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• Field experiment over 5 years with
basalt applied at zero or 50 t ha− 1 a− 1.

• Effects of basalt weathering on soil and
drainage flux chemistry quantified.

• Actual carbon dioxide capture low in
tropical sugarcane system with acidic
soil.

• Weathering of applied basalt was largely
due to inherent (reserve) soil acidity.

• Nitric and other acids also contributed
more to weathering than carbonic acid.
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A B S T R A C T

Enhanced weathering (EW) of silicate rocks such as basalt provides a potential carbon dioxide removal (CDR)
technology for combatting climate change. Modelling and mesocosm studies suggest significant CDR via EW but
there are few field studies. This study aimed to directly measure in-field CDR via EW of basalt applied to sug-
arcane on acidic (pH 5.8, 0–0.25 m) Ultisol in tropical northeastern Australia, where weathering potential is
high. Coarsely crushed basalt produced as a byproduct of gravel manufacture (<5 mm) was applied annually
from 2018 to 2022 at 0 or 50 t ha− 1 a− 1, incorporated into the soil in 2018 but not in subsequent years. Mea-
surements in 2022 show increased soil pH and extractable Mg and Si at 0–0.25 m depth, indicating significant
weathering of the basalt, but showed no increase in crop yield. Soil inorganic carbon content and bicarbonate
(HCO3− ) flux to deep drainage (1.25 m depth) were measured to quantify CDR in the 2022–2023 wet season (i.e.
one year). Soil inorganic carbon was below detection limits. Mean HCO3− flux was 3.15 kmol ha− 1 a− 1 (±0.40) in
the basalt-treated plots and 2.56 kmol ha− 1 a− 1 (±0.18) in the untreated plots but the difference (0.59 kmol ha− 1

a− 1 or 0.026 t CO2 ha− 1 a− 1) was not significant (p = 0.082). Most weathering of the basalt was attributed to
acids stronger than carbonic acid. These were, in decreasing order of contribution, surface-bound protons
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(inherent soil acidity), nitric acid (from nitrification), organic acids, and acids associated with cation uptake by
plants. These results indicate in-field CDR via EW of basalt is low where soil and regolith pH is well below the
pKa1 of 6.4 for H2CO3. However, increased soil pH, and the consumption of strong acids by weathering will
eventually lead to reduced CO2 emission from soil or evasion from rivers, with continued basalt addition.

1. Introduction

To limit global warming in the coming decades, emissions of
greenhouse gases must be drastically reduced, and carbon dioxide (CO2)
removed from the atmosphere at scale (Gasser et al., 2015; Riahi et al.,
2022). A promising negative emission technology is CO2 removal via
enhanced weathering of silicate rocks (Beerling et al., 2018; Hartmann
et al., 2013; Köhler et al., 2010; Schuiling and Krijgsman, 2006). During
weathering in suitable conditions, dissolved CO2 or carbonic acid
(H2CO3) reacts with silicate minerals, generating bicarbonate (HCO3− ),
other solutes, and secondary minerals such as oxyhydroxides of Fe and
Al, and aluminosilicates. Taking forsterite as a simple example of a sil-
icate, the carbonic acid weathering reaction can be represented by the
equation

Mg2SiO4 +4H2CO3→4HCO−
3 +2Mg2+ +H4SiO4 (1)

in which one mole of HCO3− is produced per mole of non-acid cation (i.e.
Ca2+, Mg2+, K+, Na+) charge in the silicate. The HCO3− can precipitate
and accumulate in the soil as carbonates (CO32− ) or leach through the soil
and travel via groundwater and rivers to the sea, where it is stored long-
term as HCO3− and CO32− (Berner et al., 1983). To accelerate this process,
EW involves mining and crushing readily available, weatherable, non-
acid-cation-rich silicate rocks such as basalt and placing them in an
environment conducive to weathering such as topsoil, ideally with high
pCO2, water content, leaching and temperature, and short transport
distance (Hartmann et al., 2013). Carbon sequestration, i.e. durable or
permanent storage, will occur if the generated HCO3− and CO32− accu-
mulate in a highly buffered neutral-alkaline environment such as
neutral-alkaline subsoils or the ocean. In addition to sequestering carbon
in inorganic forms, EW could help ameliorate ocean acidification and
increase carbon fixation by oceanic diatoms, which is limited by dis-
solved Si supply (Beerling et al., 2018; Hartmann et al., 2013).
Furthermore, EW may lead to increased storage of carbon in terrestrial
plant biomass (whether crops, forest or other vegetation) through aug-
menting the supply of limiting nutrients and ameliorating soil pH
(Beerling et al., 2018; Calabrese et al., 2022; Crusciol et al., 2022; Goll
et al., 2021; Hartmann et al., 2013; Kantola et al., 2023; Swoboda et al.,
2022; Taylor et al., 2021; van Straaten, 2006). Similarly, EW may in-
crease carbon storage in soil organic matter through increased inputs
resulting from increased net primary production, and decreased min-
eralisation loss due to formation of protective secondary minerals (Buss
et al., 2023; Calabrese et al., 2022; Xu et al., 2024). However, increasing
the pH of acidic soils can accelerate mineralisation of soil organic
matter, and some negative effects of enhanced weathering on soil
organic carbon have been observed in field trials and modelling
(Klemme et al., 2022; Sokol et al., 2024). The raised soil pH can reduce
N2O emissions (Blanc-Betes et al., 2021; Chiaravalloti et al., 2023)
because the reduction of N2O to N2 is limited at pH <6.8 (Hénault et al.,
2019).

Modelling indicates that EW could play a significant role in carbon
dioxide removal (CDR), thereby helping mitigate anthropogenic climate
change. Deployed across around half the croplands of twelve nations
worldwide, EW could result in atmospheric CDR of 0.5–2.9 Pg CO2 a− 1

(Beerling et al., 2020; Baek et al., 2023). Life cycle assessment indicates
net benefits if renewable energy is used for mining, crushing, transport
and spreading and if the transport distance is not too great (Beerling
et al., 2020; Lefebvre et al., 2019; Kantzas et al., 2022). Potential
accumulation of toxic trace elements in the soil should also be consid-
ered (Dupla et al., 2023), but the risks will be low under normal soil

conditions, as solubility and availability to plants is low even in soils
developed entirely from ultramafic minerals (Chaney, 2019). Trace
metals released during basalt weathering are likely incorporated into
newly formed secondary minerals (Linke et al., 2024). Rates of CDR will
depend on properties of the amendments, environmental conditions and
application methods, and uncertainty exists around EW processes in the
field (Calabrese et al., 2022; Cipolla et al., 2022; Goll et al., 2021; Larkin
et al., 2022), so field experiments are crucial.

