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Enhanced rock weathering (ERW) and pyrogenic carbon capture and storage 
(PyCCS, or “biochar carbon removal”) are two promising carbon dioxide removal 
(CDR) techniques that can contribute to soil restoration. These technologies can 
be combined by co-application of rock powder and biochar or by co-pyrolysis of 
rock powder with biomass to produce rock-enhanced (RE) biochar. In a 27-week 
laboratory experiment, we quantified the carbon (C) sink development of co-
applications and RE-biochars produced by co-pyrolysis of basanite rock powder 
with either 50 or 90 wt% willow wood or 90 wt% wheat straw. Incubators featured 
two elevated soil pCO2 levels (0.012 and 0.062 atm, equivalent to about 1.2 and 
6.2 Vol-% CO2) in a clay-rich, nutrient-poor Oxisol, with a simulated annual rainfall 
of 1,600 mm. Results showed strong initial fluxes of total alkalinity (TA), dissolved 
inorganic carbon (DIC), dissolved organic carbon (DOC), and major cations (Mg2+, 
Ca2+, K+, Na+), which decreased over time. Notably, elevated pCO2 had minimal 
impact on the release of DOC but doubled the TA flux from ERW. An important 
observation was the impact of waterlogging on water fluxes in soil columns without 
biochar, which lowered the amount of leached cations from rock and biochar. 
We defined the carbon sink (C-Sink) to include all DIC of geogenic and biogenic 
origin, and pyrogenic carbon from biochar. Biogenic cations were not considered 
as contributing to additional CO2 sequestration. For a soil application equivalent 
to application of 12 t ha−1, the total net C-Sink ranged from −0.1 to 30.9 t CO2 ha−1 
after 27 weeks under 1.2 Vol-% CO2. We were not able to determine a change 
in rock weathering rates from co-pyrolysis since biogenic and geogenic cations 
could not be distinguished. A 20-year forecast suggests net C-Sinks between 
0.5 t and 28.7 t CO2 ha−1, driven by increased contributions from weathering, 
alongside a C-Sink loss of carbon due to biochar mineralization. While biochar 
alone generally produces a larger C-Sink, co-application with rock powder fosters 
soil remineralization and provides a higher permanence of the C-Sink. Additionally, 
biochar increases water-holding capacity, prevents waterlogging of soils and 
likely improves the retention of organic carbon in soils.
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Highlights

	•	 No clear evidence of accelerated rock weathering.
	•	 Waterlogging reduced alkalinity export but biochar addition 

mitigated this effect.
	•	 Cations from biogenic and geogenic origin influence the 

CDR potential.
	•	 Rock weathering and biochar offer a complementary 

CDR portfolio.

1 Introduction

Increasing global temperatures, soil degradation, depletion of 
mineral fertilizer resources, and declining soil organic carbon (SOC) 
stocks pose significant threats to agriculture and food security (Porkka 
et al., 2016; Zhao et al., 2017; Spinoni et al., 2021; Mbow et al., 2022; 
Shukla et al., 2022). Further, shifting precipitation patterns, the rising 
frequency of droughts, and extreme weather events call for an 
adaption of agricultural practices. To acknowledge these issues, the 
Intergovernmental Panel on Climate Change (IPCC) highlights the 
importance of implementing sustainable land management practices 
in food production (Mbow et al., 2022; Nabuurs et al., 2022). While 
current agricultural practices accounted for 13–21% of global 
anthropogenic greenhouse gas emissions between 2010 and 2019, 
cultivated soils also play an important role in climate change 
mitigation through carbon dioxide removal (CDR) by built-up of SOC 
(Babiker et  al., 2022; Nabuurs et  al., 2022). Additional CDR on 
agricultural land can be  achieved by enhanced rock weathering 
(ERW), i.e., amending soils with rock powder to promote silicate 
mineral weathering and the transformation of CO2 to bicarbonate, a 
form of dissolved inorganic carbon (DIC). Another approach involves 
pyrogenic carbon capture and storage (PyCCS), which uses pyrolysis 
to convert agricultural residues and other biomass to produce, among 
other products, biochar, that can be  applied to agricultural soils 
(Schmidt et al., 2019). While PyCCS is already widely implemented 
(Smith et  al., 2023), ERW lags behind in technological readiness, 
monitoring, reporting, and verification schemes (MRV), economic 
viability, and public support (Smith et al., 2024).

Co-benefits that enhance soil health and food security could 
improve public acceptance of CDR methods (Waring et al., 2023). 
Identifying synergies between CDR applications promting soil 
improvement and protection offers a promising path to scale PyCCS 
and ERW (Janssens et al., 2022). The co-application of biochar and 
rock powder was suggested to act synergistically, but has yet to 
be empirically tested (Amann and Hartmann, 2019; Hagens et al., 
2023). Integrating these methods presents a unique opportunity for a 
multifaceted CDR strategy. Biochar can improve soil fertility, increase 
nutrient availability, improve water retention, promote root growth 
and ultimately increase yield, especially in tropical regions (Lehmann 
et  al., 2021; Schmidt et  al., 2021). Additionally, it helps to reduce 
environmental impacts of agriculture, such as nitrate leaching and 
N2O emissions (Borchard et  al., 2019), and can support soil 
remediation (Wang et al., 2022; Cornelissen et al., 2025). Specifically, 

biochar may reduce plant uptake of trace elements including lead and 
nickel (Peng et al., 2018; Schmidt et al., 2021). Application of rock 
powder increases soil pH, provides both macro- and micronutrients, 
depending on the composition of the rock (Beerling et  al., 2018; 
Swoboda et al., 2022; Dupla et al., 2024) and improves soil structure 
(Beerling et al., 2018; Haque et al., 2020; Swoboda et al., 2022). Rock 
weathering reintroduces carbon into the geological cycle by 
transforming CO2 into alkalinity in aquatic systems (Hartmann et al., 
2013; Renforth, 2019). Further, the presence of secondary clay 
minerals, formed through mineral weathering, contributes to the 
stability and protection of both SOC (Buss et al., 2023) and the labile 
fractions of biochar (Yang et al., 2021) by facilitating the formation of 
mineral-associated organic matter by cation bridging, and aggregation 
(Buss et  al., 2023). Combining biochar and rock powder has the 
potential not only to improve soil conditions but also to support the 
rehabilitation of degraded soils in response to rising food demand and 
the need for climate change adaptation (Amann and Hartmann, 2019; 
Janssens et al., 2022).

In recent years, carbon sinks (C-Sinks) based on PyCCS and ERW 
gained increasing research attention, both due to their large-scale 
potential and operational complexities. Enhanced rock weathering is 
characterized by its long-term carbon sequestration potential, with 
weathering rates that can be  monitored through the analysis of 
weathering products in soil solutions (Amann and Hartmann, 2022; 
Kantola et al., 2023). However, robust MRV frameworks that directly 
quantify the C-Sink are still in development. The carbon sequestration 
effect of ERW may be impacted by the interaction of soil biota with 
minerals and SOC (Vicca et al., 2022), potential organic carbon (Corg) 
loss due to pH increases (Yan et  al., 2023), and the influence of 
non-carbonic acids in the weathering process (Kantola et al., 2023). 
Pyrogenic carbon capture and storage involves CO₂ capture by 
photosynthesis and long-term sequestration by converting biomass 
into biochar (Rathnayake et al., 2024). If applied to soil, biochar will 
undergo partial oxidation by both biotic and abiotic processes 
(Pignatello et al., 2024) which leads to a loss of C at a rate largely 
dependent on the inert biochar properties. Biochar is a heterogeneous 
material consisting of a wide range of carbonaceous compounds 
(Keiluweit et al., 2010), which can be grouped into persistent and 
semi-persistent carbon fractions (Schmidt et al., 2022). Current MRV 
calculate the persistent (>100 or >1,000 years) portion of biochar 
using factors for the fraction of Corg that is in the range of 0.7–0.9 
(Calvo Buendia et al., 2021; Etter et al., 2021; Schmidt et al., 2024).

