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Key Points:

 Calcite and basalt can both be effective feedstocks for carbon removal.

» Basalt weathering is more responsive to changes in the amount and fineness of rock
than calcite.

« Calcite and basalt carbon removal trade-offs depend on carbon accounting deci-
sions including the system boundaries in space and time.
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Abstract

Enhanced rock weathering with crushed silicates is often considered as an alternative to
agricultural liming for soil pH management and carbon dioxide removal. But swapping
carbonates for silicates does not guarantee better carbon removal outcomes. Carbonates
weather rapidly, and recent work has found that they can remove more carbon than fast-
reacting silicates in some environments. On the other hand, carbonate dissolution can
mobilize fossil carbon and potentially lead to carbon emissions, depending on the spa-
tial and temporal boundaries of the system. Here, we use a one-dimensional reactive trans-
port model, SCEPTER, to analyze the conditions where carbonate weathering breaks
even with basalt — a common silicate rock used in enhanced weathering — from an end-
to-end carbon removal perspective. We show that current liming practices can remove
more carbon than basalt enhanced weathering projects, especially in less acidic condi-
tions and at lower rock application fluxes. However, the methods for increasing silicate
weathering carbon removal — including adding more and finer rock — are generally less
effective for carbonates. We also show how the carbonate-silicate break-even line changes
when we consider the effects of downstream losses, upstream emissions, and carbon ac-
counting decisions. Our results emphasize how existing agricultural practices can be op-
timized for carbon removal, and present a series of key questions that will be critical for
attempts to navigate the carbonate-silicate swap on managed lands.

Plain Language Summary

Enhanced weathering is a carbon removal strategy that often involves spreading
crushed rock on agricultural fields. It is a promising carbon removal strategy in part be-
cause spreading rocks on fields is not new — farmers have been “liming” for generations
to add nutrients to the soil and reduce its acidity. While enhanced weathering is com-
monly done with silicate rocks, liming is often done with carbonates. Both types of rock
are capable of carbon removal, but they differ in important ways. As the name implies,
carbonates have carbon in them, which limits how much carbon they can remove from
the atmosphere. But carbonates also tend to dissolve quickly, which can increase car-
bon removal. We used a model to explore these trade-offs and better understand which
rocks to spread where for carbon removal. We found that, compared to basalt, carbon
removal with carbonates is much less sensitive to how much rock is spread and how finely
it is crushed. We also show that the perceived climate impact of spreading rocks can de-
pend on the equation used to calculate carbon removal. Our analysis presents a frame-
work that is useful for navigating which rocks to spread to achieve good outcomes for
the climate.

1 Introduction

Silicate-based enhanced weathering has become a focal point of carbon dioxide re-
moval (CDR) research and policy, in part because it promises both climate and agro-
nomic benefits. When silicate rocks weather in agricultural fields, they can introduce nu-
trients, raise soil pH, and facilitate carbon removal (Baek et al., 2023; Beerling et al.,
2024; Buckingham & Henderson, 2024; Haque et al., 2020; Hartmann et al., 2013; Vi-
enne et al., 2022). However, it is not often acknowledged that a version of enhanced rock
weathering is already widely practiced. Farmers in many parts of the world apply car-
bonate rock dust — commonly known as aglime — to manage soil pH. Depending on
local conditions and the timescale considered, carbonate rocks can act as a source or sink
of CO2 when they dissolve, raising questions about where to spread carbonates for car-
bon removal and where to swap them for silicates instead. To effectively advance enhanced
weathering, we need a clearer understanding of the trade-offs between carbonate and sil-
icate applications in agricultural systems.
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Carbonates and silicates exhibit a core geochemical trade-off: carbonates tend to
weather more quickly and completely (Dreybrodt, 1988; Dreybrodt et al., 1996) — but
remove less carbon per unit of alkalinity released. This is because carbonates, such as
calcite (CaCOg3), contain fossil carbon in their mineral structure, which limits the amount
of atmospheric CO2 the weathering reaction can consume. While carbonate weathering
can act as a carbon sink in many contexts (Gaillardet et al., 1999, 2019; Hamilton et al.,
2007; Oh & Raymond, 2006), it can also become a source if that fossil carbon makes its
way into the atmosphere (Lerman & Wu, 2006; Perrin et al., 2008; Zamanian et al., 2021).
This means that downstream losses — reactions that reverse the CDR, achieved by rock
weathering — are especially consequential for carbonate CDR, since they can tip the sys-
tem from a carbon sink into a source. In contrast, silicate minerals do not contain fos-
sil carbon. While silicate weathering reactions generally proceed more slowly, they will
never directly emit new carbon to the atmosphere and they offer greater carbon removal
per unit of alkalinity released.

Whether liming is a carbon source or sink depends, in part, on the spatial and tem-
poral scope of the carbon fluxes in question. Limestone weathering might emit carbon
locally (Dietzen et al., 2018; Perrin et al., 2008; Zamanian et al., 2021), but remove it
at the catchment scale by preventing acid-driven degassing downstream (Raymond et
al., in press). Similarly, cation sorption in soils can cause limestone weathering to be an
immediate carbon source and a sink later when the sorption is reversed (Kanzaki et al.,
2025; Raymond et al., in press). Liming can also modify soil organic carbon fluxes, with
the sign of change varying over space and time (Dietzen et al., 2018; Fornara et al., 2011;
Grover et al., 2017; Wang et al., 2021; H.-M. Zhang et al., 2022).

When studies discuss the effect of swapping an existing liming practice for enhanced

silicate weathering, however, some of this nuance can be lost. Liming is often treated as

a carbon source (e.g., West & McBride, 2005), and silicates presented as an opportunity
to avoid liming emissions while also removing carbon (e.g., Beerling et al., 2018, 2024,
2025; Dietzen et al., 2018). But there has long been evidence that liming can remove more
carbon than it emits, even in systems that are not optimized for carbon removal (Hamilton
et al., 2007; Oh & Raymond, 2006; S. Zhang et al., 2022). Moreover, tonne-for-tonne,
carbonates often have a higher carbon removal potential than silicates. All else equal,

that means sourcing carbonate rock requires fewer emissions per unit of potential removal.

Evidence from natural and agricultural systems indicates that carbonate amend-
ments such as liming could remove as much or more carbon than silicate amendments.
Due to its rapid dissolution kinetics, carbonate weathering in natural systems accounts
for most (~60%) of the global river alkalinity flux, despite making up less than 20% of
terrestrial bedrock (Gaillardet et al., 1999, 2019; Moon et al., 2014). In agricultural fields,
rapid weathering rates allow carbonate liming to achieve the same soil pH increases in
a matter of months that silicate amendments might take years to achieve (Beerling et
al., 2024; Jones & Mallarino, 2018; Pagani & Mallarino, 2012). Recent enhanced weath-
ering work has shown that carbonates can remove more carbon than even fast-reacting
silicate minerals like dunite in certain environments (Fuhr et al., 2025). Still, carbon-
ate weathering rates are not universally high. Carbonate can saturate in soils relatively
easily, at which point it is more likely to precipitate than dissolve. Silicates, on the other
hand, may be less saturation-limited, making them more effective in neutral-to-alkaline
soils and at high rock application fluxes (Schuiling et al., 2011; Suarez & Rhoades, 1982).
Overall, it is clear that it is inappropriate to assume liming is always a source of emis-
sions, and that comparing the carbon removal effects of enhanced carbonate and silicate
weathering requires more nuance.

