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Measuring enhanced weathering:
iInorganic carbon-based
approaches may be required to
complement cation-based
approaches

Heath Hasemer, Justin Borevitz and Wolfram Buss*

Research School of Biology, Australian National University, Canberra, ACT, Australia

The removal of atmospheric carbon dioxide (CO,) is now essential to meet net
zero goals and limit the impacts of climate change. Enhanced weathering is
a method of sequestering CO, that involves the distribution of finely ground
silicate rocks over agricultural land. The weathering of these silicate rocks
releases cations into solution which can balance dissolved inorganic carbon,
effectively removing CO, from the atmosphere. Despite being a promising
method of carbon dioxide removal (CDR), enhanced weathering has been
limited by uncertainty surrounding the measurement of CO, sequestration. This
study compares current measurement approaches that focus on quantifying
inorganic carbon and cations within the soil and leachate. Cation-based
calculations of CDR were compared to inorganic carbon-based calculations
of CDR and soil results were compared to leachate results. The recovery rate
of cations in the soil fraction was also tested. Three different ground silicate
minerals/rocks — basalt, olivine and wollastonite, were mixed with two different
soils and were allowed to weather over 16 weeks in 320 pots with and without
plants under different watering regimes and the application of an acidifying
fertiliser. Soil and leachate samples were analysed for cations by ICP-OES and
inorganic carbon by direct CO, analysis after acidification and total alkalinity
titration (in leachate only). The results indicate that the soil retains most
enhanced weathering products through the cation exchange reactions. CDR
estimated by cations is often greater than CDR estimated by inorganic carbon.
Measurement approaches to estimate cations are susceptible to incomplete or
improper accounting through the under-extraction of cations stored within the
soil-exchangeable pool, the activity of non-carbonic acids and CO, outgassing.
Inorganic carbon-based measurements, including direct inorganic carbon and
total alkalinity analysis, are also complicated by the potential for CO, loss through
carbonate precipitation and re-equilibration. Therefore, inorganic carbon-based
approaches and cation-based approaches should be reconciled to validate the
estimation of CDR. The inorganic carbon-based estimation of CDR in leachate
should equal the cation-based estimation of CDR in leachate—which will
be achieved after quantification or estimation of the natural mechanisms that
affect each approach. These findings will support the development of accurate
measurement processes for enhanced weathering.
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1 Introduction

Climate change is disrupting human society and natural systems.
It is a global crisis that threatens to worsen over time without drastic
action (IPCC, 2018, 2022a,b). To limit the impacts of climate change,
humankind must reach net zero greenhouse gas (GHG) emissions as
rapidly as possible. This requires a reduction in emissions, but also an
active removal of GHGs, such as carbon dioxide (CO,), from the
atmosphere. Carbon dioxide removal (CDR) on the gigatonne (Gt)
scale is now crucial to limiting the most severe impacts of climate
change (IPCC, 2022a; Smith et al., 2023).

Enhanced Weathering (EW) is a method to capture and store
atmospheric CO,. It is based on the natural weathering of calcium
(Ca)- and magnesium (Mg)-rich silicate or carbonate minerals in the
inorganic carbon cycle, a process which has helped to reduce excessive
concentrations of atmospheric CO, over geological timescales (Walker
etal, 1981; Hartmann et al.,, 2013). The natural weathering of silicate
rocks can be accelerated to capture and store atmospheric CO, on
human-relevant timescales. Primarily, this enhancement process
involves the crushing of the silicate rocks to particle sizes often below
100pm and the distribution of the crushed rock in agriculturally
productive soils (Hartmann et al., 2013; Rinder and von Hagke, 2021).
This drastically increases the surface area of the silicate rocks and the
rate of weathering. Chemically, this EW reaction commences with the
formation of carbonic acid from water and CO, (Equation 1), which
reacts with Ca- and Mg-rich silicate rocks to form bicarbonate and
release the Ca and Mg ions (Equation 2, representing a simplified
calcium silicate mineral). The dissolved bicarbonate and cations are
transported into the ocean. The bicarbonate may remain in the ocean
for hundreds to thousands of years, but will eventually undergo a
precipitation reaction (Equation 3), usually biogenic, to produce
calcium or magnesium carbonate and release one of the captured CO,
molecules (Hartmann et al., 2013; Renforth and Henderson, 2017).
This carbonate precipitate will settle on the ocean floor and will
be stored in the Earth’s crust for hundreds of thousands of years
(Hartmann et al., 2013). The precipitation of carbonate may also occur
in the soil, before the bicarbonate is transported into the ocean. The
extent to which carbonate precipitation occurs in soils is not fully
known, but depends on rock type and soil factors (Haque et al,
2020b,¢c; Khalidy et al., 2021, 2024; Holzer et al., 2023b; Clarkson
etal., 2024).

2C0O; + 2H,0 — 2H,CO;3 (1)

2H,CO5 + CaSiO; — 2HCO3 + Ca®* + H,8i05 (@)

2HCO3 +Ca”" — CaCO;3 + CO, + Hy0 3)

Studies suggest that applying the crushed Ca- and Mg-rich
silicates to agriculturally productive land as a soil amendment can lead
to Gt-scale CDR when applied at a global level (Beerling et al., 2018;
Strefler et al., 2018; Goll et al., 2021). The advantage of applying the
rocks to agricultural land is in the tight soil pore spaces, in which the
biological activity of the plants and soil microbes can increase the

Frontiers in Climate

10.3389/fclim.2024.1352825

concentration of CO, up to 100x atmospheric levels, which greatly
accelerates the CO, sequestration reaction (Strawn et al, 2015;
Renforth and Campbell, 2021; Paessler et al., 2023).

The potential to reach Gt-scale CDR has resulted in a boom of
startups with a focus on scaling EW (cdr.fyi, 2024). However, the
growth of the EW industry has been limited by two factors: (1)
uncertainty around how much CO, can be removed at scale, and (2)
uncertainty in the scientific literature in which measurement
approaches most accurately quantify EW CDR (Holzer et al., 2023b;
Clarkson et al., 2024). There is huge variation in scientific literature on
the potential CDR rate of EW (Table 1), with estimates ranging by over
three to four orders of magnitude (Kukla et al., 2024). This is due
partly to experimental design differences (e.g., in rock type, particle
size, distribution rates) and natural variation (e.g., in soil type, biology
and hydrology). However, another factor contributing to the extreme
variation in results is the lack of consistency in measurement
approaches between scientific studies. Studies measure different EW
products: cations (Ca and Mg) or inorganic carbon (IC), in different
fractions of the EW system: soil (either the total soil or soil-
exchangeable fractions) or leachate (i.e., the water dripping out of the
soil) (Table 1) (Almaraz et al., 2022; Clarkson et al., 2024). The focus
of this study is on comparing the current measurement approaches
shown in Table 1. Ensuring accurate and consistent measurement is
vital in order to scale EW CDR, and comes at the behest of repeated
calls to look into the current measurement inconsistencies of a
notoriously complex system (Dietzen et al., 2018; Vienne et al., 2022;
Dietzen and Rosing, 2023; Wood et al., 2023; Clarkson et al., 2024).

The primary methods to measure the CO, sequestration from
EW focus on two products of the EW reactions - cations (Ca and
Mg) and IC (bicarbonate and carbonate). More novel EW
measurement techniques that compare Ca/Mg to an immobile
tracer such as titanium also rely on cation-based measurements to
estimate CDR (Kantola et al., 2023; Reershemius et al.,, 2023;
Beerling et al., 2024; Clarkson et al., 2024; Reershemius and
Suhrhoff, 2024; Wolf et al., 2024). These EW products are commonly
measured in the soil (either the total soil or soil-exchangeable pool)
and/or leachate fraction of the agricultural system (Table 1). The
products of Equation 2 are initially dissolved, but may become
involved in the complex chemical, biological and physical
interactions within the soil (Hartmann et al., 2013). Clay mineral
surfaces are predominantly negatively charged and therefore interact
primarily with positively charged cations (Sposito, 2004; Blume
et al., 2016). These interactions range in strength, including simple
electrostatic forces (outer-sphere complexes) but also covalent
bonds (inner-sphere complexes/chemisorption) (Blume et al., 2016;
Strawn, 2021). Easily reversible cation exchange processes are
reflected in the cation exchange capacity (CEC) of soils. Anions in
soil either interact with positively charged soil particles directly
(although there are few positive surface sites available in most soils),
or interact with negatively charged clay minerals, mediated by
polyvalent cations such as Ca*', Mg, Fe** and AI** (Blume et al.,
2016; Singh et al., 2018; Strawn, 2021). Equivalent to CEC, a soil
anion exchange capacity (AEC) can be measured that is mainly
relevant in highly weathered and acidic soils (Blume et al., 20165
Singh et al., 2018; Strawn, 2021). While involved in these complex
interactions within the soil, the dissolved IC is not durably stored,
and may be converted back into CO, (West and McBride, 2005;
Clarkson et al., 2024). This CDR process is more likely to be durable
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TABLE 1 Literature review of the measurement approaches, calculated CDR rate and important parameters in enhanced weathering trials.

