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ARTICLE INFO ABSTRACT

Editorial handling by: Qusheng Jin The carbon dioxide removal (CDR) potential of enhanced rock weathering (ERW) depends on dynamic in-
teractions between several biogeochemical and life-cycle variables. This paper reports results from a systems
model developed to account for key variable interactions and provide a computational tool for optimizing ERW
applications. We discuss the model development, comparisons with laboratory and field test data, and results
from a series of sensitivity analyses for several hypothetical ERW applications. The simulations were performed
using a model developed in Stella Architect, an object-oriented systems dynamics modeling code. The model
tracks the amount of carbon dioxide consumed by the weathering of a user-specified mass of rock powder in a
soil environment. The primary model variables are: rock powder particle size distribution, soil pH, soil tem-
perature, soil pore water saturation index, and a biological weathering factor. The rock bulk composition is also a
key variable as it defines the enhanced weathering potential of the rock powder. Life cycle variables such as
carbon emissions from mining, rock crushing, and transport are also quantified. The model predictions are
consistent with measured data. It predicts CDR values ranging from 1 to 12 t CO2 ha™! (depending on conditions)
for single applications of 20-40 t of rock ha~! over a 10-year interval. Applying the model to a hypothetical
large-scale ERW campaign in which basalt rock powder is applied to 25% and 75% of Brazilian cropland results
in CDR values of 0.15 and 0.5 Gt CO over ten years, respectively (for a single application). Model results show
that combinations of suboptimal rock type (i.e., low concentrations of divalent cations and slow weathering rates
for field conditions) and suboptimal life-cycle variables (i.e., high vehicle emission factors and long rock
transport distances) can result in net positive CO3 emissions for some hypothetical ERW scenarios. It is, therefore,
emphasized that the quantitative co-optimization of geochemical, biological, and life-cycle variables is essential
in the planning stages of ERW applications.
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1. Introduction

To mitigate the ecological damage and human hardship caused by
climate change, the United Nations Intergovernmental Panel on Climate
Change (IPCC) has established a goal of limiting global warming to less
than 1.5°C relative to preindustrial levels (IPCC, 2018). In their 2022
report on mitigating climate change, the IPCC emphasized that
achieving net-zero emissions and maintaining global temperatures
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below the 1.5°C threshold will require active carbon dioxide removal to
counterbalance hard-to-abate residual sources of CO5 (IPCC 2022; Box
TS.10.). One of the most promising large-scale carbon dioxide removal
(CDR) methodologies is enhanced rock weathering (ERW), also referred
to as enhanced weathering (EW), terrestrial enhanced weathering
(TEW) or enhanced mineral weathering (EMW).

The weathering of silicate rock is the dominant natural CO, removal
process over geologic time scales (Arrhenius and Holden, 1897; Urey,
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1952; Walker et al., 1981; Berner et al., 1983; Brantley et al., 2023).
Practitioners of ERW accelerate this natural CDR process by applying
finely ground (high reactive surface area) rock powder to soils and
coastal environments. This paper focuses on the terrestrial application of
ERW to agricultural soils. The use of terrestrial ERW for carbon dioxide
removal has been discussed and studied for decades (e.g., Seifritz, 1990;
Goldberg et al., 2001; Schuiling and Krijgsman, 2006; Kohler et al.,
2010; Renforth, 2012; Hartmann et al., 2013a, b; Manning and Renforth,
2013; Moosdorf et al., 2014; Taylor et al., 2016; Edwards et al., 2017;
Kantola et al., 2017; Meysman and Montserrat, 2017; Taylor et al., 2017;
Strefler et al., 2018; Renforth, 2019; Lefebvre et al., 2019; Lehmann and
Possinger, 2020; Beerling et al., 2020; Kelland et al., 2020; Goll et al.,
2021; Vakilifard et al., 2021; Lewis et al., 2021; Haque et al., 2021;
Rinder and von Hagke, 2021; Kemp et al., 2022; Vicca et al., 2022;
Kantzas et al., 2022; Stubbs et al., 2022; Eufrasio et al., 2022; Zhang
et al., 2022; Calabrese et al., 2022); and with recent international
emphasis on CDR for climate change mitigation there has been a pro-
liferation in experimental and modeling studies seeking to verify and
improve quantification of ERW’s underlying mechanisms (e.g., Van-
derkloot and Ryan, 2023; Beerling et al., 2018; Guo et al., 2023; Deng
et al., 2023; Knapp et al., 2023; Kanzaki et al., 2023, te Pas et al., 2023;
Reershemius et al., 2023; Reynaert et al., 2023; Chen et al., 2023;
Paessler et al., 2023; Gaucher et al., 2023).