Studies on the combination of both CDR technologies are 
scarce, yet several positive feedbacks have been suggested (Amann 
and Hartmann, 2019) such as the support of ERW through a higher 
water retention capacity in biochar-amended soil or the protection 
of biochar through minerals (Nan et al., 2022), and the increased 
formation of aggregates and mineral-associated organic matter 
(Han et al., 2020). A practical study addressing the co-application 
of rock powder for ERW and biochar in terms of a C-Sink and soil 
impact found only proportional, additive effects, instead of 
synergistic effects for ERW (Honvault et  al., 2024). Beyond 
co-application, ERW and PyCCS can be combined by co-pyrolysis 
of biomass with rock powder, also referred to as rock-enriched 
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biochar (RE-biochar; Meyer zu Drewer et  al., 2025). Although 
Meyer zu Drewer et al. (2025) could not confirm higher yield of 
pyrogenic carbon in RE-biochars, other studies found higher carbon 
yields through the addition of wood ash, potassium acetate, or rock 
powder (Buss et  al., 2019, 2020; Mašek et  al., 2019; Grafmüller 
et al., 2022).

Here, we test the impact of co-application and co-pyrolysis on 
weathering rates and effectiveness for carbon capture and storage. In 
addition to evaluation of CDR capabilities, this research will examine 
potential co-benefits of these soil amendments to an Oxisol (highly 
weathered and therefore nutrient-depleted tropical soil with low 
agricultural productivity). Oxisol soil columns were incubated and 
exposed to a low and high pCO2 atmosphere representing different 
levels of root respiration. Various configurations of RE-biochars, rock 
powder and biochar co-application, and individual applications of 
pure biochar or pure rock powder were compared. The total C-Sink 
was evaluated through measurements of generated inorganic carbon 
(IC), providing the IC-Sink, complemented by pyrogenic carbon 
(PyC) from the (RE-)biochar providing the PyC-Sink.

2 Materials and methods

2.1 Rock, biochar and soil

We used wood and straw as common used biomass feedstocks for 
the biochar production and basanite as an already well-studied and 
ready-to-use rock powder available in Germany. To cover all possible 
configurations we produced pure biochars without rock powder (to 
be tested in co-application) and RE-biochars. Dry willow wood (Salix 
viminalis L., 49.0 wt% Corg, 1.9 wt% ash, water content 3.6 wt%) was 
mixed and pelletized with some moisture but without binding 
additives with 0 wt%, 10 wt%, and 50 wt% basanite (Eifelgold, grain 
size between 0.5 μm and 250 μm, Supplementary S1, cf. e.g., Meyer zu 
Drewer et al., 2025). The pyrolysis was carried out at 650°C as detailed 
in Meyer zu Drewer et  al. (2025). In the following, biochar and 
RE-biochars are referred to as W-P (biochar from wood pellets), 
10BaW-P (pelleted with 10 wt% basanite) and 50BaW-P, respectively. 
Likewise, wheat straw (Triticum aestivum L., 47.2 wt% Corg, 5.0 wt% 
ash, water content 11.2 wt%) was homogenized, pelleted with some 
moisture and pyrolyzed with 0 wt% (S-P) and 10 wt% basanite 
(10BaS-P). The biochars were analyzed by Eurofins Umwelt Ost 
GmbH, Germany, following the guidelines of the European Biochar 
Certificate (EBC, 2024). The mass conversion, rock and biogenic 
content, and the molar ratio of hydrogen to Corg (H/Corg) of the (RE-)
biochars are presented in Table 1. More details on the analyses and 
calculations can be  found in Supplementary S2 and in Meyer zu 
Drewer et al. (2025).

The relict Oxisol used for this study was collected in the area of 
Lich, Germany. The grain size analysis classified this soil as a clayey 
loam (according to the classification through the Food and Agriculture 
Organization of the United Nations, FAO, 2006). Prior to the 
experiment the soil was oven-dried and sieved to < 2 mm. A basic 
characterization is provided in Table  2 (method description in 
Supplementary S3).

2.2 Experimental setup

For the incubation experiment, acrylic tubes (length: 25 cm, inner 
diameter: 5.6 cm) were sealed with a 5 μm mesh plankton net at the 
bottom and used as downflow soil columns. For each column, 500 g of 
soil was homogenized with a biochar/rock powder mixture, RE-biochar 
or rock powder at a dose equivalent to a rock powder amendment of 
40 t ha−1 (Table 3). In single and co-application treatments biochar was 
also applied with 40 t ha−1. All treatments were set-up in duplicate.

The (RE-)biochars were not washed before the deployment and 
contained an easily soluble ash fraction. The columns were installed 
vertically in two incubators and, before starting the experiment, each 
column was saturated with 200 mL of deionized water. The 
incubators were then sealed and flushed with a N2 + CO2 gas 
mixture, resulting in CO2 concentrations of 1.24 ± 0.47% and 
6.18 ± 1.18%, respectively (calculated with PhreeqC from pH, DIC, 
and major ions in water, Parkhurst and Appelo, 2013; database: 
phreeqc.dat), due to gas leaks of the incubators (Supplementary S5). 
During the experiment, the columns were watered from the top with 

TABLE 1  Mass conversion, rock content, biochar content and the molar ratio of hydrogen to organic carbon (H/Corg) in (rock enhanced) biochars 
produced from wood (W) or straw (S) with 10 or 50% basanite (Ba) added to the biomass prior to pelleting and pyrolysis.

Parameter 10BaW-P 50BaW-P 10BaS-P W-P S-P

Mass conversion % 28.0 59.5 32.7 21.8 24.4

Rock Content wt% 31.0 79.9 31.0 0.0 0.0

Biochar content wt% 69.0 20.1 69.0 100 100

H/Corg Molar ratio 0.2 0.4 0.2 0.2 0.2

TABLE 2  Basic soil properties including pH in H2O and in CaCl2, electrical 
conductivity in H2O (EC), total carbon (Ctot), total inorganic carbon (TIC), 
organic carbon (Corg), total nitrogen (Ntot), the ratio of organic carbon to 
nitrogen (Corg/N), the effective cation exchange capacity (CECeff), the base 
saturation, water content (WC), water holding capacity (WHC), and 
particle size distribution.

Parameter Unit Value Parameter Unit Value

pH in H2O 6.8 CECeff

mmolc 

kg−1 140.6

pH in CaCl2 6.0 Base saturation % 97.2

EC

μS 

cm−1 48.3 WC % 2.2

Ctot wt% 1.84 WHC % 64.3

TIC wt% 0.04 Sand wt% 19.3

Corg wt% 1.80 Silt wt% 38.1

Ntot wt% 0.2 Clay wt% 42.6

Corg/N 9.9
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deionized water that was sparged with N2 + 1.5% CO2 and N2 + 15% 
CO2 for 5 to 15 min, respectively, to pre-equilibrate the irrigation 
water with the simulated soil atmosphere in the incubators. The 
columns were watered three times a week, with 25.25 mL 
pre-equilibrated deionized water corresponding to rainfall of 
1,600 mm year−1. The leachate was captured in 250 mL polyethylene 
bottles. The experiment ran for 27 weeks at 21.3 ± 1.8°C in a dark 
room (Supplementary S5) without the addition of any seeds, plant 
material or living organisms. Gas was replenished after 
every watering.

2.3 Leachate analysis

At each sampling time, dissolved inorganic carbon (DIC) was 
sampled directly inside the incubators to prevent re-equilibration with 
the lab atmosphere. Outside the incubator, pH, temperature, and 
electrical conductivity of the leachate were immediately measured 
with a WTW 3630 IDS Multimeter. The sampling procedure and 
analyses of DIC, total alkalinity (TA, by titration), major ions (by ion 
chromatography), dissolved organic carbon (DOC), and dissolved 
silica (DSi, by colorimetric method) followed Amann et al. (2022) and 
are described in Supplementary S6.

