
	Eq S2



Generally, iron and steel slag take 4-5 years or longer for hydration, making it difficult to carbonate within a year11,16. Taking a lifecycle perspective, carbon sequestration in iron and steel slag should include all carbon uptake by various disposal ways during its complete carbonation period11,16. Thus, the whole carbon uptake by iron and steel slag can be calculated by Eq S3 to Eq S4, where  represents the total 
	
	Eq S3

	
	Eq S4


carbon uptake by iron and steel slag under different disposal ways,  represents carbon uptake by waste disposal, and  represents carbon uptake by secondary use.  represents the proportion of the type  slag disposal through stacking or landfilling in the year t.  is the annual carbonation degree of the type  slag, and  represents the carbonation coefficient related to the proportion of alkaline components and their conversion into carbonates (Eq S5), where  and  represent the content of CaO and MgO in the type i iron and slag, respectively.  and  represent the fraction of CaO and MgO in fully carbonated slag of type  that converts to CaCO3 and MgCO3, respectively16,17,18.   is the molar mass of CaO,  is the molar mass of MgO and  is the molar mass of CO2.
	
	Eq S5



Carbonation degree of iron and steel slag can be by assessed by thermogravimetric analysis (TGA). Weight loss () in the 500-850°C range primarily results from CaCO3 decomposition, while additional weight loss fractions are associated with moisture loss (<105°C), gypsum decomposition (110–180°C), and portlandite decomposition (300–500°C) 19. The weight loss fraction () from CaCO3 decomposition based on dry weight () was expressed as  (Eq S6).
	
	Eq S6


The degree of carbonation in iron and steel slag, CaO is the primary chemical component in the carbonation reaction. Although other alkaline oxides such as MgO, K2O, and Na2O can capture CO2 to some extent, their lower content and the limited formation of K2CO3 and Na2CO3 in their natural state are considered 19. Therefore, when estimating iron and steel slag's carbonation degree (), the conversion of CaO to CaCO3 is primarily used as an approximation. The calculation formula is showed in Eq S7. 
	
	Eq S7


Approximating iron and steel slag as uniformly distributed spheres with alkaline components for road base materials or waste disposal, the annual carbonation degree can be expressed as a volume ratio8,11. The carbonation degree of iron and steel slag with different particle sizes can be calculated by Eq S8 and S9, in which D represents the particle size of slag i, with the distribution between a and b,  represents the maximum diameter of the type i slag particle, achieving complete carbonation.  is the time required for complete carbonation. 
	
	Eq S8



Eq S9

[bookmark: OLE_LINK50]The carbonation during the secondary use of iron and steel slag primarily involves two situations: use as road base or backfill materials, and use as raw materials for cement production8,12. The carbonation calculation formulas for alkaline industrial wastes used as road base or backfill material are showed in Eq S10 and S11, in which the proportion of secondary use of slag i in the year t. represents the proportion of slag i used as road base or backfill materials in the year t. 
	
	Eq S10

	
	
	Eq S11



In cement production, iron and steel slag is commonly used as a raw material or additive. It is mixed with other raw materials such as limestone and clay, and then subjected to high-temperature calcination to produce cement clinker12,20. The utilization of iron and steel slag in cement production promotes waste recycling and reduces carbon emissions9,12. The formulas Equations S12 and S13 can be used to estimate the carbon uptake of this utilization, in which represents the proportion of slag i 
	
	Eq S12

	
	Eq S13


used cement or concrete production in the year t.  is the annual production of cement.  represents the clinker to cement ratio.  represents the CaO content in clinker. Given cement waste calculated above, we avoid duplicating in calculations and focus only on carbon uptake by iron and steel slag used for in-service cement materials (). 

3.1.2 Magnesium slag
Magnesium slag, a byproduct of magnesium refining using the silicothermic method, shows similar chemical composition and physicochemical with iron and steel slag21. In contrast to iron and steel slag, magnesium slag has greater hygroscopicity and smaller particle size (typically 0.03 to 0.21 mm) 13. It usually undergoes hydration reactions to form alkaline Ca(OH)2 and Mg(OH)2 products under natural conditions21. The carbonation of magnesium slag can be calculated by Eq S14 and Eq S15, where  is the mass of magnesium slag carbonated,  is the production of primary
	
	Eq S14


magnesium,  the ratio of magnesium produced by silicothermic method,  is the output of magnesium slag, and  is the disposal ratio. The utilization of slag is typically low, mainly ending up as wastes13. In Eq S15,  represents the
	
	Eq S15


carbon uptake by magnesium slag under natural condition.  and  represent the carbon degree of magnesium slag, and carbonation coefficient, respectively. The calculation method of  and  aligns with the description in the iron and steel slag section. 

