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Enhanced weathering (EW) of silicate rocks can remove CO2 from the atmosphere,

while potentially delivering co-benefits for agriculture (e.g., reduced nitrogen losses,

increased yields). However, quantification of inorganic carbon sequestration through EW

and potential risks in terms of heavy metal contamination have rarely been assessed.

Here, we investigate EW in a mesocosm experiment with Solanum tuberosum growing

on alkaline soil. Amendment with 50 t basalt/ha significantly increased alkalinity in soil

pore water and in the leachate losses, indicating significant basalt weathering. We

did not find a significant change in TIC, which was likely because the duration of the

experiment (99 days) was too short for carbonate precipitation to become detectable. A

1D reactive transport model (PHREEQC) predicted 0.77 t CO2/ha sequestered over the

99 days of the experiment and 1.83 and 4.48 t CO2/ha after 1 and 5 years, respectively.

Comparison of experimental and modeled cation pore water Mg concentrations at the

onset of this experiment showed a factor three underestimation of Mg concentrations

by the model and hence indicates an underestimation of modeled CO2 sequestration.

Moreover, pore water Ca concentrations were underestimated, indicating that the calcite

precipitation rate was overestimated by this model. Importantly, basalt amendment did

not negatively affect potato growth and yield (which even tended to increase), despite

increased Al availability in this alkaline soil. Soil and pore water Ni increased upon basalt

addition, but Ni levels remained below regulatory environmental quality standards and Ni

concentrations in leachates and plant tissues did not increase. Last, basalt amendment

significantly decreased nitrogen leaching, indicating the potential for EW to provide

benefits for agriculture and for the environment.
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INTRODUCTION

In order to limit global warming to well below 2◦C, model
projections indicate that both rapid decarbonisation and negative
emission technologies (NETs) will be required (Gasser et al.,
2015). Hence, in addition to conventional mitigation there is
an urgent need for development of scalable NETs that safely
remove CO2 from the atmosphere. A promising, yet poorly
studied NET, is enhanced weathering (EW) of silicate minerals,
which is particularly of interest due to its application potential
in agriculture (van Straaten, 2002; Hartmann et al., 2013; Haque
et al., 2019; Beerling et al., 2020). This technique aims to
accelerate natural weathering, a process that has been responsible
for stabilizing climate over geological timescales, which naturally
captures 1.1 Gt of CO2 per year (or ca. 3% of current global CO2-
emissions; Strefler et al., 2018; Roser and Ritchie, 2020). The idea
behind EW is to speed up this natural process by grinding silicate
rocks to powder, hence increasing the surface area (Schuiling and
Krijgsman, 2006; Hartmann et al., 2013) and bringing these in
a moisture-retaining environment favorable to weathering, e.g.,
agricultural soils.

Agricultural enhanced weathering is considered a promising
NET because co-utilization of surface area with agricultural land
is possible and competition with food production is avoided (in
contrast to some other NETs such as afforestation). Furthermore,
the cost of terrestrial EWwas recently estimated to be competitive
to those of other NETs, such as Direct Air Carbon Capture and
Storage (DACCS) (Strefler et al., 2018; Beerling et al., 2020). As
the original focus of agricultural silicate rock amendment was
delivering agricultural benefits rather than CO2 sequestration
(van Straaten, 2002), only few studies have quantified the
associated CO2 sequestration.

Silicate weathering involves the reaction of silicate minerals
with CO2 and water to form bicarbonate (HCO−

3 ) and carbonate
(CO2−

3 ) ions and cations (mainly Ca2+, Mg2+, Na+, and K+).
Ca2+ and Mg2+ may either precipitate in the soil (degassing one
mole of CO2 permole of divalent cation) to form solid carbonates
or are transported to streams and ultimately the ocean. Hence,
in order to quantify total inorganic CO2 sequestration through
EW, both changes in total inorganic carbon (TIC) in the
soil (solid phase) and the exported dissolved inorganic carbon
(DIC) through runoff should be considered. The few studies
that estimated CO2 sequestration thus far, usually calculated
CO2 sequestration based on cation changes in leachates or
soil exchangeable pools (ten Berge et al., 2012; Dietzen et al.,
2018; Amann et al., 2020). However, changes in soil cations
are confounded by plant uptake, soil adsorption, and cation
exchange. Others considered soil TIC changes but did not
account for DIC leaching (Manning et al., 2013). Quantification
of DIC leaching losses is difficult in the field, butmay be estimated
using a reactive transport model such as PHREEQC. This model
can account for the carbonate and cation flows through the soil
and estimate CO2 sequestration through EW, but these estimates
have not yet been verified with experimental data.

A key abiotic factor influencing weathering rates (and
therefore carbon sequestration) is pH. Weathering rates are
typically assumed to increase with decreasing pH, but this

relationship differs between silicate minerals. According to
Brantley et al. (2008), mineral dissolution of the silicate
minerals contained in basalt (mainly olivine, augite, plagioclase)
proceeds via an acidic and via an alkaline pathway and is
lowest around pH five. While olivine and augite dissolution
increase with decreasing pH, weathering of Al-containing Ca-
plagioclases increases at alkaline pH (Qian and Schoenau, 2002)
(Supplementary Figure SF1). Not only dissolution of ions into
the liquid phase is a pH dependent process. Reprecipitation of
these ions is also influenced by pH. In alkaline soils, precipitation
of HCO−

3 in carbonates is promoted, which can stimulate
weathering rates in the longer term by removing weathering
products from soil solutions (Bose and Satyanarayana, 2017).
For example, Fe can be removed from solution at alkaline pH
through precipitation of Fe(OH)3 and Fe-bearing carbonates
such as siderite, ankerite and ferroan calcite. Likewise, Al can
precipitate as Al(OH)3 at alkaline pH. Alkaline pH can thus
increase both dissolution of Al-bearing plagioclases and Al
hydroxide precipitation, indicating that, in contrast to what
has been suggested in some studies (Beerling et al., 2018), EW
application should not necessarily be focused on acidic soils.