Here, we simulate the carbonate-silicate trade-off dynamics in an idealized system.
Our analysis focuses on the carbon removal break-even line, defined by the quantity and
fineness of a silicate feedstock that produces the same carbon removal outcome as a base-
line carbonate amendment. We simulate amendments of calcite, a common liming agent,
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and basalt, a common enhanced weathering feedstock, in conditions similar to the U.S.
Great Plains Corn Belt — a region where liming is practiced extensively and long-term
basalt enhanced rock weathering field trials are already underway (Kantola et al., 2023;
Beerling et al., 2024). We explore how the break-even line changes when we account for
downstream losses and upstream emissions, and how the carbon accounting rules used
to quantify carbon removal can change our perception of the trade-offs involved in swap-
ping conventional aglime for silicate feedstocks.

2 Methods

Our analysis leverages SCEPTER v1.01 to simulate field-scale carbon fluxes in re-
sponse to carbonate and silicate amendments (Kanzaki et al., 2024) (Code at https://
github.com/cdr-laboratory/SCEPTER/releases/tag/v1.0.1). We pair these simu-
lations with an emissions model to estimate the emissions associated with crushing and
transporting the feedstock to the field. We also apply multiple carbon accounting ap-
proaches to calculate net CDR and compare the performance of calcite versus basalt weath-
ering.

2.1 SCEPTER modeling

All SCEPTER simulations are run from the same 10,000 year spin-up simulation
that was tuned to match soil conditions consistent with the Great Plains of the U.S. Fol-
lowing Kanzaki et al. (2025), we use four tuning parameters: (1) the surface dissolved
Ca?*t concentration, a proxy for historical liming and background carbonate weather-
ing; (2) an aggregate cation exchange coefficient; (3) the flux of organic carbon into the
soil; and (4) the turnover time of soil organic carbon. These parameters are tuned to match
data for soil pH, base saturation, organic matter content, and soil pCO2 (Table S1 in
Supporting Information).

All simulations are run with a 0.5m deep soil column discretized to 30 grid cells
and adopt the boundary conditions from site 311 of Kanzaki et al. (2025). Mean annual
temperature is set to 8.2 °C, the net water infiltration rate is 0.35 m yr—!, the mixing
depth for organic matter is 0.25m, the initial porosity is 0.45 (unitless), and the initial
water saturation at the surface is 0.63 (unitless). We tune the model with cation exchange
processes turned on for consistency with Kanzaki et al. (2025), but we turn off cation
exchange in our rock amendment simulations in order to isolate the impacts of feedstock
dissolution on the carbonate-silicate swap. Cation exchange reactions can introduce lags
between alkalinity release and carbon removal (or alkalinity consumption), and these lags
are highly sensitive to the initial soil conditions and liming history (Kanzaki et al., 2025).
We demonstrate how cation exchange processes can affect carbon removal outcomes in
the supporting information (Supporting Information Fig. S1), though a more detailed
analysis of cation exchange impacts is left for future work.

2.1.1 Soil pH variation

In order to compare the results from less and more acidic soils that are otherwise
identical, we vary soil acidity by applying ammonium nitrate fertilizer at different rates.
In our less acidic system, we apply 0.03 t ha™' of fertilizer annually (~ 1 gN m~2 yr—1)
and, in our more acidic system, we apply ~ 0.35 t ha™' annually (~ 12.3 gN m~2 yr—!).
These values roughly capture the range of fertilizer application across the Corn Belt to-
day (Cao et al., 2018; Lu & Tian, 2017; Nishina et al., 2017). Ammonium from fertil-
izer (or natural sources such as the mineralization of organic N) can generate acidity by
nitrification following

NHJ + 20, — NO; + HyO +2H™. (1)
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The extent of nitrification and denitrification determine the net production of anthro-
pogenic strong (non-carbonic) acid in the soil which, in turn, acts to govern whether cal-
cite is an immediate carbon source or sink as it weathers in the field. Calcite weather-
ing by nitric acid releases CO2 by

CaCO3 + 2HNO3 — Ca®" 4 2NO3 + CO, 4 H0. (2)

However, weathering by carbonic acid removes CO4. Carbonic acid can be assumed to
be in equilibrium with the soil-atmosphere system such that

CO4 4+ H20O = HyCOg, (3)
and calcite dissolution by carbonic acid can be written as
CaCO3 + HyCO3 — Ca®t + 2HCO; . (4)

Carbonic acid weathering effectively shifts equation 3 to the right, taking up CO,. While
the stoichiometry is different, the effect of non-carbonic acid weathering on silicates is
similar — carbonic acid neutralization results in the direct uptake of CO5 in the field
whereas non-carbonic acid neutralization does not.

2.1.2 Feedstock variation

Our simulations explore two key variables that could be optimized for carbon re-
moval in an ideal deployment — the amount and size of rock dust applied. Starting from
the same spin-up, each simulation applies rock and fertilizer at a uniform rate for 0.05
years (~ 2.5 weeks) at the start of each year for 15 years. We use an annual cadence
because it is common in the enhanced weathering literature, though we note that tra-
ditional liming cadences can be longer (~ 3 — 5 years). Rock application rates range
from 0.1-60 tonnes ha=! yr—! and the mean dust particle diameter varies from 2-600 pm.
Each particle size distribution is defined as a narrow Gaussian with a standard devia-
tion of ~ 1 pm. Particle diameter is related to the reactive surface area using a surface
roughness formulation developed for basalt (e.g., Kanzaki et al., 2022; Navarre-Sitchler
& Brantley, 2007). With this formulation, the reactive surface area depends on the soil
porosity, the mineral volume fraction, and the product of the geometric surface area (that
of a sphere with the defined radius) and the roughness factor, which is also a function
of the radius and evolves over time. Lacking an analog, we apply the same roughness for-
mulation to calcite — a reasonable approximation given that carbon removal from cal-
cite is relatively insensitive to the reactive surface area in the model.

To explore the sensitivity of the surface area parameterization, we repeat our sim-
ulations under two additional experimental conditions. First, we turn off explicit par-
ticle size tracking in the model. This requires parameterizing the relationship between
the pore surface area and the effective radius of particles. The resulting reactive surface
area depends on the roughness and the hydraulic radius of the pores in the soil column
following equations 27, 29, and 39 in Kanzaki et al. (2022). Compared to particle size
tracking, this parameterization tends to decrease basalt weathering fluxes, all else be-
ing equal. Second, we assume zero roughness (a roughness factor of one), so the geomet-
ric surface area is the reactive surface area, and we keep particle size tracking turned off.
This set of simulations is not very realistic because crushing does not result in perfect
spheres, but it is useful as a low-weatherability end-member for the rock amendment.