3.1.3 Red mud
Red mud consists of fine particles, typically ranging from 0.088 to 0.25mm in diameter11, and has a high-water content, generally around 60%. Currently, most red mud is primarily disposed of in stockpiles. Due to high moisture content and the dense arrangement of particles in the red mud stockpile, the diffusion rate of CO2 is extremely low. As a result, the carbonation degree of red mud on the surface of the stockpile is high, while the carbonation degree in the interior is relatively lower 11,22,23. Since newly generated red mud is continuously added to the stockpile, the exposed red mud is constantly covered by new red mud. Therefore, when calculating the carbon sink of red mud, factors such as red mud production, disposal ratio, alkaline oxide content, and the average carbonation coefficient of red mud at different depths must be considered. Red mud production () can be calculated by equation S16, where  is the alumina 
	
	Eq S16


production in the t-th year.  is the output rate of the red mud. 
The carbon uptake of red mud can be calculated by Eq S17, where  is the 
	
	Eq S17


carbon uptake of the red mud in the t-th year.  is the waste disposal rate of red mud.  is the average carbonation coefficient of red mud at different depths in the stockpile, calculated with reference to Eq S5.

3.2 Chemical waste
3.2.1 Calcium carbide slag
The particles in calcium carbide slag are predominantly between 10-50 μm. Typically, about 15 days of waste stacking can reduce CaO by approximately 50%11,24. However, as the depth of the stockpile increases, the degree of carbonation of the carbide slag decreases. Therefore, when calculating the carbon sink capacity of carbide slag, it is necessary to consider the average carbonation coefficient of the stockpile at different depths. 
In China, the production of carbide slag is estimated based on the production of calcium carbide and the yield rate of carbide slag. In EU countries, the United States, and other countries, due to the unavailability of direct statistical data on calcium carbide and carbide slag production, the production of carbide slag is estimated using parameters such as the production of lime (the upstream industrial product of calcium carbide), the proportion of lime used in calcium carbide production, and the amount of carbide produced per ton of lime consumed. The calculation formula for production estimation of the carbide slag is Eq S18, where  is the production of carbide slag (Mt);
	
	Eq S18


[bookmark: OLE_LINK55]​ is the production of calcium carbide (Mt); ​ is the production of lime (Mt); ​ is the proportion of lime used for calcium carbide production (%);  ​ is the amount of carbide produced per ton of lime consumed (t); ​ is the yield rate of carbide slag (t/t). The carbon sink of carbide slag includes two parts: the carbon sink during disposal and the carbon sink used for cement materials. The calculation formulas are Eq S19 and Eq S20, where ​ is the carbon sink of carbide slag (Mt),
	
	Eq S19

	
	Eq S20


 is the carbon sink of disposed carbide slag (Mt) and ​ is the carbon sink of carbide slag used for cement production (Mt). Where  is the lime production in the t-th year,  is the landfill rate of calcium carbide slag,  is the average carbonation coefficient of carbide slag at different depths in the stockpile, calculated with reference to Eq S5. 

3.2.2 Lime mud
Papermaking white mud is an alkaline byproduct produced during the alkaline chemical pulping process, characterized by small particle size and high-water content, with most particles smaller than 40 μm and water content ranging from 39% to 60%11,25. Similar to the carbonation of red mud, the carbonation process of papermaking white mud must also consider the average carbonation coefficient at different depths in the stockpile. The formula for estimating the yield of papermaking white mud is Eq S21, 
	
	Eq S21


where  is the alumina production in the t-th year.  is the output rate of the lime mud. Similar to the carbonation calculation model for red mud, the carbonation of white mud can be represented as the Eq S22, where  is the carbon sink capacity of 
	
	Eq S22


papermaking lime mud;  is the yield of papermaking lime mud (Mt);  is the disposal ratio of papermaking lime mud (%);  is the average carbonation coefficient of the lime mud stockpile, calculated with reference to Eq S5.
Carbide slag has a high CaO content and a relatively low decomposition temperature, which aids in the formation of silicate minerals during the cement sintering process. It is a high-quality raw material for producing cement clinker and an important avenue for the comprehensive utilization of carbide slag. The formulas for calculating the carbon sink of carbide slag used in cement production are Eq S23 and Eq S24, where
	
	Eq S23

	
	Eq S24


 is the carbon sink of carbide slag used for cement production;  is the alkaline contribution rate of carbide slag;  is the carbonation amount of cement during service life;  is the production of carbide slag; is the proportion of carbide slag used as a raw material for cement production;  is the CaO content in carbide slag;  is the production of cement;  is the proportion of cement clinker;  is the CaO content in cement clinker.

