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Abbreviation   

Mg, Ca, K, P Macronutrients, respectively: Magnesium, Calcium, Potassium, Phosphorus  

RCP4.5 
Representative Concentration Pathway for radiative forcing value in 2100 of +4.5 W m-2 

relative to pre-industrial values. 
 

AR Afforestation/Reforestation  

BECCS Bio-Energy with Carbon Capture and Storage  

PTF Pedotransfer Functions  

Fine basalt 

powder 
Basalt powder texture of 15.6% clay, 83.8% silt and 0.6% fine sand  

Coarse basalt 

powder 
Basalt powder texture of 15.6% clay, 53.8% silt and 30.6% fine sand  

𝑆 Sand texture  [wt %] 

𝐶 Clay texture [wt %] 

𝑂𝑀 Soil organic matter [wt %] 

 𝜃1500 and 𝜃33 a Moisture for a pressure head of -1500 kPa and of -33 kPa. [wt %] 

𝜃(𝑆−33)
a 0 kPa to -33 kPa moisture  [wt %] 

𝜃𝑆
a Saturated (0 kPa) moisture [wt %] 
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𝐾𝑆
a Saturated soil hydraulic conductivity  

[mm h-

1]  

𝜆a Slope of logarithmic tension-moisture curve  [-] 

𝐺𝑐𝑜𝑟  Corrected soil texture after basalt application  [-] 

𝐺𝑖𝑛𝑖 Initial soil texture [-] 

𝑉𝑐𝑒𝑙𝑙  Raster cell volume [km3] 

𝜌𝑏𝑢𝑙𝑘_𝑐𝑒𝑙𝑙  Soil bulk density 
[kg.km-

3] 

𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙  Total sediment mass [kg] 

𝑂𝑀𝑐 Corrected organic matter content  [wt %] 

𝑂𝑀𝑐𝑒𝑙𝑙  Organic matter mass [kg] 

𝑀𝑏_𝑐𝑒𝑙𝑙  Basalt mass [kg] 

𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙  Soil mass [kg] 

𝐺𝑏𝑎𝑠𝑎𝑙𝑡 Basalt texture [-] 

𝐺𝑏𝑠 Texture fractions of resulting mixture of basalt plus soil [-] 

a equation from (Saxton and Rawls, 2006). 

 



 

S1. Introduction 

The stoichiometric ratios used to estimate the median and ranges (5th and 95th percentiles) macronutrient demand by 

afforestation in the main text section “Nutrient demand Afforestation/Reforestation” are presented as an excel file “S2.xlsx”. 

The different P supply maps (Fig. S1, Fig. S2, and Fig. S3) for the period of 2006 – 2099, which were used to estimate the 

geogenic P supply scenarios one (P from weathering plus atmospheric P deposition) and two (the same as scenario one plus 

inorganic labile P and organic P) that could potentially be available for plant nutrition are presented in this supplement within 

chapter S2. The used median and ranges (5th and 95th percentiles) for the macronutrients within rhyolite and dacite (acid rocks), 

andesite (intermediate rock) and basalt (basic rock), corresponding to different rock exemplars of each rock class are presented 

in chapter S3 (Fig. S4). The chemical composition is used to estimate the potential macronutrient supply by dissolution of each 

rock type. In the chapter S4, we present the results that were not presented in main text for EW coupled with AR that are: the 

area covered by forest and the C content for the 94 years (Kracher, 2017) for an N-unlimited and an N-limited scenario in Fig. 

S5; the potential macronutrient supply by the dissolution of the previous cited rocks for covering a range of P gaps of <<1 to 

17.1 g P m-2 (Fig. S6); the potential P gaps for an N-unlimited AR scenario (Fig. S9 and Fig. S15) and for an N-limited AR 

scenario (Fig. S10 and Fig. S16). The related C-fixation reduction for an N-unlimited AR scenario (Fig. S13 and Fig. S19) and 

for an N-limited AR scenario (Fig. S14 and Fig. S20) for each P budget scenario for wood and foliar chemistry corresponding 

to 5th and 95th percentiles; the potential P gaps and C-fixation reduction mean values for the N-saturated AR scenario (Fig. S21 

and Fig. S22); the necessary basalt powder deployment to bridge the estimated P gaps of each geogenic P supply scenario for 

mean and range (5th and 95th percentiles) of wood and foliar chemistry (respectively Fig. S7, Fig. S11, and Fig. S17) for an N-

unlimited AR scenario and for an N-limited AR scenario (Fig. S8, Fig. S12, and Fig. S18). The soil hydrology impacts as a 

function of deployed rock mass for a coarse and a fine texture is presented in chapter S5 for the P budget scenario two (Fig. 

