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ABSTRACT: Enhanced rock weathering (ERW) is a CO, removal & g0 a — potential
technology that involves spreading finely ground silicate rock on 2 From mineral £ 600 effective

fields. The chemical weathering of this rock powder removes £ 400 M:f;gsg’;g % 400

atmospheric CO, in the form of bicarbonate ions and secondary & 200 é (left) to CO, é

carbonates. Despite some promising theoretical simulations and ?.j removal g 200

laboratory findings, results from field trials that evaluate the ERW’s £ e " ____ q“""ﬁ"ﬁ;at""" 8 o/

impact on soil biogeochemistry and CO, removal are still scarce. @ N (right) 3 o0 1000
This study investigated the impact of basaltic rock powder applied RS t(days)

at the equivalent rate of 20 t per hectare (2 kg m™2) in three

temperate vineyard fields in Switzerland over 1000 days. Analyses of soil pore water revealed that most standard ERW monitoring
proxies (pH, electrical conductivity, total dissolved inorganic carbon, calcium, and magnesium concentrations) did not increase
significantly. By contrast, sodium concentration in soil pore water was on average 3-fold higher in the rock powder-treated plots,
indicating active mineral dissolution. Integrating the pore water results with model analyses, we estimated that the average CO,
removal rate was 100 + 30 kg CO, ha™' yr™!, which is 10 to 30 times lower than the upper rates reported in some previous modeling
and experimental studies. Future work is now needed to improve our understanding of ERW’s CO, removal potential and soil
contamination under a variety of soils, rock feedstocks, and climate conditions.

KEYWORDS: enhanced weathering, enhanced silicate weathering, soil remineralization, negative emission technology,
nature-based solution, carbon sequestration

1. INTRODUCTION

Terrestrial enhanced rock weathering (ERW) is gaining
traction as a decisive CO, removal technology to mitigate
climate change.'™> ERW involves applying silicate rock

molar concentrations of base cations, basaltic rocks are
estimated to have an overall CO, removal potential of 0.3—
0.4 t (t) CO, per t of rock.”™"" If applied at high and frequent
doses (rates between 20 and 50 t per hectare and per year are

powders to soils—mainly agricultural ones. The dissolution
of silicate minerals rich in base cations (Ca**, Mg**, K*, Na*)
leads to the removal of CO, in the form of dissolved inorganic
carbon®™® (esp. bicarbonate ions; see the example of
wollastonite weathering in eq 1). The dissolved fraction will
be transported through soils and rivers to the ocean, where the
aqueous carbon removal can be considered stable for >1 kyrs,
and even longer if calcite removes it from solution as a
precipitate.’ In the case of calcite precipitation (eq 2), 50% of
the initially removed CO, would be degassed and 50% would
be locked in a solid mineral form for hundreds of thousands to
millions of years.” The CO, locked in dissolved inorganic
carbon and in carbonates in the ocean makes ERW an almost
permanent carbon sink on a human time scale.

CaSiO, + 3H,0 + 2CO, < H,Si0, + Ca** + 2HCO,~
(1)

Ca** 4+ 2HCO,” < CaCO, + 3H,0 + CO, )

On a global scale, basalt’s natural weathering is estimated to
remove 0.2 metric gigaton (Gt) CO, annually.” Based on

© 2025 The Authors. Published by
American Chemical Society

7 ACS Publications

commonly used in models), the global removal potential
associated with ERW is estimated between 0.2 and 4 Gt CO,
yr ! depending on rock powder and pedoclimatic character-
istics.”"*7'® To put these values into perspective, this order of
magnitude of mitigation would compensate for 1% to 21% of
the current annual atmospheric CO, rise'” and could
significantly contribute to the 1 Gt CO,eq yr™' reduction
target expected from agriculture by 2030 in the fight against
climate change."®

Currently, mafic rocks such as basalts and basanites are
considered ideal candidates for ERW due to their relatively
high reactivity, high base cation content, and relatively—
although non-negligible—low heavy metal concentra-
tions.>'? ™" Such feedstocks could deliver cobenefits such
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Figure 1. Field experiment site map. Location of the three experimental fields together with the experimental plan (inset, top left). (Source: ESRI

(inset map), Swisstopo (aerial map)).

as base cation and silica fertilization, together with a liming
effect (an increase of the soil pH) that could improve yields
and food safety.'>**~** Their use in highly acidic soils (pH <
S) could prove especially relevant given that most silicate
minerals display their highest weathering rates in acidic
conditions.”