Significant weathering of crushed silicate rocks applied to soil has
been measured in mesocosm and field experiments, but there have been
limited measurements of CDR via EW in the field. In a field experiment
in Illinois, USA, Kantola et al. (2023) estimated an average CDR of 8.6 t
CO2 ha− 1 a− 1 in Miscanthus and 3.7 t CO2 ha− 1 a− 1 in maize/soybean
over a 4-year period following basalt application of 50 t ha− 1 a− 1 and
incorporation into the soil by chisel ploughing, using cation loss from
the applied basalt feedstock to estimate a time-integrated CDR value.
This was supported by a similar value using alternative geochemical
techniques to determine dissolution rates, which gave a time-integrated
potential CDR of ~2.6 t CO2 ha− 1 a− 1 (Beerling et al., 2024). A much
lower surface application of wollastonite (3.4 t ha− 1) to a forested
catchment in New Hampshire, USA led to calculated cumulative CDR
over 15 years of 0.025–0.130 t CO2 ha− 1 measured at the catchment
outlet (Taylor et al., 2021). Including effects on increased forest pro-
ductivity increased net CDR to 8.5–11.5 t CO2 ha− 1. In a shorter-term
(<6 month) study of wollastonite application to agricultural fields
(1.24–5 t ha− 1) in Canada, CDR rates of 0.11–0.40 t CO2 ha− 1 were
measured by change in soil inorganic carbon (Haque et al., 2020).
Similar rates of CDR (0.13–0.65 t CO2 ha− 1) were estimated using cation
charge balance following wollastonite application (2.5–5 t ha− 1 over 2
years) to a rubber plantation in China (Xu et al., 2024). Application of
glacial rock flour with similar non-acid cation content to basalt led to
CDR of 0.728 t CO2 ha− 1 in the 3 years following application of 50 t ha− 1

(Dietzen and Rosing, 2023). However, in a field trial in an oil palm
plantation in Sabah, Malaysia, no detectable differences in CDR, as
measured by bicarbonate and other weathering products in drainage
water, were found between small catchment plots with and without
basalt application (50 t ha− 1 a− 1 for 3 years, Larkin et al., 2022). Other
field trials are currently underway in America, Europe and Australia
(Low et al., 2022).

Wet, warm climates are most conducive to rapid CDR via EW (Baek
et al., 2023; Calabrese et al., 2022; Edwards et al., 2017; Hartmann
et al., 2013; Strefler et al., 2018; Taylor et al., 2016), so field experi-
ments in the tropics are needed to determine the maximum realistic
rates of CDR via EW. However, the soils in wet climates tend to be acidic
(Zhao et al., 2019) due to a preponderance of acidifying over alkalizing
processes (Sumner and Noble, 2003; Van Breemen et al., 1983).
Geochemical modelling of CDR via EW in an acidic environment in-
dicates that CDR will decrease as soil pH decreases below pH 6, to an
extent that depends on soil pCO2, in a trade-off between weathering rate
and carbon-capture efficiency (Bertagni and Porporato, 2022; Dietzen
and Rosing, 2023; Green et al., 2024; Hartmann et al., 2013). In acidic
soils, the main pool of acidity is hydrogen bound to particle surfaces
(‘reserve acidity’), and acidity is maintained by processes such as
leaching loss of HCO3− , acid exudation by roots, loss of non-acid cations
via export in harvested crop and by leaching, along with accumulation
of exchangeable Al3+, and nitrification (Weil and Brady, 2017). In
addition to surface-bound hydrogen, common soil acids include, in
increasing order of strength, dissolved CO2 or carbonic acid (pKa1 = 6.4
at 25 ◦C), exchangeable Al3+ (pKa1,2 = 5.0, 5.1), organic acids (pKa1 =
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3–5) and nitric acid (pKa1= − 1.3). To address uncertainties in CDR rates
via EW, the aim of this work was to directly measure in-field CDR via EW
of crushed basalt (produced as a byproduct of gravel manufacture) in an
acidic tropical agricultural soil. This was achieved by measuring accu-
mulation of carbon in the soil (over 5 years), and bicarbonate fluxes
from the root zone (in the 5th year), and by determining the contribu-
tion of soil acids to weathering of the applied basalt.

2. Methods

2.1. Experimental site characteristics and treatments

The experimental site is a commercial sugarcane (Saccharum hybrid)
field near Gordonvale in Queensland, Australia (17.085◦ S, 145.807◦ E,
Fig. S1) at 17–20 m elevation on a Pleistocene terrace of the Mulgrave
River with a well-drained red Kandosol (Table S1), Virgil soil series
(Murtha et al., 1996) or kaolinitic Udult (Soil Survey Staff, 2022). The
profile is described in more detail in Table S1. A detailed survey of
apparent electrical conductivity using a Geonics EM38 (one point every
~3 m) showed very uniform soil across the site. Soil pH(1:5 soil:water) was
initially 5.83 ± standard error of the mean (SEM) of 0.09 at 0–0.25 m
depth and 5.35 ± 0.06 at 25–50 cm depth in the experimental plots in
2018. The area in which the field is situated has no natural or manmade
surface drainage, with all rainfall infiltrating, and a water table deeper
than approximately 5 m. Average annual rainfall is 2037 mm and mean
annual temperature is 25 ◦C (2013–2023, Meringa Sugar Experiment
Station 31040). Most rain falls in a distinct wet season between
December and May. Daily rainfall during the experiment was recorded
at Mulgrave Mill, 2 km from the site. Sugarcane has been grown on the
site for >100 years. The typical crop cycle for sugarcane in the region is
5 annual harvests before the crop is ploughed out and replanted
following a short wet-season fallow. The first year of the cycle is called
the plant crop and the subsequent years are called ratoons. The studied
crop (cultivar Q253) was planted in May 2018 following a wet season
fallow of soybean. The experiment is a randomised block design with 4
replicates per treatment. Plots are 550 m long and 5 rows wide (8.25 m),
with one guard row (1.65 m) between each plot (Fig. S1).

Crushed basalt was broadcast annually at 0 or 50 t ha− 1 from 2018 to
2022, using a mechanical spreader with GPS- and computer-controlled
rate delivery. The first basalt application was in May 2018 onto the
herbicide-killed soybean fallow crop. The field rows were then culti-
vated using a rotary hoe (approximately 0.2 m deep) and planted to
sugarcane. When the plants were established, the rows were ‘hilled up’.
Subsequent basalt applications, made following harvest each year, were
not incorporated because no cultivation is carried out during ratoons.
When basalt was spread in 2022, a 5 × 5 m area within each plot, 25 m
in from the western end of the trial, was covered during the main
application and then the basalt was spread by hand, to ensure even
distribution. Soil and leachate (deep drainage) was sampled within this
subplot. The basalt was commercial ‘crusher dust’ produced as a by-
product of aggregate production at the Tichum Creek quarry (16.970◦

S, 145.5367◦ E) in the Atherton Basalt Province (Whitehead et al.,
2007). It had been sieved through a screen at the quarry, <4 mm in
2018–2020 and < 5 mm in 2021–2022. Particle size was coarse, with
14–29 % being <1 mm and 40–60 % being <2 mm (Fig. S3). Quanti-
tative mineralogy was determined with XRD, aided by observations
made through SEM-EDS analysis. It gave a composition of augite (42.3
%), olivine (19.4 %), leucite (13.4 %), plagioclase (10.4 %), analcime
(5.8 %), basaltic glass (2.6 %), orthoclase (2.4 %), apatite (2 %) and
ilmenite (1.9 %), with a low content of calcite (0.2 %) (Lewis et al.,
2021), but considerably more glass was observed in some samples. It has
relatively low Si content 42–46 % SiO2, Table S2). The BET specific
surface area of the basalt applied in 2018 is 10.3 m2 g− 1 (Lewis et al.,
2021). Mineralogy of the basalt varied little between batches (Table S3).
Based on its non-acid cation content (6.3 % Ca, 2.8 % Mg, 0.9 % K and
3.2 % Na) and a carbonic weathering reaction that converts one mole of

CO2 to HCO3− per mole of non-acid cation charge (Eq. (1), Hartmann
et al., 2013), the potential mass of CO2 converted per mass of basalt, or
RCO2, is 0.31.