S23). The soil hydrology impacts by bridging the P gap of geogenic P supply from scenario one for a fine and a coarse textured 

basalt powder is presented (Fig. S24 and Fig. S25). For P budget of geogenic P supply scenario two, the impacts on soil 

hydraulic conductivity and plant available water could be neglected (Fig. S26 and Fig. S27). The results for impacts in soil 

hydrology are presented for the N-unlimited AR scenario, since the required amount of rock powder to bridge the projected P 

gaps will be higher than for an N-limited scenario. Consequently, the changes in soil hydraulic properties for the N-unlimited 

AR scenario will be more remarkable than for the N-limited AR-scenario. A detailed documentation on the calculation of the 

soil texture changes due rock powder application, and used pedotransfer equations are given. 

S2. Geogenic nutrient pools 

The atmospheric P deposition simulations from Wang et al. (2017) considered the recent 2006 – 2013 period while the years 

of 2030, 2050, and 2100 were for an RCP4.5 scenario. The grid cell size was of 1° and were regridded to 2°×2° spatial 

resolution fields by nearest neighbor interpolation. The time-gaps were closed by linear regression and the total atmospheric 

P deposition contribution was quantified by summing up the atmospheric deposition values from 2006 to 2099 (Fig. S1). 



 

 
Fig. S1: Cumulative atmospheric P deposition for 2006 – 2099 according to Wang et al. (2017). Map generated with ESRI ArcGIS 

10.6 (http://www.esri.com). 

The total soil P map from Yang et al. (2014) was used as estimation of the projected long term available P in the soil system 

(Fig. S2). Similarly to the atmospheric P deposition rasters, it was resampled to 2°×2° spatial resolution fields by nearest 

neighbour interpolation. 

 
Fig. S2: Total inorganic labile P and organic P in the soil for a depth of 0.5 m according to Yang et al. (2014). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 

The related P release by weathering was obtained from Hartmann et al. (2014) and a relationship between air temperature and 

weathering rate was used, whereby P weathering increases by 9% per 1ºC increase (Goll et al., 2014) without accounting for 

P concentration changes in primary and secondary P minerals. The resulting raster was regridded to 2°×2° spatial resolution 

fields by nearest neighbour interpolation (Fig. S3). 
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Fig. S3: Cumulative weathering P release for the 21st century (2006 – 2099) based on Hartmann et al. (2014) accounting for 

weathering rate changes related to temperature increase (Goll et al., 2014). Map generated with ESRI ArcGIS 10.6 

(http://www.esri.com). 

S3. EW as nutrient source 

The median and ranges (5th and 95th percentiles) from rhyolite and dacite (acid rocks), andesite (intermediate rock) and basalt 

(basic rock) chemical composition (Fig. S4) were obtained from a rock chemistry database compilation (Earthchem web portal, 

http://www.earthchem.org, accessed on 2017-07-14). 

 
Fig. S4: Statistical data of major element concentration in rocks, median values (filled circles) and range (5th and 95th percentiles, 

whiskers). Values from a database downloaded from the Earthchem webportal (http://www.earthchem.org). 
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S4. EW coupled with AR 

 

 
Fig. S5: AR carbon for the 21st century (2006 – 2099) period of forest growth for a RCP4.5 scenario, according to Kracher (2017). 

a) For an N-unlimited AR scenario. b) For an N-limited AR scenario. Map generated with ESRI ArcGIS ver. 10.6 

(http://www.esri.com). 
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Fig. S6: Potential macronutrient (Mg, Ca, and K) supply of different rocks for closing projected P gaps of <<1 to 17.1 g P m-2. Median 

and ranges (5th and 95th percentiles) of potential supply based on rock chemistry. 



