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Abstract

Terrestrial enhanced weathering (EW) on agricultural lands is a 
proposed carbon dioxide removal (CDR) technology involving the 
amendment of soils with crushed base cation-rich rocks, such as basalt. 
Over a quarter of a billion dollars have been raised by commercial 
EW start-ups across the globe, accelerating the deployment of EW at 
scale. In this Review, we outline the scientific knowledge and policy 
requirements for scaling EW. The global CDR potential of EW is 
0.5–2 Gt CO2 year by 2050. Tracking carbon as it is transferred from 
soils (cradle) to the oceans (grave), fully considering and quantifying 
lag times in CDR and developing a robust framework of monitoring, 
reporting and verification of CDR are all important for understanding 
the performance of EW deployments. Policies aimed at incentivizing 
responsible deployment and gaining acceptability among directly 
impacted communities, such as agriculture, are essential to sustainable 
and long-term growth of EW. High initial prices, the lack of consistent 
methodology for issuing carbon credits and lifecycle carbon emissions 
associated with a deployment are the main challenges of scaling EW 
through the voluntary carbon market. Future research needs to explore 
the co-deployment of EW and other CDR technologies and utilize long-
term (>10 years) instrumented EW field trials to evaluate processes that 
regulate CDR efficiency and agronomic and economic co-benefits.
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substantial worldwide commercial investment and academic interest. 
Currently, more than 20 commercial EW start-up companies have been 
established in regions such as India, Brazil, Australia, Kenya, the UK 
and the USA, raising over a quarter of a billion dollars (Table 1). Some 
of these companies already have agreements in place to supply carbon 
credits in the voluntary carbon market. With scientific advances and 
continued commercial investments, EW is emerging as a possible 
practical innovation for leveraging agriculture to enable positive 
action on climate change.

Nonetheless, challenges and knowledge gaps remain for EW to 
be implemented for CDR at scale in a safe, cost-effective and equitable 
manner10. Understanding and addressing these challenges is a press-
ing need, given the continued investment in EW start-up companies, 
involvement of non-governmental organizations and major investment 
in fundamental EW research. Prior work has reviewed the potential agri-
cultural benefits of EW11, but none has yet addressed barriers to scale, 
especially those associated with monitoring, reporting and verification 
(MRV), predictive modelling of CDR and policy development.

Introduction
Atmospheric carbon dioxide removal (CDR) at scale is essential for 
meeting international climate goals1. However, CDR efforts need to be 
compatible with major increases in food demand by 2050 to feed the 
increasing global population2. Globally, food production accounts for 
>30% of anthropogenic greenhouse gas (GHG) emissions3. Increased 
need for food might lead to further agricultural expansion, intensive 
chemical fertilizer usage and continuous monocropping, degrading 
soils and natural ecosystems and driving GHG emissions. Therefore, 
achieving climate and food production goals represents a formidable 
challenge to humanity.

Terrestrial enhanced weathering (EW), the purposeful amend-
ment of soils with crushed calcium-rich and magnesium-rich silicate 
rocks4,5 (Fig. 1), is an emerging CDR strategy with the potential to 
deliver billions of tonnes of CDR by 2050 (refs. 5,6), while improv-
ing food security and restoring soil health7 and mitigating ocean 
acidification8,9. EW is straightforward to implement with existing agri-
cultural infrastructure. Since 2020, this CDR technology has attracted 
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Fig. 1 | Overview of enhanced weathering of crushed basalt rock on 
agricultural lands. Enhanced weathering involves rock extraction and 
transportation, application of basalt to fields, biogeochemical processes in 
soils, inland waters and costal oceans. Inset: basalt is weathered by reaction with 

water and CO2, producing new minerals, silicic acid, nutrients that support plant 
growth. Bicarbonate ions (HCO3

−) make their way to the sea, achieving long-term 
carbon storage.
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In this Review, we discuss the challenges and opportunities of 
implementing EW with crushed silicate rocks at scale. First, we outline 
mechanisms of EW, tracking carbon removal across the soil profile, 
groundwater and river systems and the coastal ocean and highlighting 
the crucial role of a system-wide numerical modelling framework for 
robust carbon accounting. We then discuss the carbon sequestration 
potential of EW, the potential environmental benefits and negative 
impacts. We further identify barriers to upscaling EW and outline poli-
cies that could incentivize deployment, facilitate up-scaling and build 
public and stakeholder trust based on lessons learnt from other negative 
emissions technologies. Finally, we emphasize the need for long-term 
EW field trials and pathways for stacking EW deployment with other 
CDR technologies, such as afforestation and biochar, in future research. 
Crushed silicate rocks, such as basalt, are the focus of this Review, 
because they are most commonly adopted in academic and commercial 
sector activities (Table 1). Although carbonate-rich feedstocks might 
also be used for EW purposes12,13, this approach is not considered here.

Mechanisms of EW
EW feedstocks include olivine, wollastonite and basalt. Basalt, pri-
marily composed of oxides of silicon, iron, aluminium, magnesium 
and calcium, is mostly widely used (Table 1) because it is abundant 
and widely distributed globally, with relatively high concentrations of 
plant-essential nutrients. After being applied to soils, crushed basalt is 
weathered to produce new minerals, silicic acid, nutrients, mobile cati-
ons (Ca2+ and Mg2+) and bicarbonate ions (HCO3

−). HCO3
− will experience 

a series of biogeochemical processes (Fig. 2), with potential of being 
converted back to CO2, before reaching the sea for long-term storage.

Weathering and carbon removal
Weathering occurs when carbonic acid (H2CO3) in rainwater, produced 
from the dissolution of atmospheric CO2, reacts with silicate minerals 
in rocks and soils (equation (1)), consuming H+ ions and releasing base 
cations such as Ca2+ and Mg2+ into solution. Release of base cations 
increases the alkalinity of the soil solution (its capacity to neutralize 
acid) because H2CO3 is converted to negatively charged carbon species 
(principally HCO3

−, with some CO3
2−). The weathering products (base 

cations, HCO3
− and silicic acid) are then transported through soils to 

rivers and subsequently to the ocean, where the carbon species are 
securely stored for >100,000 years (refs. 14,15):

CaSiO + 2CO + H O → Ca + 2HCO + H SiO . (1)3 2 2
2+

3
−

4 4

Some of the HCO3
− ions produced via equation (1) might, in some 

circumstances, subsequently precipitate as carbonate minerals within 
soils and rivers14–18 (equation (2)). As carbonate precipitation re-releases 
half of the CO2 captured by weathering of silicate minerals, carbonate 
mineralization halves the amount of CDR. Although soil carbonate can 
be stable on timescales of >10,000 years17,18, in an EW setting, stability 
is highly dependent on water availability: carbonate that precipitates 
during drier periods might redissolve when it is wet.

