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Are enhanced rock weathering 
rates overestimated? A few 
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pitfalls
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There is considerable uncertainty when quantifying carbon dioxide removal (CDR) from 
enhanced rock weathering (ERW). Faster CDR rates mean ERW may significantly impact 
climate change mitigation, and more carbon credits will financially benefit private 
companies. However, overestimating CDR risks undermining ERW if meaningless 
carbon credits are counted. Here, we aim to contribute to the discussion of CDR 
quantification by describing three potential pitfalls relating to the geochemical and 
mineralogical compositions of rock powders. First, rock powders used for ERW 
are often mineralogically complex and may initially exhibit fast dissolution rates 
due to reactive surfaces and phases, leading to overestimating long-term CDR 
rates. Second, the dissolution of accessory carbonates within ERW rock powders 
will tend to dominate cation and dissolved inorganic carbon fluxes, which, if not 
identified, can be misconstrued as silicate weathering and overestimate CDR. 
Third, methods that rely on measuring cations may be prone to misinterpretation 
as cations will often not be balanced with dissolved inorganic carbon, e.g., during 
strong acid weathering. As another example, mineral dissolution during solid-
phase testing (e.g., cation exchange) is also unrelated to carbonic acid weathering 
and, thus, may overestimate CDR rates. To avoid these pitfalls, we recommend (1) 
incorporating high-dosage test plots into ERW trials that avoid reapplication of 
rock powders that replenish initially fast reactivity, (2) screening rock powders for 
carbonate minerals using sensitive techniques and distinguishing carbonate and 
silicate weathering, and (3) measuring carbon to verify carbon dioxide removal. 
High-quality carbon credits must be durable, additional, and not overestimated.
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1 Introduction

Determining carbon dioxide removal (CDR) rates by enhanced rock weathering (ERW) 
is challenging due to slow silicate dissolution rates, storage of CO2 as either a mineral or soluble 
phase, and spatially and temporally variable background weathering in complex open systems 
(Sandalow et al., 2021; Clarkson et al., 2024). Faster CDR rates are desirable as ERW will more 
significantly impact climate change mitigation, and there will be  more interest and 
development in ERW. There is also financial incentive, as faster rates mean more carbon credits 
for private ERW companies. However, overestimating CDR rates may undermine the 
credibility of ERW, as has happened for forest-based carbon credits (Badgley et al., 2022; The 
Guardian, 2023). The Carbon Direct buyer’s guide for ERW notes that significant accounting 
uncertainty may lead to a loss of trust amongst various parties (Kyker-Snowman et al., 2024). 
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Furthermore, the guide highlights the potential for over-crediting due 
to uncertainty, particularly when many CDR quantification methods 
use indirect measurements rather than directly measuring carbon. 
Clarkson et al. (2024) review many of these quantification approaches, 
describing their advantages, disadvantages, and uncertainties. 
Furthermore, protocols are being established to provide requirements 
and procedures for quantifying CDR in ERW applications (Sutherland 
et al., 2024—Isometric). Yet, there remains no universally accepted 
method for quantifying CDR from ERW.

There are numerous sources of uncertainty when determining 
CDR rates in ERW applications. Abdalqadir et al. (2024) review many 
of the factors that affect ERW rates in agricultural soils, and Santos 
et al. (2023) discuss various pathways, roundabouts, roadblocks and 
shortcuts to deploying ERW more widely, including a discussion on 
verification methods. Calabrese et al. (2022) describe nano- to global-
scale uncertainties and highlight the discrepancies between theoretical 
predictions and models, and lab and field observations in assessing 
geochemical reactions related to ERW. Furthermore, CarbonPlan and 
Frontier have developed tools for mapping key uncertainties for 
several CDR technologies, including ERW (CarbonPlan, n.d.). They 
correctly identify mineral weathering as a component with high 
uncertainty. Weathering rates are broadly controlled by the reacting 
fluid composition that is influenced by numerous factors (e.g., soil 
composition and biological processes), fluid-rock ratios affected by 
climate and soil moisture, and the rock powder characteristics (e.g., 
grain size, mineralogical composition); the latter being the focus of 
this Perspective.