After successfully passing the proof of concept, simulation,
and development stages, ERW has now reached the field
validation stage. This stage is essential to assess ERW’s
effective ability to remove CO, before any large-scale adoption.
As of 20285, peer-reviewed CO, removal estimates from ERW
field trials remained limited and hi§hly dispersed. Two studies
in tropical northeastern Australia®® and Malaysia®’ estimated
either insignificant or very limited in situ CO, removal rates
(0-0.3 t CO, ha™ yr™") due to limited feedstock reactivity
(both in terms of grain size and mineralogical composition)
and noncarbonic acids driving the weathering reaction.””
Another study conducted over three years in California (USA)
reported a net 0.27 t CO, ha™" yr™' using metabasalt (37.8 t of
rock ha™! yr™!) in a Mediterranean climate.”® On the other
hand, S-year field trials in China using 100 t of basalt ha™" yr™*
reported an average removal rate of 1.2 t CO, ha™' yr™! »°
Clearly, these disparate results cannot be deemed satisfactory
to assess ERW’s CO, removal potential and more trials are still
needed.*

Detecting an enhanced weathering signal and then
converting it to a CO, removal rate are both challenging in
soils. At the field scale, the distribution of soil organisms,
organic matter, and minerals, as well as topographical factors
influencing moisture and aeration levels, leads to highly
heterogeneous dynamics from one meter to the next.’'
Additionally, ERW is based on accelerating a geochemical
weathering cycle that already occurs in many mineral soils (eq
1). Other naturally occurring reactions, such as carbonate
dissolution (eq 2, forward) and secondary carbonate
precipitation (eq 2, reverse), can also alter CO, and ionic
fluxes. To overcome this, using highly reactive feedstocks is a
necessary but nonsufficient condition.”*” A combination of
ERW monitoring parameters (pH, electrical conductivity,

cation concentrations, carbonate content) are needed to
overcome the noise associated with soil heterogeneity.*”

Among base cations (Ca**, Mg, K*, Na*), sodium may be
an overlooked yet promising potential ERW proxy. Sodium is
not an essential nutrient for most plants,”* meaning that it is
not subject to significant biocycling. Additionally, sodium has
the lowest selectivity in the lyotropic series.”® This means that,
when silicate weathering releases cations, sodium is the least
likely to be adsorbed on reactive surfaces and withdrawn from
the soil solution. Provided that the sodium bearing minerals
are reactive enough, detecting a sodium signal in the soil pore
water may therefore prove useful to track ERW, as was already
witnessed in a 1-year field trial.*®

Converting the enhanced weathering signal into a CO,
removal rate is equally—if not even more—challenging since
the soil biotic and abiotic processes can alter the soil pore
water composition, and decouple the alkalinity generation due
to feedstock dissolution and the carbon removal process.”” >’
This decoupling can potentially delay signal detection and
dampen ERW’s apparent efficiency.”*”*" For example, plants
and microorganisms can absorb base cations and release
protons in exchange, thereby temporarily lowering the
alkalinity of the soil solution and the associated CO,
removal.”” To circumvent these challenges, multiphase system
modeling is increasingly employed to capture the coupled
dynamics of fluid flow, solute transport, and mineral
interactions. #***

Our study aimed at contributing to ERW’s field validation
stage. To do so, we applied basaltic rock powder (20 t ha™") to
three Swiss fields with distinct geochemical traits and
monitored the evolution of soil pore water over 1000 days.
Our goals were 1) to evaluate to what extent the enhanced
weathering signal could be detected above the noise generated
by natural weathering and nutrient cycling and 2) to estimate
the associated CO, removal. The ERW signal was assessed
using a combination of soil pore water parameters (pH,
electrical conductivity, dissolved inorganic carbon and base
cation concentrations) that were monitored monthly. The CO,
removal was estimated using a first-order stoichiometric mass-
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balanced approach and then compared to the ERW-tailored
Soil Model for Enhanced Weathering (SMEW) that has been
shown to successfully reproduce various ERW experimental
results, ranging from controlled laboratory incubations to
open-field mesocosm studies.”” Due to the suboptimal mineral
weathering conditions associated with temperate climates,** we
expected the weathering signal and CO, removal rates to be
moderate across all fields.

2. METHODS

2.1. Site Description and Rock Powder Character-
istics. Our field trial investigated the impact of terrestrial ERW
over three years in a temperate climate and agricultural
context. The study was conducted in three organic vineyard
fields located in Gorgier (Canton of Neuchatel) in Western
Switzerland (Figure 1). The site features and basaltic rock
characteristics have been previously described in detail in
Dupla et al. (2024)*® and can also be found in the Supporting
Information of the present study.

Briefly, all fields are permanently covered and lie on
Quaternary moraines dominated by quartz, muscovite, clays,
K-feldspar, and Na-plagioclase (Table S1). One field still
contains a fraction of calcium carbonate (13.8 + 4.4%), based
on the total mineral carbon content from the Rock-Eval
analysis.”> Hereafter, this field is referred to as the Carbonate
field. The second field received 100 kg ha™' dolomitic
limestone annually until 2007, whereas the third field did
not. For clarity, these two fields are hereafter referred to as the
Limed field and the Silicate field, respectively. All soils belong
to the Cambisol reference soil group according to the World
Reference Base for Soil Resources™ and have a loamy texture.
The Limed and Silicate fields are slightly acidic (pH H,O 6.5
and 6.4, respectively) while the Carbonate field is alkaline (pH
H,O 7.5). The effective cation exchange capacity (CEC) was
29.7, 31.5, 22.4 cmol, kg™' for the Carbonate, Limed and
Silicate fields, respectively, with calcium occupying >80% of
exchanges sites and total base cations occupying 98—100% of
them (see Table S2 for additional physicochemical soil
properties measured in the top 0—10 cm layer).