2.4 Quantifications and extrapolations

As suggested by Manning et al. (2024), C-Sinks of all materials 
were separated into IC-Sink and PyC-Sink, due to their different 
behavior in soil. Additionally, we considered potential gains and losses 
of C over time and space to account for the actual C-Sink. TA is usually 

used to distinguish carbon fluxes from rock weathering, because it is 
the result of acid consumption in the leachate water when neutralizing 
alkaline substances. This includes inorganic compounds (here 
predominantly HCO3

−, CO3
2−, and OH−) and organic compounds 

(Iticha et  al., 2024; Rieder et  al., n.d.). To avoid the accounting of 
organic acids, whose conjugate bases affect the titrated TA and likely 
originate from the soil, biochar, and RE-biochar, we calculated the 
inorganic TA based on measured DIC, pH, and cation concentrations 
using PhreeqC (Parkhurst and Appelo, 2013; database: phreeqc.dat) as 
TAcalc. Finally, we applied a factor for CO2 loss due to re-equilibration 
in rivers and the ocean, assuming that 1 mol of TAcalc equals 0.85 mol 
of CO2 permanently sequestered (Renforth, 2019, see 
Supplementary S4, equations 2, 3). We did not consider the uptake of 
nutrients from plants, as the experiment was conducted without plants 
and in the dark (Dietzen and Rosing, 2023). It is important to note that 
biochar also contributes to TAcalc through cation release from 
carbonates, which creates a mixed IC-Sink signal 
(Supplementary S4, equations 4, 5). We argue that biogenic cations 
released from biochar would have also been released in terms of a 
decomposition of the biomass, which makes their contribution to TA 
and CO2 sequestration non-additional and thus this TA is not 
considered CDR. Therefore, the produced TAcalc is part of the IC-Sink, 
but cannot completely be accounted for as a removal of anthropogenic 
CO2 and does not contribute to CDR, just like soil-released cations. For 
amendments which contained both rock powder as biochar, we 
quantified the actual CDR from TAcalc as a “potential CDR” ranging 
from minimum to maximum (e.g., 0 to 1 t CO2 ha−1) as we could not 
disaggregate the contribution of geogenic and biogenic cations from 
each material. For enhanced comparability between the treatments, 
we  normalized all values to an application rate of 12 t ha−1 of a 
given material.

TABLE 3  Soil amendments of co-pyrolysed RE-biochar, co-applied rock powder and biochar, and single amendments normalized to 40 t ha-1 
application of basanite. Due to differences in mass yield (section 2.1), the amendment mass per 500 g soil in each column is specified. The C-Sink 
potential per hectare and per tonne of material of amendment are given as a total and separated by inorganic and pyrogenic carbon (IC-SinkC-Sink 
from rock powder and PyC-SinkC-Sink from biochar). For the calculation of C-Sinks see chapter 2.4 and Supplementary S4.

Co-pyrolysis Co-application Single application

Column 
material

RE-
biochar 
Wood 

with 10% 
Basanite

RE-
biochar 
Wood 

with 50% 
Basanite

RE-
biochar 
Straw 

with 10% 
Basanite

Wood 
biochar 

co-
applied 

with 
Basanite

Straw 
biochar 

co-
applied 

with 
Basanite

Wood 
biochar

Straw 
biochar

Basanite

Label 10BaW-P 50BaW-P 10BaS-P W-P + Ba S-P + Ba W-P S-P Ba

Soil 
amendment

g per 
column

27.1 11.9 25.7
10.0 and 

9.9
10.0 and 

9.9
10 10 9.9

C-Sink potential per hectare

Total C-Sink

t CO2 ha−1

176.33 22.66 150.60 143.88 126.53 126.51 109.16 17.36

IC-Sink 16.34 16.61 16.78 18.38 18.00 1.01 0.63 17.36

PyC-Sink 159.99 6.05 133.82 125.50 108.53 125.50 108.53 0.00

C-Sink potential per t of material

Total C-Sink

t CO2 t−1

1.58 0.42 1.42 1.75 1.53 3.12 2.69 0.37

IC-Sink 0.13 0.29 0.14 0.20 0.19 0.03 0.02 0.37

PyC-Sink 1.45 0.13 1.28 1.55 1.34 3.09 2.67 0.00
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For the PyC-Sink, the Corg content of the initially applied (RE-)
biochars was accounted for. To account for the loss of labile Corg from 
the soil and determine the remaining Corg fraction from PyC over time 
(Cremain), we used a conservative calculation from the most recent 
approach employed in the voluntary carbon market certification 
schemes for PyC with a H/Corg ratio of < 0.40 (Schmidt et al., 2024; 
Supplementary S7). This conservative calculation prevents an 
overestimation of the PyC-Sink and might be higher.

For the measured DOC, we assumed that a lower flux of DOC 
compared to the control column implies an enhanced retention of Corg 
from SOC, which could otherwise have been leached or respired. This 
retention can be considered as avoided emissions, potentially due to 
SOC stabilization.

The chemical fluxes were determined according to Amann 
et  al. (2020), which is detailed in Supplementary S8. Our 
calculated basanite weathering rates based on leachate water 
(Supplementary S8) likely underestimated the actual weathering, 
since cations from rock weathering follow different pathways in 
the soil (e.g., signal retardation due to CEC), and only a fraction 
of them appears in soil leachate (Te Pas et al., 2025). Therefore, 
we instead consider the production rate of leachate TAcalc per mass 
material to be the TA that is exported from the upper soil profile 
of the nearfield zone as described in the Voluntary Carbon Market 
Standard by Cascade Climate (Mills et  al., 2024). For the 
extrapolation of the C-Sink development over a period of 20 years 
we decided against a linear extrapolation as used by Vienne et al. 
(2024) but selected three scenarios: (1) minimum, (2) medium 
and (3) maximum assumed C-Sink. For the minimum C-Sink 
scenario, we  used an exponential model fit to the last three 
sampling dates (week 15, 21 and 27, fit parameters in 
Supplementary S9) when the nutrient leaching showed a stable 
decrease rate. The medium C-Sink scenario was based on a 
decrease rate of 0.5% per week from the last sampling date (week 
27), and the maximum C-Sink scenario considers the value of the 
last sampling date as a steady state (Supplementary S9).

2.5 Farmer-focused application scenario

We designed a farmer-focused application scenario to show how 
(RE-)biochar and rock powder could be combined in agriculture and 
what level of CDR this approach can deliver. We consider a universal 
lime spreader (e.g., Kurier–K 14000, Kuxmann, Bielefeld, Germany) with 
a carrying capacity of 12 m3, and maximum payload of 12 t, respectively, 
so that the filling of the spreader will be limited either by the total volume 
or by the mass of the materials. The scenarios assume the spreading of 
RE-biochar and biochar in pelletized form, as used in this study, as well 
as loose rock powder for co-applications and the application of untreated 
rock power. We also assumed that the spreader distributes this content 
over 1 ha, as more frequent refilling would be too laborious.

3 Results

3.1 Observed water fluxes

At the beginning of the experiment water infiltrated quickly after 
watering. However, over the course of the experiment (> week 12), 
waterlogging occurred in 26 of 36 soil columns and the intended total 
water flux of 2,045 mL over 27 weeks was not achieved, i.e., less water 
could be  added (Figure  1). The lowest water fluxes (minimum 
1,168 mL) were observed in soil columns without amendment 
(Control) and with pure basanite powder added. The columns least 
affected by waterlogging contained 10BaW-P, 10BaS-P, and W-P.