 

 

 
Fig. S7: Basalt deployment necessary to close P gaps from P budget scenarios of Fig. S22. a) Geogenic P supply scenario one (geogenic 

P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil inorganic 

labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with ESRI ArcGIS 

10.6 (http://www.esri.com). 
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Fig. S8: Basalt deployment necessary to close P gaps from P budget scenarios of main text Fig. 2. a) Geogenic P supply scenario one 

(geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil 

inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S9: Areas with a potential P gap for the nutrient budget of the N-unlimited AR scenario (after 94 years of simulation) assuming 

P concentrations within foliar and wood material corresponding to 95th percentile values (main text Table 1). a) Geogenic P supply 

scenario one (geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic 

P from soil inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map 

generated with ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S10: Areas with a potential P gap for the nutrient budget of the N-limited AR scenario (after 94 years of simulation) assuming 

P concentrations within foliar and wood material corresponding to 95th values (main text Table 1). a) Geogenic P supply scenario 

one (geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from 

soil inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated 

with ESRI ArcGIS 10.6 (http://www.esri.com). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
Fig. S11: Basalt deployment necessary to close P gaps from P budget scenarios of Fig. S9. a) Geogenic P supply scenario one (geogenic 

P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil inorganic 

labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with ESRI ArcGIS 

10.6 (http://www.esri.com). 
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Fig. S12: Basalt deployment necessary to close P gaps from P budget scenarios of Fig. S10. a) Geogenic P supply scenario one 

(geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil 

inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S13: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material 

corresponding to 95th values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. 

S9a, obtained for geogenic P supply scenario one (geogenic P from weathering plus atmospheric P deposition as source of P). b) C-

reduction based on P gaps of Fig. S9b, obtained for geogenic P supply scenario two (geogenic P from soil inorganic labile P and 

organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with ESRI ArcGIS 10.6 

(http://www.esri.com). 
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Fig. S14: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material 

corresponding to 95th values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. 

S10a, obtained for geogenic P supply scenario one (geogenic P from weathering plus atmospheric P deposition as source of P). b) C-

reduction based on P gaps of Fig. S10b, obtained for geogenic P supply scenario two (geogenic P from soil inorganic labile P and 

organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with ESRI ArcGIS 10.6 

(http://www.esri.com). 
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Fig. S15: Areas with a potential P gap for the nutrient budget of the N-unlimited AR scenario (after 94 years of simulation) assuming 

P concentrations within foliar and wood material corresponding to 5th values (main text Table 1). a) Geogenic P supply scenario one 

(geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil 

inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S16: Areas with a potential P gap for the nutrient budget of the N-limited AR scenario (after 94 years of simulation) assuming 

P concentrations within foliar and wood material corresponding to 5th values (main text Table 1). a) Geogenic P supply scenario one 

(geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil 

inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 



 

 

 
Fig. S17: Basalt deployment necessary to close P gaps from P budget scenarios of Fig. S15. a) Geogenic P supply scenario one 

(geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil 

inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S18: Basalt deployment necessary to close P gaps from P budget scenarios of Fig. S16. a) Geogenic P supply scenario one 

(geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from soil 

inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with 

ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S19: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material 

corresponding to 5th values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. 

S15a, obtained for geogenic P supply scenario one (geogenic P from weathering plus atmospheric P deposition as source of P). b) C-

reduction based on P gaps of Fig. S15b, obtained for geogenic P supply scenario two (geogenic P from soil inorganic labile P and 

organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with ESRI ArcGIS 10.6 

(http://www.esri.com). 
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Fig. S20: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material 

corresponding to 5th values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. 

S16a, obtained for geogenic P supply scenario one (geogenic P from weathering plus atmospheric P deposition as source of P). b) C-

reduction based on P gaps of Fig. S16b, obtained for geogenic P supply scenario two (geogenic P from soil inorganic labile P and 

organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated with ESRI ArcGIS 10.6 

(http://www.esri.com). 

The predicted C sequestration by N-unlimited AR scenario from Kracher (2017) is 2.4 Gt C a-1. Different authors reported the 

potential C sequestration by afforestation or reforestation being of 0.3 – 3.3 Gt C a-1 for the end of 2100 (National Research 

Council, 2015;Lenton, 2014, 2010;Smith et al., 2015 apud Fuss et al., 2018). 