3.2.3 Yellow phosphorus slag
Phosphorus slag is derived from the electric furnace production of yellow phosphorus, consisting primarily of CaO, SiO2, etc, which can absorb CO2 under natural conditions26,27. Approximately 8.5-9.5 tons of phosphorite are required to produce 1 ton of yellow phosphorus, resulting in the discharge of 8-10 tons of phosphorus slag27. China leads the world in yellow phosphorus production capacity, accounting for over 73% of global production27. In this study, for other countries where statistical data on yellow phosphorus production is lacking, the yellow phosphorus slag production was estimated based on phosphorite production, the proportion of phosphorite used in the yellow phosphorus industry, and the estimated phosphorite consumption for producing 1 ton of yellow phosphorus, along with phosphorus slag output rate, as shown in the Eq S25 and Eq S26. In Eq S25,  is the production of 
	
	
	Eq S25


phosphorus slag,  is the production of phosphorus ore,  is the proportion of phosphorus ore used to produce yellow phosphorus,  is the output of yellow phosphorus, and  is the output of yellow phosphorus slag. In Eq S26,  represents the proportion of the type  slag disposal through stacking or landfilling in 
	
	Eq 


the year t.  is the carbonation coefficient, calculated with reference to Eq S5. 
Currently, the primary utilization pathway for phosphorus slag recycling is in the cement industry. The following formulas can be used to estimate the carbon uptake of this utilization (Eq S27 to Eq S29), where  represents the proportion of yellow
	
	Eq S27

	
	Eq S28

	
	Eq S29


phosphorus slag disposal through stacking or landfilling in the year t.  represents the proportion of secondary use of slag.  represents the proportion of yellow phosphorus slag used cement or concrete production in the year t.  represents the total carbon uptake by yellow phosphorus slag under different disposal ways,  represents carbon uptake by waste disposal, and  represents carbon uptake by secondary use.

3.3 Incineration ash
3.3.1 Coal combustion ash
Mineralogically, fresh coal combustion ash mainly contain quartz, mullite, hematite, magnetite, lime, while weathered and carbonated industrial waste piles additionally feature calcite and aragonite3,28–30. Coal combustion ash production can be calculated by Eq S30, where  represents the production of coal combustion ash 
	
	Eq S30


in the year ,  represents the production of coal, and  represents the output rate of coal combustion ash. 
The total carbon sequestration of coal combustion ash involves three main methods: utilization in cement production, as road base and backfill material, or disposal as waste12. Thus, the whole carbon uptake by coal combustion ash can be calculated by Eq S31, where  represents the total carbon uptake by coal 
	
	Eq S31


combustion ash under different disposal ways,  represents carbon uptake by waste disposal, and  represents carbon uptake by secondary use.
In coal combustion ash stockpiles, discarded or landfilled coal combustion ash has a small particle size, allowing the surface ash to quickly carbonate under the influence of moisture and CO2 in the air. However, the densely packed particles in the interior of the stockpile restrict the diffusion of atmospheric CO2, preventing complete carbonation. Over time, new layers of fly ash continually cover older ones, resulting in a "zigzag" distribution of carbonation coefficients at different depths 30. The formulas for calculating the carbon sink under disposal conditions are the Eq S32 and Eq S33,
	
	Eq S32


where represents the proportion of coal combustion ash disposal through stacking or landfilling in the year t, and  represents the carbonation coefficient.
	
	Eq S33


in which  and  represent the content of CaO and MgO in the coal combustion ash, respectively.  and  represent the fraction of CaO and MgO in fully carbonated slag of coal combustion ash that converts to CaCO3 and MgCO3, respectively.
The carbonation during the secondary use of coal combustion ash primarily involves two situations: use as road base or backfill materials, and use as raw materials for cement or concrete production. The carbonation calculation formulas for coal combustion ash used as road base or backfill material are the Eq S34 and Eq S35, in which  the proportion of secondary use of coal combustion ash in the year t.
	
	Eq S34

	
	
	Eq S35


represents the proportion of coal combustion ash used as road base or backfill materials in the year t. 
[bookmark: OLE_LINK56]The carbon sequestration through the use of coal combustion ash in cement production, as formulas shown in the Eq S36 and Eq S37, in which represents the proportion of coal combustion ash used cement or concrete production in the year t. 
	