Based on a review of the literature, the IPCC estimates that the global
CDR potential for ERW ranges from 2 to 4 Gt CO, yr~! (IPCC, 2022a,b;
Table TS.7). For comparison, the rate of CO2 consumption by natural
silicate weathering processes (the global rock weathering carbon sink) is
estimated to be around 0.13 Gt CO, yr*1 (Zhang et al., 2021). The
anthropogenic emissions from agriculture, forestry, and other land use
are 5.9 + 4.1 Gt CO, yr’1 (IPCC, 2022a,b; Table TS.4). Therefore, the
global application of ERW has the potential to offset a large proportion
of anthropogenic emissions from land use. In addition to COy draw-
down, the addition of silicate rocks such as basalt has been shown to
reduce soil emissions of nitrous oxide (a potent greenhouse gas associ-
ated with agricultural processes) by up to 32%, depending on crop type
(Blanc-Betes et al., 2021; Chiaravalloti et al., 2023, Beerling et al.,
2018).

The use of silicate rock powders as slow-release fertilizers
(commonly referred to as soil remineralizers) has been practiced and
studied systematically since the 19th century (e.g., Hensel, 1894). For
the past few decades, the study of soil remineralization with rock
powders has played an important role in promoting the transition away
from agricultural methods based on synthetic fertilizers to more sus-
tainable, regenerative farming practices based on locally-sourced
organic inputs and remineralizers (Chesworth et al., 1983; Leonardos
et al., 2000; Theodoro and Leonardos, 2006; Fyfe et al., 2006; van
Straaten, 2006; Campe, 2014;Manning and Theodoro, 2020; Theodoro
et al., 2021; Conceicao et al., 2022; Ramos et al., 2022; van Straaten,
2022; Campe et al., 2022; Swoboda et al., 2022).

The sustainability and success of an ERW or soil remineralization
ultimately depend on two categories of variables: (1) biogeochemical
factors that determine rock weathering rates and (2) life-cycle factors
that determine the potential for environmental damage and the extent of
carbon emissions resulting from rock extraction, crushing and transport.
This paper presents a reduced-order systems model for ERW that ac-
counts for biogeochemical and life-cycle variables. The model focuses on
one aspect of ERW life cycle assessment: net carbon dioxide balance.
Other life cycle assessment considerations are identified (e.g., the po-
tential environmental and health risks of ERW), but these are not
quantified in the new model. Specifically, this study aims to quantita-
tively explore how the dynamic relationships between variables such as
rock mineralogy, soil pH, temperature, grain size, biological activity,
and CO; emissions factors for rock processing and transport determine
the net CO, emissions for a given ERW application. The model presented
is a publicly available quantitative tool offering a systems-based
approach for co-optimizing key variables for ERW applications.
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2. Theory and methods

2.1. The reaction pathways and capacity of carbon dioxide removal by
enhanced rock weathering

The reaction pathways of ERW ultimately remove carbon dioxide by
converting CO; to carbonate species. The process starts with the disso-
lution of atmospheric CO- in rainwater to form carbonic acid. This weak
acid then attacks the silicate minerals that have been added to the soil.
The resulting enhanced weathering reactions (as shown below) produce
carbonate species that either precipitate or are transported to oceans,
where they may counter ocean acidity (Taylor et al., 2016). The carbon
converted from CO, to carbonates by these pathways remain in the
geosphere (carbonate rocks), and the hydrosphere (ocean) sinks for
thousands to millions of years (e.g., Zeebe and Wolf-Gladrow, 2009).

As mentioned above, silicate rock powders added to soils also act as
slow-release fertilizers (remineralizers) that have been demonstrated to
increase crop yield, thus increasing the plant biomass and the amount of
soil organic carbon. This is another process by which ERW can remove
CO5, from the atmosphere; however, due to this effect’s site-specific and
plant-specific nature, it is generally not accounted for in generalized
ERW process models such as the one presented in this paper.