The here estimated P demand based on the predicted biomass growth to sequester 224 Gt C (N-unlimited AR scenario) 

amounts to 244 Mt P on global scale for a mean wood and leaves P content. The potential C sequestration and the P demand 

of the N-unlimited AR scenario is higher than for the N-limited AR scenario. Based on global and US specific databases, the 

range of N stock-based additional P demand for the N-unlimited scenario is 88 / 417 Mt P; 5th / 95th percentile for wood and 

leaves chemistry. 

The P budget for geogenic P supply scenario one, which considers P supply by weathering and atmospheric P deposition, for 

both N supply AR scenarios suggest that P deficiency areas are distributed along the world, but with higher occurrence within 

the northern hemisphere (Fig. S21a). However, for geogenic P supply scenario two, which is the same as geogenic P supply 

scenario one plus geogenic P from soil inorganic labile P and organic P pools, the P deficiency areas are predominantly located 
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at the southern hemisphere for both N supply AR scenarios (Fig. S21b). If P is the only limiting nutrient, it is expected a C 

reduction of 1.8 – 52% from the projected 224 Gt C, with mean C reduction of 39% for the geogenic P supply scenario one 

and 6% for the geogenic P supply scenario two (Table S2). If N and P are limiting nutrients, it is expected a C reduction of 

16.5 – 59%, with mean C reduction of 47% for the geogenic P supply scenario one and 19% for the geogenic P supply scenario 

two. Accounting for N and P limitation on AR suggests that, in average; the biomass production will be affected, which 

decreases the C sequestration potential of AR strategies (Table S2). In some areas, the C sequestration reduction can reach up 

to 100% from predicted C sequestration of the AR models (Fig. S22). 

Assuming a median P content of 500 ppm in basalt, cf., Fig. S4 chapter S3, the maximum mass applied in 94 years would be 

of 34 and 13 kg basalt m-2 respectively for P gap from geogenic P supply scenarios one and two for the N-unlimited AR 

scenario (Fig. S8). A total amount of 3.6 – 454 Gt basalt (N-unlimited AR scenario) applied by EW would be needed to cover 

the projected P gaps. To reach the maximum projected C sequestration potential of AR, covering the N and P biomass demand 

would be necessary. Basalt has a carbon capture potential of ~0.3 tCO2 t-1 basalt (Renforth, 2012), sequestering 1.08 – 

136.2 Gt CO2 by the end of 2100 if basalt powder would be deployed to cover P gaps of the N-unlimited AR scenario. 

The nutrient concentration of rocks will influence the necessary amounts to cover P gap of each P budget scenario for the AR 

scenarios. The cumulative applied rock powder mass will be different for each rock type (Table S1), with basalt being more 

effective to supply P for the estimated P gap areas due to relative high P content. 

For a chemical composition corresponding to the 95th percentile, 10 kg basalt m-2 would cover the maximum projected P gaps 

for all P supply scenarios. For a median chemical composition, deploying 34 kg basalt m-2 would cover all the P gaps of the 

two geogenic P supply scenarios for the N-unlimited AR scenario and for the 5th percentile the necessary amount of rock would 

get even higher (Table S1). 

 

 

 

 

 

 

 

 

 



 

 

 
Fig. S21: Areas with potential P gap for the nutrient budget of the N-unlimited AR scenario (after 94 years of simulation) assuming 

P concentrations within foliar and wood material corresponding to mean values (Table 1 main text). a) Geogenic P supply scenario 

one (geogenic P from weathering plus atmospheric P deposition as source of P). b) Geogenic P supply scenario two (geogenic P from 

soil inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of P). Map generated 

with ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S22: Reduction on forest C sequestration due to geogenic P limitation. C-reduction estimated from stoichiometric C:P ratios for 

the N-unlimited AR scenario assuming P concentrations within foliar and wood material corresponding to mean values (Table 1 

main text). a) C-reduction based on P gaps of Fig. S21a, obtained for geogenic P supply scenario one (geogenic P from weathering 

plus atmospheric P deposition as source of P). b) C-reduction based on P gaps of Fig. S21b, obtained for geogenic P supply scenario 

two (geogenic P from soil inorganic labile P and organic P pools plus atmospheric P deposition and P from weathering as source of 

P). For resulting global C reduction check Table S2. Map generated with ESRI ArcGIS 10.6 (http://www.esri.com). 
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Table S1: Rock powder application for a chemistry corresponding to the 5th percentile, assuming full rock dissolution, to cover maximum and median estimated P gaps for the N-unlimited AR 

scenario (minimum values can be neglected). For the potential macronutrient supply, see Fig. S6 and Fig. S7. 