	
	Eq 3S6

	
	
	Eq S37



3.3.2 Biomass ash 
Biomass ash is the residue generated from the direct combustion of biomass such as straw open burning and fuelwood burning. Due to processing limitations, it can currently only be either centrally piled up or locally buried, which can easily lead to environmental pollution issues. Biomass ash contains alkaline earth metal oxides such as CaO and MgO31. During the stacking process, it absorbs CO2 from the air31,32, and the calculation formulas are the Eq S38 and Eq S39, where  is the mass of  type 
	
	
	Eq S38


biomass ash carbonated (i=wood ash or straw ash,  is the production of wood fuel or crop residue burned,  is the output of biomass, and  is the waste disposal ratio. where  represents the carbon uptake by biomass ash under natural 
	
	
	Eq 


condition.  and  represent the carbon degree of biomass ash, and carbonation coefficient, respectively. 
In addition, there is a type of biomass ash generated from the incineration of municipal waste. Municipal waste incineration ash, comprising mainly fly ash and bottom ash, is mostly composed of the latter, making up approximately 80% of the total. Its physicochemical properties resemble those of coal combustion ash, with most particles ranging from 0.5 to 1000 μm33. Initially, fresh municipal waste incineration ash is alkaline and undergoes hydration to form calcium hydroxide, causing an increase in the pH of the pore water in the bottom ash to a range of 11 to 133,34. During the waste stacking, municipal incineration ash absorbs CO2 from the air, and the calculation formulas are the Eq S40 and Eq S41, where  is the mass of  type municipal
	
	
	Eq 

	
	
	Eq S


incineration ash ( =fly ash and bottom ash) carbonated,  is the incineration ratio of municipal waste.  is the output of  type municipal incineration ash, and  is the waste disposal ratio.  represents the carbon uptake by biomass ash under natural condition.  and  represent the carbon degree of municipal waste ash, and carbonation coefficient, respectively. 

3.3.3 Oil shale ash
Oil shale ash, a residue from burning oil shale, shares physicochemical traits with coal combustion ash but boasts a higher average CaO content. Due to its small size, high chemical reactivity, oil shale ash undergoes carbonation mainly within the initial two months under exposure conditions, while oil shale ash stored in stockpiles requires consideration of the variation in its carbonation coefficient with depth14. The calculation formula is the Eq S42, where  is the production of oil shale.  is
	
	Eq S42


the incineration ratio of oil shale.  is the output rate of oil shale ash.  is the proportion of oil shale ash sent to landfills.   represents the proportion of the oil shale ash through stacking or landfilling in the year t.  is the carbonation coefficient. 

3.4 Cement and lime wastes
The cement wastes for CO2 uptake are mainly three types: waste concrete, loss cement waste in construction stage, cement kiln dust (CKD), and lime kiln dust (LKD) 35. Thus, the whole carbon uptake by cement waste2 () can be calculated by the Eq S43, where , , , and  are the uptakes of every type mentioned above, respectively.
	
	
	Eq S43



3.4.1 Waste concrete
After serving as civil infrastructure, concrete structures typically enter the demolition stage, where they are often demolished and crushed into small particles36. These wastes continue to absorb carbon dioxide during the demolition stage and secondary use stage37. Globally, over 91% of crushed concrete particles are either buried in landfills or utilized in recycling applications like road base or backfill aggregates8. Additionally, there is another type of waste concrete, which generated from loss of construction processes, is often recycled as backfill or sent to landfills after project completion35,37. Thus, carbon uptake by cement waste () consists of the carbon uptake from demolished waste during the demolition stage (), carbon uptake during the secondary-use stage (), and carbon uptake from concrete losses during construction processes () (Eq S44).
	
	
	Eq S44


[bookmark: OLE_LINK57]Demolition stage. Based on Fick’s second law, the carbonation depths (are determined by the carbonation time (and the diffusion coefficient (), as expressed by the equation 4. Assuming waste concrete particles are homogeneous spheres and carbonating from outside to inside gradually, the simplified demolition-stage carbonation degree () model is described in Eq S45 and Eq S46, where three 
	
	Eq S45

	
	Eq S46


separate situations were defined based on the maximum diameter () of crushed particles undergoing full carbonation in compressive strength class : , , . D represents the diameter of crushed concrete, while a and b respectively represent the minimum and maximum diameters within the distribution range of D.  represents the diffusion coefficient of concrete in strength class  during the demolition stage under open-air exposure conditions, and  is the average duration of the demolition stage. To avoid double counting, the carbonated cement in the service stage should be excluded37. Thus, the carbon uptake during the demolition stage () can be calculated by Eq 47, where  represents the cement consumption for 
	
	Eq S47


[bookmark: _Hlk148780480]concrete in strength class , is the concrete carbonated during service stage for concrete in strength class ,  is the cement clinker ratio,  is the CaO content in clinker,  is the fraction of CaO in fully carbonated concrete that converts to CaCO3. 
Secondary-use stage. Carbonation in the second-use stage is typically slower due to the presence of a carbonated layer on the particle surface38,39. The carbonation depth in the second-use stage can be expressed as Eq S48, where represents the 
	
	
	Eq S48


[bookmark: OLE_LINK58]carbonation rate of concrete in class i during the second-use stage.  is the duration in second-use stage. Similar to the demolition stage, particle size also influences the carbonation degree () and can be calculated by Eq S49 and Eq S50.
	