EW EW CDR " cpRrate o .
product fraction rate (kgCO,/t  Rock type Distribution Par_tlcle
measured measured  (tCO,/ el rate (t/ha) size
from ha)

Amann et al. (2020) Mg Leachate 0.023 0.10 Olivine 220 p80: 1020 pm 11 months
Taylor et al. (2021) IC Leachate 0.025 7.27 Wollastonite 34 Mean: 16 pm 15years
Amann et al. (2020) Mg Leachate 0.049 0.22 Olivine 220 p80: 43.5um 11 months
Larkin et al. (2022) IC Soil, Leachate 0.1-1.1 0.67-7.33 Andesite 150 p80: 1767 pm 3years
Holzer et al. (2023a) IC Leachate 0.12 1.5 Basalt 80 Median: 102pm | 4months
Taylor et al. (2021) Ca Leachate 0.13 37.79 Wollastonite 3.4 Mean: 16 pm 15years
ten Berge et al. (2012) Mg Soil, Leachate 0.29-2.69 178-13 Olivine 1.6-204 p100: 200 pm 8 months
Haque et al. (2020b) IC Soil 0.40 80 Wollastonite 5 p90: 83.7 um 5months
Kelland et al. (2020) Mg Soil, Leachate 3.0 30 Basalt 100 p80: 128 pm 1year
Dietzen et al. (2018) Mg Soil 4.16 83.2 Olivine 50 p50: 20 pm 3months
Beerling et al. (2024) Mg, Ca Soil 10.5 52.5 Basalt 200 p80: 267 pm 4years
Manning et al. (2013) IC Soil 126 N/A Dolerite and basalt Not specified Mostly <500 pm 7years
Washbourne et al. (2015) (o} Soil 127.5 N/A Concrete Not specified Not specified 1.5years
Haque et al. (2019) 1C Soil N/A 216.7 Wollastonite Not specified p90: 25.9 pm 2months
te Pas et al. (2023)® 1C Soil, Leachate N/A 3.0-3.8 Basalt Not specified p98: ~200 pm 2months
te Pas et al. (2023)® Mg, Ca, Na Soil, Leachate N/A 3.3-12.9 Basalt Not specified p98: ~200 pm 2months
te Pas et al. (2023)® 1C Soil, Leachate N/A 4.6-4.8 Olivine Not specified p99: ~200 pm 2months
te Pas et al. (2023)® Mg, Ca, Na Soil, Leachate N/A 14.6-35.6 Olivine Not specified p99: ~200 pm 2months
te Pas et al. (2023)® 1C Soil, Leachate N/A 4.9-5.0 Wollastonite Not specified p95: ~200 pm 2months
te Pas et al. (2023)® Mg, Ca, Na Soil, Leachate N/A 15.3-23.6 Wollastonite Not specified p95: ~200 pm 2months

Only studies that calculated CDR from calcium, magnesium or inorganic carbon measurements were included; studies also using immobile tracer elements were excluded. Particle size was

reported differently in each study, p90 means that 90% of particles are below the listed size.

“"’Study included multiple times, as CDR is estimated from two different approaches. IC, inorganic carbon.

once the cations and dissolved IC leach out of the soil or precipitate
in the soil in the form of solid carbonates. This IC can still
be converted back into CO, through a number of mechanisms, but
this usually occurs to a lesser extent over a longer timeframe
(Clarkson et al., 2024).

While measurements of cations and IC/alkalinity in soil and
leachate have been used interchangeably, this study is one of the first
to apply them both to compare their accuracy and consistency with a
focus on developing a measurement framework for agricultural EW
(te Pas et al., 2023). The aim of this study is to compare cation- and
IC-based measurements in soil and leachate to quantify the CDR
effect of EW. Studies have already questioned these approaches:
Dietzen and Rosing (2023) have shown that simplistic cation-based
approaches may overestimate CDR in acidic conditions, for example,
while various studies have questioned the accuracy of IC
measurements after being unable to measure significant increases in
IC despite silicate rock-based soil amendments ranging up to 150t
rock ha! (Renforth et al., 2015; Dietzen et al., 2018; Kelland et al.,
2020; Larkin et al, 2022). This study tests these measurement
approaches through a series of EW pot trials that mimic the
application of silicate rock amendments to agricultural land in a more
controlled environment. Three highly reactive rocks/minerals
commonly used in EW trials are assessed (basalt, olivine, wollastonite)
across two different soil types. Different watering rates, the presence
of a plant and the effect of an acidifying fertiliser are also assessed.
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These varied agricultural conditions and soil-rock mixtures allow for
a robust assessment of measurement approaches across different
conditions. The accuracy of both cation- and IC-based measurement
approaches is assessed by the application of known amounts of soluble
Ca, Mg, bicarbonate, and carbonate salts instead of silicate rocks to
control pots, as performed by ten Berge et al. (2012). The consistency
of the cation-and IC-based measurement approaches is assessed by
measuring both the Ca and Mg and IC in the leachate and soil
fractions of the silicate amended pots, and calculating the CDR
estimated by both approaches.

Ultimately, determining the most accurate and robust approaches
to measure the CDR effect of EW will be essential in scaling the
industry. To reach the Gt levels of CDR required, billions of dollars of
investment is required. This investment will not be forthcoming if it
is not possible to accurately assess how much CO, is being removed
by the technology.

2 Methods
2.1 Experimental preparation
2.1.1 Soil preparation

Throughout the three trials, two different soil types were used: a
sandstone-based clay loam from Kowen Pine Forest, Australian
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Capital Territory, Australia (Soil A; pH in H,O 5.76; CEC 6.8 cmol,/
kg); and a granite-based clay loam from Lerida, New South Wales,
Australia (Soil B; pH in H,O 5.82; CEC 2.2 cmol,/kg). Carbonate
content of the soils is outlined in Supplementary Table 3. These two
soils were selected due to the difference in their parent material,
allowing for an assessment of results in different soil conditions. Their
pH levels were in line with standard Australian soils, while their
exchange capacities were lower than typical agricultural soils (de
Caritat and Wilford, 2011; DPI, 2023). Detailed soil analysis was
performed by Environmental Analysis Laboratory (Southern Cross
University) and is reported in Supplementary Table 1. To prepare for
weighing, analysis and potting, soils were passed through a 1 cm sieve
to remove large rocks and large pieces of roots, air-dried and then
thoroughly mixed.

2.1.2 Rock preparation

Throughout the three trials, three different rock types were used:
olivine-dominated dunite from Nelson, New Zealand (hereafter referred
to as olivine or olivine rock); basalt from New South Wales, Australia;
and wollastonite powder (hereafter referred to as wollastonite or
wollastonite rock) (Alpha Chemicals, 325#). Their mineral compositions
were determined by X-Ray Diffraction (XRD) (Supplementary Table 2).
Basalt was selected due to its global abundance and relative dearth of
toxic heavy metals, making it an ideal candidate for large-scale EW
(Hartmann et al., 2013; Beerling et al., 2018, 2020; Suhrhoff, 2022; Dupla
etal,, 2023). Olivine and wollastonite were selected due to their reactivity
and likelihood to sequester CO, rapidly within short timeframes.
However, olivine may have less applicability in agricultural systems due
to the potential for heavy metal toxicity (Haque et al., 2020a; Suhrhoff,
2022; te Pas et al., 2023). Three different rocks were used in order to
assess results across different combinations of soil and rock. Carbonate
content of the rocks is outlined in Supplementary Table 3.

Olivine and basalt rocks were crushed in a Jaw Crusher (Jaques
Brothers Ltd., Melbourne) to sizes varying from 1 mm to 3 cm. Rocks
crushed to sizes below 1 mm were sieved out and discarded to avoid
pre-weathered material and contaminants. The rocks were then ground
to a powder in a Ring and Puck mill (Gilson Company Inc.) before being
sieved to appropriate fractions (basalt, p97: 90 um, olivine p97: 75 pm,
wollastonite p97: 44 um). Ground rock samples were thoroughly mixed
to reduce heterogeneity. These small particle sizes were prepared in
order to accelerate weathering and CDR (Rinder and von Hagke, 2021).

2.1.3 Positive control salts

To provide a positive control for the release of Ca, Mg, bicarbonate
and carbonate by the weathering of the silicate rocks, known amounts of
soluble salts of Ca, Mg, bicarbonate and carbonate were added to soil. This
concept, introduced by ten Berge et al. (2012), allows for an assessment of
the accuracy of measurement processes by testing their findings on
known amounts of cations and IC. In this way, the salts are not intended
to mimic the complex silicate rock dissolution process but are intended
to represent specifically known amounts of cations and IC that are the
products of the silicate dissolution process. Gypsum (calcium sulphate;
Bunnings Warehouse, 3,010,181), Epsom salt (magnesium sulphate;
Bunnings Warehouse, 2,960,980), sodium bicarbonate (Bunnings
Warehouse, 3,090,201) and sodium carbonate (Bunnings Warehouse,
3,090,205) were purchased and used. These salts were chosen due to their
high solubility and use as fertilisers in some instances, minimising
potential radical effects of the salts on the overall soil system (Shainberg
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etal., 1989; ten Berge et al,, 2012; Martinez-Cuenca et al., 2013; Jezek et al,,
2014; Kuttah and Sato, 2015; Aratjo et al., 2019; Esteves et al., 2022). The
amount of salt added to the soil was determined to be representative of
the cations and IC released at the lower end of estimated weathering rates
by previous studies (Table 1). Specifically, 2.5mmol of each ion in salt
form was added to the soil in Pot Trial 1, and 8.3 mmol in Pot Trial 2
(4.6 mmol per kg soil).

2.1.4 Negative controls

Negative controls were pots of soil without rock or salt addition.
This was designed to provide a measure of the background effects of
the experimental conditions, such as watering, on cation and IC levels
over the weathering period.

2.1.5 High-watering pot trial set up and sampling
regime (PT1)

Pot Trial 1 (PT1) was designed to maximise rock weathering with
a high watering regime that reflected semiaquatic agricultural
conditions, such as for rice farming.

The three rock types were mixed with two soil types ina 0.15: 0.85
ratio by mass. This is at the higher end of silicate rock distribution
rates, equivalent to 105tha™". This was a design choice to increase the
CO, sequestration. Cylindrical, plastic pots with 0.5L volume were
used (diameter 10 cm, surface area 7.85x 107" ha), requiring 550 g of
soil in control pots and 467 g of soil with 83 g rock in non-control pots
(e.g., Figure 1).

Overall, PT1 contained 112 pots, divided into treatments
as follows:

FIGURE 1

Pot trial (PT) set up. PT1 and PT3 consisted of plastic pots containing
soil-rock mixture on collection trays. PT2 (pictured) also included
soybean plants in half of the pots.
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» Rock (3 types) x Soil (2 types) x 12 repeats: 72 pots

o No-rock negative control (1 type)xSoil (2 types)x12
repeats: 24 pots

« Salt positive control (4 types) x Soil (2 types) x 2 repeats: 16 pots

These pots were arranged in a randomised block design across
two greenhouses with the following settings: 25°C day temperature
and 23°C night temperature; 14-h days, 10-h nights. These warm
temperatures were partly selected to accelerate silicate weathering
( ). The pots were watered daily at a rate of 1.4L
per pot per week (3,080 mm in total, equivalent to 10,000 mm per
year). The high watering rate was designed to accelerate the
weathering process, which is dependent on water (

) and led to continuous periods of standing water in the pots,
reflecting semiaquatic agricultural conditions. The irrigation water
used was measured for its cation and IC concentration, to assess
whether it was likely to contribute to the final cation and IC budget
at the conclusion of the pot trial. The IC in the irrigation water was
threshold), while the cation
non-negligible (Ca 11.57mgL™", Mg
1.03mgL™"). However, the experimental design of the pot trials

negligible (below detection

concentrations were
ensured that background effects of watering were excluded from
analysis of the EW effect, as discussed later and represented in

Leachate was collected after 1 week, 8.5 weeks and 16 weeks. The
1-week time-point was selected to observe an initial flux in cations
and IC (
weather for 16weeks before termination. Soil was sampled

). The (rock-amended) soil was allowed to

upon termination.