Agronomic management at the trial site followed normal farming
practices, except that lime was not applied prior to planting of the
sugarcane, to measure the liming effect of basalt alone. Fertiliser was
applied as granular blends in a band drilled by coulters into the centre of
the row (~100 mm depth) at recommended rates (Calcino et al., 2018),
with the plant crop receiving 130 kg N ha− 1 (as urea, diammonium
phosphate and ammonium sulfate), 94 kg K ha− 1 (as potassium chlo-
ride), 60 kg S ha− 1 (as ammonium sulfate), 10 kg P ha− 1 (as dia-
mmonium phosphate) and 6 kg Zn ha− 1 (as zinc sulfate monohydrate)
and the ratoon crops receiving 125–148 kg N ha− 1 (mostly as urea)
90–107 kg K ha− 1 (as potassium chloride) and 0–15 kg S ha− 1 (as
ammonium sulfate) per year, ‘stool-split’ approximately 3–4 weeks after
harvest, and all rates being expressed on an annual basis. The same
fertiliser regime was in place for 10 years prior to the start of the trial,
except for N rates, which may have been slightly higher ~160 kg ha− 1

from 10 to 5 years prior to the start of the trial. Before that, P rates were
considerably higher although records are not available.

2.2. Sugarcane and soil sampling and analysis

Sugarcane yield was measured from all 5 rows and cane and leaf
samples were taken from the central 3 rows. The sugarcane is mechan-
ically harvested ‘green’ (without prior burning), so at each harvest a
layer of leaves rejected by the harvester (‘trash’, ~5 t dry matter ha− 1)
was deposited on top of the previous basalt application. Cane yield
(fresh weight) and sugar content (commercial cane sugar, CCS) were
measured annually at the Mulgrave sugar mill. Subsamples of cane
(which is removed permanently from the field) and leaves (returned to
the field) taken at harvest were analysed for contents of N, P, K, Ca, Mg,
Na, S, B, Cu, Fe, Mn, Zn, Mo and Si.

Soil was sampled and analysed following harvest in October 2022.
Samples were taken at 0–0.10, 0.10–0.25 and 0.25–0.50 m depths
(composite of 6 points across the central row and adjacent interrow).
Samples were analysed (with codes for methods from Rayment and
Lyons, 2011) for pH1:5 soil:water (4A1), electrical conductivity (EC1:5,
3A1), exchangeable non-acid cations (1 M ammonium acetate, 15D3),
exchangeable acidity (1 M KCl, 15G1), extractable P and Si (0.005 M
H2SO4, 9G2), and total C and N (dry combustion, 6B2b, 7A5) by the
Nutrient Advantage laboratory, Werribee, Australia. Soil pore water
composition, in particular pH, is critical for weathering, and pH1:5 soil:

water closely mimics pore water pH in tropical soils (Bruce et al., 1989).
Air drying prior to analysis may have resulted in exchangeable Al3+

being slightly underestimated and pH slightly over-estimated (Gillman
and Murtha, 1983). Inorganic C was measured by using a pressure-
calcimeter (Sherrod et al., 2002). Extractable alkalinity was measured
by titration of a 1:1 soil:solution (0.01 M CaCl2) extract. Soil bulk den-
sity and pH buffering capacity were measured in samples taken in 2020
and 2021. Bulk density was measured in 0.2 m increments to 1.2 m (50-
mm diameter core). Soil pH buffering capacity was measured using a
method adapted from Wang et al. (2015, 2017). The alkali solution
added was composed to mimic the ionic composition of the Tichum
basalt (molar Mg:Ca:Na ratio of 0.443:0.325:0.232), using 0.2 M
NaHCO3 solution added to a background solution of 0.01 M MgCl2/
CaCl2 (0.577:0.423 M ratio).

2.3. Leachate sampling and analysis

In November 2022, two passive-wick drainage flux meters (DFMs,
Tranzflo NZ Ltd.) (Gee et al., 2009) of 0.2 m diameter were installed in
each plot, one beneath the row (R), and one beneath the interrow (IR).
The DFMs collected leachate at 1.25 m beneath the ground surface and
tubes to the surface allowed leachate removal (Fig. S2). Excavated soil
was replaced in layers to the original bulk density and sugarcane plants
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were replaced above the DFMs. During earlier wet seasons, collection of
leachate was attempted using ceramic suction cup lysimeters but it was
often not possible to obtain samples, and insufficient data was collected
to confidently test treatment effects.

During the 2022–2023 hydrological year (i.e. 1 December 2022 to 30
November 2023) all the leachate reaching the DFMs as deep drainage
was collected and analysed. This was in 25 sampling events, each within
1–2 days following significant rainfall events, allowing sufficient time
for drainage. Collected volume was measured in-field and samples were
placed into HDPE bottles with no headspace, cooled and taken to the
laboratory where they were returned to room temperature and analysed
for pH, EC and alkalinity (Hach AT1000 autotitrator) within 24 h.
Proton concentrations were calculated from pH and used to determine
mean pH values and proton fluxes. Samples from all DFMs in 8 drainage
events distributed evenly through the period of leaching (27/12/2023,
3/1/2023, 17/1/2023, 31/1/2023, 20/2/2023, 7/3/2023, 30/3/2023,
26/4/2023) were stored frozen and analysed for anion concentrations
(nitrate, nitrite, sulfate, chloride, phosphate) using ion chromatography
(Metrohm 930 Compact IC Flex ion chromatograph, with a Metrosep A
Supp 5–100/4.0 column) calibrated with commercial standards
(Merck). Concentrations of nitrite and phosphate were negligible and
are not reported. The concentration of organic anions was calculated as
the difference between total ionic strength and the sum of measured
anion concentrations, with total ionic strength (I, mmolc L− 1) calculated
from EC (μS cm− 1) using the eq. I = (12*EC/1000) – 0.4 (Gillman and
Bell, 1978). Concentrations of nitrate (NO3− ), chloride (Cl− ) and organic
anions (OA) in the unanalysed samples were estimated from EC using
regressions developed from the 8 events for which all analyses were
conducted (p < 0.001 and adjusted r2 of 0.731, 0.823 and 0.853,
respectively). Sulfate concentration was not significantly related to EC
but was significantly related to individual DFMs (p= 0.002) so the mean
of analysed values for each DFMwas used as the estimate for unanalysed
samples. Reported alkalinity was converted into HCO3− concentration,
assuming all alkalinity was HCO3− , due to the pH, temperature, and
pressure of the water. Cumulative flux of solutes below the root zone was
calculated for each DFM by multiplying concentration by volume for
each drainage event and summing the amounts. CDR via EW was
calculated as the difference in cumulative leached HCO3− between the
basalt-treated and untreated plots.