We simulate the same range of feedstock amount and particle diameter for both
basalt and calcite amendments. However, to directly compare calcite and basalt outcomes
we define a single baseline calcite practice that the basalt amendment replaces. Specif-
ically, we set the particle diameter to 200 um and the application flux to 1.0 ton ha™!
yr~'. We chose this application flux because it yields some carbon removal in our less
acidic case, and negligible removal in the more acidic case. Liming practices vary from
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one site to another, but these values are within the range of liming recommendations across
the Great Plains (Godsey et al., 2007; Jones & Mallarino, 2018; Lentz et al., 2010; Mal-
larino et al., 2023).

2.1.83 Carbon removal calculation

We compute carbon removal due to feedstock dissolution using carbon fluxes from
the gas phase in the soil. We call the result of this calculation “initial CDR” (R) because
it represents the amount of carbon removed locally before downstream effects and up-
stream emissions are considered.

The soil pCO2 mass balance in SCEPTER follows a general equation where the
storage flux of the column (Fgs) is balanced by inputs from the breakdown and dissolu-
tion of carbon-bearing organic (Forg) and inorganic (Finorg) species and outputs from dif-
fusion (Fygi¢) out of the top of the soil column and advection (Fuqy) out of the bottom
of the soil (see Text S1 in Supporting Information or Kanzaki et al. (2022) for more in-
formation on the general gas phase mass balance in SCEPTER). The resulting mass bal-
ance equation for soil pCO, can be written as

Fy = _Forg_-Finorg _Fdif_FadV7 (5)

where all fluxes are in mol m~2 yr~! and Forg and Finorg represent the sum of all organic

and inorganic species, respectively. Positive values indicate a flux out of the soil column.

To compute the initial CDR (R), we take the change in the diffusive flux at the top
of the soil column compared to a control run where fertilizer is applied, but alkaline feed-
stock is not. We subtract out any decrease in the diffusive flux that could have been caused
by decreased Fo.g (i.e., respiration), giving us

RX = _Fdif,X,case + Fdif,X,ctrl — MAX (_Forg,X,case + Forg,X,ctrla O) - EOSS,X’ (6)

where the subscript X is a stand-in for the feedstock, and the subscripts case and ctrl
refer to a rock application run and the no-application control, respectively. Floss is the
flux of carbon re-emitted to the atmosphere downstream and is taken as a prescribed
fraction of Fyqy, consistent with Baek et al. (2023). Equation 6 works for both silicate
and aglime feedstocks since Fyjr includes any increase in CO5 emissions caused by car-
bonate mineral dissolution via an increase in Fiporg-

To understand the sensitivity of Rx to model parameters other than the amount
and fineness of rock, we conducted a sensitivity analysis using the Morris method as im-
plemented in the SALib package in Python (see Text S2 and Table S2 in Supporting In-
formation) (Campolongo et al., 2007; Herman & Usher, 2017; Iwanaga et al., 2022; Mor-
ris, 1991; Ruano et al., 2012). Results show that mean annual temperature and the soil
water infiltration rate have large effects on Rcacite and Rpasalt, and the difference between
them (Fig. S2 in Supporting Information). Other deployment decisions, such as the depth
of feedstock mixing and the duration of rock application, have relatively small effects in
our model configuration.

By focusing on the carbon flux at the soil-atmosphere interface, Rx directly rep-
resents carbon removal from the atmosphere. However, this treatment ignores further-
field effects on the carbon budget, such as the carbon emissions that are prevented by
exporting less acid from the model domain. We also note that field quantification often
derives removal from the flux of cations leached below some soil depth (usually the sam-
pling depth). This flux corresponds with a “potential” CDR, which must be corrected
for the carbon-removing component of weathering to derive the actual CDR (e.g., Kan-
zaki et al., 2025; Reershemius et al., 2023). After this correction, the cation flux estimate
is conceptually similar to quantifying CDR based on the F,4, term. We present the F,q4y
calculation and show that it is consistent with the analogous cation-driven CDR, poten-
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tial estimate in SCEPTER in the Supporting Information (Supporting Information Fig.
S3).

2.2 Emissions model

We calculate emissions associated with crushing and transporting rock feedstock
using the equations of B. Zhang et al. (2023). Their analysis focuses on the upper Mid-
west of the United States and presents emissions factors for different modes of transport
and electrical grid regions (Table S3 in the Supporting Information). We use the elec-
tricity emissions factor they present for the Midwest Reliability Organization. We also
adopt their Bond work index for basalt (18.67) and use this to compute the energy re-
quired for feedstock crushing. For calcite we assign a Bond work index of 12.10 — the
mean limestone estimate of Kanda and Kotake (2007) and Bond (1961). Before crush-
ing, we assume basalt and calcite have a sandy texture with particle diameters ~ 1,300 pm.
Unless otherwise stated, we assume that crushed rock is transported to the field site via
a 100 km truck trip. B. Zhang et al. (2023) found the emissions from spreading the rock
to be negligible compared to crushing and transport, so we ignore them here.

While our emission model inputs are reasonable for the Corn Belt, it is hard to know
if they are broadly representative. The emissions intensity of crushing can change by nearly
a factor of three from state to state across the Great Plains, and the emissions factor es-
timated by B. Zhang et al. (2023) could be on the high end for the region (Li et al., 2024).
There is also debate over a characteristic Bond work index for basalt, with recent esti-
mates as high as ~ 30 (Li et al., 2024). Moreover, projects that use waste fines sieved
down to the desired grain size may have no crushing emissions at all. These decisions
impact our emissions fluxes, but they are generally less important than the amount and
distance of rock transport (Fig. S4 in Supporting Information).

2.3 Carbon accounting

We adopt three basic accounting equations to compare the removals and emissions
associated with basalt and calcite applications. In each equation, a positive removal in-
dicates a carbon flux out of the atmosphere, and a positive emission is a carbon flux into
the atmosphere. The equations treat removals and emissions differently, and therefore
inform slightly different questions about the system. While they represent three possi-
ble lenses through which to view the silicate-carbonate trade-off, they are not an exhaus-
tive list of accounting possibilities. For example, the spatial and temporal bounds used
to simulate the initial removal flux represent a key accounting choice that could change
the perception of the trade-offs between rock amendments, but we do not explore those
here.