The rock powder is a fine, silt-sized (80% below 52 um)
basaltic rock (commercial name “Eifelgold”, RPBL company)
originating from Wassenach (quarry location: 50.448736° N,
7.278598° E) in the Eifel region, German7y. Its CO, removal
potential reaches 400 kg CO, t™" of rock,*” as calculated using
the modified Steinour equation.'”** The rock is classified as
basanite according to the total alkali silica (TAS) classification
of volcanic rocks” and is devoid of secondary calcite. The
mineral fraction is composed of pyroxenes (augite) (45%),
olivine (Fo,s) (18%), plagioclase (labradorite) (9%), feldspa-
thoids (leucite) (8%), Fe—Ti oxides (10%), micas (phlogo-
pite) (2%) and interstitial glass (8%) (Table S3). The Na-rich
interstitial glass is known in basanites for its resemblance in
elemental composition and weathering dynamics with nephe-
line.>”*" Microscope observations revealed that most of the
feedstock was made of vesicles (Figures S1 and S2). There was
a strong heterogeneity in size among minerals, ranging from 1
to 10 mm phenocrystals (augite, fresh and weathered forsterite,
and phlogopite), ~50—100 gm nodules (leucite and olivine),
and a submicron groundmass composed of Fe—Ti oxides and
Ca—Na plagioclase minerals (mainly labradorite).

2.2. Experimental Setup. Each field was split into 9 plots
of 3 X 3 m, at least 7 m apart. In each field, 5 plots received
basaltic rock and 4 plots were left as controls (Figure 1). Rock

powder was only applied once over the course of the whole
study. The equivalent of 20 t ha™ (2 kg m™2) of rock powder
was applied without any mechanical incorporation. This rate is
in the low- to midrange of ERW application rates.'”'*'>'%5%%3
Two days after application, two rainfall events (1 and 8 L m™ 2,
respectively) facilitated the incorporation of the rock powder
into the grass-covered soil, with no observable evidence of
surface runoff.

On each plot, a porous ceramic suction lysimeter (SPS200,
SDEC) was buried at a 45° angle reaching a depth of 25 cm
and was left to equilibrate for 7 days. During a pilot trial,
lysimeters were also installed at 80 cm in each field and the
water chemistry was compared to the shallower depth over one
year. No difference in water chemistry was detected and only
the 25 cm depth was subsequently retained. Throughout the
course of the experiment, the pressure inside the lysimeters
was set at —0.8 bar and a minimum of 100 mL of soil pore
water was collected every other week for 7 weeks and then
monthly. Soil pore water was collected in 50 mL polypropylene
centrifuge tubes, which were filled completely to minimize
headspace and prevent gas exchange. No irrigation water was
added, meaning that sampling was usually impossible during
summer (June to August). In 2023, due to severe drought
conditions, sampling campaigns resumed in November. The
cumulated annual rainfall and snowfall represented 1066, 833,
and 974 L m™2 in 2021, 2022 and 2023, respectively, with the
annual 1994—2024 average being 955 L m™> (Source www.
meteosuisse.admin.ch). In total, 381 soil pore water samples
were collected during 22 sampling campaigns between March
2021 and December 2023 (1000 days). The experiment did
not include soil analyses at the end of the experiment.

2.3. ERW Signal Monitoring. After extraction, samples
were immediately filtered at 0.45 ym (Simplepure, Membrane
Solutions) and then frozen in polypropylene centrifuge tubes
at —20 °C. After careful thawing in the dark at 4 °C, pH
measurement was conducted using a combination electrode
(Orion 8172BNWP ROSS Sure-Flow, Thermo Scientific).”*
Base cation concentrations (Ca, K, Mg, and Na) were
measured via inductively coupled plasma—optical emission
spectrometry (ICP-OES, PerkinElmer Optima 8300).%°
Electrical conductivity was measured using a Smartchem 200
equipped with an EC module (AMS Alliance). Quality control
implied checking the relationship between EC and total cation
charge according to Appelo and Postma (2004)°° (Table $4).
Dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC) were measured using a TOC-L analyzer
(TOC-L, Shimadzu).>” Bicarbonate molar concentration was
not directly measured but was estimated based on DIC molar
concentration and pH.>® We included the mixing diagram
approach from Gaillardet et al>” (1999) based on Na-
normalized Ca>* to HCO;™ molar concentrations (Ca/Na,
Mg/Na, and HCO;/Na) to visualize the influence of basaltic
rock powder addition.