Ca + 2HCO → CaCO + CO + H O. (2)2+
3

−
3 2 2

Characterizing the chemical and mineralogical composition of the 
mineral feedstocks before application to agricultural lands is important 
to understand potential and rate of CDR. Silicate minerals with high 
proportions of base cations (Ca2+, Mg2+, Na+ and K+) have the highest 
CDR potential. For example, weathering of 1 tonne of olivine (Mg2SiO4) 

can remove up to 1.2 tonnes of CO2, whereas weathering of 1 tonne of 
albite (NaAlSiO3O8) removes <0.17 tonnes CO2 (ref. 19). Olivine is also 
relatively fast-weathering (10−10 mol m−2 s−1)19, whereas albite weathers 
slowly (10−12 mol m−2 s−1) at pH ~5, with the complete dissolution of small 
grains (diameter ~50 μm) taking hundreds of years20. Silicate feedstocks 
often contain trace quantities of secondary carbonate minerals21 that 
can weather rapidly as well, with only half the CDR potential of silicates 
though (discussed subsequently).

Temperature, water flux, particle size of mineral feedstocks and 
biological factors also affect EW-CDR performance. EW of silicate rocks 

Table 1 | Enhanced weathering companiesa

EW 
companies

Operational 
nation(s)

Silicate rock Capital 
raised 
(million 
dollars)

Notes

Undo Canada, 
Australia, 
UK

Basalt, 
wollastonite

11.9 Plus $5 million  
X Prize, third 
runner up

Lithos Carbon USA Basalt 63.4 Plus $57 million 
(Frontier)

Eion USA Olivine 16 Plus $33 million 
(Frontier)

InPlanet Brazil Basalt 5.84

Terradot Brazil 58.2 Plus $27 million 
(Frontier)

Silicate 
Carbon

Ireland, USA Recycled 
concrete, 
basalt

0.2

Carbonaught Australia, 
USA

Basalt 4.8

Mati Carbon India, 
Tanzania, 
Zambia

1.2 Plus $50 million 
X-Prize winner

MetalPlant Albania Serpentine 
with metal 
recovery

3.7

Everest 
Carbon

India Wollastonite, 
basalt

3 EW 
instrumentation

Silica Earth Mexico Basalt ND

ZeroEx Germany 0.095

Flux Carbon Kenya, 
Cameroon

ND

Andes Bio USA Native soil 
silicates

38 Microbial EW 
acceleration

Verde Agritech Brazil Basalt 26.1

Alt Carbon India 12 Plus $0.5 million 
(Frontier)

Reverce Germany, 
Greece

7

Rock Flour Denmark, 
Ghana

Glacial rock 
flour

ND

Carbony Austria Basalt 3.7

ClimeRock France 0.131

Varaha India 12.7

Total 268 173

EW, enhanced weathering; ND, no data. aAs of May 2025.
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will be most effective where temperature and the vertical water flux 
through the soil profile are high, allowing dissolution to proceed under 
far-from-equilibrium conditions22,23. Grinding rock to small particle 
sizes can help overcome kinetic constraints on silicate mineral dis-
solution, although comminution also releases CO2 (ref. 24). However, 
the effects of particle size might be small, relative to other param-
eters such as runoff and temperature24–26 and flow pathways through 
soils26,27. Crops and soil microorganisms are also crucially important 
drivers. The physical breakdown and chemical dissolution of minerals 
(bioweathering) via rhizosphere processes also accelerate EW5,16.

In soils, weathering can be driven by sulfuric acid or nitric acids 
(equation (3)), as well as weak organic acids derived from decompo-
sition of organic material, reducing the efficiency of CDR28. Thus, 
non-carbonic acid weathering does not contribute directly to and lead 
to extra carbon export from soils; it will, nevertheless, in many cases 
reduce acid-driven CO2 evasion from rivers.

CaSiO + 2HNO + H O → Ca + 2NO + H SiO . (3)3 3 2
2+

3
−

4 4

Tracking and measuring carbon uptake in soils
Quantifying CDR via EW presents a challenge because cropland environ-
ments are diverse and dynamic and weathering is a long-term process, 
whose full effects might not be realized for years. CDR rates measured 
in the field can be highly variable, ranging from 0 to up to ~5 tonnes CO2 
ha−1 for annual application of ~50 tonnes ha−1 crushed silicate rock29,30. 
Such a high variance is partly related to differences in quantification 
methodologies. CDR rates are mainly measured by three approaches: 
aqueous alkalinity, CO2 gas exchange and base cations in soils. These 
three-phase measurements are complementary and can be used for 
benchmarking EW reactive transport models. Development of robust 
and cost-effective protocols for quantifying CDR is essential to unlock 
financing and facilitate large-scale EW deployment.

At the catchment scale, CDR can be quantified directly by combin-
ing measurements of alkalinity and other carbon system parameters 

in soil solutions with measurements of discharge31,32. This approach 
accounts for CDR losses within the soil system (for example, clay for-
mation and uptake by plants), as well as the effects of non-carbonic 
acid weathering. However, the approach is challenging to use in typical 
EW settings that are rarely hydrologically isolated and thus require 
extensive (and therefore expensive) monitoring to capture temporal 
and spatial variations in solute fluxes. Most CDR estimates based on 
this approach rely on isolated (point-based) aqueous measurements 
within the soil (lysimeters) and thus might not capture the spatial and 
temporal variability of waters percolating through a field.

Measurements of CO2 gas exchange across the soil–air interface 
arguably provide the most direct measure of CO2 removal fluxes. How-
ever, existing methods are still prohibitively expensive on anything 
other than research plots. As with soil waters, the sampling densities 
needed to accurately capture CDR flux at the field scale are poorly under-
stood. Eddy covariance towers provide a spatially integrated analysis of 
carbon fluxes, but distinguishing a CDR signal from background fluxes 
is difficult33. Gas flux measurements also do not account for changes in 
acid export from the system, which affect downstream carbon fluxes.

Measurements of mobile base cation loss from soils are used exten-
sively to quantify long-term chemical weathering rates34, which, in 
turn, can be used to estimate the potential CDR30,35. In contrast to 
aqueous and gas phase measurements, soil-based approaches provide 
time-integrated estimates of potenital CDR. It is also known how to 
accurately capture the chemistry of a field through soil sampling36. 
Measuring soil chemistry is relatively inexpensive and millions of 
solid-phase measurements are already being made in conventional 
agriculture, providing a possible path to decrease EW monitoring 
costs. However, cation losses from EW feedstocks can be difficult to 
detect in some soils37, especially on relatively short (annual) timescales. 
Furthermore, soil-based measurements only track the initial release 
of cations and do not include secondary processes that might modify 
cation (and thus alkalinity) fluxes. In this regard, aqueous and gas-based 
approaches are advantageous, as they integrate alkalinity and carbon 
fluxes from the soil system and account for permanent or transient 
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Fig. 2 | Downstream processes that affect carbon dioxide removal efficiency. 
a, Processes in soil that increase (positive signs) or decrease (negative signs) 
carbon dioxide removal efficiency of enhanced weathering. b, As in part a, but for 
processes in rivers and streams (top) and in groundwater (bottom). c, As in part a, 

but for oceanic processes. Biogeochemical processes occurring during transport 
of bicarbonate ions (HCO3

−) from soils to the ocean can lead to transient or 
permanent losses of alkalinity produced via weathering, lowering carbon dioxide 
removal efficiency.
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alkalinity loss through secondary mineral formation, biomass uptake 
and sorption on soil cation exchange sites.