The first equation only considers the net removal flux (net R), ignoring upstream
emissions. Here, net R is the difference between the initial removal due to the enhanced
weathering project and that due to the baseline liming practice such that

net R = Rproject - Rbaseline- (7)

Unless otherwise stated, the project refers to a basalt amendment and the baseline refers
to the prescribed calcite amendment. This simplified equation is useful for understand-
ing the geochemical effects on the climate outcomes. The second equation builds on equa-
tion 7 by incorporating the change in upstream emissions, E, where

net R—E = (Rproject - Rbaseline) - (Eproject - Ebaseline)' (8)

Finally, the third equation involves two modifications to equation 8, both of which
help isolate the carbon removal flux from avoided emissions. The voluntary carbon mar-
ket treats removals and avoided emissions as distinct climate benefits, recognizing that
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they play different roles in reaching our climate goals (Nordahl et al., 2024). Avoided
emissions could be conflated with removals if (1) Ruyaseline iS negative (i.e., fossil carbon

is emitted to the atmosphere); or (2) Epaseline i greater than the portion of Epyoject that
replaces the baseline activity (Kukla et al., 2024). The first case is handled by requir-

ing Rpaseline t0 be zero or positive. The second case is difficult because the portion of

the basalt application that replaces the baseline is subjective. To get around this issue,

the Isometric (2025) protocol for enhanced weathering ignores Epaseline entirely. We adopt
this method for our net CDR. quantification because it is the only existing protocol we
identified that clearly addresses the issue of baseline rock amendments (Kukla et al., 2024).
These modifications give us the net CDR equation

net CDR = (Rproject - MAX(Rbaselinea O)) - Eproject- (9)

If there is no baseline activity — i.e., no liming — then Rpaseline = 0 and equation 9
simplifies to net CDR = Rproject — Eproject-

3 Results and Discussion
3.1 Initial removal with basalt and calcite

Our results show that basalt carbon removal outcomes are more sensitive to both
the diameter and amount of dust than calcite. Figure 1 shows the initial removal, inte-
grated across 15 years, using equation 6 with Fj.es set to zero. The first key distinction
between basalt and calcite is that while Ryp.sa1t tends to increase with finer feedstock grain
sizes, Realcite 1S largely insensitive to the dust diameter. Instead, calcite weathers fast
enough that total dissolution depends primarily on the amount of rock available and the
degree of calcite saturation in the soil. Its dissolution is not strongly limited by the avail-
able reactive surface area for a given volume of rock. This result holds for all of the sur-
face area parameterizations we tested with calcite (Fig. S5 in Supporting Information).

In contrast to Realcite, the magnitude of Rpagalc is highly sensitive to how the min-
eral surface area is calculated and how it evolves over time (Fig. S5 in Supporting In-
formation). For example, Rpasaly decreases if particle size tracking is turned off and sur-
face area is allowed to increase with porosity. If we assume the end-member case where
the particles are spherical with no surface roughness, then Ryp.sa1t decreases further. While
these same treatments have a negligible effect on Reaicite, We note that some research has
found that soil pH outcomes can be sensitive to calcite particle sizes within our simu-
lated range (Beacher & Merkle, 1949; Jones & Mallarino, 2018).

Basalt and calcite also differ in the range of initial removal outcomes. Calcite dis-
solution is limited by calcite saturation and, at a certain point, adding more rock leads
to a negligible increase in Rcalcite- The point where calcite saturation occurs, however,
is sensitive to the soil water infiltration rate (Fig. S6 in Supporting Information), con-
sistent with previous work showing a strong dependence of calcite saturation on the water-
rock ratio and water balance (e.g., Clow & Mast, 2010; Slessarev et al., 2016). In con-
trast, we do not see strong saturation impacts on Rpasait in our simulation conditions
— Rpasals increases continuously with more and finer rock within the range we tested
(see Fig. S7 in Supporting Information). We also note that increasing fertilizer input gen-
erally decreases R for both basalt and calcite. This result is consistent with a shift to
more non-carbonic acid weathering at the expense of that driven by carbonic acid. At
lower application rates in the more acidic case, calcite dissolution is dominated by non-
carbonic acid. This drives Rcaicite Negative, indicating that calcite-derived carbon is be-
ing released to the atmosphere. Though note that this analysis only accounts for the COq
budget of the soil column and ignores the fact that neutralizing non-carbonic acid is likely
to decrease CO4 evasion downstream.

When we account for a specific baseline liming practice, more or finer basalt is needed
to break even with the baseline calcite removal flux in the less acidic case. Figure 2A shows
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Figure 1. Rpasait and Realcite for the less acidic case (A, B) and more acidic case (C, D).
Cool colors indicate removal and warm colors indicate the net release of fossil carbon. Calcite is
net-emitting in the more acidic case for low application fluxes. The baseline liming practice is the

same for the less and more acidic cases and is shown by a black point in panels A and C.

the net removal flux of the basalt application compared to the baseline calcite amend-
ment calculated using equation 7. For the same dust diameter (200 pm), the break-even
line requires more than a 3x increase in rock application. This number approaches 20x
if the particle size tracking is turned off (not shown), emphasizing the importance of the
surface area parameterization. When the basalt is ground down to just a few microns
in diameter, the break-even dips slightly below the baseline liming flux, or reaches ~ 2x
the baseline flux with no particle size tracking. Of course, the break-even line is sensi-
tive to the baseline scenario (Fig. S8 in Supporting Information), but in this case the
line is at the upper end of common liming practices in the Great Plains. In the more acidic
case, by contrast, the break-even line is shifted lower and net R is negligible in most of
the box denoting common liming practices in the Great Plains (Fig. 2B).

Importantly, because we spread rock each year throughout the 15-year time hori-
zon, the last rock to be spread has little time to weather. This could hurt slower-weathering
feedstocks, like basalt, if substantial weathering occurs after the chosen time horizon. To
give basalt more time to weather, we repeat our simulations but only apply rock in the
first year, letting it weather for the following 14 (Fig. S9 in Supporting Information).

We find that basalt performs relatively better at low application fluxes, as both feedstocks
weather nearly completely. But, compared to the yearly application case, calcite gen-
erally performs better at mid-to-high application fluxes. In this range, a smaller frac-

tion of basalt weathers while calcite continues to weather nearly completely. When con-
sidering the trade-off between basalt and calcite, these results suggest basalt benefits more
from our decision to spread rock each year throughout the time horizon.

3.2 Downstream losses and upstream emissions

On its way to a durable storage reservoir, weathering-derived DIC and alkalinity
can be lost due to processes such as secondary mineral formation, carbonate system re-
equilibration, river evasion, and plant cation uptake (Kanzaki et al., 2023; Neumann et
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Figure 2. Basalt net removal after subtracting the effect of counterfactual liming for the less
acidic case (A) and more acidic case (B). Note that Rye; approaches Rpasalt in panel B because

Rcalcite 1S near zero.

al., 2025; Renforth & Henderson, 2017; S. Zhang et al., 2022). Beyond the ~10-30 cm

depth where some of these processes are measured in the field, the magnitude of poten-

tial losses is poorly known. For simplicity, we prescribe the percentage of carbon lost and
assume it is the same for basalt and calcite amendments (see equations 5 and 6). In re-
ality, the losses can differ by feedstock as they release different cations and different amounts
of alkalinity.

When downstream losses apply to both an enhanced weathering project and the
counterfactual (or baseline), they could either decrease or increase net carbon removal
(i.e., net R in equation 7). Of course, when there is no counterfactual to compare to, more
downstream loss decreases net R. However, when the losses affect the counterfactual more
than the project, downstream loss increases net R. Importantly, that condition neces-
sarily holds for all points on the break-even (dashed line in Fig. 3) (see Text S3 and Fig.
S10 in Supporting Information). As a result, any increase in downstream loss, applied
equally to the project and counterfactual, shifts the break-even line lower. In other words,
a higher loss percent means carbon removal from basalt weathering balances calcite with
relatively less or coarser rock. These shifts are small at first, but grow rapidly as the loss
approaches the point where calcite is no longer net-removing (~ 48% in Fig. 3A). Cal-
cite is nearly net-emitting in the more acidic case, s0 Rpasalt > Realcite under all con-
ditions when the loss factor is greater than or equal to 10%. Moving forward, we apply
a 10% downstream loss to basalt and calcite for all simulations unless otherwise stated.