2.4. Statistical Analysis. For each response variable and
for each field separately, the difference between treatment and
control was statistically assessed using a t test (0.05 alpha level
of significance). Given that the statistical goal was to control
the pairwise (rock powder vs control) and not the experiment-
wise rate of type I error, no correction for multiple inference
was applied.” When necessary, a variable transformation was
performed to ensure normality and homoscedasticity of the
residuals.®!
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Figure 2. Evolution of soil pore water ERW proxies. Change in soil pore water pH, electrical conductivity, and dissolved inorganic carbon

concentration over time. Changes are expressed as relative differences

compared to control (%) except for pH, whose difference is expressed in pH

units due to its logarithmic nature. Positive changes indicate higher values in rock powder-treated plots than in control plots. The measured values

were averaged for each treatment and sampling campaign for each

field. Relative changes were then calculated for each sampling campaign.

Boxplots represent the distribution of the relative changes, with the median value represented by a bold line and outliers defined as 1.5 times the
interquartile range. The year 2021 includes all samples extracted after the 24th of March 2021, the date of rock powder application. Statistical
significance between treatment and control is indicated with gray stars (* < 0.0S, ** < 0.01, *** < 0.001).

2.5. ERW’s CO, Removal Assessment. ERW’s CO,
removal rates were estimated by combining a first order
stoichiometric approach and a more refined approach using an
ERW-tailored hydrogeochemical model.

Our first-order stoichiometric approach was based on the
soil pore water concentrations of base cations (Ca**, Mg**, K*,
Na*) and bicarbonate (HCO;~, carbon-based estimate). For
each sampling campaign, we calculated the amount of base
cations and bicarbonate produced by multiplying their average
concentrations in the soil pore water with the weekly water
balance (rainfall—evapotranspiration) provided by the neigh-
boring Neuchatel weather station (47°00'00.0“N,
6°57'11.2"E). Evapotranspiration was approximated using the
Penman-Monteith equation.”> Given the permanent vegetative
cover in the inter-rows, the crop coeflicient of 1 for grass was
not changed. We acknowledge that this approach only
constitutes a first approximation as it neglects vine root uptake
beyond 25 cm and changes in soil water storage. When the
interval between two measurements exceeded one month, a
value derived through linear interpolation was incorporated to
account for weeks exhibiting a positive water balance. This
interpolation was applied exclusively to the month immediately
preceding or following the subsequent measured value. The
soil pH, ranging between 6.4 and 7.5, and the absence of
fertilizer input promote efficient bicarbonate formation in
response to alkalinity additions." We therefore assumed an
entirely carbonic acid-driven weathering reaction, with 1) for
the base cation approach: 2 mol CO, consumed per mol
divalent base cation released (Ca**, Mg’*) and 1 mol CO,
consumed per mol of monovalent base cation released (K,
Na*), and 2) for the bicarbonate approach: 1 mol CO,
consumed per mol bicarbonate formed (eq 1) (additional
methodological details available in SI).

The second approach relied on model reanalysis using the
Soil Model for Enhanced Weathering (SMEW)." SMEW
simulates the ecohydrological and biogeochemical processes
involved in ERW within the upper soil layers. Briefly, a
hydrological component estimates water balance and water

infiltration dynamics throughout the soil matrix based on
weather (daily rainfall, temperature, and wind speed) and soil
parameters (soil texture, bulk density, and organic carbon
content). This part is interconnected with a geochemical
component that estimates the weathering dynamics of the
applied minerals and the fate of the released ions and alkalinity.
Due to its similarity in elemental composition and weathering
dynamics with nepheline,”>”" the interstitial glass was included
in the model as nepheline. The characteristics of the different
soil phases are included (reactive phase, soil pore water, plant
uptake, and organic and inorganic carbon pools) and allow the
prediction of ERW’s CO, removal both in ionic bicarbonate
and solid secondary carbonate forms. Based on the given
parameters, the model estimates the rock powder’s theoretical
weathering rate,”> which is then adjusted to the measured
parameters in the soil solution via a dissolution factor. For
instance, a dissolution factor of 0.1 implies that the observed
weathering is 10 times slower than theoretically expected. This
dissolution factor helps to quantify the discrepancy between
laboratory and field experiments,”* and can be used to identify
the best responding field conditions. The complete para-
metrization of the model is detailed in SMEW’s seminal
paper.*