 P gap Rhyolite Dacite Andesite Basalt 

 [g P m-2] [kg rock m-2] 

Scenario one 
17.1 783.4 156.7 120.5 112.0 

2.1 19.0 6.3 6.0 3.8 

Scenario two 
6.6 302.6 60.5 46.5 43.2 

1.8 17.0 5.7 5.3 3.4 

 

Table S2: Global P gap, maximum estimated P gap, maximum C sequestration reduction, and global C reduction for the natural N supply (N-limited) AR scenario (projected C 

sequestration of 190 Gt C) and for the N fertilization (N-unlimited) AR scenario (projected C sequestration of 224 Gt C). 

N supply 
Geogenic 

P supply 

Maximum estimated P gap 

[g P m-2] Global P gap [Mt P] 

Maximum C sequestration reduction 

[kg C m-2] Global C reduction [Gt C] 

Wood and leaves P content 

5th 

percentile mean 

95th 

percentile 

5th 

percentile mean 

95th 

percentile 5th percentile mean 95th percentile 

5th 

percentile mean 

95th 

percentile 

Unlimited 

Scenario 

one 4.1 17.1 31.2 16.0 100.0 227.0 10.0 15.0 16.0 34.0 88.0 117.0 

Scenario 

two 2.4 6.6 14.1 1.8 15.0 49.0 4.6 6.1 7.6 4.0 13.0 25.0 



 

S5. Impacts on soil hydrology 

Pedotransfer functions (PTFs) are used to estimate soil hydraulic properties (Schaap et al., 2001;Whitfield and Reid, 

2013;Wösten et al., 2001) and such approximations have proven to be a suitable approach (Vienken and Dietrich, 2011). PTFs 

make use of statistical analysis (Saxton and Rawls, 2006;Wösten et al., 2001), artificial neural networks and or other methods 

applied to large soil databases of measured data (Wösten et al., 2001). The equations from Saxton et al. (1986) performed the 

best estimations of soil hydraulic properties (Gijsman et al., 2002). Later on, Saxton and Rawls (2006) improved Saxton et al. 

(1986) PTFs. Therefore, potential changes in soil hydrology, due to the application of a fine basalt texture (15.6% clay, 83.8% 

silt, and 0.6% fine sand) or a coarse basalt texture (15.6% clay, 53.8% silt, and 30.6% fine sand) were estimated based on grain 

size distribution and organic matter fractions (Saxton and Rawls, 2006): 

𝜃1500 = 𝜃1500𝑡 + (0.14 × 𝜃1500𝑡 − 0.02), (S1) 

𝜃33 = 𝜃33𝑡 + (1.283 × (𝜃33𝑡)2 − 0.374 × (𝜃33𝑡) − 0.015), (S2) 

𝜃(𝑆−33) = 𝜃(𝑆−33)𝑡 + (0.636 × 𝜃(𝑆−33)𝑡 − 0.107), (S3) 

𝜃𝑆 = 𝜃33 + 𝜃(𝑆−33) − 0.097 × 𝑆 + 0.043, (S4) 

𝐾𝑆 = 1930 × (𝜃𝑆 − 𝜃33)(3−𝜆), (S5) 

with: 

𝜃1500𝑡 = −0.024 × 𝑆 + 0.487 × 𝐶 + 0.006 × 𝑂𝑀 + 0.005 × (𝑆 × 𝑂𝑀) − 0.013(𝐶 × 𝑂𝑀) +

0.068(𝑆 × 𝐶) + 0.031, 

(S6) 

 

𝜃33𝑡 = −0.251 × 𝑆 + 0.195 × 𝐶 + 0.011 × 𝑂𝑀 + 0.006 × (𝑆 × 𝑂𝑀) − 0.027 × (𝐶 × 𝑂𝑀) +

0.452(𝑆 × 𝐶) + 0.299, 

 