2.4. Measuring the contribution of strong acids to basalt weathering

The contribution of soil acids to weathering of the applied basalt was
determined bymeasuring the impact of the acid-base reactions involved.
For carbonic acid, that was the generation of HCO3− , as described above.
The reaction of surface-bound protons in variably charged minerals and
organic matter with alkali was quantified by the change in soil pH over
the course of the experiment, together with soil pH buffering capacity
and bulk density, as variable charge accounts for >90 % of the pH
buffering in acidic tropical soils (Nelson and Su, 2010; Weil and Brady,
2017). The reaction of soil exchangeable Al3+ with alkalinity was
quantified by the decrease in exchangeable Al3+ in the 0–0.25 m
increment over the 4-year period, assuming 2 mol of H+ per 3 molec of
Al3+. Acidification associated with cation uptake was quantified by
summing the cations in the sugarcane stalks and leaves at harvest and
taking the difference between the plots with and without applied basalt.
These cations may have been taken up together with the anions gener-
ated during the weathering, or their uptake may have been balanced by
exudation of protons; either way, they are associated with soil acidifi-
cation. This estimate of acidification based on cation uptake is conser-
vative as it does not include the acidifying effect of ammonium uptake,
which sugarcane is known to prefer over nitrate (Robinson et al., 2011).
The reaction of organic acids exuded by roots and microorganisms with
alkali was estimated from organic anion flux in deep drainage. This was
calculated as the difference between organic anion flux in the basalt-
treated and untreated plots. It may be an overestimate as it assumes

exudation of organic acids in protonated form rather than as anions,
although we have no reason to believe that addition of basalt would
stimulate organic anion production. The reaction of nitric acid with al-
kali was quantified by the cumulative flux of nitrate in deep drainage,
and the contribution of nitric acid to basalt weathering was calculated as
the difference in nitrate flux between the basalt-treated and untreated
plots. All nitrate must have originated from nitric acid generated by
nitrification, as no nitrate was added. Nitrification produces either 1 mol
of H+ per mole nitrogen if it originates from urea or mineralisation of
organic N, or 2 mol of H+ per mole of nitrogen if it originates from NH4+.
We assumed the former, as 96% of fertiliser N applied in 2022 was in the
form of urea and only 4 % in the form of NH4+.

2.5. Statistical analyses

The effect of the treatments on soil properties, yield, and cumulative
leaching of HCO3− and other anions, was analysed by one-way analysis of
variance (ANOVA) using R (v4.4.0; R Core Team, 2024) in RStudio
(v2024.4.0.735; Posit team, 2024). For the cumulative leaching data,
results for row and inter-row samples were averaged for each plot,
giving 4 replicate values per treatment, one for each plot. Results were
also analysed with a split-plot design, in which the main plot was basalt
and the split-plot was location (row versus inter-row). In cases where
location was significant, results of the split-plot ANOVA are presented
and in cases where location was not significant results of the one-way
ANOVA are presented. For the solute concentration data, time of sam-
pling was an additional effect. For that data, generalised linear mixed
effect modelling (GLMM) using the glmmTMB R package (v1.1.9; Brooks
et al., 2017) was used to determine the effects of basalt and location as
factors, including time as a random effect. In all statistical analyses the
data were checked for normality and other assumptions using DHARMa
R package and simulateResiduals function (v0.4.6; Hartig, 2022), and
transformations (log, Box Cox or inverse) were applied where necessary.
Generalised additive models (GAM) with fixed effects using the mgcv R
package and gam function (v1.9.1; Wood, 2011) were used to illustrate
the time course of cumulative HCO3− leaching flux, and leachate pH and
HCO3− concentration. The effect of location (row versus interrow) on pH
and HCO3− concentration was also tested in the GAM analysis but it did
not improvemodel quality according to the Aikake information criterion
so it is not reported.

3. Results

3.1. Basalt effects on soil, crop and leachate

Despite its coarse particle size, significant weathering of the applied
basalt occurred by 2022 after 5 applications, as indicated by an increase
in soil pH, exchangeable Mg and Na to 0.25 m depth and extractable Si
to 0.5 m depth over the course of the trial (Table 1). Mean exchangeable
Al decreased near the surface but the effect was not significant (p =

0.095 at 0–0.1 m). There was no significant change in soil total C content
(p > 0.1 at all depths), and total inorganic C and extractable inorganic C
contents were below detection limits (<0.3 g kg− 1 and < 0.05 mmol
kg− 1, respectively) for all samples, as expected at this soil pH. Despite
the improved soil conditions, including higher pH and availability of Mg
and Si, there was no significant (p < 0.05) effect of the basalt treatment
on cane yield, sugar or nutrient contents of the cane or leaves (Table S1).
In 2022 the mean cane yield across all plots was 81 t ha− 1 and mean
sugar content was 13.3 % CCS. There were slight increases in leaf con-
tents of Mg (0.10 to 0.13%, p= 0.095), K (1.09 to 1.30 %, p= 0.089), Cu
(2.15 to 2.75 mg kg− 1, p = 0.064) and Zn (15.8 to 20.8 mg kg− 1, p =

0.086), and slight decreases in cane contents of N (0.21 to 0.15 %, p =

0.051), Ca (0.04 to 0.03 %, p = 0.090) and Mn (79.5 to 63.5 mg kg− 1, p
= 0.077) (Table S4).

Leachate pH and the concentrations of HCO3− and other solutes in
leachate were not significantly affected by basalt application (Table 2).
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They were generally highest in the first few weeks of deep drainage,
declining to low levels by January and then increasing slightly following
periods of low rainfall in March (Fig. 1). Over the whole season, mean
pH of the leachate was 6.27 and mean HCO3− concentration was 0.818
mmol L− 1 (SEM = 0.090). Leachate pH and HCO3− concentrations were
typically most variable in the row, in the first half of the wet season. The
first leachate samples, with very small volumes, were all in the interrow,
with relatively high pH and concentrations of HCO3− . The lowest values
were reached in several DFMs in January. Mean cumulative deep
drainage flux of HCO3− was slightly higher in basalt treatments over the
course of the year (Fig. 2) but the total cumulative amount leached

(annual mean of 3.15 kmol ha− 1 with basalt and 2.56 kmol ha− 1 without
basalt) did not differ significantly between treatments (Table 3). The
highest cumulative value from an individual DFM was 5.33 kmol ha− 1

(in a plot with 50 t ha− 1a− 1 of basalt, in the row). The amount of CDR via
EW, i.e. the difference in HCO3− deep drainage flux between basalt-
treated and untreated plots (keeping in mind that there was no in-
crease in soil inorganic carbon, which was not detectable in any plots),
was 0.59 kmol ha− 1a− 1 or 0.026 t CO2 ha− 1a− 1. Deep drainage flux of
H+ also did not differ significantly between treatments (Table 3).
Leachate pH was lower, and concentrations and fluxes of Cl− , NO3− and
organic anions were all higher in the row than the interrow (Table 2 and
4).

3.2. Contribution of strong acids to weathering of basalt

Changes in soil properties and deep drainage fluxes of anions sug-
gested that the strong acids responsible for most of the basalt weathering
were surface-bound protons, nitric acid, organic acids, and acid exuded
by roots to balance cation uptake (Fig. 3). The largest contributor was
the inherent soil acidity associated with surface-bound protons. The
measured change in soil pH at 0–0.5 m depth corresponded to con-
sumption of 10 kmolc ha− 1 a− 1 of alkalinity. Assuming alkalinity con-
sumption in the 0.5–1.25 m depth increment was half that in the
0.25–0.5 m increment, on a per soil volume basis, the total consumption
of alkalinity was 13.7 kmolc ha− 1 a− 1 in the profile above the point of
leachate collection. Nitric acid and organic acids contributed similar
amounts of acidity in the row, where fertiliser (including urea and
ammonium) was placed and root and microbial activity were highest. In
the interrow, less nitric and organic acids were generated. Total uptake
of non-acid cations (Ca, Mg, K and Na) was 4.20 kmolc ha− 1 greater in
the basalt-treated plots (mean 76.2 kmolc ha− 1, SEM 5.1) than the un-
treated plots (mean 72.0 kmolc ha− 1, SEM 3.7). Exchangeable Al3+

contributed little to weathering. Overall, an estimated total acidity of
29.8 kmol ha− 1a− 1 was consumed in weathering the basalt, of which 2.0
% was due to carbonic acid (Fig. 4).