3.2 Leachate chemistry

All treatments including the control column showed an increase 
in TA and DIC leaching during the first 9 weeks of the experiment and 
a slow decrease afterwards (Figure 2; Supplementary file). Except for 
straw-based treatments the pH values also showed a slight increase 

FIGURE 1

Total water fluxes from each soil column amendment with rock-enhanced (RE-)biochars, pure biochar or basanite compared to a non-amended 
Control (soil only) under low and high pCO2 during 27 weeks. Water addition was planned to be 2,045 mL, but was limited by limited infiltration, i.e., 
waterlogging.

https://doi.org/10.3389/fclim.2025.1592454
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Vorrath et al.� 10.3389/fclim.2025.1592454

Frontiers in Climate 06 frontiersin.org

FIGURE 2

Times series data of the average bulk chemistry of leachates from column experiment with application of rock-enhanced (RE-)biochar, equivalent 
co-application of biochar and rockpowder and pure biochar/rock powder to an Oxisol under low (1.24%, a, c, e) and high (6.18%, b, d, f) pCO2. The 
development of pH (a,b), TA (c,d), and concentrations of DIC and DOC (e,f). Whiskers indicate the standard deviation.

until week 6 followed by a decrease. The concentration of DOC 
continuously decreased over time. In general, (RE-)biochar produced 
from straw showed higher fluxes of ions, DIC, and DOC as well as 
higher pH values compared to their wood-based counterparts. The pH 
of the leachates started with average values of 7.68 and 6.97 in the first 
week to 7.55 and 6.86 in week 27 for low and high pCO2, respectively. 
Average TA values under low pCO2 started with 7.12 ± 5.38 mmol kg−1 
for all treatments, peaked at a maximum values of 24.8 mmol kg−1 (for 
10BaS-P in week 9) and decreased to 7.98 ± 0.46 mmol kg−1 toward 
the end, again for all treatments. Under high pCO2 average TA values 
started with 6.85 ± 2.73 mmol kg−1 increased to 17.66 ± 2.33 mmol kg−1 
in week 9 and ended with 9.14 ± 0.61 mmol kg−1. Average DIC values 
were 7.84 ± 5.65 mmol kg−1 (low pCO2) and 8.78 ± 2.84 mmol kg−1 
(high pCO2) at the beginning and 8.76 ± 0.51 mmol kg−1 (low pCO2) 
and 12.20 ± 0.87 mmol kg−1 (high pCO2) at the end of the experiment. 

Average DOC values showed a sharp decline in the first 9 weeks and 
decreased overall from 9.72 ± 4.33 mmol kg−1 (low pCO2) and 
8.73 ± 2.79 mmol kg−1 (high pCO2) down to 0.95 ± 0.19 mmol kg−1 
(low pCO2) and 0.87 ± 0.28 mmol kg−1 (high pCO2) after 27 weeks.

The concentrations of dissolved cations varied, with values for Na+ 
ranging from average 2.14 ± 3.70 mmol L−1 (low pCO2, with an 
exceptional peak of 13.79 mmol L−1 from 10BaS-P), and 
1.61 ± 2.02 mmol L−1 (high pCO2) during the first week, and 
decreasing to 0.24 ± 0.20 mmol L−1 (low pCO2) and 
0.25 ± 0.21 mmol L−1 (high pCO2) thereafter (Figure  3). The K+ 
concentrations during the first week were 4.94 ± 5.17 mmol L−1 (low 
pCO2) and 4.29 ± 3.08 mmol L−1 (high pCO2), decreasing to 
1.65 ± 0.51 mmol L−1 (low pCO2) and 1.81 ± 0.63 mmol L−1 (high 
pCO2) by the end of the study. For Ca2+, the initial concentrations were 
2.12 ± 0.50 mmol L−1 (low pCO2) and 2.27 ± 0.51 mmol L−1 (high 
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pCO2), while in week 27 they remained on a similar level ranging from 
2.06 ± 0.21 mmol L−1 (low pCO2) to 2.51 ± 0.61 mmol L−1 (high 
pCO2). The concentrations of Mg2+ were found to 

be 0.45 ± 0.13 mmol L−1 (low pCO2) and 0.49 ± 0.14 mmol L−1 (high 
pCO2) initially, increasing to 0.65 ± 0.09 mmol L−1 (low pCO2) and 
0.78 ± 0.23 mmol L−1 (high pCO2) later on (Figure  3). All cation 

FIGURE 3

Time series data of average cation concentrations of leachates from the column experiment with application of rock-enhanced (RE) biochar, 
equivalent co-application of biochar and rock powder, application of pure biochar/rock powder to an Oxisol. The concentrations of sodium (Na+) 
under (a) low pCO2 and (b) high pCO2, potassium (K+) under (c) low and (d) high pCO2, calcium (Ca2+) under (e) low and (f) high pCO2, and magnesium 
(Mg2+) under (g) low and (h) high pCO2 are shown. Whiskers indicate the standard deviation.
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FIGURE 4

Time series data of average net total carbonate alkalinity production TAprod of leachates from the column experiment with application of rock-
enhanced (RE) biochar, equivalent co-application of biochar and rock powder, application of biochar and rock powder only to an Oxisol under (a) low 
and (b) high pCO2. Whiskers indicate the standard deviation.

concentrations, except for Na+, reached their highest levels during 
week 12 of the experiment. Anions and DSi exhibited a consistent 
decline over time (see Supplementary S10). Ion concentrations did not 
show any impacts from waterlogging in soil columns.

3.3 Alkalinity production rate

The production of total net carbonate alkalinity TAprod ranged 
from −80.0 μmol g−1  week−1 to 360.8 μmol g−1  week−1 (Figure  4). 
Negative values for Ba, Ba+W-P, 10BaW-P and 50BaW-P occurred 
when the fluxes of TAcalc were below the fluxes of the control soil. 
Toward the end, RE-biochars with 10% basanite (10BaW-P and 
10BaS-P) showed the highest TAprod.

3.4 DOC leaching

All amendments that contained straw (RE-)biochar showed a 
release of DOC equivalent to up to 1.3 mmol ha−1 (Figure  5). 
Meanwhile the applications of woody RE-biochar, wood biochar 
and basanite had a positive effect retaining up to 618 μmol ha−1 of 
DOC in the soil. Elevated atmospheric pCO2 tended to decrease the 
DOC retention in soil columns with pure biochars, straw 
RE-biochar and basanite, yet increased the DOC retention for 
woody RE-biochar.

3.5 Total net C-Sink produced in the 
experiment

The cumulative TAcalc produced from basanite contributed to 
the IC-Sink in a range between −0.10 and 0.01 tCO2 ha−1 under 
low and high pCO2, respectively (Figure 6a). Negative alkalinity 
means that a given treatment TAcalc was lower than TAcalc of the 
control (e.g., Ba under high pCO2). All other amendments 
containing biochar or RE-biochar contributed up to 0.38 tCO2 

ha−1 (S-P) under low pCO2 and up to 0.42 tCO2 ha−1 (S-P) under 
high pCO2 (Figure  6a) to the IC-Sink, including biogenic and 
geogenic cations. Biochar carbon content after 27 weeks was 
estimated to 83.3 and 72.0% for W-P and S-P respectively, i.e., 16.7 
and 28.0% of the initial carbon was lost (Supplementary S11). 
Therefore, the PyC-Sink ranged between 1.25 (50BaW-P) and 
30.90 (W-P) tCO2 ha−1 under both pCO2 environments 
(Figure  6b). The total C-Sink achieved after 27 weeks ranged 
between 1.25 (50BaW-P) and 31.2 t CO2 ha−1 (W-P) for 
amendments containing PyC or RE-biochar (Supplementary S12). 
The differences between low and high pCO2 environments were 
negligible, as only impacted by changes in (relatively small) 
IC-Sink being affected by pCO2. The lowest C-Sinks occurred in 
single basanite applications (−0.10 to 0.01 t CO2 ha−1). Further 
details in Supplementary S12.

During the experiment, the planned simulated rain of 
1,600 mm year−1 could not be maintained in all soil columns due 
to waterlogging, which directly influenced the IC-Sink would have 
delivered higher and positive IC-Sinks for Ba and a lower range of 
potential IC-Sinks from biochar and RE-biochar amendments 
(more details see Supplementary S12).