The mass of CO; consumed by chemical weathering processes de-
pends on the cationic flux (e.g., Ca?™, Mg2+, Na™, and K*) released from
the dissolving minerals. This flux of positive charge is balanced by the
formation of anionic carbonate species such as bicarbonate (HCO3) or
carbonate (CO37) at high pH. For this reason, minerals containing
divalent cations convert more CO- to carbonate relative to monovalent
cations (on a molar basis). This is evident in the mineral weathering
reactions shown below.

Albite (NaAISi30g) + COs(aq) + 1.5 H,0 — 0.5 Kaolinite (Al,Si;Os(OH),)
+ 2.0 SiOy(aq) + Na* + HCO3 1

Labradorite (Cag ¢Nag 4Al; 6Siz 403) + 1.6 CO;(aq) + 2.4 H,O — 0.8 Kaolinite
(AI2Si205(0H)4) + 0.8 SiOy(aq) + 0.6 Ca’™ + 04 Na* + 1.6 HCO; (2)

Anorthite (CaAl,SiOg) 4 2 CO,(aq) + 3 HoO — Kaolinite (Al,Si,05(OH)4) +
Ca*" + 2 HCO3 3

Clinopyroxene (Mg 0Cag.77Tio.07Fe0.1Nag.05Alp.11511.9006) + 3.59 CO,(aq) +
0.0705(aq) + 2.145 H,O — 1.79 SiOs(aq) + 0.055 Kaolinite (Al;Si;O5(OH)4)
+0.05 Nat + 0.1 Fe(OH); + 0.07 Ti(OH)4(aq) + 0.77 Ca’* + 1.0 Mngr +
3.59 HCO3 “4)

Forsteriteroo0) (Mg1.8Fe 2Si04) + 3.6 COx(aq) + 2.0 HO — SiOx(aq) + 0.2
Fe(OH), + 1.8 Mg>™ + 3.6 HCO3 (5)

The compositions for the clinopyroxene and forsterite (reactions 4
and 5) are based on mineral chemical analyses from basaltic samples by
Koukouzas et al., 2019. Note that the molar ratio of CO, consumed to the
reacting primary mineral increases for more calcium and
magnesium-rich minerals. The accumulation of the potentially toxic
metals nickel and chromium (reactions 4 and 5) are not included in the
current version of our ERW model but could pose environmental hazards
under some conditions and, therefore, should be accounted for when
planning ERW field trials (see Suhrhoff, 2022; Vink and Knops, 2023;
Dupla et al., 2023; Vink et al., 2022 for more details on the behavior of
Ni and Cr in ERW applications).

The carbon dioxide drawdown capacity or enhanced weathering
potential (EWP) for rocks, minerals, and alkaline industrial byproducts
(e.g., ash and slag from steel production) can be quantified based on
bulk oxide composition using a modified form of the Steinour equation
(Steinour, 1959). The formulation of the EWP equation used in the
current study is from Renforth, 2019, Bullock et al., 2021; Bullock et al.,
2023. In these studies, the enhanced weathering potential of a material
(with the units of kg CO, consumed per tonne of rock applied) is
calculated as follows:
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Where CaO, MgO, Na,O0, K,0, MnO, SO; and P,0Os quantify the oxide
composition of the material (in weight percent), Myiq. are the molecular
masses of the oxides, and a, 3, €, 6, p, y, & are coefficients that quantify
the contribution of each oxide to the CO,-consuming reactions (Ren-
forth, 2019). Following Renforth, 2019; Bullock et al., 2021, a, S, €, 0
and p are set to 1.0 while y = —1.0 and § = —2.0. Aluminum, iron, and
titanium are not included in the EWP calculation because they are
assumed to form secondary minerals in the soils (e.g., kaolinite and iron
and titanium hydroxides, as shown in reactions 1-5).

The parameter 7 is the molar ratio of the CO5 consumed to the
divalent cations present in the reactions. Reactions (3) and (5) above
imply # should have a value of 2; however, due to temperature effects,
pCO2-dependent carbonate speciation, and buffering in seawater, the
parameter varies between 1.4 and 1.79 (Lefebvre et al., 2019). A default
value of 1.5 is used for 7 in the present study. This value is deemed a
conservative global average by Renforth, 2019. The importance of this
parameter value in quantifying ERW CDR potential is covered in the
model sensitivity analyses discussed in Section 3 below.