Weather data (daily rainfall, temperature, and wind speed)
were provided by the weather station mentioned above. Soil
parameters (soil texture, bulk density, organic carbon content,
cation exchange capacity, and mineralogical composition) were
measured in each plot before rock powder application. For
each parameter, the detailed methods are available in Dupla et
al.*® Briefly, soil texture was measured using grainsize laser
diffraction,” soil bulk density using the core cylinder
method,*® and soil organic carbon using Rock-Eval pyrolysis
with SOTHIS correction.””*® Cation exchange capacity was
calculated as the sum of the base cations and aluminum
(cmol-kg™) extracted using an unbuffered 1 M NH,CI
solution,”” while mineralogical composition was determined
via powder X-ray diffraction (XRD).”” Soil pore water
parameters were measured as described in the above section.
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Figure 3. Evolution of base cation concentrations. Relative change (%) in base cation (Ca, Mg, K, Na) concentrations over time. Positive changes
indicate higher values in rock powder-treated plots than in control plots. The measured concentrations were averaged for each treatment and
sampling campaign for each field. Relative changes were then calculated for each sampling campaign. The year 2021 includes all samples extracted
after the 24th of March 2021, the date of rock powder application. Statistical significance between treatment and control is indicated with gray stars

(* < 0.0S, ** < 0.01, *** < 0.001).

Raw weather, soil, and soil pore water results are available in
Supporting Information.

3. RESULTS

3.1. A Sustained Weathering Signal Mainly Detected
via Sodium. The application of basaltic rock powder did not
trigger a homogeneous response of ERW’s common proxies.
Soil pore water parameters such as pH, electrical conductivity,
dissolved inorganic carbon (Figure 2) and most base cation
(Ca’*, Mg**, K*) concentrations (Figure 3) remained vastly
unaffected by basaltic rock powder application (raw values and
timeline of each parameter can be found in Supplementary
Figures S3-S11).

Sodium was the only base cation that yielded a clear and
sustained signal across all fields. Its median concentration
exceeded +200% in the second and third years in the rock
powder-treated plots compared to controls (Figure 3). Using
Ca/Na ratio proxy for silicate weathering,”” we could detect an
ERW signal across all fields within the first three months
postapplication (Figure 4). This signal was most pronounced
in the second and third years of the trial showing a transition

from a dominance of carbonate weathering to silicate
weathering system (Figures S and S12).

3.2. Limited CO, Removal Rates. First-order stoichio-
metric estimates led to CO, removal rates below 100 kg ha™
yr~! when averaged across all fields and years (Table 1).
Cation fluxes led to systematically positive CO, removal for
the Carbonate and Limed fields with mean annual rates of 166
+ 104 kg CO, ha™! yr_1 and 114 + 61 kg CO, ha™! y'r_l,
respectively. The Limed field displayed strong variations in the
cation fluxes—especially in calcium and potassium (Figure
3)—leading to an overall nonsignificant CO, removal (=71 +
272 kg CO, ha™ yr™"). Bicarbonate fluxes, derived from soil
pore water pH and DIC values, confirmed the low but
consistent CO, removal estimates in the Carbonate field while
displaying more variable results in the two other fields. Given
the distinct nature of the sodium signal and its tendency to be
less subject to adsorption and biocycling, an exploratory
pathway assuming a fixed sodium to base cations ratio was
considered. It led to significant but limited CO, removal rates
of 112 + 79 kg CO, ha™' yr™" on average (additional details in
SI).
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Figure 4. Carbonate vs silicate weathering signal. Evolution of the Ca/Na ratio over time for the plots treated with rock powder (blue) or left as
controls (green). A decreasing Ca/Na ratio indicates an increasing influence of silicate weathering over carbonate weathering. Each dot
corresponds to the average ratio for each sampling campaign and the error bar corresponds to the standard error of the mean. The date of rock

powder application corresponds to the red dashed line.

SMEW reanalysis of the field data proved able to predict the
observed change in soil pore water composition, with little
variations in the most common ERW proxies and a significant
increase of the Na concentration (Figure 6 for the Silicate field,
and Figures S13 and S14 for the Limed and Carbonate fields).
The weathering dynamics and Na accumulation were
estimated to be primarily driven by Na-rich interstitial glass,
which exhibited the highest weathering rate among the
minerals in the basanite, followed by leucite and forsterite
(Figure 7).

The estimated release of base cations corresponds to a
carbon removal potential of approximately 200 kg CO, ha™
yr ! (Figure 7)—considering a 1:1 molar ratio between base
cation release and CO, removal as expressed in eq 1. Most of
this potential was associated with the Na released by the
interstitial glass, followed by K from leucite and Mg from
forsterite. The Ca release was instead minimal. However, the

effective CO, removal—accounting for the actual formation of
dissolved inorganic carbon and mineral carbonates in the
soil—was estimated to be around 100 + 30 kg CO, ha™! yrf1
(Figure 7 and Figures S15 and S16). Roughly half of the
theoretical potential was hence lost to sinks of base cations
(soil adsorption, plant uptake, and secondary mineral
formition) as well as suboptimal conversion of alkalinity to
DIC.