4. Discussion

4.1. Carbon dioxide removal via carbonic acid weathering

The cumulative addition of 250 t ha− 1 of coarsely crushed basalt to a
sugarcane field over 5 years resulted in a statistically insignificant (p =

0.082) in-field CDR via EW (i.e. increase in soil carbonate plus export of
bicarbonate in deep drainage) of 0.026 t CO2 ha− 1 a− 1 being measured
in the 5th year. This value is low compared to the potential CDR
determined using measured basalt dissolution rates in a field trial in
mid-west USA (10.5 ± 3.8 t CO2 ha− 1a− 1) in which 200 t ha− 1 of basalt
was applied and incorporated by annual chisel ploughing over 4 years
(Beerling et al., 2024). However, our results are consistent with those of
Larkin et al. (2022), who found no detectable CDR via EW measured as
bicarbonate in stream drainage in a field trial in Malaysia, and a small
increase in soil carbonate (~0.26 t CO2 ha− 1 a− 1) that could not defin-
itively be attributed to basalt weathering. As far as we are aware, the
Malaysian study is the only other study to directly measure in-field CDR
via EW in a tropical region. In a field trial in tropical China, potential
CDR was estimated from cation charge balance as 0.13 and 0.65 t CO2
ha− 1 following 2.5 and 5.0 t ha− 1 applications of wollastonite, respec-
tively (Xu et al., 2024). However, there was a substantial increase in soil
organic C. Across these three tropical field trials, low soil pH may have
been at least partially responsible for low CDR, due to the effects of pH
on carbonate equilibria. Initial soil pH was (0–0.3 m depth) 5.1 ± 0.55
at the Malaysian site (Larkin et al., 2022), around 4.9 at the Chinese site
(Xu et al., 2024), and 5.8 ± 0.09 at our site. In soil, carbonic acid dis-
sociates only at pH greater than approximately 5.5 so it will contribute
little to weathering (Eq. (1)) where pH is below this value (Bertagni and
Porporato, 2022; Dietzen and Rosing, 2023; Green et al., 2024;

Table 1
Effect of basalt application on selected soil properties in 2022, following 4 years
of treatment. n= 4 (each being a composite). SEM= standard error of the mean.
Variables with p < 0.05 from the one-way ANOVA are shown in bold.

No basalt Basalt p

Mean (SEM) Mean (SEM)

0–0.1 m depth
pH(1:5 soil:water) 5.63 (0.11) 6.13 (0.05) 0.006
Total C (g kg− 1) 10.00 (0.64) 10.08 (0.72) 0.941
Total N (g kg− 1) 0.65 (0.05) 0.72 (0.06) 0.442
CEC (cmolc kg− 1) 1.86 (0.24) 2.21 (0.11) 0.231
Exch. Al (cmolc kg− 1) 0.44 (0.11) 0.25 (0.03) 0.095
Exch. Ca (cmolc kg− 1) 0.97 (0.25) 1.10 (0.11) 0.640
Exch. K (cmolc kg− 1) 0.22 (0.02) 0.26 (0.02) 0.227
Exch. Mg (cmolc kg¡1) 0.24 (0.06) 0.54 (0.03) 0.005
Exch. Na (cmolc kg¡1) 0.01 (0.00) 0.07 (0.01) <0.001
Extr. P (mg kg− 1) 142.5 (7.5) 157.5 (7.5) 0.207
Extr. Si (mg kg¡1) 55.8 (14.9) 450.0 (131.0) 0.002

0.1–0.25 m depth
pH(1:5 soil:water) 5.60 (0.11) 5.85 (0.03) 0.067
Total C (g kg− 1) 9.18 (0.36) 9.75 (0.15) 0.194
Total N (g kg− 1) 0.63 (0.03) 0.61 (0.03) 0.700
CEC (cmolc kg− 1) 1.84 (0.17) 1.90 (0.14) 0.773
Exch. Al (cmolc kg− 1) 0.50 (0.10) 0.44 (0.05) 0.666
Exch. Ca (cmolc kg− 1) 1.00 (0.21) 0.89 (0.12) 0.661
Exch. K (cmolc kg− 1) 0.17 (0.01) 0.17 (0.01) 0.885
Exch. Mg (cmolc kg¡1) 0.21 (0.04) 0.33 (0.04) 0.047
Exch. Na (cmolc kg¡1) <0.02 (<0.02) 0.06 (0.01) 0.011
Extr. P (mg kg− 1) 147.5 (4.8) 140.0 (7.1) 0.414
Extr. Si (mg kg¡1) 70.5 (27.9) 232.5 (44.2) 0.021

0.25–0.5 m depth
pH(1:5 soil:water) 5.35 (0.09) 5.48 (0.05) 0.253
Total C (g kg− 1) 7.30 (0.45) 7.43 (0.41) 0.844
Total N (g kg− 1) 0.57 (0.04) 0.53 (0.01) 0.617
CEC (cmolc kg− 1) 1.46 (0.10) 1.51 (0.07) 0.692
Exch. Al (cmolc kg− 1) 0.77 (0.09) 0.79 (0.07) 0.887
Exch. Ca (cmolc kg− 1) 0.49 (0.14) 0.41 (0.08) 0.750
Exch. K (cmolc kg− 1) 0.11 (0.01) 0.11 (0.01) 0.815
Exch. Mg (cmolc kg− 1) 0.12 (0.03) 0.16 (0.02) 0.142
Exch. Na (cmolc kg− 1) <0.02 (<0.02) 0.04 (0.01) 0.057
Extr. P (mg kg− 1) 66.5 (12.1) 88.5 (15.6) 0.308
Extr. Si (mg kg¡1) 41.3 (12.6) 147.0 (40.4) 0.024

Table. 2
Effect of basalt application on deep drainage pH and ion concentrations. For pH,
HCO3

− and EC, n = 346. For the other anions n = 96. P-values from GLMM with
basalt and location as factors, and time as a random effect.

Variable 0, IR 0, R 50, IR 50, R Basalt Location

Mean Mean Mean Mean p p

pH 6.41 6.12 6.31 6.21 0.815 0.045
HCO3− (mmol L− 1) 0.78 0.97 0.89 0.63 0.939 0.220
Cl− (mmol L− 1) 0.08 0.34 0.07 0.33 0.292 <0.001
NO3− (mmol L− 1) 0.18 0.81 0.11 0.98 0.594 <0.001
SO42− (mmolc L− 1) 0.17 0.11 0.15 0.13 0.235 <0.001
OA (mmolc L− 1) 0.28 2.00 0.23 1.27 0.083 <0.001
EC 155.8 493.6 172.1 304.2 0.094 <0.001
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Hartmann et al., 2013). However, it is also possible that other soil
properties and land management practices in these tropical agricultural
systems contributed the low or insignificant CDR values measured or
estimated.

Thus, the predominant silicate weathering reaction in acidic soils
such as that in our trial, taking forsterite as a simple example of a silicate
and HA to represent the acids stronger than carbonic acid (with A rep-
resenting the anion or negatively charged particle), must be:

Mg2SiO4 +4HA→4A− +2Mg2+ +H4SiO4 (2)

Carbonic acid weathering (Eq. (1)) occurred only to a small extent in
our field trial but it might be expected to be the predominant weathering
reaction in soil with pH around 6.4, the pK1 of carbonic acid, depending
on soil pCO2. The main silicate minerals weathering in our field trial
were augite ((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6) and olivine ((Mg,
Fe)2SiO4) rather than only the Mg-olivine forsterite in Eq. (2) (Lewis

et al., 2021). During weathering of these minerals, Ca and Na would
have behaved similarly to the Mg in Eq. (2), and Fe and Al presumably
formed secondary oxyhydroxide and aluminosilicate minerals.