10.3389/fclim.2024.1352825

2.1.6 Agriculturally representative pot trial set up
and sampling regime (PT2)

Pot Trial 2 (PT2) was designed to reflect agricultural conditions,
through the addition of a soybean plant, and the use of a more
moderate watering regime than PT1.

As with PT1, the three rock types were mixed with two soil types
in a 0.15: 0.85 ratio by mass, equivalent to 153 tha™". Cylindrical,
plastic pots with a volume of 1.7 L were used (diameter 15 cm, surface
area 1.77 x 10~ha) to allow a plant to grow, requiring 1.8 kg of soil in
control pots and 1.53 kg of soil with 270 g of rock in non-control pots
(e.g.
between all pot trials, while the distribution rate in tonnes per hectare
differed due to the heights of the pots.

Soybeans were selected due to their ability to fix nitrogen,

). The mass ratio of rock to soil was kept constant

eliminating the need for a nitrogen fertiliser, and their ability to
accelerate silicate rock weathering ( ,C;
).
Overall, PT2 contained 160 pots, divided into treatments
as follows:

» Rock (3 types) xSoil (2 types) x Plant (2 types, soybean or no
soybean) x 8 repeats: 96 pots

« No rock negative control (1 type) x Soil (2 types) x Plant (2 types,
soybean or no soybean) x 8 repeats: 32 pots

« Salt positive control (4 types)xSoil (2 types) x Plant (2 types,
soybean or no soybean) x 2 repeats: 32 pots

These pots were arranged in a randomised block design across two
greenhouses with the same settings as PT'1. These warm temperatures

Total IC at conclusion

Change in IC from

EW-attributable

of experiment Initial Baseline change inIC
EW EW EW
attributable _ attributable — attributable
change in IC changein IC changein IC
Subtract Initial Subtract Non-EW
Baseline effect
(IC measured at (Change in IC from
Non-EW Time =0) Non-EW initial baseline in soil-
attributable attributable only control)
changein IC changein IC
Initial IC
(Baseline)

FIGURE 2

Process for calculating EW-attributable change in IC. EW-attributable change in Ca + Mg was calculated the same way.
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were also partly chosen to accelerate soybean growth (Agriculture
Victoria, 2023). These pots were watered twice a week while soybeans
were in vegetative stages of growth. Once they reached reproductive
stages, watering increased to four times a week, as per guidance on
optimal watering for soybean plants (Matcham, 2022; Agriculture
Victoria, 2023). On average, the pots received 400 mL per week
(400 mm in total, equivalent to 1,300 mm per year), reflecting standard
agricultural practice for soybeans, pasture, potatoes, onions and other
bulk crops (Armstrong and Giblin, 2001). Note that this trial will
be referred to as agriculturally representative watering, as it reflects
standard agricultural practices for many Australian crops. This is
opposed to PT1, with a high watering rate that is standard for semi-
flooded agriculture, but not Australian cropping.

Leachate was collected after 16 weeks, and the experiment was
terminated afterwards.  Soil  was

immediately sampled

upon termination.

2.1.7 Fertiliser pot trial set up and sampling
regime (PT3)

Pot Trial 3 (PT3) was designed to test the effect of an acidifying
fertiliser, ammonium sulphate, on the release of cations and IC in an
EW system.

In PT3, only olivine and wollastonite were used, prioritising the
fast-weathering rocks. These two rock types were mixed with the two
soil types in a 0.15: 0.85 ratio by mass, equivalent to 105tha™".
Cylindrical pots with a volume of 0.5L were used (diameter 10cm,
surface area 7.85% 107" ha), with 450 g of soil in control pots and 383 g
of soil with 67 g of rock in non-control pots. Ammonium sulphate was
added to half the pots. Ammonium sulphate is a highly acidifying
fertiliser (DPIRD, 2021) used in a large range of agricultural practices,
5.9% of global nitrogen fertiliser use (S&P Global, 2022), and was
added at a rate equivalent to 150kg nitrogen ha™
of agricultural use (DPIRD, 2021).

The day after pot preparation and watering, the ammonium

, at the upper limit

sulphate was added to the “Fertiliser” pots in solution. An equivalent
volume of water was added to the “No Fertiliser” pots.
Overall, PT3 contained 48 pots, divided into treatments as follows:

o Rock (2 types) x Soil (2 types) x Fertiliser (2 types, fertiliser or no
fertiliser) x 4 repeats: 32 pots

« No rock negative control (1 type) x Soil (2 types) x Fertiliser (2
types, fertiliser or no fertiliser) x 4 repeats: 16 pots

These pots were arranged in a randomised block design across two
greenhouses with the same settings as PT1 and 2. These pots were
watered, daily, at a rate equal to PT1: 1.4L per pot per week (1,920 mm
in total, equivalent to 10,000 mm per year). Leachate was collected
after 10 weeks, as described below. The whole pot trial was terminated
after 10 weeks and soil was sampled.

2.2 Sampling

2.2.1 Leachate sampling and preparation

Leachate was collected after 1, 8.5 and 16 weeks from PT1, after
16 weeks from PT2 and after 10 weeks from PT3. Leachate sampling
protocol is outlined in the Supplementary material. In brief, leachate
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accumulated and evaporated on collection trays before re-dissolution
for collection. This process introduced a susceptibility to CO,
outgassing, discussed in the Supplementary material.

2.2.2 Soil sampling and preparation

Soil was collected after termination of each of the pot trials. Soil
sampling protocol is outlined in the Supplementary material. In brief,
the entire soil mixture of each pot was thoroughly mixed, dried and
sampled for analysis.

2.3 Measurements and processing data

2.3.1 Soil-exchangeable cation extraction

To extract the soil-exchangeable cations from the soil samples,
1.5g of soil (between 1.45g and 1.55g) was weighed into a 50 mL
Falcon tube. 15mL of 1 M ammonium acetate (pH 7.0) was added, as
per the ratio outlined in Rayment and Lyons (2010), and the tubes
were shaken horizontally for 1 h at 200 rpm. Following this, they were
centrifuged for 30min at 3,000rpm. The supernatant was then
sampled for ICP-OES analysis.

2.3.2 Inductively coupled plasma — optical
emission spectroscopy

ICP-OES is a measurement of cation concentrations in the parts
per million (ppm) range which was used to measure the cation
concentrations in the leachate and soil, as has been employed in a
variety of EW studies (Almaraz et al.,, 2022). The analysis and processing
protocol for ICP-OES is outlined in the Supplementary material.
Measurements of 1 ppm quality control (QC) solutions were used to
assess precision and accuracy. Standard deviation (i.e., precision) of Ca
QC was 2.1% and Mg QC was 2.2%. Measurement error (i.e.,
inaccuracy) was within 1% for both Ca and Mg.

2.3.3 IC analysis

A PRIMACS Carbon Analyser SNC-100 (Skalar Analytica) was
used to measure the total IC content in the soil and leachate samples
as per the user manual (Skalar Analytical B.V, 2021). The Carbon
Analyser acidified samples in phosphoric acid and measured all
liberated CO, through infrared analysis. Further details are provided
in the Supplementary material. Measurements of three primary
standard NaHCO; solutions (0.00050% IC, 0.00100% IC, and
0.00250% IC) were used to assess precision and accuracy. Standard
deviation and measurement error depended on %IC. Standard
deviation ranged from 3 to 9% (Supplementary Table 5). Measurement
error ranged from 3% at 0.00250% IC to 15% at 0.00050% IC.

2.3.4 Total alkalinity titration

TA is a measure of the sum of alkaline substances in a solution,
including bicarbonate and carbonate. It is often used to measure EW
(ten Berge et al., 2012; Kelland et al., 2020; Larkin et al., 2022; Paessler
etal., 2023; Holzer et al., 2023a). By subtracting the TA from soil-only
controls, the alkalinity contributed by bicarbonate and carbonate is
isolated under the assumption that the flux of all other charged species
that comprise alkalinity are the same for the controls as for the silicate
amended pots. Therefore, TA was measured to validate the IC analysis.
TA measures carbonate as two moles of alkalinity, and therefore
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“double counts” carbonate molecules and produces a higher estimate
of IC than direct IC analysis, which measures both carbonate and
bicarbonate as one mole of IC. TA was measured by titration of the
alkaline substances in 10 mL of leachate with dilute HCI until a pH of
4.2 (Thermo Scientific, 2019). Further details are provided in the
Supplementary material. Measurements of primary standard NaHCO,
solution (0.00251% IC) were used to assess precision and accuracy.
Standard deviation was 5.2%; measurement error was 4.8%.

2.3.5 pH measurements

A pH probe (SI analytics) was introduced into >15mL of leachate
solution in a 50 mL Falcon tube. The pH reading was recorded after
4 min, by which time it had stabilised. The pH of the same solution in
50mL was then calculated.

2.3.6 X-ray diffraction

XRD was carried out as per the methodology in Buss et al. (2023)
to determine the mineral composition of the three rock types. XRD
details are outlined in the Supplementary material.

2.4 Data analysis

2.4.1 Calculating total IC and cations

The total accumulation of EW products in a single system/pot was
calculated by summing the leachate and soil fractions (total soil IC
and soil-exchangeable cations) (Equations 4-7). This is common
practice for cation-based measurements from ICP-OES (Kelland et al,
2020; te Pas et al., 2023).