3.6 Net C-Sink from IC and PyC 
extrapolated over 20 years

The net CO2 fluxes extrapolated over 20 years, including both 
the measured data and extrapolations, present the net PyC-Sink 
and the three IC-Sinks across the minimum, medium, and 
maximum scenarios (Figure 7). The IC-Sink for basanite was 0.36 
and 2.54 t CO2 ha−1 under low and high pCO2 in the minimum 
scenario, 0.48 to 1.06 tCO2 ha−1 under low and high pCO2 in the 
medium scenario, and 1.82 to 4.01 tCO2 ha−1 under low and high 
pCO2 in the minimum scenario (Figures  7a,b). The range of 
possible IC-Sinks from amendments containing biochar and 
RE-biochar ranged from −0.31 to 0.96 under low pCO2 (W-P and 
BA+W-P) and from −1.03 to 1.74 under high pCO2 (W-P and 
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50BaW-P) in all scenarios. For some treatments, extrapolations of 
the IC-Sinks resulted in medium scenarios lower than the 
minimum scenario (low pCO2 50BaW-P, W-P, high pCO2 
10BaW-P, 50BaW-P, Ba). Remaining carbon from PyC after 
20 years was 77.4% of W-P and 66.9% of S-P. The PyC-Sinks 

therefore ranged between 1.17 (50BaW-P) and 28.77 tCO2 ha−1 
(W-P; Figure 7c). The total net C-Sink (sum of experimental and 
extrapolated IC- and PyC-Sinks) was 0.49 (Ba) - 28.70 tCO2 ha−1 
(W-P) under low pCO2 and 0.98 (Ba) - 28.70 tCO2 ha−1 (W-P) 
under high pCO2 (Figure 7c; Table 4).

FIGURE 5

The average net loss and retention of DOC from the column experiment compared to the control with application of rock-enhanced (RE) biochar, 
equivalent co-application of biochar and rock powder, application of pure biochar/rock powder to an Oxisol. A positive value is associated with a loss, 
the negative values are associated with a retention which can be treated as avoided emissions while a DOC leaching might result in a respiration of 
CO2. All values are normalized to a 12 t ha-1 application rate of amendment.

FIGURE 6

The average IC-Sinks based on leachate water and PyC-Sinks following conservative calculations as proposed in the Schmidt et al. (2024) from the 
column experiment with application of rock-enhanced (RE) biochar, equivalent co-application of biochar and rock powder, application of pure 
biochar/rock powder to an Oxisol. (a) The IC-Sink under low and high pCO2 after the experiment period of 27 weeks indicating IC-Sinks with a 
potential contribution to CDR (blue colors) for RE-biochar and co-applications, no contribution to CDR (brown colors) for biochars and actual CDR 
(green colors) for basanite only application. (b) The PyC-Sink from all soil columns which is independent of pCO2. Positive C-Sink values indicate 
negative CO2 emissions (C sequestration) while negative C-Sink values mean positive CO2 emissions. All values are normalized to a 12 t ha−1 application 
rate of the amendment.
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FIGURE 7

The extrapolated C-Sinks after 20 years from the column experiment with application of rock-enhanced (RE) biochar, equivalent co-application of 
biochar and rock powder, application of pure biochar/rock powder to an Oxisol. The IC-Sinks under (a) low and high pCO2 are derived from leachate 
water and extrapolated as a minimum, medium and maximum scenario. (b) Extrapolated PyC-Sinks under low and high pCO2 20 years after 
deployment are calculated after Schmidt et al. (2024). (c) The total net C-Sink over 20 years combined from the modeled PyC-Sink, the measured IC-
Sink extrapolated following the medium scenario described above. All values are normalized to a 12 t ha−1 material application.
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4 Discussion

4.1 Impact of soil amendments on alkalinity 
production and the inorganic carbon sink

Downflow column experiments have already shown a marked 
CDR effect from rock powder weathering in different soils (e.g., 
Amann et  al., 2022; Te Pas et  al., 2023). In our experiment, 
we observed an increase of pH, TA and DIC in the first 3 months, 
followed by a decrease. Such pattern in chemical fluxes is likely 
related to the CEC value of our Oxisol and the retardation of base 
cations in the exchangable pool by strong binding soil surfaces (Te 
Pas et al., 2025). Measured TA concentrations were above the control 
(Figure 2), however, the IC-Sink by basanite under high pCO2 was 
lower compared to the control column (Figure 6a), meaning that a 
negative C-Sink was generated, and less CO2 was sequestered than in 
the control. Although TA concentrations in leachate of Ba were 
higher than the control, the total TA export from the soil column to 
the nearfield zone was below the control due to reduced water flux. 
A notable challenge during the experiments was the severe clogging 
of pores and consecutive waterlogging toward the end, most 
prominent in both the control and Ba columns (Figure 1) and directly 
impacting the magnitude of IC-Sink. Meanwhile, addition of biochar 
and RE-biochar improved drainage of the columns. We assume that 
the waterlogging was partially due to the absence of bioturbation and 
roots (Shi et al., 2021); additionally, the soil had a clay content of 
42.6%, which was increased to 43.7% by rock powder addition, 
evoking higher water impermeability. Given that hydrology is crucial 
for ERW and the IC-Sink, it is important to recognize that lab-based 
studies give limited insights into the weathering behavior in the field 
due to the absence of multiple biological and climatic factors. Still, 
our basanite soil columns are a good example an unfavorable 
combination of rock powder and soil impacting physical properties 
of the soil (Dupla et al., 2024; Te Pas et al., 2025), which illustrates the 
loss of the IC-Sink through a deterioration of the hydrological 
properties when mixing rock powder to clay-rich soils. Further, it 
underscores the need for careful evaluation of experimental setups 
for CDR laboratory studies and field applications. Moreover, the 

observed waterlogging demonstrates possible limitations for rock 
powder application in clay soils but also highlights the potential 
opportunities presented by biochar addition. By comparing the 
IC-Sink based on the simulated target precipitation of 
1,600 mm year−1, the Ba treatment resulted in a positive IC-Sink, 
indicating a CDR of 0.04 and 0.12 t ha−1 that could have been 
achieved under low and high pCO2 conditions during the 27 weeks 
of the experiment, respectively (Supplementary S12). This range 
accounts for approximately 11–42% of the CDR achieved in a 
mesocosm experiment after 1 year by Kelland et al. (2020), which 
utilized Sorghum and basalt at an application rate of 12 t ha−1. 
Therefore, it is imperative to recognize that the IC-Sink is influenced 
not just by the material itself, but also by the soil properties that affect 
water drainage; a careful assessment of soil grain size and rock 
feedstock grain size is required. If the grain size of rock powder and 
soil grain size distribution are not coordinated and waterlogging 
occurs, the IC-Sink will be low or even negative.

Another possible cause for the waterlogging in Ba-treated soil 
columns could be the increased formation of secondary minerals, 
resulting from a higher weathering rate associated with a higher pCO2 
(Amann et  al., 2020). Still, the increased formation of secondary 
minerals reported in Amann et al. (2022) occurred at 100% CO2, while 
CO2 levels in our experiments were approximately 12–80 times lower. 
Interestingly, our study found that the IC-Sinks were not consistently 
elevated at higher pCO2, despite earlier observations that suggested 
elevated CO2 enhances dissolution rates (Amann et al., 2022). The 
lowest C-Sinks produced in Ba treatment are not just attributed to the 
reduced water drainage but also to its significantly lower CDR 
efficiency per ton of material compared to biochar/RE-biochar. The 
effect of CO2 on weathering seems to be more prominent for pure 
minerals than in the case of co-applied biochar or RE-biochar. One 
reason for a lower IC-Sink based on lower TA concentrations might 
be an inhibited water-mineral interaction and lower weathering rates 
due to the pyrogenic coating of mineral grains with secondary char 
during co-pyrolysis as reported by Meyer zu Drewer et al. (2025). 
Additionally, the CDR potential per mass-unit rock is relatively low at 
0.37 tCO2 t−1 compared to pure biochar, which presents the equivalent 
of 3.12 tCO2 t−1 W-P and 2.69 tCO2 t−1 S-P (Table 3).

TABLE 4  The total C-Sinks after 20 years based on experimental and extrapolated data of the medium scenario. The C-Sink includes the PyC-Sink and 
the IC-Sink with all biogenic and geogenic cations depending on pCO2 environment. The lowest and highest values are indicated in bold.