Downstream processes and removal efficiency
Biogeochemical processes within soils and groundwaters during trans-
port of soil waters to the ocean, and processes within the ocean, can 
lead to transient or permanent losses of alkalinity produced via weath-
ering, lowering CDR efficiency downstream from where weathering 
occurred (Fig. 2). Alkalinity loss might occur directly, for example, 
through uptake of base cations by plants or by secondary minerals, or 
indirectly, for example, through increased respiration of soil organic 
carbon (SOC) in response to increased soil pH38.

The impact of these processes on CDR efficiency is an active area 
of EW research and remains uncertain. For example, EW field trials over 
4 years that directly quantify cation uptake by biomass suggest that this 
effect is small, ~4.5% for CDR removal in maize and soybean and ~1.1% for 
miscanthus30. Precipitation of secondary silicate and carbonate miner-
als will lower CDR by trapping base cations in insoluble products. As 
mineral precipitation is likely to be spatially and temporally separated 
from feedstock deployment (for example, taking place deep in the soil 
profile, or only during relatively dry periods), measuring its effect on 

CDR efficiency remains a challenge. In the following paragraphs, pro-
cesses that might induce alkalinity losses in different environmental 
settings are discussed in detail.

Soils. Base cations released via weathering can be exchanged for acidic 
cations (H+ and Al3+) on soil cation exchange sites on clays and organic 
matter, and this reaction could drive CO2 evasion and reduce CDR 
(Fig. 3). As sorbed base cations will re-enter the soil solution after dis-
solution of the applied EW feedstock is complete, the reduction in CDR 
is only temporary, although the time lag between uptake and release 
can be long (years to decades)39.

The extent to which alkalinity is charge balanced by HCO3
− (and 

CO3
2−) is dependent on the pH and pCO2 (partial pressure of CO2) of 

the soil solution. In high pH soils (more than ~6.3)40, almost all cations 
released by weathering are charge balanced by HCO3

−. However, for 
soils with pH below, for example, ~5.2 (ref. 40) and containing sulfide 
minerals and/or heavily amended with nitrogen-based fertilizers, 
base cations might also be released by charge balance with nitrate or 
sulfate. Strong acid weathering can still lead to CO2 reductions, albeit 
by decreasing acid-driven soil or river CO2 evasion rather than increased 
bicarbonate export.
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Fig. 3 | The impact of soil cation exchange on the 
time dynamics of carbon removal. a, Base cations, 
such as Ca2+, released from enhanced weathering 
feedstock are charge balanced by production of 
bicarbonate (HCO3

−), but some fraction of the 
base cations released will replace exchangeable 
acidity (H+) on soil exchange sites. This release of 
exchangeable acidity consumes HCO3

−, reversing a 
portion of the initial carbon removal. However, the 
base cations will eventually be cycled off the soil 
exchange complex, regaining some of the initial 
carbon removal. b, Simulations from a soil reaction-
transport model for a site in the southeastern 
USA show the fraction of calcium released from 
basalt feedstock that is stored on the soil exchange 
complex (Caexch) and carbon dioxide removal (CDR) 
as a percentage of overall CDR potential over time. 
Cation exchange lags delay CDR delivery, and the 
lags vary spatially39, depending on background and 
target soil pH, fluid fluxes and soil composition. 
Parts a and b are reprinted and adapted from ref. 39, 
respectively, CC BY 4.0.
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Alkalinity, dissolved inorganic carbon and base cation fluxes from 
the upper soil can potentially be altered by a range of processes down-
stream of a deployment region. For instance, formation of second-
ary mineral phases can occur in deeper groundwater systems during 
transit to streams and rivers41. If these phases redissolve, they will have 
negligible net effect on overall carbon and alkalinity throughput, but 
if secondary phase formation is permanent, it should be viewed as a 
permanent loss of alkalinity and a reduction in CDR potential overall. 
Developing empirical constraints on the factors controlling these 
processes in field deployments of EW is a critical task for future work.

Groundwater. In agricultural regions, extensive microbial nitrate 
reduction can occur in soils and groundwaters, which produces alka-
linity (Fig. 2a,b). Cations from weathering that are charged balanced 
with nitrate in upper soils can also become charge balanced by HCO3

− 
formation through downstream nitrate reduction. Although rates 
are variable, it is common for a large fraction of exported nitrogen to 
undergo denitrification during short-range transport42. Nitrate reduc-
tion or uptake, both of which produce alkalinity, will continue in the 
ocean, with strong feedback proximal to riverine nitrate inputs43. The 
source of organic matter for nitrate reduction matters, and it is impor-
tant to understand whether a given treatment mobilizes an otherwise 
recalcitrant pool of organic matter relative to the counterfactual case44. 
Regardless, the fate of nitrate produced in agricultural systems and its 
impact on integrated charge balance across timescales have not been 
incorporated into existing EW frameworks.

Rivers and streams. Once delivered to river and stream systems, the 
re-equilibration of the carbonate system as waters of differing chem-
istry mix can potentially drive CO2 degassing without base cation loss 
(Fig. 2b). Development of robust frameworks for quantifying this effect 
is at an early stage, but existing evidence suggests that its magnitude 
is generally relatively small10,45. Regardless, if CO2 degassing occurs 
without base cation loss, the remaining base cations will most likely 
be charge balanced by HCO3

− production before being transported 
into the ocean interior. In this case, any CO2 degassing and associated 
reduction in CDR efficiency would be transient. Secondary mineral 
formation can also potentially remove alkalinity and base cations in 
river and stream systems46, thus reducing CDR efficiency. The effect, 
however, is expected to be minor, because secondary carbonates will 
likely be redissolved either as bedload transits along the transport 
continuum or when delivered to shallow marine sediments.

Oceans and sediments. The coastal ocean is the final filter that carbon 
must make it through to be considered removed permanently (geologi-
cal timescales) (Fig. 2c). Many of the same processes discussed earlier 
apply here as well — re-equilibration of the carbonate system as fluid 
mix could drive CO2 degassing (or uptake) depending on the chemistry 
of the background surface ocean47, and secondary clay or carbonate 
formation can remove base cations and reduce CDR efficiency.