If carbonate minerals such as calcite or magnesite precipitate as a
result of ERW reactions, some CO, is re-emitted, as shown in the re-
actions below:

Ca’t + 2HCO3 — CO; + HyO + CaCOs (calcite) @
Mngr + 2HCO; — CO; + H,0 + MgCOj3 (magnesite) (8)

In addition to re-emitting some CO» these carbonation reactions “trap”
or store carbon as solid precipitates that may remain stable for millions
of years in the form of limestone.

However, because of the re-emission of CO», the carbonation path-
ways have lower overall CO, drawdown potential, as represented by a 5
value of 1.0 in equation (6) (e.g., Bullock et al., 2023).

A potential source of error in Equation (6) is that it assumes the ul-
timate fate of the bicarbonate produced during the rock powder
weathering reactions is the Ocean. However, there will also be a
considerable flux of ERW-produced bicarbonate to groundwater. It is
also recognized that the chemical speciation of carbonate ions within
groundwater may play a key role in determining the long-term efficiency
of ERW as a CDR. We address this in the Stella ERW model by deriving a
carbonate speciation function that modifies the EWP values calculated
using the modified Steinour equation (Equation (6)). The carbonate
speciation function is discussed in section 2.4.4 below, and in Section
2.9 of the Supplementary Information file.

2.2. Co-benefits and environmental risks of enhanced rock weathering

The IPCC 2022 climate mitigation report identifies several co-
benefits of ERW, such as accentuated plant growth, reduced erosion,
enhanced soil carbon accumulation, reduced soil acidity, and enhanced
soil water retention. The benefits of using rock powders as soil amend-
ments were recognized and studied well before ERW began to be
investigated as a large-scale CDR strategy (e.g., Hensel, 1894); therefore,
from an agricultural perspective, ERW’s carbon dioxide removal po-
tential can be considered a co-benefit of soil remineralization. It is, in
fact, impossible to separate the ERW CDR effect from macro and
microbiological rhizosphere processes as these phenomena play a
dominant role in determining rock weathering rates (e.g., Schatz et al.,
1954; Henderson and Duff, 1963; Boyle and Voigt, 1973; Banfield et al.,
1999; Huang and Schnitzer, 1986; Banfield et al., 1999; Harley and
Gilkes, 2000; Hoffland et al., 2004; Manning and Renforth 2013;
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Zaharescu et al., 2020; Wild et al., 2022; Fang et al., 2023).

In addition to the classic soil remineralization research papers cited
in Section 1., there have been many technical studies quantifying how
rock powder amendments enhance soil properties and plant health (e.g.,
Gillman, 1980; Gillman et al., 2002, Sikora, 2004; Anda et al., 2009;
Anda et al., 2015; Basak et al., 2017; de Aquino et al., 2020; Marchi
et al., 2020; Busato et al., 2022; Krahl et al., 2022). Table 1 identifies
ERW’s demonstrated co-benefits and the associated UN sustainability
goals they address.

Another important finding pertaining to the safety of ERW is the
study of Gastmans et al., 2016. These researchers show that the basaltic
Serra Geral Aquifer (Northeastern Sao Paulo state, Brazil) is a source of
safe drinking water for millions of people. The groundwater in this large
basalt deposit is rich in calcium, magnesium, and bicarbonate, with pH
values ranging from neutral to alkaline. The weathering of the magne-
sium and calcium-rich aquifer minerals consumes carbon dioxide, con-
verting it to bicarbonate in the process. This study was not explicitly
investigating ERW; however, it provides reassurance that applying
basaltic rock dust (of the type found in Northern Sao Paulo state) to

Table 1
Benefits of using rock powders as agricultural soil amendments (many of the
benefits listed are adapted from Smith et al., 2019).

Demonstrated benefits United Nations sustainability

goals

Removes carbon dioxide from the
atmosphere and converts it to geologically
stable carbonates.

Reduces the need for synthetic fertilizers,
which have a high carbon footprint due to
the energy needed for production and
emissions from fertilized soils.
Counteracts soil acidity, significantly
decreasing nitrous oxide emissions from
composts and soils.

Improves crop yield and nutrient density.
Provides growth-limiting nutrients and
essential trace elements for crop plants.
Counteracts soil acidification.

Provides plant-available silica, which en-
hances plant resistance to pests and
disease.

Improves cation-exchange capacity (en-
hances long-term fertility).

Counteracts soil degradation and erosion.
Counteracts ocean acidification
(mitigating harmful impacts on corals and
fisheries) by enriching runoff and streams
with bicarbonate and carbonate ions.
Increased silica concentrations in runoff
into water bodies favor the growth of
diatoms over harmful non-siliceous algae
(helping prevent algal blooms and resul-
tant aquatic oxygen depletion).