Amongst considerable uncertainty and variable rates being 
reported, we raise the question: Are ERW rates being overestimated? 
Our aim is not to answer this question but to contribute to the 
discussion of CDR quantification and make recommendations to 
alleviate some of the uncertainty. In this Perspective, we briefly review 
CDR rates in basalt ERW applications for context and then discuss 
three potential pitfalls relating to the geochemical and mineralogical 
compositions of rock powders that can lead to overestimating CDR 
rates: (1) initially fast dissolution rates of reactive mineral surfaces and 
labile phases, (2) weathering of accessory carbonates, and (3) 
quantifying cations rather than carbon using solid-phase testing as an 
example. We acknowledge that these potential issues are not new but 
suggest they warrant greater consideration along with other sources 
of uncertainty.

In addition to examples from the literature, we use four potential 
ERW feedstocks to support our perspectives: (1) pulverized basalt 
from Mauna Loa, Hawaii, (2) wollastonite skarn amendment from 
Canadian Wollastonite, Canada, (3) olivine powder purchased from 
OCL Industrial Materials Ltd., and (4) kimberlite residues from the 
Gahcho Kué Diamond Mine, Canada. Characterization methods and 
data are provided in Supplementary material.

2 Some CDR rates for perspective

Here, we briefly review some CDR rates from ERW studies that 
used basalt, the leading rock type for ERW, given its mafic composition 
and global abundance (Figure 1). Buckingham et al. (2022) measured 
CDR rates of 0.01 t CO2/ha/yr using column experiments amended 
with basalt; however, their experiments were criticized by West et al. 
(2023) and later defended by Buckingham et al. (2023). Larkin et al. 

(2022) found that CO2 removal via alkalinity generation in amended 
soils was similar to untreated plots; however, they stated that one field 
plot had an increased removal rate of ∼0.4 t CO2/ha/yr Lewis et al. 
(2021) estimated CDR rates of 0.09–0.57 t CO2/ha/yr using 1-D 
reactive transport modelling. Reershemius et al. (2023) determined 
initial CDR rates of 1.44 ± 0.27 t CO2/ha over 235 days—equal to 
2.24 t CO2/ha/yr—with column experiments (50 t basalt/ha) using 
mass-balance-based methods. Similarly, Beerling et  al. (2024) 
determined time-integrated cumulative CDR potentials of 10.5 ± 3.8 t 
CO2/ha over 4 yr, an average of 2.6 t CO2/ha/yr, based on mass losses 
relative to an immobile tracer in field trials that received 50 t 
metabasalt powder/ha/yr for 4 yr Modelling by Jerden et al. (2024) 
using the data provided by Beerling et al. (2024) underestimated field 
rates by ~3 times, requiring either a 10× increase to the basalt rate 
constant or a reduction in average grain size from 267 to 27 μm to 
match the measured data. For the same field trial, Kantola et al. (2023) 
had estimated a CDR rate of 3.7 t CO2/ha/yr using rare earth elements; 
however, Reershemius and Suhrhoff (2024) wrote that their 
quantification method was flawed. Amann et al. (2022) measured rates 
of 2.2 and 4.4 t CO2/ha/yr in column experiments with pure basanite 
and basanite mixed with oxisol (1:1), respectively, exposed to tropical 
rainfall rates of 8,000 mm/yr. While these basalt studies vary in 
application rates, basalt compositions, conditions, and CDR 
quantification methods, the wide range of CDR rates warrants critical 
evaluation beyond the scope of this Perspective. For example, Kukla 
et al. (2024) analyzed a broader range of ERW studies that included 
numerous rock types and found that CDR rates ranged by four orders 
of magnitude, with some studies reporting zero removal. In their 
analysis, they discuss several factors that may explain this wide 
variability (e.g., climate and environmental conditions) but highlight 
that these studies (32 in total) ranged substantially in their analytical 
and operational approaches, including rock type and dosage, study 
type (lab experiment, field trial, modelling), and CDR 
quantification method.