Eq. (2) represents a simplified summary of the reactions occurring in
the soil above the point of leachate collection. However, it is probable
that carbonic acid weathering (Eq. (1)) occurred in the top few centi-
metres, where basalt concentration and pH were highest, but that the
HCO3− generated by this weathering was converted to CO2 deeper in the
profile, where pH was lower and there was no basalt, via the reaction

HCO−
3 +HA→CO2+A− +H2O (3)

The mean HCO3− export in leachate across all treatments (2.85 kmol
ha− 1 a− 1, a CDR of 0.125 t CO2 ha− 1 a− 1) was the same order of
magnitude as HCO3− export in the Johnstone River (6.1 kmol ha− 1 a− 1,
Rosentreter and Eyre, 2019), which is nearby and experiences a similar
climate. The Johnstone River catchment is dominated by basalt,

Fig. 1. pH and concentration of HCO3− in leachate collected as deep drainage over the 2022–2023 wet season. Each symbol and thin line represents an individual
drainage flux meter. R = row and IR = Interrow. Concentrations of HCO3− below the detection limit are shown as 0.01 mmol L− 1. Results of statistical analyses are
shown in Table 4. Thick lines show generalised additive models (GAMs), with the two lines (with or without basalt) and 95 % confidence intervals (grey area)
overlapping completely. To meet the assumption of normality for GAM the concentration data was inverse transformed, but the results have been back-transformed
to be shown on the same scale as the data.
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suggesting more weatherable material than at the studied field site.
However, most of the basalt is older than 2.8 Ma and the regolith is
highly weathered (Whitehead et al., 2007). To put these CDR values in
perspective, the highest riverine export of HCO3− in the global database
of Dessert et al. (2003) is 64.1 kmol ha− 1 a− 1 (2.82 t CO2 ha− 1 a− 1) in a
basaltic catchment with humid tropical climate in Java. The small
amount of HCO3− in rivers draining highly weathered tropical landscapes
has been found to be associated with non-acid cations released from
biomass during decomposition in surface layers and burning, rather than
from weathering of silicates (Markewitz et al., 2001). Although insig-
nificant in-field CDR via EW was measured in the current study, there

was considerable weathering of the applied basalt, as indicated by the
increase in soil pH, exchangeable Mg and Na and extractible Si (Table 1),
and the ratio of immobile (Ti) to mobile (Ca and Mg) elements origi-
nating from the applied basalt measured by Reershemius et al. (2023).
Our results indicate this weathering was caused primarily by acids
stronger than carbonic acid.

4.2. Acids responsible for weathering of basalt

Surface-bound protons were identified as the main acid contributing
to weathering, which corresponds to their status as the main store of
inherent acidity in acidic soils (Weil and Brady, 2017). It has been
suggested that exchangeable acidity (Al3+ and H+) would reduce EW
efficiency in acidic soils (Calabrese et al., 2022), but it played only a
small role in this study; the decrease in exchangeable Al3+ was statis-
tically insignificant (Table 1). The consumption of reserve acidity we
found in the field reflected the results of Gillman et al. (2002), who
applied finely ground basalt to a range of acidic tropical soils in an in-
cubation experiment. The effects of basalt on soil pH, exchangeable Mg
and extractable Si were also similar between the two studies, but effects
on CEC, exchangeable Al, Ca and K, and extractable P found by Gillman
et al. (2002) were not reflected significantly in our field study. Nitrogen
fertiliser, and the subsequent transformations and movement of nitro-
gen, had a large effect on weathering and leachate composition. Nitri-
fication is responsible for much of the acidification in agricultural
systems (Bolan and Hedley, 2003) and the effect on CDR that we
measured has been predicted (Hartmann et al., 2013). The well-drained

Fig. 2. Cumulative mean deep drainage flux of HCO3− in the two treatments (squares) and fitted GAMs, showing 95 % confidence interval (grey shading), over the
2022–2023 wet season. The earliest non-zero values represent the first time when leachate was collected in all drainage flux meters (27 December 2022); those values
combine amounts for several small earlier events (starting on 2 December 2022) that did not lead to leachate in all drainage flux meters. No leachate was generated
after 11 May 2023. Cumulative rainfall and drainage and daily rainfall are also shown. Results of the statistical analysis of cumulative HCO3− flux for the whole year
are shown in Table 2.

Table 3
Effect of basalt application on cumulative ion fluxes as deep drainage in the
2022–2023 hydrological year, following 4 years of treatment. Cumulative fluxes
of Cl− , NO3− , SO42− and organic anions (OA) include estimated values for the
events not analysed. SEM = standard error of the mean. P-values are from one-
way ANOVA.

Variable No basalt Basalt p

Mean (SEM) Mean (SEM)

H+ (mol ha− 1) 42.3 (36.2) 23.1 (17.0) 0.978
HCO3− (kmol ha− 1) 2.56 (0.18) 3.15 (0.40) 0.082
Cl− (kmol ha− 1) 0.84 (0.24) 1.13 (0.25) 0.242
NO3− (kmol ha− 1) 2.04 (0.63) 2.88 (0.79) 0.196
OA (kmolc ha− 1) 3.78 (1.30) 4.88 (1.37) 0.320
SO42− (kmolc ha− 1) 0.81 (0.19) 1.24 (0.32) 0.148

Table 4
Means and p values for leachate fluxes that were significantly (p < 0.05) affected by location (i.e. row, R, versus interrow, IR). 0 = no basalt, 50 = basalt at 50 t ha− 1

a− 1. P-values are from split-plot ANOVA.

Variable 0, IR 0, R 50, IR 50, R Basalt Location Bas.*Loc.

Mean Mean Mean Mean p p p

Cl− (kmolc ha− 1) 0.47 1.22 0.59 1.67 0.179 0.007 0.596
NO3− (kmolc ha− 1) 1.04 3.05 1.10 4.65 0.099 0.002 0.346
OA (kmolc ha− 1) 1.66 5.89 1.79 7.97 0.174 0.002 0.532
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moist soil at the study site is conducive to nitrification rather than
denitrification, which is alkalising (Weil and Brady, 2017). The impor-
tance of nitrogen transformations for solute composition was further
indicated by pH fluctuating most in the row, where fertiliser was
applied. The typical temporal pattern of leachate pH in the row, starting
high then falling rapidly (Fig. 2), was presumably due to initial

hydrolysis of urea (an alkalising reaction) followed by nitrification (an
acidifying reaction), with more moderate values being attained later in
the wet season when most of the fertiliser-derived nitrogen had been
taken up or lost (Dong et al., 2022). Urea generally hydrolyses within
days (Yadav et al., 1987) although it has been detected in surface runoff
from sugarcane fields weeks after application (Davis et al., 2016).
Although soil N2O emissions were not measured in this study, they are
likely to have been decreased by basalt application due to its alkalising
effect (Blanc-Betes et al., 2021; Chiaravalloti et al., 2023; Hénault et al.,
2019).