Authigenic clay formation in marine systems — the so-called 
reverse weathering — removes base cations, consumes HCO3

− and 
releases CO2, essentially reversing the biogeochemical impacts of sili-
cate weathering. Reverse weathering is a widespread process in marine 
sediments and represents a major component of Earth’s long-term 
carbon cycle48,49. However, this process is driven by remobilization of 
biogenic silica in a relatively closed system50. It is not yet clear whether 
the solute impacts of EW would be of a sufficient magnitude to drive 
growth in the rates of reverse weathering relative to the counterfactual, 

even with large-scale deployment. Secondary carbonate formation 
could potentially occur in localized regions of elevated carbonate 
saturation state upon solute flushing into coastal marine systems, but 
much or all of the secondary carbonates might redissolve in the aerobic 
zone of shallow marine sediments51.

Several processes can alter solute fluxes after initial CDR in the 
field, but the key question is whether base cations are permanently 
removed during solute transport to the ocean. Permanent base cation 
removal should be considered a true reduction in overall CDR effi-
ciency, and it will be important to forge better empirical and theoretical 
constraints on the processes driving permanent base cation removal. 
Transient CO2 degassing and/or transient base cation removal (for 
example, through redissolution of secondary carbonate), however, 
should not lead to substantive reductions in overall CDR efficiency.

Carbon sequestration potential
Understanding the CDR potential of EW with agriculture is important 
for assessing its possible role in assisting global and national net-zero 
GHG emission goals10,25,52. The estimation of CDR potential and rates 
and the MRV of CDR via EW will largely rely on predictive modelling 
approaches, given the likely costs of field measurements at scale. In 
this section, the modelling approaches and their resultant estimates 
are discussed in detail.

Modelling of EW
Numerical modelling frameworks can be used for various purposes, 
including acquiring better mechanistic understanding of a discrete 
EW process, predicting downstream impacts, refining systems opti-
mization at the project or regional scale or as a cost reduction meas-
ure for supplier-based MRV on a voluntary market. Indeed, suppliers, 
regulators and policymakers will likely increasingly leverage model-
ling tools in MRV. In parallel, academics and technical specialists will 
continue to develop, validate and refine modelling tools that can be 
used for more robust prediction of CDR rates, lifecycle impacts and 
technoeconomics10,24,26. It is thus critically important that the right 
framework for evaluating and validating models is established now, 
as large-scale field trial data are growing rapidly and might become 
accessible to various stakeholders.

The inclusion of the biogeochemistry of carbon removal and nutri-
ent cycling in models is essential for credible analysis of CDR potential 
and costs. Full assessment of CDR rates requires a cradle-to-grave EW 
modelling analysis of four discrete domains10 (Fig. 4): shallow soil hori-
zons that feedstock is applied to and in which initial cation release and 
carbon removal occur; deeper flow paths that link shallow soil horizons 
with groundwater reservoirs and/or stream and river systems; river and 
stream systems; the coastal ocean. Only after carbon is removed in soil 
and has transited through these domains can it be confidently said to 
be stored for geological timescales. Accurate MRV needs to include 
these four domains. For MRV at the river and stream scale, integrating 
all upstream domains will be needed.

Although reaction-transport models for simulating shallow 
soil and deeper flow paths exist, some of which have been in use for 
decades53, few have been designed or tested with EW. For example, most 
of these models do not by default include many of the key mechanisms 
and parameters required to accurately represent the EW process, 
including particle-size-distribution tracking, comprehensive cation 
exchange and charge balance accounting, various soil mixing regimes 
that reflect those used in managed lands, and analytical frameworks 
for mimicking soil chemistry and agronomic measurements. Existing 
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models that include these processes5,10,26,54,55 lack benchmarking against 
each other or validating with empirical data.

Similarly, current stream and river reaction-transport modelling 
packages are not well designed for capturing carbon flow and environ-
mental impacts of large-scale EW. Efforts to develop and validate stream 
and river carbonate chemistry models that can be operationalized at 
the regional scale are ongoing45,56. Mechanistic improvements in their 
representations of carbonate mineral formation and dissolution and 
the impacts of alkalinity perturbations on baseline stream and river 
metabolism are particularly needed. In relatively well-instrumented 
regions such as the USA — which features the US Geological Survey 
gauging network of 3,560 stations — there is a path towards empirical 
validation of developing models and progressively more sophisticated 
iterations of existing and built-for-purpose models. However, the vali-
dation and application of models to regions with limited and sparse 
data will be challenging, hindering EW application in these regions.

Carbon loss through degassing in coastal oceans appears to be 
a relatively minor flux9, but this result has not been confirmed with 
high-resolution models of ocean biogeochemistry. Potential impacts 
of EW solutes beyond bicarbonate and alkalinity — micronutrients and 
macronutrients — represent a key target for future research. Several 
existing ocean biogeochemistry modules are suitable for evaluating 
these impacts if forced with realistic solute fluxes from upstream empiri-
cal measurements or model results, provided that local carbonate 
system impacts are not extreme. Transparent model–model intercom-
parison (for example, the RockMIP project) and data-model validation 
are important, and a full consideration of environmental impacts is 
required. Overall, carbon loss in coastal ocean systems is likely to be a 
less important source of uncertainty than carbon flow through shallow 
soils and other terrestrial aquatic systems47,56 in EW modelling.

Deployment of EW at scale will require robust and demonstrable 
predictive models in CDR projections to boost academic and public 
confidence. Advancing the state-of-the-art should become possible 
by assessing EW model performance against observational data sets 

from field trials with rigorous criteria for acceptability and applica-
bility. Furthermore, as the number of EW field trials and commercial 
deployments increases, it raises the prospect of generating large data 
sets representative of thousands of hectares. This situation will create 
opportunities for exploiting artificial intelligence and machine learn-
ing to enhance model performance. Although there have been steps 
forward in modelling carbon leakage in rivers and the oceans10,45,56, 
modelling of the lower soil column is lacking and is an obvious target 
for future work.

Estimates of CDR potential of EW
The CDR potential of EW is estimated based on models. Initial esti-
mates tended to be global and determined simply as a function of 
fixed particle size, EW rates, land area deployed, application rate and 
number of years deployed. Later work involved more detailed geo-
chemical modelling but from the maximum potential CO2 drawdown 
perspective irrespective of land use, practicality, costs and resource 
constraints6,8,24,57. EW rates through the soil profile can now be more 
realistically estimated using 1D reactive transport geochemical models 
that account for many critical processes and incorporate real-world 
implementation of field data such as particle size distribution5,26,55, 
climate and nitrogen fertilizer usage10,26.