For comparison, CDR rates of CO2 mineralization and weathering 
of ultramafic mine wastes include (Figure 1): 3.7–4.2 t CO2/ha/yr for 
the Diavik Diamond Mine (Wilson et al., 2011), 3–7 t CO2/ha/yr for 
the Venetia Diamond Mine (Paulo et al., 2023), and 24 t CO2/ha/yr for 
the Mount Keith Nickel Mine (Wilson et al., 2014). For context, the 
mine wastes at Mount Keith were composed of >80 wt.% serpentine 
group minerals [Mg3Si2O5(OH)4] and ~ 2.5 wt.% brucite [Mg(OH)2], 
one of the most reactive minerals with CO2 (e.g., Harrison et  al., 
2015). While these rates range, they may be upper limits for CDR via 
weathering as these are for pure ultramafic rock powder, i.e., the 
highest possible dosage for an ERW application. Paulo et al. (2023) 
found that these rates were comparable to CO2 consumption rates in 
river basins dominated by either basalt or carbonate lithologies. For 
example, CO2 consumption rates estimated for basalt-dominated river 
basins include 0.16 t CO2/ha/yr for the Deccan Traps (Das et  al., 
2005), 0.16 t CO2/ha/yr for the Columbia Plateau, 0.29 t CO2/ha/yr for 
Hawaii (Dessert et al., 2003), and 0.57–1.94 t CO2/ha/yr for Iceland 
(Louvat and Allègre, 1997). Some ERW rates estimated for basalt 
applications are considerably faster than these natural basalt 
weathering rates. While the high surface area of rock powders 
enhances weathering, it seems unlikely that dispersing relatively minor 
quantities of rock powder on soils would result in CO2 consumption 
rates that are an order of magnitude faster than in basins that are 
almost entirely composed of basalt sediments and bedrock. For 
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instance, Linke et al. (2024a) investigated South Iceland soils that have 
received fine-grained basaltic dust over 3,300 yr (5–8 t/ha/yr), a 
natural analogue for long-term ERW. The authors estimated a CDR 
rate of 0.62 t CO2/ha/yr due to alkalinity generation (Linke et al., 
2024b), considerably slower than CDR rates estimated for some ERW 
studies that receive far less amendment.

Some of the variability in CDR rates likely relates the timeframe 
of the measurements (e.g., weeks vs. months vs. years), feedstock 
compositional variability even if rock types are the same (e.g., basalt), 
and the methodologies for carbon quantification (e.g., cation vs. 
carbon measurements). In the following sections, we discuss three 
geochemical and mineralogical pitfalls relating to these issues that can 
result in overestimating CDR rates.

3 Initially fast mineral dissolution rates

ERW rock powders are often mineralogically complex, meaning 
that many mineral dissolution rates—often varying by orders of 
magnitude—contribute to an overall CDR rate. Consequently, cation 
release from the weathering of rock powders greatly depends on their 
mineralogical compositions and will substantially decrease as reactive 
surfaces and phases are consumed. For example, in flow-through 
mineral dissolution experiments, Mg release from serpentine-rich 

(~94.9 wt.%) tailings containing brucite (0.6 wt.%) decreased 
substantially from ~60 to 2 mg/L after ~12 h of leaching (Power et al., 
2020). The initial rapid release of Mg was attributed to the reaction of 
serpentine surfaces and the complete dissolution of brucite. Lu et al. 
(2022) conducted similar experiments on several rock powders and 
mine tailings. They also observed two stages of dissolution, which they 
describe as a fast, transient (or labile) stage and a slow, stoichiometric 
stage. The former stage was attributed to the initially fast release of 
cations from non-stoichiometric surface reactions of major minerals 
(e.g., serpentine) and highly reactive phases (e.g., brucite) if present. 
They found that serpentine minerals dissolved ~10× faster and olivine 
~3× faster during this initial phase compared to published steady-state 
dissolution rates (Lu et al., 2022 and references therein).

The consumption of reactive surfaces and labile cations will 
substantially reduce CDR rates in ERW applications over time. The 
formation of amorphous silica layers will passivate silicate surfaces 
and control dissolution rates past any initially reactive period (Daval 
et al., 2011; Maher et al., 2016; Mergelsberg et al., 2023). Furthermore, 
the formation of secondary carbonates and silicate minerals, such as 
those that may occur during wollastonite weathering (e.g., Daval et al., 
2009), may also hinder further dissolution. As a laboratory ERW 
example, Amann et al. (2020) measured CDR rates of 0.023–0.049 t 
CO2/ha/yr in mesocosm experiments with olivine powders amended 
to soils (220 t/ha; 800 mm rainfall/yr). They noted high Mg/Si ratios 

FIGURE 1

Comparison of CO2 removal rates for oxide mineral looping (McQueen et al., 2020; Rausis et al., 2022; Dostie et al., 2024), CO2 mineralization within 
mine wastes (Oskierski et al., 2013; Turvey et al., 2018; Hamilton et al., 2021), and enhanced rock weathering using wollastonite (Hartmann and Kempe, 
2008; Haque et al., 2019; Taylor et al., 2021; Stubbs et al., 2022; te Pas et al., 2023; Wood et al., 2023), basalt (Beerling et al., 2018; Kelland et al., 2020; 
Vienne et al., 2022), and olivine (ten Berge et al., 2012; Amann et al., 2022; von Strandmann et al., 2022). Studies are grouped by (1) experimental work 
using rock powder and soil, (2) experimental work using rock powder, and (3) modelled or estimated rates. Studies not listed here are cited in the 
manuscript.
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in waters attributed to preferential Mg leaching, leaving cation-
depleted and Si-enriched grain surfaces. While Calabrese et al. (2022) 
highlight the discrepancies between lab and field mineral dissolution 
rates and note that the evolution of mineral surfaces in soils is mostly 
unknown, a relatively reactive initial period is likely after applying 
unweathered rock powders followed by slower weathering rates.