Although research on the drivers of EW hasmostly focused on
abiotic factors, several biotic processes can also strongly influence
mineral weathering, and some of these effects may be stronger
in alkaline soils (Vicca et al., 2022). For example, enzymes of
the group carbonic anhydrases (CAs) (which catalyse HCO−

3
formation and are found in all domains of life) were found to
be most efficient at pH above seven and may support the silicate
dissolution process in alkaline soils (Demir et al., 2001). Xiao et al.
(2015) observed promoted wollastonite (CaSiO3) weathering
(Ca-release) upon addition of CA from Bacillus mucilaginosus.

Apart from potential enhancement of mineral dissolution
through (a)biotic mechanisms, a considerable share of land area
is alkaline. According to the Harmonized World Soil Database
(FAO), about 23% of all soils have an alkaline pH (>7) (Fischer
et al., 2008). Although EW is currently considered to be most
effective for CO2 removal in tropical areas (Hartmann et al.,
2013), alkaline soils clearly hold considerable potential for CO2

removal through EW, but their CO2 sequestration potential, as
well as potential side-effects require experimental verification.

Silicate rock dust have been previously applied to agricultural
soil because of its potential benefits for agriculture. These
include increased cation exchange capacity (CEC) and crop
yields, increased plant nutrient concentrations and countered soil
acidification. Moreover, silicate addition can also increase plant
pest- and drought resistance (Hartmann et al., 2013; Blanc-Betes
et al., 2021) and reduce N-losses (N2O and NO−

3 emissions).
Similarly to agricultural liming, EW induces a pH increase in acid
soils, which is hypothesized to reduce nitrogen losses because the
activity of denitrifying enzymes was found to increase at neutral
pH (Bakken et al., 2012; Qu et al., 2014; Kantola et al., 2017).

On the other hand, large-scale EW adoption may hold the
risk of heavy metal (especially Ni) contamination, particularly
when fast-weathering ultramafic minerals are used (Haque et al.,
2020a). In this context, basalt rock is proposed as an alternative
for the ultramafic mineral olivine, as basalt contains less Ni
(Amann and Hartmann, 2019). Interestingly, alkaline soils may
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reduce the risk of Ni leaching to surface waters, as more Ni
can be adsorbed in soils at alkaline pH. Ni can form insoluble
hydroxides and the presence of carbonates may also lead to an
increase in the retention of Ni as carbonate salt in soil (Sathya
and Mahimairaja, 2015). Although terrestrial EW focus shifted
to basalt and less problems in Ni contamination are expected
with this rock in alkaline soils, a comparison with regulatory
environmental quality standards (EQSs) remains necessary to
ensure environmental safety. As aforementioned, Al release by
weathering of Al-bearing plagioclases is stimulated in alkaline
soils, as well as Al(OH)3 precipitation. The resulting effect may
increase Al concentration (Al toxicity) in alkaline soil pore water,
in contrast with EW in acid soils, where pH increase decreases
Al availability.

We set up a mesocosm experiment to investigate carbon
sequestration, risks and co-benefits of EW using basalt rock
powder with potatoes (Solanum tuberosum) as this is the world’s
third most important crop in terms of human consumption, after
wheat and rice (FAOSTAT, 2013). In addition, from a sustainable
development goals (SDGs) perspective, it is also a highly relevant
crop as potatoes are grown in regions that are experiencing
high poverty and malnutrition (Campos and Ortiz, 2019). We
quantified CO2 sequestration through EWbased on experimental
data and using the PHREEQC 1D reactive transport model.
Further, we hypothesized that potato tuber yield would benefit
from the increase in base cations (released from the basalt),
while we expected Ni leaching to remain within the safe range
according to environmental quality standards. In addition, we
expected that basalt addition would reduce N leaching.

MATERIALS AND METHODS

Experimental Set-Up
A mesocosm experiment with 10 mesocosms (five Control and
five basalt-amended) was constructed at the experimental site at
the Drie Eiken Campus of the University of Antwerp (Belgium,
51◦09

′

N, 04◦24
′

E). The mesocosms (1m height, radius =

0.25m) were placed under a transparent shelter, hence excluding
natural rainfall. In April 2019, the mesocosms were filled
with loamy soil (Table 1). In the basalt amended mesocosms,
a mass equivalent to 50 t basalt ha-1 was homogeneously
mixed into the upper 20 cm. On 21 May 2019, three potatoes
(Solanum tuberosum “Nicola,” purchased at AVESTA, Belgium)
were planted in each mesocosm and all pots received 60 g
of NPK fertilizers (5 – 4 – 15 + Bacillus). All mesocosms
were watered regularly with tap water (composition: see
Supplementary Table ST7). Soil pore water was sampled from
two rhizon samplers (Rhizon Flex, Rhizosphere Research
Products B.V., Wageningen, NL) installed at five cm depth in
each mesocosm. To allow leachate collection, mesocosms had
a two cm diameter hole at the bottom. On the inside, the
bottom of the pot was covered with a root exclusion math to
prevent soil export through leaching. A glass collector (one liter
volume) was placed under the mesocosm to collect the leachates.
Leachate volumes were determined throughout the experiment
and samples for chemical analyses were collected on six occasions

TABLE 1 | Characterization of soil (pH, texture, and organic C) and basalt

(composition, specific surface area, particle size distribution, and XRF data).

Control soil characteristics*

pH 7.72 ± 0.03

Texture class

(Sand, clay, silt %)

Silt

(18.39, 0.83, 92.21%)

Inorganic C (%) 0.16 ± 0.02 (standard error)

Organic C (%) 0.83 ± 0.03 (standard error)

Basalt characteristics (type: DURUBAS, RPBL)

Mineralogical composition (g/g)

Augite 0.50

Plagioclase

(modeled as labradorite)

0.35

Olivine

(modeled as Mg1.04Fe0.96SiO4)

0.05

Illite 0.05

Chlorite 0.05

Specific surface area (9.226 ± 0.076) m²/g

Particle size

>2,000µm 0.25%

500–2,000µm 0.52%

250–500µm 22.30%

63–250µm 59.82%

32–63µm 14.73%

<32µm 2.38%

XRF basalt (m%)

SiO2 44.6

MgO 12.9

CaO 10.8

K2O 0.7

Na2O 2.6

P2O5 0.9

Al2O3 11.5

Fe2O3 11.7

TiO2 2.30

Model assumptions for the minerals are also included.