	Eq S49

	
	Eq S50



Then, the total waste concrete in secondary use stage can be expressed as the Eq S51,
	 

	Eq S51


where  concrete carbonated during the demolition stage for concrete in strength class .  is the total amount of cement in concrete with strength grade i (Mt), and ​ is the amount of cement in concrete with strength grade i that has undergone carbonation during service life (Mt).
[bookmark: _Hlk177914635]Concrete losses during construction processes. Concrete losses during construction processes typically undergo full carbonation within 5 years (1-10 years) due to small particle size. The carbon sequestration for concrete loss during construction processes is calculated by the Eq S52, where is the cement used for 
	
	Eq S52


concrete in strength class ,   is the loss rate of cement for concrete during the construction stage, and  represents the annual carbonation degree of concrete losses during construction. 

3.4.2 Waste mortar
[bookmark: OLE_LINK7]Cement losses during construction processes, typically accounting for 1~3% of total cement consumption, primarily comprise concrete losses (45%, mentioned above) and mortar losses (55%)40,41. Mortar losses can be calculated by the Eq S53, where 
	
	Eq S53


is the cement used for mortar in strength class i,  is the loss rate of mortar cement.  is the annual carbonation degree of mortar losses during construction processes. 

3.4.3 Cement kiln dust
Cement kiln dust, a byproduct of the cement production process, is mostly disposed of in landfills and typically undergoes nearly complete carbonation within one year42. The carbon sequestration of cement kiln dust can be calculated by the Eq S54 based on cement production volume, kiln dust generation rate, and landfilling percentage, where  is the cement production.  is the output rate of CKD when 
	
	Eq S54


clinker production.  is the proportion of CKD sent to landfills. is the proportion of CaO in CKD.  is the fraction of CaO in fully carbonated CKD that converts to CaCO3.

3.4.4 Lime kiln dust
[bookmark: OLE_LINK8][bookmark: OLE_LINK51]Lime kiln dust, a byproduct of the lime production process, is mostly disposed of in landfills. The particle size of the LKD ranges in 0.005mm-2.0mm, and about 75% of that is 0.03mm(20). It typically undergoes nearly complete carbonation within one year11,43,44. Based on lime production, output rate, and landfilling percentage, the carbon sequestration of lime kiln dust can be calculated by the Eq S55, where  is the lime production,  is the output rate of CKD when clinker production,  is the
	
	Eq S55


proportion of LKD sent to landfills, is the proportion of CaO in LKD,  is the fraction of CaO in fully carbonated CKD that converts to CaCO3. 

4. Main activity level data and carbon absorption factors 
4.1 Activity level data
4.1.1 Estimation of wastes production
[bookmark: _Hlk146639816]Industrial raw materials production data for China, the U.S, Europe (i.e. EU27&UK), and the Rest of World (ROW) from 1930 to 2020 is from China Statistical Yearbook (CSY), United States Geological Survey (USGS), British Geological Survey (BGS), International Energy Agency (IEA), Organization for Economic Co-operation and Development (OECD), FAO (Food and Agriculture Organization of the United Nations), and relevant reports. Specifically, pig iron, magnesium, and yellow Phosphorus production data is from USGS & BGS. Coal production data is from BGS; Oil shale production data from 1930 to 2010 is from USGS & Dyni JR(2006) 45. China's municipal waste incineration data is sourced from the National Bureau of Statistics of China, while the waste incineration figures for the United States, Europe, and other global countries are estimated based on waste-to-energy electricity generation data from the IEA. Production of wood fuel and crop straw burned from 1930 to 2020 is from FAO. China's crude steel production data is from the China Steel Yearbook. The United States and global crude steel production are from the USGS. Alumina and lime production data is from USGS. Paper and paperboard production is from FAO. China's calcium carbide production data is obtained from the China Chemical Industry Yearbook, while data for other countries is estimated based on the proportion of lime used in calcium carbide production, sourced from the USGS (Supplementary Table S1). The production of various alkaline industrial wastes is estimated based on raw material production or consumption data, along with the corresponding byproduct output rates from the processes (Supplementary Data S1-S13).
This study estimates the annual production of 14 types of alkaline industrial wastes globally from the metallurgical, chemical, energy, and construction sectors from 1930 to 2020, based on data on raw material output and consumption, input of raw materials, and alkaline waste output rates. The annual production of alkaline industrial wastes worldwide from 1930 to 2020 was showed in Data S14. The total production of alkaline industrial wastes from 1930 to 2020 is about 161.23 Gt.