ICwtal = ICleachate + ICsoil (4)
Casoral = Cajeachate + Casoil (5)
Mgiotal = M8leachate + M8soil (6)
(Ca+ Mg)mml = Cayoral + M8toral (7)

With a new direct method for measuring IC from leachate and
total soil samples, the validity of summing leachate and soil results was
assessed by quantifying the standard deviation of the total soil and
leachate IC measurements (Supplementary Table 5). The IC analysis
method produced consistent standard deviation as a percentage of the
IC in the sample across aqueous sample types (leachate) and solid
sample types (soil and rock). Summing leachate and soil samples
provided a measure of all sequestered IC, as soybean plants (relevant
only to PT2) do not take up IC through their roots (Stolwijk and
Thimann, 1957; Poschenrieder et al., 2018; Majlesi et al., 2019). This
calculation also provided a measure for the majority of Ca and Mg, as
although plants do intake Ca and Mg dissolved in the soil, previous
studies have suggested that for soybeans and other crops this is <5%
total Ca and Mg (Kelland et al., 2020; Buss et al., 2023; Kantola
et al., 2023).
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2.4.2 Determining process accuracy from positive
control measurements

In order to assess the appropriateness of the processes used to
extract and measure cations and IC in EW systems, a known amount
of cations and IC were added to the positive control pots. The
difference (AIC positive control) between the average total IC in the
bicarbonate and carbonate salt treated pots (ICy,,) and the non-salt,
soil-only control pots (IC.onno;) was calculated (Equation 8).
AIC positive control could then be divided by the expected difference
(AICexpected ) » which was equivalent to the amount of cation or IC
anion added (2.5mmol in PT1 and 8.3 mmol in PT2) to calculate a
recovery rate (RR) (Equation 9). The same process was applied to
Ca+Mg.

AIC positive control = ICsait —ICcontrol (8)

AIC positive ¢
_ positive control
RR=——F—r—""— 9)

AIC expected

2.4.3 Differentiating EW and non-EW background
effects

The EW-attributable change in IC was calculated by subtracting
the initial IC and the non-EW background effects from the total IC

for each rock-treated pot. (Equations 10-12; Figure 2).
ICtotar = 1Cinitiar + AIC Non—gw + AlCgw (10)
= AlCEw = 1C1otal = Cinitiat = AICNon-EW (11)

Where AICEW is the EW-attributable change in IC that
represents the actual EW signal that must be isolated and measured,
1Cpitiar is the initial IC measured in the unweathered soil-rock
mixture at time=0 and AICNou-£w represents the background,
non-EW-attributable effects on IC, calculated in Equation 12.

AICNon—-Ew = (Ictotal—control —1Cinitial—control ) #0.85 (12)

IC/otai-control is the total IC measured in the soil-only negative
controls pots and ICjy,jsiai—contror is the initial IC measured in the
unweathered soil of the negative control pots at time =0. Because the
rock amended pots contained 85% of the soil in the control pots, the
background effect was multiplied by 0.85 to adjust accordingly.
Equation 11 isolated the EW-attributable change, which could
be averaged over soil-rock treatment and used to calculate
CDR. Again, the same process was applied to Ca+Mg values to
determine the EW effect on Ca+Mg.

2.4.4 Estimating CDR from IC and cation results

Total CDR was estimated from cation results (Equation 13).

CDRCa+Mg =A(Ca+Mg)EW><Mcoz xn (13)
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CDRcui g is the cation-based estimate of CDR and
A(Ca + Mg ) g is the EW-attributable change in cations, calculated
for Ca+Mg by Equation 11. M o2 is the molar mass of CO, (44.01)
and 7 is the molar ratio of CO, to divalent cations sequestered during
enhanced weathering (Renforth, 2019). If each divalent cation were
balanced by two bicarbonate molecules,  would equal 2. Renforth
(2019) indicates that due to carbonate buffering, i1 is between 1.4 and
1.7 for typical ocean chemistry, pCO, and temperature. As per
Renforth (2019), n = 1.5 is chosen as a conservative estimate
(suggesting 50% bicarbonate, 50% carbonate). Therefore, the cation-
based CDR estimate is conservative.

Direct IC analysis does not differentiate between bicarbonate and
carbonate. Therefore, the following equations calculate IC-based CDR,
irrespective of the form of IC sequestered (Equation 14-16).

CDR jc—teachate = AICEW —eachate X M cO2 (14)
CDR jc-soit = AIC g —soit X M co2 % 2 (15)
CDR ¢ = CDR jc—jeachate + CDR jc—s0il (16)

Note that the IC-based CDR in soil is multiplied by 2. This is
because the heating of the soil samples to 105°C overnight converted
all IC in bicarbonate form into carbonate, losing a CO, molecule in
the process (Hills, 1968; Guarini et al., 1995; Hartman et al., 2013).
Therefore, half the IC was lost from the soil samples, requiring the
factor of 2 multiplication. Note that this assumes all bicarbonate has
been converted into carbonate, which may not always be the case. The
IC-based CDR calculation is therefore a “maximum” estimate, whereas
the cation-based CDR is a “conservative” estimate.

2.4.5 Statistical analyses
Statistical detail in the
Supplementary material and all tests employed are also outlined in

analyses are outlined in
figure or table captions.

Statistical analyses of data and presentation of plots were
performed in rStudio. The following packages were used: ggplot2,
ggpubr, gridExtra, tidyr, Hmisc and dplyr.

Once applied at farm-scale, measuring EW is bound to produce
outliers from inaccurate measurements and unrepresentative
sampling. Further, the complexities of natural soil systems ensure a
large degree of variation within treatments, and it can be difficult to
accurately assess whether data are outliers or reflective of natural
variation and abnormalities. To reflect these difficulties, outliers were
not removed from the experimental data.

3 Results

3.1 Cations and IC in EW systems were
underestimated

The recovery of cation and IC measurement techniques was

assessed in PT2 by the addition of known amounts of Ca, Mg and IC
salts (8.3 mmol). The soybean plant had no significant effect on the
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recovery of Ca, Mg or IC, and therefore the results were aggregated
for each soil-rock combination across plant treatment.

In the agriculturally representative PT2, there was a statistically
significant increase in the Ca and Mg (soil-exchangeable + leachate
pool) levels in salt treated pots compared to control pots, but the
recovery of both Ca and Mg was incomplete. In Soil A, 5.4 out of
8.3 mmol of Ca were measured, equating to a recovery rate of 65%
(Figure 3A). In Soil B, only about 30% of the added Ca was recovered.
Mg recovery was greater, ranging from 77% in Soil A to 95% in Soil B
(Figure 3B). While PT1 contained too few independent repeats to
statistically analyse the difference between salt and control pots, the
results were consistent with PT2 — Ca recovery ranged from 56-65%,
Mg recovery ranged from 88-100% (Supplementary Figure 1).

In PT2, there was statistically insignificant recovery of IC across
both bicarbonate and carbonate salts in the total soil pool of both soils,
despite 8.3mmol of IC initially added to the salt treated pots
(Figure 3C). PT1 results also reflected the very low/negligible recovery
rate, with <25% of the added IC extracted in any soil
(Supplementary Figure 1C).

3.2 Cation-based estimates of CDR were
greater than IC-based estimates

The consistency of cation- and IC-based measurement processes
was assessed by applying them both to the pot trials. After
subtracting the initial baseline of exchangeable Ca and Mg and total
IC present in the soil (Supplementary Tables 3, 4), the change in
Ca+ Mg and IC over the 16 weeks in each soil-rock treatment was
determined. In both PT1 and PT2, the wollastonite treated systems
had significantly higher Ca+ Mg and IC than the non-rock control
systems, indicating a significant CDR effect by both metrics
(Figure 4). Generally, rock amended Soil A combinations had a
significant increase in cations over their respective soil-only control
systems, which was less apparent for Soil B. Meanwhile, IC results
also showed no significant change from the soil-only controls in Soil
B, while Soil A treated pots saw a statistically significant loss of IC
with olivine amendments.

The CDR effect of each soil-rock combination was calculated
based on the difference between the soil-only control and rock
amended systems, in order to compare the IC-based CDR with the
cation-based CDR (Figure 2). Leachate and soil measurements were
presented separately, which also allowed for a comparison of the
accumulation of leachate and soil weathering products (Table 2).
Across soil and leachate, cation-based estimates of CDR were often
significantly higher than total-IC-based estimates. The only exception
to this was in the leachate in PT2, where the amounts of IC and cations
were small enough to show no significant difference between cation-
and IC-based estimates. When considering the wollastonite systems,
both leachate and soil results showed that cation-based CDR ranged
from equivalency to over 200% greater than the IC-based CDR
estimates (Table 2).

The greatest signal for CDR based on an increase in total IC (in
total soil and leachate) was in wollastonite amended soils, while basalt
and olivine amended soils showed a decrease in total IC. CDR was
estimated at between 20 and 32 kgCO, t™! wollastonite according to
cation-based measurements in soil or between 13 and 27 kgCO, t™!
wollastonite according to IC-based measurements (Table 2).
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FIGURE 3

Recovery of known quantities of added (A) Ca, (B) Mg and (C) IC in
agriculturally representative enhanced weathering pots (PT2).
Minerals (8.3 mmol) were added in salt form (gypsum, Epsom,
sodium bicarbonate and sodium carbonate) and recovery was
compared to soil-only control pots. Four salt amended pots per soil
and salt, 16 soil only pots per soil. Total Ca, Mg, and IC was
determined by summing leachate and soil measurements after

16 weeks. Soil A represents sandstone-based soil from Kowen, ACT;
Soil B represents granitic soil from Lerida, NSW. Bars represent
mean + SD. Mean difference (A) between control and salt amended
pots is displayed when significant. Statistical analysis performed by
two-way ANOVA (soil and salt effect) and Tukey's HSD post-hoc test,
n.s. p>0.05, *p<0.05, ***p<0.001.
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In summary, most rock treatments resulted in a significant change
in Ca+Mg and/or IC compared to the controls. Cation-based
estimates of CDR were significantly greater than IC-based CDR
estimates in soil of both pot trials and the leachate of PT1.

3.3 EW products accumulated to a much
larger extent in soil compared to leachate

The exchangeable Ca+Mg and total IC results were much larger
in the soil fraction than the leachate fraction (Table 2). This was
particularly evident for Ca+ Mg results, with the soil recording a
significantly higher accumulation of Ca+Mg than the leachate in
most soil-rock combinations. This was less visibly evident in IC
results, as the total soil fraction lost IC in basalt and olivine amended
soils, leading to a negative change in IC. However, the magnitude of
the soil signal (regardless of whether it was positive or negative) was
much larger than the leachate signal in most soil-rock combinations.