In addition to consuming reactive surfaces, weathering will 
eventually completely exhaust entire amendment minerals, which may 
significantly decrease overall weathering rates. In a previous example 
from Power et al. (2020), complete brucite dissolution resulted in Mg 
release decreasing drastically when the system shifted from one 
dominated by brucite dissolution to one dominated by lizardite 
dissolution; two minerals with dissolution rates differing by five orders 
of magnitude (Pokrovsky and Schott, 2004; Daval et al., 2013). As 
another example, wollastonite skarn is a reactive ERW feedstock 
containing major abundances of wollastonite and diopside 
(Supplementary Table S1; e.g., Haque et al., 2020a) that have far-from-
equilibrium dissolution rates of approximately 10−9 and 10−11 mol/
m2/s at pH 7, respectively (Heřmanská et al., 2022, 2023). Therefore, 
it would be expected that wollastonite weathering will control the 
CDR rate until it is consumed. Once reactive phases are removed in 
the soil, the more recalcitrant phases remain, and the CDR rate will 
significantly decline.

For reference, Heřmanská et  al. (2022, 2023) provide 
comprehensive reviews of dissolution rates of primary and secondary 
silicate minerals, many of which are found in ERW rock powders. It 
is worth noting that single mineral dissolution rates determined under 
controlled laboratory conditions reported by different studies can vary 
by approximately an order of magnitude, highlighting the magnitude 
of variability that should be  expected in ERW when using 
mineralogically complex feedstocks in heterogenous systems.

Compounding the issue of variable mineralogical compositions is 
variable grain size. ERW rock powders have grain sizes typically 
ranging from the micron to the millimetre scale (e.g., Lewis et al., 
2021). For instance, Calabrese et  al. (2022) estimate that 1,000–
10,000 yr are required to completely dissolve a 400 μm grain of olivine, 
depending on the dissolution rate it experiences under field 
conditions. As another example, the wollastonite skarn material 
(Supplementary Table S1) had 56 wt.% of its particles ranging from 
0.5–4 mm in diameter with a specific surface area of 0.30 m2/g 
compared to 1.24 m2/g for the material <0.5 mm (44 wt.%). The very 
finest portions of rock powders will dissolve more quickly (e.g., 
Harrison et al., 2015), leaving coarse material with lower surface areas 
that take considerably longer to dissolve.

CDR capacities are calculated based on the geochemical 
composition of the amendment, assuming that all minerals will 
completely weather given sufficient time. To be more conservative, 
calculating these capacities could consider the mineralogical 
composition of the rock powder. For example, the wollastonite skarn 
has a CDR capacity of 409–464 kg CO2/t using the Steinour equation 
(Supplementary Table S1; Steinour, 1959; Renforth, 2012, 2019). 
However, this capacity decreases to 153–173 kg CO2/t if only 
considering the 26.9 wt.% wollastonite, which is more likely to react 
in the short term. This capacity drops further to 102 kg CO2/t if 
considering calcite (CaCO3) formation from wollastonite weathering 
instead of solubility trapping, a likely scenario in circumneutral to 
alkaline soils (Haque et al., 2020b). Consequently, there is a disconnect 
between the stated CDR capacity based on whole-rock geochemistry 

and the measurement of initially fast rates resulting from reactivity 
that may not represent the whole rock.

Regarding basalt, column experiments conducted by Amann et al. 
(2022) illustrate the loss of reactivity that feedstocks will experience 
over time. Total alkalinity in leachate waters from basanite columns 
exponentially declined by approximately an order of magnitude in 
months, likely caused by reactive surfaces being consumed. While 
volcanic glasses (amorphous material) in basalts (Lewis et al., 2021) 
do not have substantially faster dissolution rates compared to 
plagioclase minerals (Heřmanská et  al., 2022), they tend to have 
greater surface areas due to their irregular morphologies (Richards-
Thomas et al., 2021). These high surface areas will contribute labile 
cations that, once leached, leave the bulk, more recalcitrant material. 
Furthermore, many basalts being used for ERW have large portions of 
coarse particles (>1 mm; Lewis et al., 2021) that are undoubtedly far 
less reactive than the finest portion.