Upstream emissions (F), by contrast, tend to shift the break-even line up and to
the left in the less acidic case. Figure 3C and 3D show net R—F calculated with equa-
tion 8. In the simplified, albeit improbable, case where both feedstocks are transported
to the field site along the same route, sourcing the basalt is more emissions intensive be-
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Figure 3. The effect of downstream loss percent (A, B) and upstream transport emissions
(C, D) in the less acidic and more acidic cases, respectively. The lines in each panel are break-
even lines where Rpasalt = Realcite, With Rpasalt >  Realcite above the line and vice versa. The
shaded areas refer to regions of the solution space where the basalt amendment produces more
carbon removal than the baseline calcite amendment. Basalt and calcite amendments are com-

pared using equation 7 for panels A and B, and equation 8 for panels A and C.
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cause a greater amount of rock is required and basalt’s Bond work index is higher. De-
spite the emissions penalty, removals tend to increase faster than emissions when more
basalt is added, but not when more calcite is added (Fig. S11 and S12 in Supporting In-
formation). Notably, basalt removals do not necessarily outpace emissions when adding
more rock. If particle size tracking is turned off, or the surface roughness is low, then
adding more rock can increase the emissions burden faster than the removal flux (Fig.
S13 in Supporting Information).

Figure 3D indicates that, as the transport distance increases, intermediate appli-
cation fluxes and coarser basalt become less favorable compared to the baseline liming
practice. This creates a left-facing wedge where net R—FE is negative. To reach a con-
dition where net R — F is positive, one could either add more and finer rock (moving
up and to the left, as in Fig. 3C) or decrease the application flux to less than ~ 1 tonne ha™! yr
(moving down in Fig. 3D). These two solution spaces emerge because, when we account
for upstream emissions, the baseline liming practice is net emitting in the more acidic
case. This drives net R—F positive at low application fluxes primarily because of the
decrease in Ey,ga1t- In our simulations, the incomplete weathering of basalt limits R such
that transport distances over ~ 750 km are generally net emitting over the 15-year time
horizon, or distances over ~ 30km when particle size tracking is turned off.

3.3 Carbon accounting

Carbon accounting decisions can exert substantial influence over the perceived cli-
mate outcomes of a project. Today, essentially all enhanced rock weathering projects are
financed by, or preparing to be financed by, the sale of carbon removal credits in con-
ventional carbon markets. These removal credits must represent carbon removed from
the atmosphere, excluding emissions that were avoided. This distinction recognizes the
fact that removals and avoided emissions serve different purposes in reaching net-zero.
Avoiding emissions helps slow climate change and represents the vast majority of the work
we need to do to reach net-zero. Removals are meant to balance residual emissions and
potentially remove legacy emissions.

Separating avoided emissions from removals requires carefully crafted carbon ac-
counting rules (Nordahl et al., 2024). For example, if Epasaly < Fealcite, €quation 8 counts
the decrease in E as CDR. Equation 9, in contrast, guarantees that avoided emissions
are not counted as CDR. Though equation 9 is also one-sided, accounting for baseline
removals while ignoring any potential relief from baseline emissions. See Kukla et al. (2024)
for more discussion on methods for separating avoided emissions and removals.

Figure 4 shows how the application conditions where basalt-driven removal exceeds
calcite can depend on accounting choices. For the less acidic cases, there is not much dif-
ference between the three accounting approaches — for reference, the break-even line on
panel A is copied onto panel C, and panel C on to E. The break-even line shifts upward
slightly when we account for emissions (Fig. 4C), as the Epojcct required to break-even
exceeds Fhaseline- 1Then separating avoided emissions nudges the break-even line up a dis-
tance that is determined, in this case, by the magnitude of Fhascline (Fig. 4E). Since Fhaseline
is small relative Ep;oject; panels C and E are nearly identical. More broadly, the simi-
larity of panels A, C, and E is owed to the fact that Rjpasa1¢ increases rapidly with the
rock application flux, effectively bounding how much the break-even line can move. Ryasalt
increases more slowly with other surface area treatments (e.g., Fig. S5 in Supporting In-
formation), which would change the relative differences between panels A, C, and E.

In the more acidic case, Rproject €xceeds Rpascline everywhere (Fig. 4B) and net R—
E is positive almost everywhere (Fig. 4D). The two slivers of white space in Figure 4D
are primarily driven by Eproject being too high due to crushing emissions (the sliver on
the left) or Rproject being too low when an intermediate amount of coarse rock is applied.
Panel F is effectively equivalent to Rproject — Eproject because Rpascline 15 negligible.
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Figure 4. Shaded regions show where relative basalt carbon removal is positive for different
accounting choices, including net R (A, B), net R — E (C, D), and net CDR (E, F) for the less

acidic and more acidic cases, respectively.

3.4 Optimizing calcite versus basalt for CDR

Given calcite’s effectiveness at carbon removal, particularly in less acidic conditions,
it may be more efficient to optimize calcite applications for CDR than to use basalt, even
in fields with no liming history. Figure 5 compares the net CDR outcomes for basalt ver-
sus calcite amendments, accounting for upstream emissions (see Sect. 2.2) and a 10%
downstream loss. In this case, there is no baseline carbon removal from counterfactual
liming.

Figure 5 highlights how different decisions are required to optimize a calcite amend-
ment for CDR compared to a basalt amendment. Calcite net CDR is highest at low-to-
intermediate removal fluxes and coarser particle sizes. Adding too much calcite, or crush-
ing it too finely, increases emissions faster than it increases removals. In contrast, more
and finer basalt increases net CDR monotonically. The net CDR values change in the
more acidic case, but the general shape of the solution space is similar.

Further simulations with different surface area parameterizations suggest these cal-
cite results are more broadly generalizable, but the basalt results may not be. The shape
of the calcite solution space is not sensitive to changes in the surface area parameter-
ization (Fig. S5 in Supporting Information), which can vary from model-to-model. We
expect the basic result that calcite CDR is optimized at some intermediate, relatively
coarse feedstock application to hold under many conditions. The basalt results, in con-
trast, are highly sensitive to the surface area parameterization, with more rock driving
more removal in some cases and more emissions in others (Fig. S13 in Supporting In-
formation). The shape of this solution space likely depends on factors including the min-
eralogy of the feedstock, the roughness factor, the specific surface area response to weath-
ering, and more. We cannot be confident that more and finer basalt will always drive
more carbon removal.
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Figure 5. Net CDR for basalt and calcite when considering upstream emissions, downstream
losses, and counterfactual calcite in the less acidic (A, B) and more acidic (C, D) cases. Greens
indicate net removals, reds indicate net emissions. In the more acidic case, net CDR solely re-
flects the balance of feedstock removal and embodied emissions because the counterfactual calcite

weathering emits fossil carbon.