Availability of suitable feedstock5,24–26, proximity to agricultural 
lands, cropland area5,10,25,26 and water availability are major constraints 
on CDR delivery by EW and have been used to estimate CDR potential 
of different regions. Major agricultural nations collectively have the 
potential to remove net 0.5–2 Gt CO2 per year with EW deployment5 
by 2050 (Table 2). Lower national CDR potentials for EW have been 
suggested based on a simplified calculation without direct modelling 
of weathering processes or accounting for spatial variability in climate 
and soils58. If the upper range of CDR could sustain over five decades, 
EW could save up to 12% of the remaining cumulative carbon emission 
budget that gives a 66% probability of limiting global warming to <2 °C 
above the pre-industrial average temperature59. Therefore, EW should 
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Fig. 4 | The cradle-to-grave framework for tracking carbon flow. a, Feedstock 
dissolution and carbon removal must be tracked through robust on-field 
monitoring, reporting and verification (MRV). These data can potentially be used 
to validate predictive reaction-transport models for upper soil and deeper flow 
paths. b, Once transported from the site of weathering to surface waters, carbon 

and alkalinity must be tracked through river and stream systems across scales 
from experimental site to catchment. c, Map shows dissolved inorganic carbon 
concentrations (µmol kg−1) in the oceans112. Carbon and alkalinity can be recycled 
(and carbon potentially released) after delivery to the surface ocean before being 
permanently stored in the ocean interior.
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be considered as a critical part of a negative emissions portfolio — not 
a single solution.

USA, India and China, the three major fossil fuel CO2 emitters, have 
the highest CDR potential owing to large agricultural land areas and 
warm climate. Notably, the USA5,10 and China60 might have the capac-
ity to remove 0.5 Gt CO2 per year if EW was widely adopted (Table 2). 
In the USA, upscaling of EW mainly across the Corn Belt states10 could 
provide 16–30% of the nation’s greenhouse gas removal requirements 
for net-zero by 2050, with carbon removal costs decreasing from 
US$ 200–250 tCO2 in 2030 to US$ 100–150 tCO2 by 2050.

Regions in the Global South, including Indonesia and Brazil, 
have relatively high CDR potential owing to their warm, seasonally 
wet climates that support high EW rates and widespread croplands  
co-located with basalt deposits (Table 1). This location benefit reduces 
rock dust transportation distances and, combined with lower labour 
and fuel costs, tends to reduce the price of net CO2 removal relative to 
developed nations.

Modelling attention is also now transitioning towards developing 
detailed national CDR estimates for EW deployment, constrained by 
resources, and integrating with models of the other carbon removal path-
ways (for example, rivers and oceans) to give whole system assessment of 
CDR potential (Fig. 2) and costs10. This crucial endeavour allows regions 

to more realistically determine the relative contribution EW might make 
to national net-zero goals as part of a portfolio of CDR strategies.

Co-benefits and monitoring requirements
Applications of crushed silicate rocks to agricultural landscapes 
could have important implications for global food security, thus 
requiring rigorous environmental monitoring. This section outlines 
evidence of the environmental impacts and examines the monitoring 
requirements.

Agricultural benefits
EW applications with silicates improve agricultural production and 
soil health7. Intensification of agricultural practices over time leads 
to soil degradation through acidification, depletion of plant-essential 
micronutrients and macronutrients, loss of soil organic matter and 
physical erosion that limits crop yields. Application of crushed silicates 
with EW could reverse these effects7,10, as evidenced from multiyear 
large-scale EW field trials in the US Corn Belt with crushed basalt30,33. 
Brazil has a long history of using various crushed silicate rocks in agri-
cultural practices to improve soils and crop production and to facilitate 
sustainability and the autonomy of farmers61, which strengthens the 
case for EW agricultural benefits.

Weathering products include alkalinity that reverses soil acidity 
and inorganic nutrients, including phosphorus (P), potassium (K) and 
silicon that are important for maintaining or increasing yields. These 
effects, repeatedly seen in EW field trials and mesocosm experiments 
in controlled environments11, can reduce P and K fertilizer usage and 
thus generate economic savings, partially offsetting EW deployment 
costs26. Reducing P and K fertilizer use is important given price volatility 
and predicted P and K supply issues62,63 in the future.

EW can also decrease nitrous oxide (N2O) emissions64,65 by increasing 
soil pH. This emission reduction represents an important benefit given 
the limited options for tackling agricultural N2O emissions66. Reductions 
in soil emissions of N2O can also lead to reductions in soil nitric oxide 
(NO) emissions. For example, EW implementation in the US Corn Belt is 
estimated to reduce soil NO emissions by up to 30%, leading to temporary 
reductions in near-surface spring–summer time ozone concentrations, 
with benefits for crop production and ecosystem and human health10. 
Simulated soil trace gas emission responses to EW await empirical  
evaluation with detailed on-site measurements from EW field trials.

Impacts and monitoring requirements
Deployment of EW with basalt could have negative effects on the 
plant–soil–water environment and require monitoring67. Potential accu-
mulation of trace metals released by weathering of basalt (and other 
potential silicate feedstocks) in soils and edible portions of crops has 
been raised as a possible concern of repeated EW practices over time68. 
However, the biogeochemistry of trace metals in plant–soil systems is 
complex, and metal solubility decreases with increased pH, precipitation 
of secondary minerals and adsorption onto cation exchange surfaces, 
such as clays and organic matter. Additionally, application of crushed 
basalt can increase soil aggregate formation, potentially reducing solu-
bility of trace metals69. No marked changes in soil metal concentrations 
have been observed in many EW field trials, including those running for 
years30 and using high loadings of crushed basalt (100 tonnes ha−1)16.

Accumulating data for crops from field trials and mesocosom exper-
iments also show limited evidence or no evidence for increased trace 
metal accumulation. For example, in corn kernels and soybeans after 
4 years of basalt treatment in the Corn Belt30 and in rice grains, arsenic 

Table 2 | Carbon dioxide removal potential of enhanced 
weathering on the agricultural land worldwide

Regions CDR potential (Gt CO2  
per year)a

CDR potential  
(Gt CO2 per year)b

China 0.13–0.53 (0.28–0.4)c 0.011

USA 0.11–0.42 (0.25–0.5)d 0.078

India 0.15–0.49 0.27

Brazil 0.041–0.17 0.04 (South America)

Indonesia 0.017–0.067 NA

Canada 0.022–0.06

Mexico 0.013–0.06

Thailand NA 0.032

Africa 0.071

France 0.017–0.067 NA

Germany 0.012–0.05

Italy 0.0007–0.029

Spain 0.012–0.035

Poland 0.0085–0.025

Austria

UK 0.008–0.035e

Australia NA 0.017

Total 0.54–2.0 0.52

CDR, carbon dioxide removal; NA, not available. aAbout 10–55% of cropland enhanced 
weathering (EW) deployment, 40 tonne ha−1 per year basalt application rate, 2040–2050, 
decadal average. Net CDR values, after accounting for secondary carbon emissions5. bAbout 
70% of cropland EW deployment, 10 tonne ha−1 per year basalt application rate, 2006–2080 
average. Gross CDR values, not accounting for secondary carbon emissions111. cAbout 25–50 
tonne ha−1 per year basalt application rate. Net CDR values, after accounting for secondary 
carbon emissions. dTime-varying cropland EW deployment, 40 tonne ha−1 per year basalt 
application by 2070. Net CDR values, after accounting for secondary carbon emissions10. 
eTime-varying cropland EW deployment, 40 tonne ha−1 per year basalt application,  
2020–2070 average. Net CDR values, after accounting for secondary carbon emissions26.
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and cadmium were reduced probably because of increased soil pH fol-
lowing wollastonite application70,71. However, there were small increases 
in nickel in spring oats after a year with basalt72. Continued monitoring 
of these trace metals is essential to understand the long-term effects.