As expected, the accumulation of weathering products (Ca+Mg
and IC) in the leachate compared to the soil depended on watering
regime. The higher watering regime of PT1 saw much greater leachate
Ca+Mg and IC than PT2 leachate. In PT2, leachate Ca+Mg was
generally <1% of the soil Ca+ Mg, whereas in PT1, it mostly formed
over 3% of the soil Ca+Mg.

Leachate from high-water PT1 was also sampled at two time-
points before the 16-week termination in order to assess the change in
leachate chemistry over time. While there was clearly an initial flux of
cations and IC in the first week, the release of EW products did not
reflect the much larger accumulation of products within the soil,
particularly for wollastonite amendments (Supplementary Figure 2).

3.4 Acidifying fertiliser released cations
without forming IC

Non-carbonic acid is hypothesised to release cations from silicate
rock amendments without sequestering CO,. In PT3, the acidifying
fertiliser had a strongly significant effect on the EW-attributable
Ca+Mg release measured in the whole system (Figure 5A). In
particular, the effect was significant in increasing EW-attributable
exchangeable Ca+ Mg in olivine amended soils. By comparison, the
fertiliser did not have a significant impact on EW-attributable total IC
in any soil-rock mixture tested (Figure 5B). The acidifying effect of the
fertiliser was also observed in the pH measurements of the leachate
(Supplementary Figure 3).

3.5 EW-attributable cations and IC
correlated strongly within leachate but
loosely within soil

Averaging the results across soil-rock treatments showed that
Ca+Mg measurements led to higher estimates of CDR than IC
measurements. This relationship was examined further on the
individual pot level, comparing the EW-attributable Ca+ Mg to the
EW-attributable IC within each individual pot. EW-attributable
Ca+ Mg and IC were correlated in soil measurements in both PT1 and
PT2, with strongly significant linear relationships displaying goodness
of fit coefficients of 0.88 in PT1 (Figure 6A) and 0.80 in PT2
(Figure 6B). However, while these relationships were evident across
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Enhanced weathering effect as measured by sum of leachate and soil cations and IC in two pot trials. (A) Cation-based measurements of weathering in
high water PT1; (B) IC-based measurements in PT1; (C) Cation-based measurements in agriculturally representative PT2; and (D) IC-based
measurements in PT2. 12 (PT1) and 16 (PT2) pots prepared per soil-rock combination with 15 wt% rock amendment in sandstone-based Soil A and
granite-based Soil B, and allowed to weather for 16 weeks. Change from Initial Baseline calculated as per
analysis by two-way ANOVA (soil and rock effect) and Tukey’'s HSD post-hoc test, n.s. p>0.05, *p <0.05, **p <0.01, ***p <0.001.

Bars represent mean + SD. Statistical

aggregated soil-rock mixtures, they were not present between the pots
of each of the individual soil-rock mixtures, which displayed very
different trends. There was no significant relationship between
EW-attributable IC and cations within each specific soil-rock mixture
(i.e., within each individual marker style in ). The wollastonite
amended pots, for example, showed a consistent EW-attributable
change in Ca+Mg, but a highly variable EW-attributable change in
IC. The variability of the measured IC in the total soil pool for these
wollastonite amended pots was much greater than the standard
deviation of the direct IC analysis process, which was tested and
shown to be <10% of the %IC and <5% at higher IC concentrations

( ).
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In comparison, EW-attributable cations and IC within leachate
displayed much stronger correlation within soil-rock combinations
( ). Across soil-rock combinations, PT1 demonstrated a
strongly significant relationship with an R? of 0.79 ( ), while
the PT2 relationship had an R? of 0.80 ( ). Within individual
treatments, all relationships were shown to be significant and within
arange of y =0.5x to y =1.6x, apart from Soil A - Wollastonite in
PT1. These relationships were much more consistent in gradient and
y-intercept than the relationships in the soil fraction. The deviations
from the conservative and maximum relationships, in both soil and
leachate, supported the previous finding that cation-based estimates
of CDR produced greater results than IC-based estimates.
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TABLE 2 Comparison of enhanced weathering CDR estimated across soil-rock treatments by cation-based (Ca + Mg) approach and inorganic carbon-

based approach.

“Conservative” cation-

“Maximum” IC-

Fraction Pot trial Soil—Rock based CDR (kgCO,/t based CDR (kgCO,/t p-value
rock) rock)
Soil A—Basalt 4.31+0.74 —-1.67+0.27 Aokl
Soil A—Olivine 5.57+1.26 —3.55+0.38 Aokl
Soil A—Wollastonite 25.69+0.52 26.55+4.50 n.s.
Pot trial 1
Soil B—Basalt —0.20+£0.58 —0.91+0.22 wk
Soil B—Olivine —0.56+0.66 —0.92+0.61 *
Soil B—Wollastonite 19.71+0.94 18.41+4.11 n.s.
Soil
Soil A—Basalt 4.02+1.13 —1.60+0.34 wkk
Soil A—Olivine 5.70+0.73 —3.78+0.37 Aok
Soil A—Wollastonite 31.92+1.77 14.34+7.26 Hkk
Pot trial 2
Soil B—Basalt 1.29+0.44 —-1.26+0.17 Aok
Soil B—Olivine 0.73+0.54 —2.00+0.65 ok
Soil B—Wollastonite 25.56+0.58 12.98+3.64 ek
Soil A—Basalt 0.09+0.02 0.08+0.02 0.09
Soil A—Olivine 0.23+0.06 0.21+0.04 0.15
Soil A—Wollastonite 0.25+0.11 0.16+0.04 *
Pot trial 1
Soil B—Basalt 0.21+0.03 0.12+0.03 Hkk
Soil B—Olivine 0.46+0.15 0.43+0.16 *k
Soil B—Wollastonite 0.22+0.06 0.17+0.07 *
Leachate
Soil A—Basalt 0.00+0.01 0.01+0.01 n.s.
Soil A—Olivine 0.01+0.01 0.01+0.01 n.s.
Soil A—Wollastonite 0.01+0.01 0.01+0.01 ns.
Pot trial 2
Soil B—Basalt 0.02+0.02 0.01+0.01 n.s.
Soil B—Olivine 0.04+0.03 0.04+0.03 n.s.
Soil B—Wollastonite 0.01+0.01 0.01+0.01 ns.

Rock amended pots (12 pots per soil-rock combination in high water pot trial 1; 16 pots in agriculturally representative pot trial 2) weathered for 16 weeks. Cations (Ca+Mg) and IC were

measured in soil and leachate fractions. CDR was calculated by subtracting initial baseline of cations and IC (before weathering) and subtracting non-EW-attributable background effect on
cations and IC (soil only after weathering). IC-based CDR estimated with assumptions to maximise CDR; cation-based CDR estimated with conservative assumptions, 1 = 1.5 (see Section 2).
Note that soil cations and IC do not represent true, durable CDR. Soil A represents sandstone-based soil from Kowen, ACT; Soil B represents granitic soil from Lerida, NSW. Values represent

mean + SD. Statistical analysis by paired t-test determined difference between cation- and IC-based estimates, n.s. *p>0.05, **p <0.01, **¥p <0.001.

3.6 EW-attributable IC correlated with
alkalinity in leachate

Leachate from PT1 was also measured for total alkalinity (TA), a proxy
for bicarbonate and carbonate (IC). This was performed to confirm the
results of IC analysis. TA includes IC as well as other forms of alkalinity,
but by subtracting the TA from soil-only controls, EW-attributable
alkalinity can be used as a measure of IC, assuming that the other alkaline
species are equal in the control and silicate amended pots.

The relationship between EW-attributable TA and IC was strong
(R*=0.90) and very close to a 1:1 ratio, as expected (Figure 8).

4 Discussion

4.1 Comparison of soil and leachate results

The results from this study showed that the exchangeable cations
and total IC in the soil fraction generally far exceeded the cations and
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IC measured in the leachate (Table 2). These findings are consistent
with studies that have found limited significant changes in leachate
chemistry after one to two years of basalt applications ranging from
50 to 400tha™" (Kelland et al., 2020; Larkin et al., 2022; Paessler et al.,
2023). As the soil fractions frequently hold the majority of the EW
products, it is important to sample and quantify this pool of
cations and IC.

4.1.1 Cation exchange capacity may delay CDR
The most likely explanation for the retention of cations and IC in
the soil is the activity of the cation and anion exchange reactions,
preventing the Ca, Mg and IC from entering the leachate and delaying
the durable CDR process (Beerling et al., 2024; Clarkson et al., 2024;
Kanzalki et al,, 2024). Kelland et al. (2020) found soil-exchangeable
cation concentrations over 100x leachate concentrations, and other
studies showed significant exchangeable cation interactions (Pogge
von Strandmann et al., 2019, 2021; Buss et al., 2023; Dietzen and
Rosing, 2023; Wood et al., 2023). This is supported by the fact that Soil
A with a CEC of 6.8 cmol, kg™ had a higher proportion of cations and
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Effect of acidifying fertiliser on enhanced weathering products in high water pot trial (PT3). (A) EW-attributable Ca + Mg; and (B) EW-attributable IC
Four pots prepared per soil-rock-fertiliser combination with 15wt% rock amendment in sandstone-based Soil A and granite-based Soil B, and allowed
to weather for 10 weeks. Ammonium sulphate applied at 150 kgN ha™. EW-attributable effect calculated by subtracting initial baseline and soil-only
control values (Figure 2). Soil A represents sandstone-based soil from Kowen, ACT; Soil B represents granitic soil from Lerida, NSW. Bars represent
mean + SD. Statistical analysis by three-way ANOVA (soil, rock and fertiliser effect) and Tukey's HSD post-hoc test, n.s. p>0.05, **p < 0.01, ***p <0.001.
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IC in the soil and a lower proportion in the leachate than Soil B with
a CEC of 2.3 cmol, kg™

The exchangeable cations extracted from most soil-rock
treatments across both PT1 and PT2 at the end of the weathering
period were much higher than the effective CEC of the soils
(Supplementary Table 1). This was likely due to the increase in soil
CEC caused by silicate rock amendments, through the provision of
mineral surfaces and mitigation of acidity (Gillman, 1980; te Pas et al.,
2023). Gillman (1980) showed that CEC could increase by 2 or 3x
with the application of silicate amendments with particle sizes
<100 pm and in the range of 100 tha™", very similar to the particle sizes
and distribution rates in this study. It is important to note that the
retention of EW products was observed in soils of very low CEC
before rock amendment (6.8 cmol, kg™ and 2.3 cmol, kg™' compared
to agriculturally productive soils ranging from 10 to 30 cmol, kg™)
with high watering rates (in PT1), indicating that the CEC of most
soils may be sufficient to delay the leaching of EW products and the
durable CDR effect (DPI, 2023).