*Control soil characteristics were measured after the experimental period of 99 days.

(23/5; 28/5; 6/6; 16/6; 7/8; 13/8; 20/8 in 2019). Nitrogen in
leachates was analyzed on the last three dates.

Soil and Basalt Characteristics
Basalt characteristics are given in Table 1. Surface area was
measured in triplicate with Kr using a Quantachrome surface
area analyser. Basalt (type: DURUBAS) composition was
determined by the supplier [Rheinischen Provinzial-Basalt-
und Lavawerke (RPBL)]. Basalt particle size distribution was
determined by sieve separation.

Plant Responses
On the 27th of August 2019, all plants were harvested and
separated into aboveground and belowground parts. After drying
(48 h at 70◦C, potatoes were cut to speed up the drying process),
above- and belowground (potato tuber) biomass was determined.
Potato tubers were analyzed for Mg, Ca, K, Si, Al, and Ni
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by ICP-OES (iCAP 6300 duo, Thermo Scientific). Ni and Al
were determined after a destruction of 0.2 g sample with 20mL
HNO3. For Ca, Mg and K, 0.3 g of sample was destructed with
a H2SO4/Se/salicylic acid mixture according to the protocol of
Walinga et al. (1989). For Si, 30mg sample was destructed with
20mL of 0.5N NaOH, this was done in triplicate.

Soil Analyses
Soil cores (5 cm length) were taken across the depth of the
mesocosm (0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm, 50–75 cm,
and 75–100 cm). Immediately after collection, the cores were
dried at 105◦C for 3 days to determine water content (g H2O/g
soil) and bulk density. Water-filled porosity was calculated by
multiplying water content with bulk density. The soil samples
were ground to pass a 0.2mm sieve with an ultra-centrifugal mill
(Model ZM 200, Retsch GmbH, Haan, Germany).

Soil Total Carbon (TC) was determined with an elemental
analyzer (Flash 2000 CN Soil Analyser, Interscience, Louvain-la-
Neuve, Belgium). Total Organic Carbon (TOC) of each 20 cm
across mesocosms was determined in the elemental analyser after
acid hydrolysis of the original sample: 1 g of soil was digested
with excess of 6N HCl at 80◦C to and the residue dried. The
remaining sample was analyzed giving TOC as a result, and TIC
was calculated as the difference between TC and TOC.

Other soil elements (Mg, Ca, K, Al, and Ni) for samples
taken at 10, 25, and 40 cm depth were determined using ICP-
OES. In this way, concentrations in the topsoil, the basalt-
soil mixing layer and deeper layers were measured. Brown’s
procedures (1943) were used for CEC and total exchangeable
bases (TEB), for which 1M NH4Acetate at pH seven served as
the extractant (Brown, 1943). CEC and TEB were also measured
in soils sampled at 10, 25, and 40 cm depth.

Leachate and Pore Water Analysis
Leachate and pore water samples for Ca, Mg, K, Fe, Al analyses
were filtered over a 0.45µm PET filter and were conserved
adding 1.5mL 15.8N HNO3 (69%) to 30mL of sample until
analysis with ICP-OES (iCAP 6300 duo, Thermo Scientific).
Nitrogen (NH+

4 -N, NO
−

3 -N) and alkalinity were determined
using a Skalar (SAN++) continuous flow analyzer. Nitrogen
samples were conserved in tubes with 20 µL 10N HCl before
analysis. pH was determined using a HI3220 pH/ORP meter.
For monitoring soil nutrient availability, we used commercially
available PRSTM probes (Western Ag Global, Saskatoon, SK,
Canada), which provide proxies for plant available ions in soil
solution while in contact with the soil (Gudbrandsson et al.,
2011). Eight PRS probes (four for cation and four for anion,
Figure 1) were installed in each mesocosm twice during the
growing season, on 7th of June and 6th of August, and were
retrieved 7 days after burial. Total N leaching was calculated as
the sum of NH4-N and NO3-N leaching.

Soil CO2 Efflux
Soil CO2 efflux was measured on three occasions on a shallow
stainless steel collar (8 cm high, 10 cm diameter) which was
installed at four cm depth in each mesocosm (Figure 1).
Measurements were made using a custom-built soil chamber

FIGURE 1 | A mesocosm containing three potato plants, a stainless steel

collar, PRS probes and rhizon samplers.

(0.98 L), which was connected to a portable EGM-5 infrared gas
analyzer (PP Systems, Hitchin, UK). We measured the increase
in soil CO2 concentration until a CO2 concentration difference
of 50 ppm was reached, or during 120 s in case of lower increases.