Decreases the need for agrochemicals, thus
reducing the consumption of pesticides

Climate Action (SDG 13)

Zero Hunger (SDG 2)

Life Below Water (SDG 14)

Responsible Consumption
and Production (SDG 12)
and synthetic fertilizers (ammonium,
potassium, nitrate, and phosphate).
Supports sustainable, regenerative
agriculture as the rock powders used for
ERW are usually locally sourced materials.
Counteracts soil degradation and increases
the productivity of agricultural lands, thus
minimizing the demand for expanding
croplands. This mitigates the impacts on
biodiversity caused by the conversion of
natural areas into farmland.

There is anecdotal evidence from farmers
that biodiversity improves when natural
rock powders are substituted for synthetic
fertilizers; however, no peer-reviewed
studies were found documenting this
observation.

Life On Land (SDG 15)
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agricultural soils will not contaminate local surface and groundwaters.

For a thorough review of results from field and pot tests investigating
how silicate rock powder applications affect soil properties and plant
growth, see Swoboda et al., 2022.

As with any large-scale environmental intervention, ERW has po-
tential risks for harmful ecological and human impacts (e.g., see Choi
et al., 2021). The IPCC, 2022a,b (Table TS.7) identifies mining and air
quality impacts as potential risks for ERW. Table 2 below identifies
several more potentially harmful outcomes associated with poorly
planned and poorly managed ERW applications.

Table 2
Potential ecological and human impact risks of ERW (largely adapted from
Edwards et al., 2017; Klemme et al., 2022).

Potential risks and harmful impacts of enhanced rock
weathering

Life cycle impact
categories

m It is unknown how wildlife in forest, river,
and lake environments adjacent to ERW
fields will respond to changes in pH and
silicate particulate loads in the runoff.
Increased inorganic turbidity and
sedimentation in water bodies that receive
excess silicate powders from runoff. This
could negatively affect fish populations
(Kemp et al., 2011) and coral health,
diversity, and depth limit (Fabricius, 2005).
Large doses of silicate rock type could cause
toxic metal accumulation (e.g., Cr and Ni) in
soils and potential plant uptake (Haque et al.,
2020; Kierczak et al., 2021 for example,
found that soils derived from ultramafic
silicate rocks (i.e., rocks mainly consisting of
olivine or serpentine) from over 20 different
countries contained Ni and Cr concentrations
well over the median world regulatory
guidance values for these elements. However,
it should be noted that there is no evidence of
toxic metal accumulation from ERW field
experiments using basaltic rock powders.
Large-scale ERW would require an expansion
of silicate mining operations. Mine creation
causes significant environmental destruction
and possible deforestation in tropical regions.
The need for road and rail infrastructure
associated with mining also may have
negative environmental impacts.

Working with rock powders that contain
crystalline silica poses a significant risk to
human health through silicosis and other
respiratory diseases. There is a potential risk
of ingestion during rock crushing, milling,
and spreading. This risk can be mitigated by
using rock types that do not contain
crystalline silica and ensuring that the rock
dust is not contaminated with silica during
crushing.

Increasing the pH in tropical peatlands may
cause significant environmental damage. For
example, from Klemme et al., 2022: “Our
findings suggest that in contrast to the
desired impact, enhanced weathering may
destabilize the natural carbon cycle in
tropical peatlands that act as important
carbon sinks and protect against coastal
erosion.”

Long transport distances and high electric
energy emissions factors for rock crushing
and milling can limit the net carbon
drawdown with the possibility of net positive
emissions if rock types with low enhanced
weathering potential and slow weathering
rates are used. However, it should be noted
that the emissions from crushing depend on
the energy mix and not all crushing is energy
intensive.

Eco-toxicity

Eco-toxicity

Eco-toxicity

Land use, Depletion of
abiotic resources

Particulate matter
emissions, Human toxicity

Climate change

Climate change
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It is important to note that it cannot be assumed that the risks listed
in Table 2 apply equally in every ERW application scenario. In fact, it is
highly unlikely that they will. In Brazil, a world leader in using natural
rock powders for soil remineralization, the chemical risk associated with
rock dust application to agricultural soils is managed by law (e.g., Brazil,
2013). Given the significant benefits and risks of ERW, it is essential that
the main biogeochemical and life-cycle variables are co-optimized while
planning and implementing large-scale ERW projects. This paper pre-
sents a modeling approach that accounts for the major variables in a
systems format. The results discussed below focus specifically on the
climate change impact categories identified in Table 2.