(S7) 

𝜃(𝑆−33)𝑡 = 0.278 × 𝑆 + 0.034 × 𝐶 + 0.022 × 𝑂𝑀 − 0.018 × (𝑆 × 𝑂𝑀) − 0.027 × (𝐶 × 𝑂𝑀) −

0.584 × (𝑆 × 𝐶) + 0.078, 

 

(S8) 

𝜆 = [
ln(1500)−ln(33)

ln(𝜃33)−ln(𝜃1500)
]−1, (S9) 

where 𝑆 and 𝐶 respectively represent the soil texture corresponding to sand and clay diameters [wt %], 𝑂𝑀 is the soil organic 

matter [wt %], the moisture [wt %] are estimated by 𝜃1500 and 𝜃33 respectively representing the soil moisture for a pressure 

head of -1500 kPa (R2 = 0.86) and of -33 kPa (R2 = 0.63). 𝜃(𝑆−33) and 𝜃𝑆 respectively corresponds to the 0 kPa to -33 kPa 

moisture (R2 = 0.36), and to the saturated (0 kPa) moisture (R2 < 0.25). 𝐾𝑆 [mm h-1] represents the saturated soil hydraulic 

conductivity and 𝜆 is the slope of the logarithmic tension-moisture curve. The plant available water is given by the difference 

between water content at a pressure head of -33 kPa and -1500 kPa (Saxton and Rawls, 2006). 



 

The initial hydrologic properties of topsoil were estimated for a depth of 0.3 m, as it is the average depth usual machinery can 

homogeneously mix topsoil. Greater depths can be reached but under higher energy and labor costs (Fageria and Baligar, 

2008). The global data set of derived soil properties (Batjes, 2005), which had textural information (sand, silt, and clay content) 

for shallow soil depths (0.3 m) was used. The raster had a resolution of 0.5° and the soil properties for the interest areas of 

biomass growth limitation (main text Fig. 2) were included by a spatial join (using Esri ArcMap 10.6). The nutrient deficient 

areas encompass soils of different textures and organic matter content, which had their initial 𝐾𝑆 estimated separately based 

on eq. S5. The sum of clay, silt, and sand fractions within each cell should always be one, and were corrected when necessary: 

𝐺𝑐𝑜𝑟 =
(𝐺𝑖𝑛𝑖×𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙)

∑(𝐺𝑖𝑛𝑖×𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙)
, (S10) 

with: 

𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙 = 𝑉𝑐𝑒𝑙𝑙 × 𝜌𝑏𝑢𝑙𝑘_𝑐𝑒𝑙𝑙 , (S11) 

where 𝐺𝑖𝑛𝑖 represents the initial topsoil texture of a specific raster cell [-]. 𝑉𝑐𝑒𝑙𝑙  [km3] is the raster cell volume obtained by 

multiplying the area [km2] to the soil depth of 0.3×10-3 km. 𝜌𝑏𝑢𝑙𝑘_𝑐𝑒𝑙𝑙  is the raster cell topsoil bulk density [kg km-3]. 𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙  

is the total sediment mass of a raster cell [kg]. 𝐺𝑐𝑜𝑟  is the corrected soil texture [-]. 

The necessary rock powder mass was estimated based on cumulative P gaps (𝑀𝑏𝑐𝑒𝑙𝑙
) obtained from the P budget that considered 

the natural P pools and P demand of afforestation. The impact of basalt powder application in soil 𝐾𝑆 and PAW was estimated 

by assuming a homogeneous mixture between applied basalt powder and topsoil.  

Basalt organic matter content is zero and basalt powder application on soil can potentially change its texture and soil organic 

matter (SOM) content. The changes were quantified by the initial SOM mass within a raster grid-cell normalized to the sum 

of applied basalt mass, mass of soil, and initial SOM mass: 

𝑂𝑀𝑐 =
𝑂𝑀𝑐𝑒𝑙𝑙

𝑀𝑏_𝑐𝑒𝑙𝑙+ 𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙+ 𝑂𝑀𝑐𝑒𝑙𝑙
× 100, (S12) 

with: 

𝑂𝑀𝑐𝑒𝑙𝑙 = 𝑂𝑀𝑤𝑡% × 𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙 , (S13) 

where 𝑂𝑀𝑐 is the corrected organic matter content [wt %], 𝑂𝑀𝑐𝑒𝑙𝑙 is the organic matter mass within the raster cell [kg]. 𝑀𝑏_𝑐𝑒𝑙𝑙  

and 𝑀𝑠𝑜𝑖𝑙_𝑐𝑒𝑙𝑙 , both in [kg], are the mass of basalt and mass of soil for a specific raster cell. 