PHREEQC Reactive Transport Model for
CO2 Sequestration
Carbon sequestration was modeled using the PHREEQC
geochemical platform (Parkhurst and Appelo, 2013). We
followed the approach of Kelland et al. (2020), an overview
of the model’s required inputs is given in Figure 2. The
model details and calculation of the model’s inputs can
be found in Supplementary Material 2. The model includes
different PHREEQC functionalities (phases, dissolution rates,
solutions, transport, equilibrium phases, cation exchange, and
surface adsorption) which are indicated in bold. The 1m long
mesocosms were divided into 20 cells of 5 cm height. Basalt
was added to the four top layers (20 cm topsoil). Hence, in
the phases block, basalt mineralogy and thermodynamic data
of mineral dissolution (log k and enthalpy) are entered for
the first four cells. The possibility of inclusion of minerals
within other mineral phases may occur but was not included
in our model. Basalt mineral dissolution according to the rate
law of Palandri and Kharaka (2004) is inserted in the Rates
functionality. The selection of parameters for this rate law is
discussed in Section 1.1 of Supplementary Material 1. For the
mineral augite (50 m% of the utilized DURUBAS basalt), two
different rate laws were considered in different simulations (the
first rate law utilizes parameters as in Palandri and Kharaka
(2004), while the second follows the approach of Knauss et al.
(1993) at 25◦C with an Arrhenius temperature correction
to the experimental temperature (Supplementary Table ST1).
Plagioclase was simulated as labradorite because labradorite
is intermediate in the Na-Ca plagioclase series and the Ca
content of the plagioclase in the durubas basalt is unknown.
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FIGURE 2 | Overview of the PHREEQC reactive transport model. PHREEQC functions are indicated in bold, model inputs are written in italics.

For labradorite, alkaline dissolution kinetic parameters were
considered (Supplementary Figure SF1). In order to simulate
mineral weathering in the control soil, the input solution (that
is added on the top layer of all simulated columns) equals the
composition of the efflux soil solution in the control treatment.
Cations (e.g., Ca or Mg) are added to this control solution
according to the abovementioned rate law. This solution is in
equilibrium with equilibrium phases (gases and minerals, e.g.,
CO2, calcite and Al(OH)3).

CO2 partial pressure was entered in the equilibrium phases
functionality and was calculated using Fick’s law (as in Roland
et al., 2015), using the average experimental soil CO2 efflux (F
in Equation 1). The difference between the CO2 concentration
in the atmosphere and soil (C) increases with depth (z).
Assuming a constant atmospheric CO2 concentration of 414
ppm, soil CO2 concentration at each soil depth was calculated
and converted to pressure by multiplying with the universal gas
constant and the average experimental soil temperature (285K).
Water-filled porosity was calculated from the soil bulk density
(1.40 kg soil.l-1 soil) and equaled 0.14 l H2O/l soil (Equation
3). The diffusion coefficient, Ds (Equation 4), was calculated
from the total and water-filled porosity (Equations 2, 3) as
in Roland et al. (2015).

F = −Ds ·
1C

z
(1)

Total porosity (%) = 100 ·



1−
Bulk density

[

g

cm3

]

2.65 g

cm3



(2)

water filled porosity (%) = 100 · Bulk density [
g soil

cm3soil
]

· soil moisture[
cm3H2O

g soil
] (3)

Ds = 1.47 · 10−5
·

(

285.2

273.2

)1.75

·

(

total porosity− water filled porosity (%)
)2

total porosity (%)
2
3

(4)

Cations can complex on surfaces such as organic matter or
ferrihydrite (HFO). Surface complexation of species on organic
matter is included by implementing the WHAM model using
the organic carbon content of the soil (control group) (Lawlor,
1998). Exchange of cations with soils is also included as the
measured cation exchange capacity (CEC) is inserted in the
“Exchange” functionality. Finally, in the transport functionality,
the average observed leachate flux (7.61L/99 days/mesocosm)
was inserted.

The 1D reactive transport model was run for a scenario with
and without basalt amendment. Simulated results of weathering
products (Ca, Mg) in the first cells were compared with
experimental concentrations of Mg and Ca in the topsoil pore
water (Figure 6).

Data Analysis and Calculation of CO2

Sequestration
One-way Anova was used for detecting statistical differences in
biomass and soil composition among treatments. For analyses
that were repeated in time (leachate and pore water chemistry
measurements), a repeated measures one-way Anova was used
using the lmer package in R studio Version 1.4.1106. Normality
and homoscedasticity assumptions underlying statistical tests
were evaluated with the Shapiro-Wilk test. If residuals were not
normally distributed a log10 transformation on the variable was
performed. Total mesocosm TIC was calculated using Equation
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5 (with n= number of depths).

kg TIC

mesocosm
=

n
∑

i=1

1TIC,i (%)

100
· 1depth,i [m] ·

0.196m2

mesocosm

· BulkDensity,i

[

kg

m3

]

(5)

In order to calculate total inorganic CO2 (IC) sequestration,
the total sequestered mass of carbon as DIC in leachates
and as TIC changes are summed. The CO2 sequestration
through DIC leaching losses was calculated by multiplying
the observed leachate flow (7.61 L/mesocosm/99 days)
with the difference in average DIC concentration among
treatments. DIC was calculated from the experimentally
measured alkalinity with a slope of 6.70 gDIC/Equivalent
(Supplementary Figure SF5).

RESULTS

Inorganic Carbon Sequestration
Weathering Products
Basalt addition significantly altered soil and soil pore water
chemistry. The strongest changes of basalt amendment were
observed for Mg, for which the basalt effect increased the topsoil
Mg concentration with about 200% (Table 2). A clear negative
basalt x depth interaction effect was found: the basalt effect
on soil Mg decreased with depth. Likewise, basalt amendment
increased soil CEC (and TEB), especially in the topsoil (a
significantly negative basalt x depth interaction effect was found
for CEC and TEB). Soil pore water Mg concentration also
increased significantly, and the Ca concentration tended to
increase (Table 3). On the other hand, the PRS probes indicated
no significant basalt effect on Mg and Ca availability, although
we observed a tendency for an increase at the start of the
experiment. These PRS probe data also revealed a strong decline
in availability of Ca, Mg and other cations over the course of
the experiment.

Topsoil K decreased with basalt addition, and increased at
lower depths in the basalt treatment (i.e., a significantly positive
depth × basalt interaction was found). This decrease in topsoil
K is not due to a soil dilution effect because this basalt contains
more K than background soil (Table 4). PRS probes in the topsoil
showed an increase in topsoil K in June, but not in August. Al
increased significantly in the soil (p = 0.03∗). The PRS probes
revealed a borderline significant increase in Al (Table 3; p =

0.08), indicating weathering of Al-bearing silicate minerals Ca-
plagioclase and/or augite. Basalt did not increase Fe in PRS
probes (p = 0.99). We observe a decrease of P in PRS probes of
the basalt treatment, leading to a borderline significant negative
basalt effect (p = 0.07). pH in the pore water and leachates did
not significantly change upon basalt amendment, and the system
was buffered at pH 7.7 (Table 3).