2.3. Model description

The enhanced rock weathering model discussed in this study was
developed using the system dynamics modeling code Stella Architect (by
isee systems). The code is an object-oriented programming environment
that produces finite difference equations solved by user-selected, stan-
dard numerical methods such as the Euler method or Runge-Kutta
methods (2nd or 4th order). We chose Stella Architect over standard
life cycle assessment codes because if offers the flexibility to include the
dynamics of mineral dissolution kinetics as a function of multiple vari-
ables that may change with time (e.g., pH and mineral surface area). The
processes quantified in the model are shown pictorially in Fig. 1, and a
simplified version of the model stock and flow diagram is shown in
Fig. 2. The model will be referred to as the Stella ERW model in this
paper.

Figs. 1 and 2 show that, in addition to accounting for CDR by rock
weathering, the Stella ERW model accounts for CO5 emissions from rock
extraction, rock loading, transportation, crushing, milling, and
spreading. The specific processes and parameter values used to quantify
CO; emissions associated with ERW applications are presented in Sec-
tion S1 and Tables S1-S4 of the Supplementary Information. The ma-
jority of parameter values and error ranges used are from Lefebvre et al.,
2019. To account for the variability in CO5 emissions from rock trans-
port, the emissions factors from five-rock hauler truck types are
considered in the model (see Table S3). These values also come from the
ERW life-cycle analyses of Lefebvre et al., 2019. The transportation
distance between the mine/quarry and the crushing/milling facility is
assumed to be 1 km for all model runs presented. The average distance
between the crushing/milling facility and the field is varied from 5 to
600 km.

The rock comminution operation for the Stella ERW model is also
assumed to be the same as that used in the Lefebvre et al., 2019 life cycle
study. Section S1.3 and Table S4 of the Supplementary Information
discusses the process stages, emission factors, and associated un-
certainties with rock crushing. The amount of electrical energy required
to mill the rock to sub-millimeter grain sizes is calculated using the Bond
equation (Bond, 1952), which is also discussed in Section S1.3 (see
Equation S1 and Table S5). The CO, emissions from rock milling are
calculated based on the electricity emissions factors, which depend on
the regional energy mix, as discussed in Section 1.3 (see Tables S6-S8).
The variation in emissions from rock comminution is accounted for in
the model sensitivity analyses (Section 3 below) by varying the electric
energy mixture. The current model version accounts for electric energy
mixtures for Brazil, India, the US, and a no-fossil-fuel case.

2.4. Rock weathering sub-model

Three model rock types were formulated for this study with the
purpose of spanning relevant ranges of rock compositions, dissolution
rates, and enhanced weathering potentials. To define the rock compo-
sitions, a suite of model minerals was formulated based loosely on
mineral chemical data from Lewis et al., 2021, Koukouzas et al., 2019,
de Aquino et al., 2020. Details of the model mineral and rock compo-
sitions and their enhanced weathering potentials (calculated using
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Fig. 1. Processes quantified in the Stella ERW model.
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Fig. 2. Simplified stock and flow diagram showing the layout of the Stella ERW model.

Equation (6)) are presented in Tables S9-S11 (Supplementary Infor-
mation) and summarized in Table 3 below.

The total alkalis vs. silica classification of the basalt and basaltic
andesite are shown in Fig. S1 of the Supplementary Information.

2.4.1. Abiotic weathering rates

The bulk dissolution rates of the model rocks are calculated using the
Palandri and Kharaka (2004) formulations of the standard Transition
State Theory kinetic rate laws for mineral dissolution. The resulting rock
dissolution rates as a function of pH were compared to experimental
data to verify accuracy and provide a measure of rate constant uncer-
tainty (see Fig. S2 and Table S10, Supplementally Information).