The CEC of the soils stored the majority of the cations from
silicate weathering. Over time, however, as sorption sites become
saturated, weathering products may run through the soil into the
leachate (Blume et al., 2016; Strawn, 2021; Paessler, 2023a). Temporal
leachate measurements in PT1 showed no visible increase in leachate
cations or IC above the non-rock controls after the first week, except
for Soil B - Olivine (Supplementary Figure 2). The saturation of
sorption sites may take months to decades, and therefore 16 weeks was
not long enough to see the large quantities of cations or IC from the
weathering reactions entering the leachate at a similar magnitude
(Paessler et al., 2023; Clarkson et al., 2024; Kanzaki et al., 2024).

Carbonate precipitation may also be responsible for the retention
of cations and IC in the soil phase. The ammonium acetate extraction
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would likely have dissolved calcite and dolomite and therefore soil
carbonates may have contributed to the soil-exchangeable cation
results (Rayment and Lyons, 2010). While carbonate precipitation was
not quantified, wollastonite trials induce particularly large amounts of
carbonate precipitation, which may partly contribute to the significant
IC signal in total soil (Haque et al., 2020b,¢; Khalidy et al., 2021, 2024).

The retention of EW products within the soil-exchangeable phase,
despite low CEC and high watering rates, confirms that the permanent
CDR effect may be delayed across time-scales ranging from weeks to
years (Kelland et al., 2020; Paessler et al., 2023; Clarkson et al., 2024;
Kanzaki et al,, 2024). Due to this leaching delay, and the evidence that
suggests there is no consistent relationship between exchangeable
cations and soil IC produced from silicate weathering (Figure 6), it
seems likely that exchangeable cations do not represent durable CDR
and should not be quantified as such. Considering the high degree of
cation retention in the soil-exchangeable reactions, this may reduce
investment and focus on EW as a solution. Therefore, both
the measurement of EW products in the exchangeable soil phase and
the development of models will be important in understanding the
pipeline of future CDR, the speed of leaching and the degree to which
the initial alkalinity produced results in durable CDR, which could
be vital for the deployment of EW globally (Dietzen and Rosing, 2023;
Kanzaki et al., 2024).

4.1.2 Incomplete extraction may affect
exchangeable cation quantification

While the ICP-OES analyses were shown to be accurate, the low
recovery of known amounts of Ca and Mg suggested that the process
by which cations were extracted did not fully account for the actual
release of cations, with a greater underestimation of Ca than Mg
(Figure 3).

frontiersin.org


https://doi.org/10.3389/fclim.2024.1352825
https://www.frontiersin.org/journals/climate

Hasemer et al.

10.3389/fclim.2024.1352825

Soil A - Basalt Soil B - Basalt
@ soil A-Olivine [T soil B - Olivine
A () Soil A - Wollastonite Soil B - Wollastonite Soil - Rock Relationship
301
= PT1 Soil A - y=-0.10x-1.01
£ H Basalt R2=0.15; n.s.
g |Sail '
o . Soil A - y=0.11x-4.10
= 201 ) ) . . Olivine R2=0.24;n.s.
£ Conservative =1 Actual Relationship:
dé, Relalltlggshlp: @ v =0.83x - 3.46 Soil A - y=-157x +75.34
y =1.00x L4 i 2 .
_g R R2 = 0.88; *** Wollastonite | R?=0.06; n.s.
o 1071 * — Soil B - y=0.07x-0.83
£ Basalt R2=0.06; n.s.
5
2 Soil B - y=0.51x-0.51
3"'(9 0- Olivine R2=0!54;1%*
E > . Soil B - y=1.77x-26.32
. Wollastonite | R2=0.29; n.s.
0 20 40 60
EW-attributable change in Ca + Mg (mmol
B 9 9 ) Soil - Rock Relationship
801
= PT2 ® o Soil A - y =-0.08x — 3.54
£ Soil Basalt R2=0.14; n.s.
£
5 607 . . ‘ Soil A - y=0.07x-13.17
= onservative o i 2 .
< Ralationship: v °. Olivine R2=0.03; n.s.
404 v=100 I, Soil A- y = 0.46x — 15.89
@ < ° e Wollastonite | R2=0.02; n.s.
e 'H @
° Lo Soil B - y=-0.03x—3.70
2 201 ot Basalt R2=0.01; n.s.
= .
2 Lo © O Soil B - y=-0.02x—-6.08
T 0- .+ Actual Relationship: Olivine R?=0.00; n.s.
= . y=044x~1119 Soil B - y = 0.47x—9.40
R%=0.80; Wollastonite | R2=0.01; n.s.
0 50 100 150
EW-attributable change in Ca + Mg (mmol)
FIGURE 6
Relationship between soil Ca + Mg and IC released by the enhanced weathering effect, across and within soil-rock mixtures. (A) High water pot trial 1;
and (B) Agriculturally representative pot trial 2. Aggregated relationship presented at the top of each plot; individual relationship within each soil-rock
treatment presented in Table. 12 (PT1) and 16 (PT2) pots prepared per soil-rock combination with 15wt% rock amendment in sandstone-based Soil A
and granite-based Soil B, and allowed to weather for 16 weeks. EW-attributable effect calculated by subtracting initial baseline and soil-only control
values (Figure 2). Conservative relationship assumes all IC existed as bicarbonate and was converted to carbonate during drying process (see Section
2). Maximum relationship (not plotted) assumes no thermal decomposition ( y = 2x ). Points represent individual pots. Statistical analysis by linear
regression modelling, n.s. p>0.05, **p < 0.01, ***p <0.001.

Ten Berge et al. (2012) also produced evidence that cation
extraction from soil may underestimate the true cation value,
recovering only 30% of a known addition of Mg in soil
Underestimation may be a result of incomplete extraction of
exchangeable cations. Our study used 1M ammonium acetate
(buffered to pH 7.0) as an extractant with one hour of shaking,
allowing the reactive ammonium ions to displace the exchangeable
cations from their sorption reactions (Rayment and Lyons, 2010).
However, Dictzen and Rosing (2023) and Borge (1997) showed that
1 M ammonium nitrate (unbuffered) extracted significantly more Ca
and Mg than 1 M ammonium acetate. More broadly, many different
extractant solutions may be used depending on the soil properties and
CEC (Borge, 1997; Rayment and Lyons, 2010; Rogers et al., 2019;
Purnamasari et al., 2021). This suggests that the extraction protocol
used in this study may have been unable to displace all sorbed cations,
leading to a consistent underestimate of cations. This may have been
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due to the adjustment of the ammonium acetate extractant to a pH of
7.0, well above the initial pH of the soils (5.76 and 5.82), which would
have led to a higher CEC in the soil due to the deprotonation of
functional groups on organic matter and clay minerals (Sparks et al.,
2023). This hypothesis would also explain the difference between Ca
and Mg results, as Ca sorbs more strongly in soil (Thompson, 2012).
The degree to which this mechanism underestimates cation release
could be quantified by comparing different extraction protocols.

An alternative explanation for the low recovery rate of the soil-
exchangeable measurements could be the precipitation of Mg and Ca
into insoluble compounds. Neither carbonate or non-carbonate
precipitation was quantified, but would require XRD analysis or
sequential extraction (Tessier et al., 1979). In our study, Mg and Ca
salts were applied in solid form and may have remained partly
undissolved and un-measured, although a significant excess of water
was added for complete dissolution. If this were a major factor, it
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FIGURE 7

00 0.1 0.2 0.3
EW-attributable change in Ca + Mg (mmol)
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Relationship between leachate Ca + Mg and IC released by the enhanced weathering effect, across and within soil-rock mixtures. (A) High water pot
trial 1; and (B) Agriculturally representative pot trial 2. Aggregated relationship presented at the top of each plot; individual relationship within each
soil-rock treatment presented in table. 12 (PT1) and 16 (PT2) pots prepared per soil-rock combination with 15 wt% rock amendment in sandstone-
based Soil A and granite-based Soil B, and allowed to weather for 16 weeks. EW-attributable effect calculated by subtracting initial baseline and soil-
only control values (Figure 2). Maximum relationship assumes all IC exists as bicarbonate (n = 2), conservative relationship assumesn = 1.5 (see
Section 2). Points represent individual pots. Statistical analysis by linear regression modelling, n.s. p>0.05, *p <0.05, **p <0.01, ***p <0.001.

would be expected that the higher watering regime in PT1 would

result in a higher recovery rate than PT2, which was not observed.
The results

be underestimated due to incomplete extraction. As previously

suggest that exchangeable cations may
established, exchangeable cations should not be considered durable
CDR. However, many EW trials continue to measure the exchangeable
fraction and this will remain important in improving our
understanding of the CEC and its effect on EW. Therefore, the

potential for incomplete extraction will affect these measurements.

4.2 Comparison of cation and IC results

4.2.1 Cation and IC-based estimates of CDR
Across both pot trials, and across the soil and leachate fractions,
the cation (Ca+Mg)-based estimates of CDR were very frequently
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greater than the IC-based estimates (Table 2; Figures 6, 7). This
occurred despite methodological choices to estimate a “conservative”
cation-based CDR and a “maximum” IC-based CDR.