4. DISCUSSION

4.1. Signal Detection. This 3-year field trial revealed first
that detecting an ERW signal was possible using standard
analytical methods and a limited sampling resolution. Rock
powder application led to a significantly different chemical
signal within the first few months of the experiment (Figure 4).
The Ca/Na ratio, classically used as a proxy for silicate
weathering,”” indicated an increased and sustained contribu-
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Figure 5. Carbonate vs silicate weathering Mixing diagrams. Diagram displays the average HCO;/Na and Ca/Na molar ratios of the sampled soil
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members (ellipses) were inserted following Gaillardet et al®

tion of silicate weathering to the soil solution chemistry
throughout the experiment (Figure S). The decrease of this
ratio was mainly driven by a relatively higher release of sodium
(+200% on average) compared to calcium (Figure 3) (see
Figures S6 and S9 for the evolution over time of calcium and
sodium concentrations, respectively). The rapid increase in
sodium in the soil pore water is in line with the findings from a
46-day incubation experiment that noticed a + 533% sodium
increase when mixing the same “Eifelgold” basanite rock
powder with cattle slurry.”"
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In both cases, the sodium release was arguably primarily
driven by the weathering of the Na-rich interstitial glass
fraction (Figure 7). At circumneutral pH, this phase is indeed
known for its relatively high weathering rate (1076 mol m™
s™' at pH 7 and 25 °C).”* For comparison, at neutral pH and
room temperature, this phase weathers one to 2 orders of
magnitude faster than olivine-rich rocks,” often promoted in
ERW studies for their fast-weathering nature.”*~"

However, most of the commonly recommended ERW
proxies, such as pH, electrical conductivity, inorganic carbon
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Table 1. First Order CO, Removal Estimates”

CO, removal rates (kg CO, ha™")

via base cation stoichiometry

via bicarbonate stoichiometry

2021
Carbonate field Rock powder 500
Control 433
Rock powder—Control 67
Limed field Rock powder 586
Control 867
Rock powder—Control —281
Silicate field Rock powder 737
Control 691
Rock powder—Control 46
Average across all fields Rock powder 607
Control 664
Rock powder—Control —-56

2022 2023 2021 2022 2023
1252 1090 685 627 683
977 93§ 431 413 575
278 185 254 214 109
682 697 654 332 412
446 867 1167 311 472
236 -170 —513 21 -60
589 834 1102 404 450
456 671 970 453 346
133 163 132 -50 104
841 874 814 454 51§
626 824 856 392 464
214 49 —42 62 S1

“CO, removal rates (kg CO, ha™") derived from first-order stoichiometric calculation using the soil pore concentrations of base cations (Ca, Mg, K,

Na) and bicarbonate (HCO;).
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Figure 6. Model-observation comparison of pore-water concentrations. From top to bottom: Rainfall and leaching dynamics; calcium; magnesium;
potassium; sodium; and dissolved inorganic carbon (DIC) concentrations. Continuous and dashed lines represent modeled dynamics (SMEW),
while square markers indicate field measurements. Orange symbols represent treated plots; gray symbols represent control plots. Shown are the
results for the Silicate field (see Figures S11 and S12 for analogous results in the Limed and Carbonate fields).

concentration and Ca and Mg concentrations,” failed to
indicate a clear weathering signal across all fields. The
inaptitude of these proxies was also noted in the trials set up
by the Carbon Drawdown Initiative in Germany, despite having
applied twice as much (40 t ha™") of the same basanite rock
powder as in our study (details on their 1-year review
webpage).

This lack of detectable response can be explained by a low
dissolution of the applied rock powder coupled with soil
heterogeneity and the rapid cycling of most chemical species
between the different compartments of the soil and plants.”*””
Interestingly, we failed to detect a general increase in the pH of
the soil pore water—the most responsive compartment—
despite the known capacity of silicate weathering to generate
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alkalinity. Indeed, although most silicate minerals have
abrasion pH values ranging between 7 and 10, these minerals
tend to alkalinize soils only up to the 6.5—7 pH mark due to
the buffering capacity of the soil system’® and to the low
weathering rates of silicate minerals at circumneutral pH
values.”’ This fundamental property has been confirmed in
past agronomic trials using mafic rock powder.” During such
trials, the soil pH never exceeded the 6.5—7 pH range
optimum for nutrient availability, despite doses of rock powder
sometimes exceeding 100 t ha™" (as reviewed by Dupla et al.).
Additionally, given that, in our case, the rock powder was only
applied to the soil surface and not tilled in, an increase in soil
pH within the top few centimeters of the soil profile cannot be
excluded. A previous study conducted on these field however
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Figure 8. Comparison of the CO, removal rates estimated during this study with the rates from ERW studies using basaltic rocks.
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Among the upper rates, note that Beerling et al. (2024)*” report a potential CO, removal rate (discounting any time-lag in cation and bicarbonate
release) and that the rates from Kelland et al. (2020)°* and Vienne et al. (2022)°* are derived from experiments that lasted 120 and 99 days,
respectively, then extrapolated to S years using reactive transport modeling.

showed no pH change in the 0—10 cm layer 1 year after rock
powder addition.*® Although the present study only monitored
soil pore water pH, we can therefore expect that soil pH,
notably slower to respond due to multiple buffering
mechanisms, likewise remained stable.”” This study therefore
reinforces the view that soil pH should only be considered a
robust ERW monitoring proxy in moderately to strongly acidic
soils (pH < 6) and provided that the monitoring is located at
the right soil depth.