Initial weathering rates likely overestimate long-term 
CDR. Furthermore, yearly applications of rock powders in ERW trials 
will perpetuate the issue of initially fast rates, i.e., CDR rates are never 
estimated past this initial reactive period.

4 Weathering of accessory carbonates

Other reactive phases that may be present in ERW rock powders 
include carbonate minerals that readily dissolve compared to silicate 
minerals. Given their much faster dissolution rates, even trace to 
minor abundances of carbonates will tend to dominate cation release 
and alkalinity generation in the short term until carbonates have been 
consumed. As examples, the wollastonite and kimberlite samples 
contained 0.27 and 0.25 wt.% inorganic C (Supplementary Table S1); 
equivalent to 2.3 and 2.1 wt.% CaCO3. Cation release and alkalinity 
generation from carbonate weathering could be misinterpreted as 
occurring from silicate weathering, leading to overestimating CDR 
rates. For instance, complete dissolution of the carbonate in the 
wollastonite skarn and kimberlite amendments in 1 yr would 
be equivalent to CDR rates of 0.84 and 0.78 t CO2/ha/yr, respectively, 
if these rock powders were applied at 50 t/ha; relatively high, yet 
erroneous CDR contributions. While carbonate weathering can 
remove atmospheric CO2, it is far less efficient than silicate weathering 
and can be reversed if carbonate minerals reform downstream. If soils 
are acidic, the weathering of carbonates within ERW rock powders 
will release CO2 (Kunhikrishnan et  al., 2016), which should 
be quantified and subtracted from the overall CDR rate.

Two potential benefits of ERW are replacing AgLime with 
alkaline silicate powders that contain nutrients for enhancing plant 
growth and preventing CO2 release from this amendment when 
applied to acidic soils (West and McBride, 2005; Dietzen et al., 2018; 
Swoboda et al., 2022). However, silicate-based rock powders may 
be insufficient to achieve the desired soil pH in cases of more acidic 
soils, lower dosages, or less reactive feedstocks. Van der Bauwhede 
et al. (2024) note that the acid-neutralizing capacities and dissolution 
rates of silicate rock powders are highly variable. As previously 
discussed, silicate-based ERW feedstocks may provide initially high 
buffering capacity that will fade when reactivity declines. 
Furthermore, adding AgLime along with ERW feedstocks to achieve 
a desired soil pH (Amoakwah et  al., 2023) may confuse CDR 
quantification, as does the addition of fertilizers (e.g., K excluded by 
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Reershemius et al., 2023). Similarly, the application of ERW feedstocks 
containing carbonate can potentially complicate solid-phase 
measurements if using soil inorganic carbon to measure CDR (Haque 
et al., 2020a).

Given the challenges that accessory carbonates pose, ERW rock 
powders must be screened for these minerals prior to application 
using sensitive techniques such as coulometry (Paulo et al., 2021). If 
necessary, carbonate weathering from ERW rock powders should 
be quantified to avoid overestimating CDR rates.

5 Quantifying cations not carbon and 
cation exchange

Cations released from the weathering of mineral amendments 
may be  transported in soil pore waters, precipitated as secondary 
minerals (e.g., clays and carbonates), absorbed by plants, or adsorbed 
onto soil particles, becoming part of the exchangeable fraction. The 
assumption that dissolved inorganic carbon (DIC) balances cations is 
not always true. For example, Clarkson et al. (2024) highlight the role 
of non-carbonic acids, including nitric and phosphoric acids formed 
from fertilizers, and sulphuric acid generated by the oxidation of 
sulphides in feedstocks. Here, we consider cation exchange testing as 
another example of how DIC may not balance cations and lead to 
overestimating CDR rates.

Exchangeable leaches quantify cations bound to negatively 
charged surfaces, including clays, micas, and organic matter in soils. 
From an ERW perspective, one assumption is that exchangeable 
cations in excess of a control soil have dissolved from mineral 
feedstocks (Dietzen and Rosing, 2023), and are part of an enhanced 
weathering signal. However, some of these cations may be released 
from the ERW rock powders during cation exchange testing of 
amended soils and, thus, are not related to carbonic acid weathering.