As explained in Section 4.1.1, soil-exchangeable cations are not a
valid measure of durable CDR. However, if they were, the soil
measurements would suggest that the wollastonite treatments had
captured between 20 and 32 kgCO, t™' wollastonite based on
exchangeable Ca+Mg measurements (or 2.1-4.9 tCO, ha™), or
between 13 and 27 kgCO, t™' wollastonite based on total IC
measurements (or 1.9-2.8 tCO, ha™") (Table 2). These results were
smaller than the wollastonite CDR rates estimated by Haque et al.
(2019, 2020b) which ranged between 80 and 217 kgCO, t™" rock over
2 to 5months, but more consistent with the CDR rates from
wollastonite estimated by te Pas et al. (2023), which varied from 4.9 to
23.6 kgCO, t' rock over 2months, depending on measurement
approach (Table 1).
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FIGURE 8
Relationship between total alkalinity and IC in the leachate from the
enhanced weathering effect. Aggregated relationship presented at
the top of each plot. A total of 12 pots prepared per soil-rock
combination with 15wt% rock amendment in sandstone-based Soil
A and granite-based Soil B, and allowed to weather for 16 weeks in
high water (PT1) conditions. EW-attributable effect calculated by
subtracting initial baseline and soil-only control values (Figure 2).
Points represent individual pots. Statistical analysis by linear
regression modelling, ***p <0.001.

Only a limited number of EW studies have measured both cations
and IC to calculate CDR. These studies have consistently shown that
cation measurements produce higher CDR estimates than IC
measurements (Taylor et al., 20215 te Pas et al., 2023). For example,
Taylor et al. (2021), found that measuring Ca in leachate produced a
CDR estimate 5x the estimate from bicarbonate measurements. Other
studies have measured significant increases in cation release after
silicate rock amendments without finding any significant change in IC
(Renforth et al., 2015; Kelland et al., 2020; Vienne et al., 2022). So why
do the results of this, and other studies, suggest that cation-based
estimates of EW CDR are greater than IC-based estimates?

It is important to differentiate between discrepancies in the two
measurement approaches in soil and leachate. In leachate, the cation
release should be charge balanced by anions, predominantly
bicarbonate in EW systems, and should therefore follow an idealised
relationship (Figure 7) (Larkin et al., 2022). In soil, while cations and
bicarbonate should be released in defined stoichiometric ratios
(Equation 2), it is not fully understood how that relationship is
maintained as cations enter the soil-exchangeable phase and whether
soil cations and IC should follow an idealised relationship (Figure 6)
(te Pas et al., 2023; Kanzaki et al., 2024).

It is also worth noting that the soil-based measurements for
cations and IC quantified different pools. The cation measurements
quantified the soil-exchangeable pool, while direct IC analysis
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quantified the total soil pool. Therefore, despite only measuring a
subset of the total soil pool, the cation-based EW effect was still larger
than the IC-based EW estimate and therefore, the impact of using two
different measurement approaches can be dismissed.

In summary, cation-based approaches produced a greater estimate
of CDR than IC-based approaches. This is likely due to one or more
of the following mechanisms:

1. Non-carbonic acids release cations from silicate rocks without
sequestering CO,.

2. CO, outgassing causes a loss of IC.

. Measurements systematically underestimate IC.

4.2.2 The role of non-carbonic acid weathering

Non-carbonic acidity has become increasingly recognised as a
potential issue in measuring cations for EW CDR (Dietzen et al., 2018;
Taylor et al., 2021; Holzer et al., 2023b; Clarkson et al., 2024). Strong
acids (e.g., nitric acid) from fertiliser application can react with
silicates through Equation 17. This releases cations but does not
sequester CO, (Figure 5). Organic acids can also reduce CDR
efficiency (Taylor et al., 2021). CO, is only captured when CO,-derived
carbonic acid reacts with the silicates to form bicarbonate and
carbonate (Equation 2).

2H" + 2NO3 + CaSiO; — Ca’* + 2NO3 + H,Si05  (17)

It should be noted that the neutralisation of strong acid in
Equation 17 increases pH, which favours the dissolution of
atmospheric CO, into solution, through the equilibria in
Equations 18-20. A loss of H" causes all the reactions to move to the
right, and therefore CO, is sequestered.

CO;(g) = COx(ag) (18)
COz(aq) +H,O = H,CO3 (19)
H,CO3 = H* + HCO3 = 2H" +CO3~ (20)

However, while carbonic acid weathering introduces cations that
are charge balanced by bicarbonate, thereby sequestering atmospheric
CO,, non-carbonic acid weathering releases anions such as nitrate that
balance the cations instead (Equation 17). Until our understanding of
the carbonate equilibria in soil and ocean waters improves, the silicate-
based neutralisation of non-carbonic acids should not be considered
as CDR (Dietzen et al., 2018; Taylor et al., 2021; Dietzen and Rosing,
2023; Holzer et al., 2023b; Clarkson et al., 2024). However, in some
EW systems, nitrate produced from non-carbonic acid weathering
may undergo denitrification, forming N, (and often N,0) and
allowing the cations to again couple with, and sequester, bicarbonate.
In these instances, fertilisers may have the ability to accelerate
weathering while only reducing CDR efficiency in the near term,
although N,O emissions are also a consideration (Val Martin
etal., 2023).
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Dietzen and Rosing (2023) performed a study which suggested
that in soils with a pH above 6.3 (measured in 1:5 H,0), non-carbonic
acid weathering does not need to be accounted for, while soils below
a pH of 5.2 may not be suitable for EW, due to the dominance of this
non-carbonic acid weathering pathway. With a pH of 5.16, the acidity
of the soil used by te Pas et al. (2023) may account for the significantly
higher estimate of CDR from cation-based methods compared to
IC-based methods. The Soil A (pH 5.76) and Soil B (pH 5.82) used in
this study were also susceptible to non-carbonic acid weathering and
the release of cations without CO, sequestration, although the extent
of this weathering pathway is unknown. While non-carbonic acid
weathering was likely a cause of cation release overestimating CDR,
the source of these acids is difficult to determine, as nitrogen and
sulphur levels in initial soil were low (Supplementary Table 1). This
study was limited in its ability to quantify this effect.

The addition of an acidifying fertiliser, ammonium sulphate, to
olivine and wollastonite amended pots showed that acidity could
increase cation release without increasing IC formation (Figure 5).
The ammonium sulphate had an acidifying effect due to the release of
protons in the microbial-mediated nitrification of ammonium into
nitrate (Norton and Ouyang, 2019). The restoration of leachate pH in
the presence of acidifying fertiliser in olivine and wollastonite
amended systems supports the occurrence of Equation 17
(Supplementary Figure 3). Fertiliser was added at a rate of 150 kgN
ha™! which could have, at maximum, produced 3.43 mmol of Ca+ Mg
with complete conversion into strong acid and subsequent weathering.
Therefore, the majority of the difference between EW-attributable
cations in fertiliser and non-fertiliser olivine pots could be due to
strong acid weathering (4.9 mmol in Soil A, 3.8 mmol in Soil B).

In summary, cation-based estimates of CDR were higher than
IC-based estimates, likely due in part to non-carbonic acids present
within the two soil types that released Ca and Mg from the silicate
rock without forming IC. This highlights a flaw in cation-based
measurements. The implications of these findings are clear: large-scale
application of silicate rock amendments must account for
non-carbonic acid weathering, particularly in acidic soils or when
acidifying fertilisers are used. This can be partly achieved by
measuring IC as well as cations (Section 4.3). With 50% of Australian
agricultural soils below a pH of 5.5 and significant use of acidifying
fertilisers, there is susceptibility to significant non-carbonic acid
weathering (de Caritat and Wilford, 2011; Dietzen and Rosing, 2023).

4.2.3 The potential for CO, outgassing

Two pieces of evidence support a hypothesis that some CO,
outgassing occurred throughout this study. Firstly, IC measurements
were consistently lower than cation results. Secondly, across PT1, 2
and 3, basalt and olivine amended Soil A consistently showed a net
reduction in total IC (soil + leachate) across the weathering period,
which was not observed in the control pots (Figure 4). However, this
was only statistically significant for Soil A - olivine treatments. There
are four natural mechanisms by which outgassing of CO, and therefore
loss of IC may occur: (1) bicarbonate may precipitate as carbonate,
releasing a CO, molecule (Equation 3), (2) solid IC, either in the form
of pedogenic or lithogenic carbonate, may react with a strong acid to
outgas CO, (Hartmann et al., 2013), (3) dissolved IC in the soil may
react with protons to release CO, (West and McBride, 2005; Cho et al.,
2019) or (4) authigenic clay precipitation may release CO, from the
leachate (Schuiling and de Boer, 2010; Oelkers et al., 2018; Renforth
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and Campbell, 2021; Fuhr et al., 2022; Clarkson et al., 2024). The
extent to which these processes occurred were not quantified for this
study. Note, however, that cation-based approaches will not account
for mechanisms 2 or 3, and will overestimate the net CDR effect as
aresult.

Beyond natural CO, outgassing, it should be noted that the
methodological choice of leachate sampling process may have been
susceptible to CO, outgassing through two mechanisms. Firstly, the
carbonate equilibrium in leachate was initially established in pore
spaces with high pCO, and was then subjected to standard
atmospheric pCO, in the leachate collection trays. This may have led
to outgassing of CO,, which was not quantified, but this is a common
problem for all EW trials that collect leachate without controlling
atmospheric conditions. Further, in agricultural deployments of EW,
leachate will eventually be exposed to atmospheric pCO, in rivers or
oceans, and therefore this leachate collection process reflects this. The
second mechanism that may have resulted in CO, outgassing was the
evaporation and re-dissolution of leachate solutes. As discussed in
Supplementary material Section 1.1, the evaporation-redissolution
process was tested and found to reduce IC by 5-10% without
impacting TA. This is likely due either to the loss of dissolved CO, or
the precipitation and subsequent re-dissolution of carbonate from
bicarbonate, losing IC without affecting TA. Importantly, the close
relationship between TA and IC in leachate (Figure 8) also suggests
that this evaporation-redissolution process did not reduce IC by more
than 10%, and the discrepancy between cation-based and IC-based
estimates of CDR in the leachate was often >10%, ranging from
7 t0 75%.

In summary, the observed loss of IC in olivine and basalt amended
Soil A may have been partly due to a low degree of CO, outgassing by
one or multiple of the natural and methodological-induced
mechanisms suggested above. It is important to note that the
amendment of agricultural soils with silicate rocks often includes the
addition of IC in the form of magnesium and calcium carbonates
(Supplementary Table 3). The potential emissions of CO, that can
be caused by the interactions of this lime with acidity in the soil,
particularly strong acids from fertiliser use, should be considered,
even if it is minimal and may be outweighed by the CDR process
(IPCC, 2006; EPA, 2016; Raza et al, 2021). Importantly, cation
measurements do not capture this outgassing process, while IC
measurements will account for the reduction in net CDR.