4.1.2 Alkaline industrial wastes output rate
The output rate of blast furnace slag in China, the U.S.A, Europe, and rest of world are 0.296~1.00, 0.28~0.31, 0.28~0.31, and 0.296~1.00 t/t respectively (Supplementary Data S1). The output rate of steel slag in China, the U.S, Europe, and rest of world are 0.12~1.10, 0.16~0.92, 0.16~0.92, and 0.12~1.10t/t respectively (Supplementary Data S2). The output rate of oil shale ash, magnesium slag, yellow phosphorous slag, carbide slag, steel slag, red mud, lime mud, and lime kiln dust, are separately 0.6~0.8, 5.5~10.0, 6~12, 1.10~1.45, 0.08~0.20, 0.6~2.5, 0.5~1.5, and 0.09~0.10 t/t, with little variation among world regions (Supplementary Data S3-S11). 
[bookmark: OLE_LINK3]The output rate of coal combustion ash in China and the U.S are 0.132~0.170 and 0.046~0.094, respectively. Owing to a lack of data for other regions, we assume the output rate in Europe is similar with that in the U.S, and the output rate in the rest of the world refers to situation in the China (Supplementary Data S10).
The municipal waste incineration ash is divided into fly ash and bottom ash. The output rate of fly ash in China, the U.S.A, Europe, and rest of world are 0.03~0.05, 0.02~0.04, 0.02~0.05, and 0.02~0.05. The output rate of bottom ash is 0.2~0.3, 0.25~0.35, 0.125~0.308, and 0.125~0.350 respectively (Supplementary Data S12). The output rate of biomass ash - agricultural residue burning ash is 0.01~0.46, biomass ash - biomass power plant ash is 0.002~0.440, biomass ash - wood fuel burning ash is 0.001~0.109 (Supplementary Data S13). 

4.1.3 Utilization rate of alkaline industrial wastes
The utilization rate of different pathways of alkaline industrial wastes is an important parameter for estimating its whole life cycle carbon sink, however, it is difficult to obtain historical data on the utilization rate of different wastes in different countries, so we collected background information on the utilization of the wastes with higher utilization rate of coal combustion ash, blast furnace slag, and steel slag, in different countries, and based on the utilization rate data of the available years, we used the Logistic Steele curves estimation to fit the utilization rate data of missing years. The available statistical data and the fitting process see in the Supplementary Data S15-S17, and the following is the background of the utilization of the three types of alkaline industrial wastes and the results of the fitting (Supplementary Fig. S33-S35).
(1) Blast Furnace Slag. The use of blast furnace slag has a long history, dating back to the 16th century. In 1830, Missouri in the United States first fully utilized blast furnace slag for road construction. By the late 19th century, Europe was using blast furnace slag not only for paving roads and as a base material but also in Portland cement concrete (data from Mysteel.com). The USGS recorded data on the utilization of blast furnace slag in the U.S. from 1947 to 2020. Utilization data for EU countries from 2000 to 2020 comes from the European Association representing metallurgical slag producers and processors (EUROSLAG). China officially began using blast furnace slag as an important raw material for slag cement in the 1970s. Data on the utilization rate of blast furnace slag in China is sourced from references, with other countries' data referencing China. The utilization rates of blast furnace slag in China, the U.S., and EU countries are shown in Figure S31, and detailed data sources can be found in Supplementary Data S15.
(2) Steel Slag. Steel slag has been utilized early in the U.S. and Europe, with the growth of the steel industry in the last century driving its recovery and reuse. Steel slag is primarily used as a road material and in cement production, helping to reduce the use of natural resources and lower costs. In the 1960s, the U.S. mainly used steel slag as road material and gradually expanded its applications. During the same period, China was in the early stages of utilizing steel slag. Utilization rate data for U.S. steel slag from 1966 to 2020 is sourced from the USGS, while EU countries' data from 2000 to 2020 comes from EUROSLAG. There is no statistical data for China's steel slag utilization rate, which mainly comes from references and World Metals Report (worldmetals.com.cn). Utilization rates for steel slag in various regions are shown in Figure S31.  Detailed data sources can be found in Supplementary Data S16.
(3) Coal combustion ash. The application of coal combustion ash in concrete in the U.S. began with the construction of the Hungry Horse Dam in 1948. By 1960, the pozzolanic and cementitious properties of coal combustion ash, similar to natural volcanic ash, were recognized, allowing it to partially replace cement in concrete. In Europe, France started adding fly ash to cement as a mix in 1951, while in the UK, coal combustion ash was used in dam construction around 1954. In China, the application of fly ash began in the 1950s. By the 1980s, in addition to its use in construction materials, walls, cement, and concrete, China actively explored various large-scale applications, including using coal combustion ash as a base material and embankment filler in road engineering, as well as in backfill for engineering projects and agricultural uses. Utilization rate data for U.S. fly ash from 1966 to 2020 is sourced from the USGS and the American Coal Ash Association (ACAA). After 2000, EU countries' fly ash utilization data comes from the European Coal Combustion Products Association (ECOBA). Data on China's coal combustion ash utilization rate is sourced from the "Annual Report on Comprehensive Utilization of Resources" and various literature. Utilization rates for coal combustion ash in different regions are shown in Supplementary Fig. S32. Detailed data sources can be found in Supplementary Data S17.
(4) Other alkaline industrial wastes. At present, magnesium slag in most magnesium smelters is stacked or buried as waste, and the application of municipal waste incineration bottom ash is still in the research stage, and most of it is landfill. Part of calcium carbide slag is used to produce cement or concrete. Furthermore, oil shale ash, cement kiln dust, lime kiln dust, red mud, lime mud and biomass ash are mainly discarded and stacked. The proportions for different periods are detailed in Supplementary Data S23