The solid:fluid ratios imposed by leach tests are high. As an 
example, consider a hypothetical square-metre soil plot with a 
weathering depth of 20 cm and soil bulk density of 1 g/cm3 that 
receives 1,000 mm of precipitation per year. Therefore, the solid:fluid 
ratio is 1 g soil to 5 mL of precipitation per year (200 kg:1,000 L/yr). 
The methods used for determining the exchangeable fraction vary in 
terms of the solid:fluid ratio, e.g., 1:10 to 1:40 (Paulo et al., 2020, 2021; 
Zeyen et  al., 2022) and the leaching solution composition (e.g., 
Dietzen and Rosing, 2023). Extrapolating cation data means applying 
these leaches to the entirety of the hypothetical soil, requiring 2,000–
8,000 L of leachate solution or 2–8× the volume of precipitation per 
year, depending on the ratio used. Although the fluid compositions of 
precipitation and leach solutions differ, the potential for amendment 
dissolution during exchangeable cation testing should not 
be  considered negligible, given the substantial volume of 
solution required.

Here, we conducted ammonium acetate leaches (NH4OAc; 1.0 M) 
using basalt, olivine, kimberlite, and wollastonite rock powders 
(Supplementary Table S1) at pH 7 and 9 to compare different mineral 
dissolution rates. We used modified methods by ASTM International 
(2018; D7503-18) and a solid:fluid ratio of 1:10. Soils amended with 
rock powder could contain approximately 2.5 wt.% amendment 
assuming a soil bulk density of 1 g/cm3, dosage of 50 t/ha, and mixing 
depth of 20 cm (2,000 t soil over 1 ha). Tests were conducted using 
pure soils and amendments, and mixtures of amendment (2.5 wt.%) 

with soil from Haliburton Forest, Ontario, Canada, a site of an 
ongoing ERW trial. Detailed methods are in Supplementary material.

Releases of Ca, Mg, Na, K and Si (mg/kg) from the amendments, 
amendment-soil mixtures, and soil are summarized in 
Supplementary Tables S1, S2. All data is available in 
Supplementary material. The erroneous CDR contributions were 
calculated using a modified version of the Steinour equation (Steinour, 
1959; ω = 1.7) and assuming a 50 t/ha dosage. Leaching of the basalt, 
olivine, kimberlite, and wollastonite amendments at pH 7 gave 
erroneous CDR contributions of 0.13, 0.52, 1.27, and 1.31 t CO2/ha/
yr, respectively. While testing the amendments alone removes the 
background soil leaching, it also facilitates mineral dissolution as there 
is no release of cations from soil that would inhibit amendment 
dissolution. However, these leaches demonstrate that the amendments 
release cations during testing that may be misinterpreted. Paulo et al. 
(2020, 2021) used similar leaches to assess the reactivity of various 
rock powders and tailings. Leaching of the basalt, olivine, kimberlite, 
and wollastonite at pH 9 mainly gave lower erroneous CDR 
contributions of 0.13, 0.35, 0.82, and 1.00 t CO2/ha/yr, respectively, 
due to the more alkaline pH of the NH4OAc solution.

Leaching of the mixtures of soil with basalt, olivine and kimberlite 
at pH 7 gave erroneous CDR contributions of 0.03, 0.22, and 0.20 t 
CO2/ha/yr, respectively. These contributions are within the range of 
CDR rates for ERW previously discussed. To be conservative, these 
rates were calculated using only Ca, Mg, Na, and K values that did not 
have overlapping standard deviations when comparing the average 
mixtures to average control values (values bolded in Table 1); otherwise, 
leach values were considered to be nonsignificant. The wollastonite-soil 
mixture did not leach any cations that were greater than variability. 
While this may appear favourable, it is worth noting that Ca accounts 
for ~90% of the cations leached from the soil controls and may obscure 
or inhibit any amendment leaching. The variability of the Ca leaching 
data for the control soils alone results in CDR contribution variability 
of ±0.33 t CO2/ha/yr. Leaching of the soil mixtures with basalt, olivine 
and kimberlite mixtures at pH 9 gave erroneous CDR contributions of 
0.05, 0.03, and 0.08 t CO2/ha/yr, respectively, substantial reductions for 
the olivine and kimberlite. The erroneous CDR contribution for basalt 
was greater at pH 9 than 7 because the leached Mg was considered 
significant compared to the soil control.