4 Concluding remarks

Our results illustrate clear trade-offs between silicate and carbonate feedstocks for
carbon removal. Carbonates weather quickly and congruently, but carry embedded fos-
sil carbon and can saturate quickly in more water-limited environments, which could cap
potential removal. Silicates weather more slowly and often incongruently, but avoid fos-
sil carbon emissions and offer greater removal potential per unit of alkalinity. Our sim-
ulations provide additional evidence that carbonates can outperform silicates in some
scenarios — particularly at lower application rates that are consistent with current agro-
nomic practices.

Our results have a number of implications for aligning agricultural rock applica-
tions with climate goals. First, feedstock trade-offs must be carefully considered when
deciding what practices to incentivize — whether selecting a rock for an enhanced weath-
ering deployment in a context with no liming history, replacing an existing liming prac-
tice, or layering an enhanced weathering practice on top of an existing liming practice.
These trade-offs are sensitive to local conditions, including pH, climate, liming history,
and proximity to rock sources. While high silicate application rates can deliver strong
removal outcomes, they may not be financially viable or agronomically sustainable over
time (Levy et al., 2024). Carbonates, by contrast, may support more sustainable, lower-
rate applications that are less likely to degrade soil properties with repeated, long-term
application.

Second, any carbon removal claims must account for existing liming practices, es-
pecially in the context of carbon markets. If a new deployment is replacing or supple-
menting agricultural lime, then the baseline removal associated with that practice must
be quantified. This is not straightforward. Baseline lime application data is not stan-
dardized and may be hard to verify, tracer-based quantification methods do not work
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499 for most carbonates (Reershemius et al., 2023), and mechanistic models will need to con-

500 front uncertainties associated with validation, calibration, and initialization. Moreover,
501 crediting frameworks that aim to distinguish removal from avoided emissions will have
502 to grapple with how to handle emission reductions associated with upstream emissions
503 or carbonate weathering that acts as a carbon source.

504 Third, identifying conservative accounting choices — erring on the side of less car-
50 bon removal — is more complicated when the project is weighed against a baseline sce-
506 nario. For example, since downstream losses are hard to measure, common practice is

507 to assume some loss factor or model it. Both approaches require decisions that affect car-
508 bon removal. If they are applied symmetrically to the project and the baseline, then de-
500 cisions that increase loss estimates could be conservative in one project, but could in-

510 flate CDR in another. For quantification systems where conservative accounting is im-

511 portant, the existence of a baseline scenario requires a more careful consideration of each
512 accounting choice.

513 This work presents a framework for evaluating carbon removal trade-offs between
514 silicate and carbonate feedstocks, taking into account site-specific conditions, rock quan-
515 tity and particle size, upstream emissions, and downstream losses. While we focus on

516 mechanistic modeling of carbon removal at the field scale, future work should incorpo-

517 rate other greenhouse gases, more detailed representations of downstream geochemistry,
518 and comparatively evaluate the framework with other reaction-transport codes. This anal-
519 ysis is a first step toward supporting more nuanced feedstock choices — both in the con-
520 text of carbon market projects and with respect to broader policy efforts aimed at in-

521 centivizing the use of rock dust in agricultural soil pH management.
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Text S1: SCEPTER gas-phase mass balance

SCEPTER tracks the partial pressure (p.; atm) of a gas species € based on its production
or consumption by solid and aqueous phases, its diffusive transport in the gas phase
and dissolved phase, and its advective transport in the dissolved phase. The governing

equation for the gas-phase mass balance is

a&EpE a¢U€UH€pE 8 & apE Tsld Nxrxn
- 0 =2 | Ds € kellg. 1
ot 0z +az< . +§9 Yo, Lo + E,{ YeeR (1)

Here, € denotes a particular gas species, 6 is a particular solid species, k is a user-defined
“extra” reaction, ¢ is time (s), z is depth (m), and «. is a unit conversion factor (mol
m~3 atm™!) (see equation S2). The first two terms on the right hand side of equation
1 represent the advection of dissolved gas and diffusion of all gas (including dissolved),
respectively, and the second two terms represent the net gas production due to reactions
with solids and extra reactions, respectively.

In the advection term of equation S1, ¢ is the soil porosity, o is the soil water saturation,
¢ converts liters to cubic meters, v is the rate of downward porewater advection (m yr—1),
and H., is the solubility of the gas species (mol L ™! atm™!). The diffusion term relies on
an effective diffusion coefficient, DT (mol atm~! m~! yr~=!) which accounts for diffusion
in the gas phase and the aqueous dissolved gas phase (see equation S3 below). The net
production of gas ¢ from solid species 6 is 7. (mol), and Ry is the net dissolution rate of ¢
(mol m~3 yr=!). The net production from extra reaction x depends on the stoichiometric
coefficient of € in the reaction, 5. and the reaction rate R, (mol m™ yr=!). We note
that the reaction rates are represented as R here for consistency with Kanzaki, Zhang,
Planavsky, and Reinhard (2022), but should not be confused with initial CDR R in the
main text (e.g., equation 6).

In order to track the transport of gas, including its dissolved component, equation S1

uses the conversion factor a. and the effective (gas plus aqueous) diffusion coefficient D,
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defined as

a. =n¢ (1l —o)l+ ¢olH. (2)

and

Dsﬁ =0 (1 — 0) lTgas D + ¢l H Toq D2 (3)

Here, n is a factor for converting atm to molarity, 7,.s is the tortuosity factor for gas
diffusion in unsaturated pore space, D&* is the diffusion coefficient for gas phases of ¢
and D is the coefficient for aqueous phases (m? yr—!).

In our simulations, the advection and diffusion terms of equation S1 correspond to Fl,q,
and Fyir in the soil pCOy mass balance, respectively (see equation 5 of the main text).
Foe and Finoe capture all of the non-zero solid phase contributions to soil pCOq, such
that the sum of Fy,, and Finore is equal to the solid phase net production term in equation
S1. We do not include any extra reactions beyond SCEPTER’s default reactions, so the

extra reaction term in equation S1 goes to zero.
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Text S2: SCEPTER sensitivity analysis

We test the sensitivity of model results to eight key input parameters listed in table S2.
All SCEPTER simulations for our sensitivity analysis are run for 5 years with annual rock
application of either basalt or calcite. We turn off particle size tracking in these simulations
to improve computational efficiency. CDR is calculated relative to a no-application (of
rock or fertilizer) control simulation.

We use the Morris method, as implemented in the SALib python package (v1.4.7) for
our sensitivity analysis (Campolongo et al., 2007; Herman & Usher, 2017; Iwanaga et al.,
2022; Morris, 1991; Ruano et al., 2012). The Morris method is a global, elementary effects
method that nudges one input parameter at a time. It outputs metrics for the direction,
magnitude, and standard deviation of the effects — the latter being indicator for interac-
tions with other inputs. We chose this method because the results are straightforward to
interpret and it is computationally inexpensive to run, often requiring 100s rather than
1000s of simulations or more.

