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Abbreviation
Mg, Ca, K, P

RCP4.5
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BECCS
PTF
Fine basalt
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Gbs

Macronutrients, respectively: Magnesium, Calcium, Potassium, Phosphorus
Representative Concentration Pathway for radiative forcing value in 2100 of +4.5 W m?
relative to pre-industrial values.

Afforestation/Reforestation

Bio-Energy with Carbon Capture and Storage

Pedotransfer Functions

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

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

Sand texture [wt %]
Clay texture [wt %]
Soil organic matter [wt %]
Moisture for a pressure head of -1500 kPa and of -33 kPa. [wt %]
0 kPa to -33 kPa moisture [wt %]
Saturated (0 kPa) moisture [wt %]
Saturated soil hydraulic conductivity E]mm "
Slope of logarithmic tension-moisture curve [-1
Corrected soil texture after basalt application [-1
Initial soil texture [-]
Raster cell volume [km?]
Soil bulk density E;g'km
Total sediment mass [ko]
Corrected organic matter content [wt %]
Organic matter mass [ka]
Basalt mass [ka]
Soil mass [kal
Basalt texture [-]
Texture fractions of resulting mixture of basalt plus soil [-]

a gquation from (Saxton and Rawls, 2006).
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A. Introduction

The stoichiometric ratios used to estimate the median and ranges (5™ and 95" percentiles) macronutrient demand by
afforestation in the main text section “Nutrient demand Afforestation/Reforestation” are presented as an excel file “S2.x1Isx”.
In the chapter B, we present the results that were not presented in main text for EW coupled with AR that are: the potential P
gaps and the necessary basalt powder deployment to bridge the estimated P gaps for an N-limited AR scenario and the related
C-fixation reduction (Fig. S 1, Fig. S2, Fig. S 3, and Fig. S4) and the potential P gaps and the necessary basalt powder
deployment to bridge the estimated P gaps for an N-unlimited AR scenario and the related C-fixation reduction (Fig. S 5, Fig.
S6 , Fig. S 7, Fig. S8, Fig. S 9, and Fig. S10). In chapter C, we show the results for a hypothetical scenario assuming that the
estimated maximum harvest rate by MAgPIE could be increased by one order of magnitude (Fig. S 11). The soil hydrology
impacts for a coarse and for a fine rock powder texture is presented in chapter D for the P budget of geogenic P supply scenario
two for the N-unlimited scenario, the impacts on soil hydraulic conductivity and plant available water could be neglected (Fig.
S 12). 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.

B. EW coupled with AR

AR N-limited
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Fig. S 1: Areas with 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 5™ 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) Basalt deployment necessary to close P
gaps from P budget scenario of Fig. S 1a. ¢) 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). d) Basalt deployment necessary to close P gaps from P
budget scenario of Fig. S 1c. Map generated with ESRI ArcGIS 10.7 (http://www.esri.com).

i



http://www.esri.com/

Fig. S2: Forest C sequestration
reduction due to geogenic P
limitation assuming P
concentrations within foliar and
wood material corresponding to
5t values (main text Table 1)
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Fig. S 3: Areas with 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 95 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) Basalt deployment necessary to close P
gaps from P budget scenario of Fig. S 3a. ¢) 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). d) Basalt deployment necessary to close P gaps from P
budget scenario of Fig. S 3c. Map generated with ESRI ArcGIS 10.7 (http://www.esri.com).
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Fig. S4: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material
corresponding to 95™ values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. S
3a, 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. S 3c, 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 10.7
(http://www.esri.com).

ii. AR N-unlimited

The predicted C sequestration by N-unlimited AR scenario from Kracher (2017) is ~2.4 Gt C a. Different authors reported
the potential C sequestration by afforestation or reforestation being of 0.3 — 3.3 Gt C a™ for the end of 2100 (National Research
Council, 2015;Lenton, 2014, 2010;Smith et al., 2015 apud Fuss et al., 2018). However, the predicted sequestration potential
estimated by Kracher (2017) can fall to ~1.4 Gt C a™* if geogenic P supply scenario one for mean P content within wood and
leaves is selected. If geogenic P supply scenario two for mean P content within wood and leaves is selected, it fall to ~2.2
GtCal

The ideal P biomass additional demand (calculated from main text Eq. (1)), 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; for 5™ and 95™ percentile, the estimated P demand
would be 88 and 417 Mt P respectively. The potential C sequestration and the P demand of the N-unlimited AR scenario is
higher than for the N-limited AR scenario.