4.1.4 Other activity level data
Additional data related to activity levels, such as cement usage in concrete and mortar, distribution of various alkaline industrial wastes, exposure duration, categories and ratios of mortar usage as surveyed in China, mortar usage distribution and associated parameters, secondary utilization and landfill proportions of cement kiln dust, and lime utilization in carbide production, can be found in Supplementary Data S18.

[bookmark: _Hlk181898626]4.2. Carbon absorption factors
4.2.1 Carbonation rate
Concrete wastes, which have high alkaline content but larger particle sizes, require many years to complete carbonation. Concrete waste exhibited an annual carbonation rate ranging from 0.75 to 15.00 mm/year0.5. For iron and steel slag, magnesium slag, coal combustion ash, and municipal waste incineration ash, Specifically, their carbonation rates were in the range of 0.11-0.36 mm/year0.5, 0.04-0.15 mm/year0.5, 0.15-0.41 mm/year0.5, and 0.13-0.27 mm/year0.5(Supplementary Data S28).

4.2.2 Proportion of CaO converted to CaCO3
[bookmark: OLE_LINK1]The lime kiln dust has CaO conversion rates refers to cement kiln dust, with the value of 100%. The average CaO conversion rates of blast furnace slag, steel slag, and magnesium slag respectively are 78% (67%-97%), 83.5% (75%-93.5%), and 40% (37%-44%). The CaO conversion rates of yellow phosphorus slag, calcium carbide slag, and lime/red mud are ranging from 59.0% to 98.2%, 66% to 88%, and 5.3% to 26.3% respectively, with the average value are 79.0%, 76.5%, and 16.9%. The CaO conversion rates of coal combustion ash, oil shale ash, municipal waste incineration fly ash, municipal waste incineration bottom ash, and biomass ash respectively fall in 57.4%~74.4%, 48.0%~98.0%, 60.0%~83.0%, 34.2%~56.5%, and 65.3%-97.1%, with average value of 66.0%, 80.0%, 71.5%, 45.6%, and 78.8% Due to the numerous data sources, detailed sources can be found in Supplementary Data S29.
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[image: ]Fig. S1. Conceptual diagram of the carbonation reaction of alkaline waste particles.
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[bookmark: OLE_LINK60]Fig. S2. The accounting boundary of alkaline industrial wastes carbon uptake 


[image: ]
Fig. S3. Annual carbon uptake by blast furnace slag
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Fig. S4. Annual carbon uptake by blast furnace slag
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Fig. S5. Annual carbon uptake by magnesium slag
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Fig. S6. Annual carbon uptake by red mud
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Fig. S7. Annual carbon uptake by calcium carbide slag
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Fig. S8. Annual carbon uptake by yellow phosphorus slag
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Fig. S9. Annual carbon uptake by lime mud
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Fig. S10. Annual carbon uptake by waste concrete
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Fig. S11. Annual carbon uptake by waste mortar
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Fig. S12. Annual carbon uptake by cement kiln dust
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Fig. S13. Annual carbon uptake by cement kiln dust
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Fig. S14. Annual carbon uptake by coal combustion ash
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Fig. S15. Annual carbon uptake by biomass ash
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Fig. S16. Annual carbon uptake by oil shale ash
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[bookmark: OLE_LINK61]Fig. S17. Annual carbon uptake by different countries or regions (ROW, The Rest of World)
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Fig. S18. Annual carbon uptake by various alkaline industrial wastes in China
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Fig. S19. Annual carbon uptake by various alkaline industrial wastes in U.S.
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Fig. S20. Annual carbon uptake by various alkaline industrial wastes in EU27&UK