Cation release from amendment minerals during these tests may 
have occurred due to the dissolution of the silicate and carbonate 
minerals, the latter being more easily dissolved, and cation exchange 
with clay and mica minerals present in the amendments. Importantly, 
neither of these processes relates to carbonic acid weathering. In an 
ERW pot experiment using basalt, olivine and wollastonite, Hasemer 
et al. (2024) suggested that soils retained most of the ERW products 
through cation exchange and found that CDR estimates using cations 
were often greater than measurements using inorganic carbon. The 
authors questioned the efficiency of their cation exchange methods 
and concluded that exchangeable cations should not be considered 
durable CDR. It may also be that cation exchange testing overestimated 
CDR rates due to cation release during testing, particularly when 
considering that these soils contained 15 wt.% amendment.

While our tests used an amendment abundance of 2.5 wt.% of the 
total mass with soil, successive annual applications would likely result 
in greater amendment dissolution during testing as the soil would 
contain a greater proportion of amendment (e.g., 200 t/ha over 
4 yr ≈ 10 wt.%). Furthermore, the leaches at pH 7 and 9 demonstrate 
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how sensitive cation release is to pH (Oorts et  al., 2004), which 
generates considerable variability and likely error, particularly if 
comparing soils that have different pH values, e.g., an amended versus 
control soil, or soils from different locations in the field.

In contrast to the Mauna Loa basalt used in our tests, the six basalts 
being used in large-scale ERW field trials characterized by Lewis et al. 
(2021) may be more susceptible to CDR overestimation due to cation 
exchange, carbonate weathering, and initially fast surface reactions. 
Five of these basalts (Blue Ridge, Cragmill, Hillhouse, Oregon, Tawau) 
contained clay minerals, such as chlorite and smectite group minerals, 
which are common in altered and weathered basalts (e.g., Ehlmann 
et al., 2012). Chlorite can be particularly abundant in basalts that have 
metamorphosed to greenschist facies (e.g., 34 wt.% in Blue Ridge 
metabasalt; Beerling et al., 2024). Consequently, cation exchange from 
these during testing could be considerable. For instance, Zeyen et al. 
(2022) proposed using cation exchange to access labile cations from 
clay minerals within kimberlite residues for carbonation. Furthermore, 
these basalts had calcite abundances ranging from 0.17 (Oregon) to 
1.25 wt.% (Cragmill). Carbonate weathering from these basalts could 
provide erroneous CDR contributions of 0.065–0.47 t CO2/ha/yr if 
applied at 50 t/ha and assuming complete carbonate dissolution in 1 yr 
or release CO2 at rates of 0.04–0.28 t CO2/ha/yr if applied to acidic 
soils. Two of these basalts had considerably greater specific surface 
areas (Oregon = 14.54 m2/g and Tichum = 10.30 m2/g) than the others, 
which would facilitate faster weathering but also make them more 
susceptible to cation release during leach testing or provide initial rates 
that are much faster than long-term rates due to rapid surface reactions. 
Furthermore, these high surface areas indicate high abundances 
of clays.

There are numerous reasons why quantifying cations does not 
equate to quantifying carbon (e.g., strong acid weathering), with 
amendment dissolution during solid-phase testing being one more 

example. Therefore, verifying CDR rates using carbon-based 
measurements should be compulsory for CDR quantification. At the 
very least, ERW practitioners and researchers should establish a clear 
correlation between carbon and proxy measurements to demonstrate 
that the latter quantifies CDR effectively. Regarding fast CDR rates, 
directly measuring carbon in combination with cation fluxes or losses 
(proxy analyses) should be straightforward. For example, a CDR rate 
of 2 t CO2/ha/yr would result in a highly significant increase of DIC 
in near-surface soil pore waters, assuming solubility trapping. This rate 
equals 0.28 kg HCO3/m2/yr. Given a square-meter plot receiving 
1,000 mm (1,000 L) of precipitation per year with half of this water 
evaporating (500 L), soil waters should exhibit an increase in DIC of 
560 mg HCO3/L, which can easily be measured and would confirm 
CDR estimations by cation accounting. While there are numerous 
analytical techniques for measuring CDR (Campbell et al., 2023), 
coulometry is an overlooked technique to measure inorganic carbon 
in solids and waters (Rausis et al., 2022; Dostie et al., 2024). Accurate 
quantification of carbon is a hallmark of successful geochemical 
negative emissions technologies and should be a priority for ERW.