Experimental Inorganic Carbon Sequestration
On average, basalt weathering increased leachate and topsoil
pore water (0–5 cm) alkalinity with 8 and 29%, respectively
(Figure 3). After 99 days of experiment, a higher amount of DIC

TABLE 2 | Multiple regression parameters of different soil elements analysed (Ca,

Mg, Al, K, Ni), cation exchange capacity (CEC) and total exchangable bases (TEB).

Soil

characteristic

Intercept Basalt effect Depth

effect

Interaction

Ca 1,707.9 +307.17

(p = 0.04*)

N.S. N.S.

Mg 670.04 +1,345.6

(p < 0.001***)

−5.8500

(p = 0.32)

−28.490

(p < 0.01**)

Al 2,845.3 +450.46

(p = 0.03*)

+28.370

(p = 0.001**)

N.S.

K 1,197.4 −373.01

(p = 0.05)

+1.2100

(p = 0.78)

+15.310

(p = 0.02*)

Ni 56.510 +23.070

(p = 0.05)

N.S. N.S.

CEC 5.22 +1.81

(p < 0.01*)

0.0100

(p = 0.45)

−0.0600

(p < 0.01**)

TEB 5.19 +1.82

(p < 0.01**)

0.0120

(p = 0.46)

−0.0600

(p < 0.01**)

N.S., Not Significant; Elements units are expressed in mg element/kg soil, CEC and

TEB are expressed in mEQ/100 g soil. (Borderline) Significant increases (p < 0.10) are

indicated in bold. Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05,

0.001–0.01 and 0–0.001 respectively.

(calculated from TA), equivalent to only 4.77 kgCO2/ha, had
leached from the basalt amended system compared to the control
system (Table 4). We found no significant basalt effect on soil
TIC content (Figure 4). Note that the large uncertainity on TIC
resulted in a large uncertainty on the estimate of 1IC.

During the timespan of the experiment, the PHREEQC
model predicts a difference of 4.39 gTIC/mesocosm formation
between basalt and control treatment in the top 20 cm
mesocosm. Given the mass of soil in the column (54.9 kg
in the top 20 cm column), this results in an increase of
about only 0.01% inorganic carbon (Supplementary Table ST3;
Supplementary Figure SF9). Hence, given the variation in
measured TIC percentages (Figure 4A), this indicates that the
uncertainty on the measurements is larger than the modeled
differences in TIC. Indeed, although TIC tended to be higher
in the basalt amended soils, this increase was not statistically
significant (Figure 4B).

PHREEQC Modeled Inorganic Carbon Sequestration
Modeled IC sequestration during the duration of the
experiment was 0.77 t CO2/ha (Figure 5). A model
run beyond the experimental period indicated a CO2

sequestration of 1.83 and 4.48 t CO2/ha after 1 and 5 years,
respectively (Supplementary Table ST3). The evolution
of olivine, labradorite and augite dissolution is shown in
Supplementary Figure SF8.

We calculated the difference in Mg and Ca pore water
concentration between the basalt and control treatment and
compared this delta for experimental data and simulated values
(Figure 6). This indicated that the model underestimated initial
increases of Mg in the pore water by a factor 3. For Ca,
simulated concentrations were lower in the basalt treatment than
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TABLE 3 | Overview of weathering products (Ca, Mg, K, and P) concentrations ± standard error observed in leachates and pore water samples over the entire season

and in PRS probes at two occasions (June and August).

Weathering products in: Control Basalt p-value

Leachates Concentration (mg element/L)

Ca 226.61 ± 34.05 273.21 ± 30.67 0.92

Mg 18.83 ± 2.74 23.26 ± 2.54 0.05

K 16.37 ± 2.88 22.56 ± 2.52 0.45

P 0.138 ± 0.027 0.135 ± 0.012 0.66

pH 7.67 ± 0.05 7.67 ± 0.04 0.92

Top 5cm pore water Concentration (mg element/L)

Ca 76.31 ± 13.16 110.88 ± 25.78 0.13

Mg 6.99 ± 1.11 11.88 ± 2.87 0.02*

K 118.10 ± 33.71 104.08 ± 8.53 0.45

P 0.483 ± 0.169 0.379 ± 0.068 0.66

pH 7.71 ± 0.06 7.76 ± 0.04 0.33

PRS-probes µg Element/10 cm²/7 days

Element Ca Mg K P Al

June, Control treatment 327.25 ± 36.41 23.15 ± 2.66 188.33 ± 28.76 2.83 ± 0.34 4.05 ± 0.26

June, Basalt treatment 361.17 ± 54.84 30.29 ± 4.26 240.79 ± 18.73 2.52 ± 0.41 7.49 ± 2.58

August, Control treatment 1,149.63 ± 95.35 80.46 ± 8.82 81.76 ± 8.39 8.23 ± 1.17 8.00 ± 0.83

August, Basalt treatment 1,084.43 ± 61.97 80.84 ± 4.11 79.62 ± 8.49 5.76 ± 0.73 11.20 ± 1.64

Basalt effect p = 0.81 p = 0.49 p = 0.23 p = 0.07 p = 0.08

Time effect P < 0.001*** P < 0.001*** P < 0.001*** P < 0.001*** P < 0.001***

Time × Basalt effect N.S. N.S. N.S. N.S. N.S.

In the most right column, p-values of one way Anova are displayed. (Borderline) Significant increases (p < 0.10) are indicated in bold.

N.S, Not significant.

Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05, 0.001–0.01 and 0–0.001 respectively.

TABLE 4 | Inorganic carbon balance in tonCO2/ha/99 days (experimental timeframe).