Some possible EW feedstocks, notably ultramafic rocks or olivine 
sands, can contain relatively high concentrations of chromium (Cr) (up 
to 0.2 wt% of the rock) with the potential to release hexavalent73 Cr during 
weathering under highly oxidizing conditions. However, hexavalent Cr 
production has not been observed in any EW trial deployment with basalt, 
and it is not clear how mobile Cr will be over time in the soil system. Nev-
ertheless, given the important health impacts of hexavalent Cr, targeted 
monitoring of this species should be part of EW deployment plans.

In freshwater systems, extensive EW deployment can offset the 
acidification of inland waters resulting from historical sulfur dioxide 
emissions during industrialization and widespread fertilizer usage, 
reducing the negative impacts on the biosphere10. However, direct 
alkalinity changes could have uncertain impacts on downstream eco-
systems, thus requiring monitoring. The primary impacts of large-scale 
EW deployment include elevated base cation concentrations and car-
bonate saturation states8,9, especially near river mouths, and changes 
in the abundance of certain nutrients and trace elements. Scaling EW 
requires (re)investment in long-term river monitoring networks.

EW could also potentially incentivize land-use change. For exam-
ple, sale of EW credits on a voluntary market could be used to reduce 
or subsidize the cost of increasing soil pH after conversion of forests 
or rangeland to agricultural lands, potentially increasing the carbon 
intensity of agricultural production. Therefore, strict requirements 
regarding land-use history in EW deployments are essential to prevent 
adverse impacts on land use.

Scaling EW through carbon credits
Voluntary carbon market and government procurement of carbon 
removal are likely to grow substantially in future74. EW could meet an 
important fraction of this demand while addressing the permanence 
concern arising from other forms of CDR, such as via land management. 
However, issues associated with carbon accounting, governance and 
environmental impacts must be addressed to ensure the credibility 
of EW carbon credits.

Learning from the existing carbon markets
Cabon credits, which are used to offset emissions generated along the 
value chain of the corporation, need vigorous validation based on cra-
dle-to-grave accounting. Over half of the 2,000 largest publicly traded 
companies in the world have made public net-zero commitments75. In 
the voluntary carbon market, corporations purchase carbon credits to 
offset emissions and meet the commitments. Rigorous offsetting claims 
require cradle-to-grave accounting of all lifecycle emissions associated 
with a CDR deployment and tracking of carbon losses (reversals) over 
large spatial and temporal scales (Cascade Climate)10. For EW, emissions 
need to include those from quarrying, grinding, transporting material 
and all carbon losses downstream of the field.

Overestimation of carbon removal and climate benefits is a well-
documented shortcoming of the voluntary carbon market. Major credit 
types — including reduced deforestation and regenerative agriculture 
— have notably overestimated climate benefits owing to unrealistic 
baselines, inaccurate leakage estimates and over-reliance on poorly 
validated models. Systematic assessment of past carbon crediting 
projects, covering 20% of total credits issued in the voluntary carbon 
market, found that only 16% of the projects represented real emission 

reduction76. Therefore, there is an obvious need to learn from the early 
stages and shortcomings of existing carbon markets.

EW should learn from the volatile market for SOC credits. Efforts 
to quantify the SOC benefits of agricultural practices such as no-till and 
cover cropping led to the creation of SOC crediting methodologies and 
credit generation. However, there is scientific uncertainty associated 
with in-field empirical and modelled SOC quantification77, and credit-
ing methodologies vary widely, with the potential for over-crediting78. 
These issues have led to the volatility in the price of and demand for 
SOC credits, discouraging farmer’s participation79. The most obvious 
lessons learnt from critiques of SOC crediting are to avoid an over-
reliance on models before robust validation and that data and model 
transparency are essential to build trust in a practice.

A takeaway from the most strident criticisms of early carbon mar-
kets is that the voluntary carbon market might be a fundamentally 
flawed financing path for practices — such as EW — that have a range 
of co-benefits but where precisely quantify carbon fluxes might be 
difficult. Carbon accounting at the regional scale, rather than field or 
project level80, is one of the important steps towards accurate quantifi-
cation of carbon fluxes. EW scaling not only needs government support 
but also strict rules learnt from these early employments.

Barriers to upscaling EW
Achieving global, climate-relevant scale CDR with EW through the vol-
untary carbon market faces several challenges. The voluntary carbon 
market is small compared with the global need for emissions mitiga-
tion81. In 2023, 164 million carbon credits were retired, at a total market 
value of US$ 1 billion. For comparison, global energy emissions reached 
a record high of 37.4 billion tonnes of CO2 equivalent in the same year. 
EW credit purchases were a trivial fraction (<1%) of all carbon credit 
purchases and most were from five entities (according to CDR.fyi).

EW is, even in the best case, far from being cost-competitive. The 
cost of EW purchases ranging from US$ 300 tonne−1 to US$ 420 tonne−1 
(Frontier Climate) is much higher than the typical carbon credit prices 
of US$ 5–15 tonne−1 (World Bank). Scaling EW through carbon markets 
requires mechanisms to differentiate and appropriately price credits 
based on key climate impact parameters, including duration of carbon 
storage and reversal risk (Cambridge)80. However, the EW community 
has not yet been able to demonstrate long-term carbon storage of EW 
carbon credits with low-reversal risk. Furthermore, EW lacks a univer-
sally agreed upon methodology for issuing carbon credits. Existing 
methodologies developed by private entities differ in their require-
ments, allowing buyers and EW suppliers to shop for the methodology 
that best suits their needs and undermines market integrity.

Given the scale of global carbon emissions, EW projects require 
an exponential increase in funding from multiple sources and sec-
tors, both public and private, to meaningfully impact climate74. Car-
bon removal via EW should be viewed as a means to foster corporate 
responsibility in the short-term and in the long-term compensation 
for hard-to-abate emissions. If EW can overcome scientific, social and 
financing barriers (for example, developing robust MRV framework 
and standards), silicate mining and processing will need to increase 
with EW deployment. However, given current mines and hundreds of 
millions to billons of tonnes of silicate material already generated82, 
this issue is unlikely to be a major barrier to scaling EW.