Amendment C-Sink potential PyC-Sink IC-Sink Total C-Sink

low CO2 high CO2 low CO2 high CO2

t CO2, application 
rate 12 t ha−1

t CO2 after 
20 years, 

application rate 
12 t ha−1

t CO2 after 20 years, 
application rate 12 t ha−1

t CO2 after 20 years, 
application rate 12 t ha−1

10BaW-P 18.82 13.50 0.32 0.38 13.82 13.88

50BaW-P 5.02 1.16 0.25 0.46 1.41 1.62

10BaS-P 16.75 10.29 0.53 0.43 10.83 10.72

W-P + Ba 20.83 14.42 0.43 0.14 14.85 14.56

S-P + Ba 18.31 10.78 0.46 0.13 11.25 10.91

W-P 37.09 28.70 0.22 −0.08 28.92 28.62

S-P 32.08 21.46 0.64 0.12 22.10 21.58

Ba 4.40 - 0.49 0.96 0.49 0.96
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In addition to possible formation of secondary minerals within 
the soil columns, we observed the formation of precipitates when 
leachate samples were stored for several days or longer, as calcite is 
oversaturated in the outflow water in all treatments for most of the 
time (Supplementary S13). Calculated weathering rates based on the 
leachate cations are in a range of 10−10 to 10−12 mol m−2  s−1 
(Supplementary S14), commonly observed for different ultramafic and 
mafic rock powders (see references in table 8 in Vienne et al., 2024) 
and we anticipate that in-situ weathering rates will be higher, possibly 
closer to rates of 10−6 mol m−2 s−1 as found by Brantley (2008). The 
parameter of the actual TA production per mass-unit of material 
shows stablizing rates in the last 6 weeks of the experiment with an 
average of 140 μmol g−1  week−1 (from 10BaW-P and 10BaS-P; 
Figure  4). We  suppose the increase and stabilization in TA to 
be  influenced by a delay of cation release from the soil columns 
(Figure 2; Te Pas et al., 2025) or a delay of carbonate weathering from 
PyC because water infiltration into the PyC pellets may need several 
weeks to months.

Cation fluxes from columns treated with biochar or RE-biochar 
generally exceeded those from columns with Ba amendments. This 
may be linked to the presence of a small fraction of IC in our biochar 
which is up to 1.4 wt%, slightly higher than averages reported for 
biochars (Yuan et al., 2011; Fidel et al., 2017). Inorganic carbon in 
biochar is present as carbonate minerals, which dissolve much faster 
than silicate minerals (Brantley, 2008), this may explain the 
pronounced differences in TA and DIC between RE-biochar 
treatments compared to soil amended with rock powder only 
(Figure  6a). It also explains the absence of a decline of both TA 
production rates and weathering rates (based on the leachate water) 
toward the end of the experiment. This is a strong indicator that longer 
experiment durations would be  necessary to disentangle the 
weathering signal of PyC-bound (carbonate-)minerals from the signal 
of rock dust in combined applications. Only then, a conclusive 
statement about effects on the weathering rate of rock powder through 
co-pyrolysis with biomass could be  made. Future studies should 
consider an (acid) washing pretreatment of RE-biochar prior to the 
incubation experiment to avoid weathering signals from biogenic 
carbonates within the material.

It is crucial to recognize that while all cations contribute to 
the IC-Sink, not all IC-Sinks facilitate CDR. Geogenic cations 
released by rock weathering create additional alkalinity and with 
that reincorporate carbon into the long-term cycle, whereas 
biogenic cations released from biomass and biochar originate 
from soil. They would have been (re-)emitted during biomass 
decomposition and do not represent additional CO2 
sequestration, as these cations contributed to the alkalinity in soil 
before being removed by the plant. The leachate from soil 
columns containing RE-biochar and biochar mixed with rock 
powder presents a composite of cations, complicating the 
distinction between geogenic and biogenic sources (Figure 6a). 
Therefore, the assessment of CDR according to experimental 
performance must be approached with caution.

From a broader perspective, the combination of soil amendments 
shows that co-application or co-pyrolysis with biochar enhances the 
TA production but not automatically CDR. So far, results from 
co-pyrolyzed RE-biochar suggest that thermal treatment does not 
affect the susceptibility to weathering, with median rates comparable 
to those of untreated rock and PyC mixes.

4.2 The carbon sink contribution from 
organic carbon species

The soil application of biochar, which is an established agricultural 
method (Glaser et al., 2024), has developed into a globally relevant 
CDR technique with sequestration estimates between 0.3 and 6.6 Gt 
CO2e year−1 (Smith et  al., 2023). While previous soil column 
experiments on PyC have mainly focussed on studying metal retention 
(e.g., Sun et al., 2020; Sun et al., 2022), nutrient leaching (e.g., Ding 
et al., 2010), impacts on SOC dynamics (Mukherjee and Zimmerman, 
2013; Mukherjee et al., 2014), and soil hydrology (e.g., Barnes et al., 
2014; Verheijen et al., 2019), there is only a small number of systematic 
assessments regarding the CDR potential and stability over time.

Due to its carbon content, the biochars used in this study had a 
potential PyC-Sink of 3.12 tCO2 t−1 for W-P and 2.67 tCO2 t−1 for S-P 
(Figure 6b; Table 3), of which > 99% is composed of Corg. The quality 
and longevity of PyC storage is highly dependent on biomass 
feedstocks and pyrolysis procedure and typically verified by 
independent certification schemes such as the Global Biochar C-Sink 
(Schmidt et al., 2024). Hydropyrolysis, a form of analytical pyroysis 
aiming to quantify the persistent fraction of the PyC (Meredith et al., 
2012; Howell et  al., 2022) revealed that > 90% of the Corg in our 
amendments can be defined as persistent aromatic carbon (Meyer zu 
Drewer et al., 2025). Persistent aromatic carbon consists of clusters 
containing > 7 fused aromatic rings, which are considered to be highly 
stable in the environment (Schmidt et al., 2022). Therefore, this part 
can be certified as a 1,000 years C-Sink within the voluntary carbon 
market (Schmidt et al., 2024).

In general, the loss of DOC from soil columns is a known 
phenomenon from soil rewetting as a response of microbial activity 
and the resulting Birch-Effect (Jarvis et al., 2007; Dong et al., 2021), 
regardless of the addition of soil amendments. Thus, DOC release after 
the addition of (RE-)biochar could equally be attributed to DOC 
release from the biochars, but can also be the result of influencing 
microbial degradation processes in the soil (priming) and thus stem 
from SOC. If the measured net carbon loss through DOC leaching 
would remain from PyC from biochar in 10BaS-P as well as in all 
single and co-applications of biochar (Figure 5), the loss of Corg was 
less than 0.1% of their total Corg, which aligns with findings from other 
studies (Liu et al., 2015). This DOC loss was lower than the calculated 
Corg decay rates of PyC, which were 16.7% for W-P and 28.0% for S-P 
of Corg in 27 weeks according to Schmidt et al. (2024). The clearly 
lower observed DOC loss compared to the estimated decay rates can 
be attributed to DOC leaching but the majority of PyC loss may have 
occurred through mineralization to CO2. Even though this process 
was not measured in our experimental design, it aligns with 
established incubation experiments that assess Corg loss via CO2 
outgassing (Leng et al., 2019).

The initial loss of DOC is particularly notable in all straw-based 
amendments, while co-applied or co-pyrolyzed W-P amendments 
display a rapid onset of DOC retention (Figure  5). However, the 
leaching of DOC does not appear to be a long-term phenomenon, as 
the high concentrations of DOC were primarily observed during the 
first 2 months of the experiment (Figures  2e,f). This observation 
matches with other studies where most of the soluble Corg loss in a 
column experiment occurred during the initial flushing event 
(Schiedung et al., 2020). After week 9, DOC leaching of amended soils 
decreased and were below or equal to those of the control soil. A 
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retention of DOC is present in wood biochar amendments and 
basanite but it is not clear if this carbon will contribute to the SOC 
pool or will be mineralized as it was observed where the soil pH was 
increased in consequence of ERW (Yan et  al., 2023). To decrease 
uncertainties, we consider retained DOC as avoided CO2 emissions 
and do not count them toward a C-Sink but rather as an additional 
benefit for a potential SOC buildup or stabilization. In the long term, 
the presence of PyC and mineral particles from rock powder may 
stimulate the formation of mineral-associated organic matter (Buss 
et al., 2024) and larger aggregates (Han et al., 2020). The retention of 
DOC, as well as processes that enhance the build-up of SOC and/or 
the stability of PyC in an Oxisol (Fang et al., 2014)—such as negative 
priming (Lu et al., 2014), have not been assessed in this study, but 
could further impact the total C-Sink budget.