[image: ]
[bookmark: OLE_LINK62]Fig. S21. Annual carbon uptake by various alkaline industrial wastes in the Rest Of World (ROW)
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Fig. S22. Carbonation legacy effect of alkaline industrial wastes in China
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Fig. S23. Carbonation legacy effect of alkaline industrial wastes in U.S.
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Fig. S24. Carbonation legacy effect of alkaline industrial wastes in EU27&UK
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Fig. S25. Carbonation legacy effect of alkaline industrial wastes in the Rest Of World (ROW)
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Fig. S26. Annual carbon uptake by alkaline industrial wastes under different disposal ways in China
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Fig. S27. Annual carbon uptake by alkaline industrial wastes under different disposal ways in U.S.
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Fig. S28. Annual carbon uptake by alkaline industrial wastes under different disposal ways in EU27&UK
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Fig. S29. Annual carbon uptake by alkaline industrial wastes under different disposal ways in the Rest Of World (ROW)
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Fig. S30. Annual carbon uptake by alkaline industrial wastes under different disposal ways in the Rest Of World (ROW)
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Fig. S31. Utilization rate of steel slag by different ways in different countries, 1930-2020
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Fig. S32. Utilization rate of coal combustion ash by different ways in different countries, 1930-2020



[bookmark: OLE_LINK63]Supplementary Tables
Table S1: Data description and sources
	Data Description
	Sources

	Raw materials production (China, U.S., EU, RoW)
	China Statistical Yearbook (CSY), USGS, BGS, IEA, OECD, FAO, reports

	Pig iron, magnesium, yellow phosphorus production
	USGS, BGS

	Coal production
	BGS

	Oil shale production (1930-2010)
	USGS, Dyni JR, 2006

	China's municipal waste incineration data
	National Bureau of Statistics of China

	Waste incineration (U.S., Europe, global)
	IEA (based on waste-to-energy data)

	Wood fuel and crop straw burned (1930-2020)
	FAO

	China's crude steel production
	China Steel Yearbook

	U.S. and global crude steel production
	USGS

	Alumina and lime production
	USGS

	Paper and paperboard production
	FAO

	China's calcium carbide production
	China Chemical Industry Yearbook

	Other countries' calcium carbide data
	USGS (based on lime used in production)

	Alkaline industrial wastes production
	Estimated from raw material data and byproduct output rates







Supplementary Data S1-S41 
Data S1: Estimates of blast furnace slag (BFS) production by region
Data S2: Estimates of steel slag (SS) production by region
Data S3: Estimates of Magnesium slag (MgS) production by region
Data S4: Estimates of red mud (RM) production by region
Data S5: Estimates of cement waste (CW) production by region
Data S6: Estimates of lime kiln dust (LKD) production by region
Data S7: Estimates of calcium carbide slag (CCS) production by region
Data S8: Estimates of lime mud (LM) production by region
Data S9: Estimates of yellow Phosphorus slag (YPS) production by region
Data S10: Estimates of coal combustion products (CCP) production by region
Data S11: Estimates of oil shale ash (OSA) production by region
Data S12: Municipal solid waste incineration ash (MSWI-A) production by region
Data S13: Biomass ash (BA) production by region
Data S14: Summary of estimated global production of alkaline solid wastes
Data S15: Estimates of utilization of blast furnace slag by region, 1930-2020
Data S16: Estimates of utilization of steel slag by region, 1930-2020
Data S17: Estimates of utilization of coal combustion ash by region, 1930-2020
Data S18: Estimates of utilization of other alkaline solid wastes, by region
Data S19: Particle size distribution of alkaline solid wastes
Data S20: Estimates of cement used for concrete and mortar by region
Data S21: Distribution of concrete by strength class and region
Data S22: Exposure times of cement materials in service life by region
Data S23: Exposure times of cement materials in demolition stage by region (td)
Data S24: Waste concrete particle size distribution sruvey in China
Data S25: Categories of mortar use and their proportions as surveyed in China
Data S26: Distribution of mortar uses and related parameters
Data S27: Content of CaO and MgO of alkaline solid wastes by region
Data S28: Carbonation rate coefficients of Alkaline solid wastes
Data S29: CaO converted to CaCO3 of alkaline solid wastes
Data S30: Concrete carbonation rate coefficients by region
Data S31: Mortar carbonation rate coefficients measured in China
Data S32: Measurements of CaO converted to CaCO3 in Chinese mortars
Data S33: U.S. survey results of proportion of cement kiln dust (CKD) diverted to landfill
Data S34: Variables considered in the CO2 uptake uncertainty analysis of alkaline solid wastes
Data S35: Variables considered in the CO2 uptake uncertainty analysis of cement and concrete waste
Data S36: Estimation of the carbon sink potential of alkaline solid wastes
Data S37: Global CO2 uptake by alkaline solid wastes, 1930-2020
Data S38: CO2 uptake by alkaline solid wastes in China, 1930-2020
Data S39: CO2 uptake by alkaline solid wastes in U.S., 1930-2020
Data S40: CO2 uptake by alkaline solid wastes in EU27&UK, 1930-2020
Data S41: CO2 uptake by alkaline solid wastes in ROW, 1930-2020
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