We generated 450 sets of input parameters using the Morris sampler in the SALib pack-
age. To generate these inputs, we sampled four input levels across 50 optimal trajectories
that were selected from a random sample of 750 trajectories using local (rather than
global) optimization. Using the results from 900 simulations (450 each for basalt and
calcite) we computed sensitivity metrics for the initial CDR (Rx) as well as the difference
between Rpasay and Reacite- We computed sensitivity metrics these outcomes integrated
over 5 years of dust application.

There are two main takeaways from our sensitivity analysis relevant to this work. First,
the effect of climate forcing (e.g., mean annual temperature and the soil water infiltration
rate) on initial CDR outcomes is comparable to that of the annual application rate and

dust grain size. This result holds for calcite, basalt, and the difference between them,
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indicating that local climate conditions play an important role in the trade-offs between
the feedstocks. Second, other deployment conditions such as the depth and duration of
rock spreading have a relatively small effect on CDR outcomes in the model.

Given the importance of climate inputs for carbon removal outcomes, we repeated our
simulations across application fluxes and dust diameters for high soil water infiltration
and high mean annual temperature. We raised the infiltration rate to 1.75 m yr~! and the
mean annual temperature to 30°C (Supporting Fig. S6). The soil water infiltration rate
has a large positive effect on calcite-driven removal, consistent with previous results that
show a strong dependence of calcite saturation on the water-rock ratio and water balance
(Clow & Mast, 2010; Slessarev et al., 2016). Water infiltration has a more complicated
effect on basalt removal, increasing it in some places and decreasing it in others. In
contrast, temperature has a large positive effect on basalt-driven removal and a weak,

negative effect on calcite (e.g., Gaillardet et al., 2019).
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Text S3: Conservative accounting of downstream losses
When tweaking an existing rock amendment for carbon dioxide removal (CDR), an as-
sumed downstream loss fraction might apply to both the project and the counterfactual
(what would have happened without the project). Therefore, it is not immediately clear
whether a higher or lower assumed loss fraction is conservative (erring on the side of
crediting less CDR).

To build intuition for the effect of downstream loss on net CDR, assume the total carbon

exported from the field, I', is proportional to R by

_RX

'y = —.
* 7 Bx

(4)

Here, subscript X is a stand-in for the rock amendment (silicate “sil” or carbonate “carb”)
and ( is a removal efficiency coefficient denoting the fraction of total carbon export that
represents carbon removed from the atmosphere. For simplicity, we set G4 to 1 and Bea
to 0.5. This assumes the silicate feedstock carries no fossil carbon and the carbonate
feedstock removes carbon at the theoretical maximum rate of 1 mole of atmospheric
carbon per mole of Ca?* released.

We can then apply downstream loss as a fraction, «, of total export, I'. The effect on

net CDR can be calculated as:
C]:)]-:{net - Rsil - arsil — MAX (Rcarb - arcarb; O) . (5)

We test the effect of varying « from zero to one in three different cases: I'sj = Bearbl carb
(the break-even line); T'yy = Team; and Ty = 20ca (Fig. S10). In the range where
a > Bearn, increasing a always results in less net CDR. When a < e, the effect of
a depends on whether total carbon export, I', is higher for the silicate or carbonate

feedstock. If Iy is higher then raising a decreases net CDR (Fig. S10, light blue line). If
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[y is lower, then « increases net CDR (Fig. S10, dark blue line). And if I'yj = e, then
a has no effect on net CDR.

These results indicate that, at the break-even line, increasing a up to fSea1, will increase
net CDR. This holds true as long as Beap < B and both are positive. As a result, the
break-even line shifts to lower application rates and coarser rock as « increases (main text
Fig. 3). In contrast, a will decrease net CDR further above the break-even line where

1—‘sil > Fcarb .

August 23, 2025, 4:32pm



X-8

References

Campolongo, F., Cariboni, J., & Saltelli, A. (2007, October). An effective screening
design for sensitivity analysis of large models. Environmental Modelling € Software,
22(10), 1509-1518. doi: 10.1016/j.envsoft.2006.10.004

Clow, D. W., & Mast, M. A. (2010, January). Mechanisms for chemostatic behavior
in catchments: Implications for CO2 consumption by mineral weathering. Chemical
Geology, 269(1-2), 40-51. doi: 10.1016/j.chemgeo.2009.09.014

Gaillardet, J., Calmels, D., Romero-Mujalli, G., Zakharova, E., & Hartmann, J. (2019,
November). Global climate control on carbonate weathering intensity. Chemical
Geology, 527, 118762. doi: 10.1016/j.chemgeo.2018.05.009

Herman, J., & Usher, W. (2017, January). SALib: An open-source Python library for
Sensitivity Analysis. The Journal of Open Source Software, 2(9), 97. doi: 10.21105/
joss.00097

Iwanaga, T., Usher, W., & Herman, J. (2022, May). Toward SALib 2.0: Advancing the
accessibility and interpretability of global sensitivity analyses. Socio-Environmental
Systems Modelling, 4, 18155. doi: 10.18174/sesmo.18155

Kanzaki, Y., Zhang, S., Planavsky, N. J., & Reinhard, C. T. (2022, June). Soil Cycles
of Elements simulator for Predicting TERrestrial regulation of greenhouse gases:
SCEPTER v0.9. Geoscientific Model Development, 15(12), 4959-4990. doi: 10.5194/
gmd-15-4959-2022

Li, Z., Planavsky, N. J., & Reinhard, C. T. (2024, August). Geospatial assessment of
the cost and energy demand of feedstock grinding for enhanced rock weathering in
the coterminous United States. Frontiers in Climate, 6, 1380651. doi: 10.3389/
fclim.2024.1380651

Morris, M. D. (1991). Factorial Sampling Plans for Preliminary Computational Experi-

August 23, 2025, 4:32pm



ments. Technometrics, 33(2). doi: 10.1080/00401706.1991.10484804

Navarre-Sitchler, A., & Brantley, S. (2007, September). Basalt weathering across scales.
FEarth and Planetary Science Letters, 261(1-2), 321-334. doi: 10.1016/j.epsl.2007.07
.010

Ruano, M., Ribes, J., Seco, A., & Ferrer, J. (2012, November). An improved sampling
strategy based on trajectory design for application of the Morris method to systems
with many input factors. FEnvironmental Modelling & Software, 37, 103-109. doi:
10.1016/j.envsoft.2012.03.008

Slessarev, E. W., Lin, Y., Bingham, N. L., Johnson, J. E., Dai, Y., Schimel, J. P., &
Chadwick, O. A. (2016, December). Water balance creates a threshold in soil pH at
the global scale. Nature, 540(7634), 567-569. doi: 10.1038 /nature20139

Zhang, B., Kroeger, J., Planavsky, N., & Yao, Y. (2023, September). Techno-Economic
and Life Cycle Assessment of Enhanced Rock Weathering: A Case Study from the
Midwestern United States. FEnvironmental Science & Technology, 57(37), 13828—

13837. doi: 10.1021/acs.est.3c¢01658

August 23, 2025, 4:32pm



Annual flux compared to
no-application baseline

Time-integrated flux compared to
no-application baseline

a0
_. 04 A. 'm 2 B.
5 Icit lication flux <
s —— 0.6tonne ha' yr' o
— c 0
‘s —— 1.5 tonne ha' yr' 9
< x
[ S -
S ook bV s 2
o ]
= 9]
x ® 4
3 o
= 9
~N -~
o £ 5
g "
-0.4 S
<
-8