1TIC (Basalt-control) se

1TIC

1DIC

(Basalt-control)

se

1DIC

1IC

(Basalt-control)

se

1IC

12.4 24.7 0.0048 0.0024 12.4 24.7

With IC = DIC (derived from TA) + TIC formation, se, standard error.

in the control treatment, while experimental results showed the
opposite pattern.

Co-benefits for Biomass, Nutrient Stocks,
and Nitrogen Leaching
Basalt addition tended to increase aboveground biomass and
potato tuber yield (albeit not statistically significantly; p = 0.16,
p = 0.45). No significant changes in potato tuber Mg, Ca, P, Si,
and Ni concentrations were detected upon basalt amendment
(Table 5). However, basalt induced a positive trend in potato
stocks of K (p = 0.16), Mg (p = 0.21), Ca (p = 0.24), and P (p
= 0.31).

Nitrogen leaching was significantly lower in the basalt
treatment than in the control (Figure 7). This reduction in
nitrogen leaching was mainly due to the decrease in NO−

3 -N
leaching. Average N leaching decreased with about 45% upon
basalt amendment.

Risks of Basalt Amendment in Alkaline Soil
In the soil (0–50 cm), a 41% increase of Ni was observed (p =

0.05). Ni also increased significantly in the topsoil (0–5 cm) pore
water (Figure 8). In contrast, leached Ni tended to decrease upon
basalt addition (p = 0.40). Hence, the added Ni was retained
in the soil system. Potato tuber Ni content did not significantly
differ among treatments (p = 0.80). Despite the borderline
significant Al increase observed in PRS probes, potato tuber Al
was not significantly increased in the basalt treatment (p = 0.70;
Table 5).

DISCUSSION

Inorganic CO2 Sequestration
Based on the XRF data of our, we estimate a maximum CO2

sequestration of 223 and 416 kg CO2/t basalt, after complete
dissolution and reaction via mineral carbonation (MC; all
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FIGURE 3 | Total alkalinity (mEq L-1) in pore water and leachates in function of time (days) for basalt and control treatments. Error bars represent averages ± standard

errors. Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05, 0.001–0.01 and 0–0.001 respectively.

FIGURE 4 | (A) TIC (%) for different soil depths (cm) and (B) total kg TIC

mesocosm-1 for basalt and control treatments. Error bars represent averages

± standard errors.

inorganic carbon precipitates) or enhanced weathering (EW;
all inorganic carbon is rinsed out of the system as dissolved
C), respectively (Renforth, 2019) (see also Section 1.11 in
Supplementary Material 1). Hence, applying 50 t of our basalt
per ha corresponds with a theoretical maximum of 20.8 and 11.2 t
CO2/ha through EW and MC, respectively. It may take several
decades for this to be reached.We recognize that applying several
tens of tonnes basalt ha−1 in practice would result in substantial
transportation costs and that this application rate is higher than
for conventional fertilizers. However, costs of C sequestration
through enhanced weathering of basalt are estimated at about
US$80–180 t−1 CO2 (Beerling et al., 2020), which corresponds
roughly to the world bank estimate of the carbon price in 2050
(100–150$ t−1CO2) and current EU-ETS carbon price, which
already exceeded 100 US$ t−1 CO2 in 2022.

We investigated inorganic CO2 sequestration by
experimentally quantifying changes in both DIC and TIC.
Over the short duration of our experiment, only a small amount

of DIC (4.77 kgCO2-eq/ha) had leached out. The experiment was
conducted during summer season, when evapotranspiration was
high and leaching losses were small. More DIC might leach out
during winter, when evapotranspiration is low. Our PHREEQC
simulations predicted carbonates to precipitate only in the basalt
amended topsoil and not in deeper layers, indicating that in our
experiment sequestered inorganic carbon should be retained in
the top soil. Large uncertainty on TIC measurements, resulting
from heterogeneity in background soil TIC complicated exact
determination of IC sequestration. This result is in line with
Kelland et al. (2020), who found no significant TIC changes
in a similar short-term mesocosm experiment with basalt rock
powder. In contrast, Haque et al. (2019) did detect a significant
CO2 sequestration of 39.3 t CO2/ha through TIC changes in a
mesocosm experiment of 55 days. Also in some field studies
with smaller application rates, TIC changes were detectable
after 5 months (Haque et al., 2020b). The latter experiments
used the faster weathering silicate mineral wollastonite. Besides
addition of large amounts of fast-weathering silicates, long-term
monitoring also increases the potential to detect TIC changes
upon basalt amendment. In a field experiment in which soil
was amended with basaltic quarry fines, Manning et al. (2013)
detected a significant increase of TIC after 4 years and estimated
CO2 sequestration at 17.6 t CO2/ha/y.

For detection of significant TIC changes with rocks and
minerals that have weathering rates similar to basalt, our results
indicate that multi-year experiments are required. PHREEQC
simulations show that the standard error on TIC measurements
(ranging from 0.03 to 0.12% across the different depths)
was larger than the modeled differences in TIC (of about
0.01%) obtained for the experimental duration. Based on our
simulations, we estimate that, in our experiment, a TIC increase
of ∼0.05% would have occurred after about 5 years, which we
assume would be detectable (given the standard error on TIC
ranged between 0.03 and 0.12). In reality, weathering was likely
underestimated by the model (see below), and hence, TIC might
become detectable earlier.
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FIGURE 5 | Simulated inorganic carbon sequestration (ton CO2 ha-1) in function of time (days), for 100 days of experiment in the control and basalt treatment. Net

inorganic C sequestration (in grey) results from the difference between the basalt and control treatment.

FIGURE 6 | Experimental and simulated Mg and Ca increase in pore water (mg L-1) after basalt amendment in function of time (days).