Consequently, while the increased stabilization of SOC may lead 
to reduced conversion into CO2, it is crucial to recognize that 
stimulated DOC leaching may arise from enhanced microbial activity 
promting the decay of soil organic matter. This microbial stimulation 
does not necessarily hinder organic carbon stabilization; rather, it can 
enhance nutrient availability, fostering greater root growth and 
subsequent organic carbon inputs from plant materials. Studies 
highlight a potential long-term buildup of organic carbon in soil 
(Blanco-Canqui et  al., 2020) though results are not universally 
consistent, as shown in other studies (e.g., Gross et  al., 2024). 
Therefore, the interplay between microbial dynamics and carbon 
stabilization requires careful consideration in soil 
management practices.

4.3 A 20-year perspective on the total 
C-sink: building a CDR portfolio

When evaluating the total C-Sink, it is essential to consider not 
only the carbon fluxes from inorganic and organic sources but also 
the mineralization of PyC into CO2. Consequently, the total C-Sink 
is composed of three components: IC fluxes from (1) rock powder 
and (2) carbonates in PyC, and (3) Corg content from PyC (Figure 6). 
Since the study design does not allow to clearly differentiate between 
the IC-Sink contributions of PyC and basanite, it remains uncertain 
whether the co-application and co-pyrolysis of these materials will 
produce synergistic effects, i.e., enhance the rock weathering rates 
beyond those in basanite only applications. A recent study indicated 
only proportional, additive benefits of co-application, such as 
increased total plant biomass and improved nutrient availability for 
plants (Honvault et  al., 2024). Another investigation found that 
Oxisols exhibit low mineralization rates of PyC due to the presence 
of pH-dependent charge of minerals (Fang et al., 2014), an effect that 
could be enhanced in the long term with the addition of basanite. 
Although we could not distinctly assess the weathering rate of the 
basanite in combination with PyC, we recognize the advantages of 
co-applied PyC and rock powder. The weathering of minerals is 
goverened by the interaction of CO2 with mineral surfaces which is 
facilitated by soil air, rainwater, and organic matter decomposition 
(Deng et al., 2023). Distributing very fine-grained rock powder in 
clayey soils clogs its pores, as observed in our experiments, which 
can reduce the CO2 transport and exchange within the soil. The 
addition of PyC not only creates pore space but also facilitates the 
drainage or retention of rainwater in fine-grained soils (Sun and Lu, 

2014). Furthermore, the enhanced WHC provided by PyC may 
sustain weathering during drier periods. We argue that spreading 
fine rock powder on fine-grained soils must be carefully assessed as 
it may seriously impair soil hydrological properties, reduce the 
actual IC-Sink, and negatively impact agricultural performance, an 
effect that may be mitigated by the addition of PyC. By combining 
both methods, there is potential to rehabilitate degraded soils to 
achieve improved-yield, CO2-negative agriculture (Janssens 
et al., 2022).

The data of our experiment plus a 20-year extrapolation leads to 
total net C-Sinks between 0.47 (Ba) and 28.70 (W-P) tCO2 ha−1 
(Figure 7; Table 4). Even with data limited to 6 months, we find that 
initial fluxes of cations from basanite amendment under ideal 
hydrological conditions would have contributed between 9.1% (low 
pCO2) and 12.4% (high pCO2) to the overall IC-Sink although just 
covering 2.6% of the 20 years interval (Supplementary S15). This 
major impact of the first 6 months after application suggests that more 
frequent deployments (smaller iterative applications) of rock powder 
could enhance the immediate IC-Sink creation. However, it is crucial 
to consider the deployment techniques. Regular tilling could reactivate 
the rock powder that may be  bound to aggregates and revive its 
weathering potential. At the same time, disturbing the soil through 
tilling while adding PyC and rock powder leads to increased 
oxygenation of soil pore space and breakdown of aggregates, which 
may promote the mineralization of soil organic matter (Sekaran et al., 
2021; Six et al., 2000). The effects may vary significantly depending on 
whether these materials are simply applied to the topsoil or integrated 
using less disruptive techniques, such as reduced tillage (Paustian 
et al., 2016). The dynamic development of the net C-Sink observed 
during our experiment (Figures 2e,f) highlights the importance of 
careful data interpretation in soil column studies. The rapid decline in 
IC fluxes as well as the decay of PyC indicates that CDR rates from 
short-term experiments may not be  reliable for long-term 
extrapolations. Therefore, we  recommend conducting long-term 
experiments (Paessler et al., 2025)—the longer the better—to establish 
dependable extrapolations and improve weathering models, as 
previously emphasized in other studies (e.g., Hagens et al., 2023).

Due to the calculation of PyC decay there was no difference 
between the low and high pCO2, and current literature suggests that 
soil pH plays a minimal role in PyC decay (Rechberger et al., 2017). 
Although there is no direct correlation found between soil pH and 
biochar, acidic soils may slow down biochar decomposition. Some 
studies emphasize the importance of biochar properties and propose 
a two-pool model where the second pool of biochar is largely 
independent of environmental factors (Sanei et  al., 2025). This 
complexity reflects ongoing discussions in the field, highlighting the 
need for further research into the environmental impacts of biochar.

A 20-year extrapolation of DOC leaching indicates a reduced 
leaching (except Ba and W-P under high pCO2; Supplementary S16), 
and that initial leaching is followed by year-long DOC retention 
through SOC buildup. It is not clear how the retained DOC 
incorporates into present SOC stocks and how this will impact the 
CDR potential of this carbon species. Mechanistically, the retention of 
DOC is likely evoked by adsorption onto the charged surfaces of PyC 
(Smebye et  al., 2016) or related particles, or it might involve the 
formation of aggregates (Bucka et al., 2019). Opposite to suggestions 
(Buss et al., 2024) the addition of basanite only did not increase DOC 
retention, as the formation of mineral-associated organic matter or 
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aggregates might have been diminished by the absence of roots and 
soil fauna (Lehmann et al., 2017; Mueller et al., 2024).

The combination of CDR methods that form additional C-Sinks 
on different time scales and in carbon pools was suggested to build a 
sustainable negative emissions portfolio (Amann and Hartmann, 
2019; Rueda et al., 2021). At the time of deployment of RE-biochar, 
the CDR potential is primarily determined by the Corg fraction of the 
(RE-)biochar. Ultimately, the interplay between the increase in 
additional IC-Sink through rock weathering processes and the 
decrease in PyC-Sink due to mineralization may achieve a level of 
equilibrium in the long-term.

Depending on the fraction of basanite and PyC, such a balanced 
C-Sink can be achieved with higher amounts of rock dust. Assuming 
that the geogenic part of the IC-Sink is 50% the soil amendment 
50BaW-P (Figure 8a) provides a total C-Sink of 1.3 t CO2 ha−1 in year 
20 which is only 0.1 t CO2 ha−1 lower than at the day of its soil 
application. With lower basanite amounts and thus a reduced IC-Sink, 
the decomposition of a high PyC fraction is hardly counterbalanced 
like in the case of 10BaW-P (Figure 8b) where a loss of 3.8 t CO2 ha−1 
occurred. The effect of IC-Sink buildup from ERW balancing the 
carbon loss from PyC is particularly interesting for the creation of 
constant carbon removal portfolios over time, ensuring that losses 
from one C pool are headged by gains in another C pool, creating a 
stable and persistent C-Sink. It is important to note that a high C-Sink 
like 17.4 t CO2 ha−1 from 10BaW-P does not automatically provide a 
balanced CDR portfolio. Figure  8 also indicates that long-term 
experiments are critical for a better understanding of the CDR of both 
IC and OC species over time.