Plant growth accelerates rock grain weathering, and this effect was
apparent in the difference in weathering between the row and interrow
(Fig. 3). Five mechanisms are involved: exudation, respiration, decom-
position of litter, evapotranspiration, and physical stabilisation
(Hinsinger, 2013). Diverse organic acids and siderophores exuded by
plants and soil microorganisms enhance weathering; they are produced
to increase nutrient uptake as well as mitigate aluminium toxicity and
other environmental stressors (Adeleke et al., 2017; Hartmann et al.,
2013; Hinsinger, 2013). Significant exudation of oxalic, malic, citric,
fumaric and succinic acids has been detected in sugarcane roots
(Krishnapriya et al., 2022). Organic acids appear to have contributed
substantially to weathering of basalt in this experiment, although their
contribution may have been over-estimated because the method as-
sumes they were exuded in protonated form. Plant uptake of cations
from solution accelerates weathering (Hartmann et al., 2013; Hinsinger,
2013), but the effect was relatively small here, because cation uptake
was only slightly higher in basalt-treated than untreated plots.

4.3. Co-benefits of basalt application

Increased crop yield is a potential co-benefit of EW (Beerling et al.,
2018; Hartmann et al., 2013; Swoboda et al., 2022). Sugarcane yield
responses to basalt of 9.2–23.6% over the crop cycle have been achieved
in the past with very high basalt application rates of 219–221 t ha− 1,
similar to the cumulative rate in our trial, but using much finer material
(de Villiers, 1961). However, we found no significant effect on yield
during the first 5 years of our trial. This suggests sugarcane yields were
not limited by supply of the nutrients released by weathering of basalt
nor by low pH. Of the likely nutrients, concentrations of Ca, Mg, K and
Fe in leaves in the untreated plots at harvest time were all higher than
the critical level for sugarcane for leaf 3 during the active growing
period (Reuter et al., 1997). Leaf P concentration was lower than the
critical level, but soil extractable P was much higher than the critical soil
level for sugarcane (Moody and Bolland, 1999) due to a history of
overapplication of P fertiliser, suggesting that another factor was
limiting P uptake and yield. Leaf N, S and Cu were all low (Reuter et al.,
1997) so availability of those elements, as well as low pH, may have
limited P uptake.

In the trials reported by de Villiers (1961), yield in the unamended
plots was likely limited by nutrients such as Mg and Si, which would
have been released by weathering of basalt in the amended plots, as N, P
and K fertilisers were applied across the trial. That likelihood is rein-
forced by the “extremely impoverished” nature of the soils, the “medi-
ocre responses to liberal doses of NPK fertilisers” in the absence of basalt
application, and the significantly improved response to NPK fertilisers
when basalt was applied. The soil at one site was described as “totally
leached out, acid residuum composed mainly of hydrous oxides of iron,
aluminium and titanium, with comparatively very little silica”.
Furthermore, much finer crushed basalt (described as powder and dust)
appears to have been used in the earlier trial, which would have led to
faster weathering and nutrient release. It is difficult to speculate further
about reasons for the discrepancy between yield response in our trial
compared to those reported by de Villiers (1961), as neither basalt
mineralogy nor soil and crop nutrient status were reported for those
trials. Substantial responses of sugarcane cane and sugar yield to finely
ground (Ca,Mg) silicate have also been obtained (Crusciol et al., 2014).

Fig. 3. Contribution of acid sources to weathering of the applied basalt in the
row and interrow. While the contribution of most acids to weathering was
measured directly, the contribution of organic acids is uncertain as it assumes
they were exuded as acids rather than anions. Values derived from soil and
plant analyses are the same in the row and interrow, as combined soil samples
were used and plant yields were calculated across the whole plot area. Error
bars show standard error of the mean.

Fig. 4. Relative contribution of acids to weathering of basalt in the field trial
over the 2022–2023 year.
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4.4. Implications and conclusions

The results of direct measurements of in-field CDR following basalt
application in this trial correspond with modelling studies indicating EW
will be less efficient for CDR when applied in acidic conditions (Bertagni
and Porporato, 2022; Dietzen and Rosing, 2023; Green et al., 2024;
Hartmann et al., 2013). The modelling of basalt weathering in soil by
Green et al. (2024) showed very low CDR in acidic conditions (low pH
and high pH buffering capacity), despite high weathering rates and
cation release, across a range of pCO2 and other factors. Acidic soils are
widespread in regions with a climate conducive to weathering
(Hartmann et al., 2013; Sumner and Noble, 2003; Wieder et al., 2014;
Zhao et al., 2019), so our results have wider implications. Increased in-
field CDR could be expected over time; as soil pH increases due to basalt
weathering, and as the alkalisation extends deeper in the soil profile, the
contribution of carbonic acid to weathering (Eq. (1)) will increase and
the contribution of inherent soil acidity (Eqs. (2) and (3)) will decrease.
However, the time and amount of basalt required is uncertain; in our
case 250 t ha− 1 of commercially available crushed basalt over 5 years
increased soil pH by only 0.5 units at 0–0.1 m depth, and less than that at
deeper depths. Soil pH would need to be raised to a suitable value
throughout the regolith, to allow carbonic acid weathering and to pre-
vent HCO3− leached from shallower depths being converted to CO2 (Eq.
(3), Fig. 5). Thus, EW appears unlikely to provide cost-effective CDR in
strongly acidic soils, and the co-benefits in well-managed commercial
sugarcane in this case were also negligible.

Nevertheless, the introduction of crushed basalt into acidic soils, and
consequent reaction with strong acids, could be expected to result in net
global CDR (assuming low emissions from mining, crushing, transport
and spreading) due to (i) reduced emission of CO2 from soil due to
avoided liming (Eq. (4)), (ii) reduced production of CO2 by acidification
of subsoil horizons if they contain carbonate, and (iii) reduced evasion

from rivers downstream (Eq. (3), Duvert et al., 2019; Raymond et al.,
2013). The leaching of acid at 1.25 m depth was not significantly
reduced in this trial (Table 3) but an effect might occur with time. To
enable monitoring, reporting and verification (MRV) of global CDR and
calculate the economics, the challenge will be to determine the locations
and time scales over which CDR occurs across the soil-to-sea continuum,
as both will be influenced by ground/surface water hydrology, along
with other soil, regolith and catchment characteristics (Zhang et al.,
2022). Additional challenges for process modelling that have not yet
been fully addressed include (i) spatiotemporal variations in the content
(including distribution across pore sizes) and flux of water in the vadose
zone, as well as generation of CO2, acids and alkalis, (ii) variable charge,
which plays an important role in acid-base reactions in tropical soils,
and (iii) other factors affecting kinetics such as the role of carbonic
anhydrase in modulating rates of CDR (Jones et al., 2021; Xiao et al.,
2015).

To facilitate CDR via EWwithin acidic soils, pH could be raised to the
range in which carbonic acid weathering is significant, either slowly by
applying non-acid-cation-rich silicates, or rapidly by conventional lim-
ing with CaCO3 or (Ca,Mg)CO3 (dolomite). At soil pH values too acidic
for carbonic acid weathering, silicate weathering will have no effect on
CO2 emission (Eq. (2)), whereas carbonate weathering will generate one
mole of CO2 per mole of carbonate (Hamilton et al., 2007; West and
McBride, 2005) via the equation:

CaCO3 +2HA→CO2↑+Ca2+ +2A− +H2O (4)

Although the emission of CO2 is undesirable, lime application will
raise pH much more quickly than silicate application.