4.2. Sodium as an Overlooked ERW Proxy? The
sustained sodium signal obtained in this trial raises the
question of whether sodium could serve as a universal proxy
for enhanced rock weathering. Despite the several advantages
offered by sodium, as already mentioned in the introduction
(i.e., being less subject to cation scavenging via adsorption and
biocycling), sodium may not constitute a universal ERW proxy
for several reasons.

First, the low affinity of sodium for cation exchange sites
implies that it will be easily desorbed in soil solution in favor of
cations higher on the lyotropic series (e.g., potassium,
magnesium, or calcium).””*" Any increase in these cations
due to ERW, or other operations such as fertilization, could
then lead to the appearance of a sodium signal, without any of
the Na-rich minerals having weathered. In our case, this was
unlikely the case as 1) sodium was only detected as a trace on
the CEC before rock powder was applied (Table S2), and 2)
another experiment on the same fields showed that sodium
actually increased on the CEC after basanite application (+
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0.5% points one month post application).’® Nevertheless, this
argument could limit the use of sodium, especially in saline and
sodic soils.

Second, with the exception of nepheline ((Na,K)AISiO,),
many sodium-rich silicate minerals found in basaltic rocks do
not exhibit fast weathering rates. Sodium-rich plagioclase (e.g.,
albite NaAlSi;Og) and sodium pyroxenes (e.g., aegirine
NaFeSi,O;) have indeed weathering rates that are one to 3
orders of magnitude below fast weathering minerals like olivine
and calcium plagioclase.”' ~** When sodium is present in these
minerals, it is therefore less likely to rapidly influence soil
solution chemistry.

Third, sodium is sometimes found in minerals, whose
weathering would confound ERW and CO, budget calcu-
lations. Traces of halite (NaCl) can first be found in basalts,
which have interacted with saline fluids during or after
formation (e.g, via hydrothermal alteration or exposure to
seawater).”"*> The high solubility of halite implies that any
sodium present in this mineral would be the first one to be
released in the soil solution.*® Hydrothermal activity can also
lead to the formation of zeolites in basalts.*”*® These
secondary minerals, used in the industry as water softeners,
contain loosely bound cations, such as sodium, which readily
desorb in favor of more selective cations, such as calcium and
magnesium.”””’ The weathering of both halite and zeolites
would release sodium without the associated CO, removal,
making sodium unsuitable as an ERW proxy when these
minerals are present.
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In our case, the rock powder contained no traces of halite or
zeolite, with most sodium being in reactive phases (interstitial
glass and submicrometric plagioclase). This situation allowed
for a clear and continuous detection of the ERW signal.
Sodium also proved surprisingly adequate for estimating CO,
removal based on simple elemental proportion in the rock
(Table SS), probably due to near-congruent dissolution of the
surface of basanite grain. While not a universal ERW proxy, our
study suggests that sodium could nevertheless represent a
promising monitoring tool in systems where appropriate
mineralogical validation has been conducted beforehand.

4.3. Limited CO, Removal Rates. Although rock powder
application led to a rapid and sustained weathering signal, the
associated CO, removal remained limited. The average
removal rate was estimated at 100 + 30 kg CO, ha™" yr’,
which, over three years, represents 3.8% of the feedstock’s
maximum CO, removal potential (400 kg CO, t™' of rock
applied at 20 t ha™"). This rate was within the same order of
magnitude as first-order estimates derived from stoichiometric
calculation (Table 1 and Table SS). These results also offer the
opportunity to estimate the CO, removal associated with the
natural weathering of soil minerals (Control plots in Table 1),
which in this study ranged between 300 and 1100 kg CO, ha™!
yr'. These values are consistent with the upper end of global
estimates for temperate agricultural soils, underscoring that
natural weathering already represents a non-negligible CO,
sink under baseline conditions."”"”

In this study, the net CO, removal rate associated with rock
powder addition is 1 order of magnitude lower than some of
the modeled rates derived from laboratory and mesocosm
experiments”>”* (Figure 8). The other field trials using basaltic
rocks displayed wide differences between insignificant direct
CO, removal in tropical soils due to noncarbonic acid driving
the weathering reaction’®”’ and, in temperate zones, 1-2 t
CO, ha™ yr! removal results’ that lie in the range of
theoretical estimates.”””