Policy support and public perceptions
Governments can support EW through various ways, including fund-
ing for research and development, creation of voluntary certification 
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schemes to improve carbon market integrity, direct purchasing of 
carbon credits and integration into compliance markets and prac-
tice-based subsidies for EW activities (Table 3). In addition to directly 
supporting EW, governments can create enabling regulatory environ-
ments, alleviating barriers to deployment. Notably, policy support is 
contingent on public understanding of and support for EW and CDR 
more broadly. It is important to evaluate which policy mechanisms 
(or combinations of mechanisms) can be scaled responsibly in different 
regions, with support from communities and agricultural producers.

Policy support
EW will require sustained policy support to achieve climate-relevant 
scales of CDR. Initially, governments will need to fund basic and applied 
science and data sharing to improve understanding of physical pro-
cesses associated with EW. There is also a need to develop standardiza-
tion of EW methodologies using data from commercial and publicly 
funded field trials. The UK currently funds EW research through UKRI, 

Germany through CDRterra and the USA through the Carbon Negative 
Shot, among other programmes and other countries actively support-
ing EW and carbon removal research (Table 3). The European Union is 
likely to create and adopt a standard for EW under its Carbon Removal 
and Carbon Framing certification scheme. A similar government cer-
tification scheme has been proposed in the USA, modelled after the 
successful Energy Star programme83.

In addition to ensuring the quality of EW projects through research 
and oversight, governments can have a role in creating demand for 
EW credits. The US (Department of Energy) and Canada (Greening 
Government Strategy) have committed to pilot CDR purchasing pro-
grammes. The UK (Department for Energy Security and Net Zero) and 
Japan (GX Emissions Trading Scheme) plan to integrate carbon removal 
into their respective emissions trading schemes, and California has 
set a target of 100 Mt CO2 captured or removed by 2045 (California Air 
Resources Board) in alignment with its legally binding net-zero goal. 
EW is likely to be an included technology in these policies over time.

Table 3 | Carbon dioxide removal policies and programmes and status in relation to enhanced weatheringa

Jurisdiction Policy or programme EW included Timescale

Credit purchasing or trading

Canada Greening Government Strategy — Low-Carbon Fuel Procurement Program. The Canadian government 
commitment to purchasing $10 million Canada dollar of carbon removal

Yes 2024–2030

USA CDR Purchase Pilot Prize, including three phases of funding (US$ 35 million) for CDR companies across 
four pathways

2023–2024

USA (California) CA SB 643 — Carbon Dioxide Removal Purchase Program, proposing to purchase US$ 50 million of credits 
between 2026 and 2035

2026–2035

UK Incorporation of CDR into the UK Emissions Trading Scheme, designed to guide industries in the UK 
towards net-zero 2050 goals

2029–onwards

Practice-based subsidy

Canada (New 
Brunswick)

Lime Transportation Assistance Program in New Brunswick, Newfoundland and Labrador, Nova Scotia. 
Financial assistance for the procurement and/or trucking of dolomitic and calcitic lime to fields for 
agricultural soil pH management

Lime (carbonates) 
eligible; silicates 
not eligible yet

NA

Poland Nationwide programme for environmental regeneration of soils through liming. Payment per tonne  
of limestone deployed on agricultural land that has a starting pH of 5.5 or lower

2019–2023

Regulation

Brazil Remineralizer Law. Defines remineralizers (rock dust), classifies them as fertilizer and amends previous 
fertilizer laws in Brazil

Yes NA

Research and development

Australia Climate-Smart Agriculture Program, including multiple categories of grants for climate-smart agriculture Yes 2023

European Union C-SINK, research consortium focused on reliable monitoring, reporting and verification of carbon removal 2023–2027

Germany CDRterra. Funding for multidisciplinary research on the potential of multiple CDR pathways, including EW, 
to help Germany meet its 2045 greenhouse gas neutrality target

NA

UK Greenhouse Gas Removal UKRI (CO2RE). Funding to explore multidisciplinary research across CDR 
pathways in the UK, including demonstration projects

2021–2025/26

UK Leverhulme Trust. £10 M. Funded the Leverhulme Centre for Climate Change Mitigation dedicated 
to all aspects of EW from networks of field trials to Earth system modelling, public engagement and 
sustainability

2016–2026

USA Carbon Negative Shot. Funding to decrease the cost and support commercial scale-up of durable CDR to 
US$ 100 tonne–1 across multiple pathways

2022–2024

Voluntary certification

European Union Carbon Removal and Carbon Farming Certification Framework. Voluntary certification for CDR credits 
using EU-developed methodologies

Likely, but no 
EW yet

NA

France Label Bas-Carbone. Voluntary certification for emissions reductions and CDR in France, including a list of 
approved methodologies for verification of projects by sector

No NA

CDR, carbon dioxide removal; EW, enhanced weathering; NA, not available. aExcept for California where the Bill will be introduced in 2025.
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Practice-based subsidies from governments can also drive EW 
implementation. Agricultural subsidies are ubiquitous worldwide, 
totalling over US$ 400 billion annually84. For example, in the USA, the 
Environmental Quality Incentives Program provides per-acre pay-
ments for activities that build soil health. Other programmes, in the 
USA and beyond, provide incentives for soil pH management, nutri-
ent use efficiency, methane reduction and fertilizer use reduction, 
all of which are potential co-benefits of EW7,10,11,26. Governments can 
also provide development aid, in the form of grants and low-interest 
loans, to other countries. Given the high potential for carbon removal 
via EW in low-income and middle-income countries and the potential 
economic benefits to smallholder farmers, development aid presents 
a promising opportunity to support EW globally85.

It is important to note that different policy mechanisms require 
different forms of MRV — cost, precision and uncertainty of meas-
urement, monitoring and modelling techniques must be tailored to 
specific policy goals. This requirement represents a challenge and 
opportunity to improve EW quantification at a large scale: funded 
through subsidies, large swaths of land could be brought into a single 
jurisdiction-level accounting framework, increasing the chances of 
meaningful estimates of carbon removal with reduced uncertainty at 
an acceptable cost.

Regulatory barriers
EW activities must adhere to regulations across the supply chains. Large 
scale deployment of EW will require clarification and, in some cases, 
adjustment of existing regulations to enable access to feedstocks, set 
safe thresholds for the application of feedstocks to working lands and 
manage environmental impacts across the supply chain.

EW projects could utilize alkaline feedstocks, including indus-
trial materials with high carbon removal potential such as steel slag, 
fly ash and mine tailings82,86. Efforts are underway to bring such EW 
feedstocks into alignment with existing agricultural law and practice, 
including Brazil’s recognition of mineral feedstocks in Remineralizer 
Law as an agricultural input category. Additional work is needed to 
reconcile widely accepted practice and policy, such as liming and liming 
subsidies, with the growing field of EW.