We used the 1D reactive transport model to estimate
CO2 sequestration after 1 and 5 years. Predicted CO2

sequestration was 1.83 and 4.48 t CO2/ha sequestration
after 1 and 5 years, respectively, which corresponds to
about 13 and 35% of the maximum MC potential. Kelland
et al. (2020) modeled a similar system that captured a
similar 3 t CO2/ha despite applying twice as much (100
t/ha) basalt and columns were watered more intensely.
This can be explained as in their simulation, net inorganic
CO2 sequestration did not further increase after year one,

when olivine and diopside were fully dissolved. In the
model, the dissolution of Al-containing minerals diopside,
plagioclases and basaltic glass were inhibited through
precipitation of amorphous Al(OH)3, which was included
as an equilibrium phase in the work of Kelland et al. (2020).
As in Kelland et al. (2020), the latter mechanism inhibited
dissolution of the Al-bearing labradorite (a Ca-plagioclase)
also in our model simulations (Supplementary Figure SF8).
Model assumptions are further discussed in Section 1.2 of
Supplementary Material 1.
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TABLE 5 | Overview of (aboveground, potato tuber or total) biomass and element stocks in potato tuber (96 m% of the total biomass).

Control Basalt p-value

Biomass (g DM)

(±standard error)

% of

total biomass

Biomass (g DM)

(±standard error)

% of

total biomass

Potato tuber biomass 2,092 ± 74 96.54 2,208 ± 14 96.60 0.16

Aboveground Biomass 75 ± 3 3.46 78 ± 1 3.40 0.45

total biomass 2,167 ± 76 100.00 2,285 ± 14 100.00 0.17

Potato tuber mg/kg DM

composition (±standard error)

P 2,765 ± 81 2,846 ± 137 0.62

K 22,755 ± 486 23,494 ± 393 0.27

Ca 485 ± 34 536 ± 51 0.43

Mg 979 ± 43 1,036 ± 43 0.38

Al 63 ± 14 69 ± 11 0.76

Si 0.060 ± 0.018 0.050 ± 0.022 0.72

Ni 0.31 ± 0.04 0.33 ± 0.07 0.80

Total stock of element mg/mesocosm

in Potato tubers (±standard error)

P 5,792 ± 314 6,287 ± 329 0.31

K 47,688 ± 2,435 51,881 ± 1,152 0.16

Ca 1,012 ± 71 1,184 ± 117 0.24

Mg 2,053 ± 136 2,288 ± 108 0.21

Al 134 ± 33 151 ± 25 0.70

Si 0.129 ± 0.039 0.110 ± 0.048 0.77

Ni 0.65 ± 0.08 0.74 ± 0.16 0.63

All masses reported in this table represent dry matter (DM).

FIGURE 7 | Nitrogen leaching (mg N mesocosm-1) among treatments. Error bars represent averages ± standard errors. Significance codes *, ** and *** refer to

p-values in the ranges 0.01–0.05, 0.001–0.01, and 0–0.001 respectively.

Comparison of pore water Mg revealed that the rate
law parameters for weathering of the pyroxene mineral
augite by Knauss et al. (1993) provide a better estimate
than the parameters used by Palandri and Kharaka (2004)
(Supplementary Figure SF2). Given the abundance of pyroxene
minerals in basalt and mine tailings (Bullock et al., 2022), the

latter is relevant for improving modeling CO2 sequestration
of these rocks near neutral pH conditions. Still, a factor three
difference in Mg in pore water remains with this rate law. This
discrepancy between measured and modeled Mg concentration
cannot result from overestimation of carbonate precipitation
as the model did not predict precipitation of Mg-carbonates.
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FIGURE 8 | Nickel differences among treatments in the soil (mg Ni kg-1 soil), pore water (mg Ni L-1), leachates (mg Ni L-1), and potato tubers (mg Ni kg-1 tuber).

Error bars represent averages ± standard errors. Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05, 0.001–0.01, and 0–0.001 respectively.

Furthermore, only small changes of surface adsorbed Mg are
simulated (Supplementary Table ST6). This suggests that the
difference between measured and modeled Mg concentration in
pore water is likely due to an underestimation of Mg mineral
dissolution and/or an overestimation of Mg cation exchange. As
PHREEQC is a geochemical model, the influence of biologically
synthesized substances (e.g., siderophores, CAs, protons) is
not taken into account. Biological substances can enhance
weathering rates and may (partly) explain why the model
underestimated the release of cations and hence weathering rates
(Vicca et al., 2022). Moreover, also pore water Ca concentrations
were underestimated by the model, indicating that the calcite
precipitation rate (and hence degassing rate) was overestimated,
leading to an underestimation of modeled CO2 sequestration.

To the best of our knowledge, we are the first to assess
model predictions of CO2 sequestration through EW based
on experimental pore water cation composition in real soils
(Figure 6). Our study builds on the work of Kelland et al.
(2020), who implemented this model, but did not compare
experimental pore water data with simulated values. Additional
research is needed to determine long-term weathering dynamics
as well as to improve model simulations. Long-term studies
are needed in which soil pore water chemistry is monitored.
Our results demonstrate that in short-term EW-experiments
with basalt, measurements of soil pore water chemistry are
critical for monitoring weathering rates and for estimating CO2

sequestration. Future studies could consider specific elements
(e.g., Ti, Al, and Na; depending on the mineral composition)
that can provide insights in the weathering behavior of
mineral phases containing these atoms. This would also allow
verification of the modeled Al-silicate weathering inhibition by
amorphous Al(OH)3.