The last two studies used, however, 5 to 10 times more rock
powder than our trial. Interestingly, if the CO, removal rates
are expressed per t of rock powder, then most field-based
studies converge around 10 kg CO, ha™' yr™' t™' of rock
applied. This amount represents 3.3% of basalt’s overall CO,
removal potential being realized annually. This rate should not
imply that basalt would reach its full removal potential within
30 years, however, as mineral weathering rates are known to
decrease with time.”® This decrease is due to the exhaustion of
the most reactive phases, sometimes associated with mineral
surfaces becoming coated—or passivated—Dby secondary
phases.”’ ™ Given that ERW field trials lasted 5 years
maximum, these measured rates arguably represent the high
end of ERW’s CO, removal efficiency over time. While these
trials demonstrate that enhanced weathering can remove CO,
under fleld conditions, they highlight the urgent need for
additional trials across a wider range of climates and using a
broader diversity of rocks.

4.4. Limitations to This Study. This 2021-2023
multisite field trial was able to detect and estimate a rapid
and sustained ERW signal. Several limitations to our study
must nevertheless be mentioned. First, the experimental
approach relied solely on soil pore water samples. This
approach made us dependent on the weather and water
balance to be able to extract samples. Prolonged dry periods
(summer droughts and dry winter months) limited the
percolation of water through the soil profile down to the

suction lysimeters.'” This situation created significant gaps in
our data set, particularly in the summers of 2022 and 2023, as
also experienced in ERW field trials conducted in Califor-
nia.”®”> When designing the experiment, we had rejected
irrigation to avoid artificially accelerating mineral weathering
rates. This potentially influenced the ERW signal by delaying
its detection to the next significant rainfall event and altering
its nature by reducing ion mobility and promoting secondary
phase precipitation.®”

Second, from a modeling perspective, we acknowledge some
limitations that warrant further investigation. As with most
ERW models,”'®" SMEW assumes a uniform distribution of
minerals across the various grain sizes of the rock powder.
However, our thin-section observations of fresh rock samples
revealed a pronounced heterogeneity in mineral content
among different particle sizes (Figures S1 and S2). To our
knowledge, neither ERW experiments nor models have
explicitly accounted for the grain-size-dependent mineral
distribution in their feedstock. Observationally, this could be
addressed through automated mineral mapping, whereby the
mineralogy of different grain-size fractions would be
determined via spectroscopic techniques (e.g, Raman spec-
troscopy) and quantified through image analysis.'’*"'**
Integrating this approach into both feedstock characterization
and modeling would improve the accuracy of CO, removal
estimates in ERW applications.

Third, given the absence of continuous chemical analyses on
soils, plants, and gas exchanges after rock application, our
model reanalysis relied exclusively on soil porewater data. This
limitation precluded validation of model outputs related to
secondary mineral formation, plant uptake, cation adsorption,
and biological activity, which are key processes for robustly
quantifying weathering fluxes.'” Given the high initial base
saturation of the three fields (i.e., 100%, 100% and 98% for the
Carbonate, Limed and Silicate fields, respectively, cf. Table S2),
we expected no, or very limited, net base cation adsorption on
exchange sites. This hypothesis now awaits to be tested as
ERW has the ability to increase cation exchange capacity via
pH increase and secondary mineral formation.'”® On the
contrary, plant uptake and secondary minerals may have acted
as cation sinks (note that, in our results, SMEW’s effective CO,
removal was half the potential CO, removal due to these
processes, Figure 7 and Figures S15-16). Dedicated measure-
ments of these cation pools at the end of the experiment would
help improve weathering and CO, removal quantification. In
the absence of postapplication soil analyses, our estimates were
based on the agreement between modeled and observed
porewater concentrations for many elements, supported by
prior validation of the SMEW model in accurately partitioning
alkaline cations released into solution.*’

Within this framework, the model offered a best-guess data-
driven and process-based reconstruction of field weathering
fluxes, which required a correction factor of approximately
0.02, indicating dissolution rates nearly 50 times slower than
those predicted by theoretical kinetics.”” This reanalysis
underscores the limited predictive power of state-of-the-art
weathering rate formulations,®> shared across ERW mod-
els™**'*") when applied to field conditions.”* Given that
current ERW models still lack mechanistic representations of
critical processes—such as biotic interactions, mineral surface
passivation, comprehensive soil pH buffering mechanisms and
diffusive transport limitations®"'*>'% "% —theoretical simu-
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lations using boosted weathering rates risk overestimating
ERW’s CO, removal potential.

Despite the costs and additional noise induced by open-field
conditions, field trials are more than ever necessary to improve
our understanding of the dynamics and climate-mitigation
potential of ERW in soils. Such trials need to be repeated
across climates and soil types, assessing different rocks applied
at different grainsizes, doses, and frequencies. Only then will
we know if ERW has passed the field validation stage and if it
can be deployed on a large scale as both an efficient and safe
climate mitigation technology.
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