The impacts in soil texture by rock powder application considered the textures of applied basalt mass added to the initial soil 

mass. It was assumed a content of 15.6% clay, 83.8% silt, and 0.6% fine sand for fine basalt powder and 15.6% clay, 53.8% 

silt, and 30.6% fine sand for a coarse basalt powder. 



 

𝐺𝑏𝑠 =
(𝐺𝑖𝑛𝑖×𝑀𝑠𝑒𝑑𝑐𝑒𝑙𝑙

+ 𝑀𝑏𝑐𝑒𝑙𝑙
×𝐺𝑏𝑎𝑠𝑎𝑙𝑡)

∑(𝐺𝑖𝑛𝑖×𝑀𝑠𝑒𝑑𝑐𝑒𝑙𝑙
+ 𝑀𝑏𝑐𝑒𝑙𝑙

×𝐺𝑏𝑎𝑠𝑎𝑙𝑡)
, (S14) 

where 𝐺𝑏𝑎𝑠𝑎𝑙𝑡 corresponds to the texture fractions of the fine or coarse basalt powder. 𝐺𝑏𝑠 corresponds to the texture fractions 

of resulting mixture of basalt plus soil. 

Besides texture and organic matter, intrinsic grain properties, e.g., the shape of grains and pores, tortuosity, specific surface 

area, and porosity, should be considered (Bear, 1972). The equations from Beyer (1964) are based on the non-uniformity of 

grain size distribution and density of the grain packing to estimate soil properties. Carrier III (2003) uses information on the 

particle grain size distribution, the particle shape, and the void ratio on his equations to estimate soil properties. However, such 

detailed information on a global scale is missing turning Beyer (1964) and Carrier III (2003) equations useless. 

 

 
Fig. S23: Relative impacts on soil saturated hydraulic conductivity (𝑲𝑺) and Plant Available Water (PAW). Kbas and PAWbas 

respectively represents the estimated soil 𝑲𝑺 and PAW after basalt application. Kini is the estimated initial soil 𝑲𝑺 and PAWini is the 

estimated initial PAW of different soils. a) Application of a fine basalt texture (15.6% clay, 83.8% silt, and 0.6% fine sand). b) 

(a) 

(b) 



 

Application of a coarse basalt texture (15.6% clay, 53.8% silt, and 30.6% fine sand) for areas corresponding to P budget scenario 

two (main text Fig. 2b). Mean and standard deviations for n=2521 grid cells. 

 

 
Fig. S24: Impacts on soil hydrology for basalt deployment mass coincident to Fig. S7a for a fine basalt texture (15.6% clay, 83.8% 

silt, and 0.6% sand) being deployed. a) Hydraulic conductivity (K) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. b) Plant available water (PAW) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. Map generated with ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S25: Impacts on soil hydrology for basalt deployment mass coincident to Fig. S7a for a coarse basalt texture (15.6% clay, 53.8% 

silt, and 30.6% fine sand) being deployed. a) Hydraulic conductivity (K) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. b) Plant available water (PAW) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. Map generated with ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S26: Impacts on soil hydrology for basalt deployment mass coincident to Fig. S7b for a fine basalt texture (15.6% clay, 83.8% 

silt, and 0.6% sand) being deployed. a) Hydraulic conductivity (K) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. b) Plant available water (PAW) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. Map generated with ESRI ArcGIS 10.6 (http://www.esri.com). 
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Fig. S27: Impacts on soil hydrology for basalt deployment mass coincident to Fig. S7b for a coarse basalt texture (15.6% clay, 53.8% 

silt, and 30.6% fine sand) being deployed. a) Hydraulic conductivity (K) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. b) Plant available water (PAW) changes relative to initial soil values estimated according to 

Saxton and Rawls (2006) equations. Map generated with ESRI ArcGIS 10.6 (http://www.esri.com). 
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