It is worth comparing silicate and carbonate weathering further.
When soil pH is in the range conducive to carbonic acid weathering,
weathering of silicates and carbonates are comparable in terms of the
stoichiometrically derived index RCO2 (mass of CO2 removed per mass of
amendment). Basalts generally have RCO2 in the range 0.2–0.4 (Lewis
et al., 2021) and that of the Tichum basalt used here was 0.31. Forsterite
(Mg2SiO4), the end member of the olivine solid-solution series, has one
of the highest RCO2 of silicates, 1.25. Weathering of carbonates by car-
bonic acid,

CaCO3 +H2CO3→Ca2+ +2HCO−
3 (5)

results in half the amount of CDR per mole of non-acid cation charge as
weathering of silicates by carbonic acid (Eq. (1)), but the non-acid cation
content of carbonates is higher than silicates, so their RCO2 is similar;
limestone has an RCO2 of 0.44. Importantly though, carbonates weather
more rapidly than silicates, by 4 orders of magnitude or more (Hartmann
et al., 2013), so they are likely to be more effective than silicates for CDR
via EW at a soil pH around 6, as well as being more effective for
maintaining pH in the optimum range for plants and CDR. Carbonate
weathering is integral to global carbon cycling (Gaillardet et al., 1999)
and several authors have suggested application of carbonates for CDR
via EW (Knapp and Tipper, 2022; Zeng et al., 2022).

One approach for maximising rapid CDR via EW in agricultural soils
might involve applying frequent (e.g. annual) applications of limestone
or a non-acid-cation-rich silicate to maintain soil pH around 6.4, while
minimising application of acidifying inputs such as ammonium fertil-
isers and maximising pCO2 by maximising net primary production, root
growth and residue retention. Such an approach, with appropriate
mechanisms to drive adoption, would optimise benefits for production
and other ecosystem services, i.e. sustainable and regenerative agricul-
ture (Nelson, 2023). Regular liming is common practice across humid
agricultural zones globally, but it is usually only carried out every
several years once pH has dropped substantially. This current practice
results in CO2 emission as well as capture, and uncertainty about the net
balance has led to the conservative assumption of the Tier 1 IPCC
methodology, that every mole of CaCO3 applied results in one mole of
CO2 emitted (Hamilton et al., 2007; Klein et al., 2006; Page et al., 2009).

Fig. 5. Hypothetical generalised effects of soil acidity and alkalinity on carbon
dioxide capture via enhanced weathering, and the fate of the inorganic carbon
generated, shown in 4 scenarios (A, B, C, D), based on the results of this study
and the cited literature. Carbon dioxide is captured in scenarios C and D but not
in scenarios A or B. The extent to which soil pH and the amount of carbon
dioxide captured increase in response to basalt addition (of a given mineralogy,
particle size, application rate and incorporation depth) depends not only on soil
pH, but also on soil pH buffering capacity and the net acid addition rate of the
system, which is related to climate, crop type and management, especially
fertilisers. Note that the change in pH for a given addition of alkali (i.e. pH
buffer capacity), is fairly constant for a particular soil over the topsoil pH range
shown, but the rate of weathering decreases as acidity decreases.
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However, the overall effect of liming agricultural soils on the global
greenhouse gas balance is likely neutral, and liming has a large positive
effect on food production (Wang et al., 2021). The carbon balance and
life cycle assessment of applying silicates versus lime are yet to be
compared, but larger quantities of crushed silicate are needed to raise
soil pH by a given amount. It would also be worthwhile conducting more
field trials with non-acid-cation-rich silicates in soils with a native pH
more likely to be conducive to CDR, i.e. having topsoil pH around 6.4
and a subsoil and regolith with higher pH (Fig. 5). Such soils normally
occur in drier climates, but may be irrigated, which would enhance
weathering rate and pCO2.

Irrespective of the amount or type of mineral applied, CDR via EW
will be enhanced by reducing application of acidifying inputs
(Hartmann et al., 2013). This will be effective not only for in-field CDR
but also for avoided evasion downstream. However, a major limitation
for any approach aiming to minimise soil acidity and acidifying pro-
cesses is that the whole regolith must be considered, and prevention or
reversal of subsoil acidity is difficult, slow and may not be feasible
(Butterly et al., 2022).

In summary, directly measured in-field CDR via EW of crushed basalt
(<5 mm) applied over 5 years was small in this tropical sugarcane
production system on acidic soil. Most of the basalt weathering (inferred
from changes in soil and leachate chemistry) appeared to be due to
inherent soil acidity (surface-bound protons) and the concurrent gen-
eration of nitric acid (from nitrification), organic acids, and other root
exudates, none of which led to in-field CDR (Figs. 4 and 5). These field
trial results indicate that in strongly acidic soils EW will be ineffective
for CDR, and MRV methods based on weathering rates (such as cation
release) will overestimate in-field CDR, confirming conclusions derived
from geochemical modelling (Green et al., 2024) and pot trials (Hasemer
et al., 2024). Over time, consumption of strong acids via weathering
might be expected to result in net CDR more widely due to avoided
emission fromwithin the regolith and evasion downstream, as a result of
overall higher pH in these locations. Basalt application did not signifi-
cantly increase crop yield or the stock of carbon in biomass or soil
organic matter over the 5-year timeframe, presumably because the nu-
trients supplied by weathering were not limiting for plant growth, and
insufficient secondary minerals were produced to retard decomposition.
Further measurements and modelling to quantify CDR via EW in soils
across a range of acidity/alkalinity profiles and at the catchment scale
are needed, including study of the interactions between soil acidity and
weathering of alternative alkaline amendments. Results of this field
study will be useful for guiding that research and designing, parame-
terising, calibrating and validating process-based EW models.
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Gaillardet, J., Dupré, B., Louvat, P., Allegre, C., 1999. Global silicate weathering and CO2
consumption rates deduced from the chemistry of large rivers. Chem. Geol. 159
(1–4), 3–30.

Gasser, T., Guivarch, C., Tachiiri, K., Jones, C.D., Ciais, P., 2015. Negative emissions
physically needed to keep global warming below 2◦C. Nat. Commun. 6, 958.

Gee, G.W., Newman, B.D., Green, S.R., Meissner, R., Rupp, H., Zhang, Z.F., et al., 2009.
Passive wick fluxmeters: design considerations and field applications. Water Resour.
Res. 45, W04420.

Gillman, G., Bell, L., 1978. Soil solution studies on weathered soils from tropical North
Queensland. Soil Res. 16 (1), 67–77.

Gillman, G.P., Burkett, D.C., Coventry, R.J., 2002. Amending highly weathered soils with
finely ground basalt rock. Appl. Geochemistry 17, 987–1001.

Gillman, G.P., Murtha, G.G., 1983. Effects of sample handling on some chemical
properties of soils from high rainfall coastal North Queensland. Aust. J. Soil Res. 21,
67–72.

Goll, D.S., Ciais, P., Amann, T., Buermann, W., Chang, J., Eker, S., et al., 2021. Potential
CO2 removal from enhanced weathering by ecosystem responses to powdered rock.
Nat. Geosci. 14, 545–549.

Green, H., Larsen, P., Liu, Y., Nelson, P.N., 2024. Carbon dioxide removal via weathering
of sugarcane mill ash under different soil conditions. Appl. Geochem. 165, 105940.

Hamilton, S.K., Kurzman, A.L., Arango, C., Jin, L., Robertson, G.P., 2007. Evidence for
carbon sequestration by agricultural liming. Glob. Biogeochem. Cycles 21.

Haque, F., Santos, R.M., Chiang, Y.W., 2020. CO2 sequestration by wollastonite-amended
agricultural soils – an Ontario field study. Int. J. Greenhouse Gas Control 97.

Hartig, F. (2022). DHARMa: residual diagnostics for hierarchical (multi-level / mixed)
regression models. R package version 0.4.6, <https://CRAN.R-project.org/packa
ge=DHARMa>.
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