6 Conclusions and recommendations

Overestimating CDR rates risks weakening confidence in ERW 
if erroneous carbon credits are counted and, more importantly, does 
not aid in combating climate change. While there are numerous 
sources of uncertainty, we highlighted three potential pitfalls that 
relate to the geochemical and mineralogical composition of ERW 
rock powders, which may contribute to overestimating CDR rates. 
First, fast rates due to the dissolution of reactive surfaces and labile 
phases will not be maintained long-term. Second, trace and minor 
abundances of carbonate minerals can dominate cation release and 

TABLE 1 Cations released from the four amendment-soil mixtures during cation exchange testing compared to soil-only controls at pH 7 and 9 using 
ammonium acetate (1.0 M).

Additional cations 
leached (mg/kg 
amendment)

Basalt-
soil

Olivine-soil Kimberlite-soil Wollastonite-soil Soil Soil for Wo

Ca at pH 7 2,202 ± 49 2,129 ± 75 2,213 ± 75 2,245 ± 75 2,334 ± 102 2,169 ± 60

Mg 125 ± 4 157 ± 3 144 ± 4 112 ± 3 121 ± 5 121 ± 3

Na 12 ± 1 8 ± 0 16 ± 1 7 ± 0 8 ± 0 8 ± 0

K 86 ± 3 84 ± 2 88 ± 3 79 ± 3 88 ± 4 85 ± 2

Si 14 ± 0 17 ± 1 20 ± 1 16 ± 0 12 ± 1 13 ± 0

Erroneous CDR contributiona 

(t CO2/ha/yr)

0.03–0.03 0.20–0.22 0.17–0.20 – n/a n/a

Ca at pH 9 1,061 ± 40 1,047 ± 19 1,082 ± 30 1,039 ± 21 1,061 ± 33 1,089 ± 107

Mg 46 ± 1 51 ± 1 45 ± 1 43 ± 2 42 ± 1 46 ± 5

Na 14 ± 0 10 ± 0 16 ± 0 9 ± 0 9 ± 0 10 ± 1

K 83 ± 2 83 ± 2 89 ± 3 78 ± 2 83 ± 2 84 ± 7

Si 2 ± 0 2 ± 0 2 ± 0 2 ± 0 1 ± 0 2 ± 0

Erroneous CDR contributiona 

(t CO2/ha/yr)

0.05–0.05 0.03–0.03 0.07–0.08 – n/a n/a

aErroneous CDR contributions were calculated using a modified Steinour equation by comparing cations leached during testing from amendment-soil mixtures compared to soil-only controls 
and assuming an application rate of 50 t/ha, soil density of 1 g/cm3, and mixing depth of 20 cm. Rates range depending on the carbon removal per cation flux: ω = 1.5 to 1.7 (Steinour, 1959; 
Renforth, 2012, 2019). Only values without overlapping standard deviations between the amendment-soil mixtures and control soils were considered significant (bolded values) and used in 
the calculation. A separate soil control was leached for the wollastonite experiment due to the much larger average grain size of this amendment.
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alkalinity generation, which can be  misconstrued as silicate 
weathering. Third, quantifying cations that DIC may not balance will 
overestimate CDR. In addition to strong acid dissolution, amendment 
dissolution and cation exchange during solid-phase testing release 
cations unrelated to carbonic acid weathering. Considering these 
geochemical and mineralogical pitfalls, we recommend:

 (1) Incorporating high-dosage areas that avoid reapplication of rock 
powders to measure long-term CDR rates. While successive 
annual applications increase overall CDR (e.g., Beerling et al., 
2024), they interfere with measuring CDR rates past the 
initially fast reactivity period. However, high dosage plots may 
ensure an ERW signal is detected and can be used to assess 
high cumulative dosages, e.g., 50 t/ha year after year.

 (2) Using sensitive techniques to measure accessory carbonate and 
then identifying and quantifying carbonate weathering if 
necessary. Differentiating carbonate from silicate weathering 
may involve measuring silicon concentrations or subtracting 
the CDR potentials of carbonates present in rock powders to 
be conservative. Furthermore, any CO2 release from carbonates 
must be included in overall CDR quantification.

 (3) Measuring carbon for carbon dioxide removal to build 
confidence in carbon accounting. Proxy measurements (e.g., 
cation quantification) should be  verified using carbon 
measurements for carbon crediting purposes.

Large-scale field trials by interdisciplinary teams that produce 
complete and open-access datasets are necessary to alleviate 
uncertainty. Careful and detailed characterization of a feedstock used 
in multiple trials in different climates and environments would 
be advantageous for comparing datasets more easily. Furthermore, 
multiple carbon quantification methods, including cation- and 
carbon-based techniques, should be  used. Reporting conservative 
CDR rates that consider all sources of uncertainty will ensure carbon 
credits are verifiable and additional.
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