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. S 7a). 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
at the southern hemisphere for both N supply AR scenarios (Fig. S 7c). 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
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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. S8).

Assuming a median P content of 500 ppm in basalt, 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 and mean P
concentrations within foliar and wood material (Fig. S 7). 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 tCO, t* basalt
(Renforth, 2012), sequestering ~0.3 — ~37 Gt C (~1 — ~136.2 Gt CO>) 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 95" percentile, 10 kg basalt m would cover the maximum projected P gaps

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

two geogenic P supply scenarios for the N-unlimited AR scenario and for the 5™ percentile the necessary amount of rock would
get even higher (Table S1).
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Fig. S 5: 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 5% 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) Basalt deployment necessary to close P
gaps from P budget scenario of Fig. S 5a. ¢) 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). d) Basalt deployment necessary to close P gaps from P
budget scenario of Fig. S 5¢c. Map generated with ESRI ArcGIS 10.7 (http://www.esri.com).
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Fig. S6: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material
corresponding to 5" values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. S
5a, 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. S 5c, 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 10.7
(http://www.esri.com).
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Fig. S 7: 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 (main text Table 1). a) Geogenic P supply scenario
one (geogenic P from weathering plus atmospheric P deposition as source of P). b) Basalt deployment necessary to close P gaps from
P budget scenario of Fig. S 7a. ¢) 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). d) Basalt deployment necessary to close P gaps from P budget
scenario of Fig. S 7c. Map generated with ESRI ArcGIS 10.7 (http://www.esri.com).
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Fig. S8: 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. S 7a, 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. S 7c, 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 10.7 (http://www.esri.com).
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Fig. S 9: 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 95™ 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) Basalt deployment necessary to close P
gaps from P budget scenario of Fig. S 9a. ¢) 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). d) Basalt deployment necessary to close P gaps from P
budget scenario of Fig. S 9c. Map generated with ESRI ArcGIS 10.7 (http://www.esri.com).
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Fig. S10: Forest C sequestration reduction due to geogenic P limitation assuming P concentrations within foliar and wood material
corresponding to 95t values (main text Table 1) estimated from stoichiometric C:P ratios. a) C-reduction based on P gaps of Fig. S
9a, 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. S 9c, 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 10.7
(http://www.esri.com).
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Table S1: Rock powder application for a chemistry corresponding to the 5™ 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. 7 main text and Fig. S 7.

P gap Rhyolite Dacite Andesite Basalt
[gP m?] [kg rock m2]
. 17.1 783.4 156.7 120.5 112.0
Scenario one
2.1 19.0 6.3 6.0 3.8
. 6.6 302.6 60.5 46.5 43.2
Scenario two
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).
Maximum estimated P gap Maximum C sequestration reduction

G . [gP m?] Global P gap [Mt P] [kg C m?] Global C reduction [Gt C]
eogenic
N supply P sug I Wood and leaves P content
pply 5th 95th 5th 95th 5th 951h
percentile mean  percentile percentile mean  percentile 5t percentile  mean 95" percentile  percentile mean percentile
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
Unlimited :
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




C. EW coupled to bio-energy grass production
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Fig. S 11: Projected K and P supply (logarithmic curve) by basalt complete dissolution given as median ranges (5™ and 95"
percentiles) for bio-energy grasses K and P demand (horizontal filled boxes) based on global minimum 0.7 kg m2 a* and maximum
36 kg m2 a! harvest rates.

D. Impacts on soil hydrology
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Fig. S 12: Impacts on soil hydrology estimated according to Saxton and Rawls (2006) equations for basalt deployment mass
coincident to areas with potential P gap for the nutrient budget of the N-unlimited AR scenario assuming P concentrations within
foliar and wood material corresponding to mean values (Fig. S 7c). a) Hydraulic conductivity (K) changes relative to initial soil



values for a fine basalt texture (15.6% clay, 83.8% silt, and 0.6% sand) being deployed. b) Hydraulic conductivity (K) changes
relative to initial soil values for a coarse basalt texture (15.6% clay, 53.8% silt, and 30.6% fine sand) being deployed. c) Plant
available water (PAW) changes relative to initial soil values for a fine basalt texture being deployed. d) Plant available water (PAW)
changes relative to initial soil values for a coarse basalt texture being deployed. Map generated with ESRI ArcGIS 10.7
(http://www.esri.com).
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