5 10 15 20 25
Time (yr)

w
o
w

10 15 20 25 30
Time (yr)

Figure S1. Time dynamics of carbon fluxes due to liming with cation exchange turned on in

the model. (A) On an un-limed soil, calcite application is initially a carbon source and later,
when the exchange sites are saturated, a carbon sink. The timing of the turnover point depends
on the application flux. (B) The time-integrated carbon flux shows that it takes about 8 years
for net carbon removal to begin in the higher application case, and about 12 years in the lower

application case.
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Figure S2. Morris sensitivity analysis results for the magnitude of parameter effects. In a
5-year time horizon, runoff and mean annual temperature have the largest effects on basalt (A),

calcite (B), and basalt minus calcite (C) removal fluxes.
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Figure S3. Calcite amendment comparison between cation-derived potential CDR (blue

lines) and COy-derived actual CDR (red lines) for the less acidic (A) and more acidic (B) soils.
As weathering mediated by strong acids makes up a larger portion of total weathering, the
COs-derived CDR becomes a smaller portion of the potential CDR. Note, the potential CDR

calculation assumes all additional cations are charge balanced by bicarbonate ions.
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Figure S4. Upstream emissions response to varying the Bond Work Index (A) and the
emissions factor for crushing (B). Emissions are cumulative over 15 years of annual, 100 km
truck trips for 1, 10, and 20 tonnes of rock per hectare (dark green, green, yellow, respectively).
For reference, the basalt Bond Work Index and approximate range of CONUS emissions factors

estimated by Li et al. (2024) are annotated.
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Figure S5. Basalt (top row) and calcite (bottom row) R for three weathering parameterizations
(columns). (A, B) The case in the main text —particle size distribution tracking is on and the
surface roughness is calculated following Navarre-Sitchler and Brantley (2007). (C, D) Particle
size distribution tracking is turned off, allowing the bulk surface area to evolve with weathering
while the specific surface area is constant. (E, F) As in (C, D) but assuming the end-member

scenario of no surface roughness.
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Figure S6.  Effect of high soil water infiltration (Q; A, B) and mean annual temperature

(MAT; C, D) on carbon removal outcomes compared to the default case presented in the main

text.
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Figure S8. Basalt net removal after subtracting the effect of counterfactual liming (as in Fig.
2a of the main text) for three baseline liming scenarios: calcite applied at a rate of (A) 0.1 ton
ha=! yr=!, (B) 1.0 ton ha™! yr~! (the baseline used in the main text) and (C) 4.0 ton ha™! yr=1.

The particle diameter is 200 pum for each baseline scenario.
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Figure S9. Comparison between basalt minus calcite net CDR for a single rock application
and then 15 years of time for dissolution (A, C), and annual applications for 15 years (B, D).
Unlike figures 2-5 in the main text, there is no baseline liming scenario used here. Each grid
cell compares the basalt and calcite removal for the given dust diameter and application flux.

Although the single application scenario gives basalt more time to weather fully, it also makes

calcite less saturation-limited because less rock is spread in the 15 year interval.
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Figure S10. The effect of the loss factor (x-axis) on net CDR (y-axis) when the same loss is
applied to the ERW project and counterfactual. We assume (.., is the theoretical maximum of

0.5, which causes the change in slope at x=0.5.
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Figure S11. Initial removal (A, D) emissions (B, E) and the difference between them (C,
F) for different particle diameters and application fluxes for basalt (A-C) and calcite (D-F).

Removal flux is calculated assuming no downstream loss.

August 23, 2025, 4:32pm



Removal (R) Emissions (E)
'; 9.0 9.0 3
T 3.0
o 75 7.5 =
= 10! — 10! <
= S 608 602 -
- =& < = kA
© c < o -15 L
8 m é 30 e > 1°°J: -3 ng“
© 2 15 15 i X
(&) _& J 45
o 5 o0 (/o0 |
= 0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
_-9 particle diameter (um) particle diameter (um) particle diameter (um)
(&)
o T P
) I‘; 9.0 9.0 43
st - 30 ~
(] © 7.5 75 El
10! T 10! 7 10! z
= o § 605 6.0% 15 §
= 3 g El 00 §
c o< & -15
O 2w ST T o
© 1 -3.0
] 15 15
Q 1 —
3 \/ 0.0 \/0.0 43
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
particle diameter (um) particle diameter (um) particle diameter (um)
Figure S12. As figure S11 but for the more acidic case.
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Figure S13. Rpasait — Ebasas for the three surface area treatments (A) The case in the main
text — particle size distribution tracking is on and the surface roughness is calculated following
Navarre-Sitchler and Brantley (2007). (B) Particle size distribution tracking is turned off, such
that the bulk surface area evolves with weathering while the specific surface area is constant.
(C) As in (B) but assuming the end-member scenario of no surface roughness. Note that, unlike

panel A, increasing the amount of rock applied generally increases net emissions in panels B and

C.
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Table S1. Variables used for SCEPTER spin-up tuning.

Variable long name Units Value Variable Type
soil pH 6.06 target
organic matter wt % 2.28  target
base saturation % 79.02 target
soil pCO, log atm -1.80  target
calcium concentration M 1.5e-4 tuned
organic matter input gCm™2yr~! 83.01 tuned
organic matter turnover time yr 30.25  tuned
H-Na exchange coefficient log K 4.00  tuned

Table S2. Parameters and ranges used in sensitivity analysis.

Short name Long name Units Range
dustrate Annual dust application rate gm~2 st 10-2000
dustrate_2nd Annual fertilizer application rate gm~2st 0-35
taudust Duration of annual dust application yr 0.03-0.1
dustrad Radius of dust particles pm 10-200
qrun Water infiltration rate m yr ! 0.1-1.5
mat Mean annual temperature °C 3-30
dust_mixdep Till depth for dust mixing m 0.05-0.4
dustrate_2nd Annual fertilizer application rate gm2s7! 0-35
soilmoisture_surf Soil moisture at surface unitless  0.1-0.7

Table S3. Inputs for the upstream emissions model. Values refer to the baseline scenario and

apply to both calcite and basalt amendments.

Variable name Units Value Reference

p80 input pm 1300 Zhang et al. (2023)
p80 output pm (feedstock diameter)

Truck transport distance km 0

Barge transport distance km 100

Diesel barge transport distance km 0

Emissions factor, crushing kg COse kWh™! 0.67 (MRO) Zhang et al. (2023)
Emissions factor, truck kg COse tonne™ km~=! 0.0996 Zhang et al. (2023)
Emissions factor, barge kg COse tonne™! km=! 0.0282 Zhang et al. (2023)
Emissions factor, barge kg COge tonne™! km~! 0.0282 Zhang et al. (2023)
Emissions factor, diesel barge kg COse tonne™ km~* 0.00534 Zhang et al. (2023)
Bond work index, basalt 18.67 Zhang et al. (2023)
Bond work index, calcite 12.10 Zhang et al. (2023)
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