Risks of Basalt Amendment in Alkaline
Soils
A trade-off of utilizing fast-weathering ultramafic minerals for
EW is Ni contamination; Ni leaching is expected to be smaller
using mafic basalt rocks (which contain relatively little olivine)
in alkaline soils where Ni precipitation is higher. Nonetheless, a

comparison with EQSs is necessary for EW adoption in practice.
Ni increased significantly in the soil and topsoil pore water.
The addition of 50 t basalt/ha resulted in a topsoil (0–50 cm) Ni
increase of 23 ppm, which is well below the Flemish threshold
of 48 ppm for soil quality (VLAREBO, 2008). The pore water
Ni concentration was increased with 2.5 µg/L. The EQSs for
Ni in freshwater in the EU, Australia, the US and Canada,
respectively, range from 4, over 8, 52, and 200 µg/L, respectively.
Hence pore water Ni concentration remained below legislative
freshwater thresholds of all of the above countries/regions. As
Ni is associated with the fast weathering mineral olivine within
basalt, we expect Ni in pore water to decrease over time.
Information about initial soil Ni content and legal limits could
provide a theoretical maximum on the amount of basalt that
can be applied. In our experiment, the Flemish threshold would
be reached after amendment with 104 t basalt/ha (if initial soil
Ni equals zero). However, Ni would gradually leach out to
surface waters, and might be taken up by plants, increasing
the possible amount of application. Despite the increased Ni in
soil and soil pore water, Ni concentrations in edible plant parts
did not significantly increase with basalt amendment. This is in
correspondance with results from Stasinos and Zabetakis (2013),
who grew potatoes on soils irrigated with Ni-contaminated (0–
250 µgNi/L) wastewater and found no increase in tuber Ni
content. In fact, they even found tuber Ni concentration to
decrease with increasing irrigation Ni levels.

In our experiment, basalt weathering increased Al availability,
which induces Al toxicity and may reduce plant growth. Hence,
during this experiment the alkaline catalyzed dissolution of Al
by Ca plagioclase and Al-release by augite weathering was higher
than the sum of Al precipitation and Al uptake. Dorneles et al.
(2016) investigated Al toxicity in Solanum tuberosum and found
that Si can ameliorate Al toxicity through formation of alumino
silicate compounds in the walls of root cortex cells that inhibit
uptake of Al into the protoplast. Hence, EW can influence Al
toxicity in contrasting ways through release of Si and Al. In our
alkaline soil, the weathering-induced increase in Al availability
did not result in significantly higher potato tuber Al and Si
stocks. Most importantly, the increased Al availability in the
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aqueous phase did not result in a decrease in tuber biomass,
lifting concerns of reduced yield for EWwith Solanum tuberosum
in alkaline soils.

A risk that was not evaluated here concerns the potential
health issues due to spreading fine silicate particles (Webb, 2020).
To overcome this, basalt can be applied in a pelletized form
to disintegrate again when applied in soils. Avoiding additional
grinding of basalt quarry fines, which may not be warranted in
terms of additional carbon sequestration gains (Lewis et al., 2021)
can also reduce dust formation.

Co-benefits of Basalt Amendment in
Alkaline Soils
In our experiment with potatoes growing on alkaline soil, basalt
amendment significantly increased soil CEC and Ca and Mg and
tended to increase average potato tuber yield by 6%. This potato
yield increase is lower than that in some studies on acid soil.
Lafond and Simard (1999) amended an acid Canadian soil (low
in Ca and K) with cement kiln dust (a silicate by-product from
the cement industry) for growing Solanum tuberosum, which
resulted in a tuber yield increases of over 50% at several locations.
These yield gains were correlated with soil extractable K and Mg
(Lafond and Simard, 1999). It is likely that potato tuber yield is
increased more in agricultural systems where cations are more
depleted than in our experimental soil. Still, positive trends in
Ca, Mg, and K potato stocks were observed. The K decrease in
the top soil of the basalt treatment presumably resulted from the
high mobility of K and higher uptake by potato plants.

Interestingly, silicate amendment reduced potato harvest
losses due to stem lodging and increased potato tuber yield
in drought stress experiments (Crusciol et al., 2009). Silicate
amendment may thus be even more attractive for potato
cultivation in dry regions such as Africa or India (the third largest
potato producing country globally) (FAO, 2008) and in future,
when droughts increase in frequency and intensity with negative
consequences for potato yield (Hijmans, 2003; IPCC, 2021).

Another co-benefit that we observed was the effect of basalt
amendment on nitrogen leaching. Nitrogen leaching significantly
decreased upon basalt amendment. In acid soils, the latter
is hypothesized to result from pH increases. However, pH
was buffered at 7.7 in both control and basalt amended soil.
Hence, other mechanisms were likely at play in our experiment.
Mechanistically, basalt amendment may have increased the trace
element molybdenum (Mo) (which is present in rhyolite basalt
in concentrations up to 4 ppm) (Arnórsson and Óskarsson,
2007). Soil and freshwater environments often contain Mo
at concentrations that naturally limit denitrification. Mo is
a cofactor of the enzyme nitrate reductase, which catalyzes
the conversion of nitrate into nitrite (Vaccaro et al., 2016).
Possibly, Mo released by basalt stimulated denitrifying microbial
communities, but further research is needed to verify this.

CONCLUSION

Simulated CO2 sequestration was 0.77 t CO2/ha in the
experimental timeframe (99 days) and 1.83 and 4.48 t CO2/ha

after 1 and 5 years, respectively. This first study comparing
experimental and modeled pore water chemistry in an EW
mesocosm experiment indicated an underestimation of
modeled CO2 sequestration, as simulated Ca and Mg pore
water concentration were substantially lower than measured
concentrations. Nonetheless, we did not detect a significant
increase in TIC, probably because TIC increases were too
small compared to soil heterogeneity. More detailed, long term
assessments in future mesocosm and field experiments can help
to further improve experimental and modeled estimates of CO2

sequestration through EW. As a co-benefit, nitrogen leaching
significantly decreased with basalt addition, despite the fact that
pH was not affected, suggesting that other processes were at play.
In order to draw conclusions about the basalt effect on total soil
nitrogen losses, future analyses should also consider gaseous N
losses such as NH3 and N2O.

Plant Ni did not significantly increase, and increases in soil
and pore water Ni were below allowed environmental quality
standards. Importantly, in our alkaline soil, the weathering-
induced risk of increased Al availability did not result in lower
potato biomass. Despite the positive trends in Ca, Mg and K
potato stocks, potato biomass was not significantly increased.
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