4.2.4 Accuracy of IC quantification

Previously, many EW studies have been unable to quantify
significant changes in IC (Renforth et al., 2015; Kelland et al., 20205
Larkin et al., 2022; Vienne et al., 2022; Wood et al., 2023). This has
raised concerns around the accuracy of techniques to quantify IC. In
our study, direct IC analysis was used, involving sample acidification
in 30% phosphoric acid to convert the IC into CO, and infra-red
measurement of the released CO, (Skalar Analytical B.V, 2021). This
process measured all IC in the leachate, and in the soil, including
precipitated IC and dissolved IC within the soil complex. In
comparison to direct IC analysis, the standard approach to measuring
soil IC in EW trials has been a combustion-based method, in which
all inorganic and organic carbon (OC) is combusted into CO, and IC
is measured by subtracting OC from total carbon after acid-based
treatment to remove IC and a second combustion (Loeppert and
Suarez, 1996; Nelson and Sommers, 1996; Chatterjee et al., 2009;
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Almaraz et al., 2022; te Pas et al., 2023). The combustion process has
a limited resolution of IC measurement, due partly to the number of
steps required, each of which is able to introduce further uncertainty.
In a previous EW trial that amended soils with a basalt-granite mix,
the direct IC analysis method was compared to the combustion-based
method. While the combustion process was often unable to measure
IC, the direct IC analysis was able to measure IC to a much greater
resolution and provided results much more consistent with rock vs.
control treatments (Supplementary Figure 4), reflecting the
improvement of the direct IC analysis over the combustion-based
measurements. The direct IC analysis also produced a fairly consistent
standard deviation across leachate and soil measurements, as a
proportion of the %IC in the sample (Supplementary Table 5). The
evidence suggests that direct IC analysis employed in this study is an
improvement over the standard two-step combustion process for
quantifying IC in EW studies.

While the direct IC analysis was shown to be accurate, the use of
positive controls to assess the entire IC sampling, extraction and
measurement process was invalidated by the potential for the applied
bicarbonate and carbonate salts to escape the system through
CO, outgassing.

However, the IC sampling and measurement process in leachate
was still partly assessed through a comparison of EW-attributable
alkalinity (ATAgy) and IC results (AICgy). As described in
Equations 21, 22, alkalinity and IC would be expected to produce
similar results, with the majority of dissolved IC present as bicarbonate
from a pH of 7-9 (Rohling, 2023). Therefore, the observed relationship
of 1.09 mol alkalinity to 1 mol IC with strong correlation (R*=0.90),
suggests that IC analysis in leachate was generally accurate (Figure 8).
Note that this relationship suggestsn = 1.9.

ATA gy = AHCO3 +2 x ACO3™ 1)

AIC gy = AHCO3 + ACO3™ (22)

Finally, a systematic measurement error generated through the
baseline measurement process was considered. Quantifying the
baselines involved a separate measurement of soil and rock IC and
then a calculation of the overall baseline for each pot given the 0.85:
0.15 ratio. This approach was chosen to avoid extra variability from
incomplete mixing (potentially due to the density separation of rock
and soil) that was more likely to invalidate a measurement of a
combined soil-rock sample. We still measured the IC content in
pre-mixed rock-soil baseline samples and did not find any consistent
over- or under-estimation of the IC values when comparing the two
baseline approaches (Supplementary Table 6). This highlights that
measurement of the mixed soil-rock samples did not cause any matrix
effect, thereby validating the chosen baseline measurement technique.
Another systematic error, which can always impact EW trials, may
have arisen from heterogeneity of IC in ground rock samples, which
could have led to an over-estimate of baseline IC.

In summary, the results suggested that IC can be measured in
leachate with reasonable accuracy using direct IC analysis or TA
titration, and that direct IC analysis is an improvement over the
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two-step combustion process. However, the recovery rate of IC
measurements in the total soil fraction was not clearly assessed.
Overall, inaccuracy in IC measurements is unlikely to have caused the
discrepancy between cation-based and IC-based CDR estimates.

4.3 The potential for complementary IC
and cation-based measurements

This study has shown the potential for natural mechanisms to
cause incomplete and improper accounting of cations in EW systems
(Figure 9). Incomplete extraction may lead to an underestimation of
soil-exchangeable cations, while the activity of non-carbonic acids
and CO, outgassing may lead to overestimates of CDR from leachate
cation measurements. These processes generally lead to the release
of cations without an equivalent formation of bicarbonate (carbonic
acid weathering of existing carbonates, non-carbonic acid
weathering of silicates and existing carbonates), or the outgassing of
IC as CO, without an associated reduction in cations (dissolved
bicarbonate reacting with acidity, non-carbonic acid outgassing of
existing carbonates) (Figure 9). More novel cation-based methods
that use an immobile, often titanium, tracer element are also
susceptible to the limitations of cation-based measurements
examined in this study (Reershemius et al., 2023; Beerling et al.,
20245 Clarkson et al., 2024). IC-based approaches, including direct
IC analysis and TA titration, can overcome these problems with
cation measurements. IC-based approaches will not quantify cations
released from non-carbonic acid weathering and will account for
loss of CO, that reduces the net CDR effect. Therefore, EW
measurement should not rely solely on cations, without comparing
results to IC measurements and quantifying any non-carbonic acid
weathering or CO, outgassing.

Meanwhile, the causes of improper accounting and inaccuracy in
IC-based estimates of EW CDR are well known: outgassing of CO, due
to re-equilibration or carbonate precipitation can occur downstream in
rivers and oceans (Figure 9) (Renforth and Henderson, 2017; Knapp and
Tipper, 2022; Zhang et al,, 2022; Harrington et al., 2023; Holzer et al.,
2023b), or during the sampling and measuring process itself (i.e., as may
have occurred from leachate in this study). Cation-based approaches are
not affected by these mechanisms and can therefore complement and
increase the accuracy of IC-based approaches.

Therefore, to improve the accuracy of EW quantification, cation
and IC measurements from leachate should be used together (te Pas
et al,, 2023). Leachate cation and IC measurements can be used
complementarily, because the relationship between EW-attributable
cations and IC in leachate is mostly consistent (Figure 7). In
comparison, this relationship is much more complicated in soil, and
the IC is not durably stored at that stage (Figure 6). To reconcile
leachate cation and IC measurements, natural mechanisms that cause
a discrepancy between cation and IC results should be individually
quantified or estimated. Non carbonic acid weathering, for example,
may be quantifiable through anion measurement or discount factors
(Taylor et al., 2021; Dietzen and Rosing, 2023). Khalidy et al. (2021,
2024) have investigated processes to measure pedogenic carbonate
precipitation. Once these individual mechanisms are accounted for, a
valid and accurate approach to quantifying EW will show the same
cation-based and IC-based CDR estimate (Figure 9).
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FIGURE 9

Schematic representing how the “true” Ca and Mg silicate EW CDR
effect (blue) is masked by complex soil processes that produce EW
products (tan) or remove dissolved EW products (dashed border)
through precipitation or outgassing (red arrow). The "true” CDR will
consist of stoichiometrically balanced cations and inorganic carbon
(IC). However, the soil processes will cause measured cations and
measured IC to be stoichiometrically unbalanced.

4.4 Soil, rock and plant effects on CDR and
measurements

The final key finding of this study was the importance of specific
soil and rock factors in determining overall CDR and affecting
measurement approaches. Soil and rock type affected weathering rate,
retention of EW products in soil and led to specific soil-rock
relationships between EW-attributable IC and cation release
(Figures 6, 7). The effect of plants was not a major focus and has been
excluded. However, the presence of the soybean plant in PT2 led to
statistically significant increases in IC and decreases in Ca+Mg
measurements (Supplementary Figure 5).

4.5 Limitations

A primary limitation in this EW study and many other
empirical EW trials is the use of imperfect controls. In this study
and in the broader EW field, CDR is calculated by subtracting a
non-rock amended control from a rock amended treatment to
isolate the specific EW effect. However, due to high levels of natural
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variability, this control may not accurately reflect the background
effects within the rock amended soils. In this study, results have
repeatedly shown minimal change in the IC and Ca+ Mg of the
control treatments over time, indicating limited background effects
on IC and cations, supporting this approach. Another significant
limitation that exists in most EW studies is the difficulty of
accounting for downstream changes in EW CDR over long periods
of time due to the ongoing potential for CO, outgassing from
precipitation and re-equilibration in the rivers and ocean. There are
many complex ocean factors that cause the net CDR of EW to
change over time, including the lag by which ocean alkalinity causes
uptake of atmospheric CO, which may range from months to years,
the impact of local temperature and salinity on the carbonate
equilibrium, the changing atmospheric concentration of CO,, and
the changing dynamics of marine carbonate precipitation and
dissolution with depth (Harvey, 2008; Feng et al., 2017; Renforth
and Henderson, 2017; Bach et al., 2019; Middelburg et al., 2020;
Rohling, 2023). There were other potential errors introduced by
improper or non-representative sampling and mixing. Clarkson
etal. (2024) explores these errors in greater detail.

5 Conclusion and future directions

EW may play a significant role in humanity’s pathway to a net zero
future. This, however, requires accurate and robust measurement of
its CDR effect.

This study has examined the accuracy and consistency of some
existing measurement approaches. It has concluded that there are key
causes of incomplete accounting and inaccuracy in the commonly
employed cation-based measurement approaches. These include the
incomplete extraction of exchangeable cations within soils,
non-carbonic acid weathering and CO, outgassing. Similarly, IC-based
measurements, including direct IC analysis and TA titration are
limited by the complexity of the IC equilibria and potential for
downstream CO, loss.

However, complementary use of the cation- and IC-based
measurement approaches may mitigate these issues. In particular,
reconciling leachate cation and IC measurements through
quantification of the natural soil mechanisms may validate and
increase the accuracy of the EW CDR estimation. This study has also
shown that soil contains the majority of EW products within its
complex exchange reactions and should be measured for an
understanding of the durable CDR effect in the pipeline.

In conclusion, this article has shown a potential pathway for the
development of increasingly accurate, robust and reproducible EW
measurement approaches.
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