EW projects must align with local laws for the transport and 
disposal of feedstock materials. In some instances (for example, 
use of commodity products such as quarry fines), requirements will  
be minimal. In other instances (for example, the use of some alkaline 
mine tailings), the feedstock material might be regulated as waste 
and subject to additional requirements for safe use. For example, in 
the USA, the Resource Conservation and Recovery Act governs the 
disposal of waste materials on croplands and other areas that have been 
considered for EW87. Policymaker education and regulatory clarity is 
needed to prevent the misclassification of safe feedstock materials as 
wastes for the purpose of EW.

EW projects must also align with federal and local regulations 
regarding the safe threshold of amendments87 (for example, fertilizers) 
to croplands, including accumulation of trace elements in soils. Where 
safety thresholds exist, EW-specific technical support for environmen-
tally sustainable deployment of novel soil amendments is needed. 
Where thresholds do not exist, additional research and regulatory 
rulemaking is needed67.

Public perceptions and acceptance
Scaling-up EW across different regions of the globe needs to address 
ethical and social issues88–90. Research on perceptions of CDR and EW 

can help understand when and where controversies might arise, the 
conditions that publics will place upon EW deployment and require-
ments for governance and responsible innovation91,92. Public accept-
ance of CDR should always be viewed as provisional and conditional, 
building on dialogues at national-political, local community and 
individual farm levels. Although public concern for climate change is 
high in many countries, awareness and knowledge of CDR and EW is 
very low93,94. In research, people who see EW as interfering with nature 
are less supportive95, and others recognize that CDR is insufficient to 
address the main problem of rising GHG emissions96.

 Public engagement will be critical for gaining public acceptance 
of EW implementation. Affected communities will require assur-
ances over climate and farm-scale benefits ( jobs and improved yields) 
alongside measures to address concerns about risks to biodiversity, 
oceans and from mining operations. Research also highlights the 
importance of timescale for people, how quickly can EW work given 
climate urgency, and can deployment support a long-term sustainable 
environment96,97? Hence, large reductions in emissions, alongside 
minimizing risks to environments (especially those seen as ‘iconic’)98, 
are essential for gaining social acceptability. How EW is framed also 
matters: public is more likely to accept EW when described as a ‘natural’ 
soil enhancement approach than an ‘engineered’ approach98,99.

An important gap in the current research of public acceptance of 
EW is the acceptability among directly impacted communities, such as 
agriculture. Local impacts will occur on farms and landscapes, along 
transport routes, and from mining operations. Community acceptance 
is often conceptualized as obtaining a local ‘social license to operate’100. 
To ensure equity, this process needs to consider fair distribution of 
risks and benefits, make the process of community engagement early, 
ongoing and comprehensive and accommodate local identities and 
cultural knowledge in decisions.

An under-researched question is whether agricultural communi-
ties prefer nature-based techniques for CDR (for example, forestry and 
conventional soil sequestration) or EW with the promise of deliver-
ing tangible economic and cultural sustainability for farms. Reliable 
and simple MRV, direct on-farm benefits and avoiding risks to local 
biodiversity are all needed to underpin a community social license. 
Mining operations also provide employment opportunities but have 
encountered community controversy because of health and environ-
mental risks. Expanding mining operations for sequestration will raise 
difficult local–national risk–benefit narratives as well as questions over 
promises of post-extraction remediation.

Current research on public acceptance also lacks insight into 
the Global South. Agricultural systems in South America and Asia, 
experiencing high temperature and rainfall extremes, are likely to be 
most favourable to EW22. However, only limited information exists 
on perceptions and attitudes towards CDR in these regions, where 
governance, policies and infrastructures also differ from the Global 
North93. In general, Global South publics have greater support for 
climate intervention technologies than those in the Global North, but 
EW receives lower support relative to other CDR because of concerns 
over historical mineral extraction92,93. For example, EW has low support 
in Malaysia because of community knowledge of environmental, health 
and social consequences of extraction activities, alongside concerns 
over risks to ocean food systems92. Responding fully to such cultural 
knowledge is a prerequisite for all successful Global South CDR101,102. 
For regions with primary tropical rainforests, incentive-induced 
carbon rebound103 arising from land-use change will also need to 
be prevented.
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Summary and future perspectives
There is growing recognition of the need to avoid over-reliance on 
a few CDR technologies by diversifying national CDR portfolios to 
reduce trade-offs and policy costs and to increase sustainability104,105. 
EW has the potential to rehabilitate degraded acidified agricultural 
soils, reduce the climate impacts of agriculture and bolster rural com-
munities worldwide. However, gaps in scientific understanding and 
limited policy and governance frameworks must be addressed for 
continued effective scaling of EW. This Review highlights that scien-
tific gaps in technical understanding of the short-term and long-term 
biogeochemical processes affecting carbon flows and CDR efficiency 
of EW from soils (cradle) to the oceans (grave), the modelling of these 
flows across interconnected domains of soils, groundwater, river 
systems and coastal oceans and the impacts of an EW deployment 
on yields and soils must be addressed to progress EW science and 
employment. Investment in large-scale EW trials offers excellent 
opportunities to address key scientific questions in some of these 
targeted priority areas.

Advancing scientific understanding of the performance of EW 
needs continuous, long-term, large-scale instrumented EW field 

trials lasting for 10–15 years. Long-term trials allow rigorous evalua-
tion of mechanistic EW hypotheses concerning the biological, geo-
chemical and physical processes and their dynamic interactions 
that control weathering rates and CDR time lags (Box 1) and improve 
understanding of secondary mineral formation. The slow develop-
ment of these EW by-products, with feedback on EW processes, means 
that work conducted on field trials to date cannot be extrapolated 
into the future with confidence. Hence, field trials spanning a dec-
ade or more are needed. Long-term field trials can also be used to 
assess any impacts of EW on stabilization (or otherwise) of SOC via 
organo-mineral complexation106. There is also an urgent need for 
more systematic documentation of yield benefits associated with 
EW implementation.

The potential for stacking EW with other proposed CDR 
strategies7,107,108 is largely unexplored. EW can effectively combine 
with afforestation and/or reforestation schemes to stimulate tree 
growth and organic carbon sequestration while simultaneously 
delivering inorganic carbon removal. Combining EW with afforesta-
tion in China could strengthen the carbon sink109. Co-deployment 
of EW and biochar on croplands can also lead to additive carbon 
sequestration110.

Rapidly growing commercial investment in EW with agriculture is 
accelerating deployment at a rate that is arguably ahead of scientific 
and social understanding. This situation creates notable risks. First, 
venture-backed EW companies supplying carbon removal credits to 
voluntary market registries that are not transparent and robust could 
undermine public trust in EW. Second, if governance and incentive 
frameworks are not developed at pace with technical understanding, 
there is considerable risk that EW will not be accepted by key stake-
holders regardless of technical rigour. Realizing the potential of EW 
requires the long-term, coordinated development of robust technical 
understanding and responsible frameworks for policy and govern-
ance. Continued investment in fundamental EW research and policy 
is needed to address knowledge gaps and to promote sustainable, 
responsible long-term growth.
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