4.4 A farmer-focused application scenario 
of RE-biochar, PyC, and basanite powder 
for CDR

The application doses of rock powder in numerous studies, 
which range from 50 to 400 t ha−1 (Vienne et  al., 2024), are 
impractical for several reasons. For instance, applying 100 t rock 

dust per hectare would require 5–10 truckloads for transport, 
along with the use of large lime spreaders, resulting in 
considerable time and fuel consumption, as well as soil 
compaction, in addition to regular field work. Here, a thought 
experiment aims to identify an economically and technically 
optimized application that maximizes CDR efficiency in real-
world scenarios. The CDR potential, CDR at the day of 
application, and CDR 20 years after application (medium 
scenario, low soil pCO2) were calculated as shown in Table 5.

The application of W-P and a respective 1:1 co-application 
with basanite yields C-Sinks of 9.3 t CO2 and 8.7 to 9.0 t CO2, 
respectively, 20 years after the deployment of these materials into 
the soil (Table 5). A slightly lower C-Sink is observed with S-P 
and its co-application with basanite powder, achieving 6.5 t CO2 
and 6.0 to 6.3 t CO2, respectively. The three RE-biochar 
configurations and the application of pure rock powder are on 
the lower end of CDR.

If 12 t of W-P or W-P + Ba were once applied on all 
agriculturally used Oxisols in the humid tropics, it would result 
in CDR of 1.7 Gt CO2 and 1.6 to 1.7 Gt CO2 after 20 years 
(calculations and map see Supplementary S17), respectively. This 
number shows the significant potential of CDR by ERW. However, 
the net climate benefit might be lower due to resource access, the 
suitability of soils (Paessler et  al., 2024), the emissions in the 
CDR life cycle, and the costs of work force. To achieve such CDR 
would require 0.7 Gt of W-P or 1.3 Gt of W-P + Ba material. 
Feedstocks in our experiments were high-quality biomass leading 
to high Corg content in the PyC. When scaled globally, biomass of 
varying carbon content would likely be  used for pyrolysis 
resulting in partly lower Corg content and possibly lower and less 
stable PyC fraction which decreases the potential C-Sink of PyC 
applications. Other restrictions would be the maximum amount 
of phosphorus that is allowed to be applied annually and might 
restrict the use of mineral organic phosphorus fertilizer when 
rock powder is used as well. These calculated C-Sinks do not 
account for the additional effects of this CDR method, including 
the benefits of higher permanence through geochemical CDR, 

FIGURE 8

Illustration of two possible CDR portfolios showing the development of the C-Sinks of (a) the Wood RE-biochar with 50% basanite (50BaW-P) and (b) 
the Wood RE-biochar with 10% basanite (10BaW-P) under high pCO2 and over 20 years. The development of the total C-Sink over time is created by 
the increasing IC-Sink and the decreasing PyC-Sink. We assume that 50% of the IC-Sink are geogenic and contribute to CDR. The data is combined 
from the 27-week experiment and extrapolated data and normalized to an application rate of 12 t ha−1.
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improvements in soil fertility, the increase of SOC pools, the 
effects of minerals on PyC stabilization, the cost per ton of CDR 
delivered by the respective method and the socioeconomic 
benefits for the farmers.

For the agricultural sector utilizing PyC-based CDR, the 
addition of basanite may not offer a distinct advantage due to a 
lower mass-based C-Sink and the slow development of the IC-Sink; 
however, it is essential to recognize the possibility of fertilizing 
nutrient-poor soils with minerals, as suggested with the Rocks for 
Crops concept (van Straaten, 2004). In such cases, rock powder can 
enhance the value of PyC application at an affordable price, 
particularly in low-income countries with (sub-)tropical climates. 
Further, when pelletized or granulated together, not just dust from 
the spreading of rock powder can be avoided (Levy et al., 2024) but 
also a loss of PyC material through wind by heavier pellets. For 
ERW, the inclusion of PyC can significantly boost the C-Sink while 
ensuring improvements in hydrology (and consequently, 
continuous weathering), as observed in our experiments with fine-
grained soils, and by utilizing local biomass in a circular manner 
to boost the C-Sink and avoid biomass burning. When considering 
the appropriate combination of both methods, access to and 
affordability of local resources should be prioritized as well as grain 
size distribution of both soil and rock powder, soil conditions, and 
nutrient demand of the target soil.

5 Conclusion

The interplay between inorganic and organic carbon dynamics 
in engineered soils highlights the complexity of scaling up durable 
CDR. While ERW and PyC applications have both shown promise 
as individual strategies, co-benefits can be  created from 
interactions of both materials. When their biogeochemical and 
hydrological effects are systematically integrated, they can 
reinforce each other in ways that go beyond their 
standalone benefits.

Our findings suggest that ERW efficiency is not purely 
determined by mineral dissolution speed but is strongly 

influenced by physical soil parameters like soil texture and water 
movement. This means that tailored soil amendments (e.g., 
improving soil hydrology) are essential to optimize CDR. Biochar, 
actively modifies soil hydrology, likely stabilizes SOC, and can 
help mitigate pore-space limitations that slow down mineral 
weathering in compacted soils.

The temporal dynamics in the development of C-Sinks 
generated by different CDR technologies are of great relevance. 
Rock weathering delivers an initial burst of inorganic carbon 
fluxes, while biochar alteration occurs on longer timescales. 
Short-term studies often capture only the immediate weathering 
response, missing the longer-term equilibrium between 
sequestration and carbon loss. Our results indicate that ERW may 
require periodic re-application of rock dust to maintain stable 
CDR rates over time. Similarly, the long-term stability of biochar 
depends not only on its chemical structure but also on interactions 
with soils. This highlights the need for a more dynamic perspective 
on CDR, to account for shifting balances between transient and 
persistent carbon pools.

Looking ahead, integrating ERW and biochar into agricultural 
systems will require interdisciplinary perspectives. Predictive 
models need to bridge the gap between lab-derived weathering 
rates and real-world field conditions. Optimizing the applied 
materials should improve compatibility with soils while 
minimizing potential downsides.

Finally, there is the socio-economic dimension: Adoption by 
farmers will depend on whether CDR strategies align with 
agricultural productivity, cost efficiency, and practical feasibility. 
Pelletized amendments, as tested in this study, could help by 
reducing dust emissions and improving handling, but true 
scalability will depend on circular supply chains enabeling the use 
of local biomass and mineral resources.

To achieve gigaton-scale CDR it is crucial to look beyond 
individual approaches and more importantly, retrieve long-term 
data from field applications. By combining the geochemical 
carbon sink with the long-term stability of biochar, we can develop 
multifunctional soil amendments that support not only climate 
mitigation but also soil health and agricultural resilience.

TABLE 5  Estimations of CDR in an application scenario with a lime spreader of 12 t or 12 m3 of material, respectively. The CDR potential, the CDR on the 
day of application and after 20 years are considered. *limiting factor for the maximum application rate for the lime spreader which is either volume or 
weight. The two largest C-Sinks after 20 years are indicated in bold.

Amendment Bulk 
density

Volume Weight CDR per t 
material

CDR 
potential

CDR on 
application 
day

CDR after 
20 years

t m−3 m3 t CDR IC CDR 
PyC

tCO2 ha−1 tCO2 ha−1 tCO2 ha−1

10BaW-P 0.336 12.00* 4.03 0–0.1 1.5 5.9–6.3 5.9 4.3–4.7

50BaW-P 0.57 12.00* 6.84 0–0.3 0.1 0.9–2.9 0.9 0.7–0.8

10BaS-P 0.324 12.00* 3.88 0–0.1 1.3 5.0–5.5 5.0 3.3–3.5

W-P + Ba 0.602 12.00* 7.22 0–0.2 1.6 11.2–12.6 11.2 8.7–9.0

S-P + Ba 0.557 12.00* 6.69 0–0.2 1.3 9.0–10.3 9.0 6.0–6.3

W-P 0.325 12.00* 3.9 - 3.1 12.1 12.1 9.3

S-P 0.301 12.00* 3.62 - 2.7 9.7 9.7 6.5

Ba 1.209 9.93 12.00* 0.4 - 4.4 0.0 0.5
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