The initial three model rocks used in the Stella ERW model (others
can be added by users) were formulated to provide a range of dissolution
rates as a function of pH, as shown in Fig. 3. As shown in Fig. 3a, basalt
and basaltic andesite follow “V-shaped” dissolution patterns typical of
basalt (e.g., Brantley, 2008, Fig. 5.1, Gudbrandsson et al., 2011; Pollyea
and Rimstidt, 2017). The shape of this dissolution pattern, which has
important real-world consequences for ERW applications, reflects the
chemical weathering behavior of the rock’s constituent minerals. As
shown in Fig. 3b, plagioclase, basaltic glass, and potassium feldspars all
display V-shaped dissolution curves. In the absence of experimental ki-
netic data for a particular rock type, its dissolution behavior may be
estimated using the weighted sums of the dissolution rates of its
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Table 3
Mineralogy and enhanced weathering potential

of model rocks.

Model rock Enhanced weathering potential” Minerals (mass %)
type (kg CO, t™! rock)
Dunite 795 = 96% Forsterite
(Fo90)
n 2% Augite
= 2% Enstatite
Basalt (olivine 401 = 40% Labradorite
basalt) m 24% Augite
m 20% Forsterite
u 10% Glass
m <5% Sanidine,
Apatite
Basaltic 226 65% Labradorite
Andesite 10% Glass

10% Enstatite
10% Sanidine
<5% Augite,
Apatite

@ Calculated using Equation (6).

constituent minerals (Pollyea and Rimstidt, 2017). This was done for the
model rocks used in the Stella ERW model, as shown in Fig. 3b. This
method is shown to be reasonably accurate by the observation that the
Stella ERW model rock dissolution rates closely match experimental

data for similar lithologies (see Fig. S2).

The rate equations used to calculate mineral and rock weathering
rates are shown as Equations (10)-(12) below. The formulations of these

equations and most of the rate parameters
Kharaka (2004).
For dissolution under acidic conditions,

used are from Palandri and

the equation is as follows;

dm [ —FEia (1 1

o SA k815K acid [ © o1 — Q)N 10

dr Kaia ™ P\ %= \7 " 208.15% ) ) i ) (10)
Under neutral conditions:

dm [ —E, 1 1

- _5A 298.15K neutral [ _ 2 \42 11

dl S _kneutral exp( R T 29815K (1 .QP ) ( )

And for basic conditions:

dm _ [ 208.15% —Epase (1 1 n3 3\43

o= — SA _k,me e\~ \ T~ 208 15Kk ag, (1 — %) 12)

Applied Geochemistry 167 (2024) 106002

Where ’fi—T is the dissolution rate in mols per second, SA is the mineral or
rock surface area in mz, E is the activation energy (Joules per mole)
which quantifies the temperature dependence, R is the universal gas
constant, T is absolute temperature, ay+ is the activity of hydrogen ion, n
is the reaction order with respect to hydrogen ion, and (2 is the satura-
tion index, which quantifies the mineral saturation state of the soil pore
water (2 = % where Q is the ion activity product, and K is the equilib-
rium constant). The exponents p; and g; are empirical, dimensionless
parameters that describe specific reaction mechanisms. These exponents
are only known for a few minerals. The default values for both of these
parameters in the Stella ERW model are 1.0.

The rate constant, activation energies, and reaction order parameters
for individual minerals were taken from the compilation of Palandri and
Kharaka (2004), except for the basic mechanism parameters for labra-
dorite and sanidine, which come from Hermanska et al., 2022. The
surface area, temperature, hydrogen ion activity (pH), and saturation
index are all model variables that account for variations in soil condi-
tions. The dissolution rate equation and parameter values for the
basaltic glass phase, which makes up 10% of both the basalt and basaltic
andesite model rocks, were taken from Pollyea and Rimstidt, 2017. Note
that the Stella ERW model is not a reactive transport model or reaction
path model. The Stella ERW model carries out mass balance and disso-
lution kinetic calculations to determine the net CDR for a given ERW
scenario without using complicated mass transport or activity coeffi-
cient models.

For the scenarios modeled for this study, it is assumed that precipi-
tation levels (i.e., water flux through the soils) do not limit the rock
powder weathering rates. The Stella ERW model could indirectly
simulate low water flux conditions by varying the saturation index
parameter in the rock dissolution rate laws. In low flux conditions, the
silica concentration of the soil pore waters would increase (as weath-
ering continues in the stagnant moisture pockets), thus increasing the
saturation index with respect to the primary silicate minerals. As shown
in the model results below, once the saturation index exceeds 0.5, this
process inhibits dissolution kinetics (i.e., slows chemical weathering
rates). This is referred to as the chemical affinity effect and has been
observed in field and laboratory studies of silicate mineral weathering
(e.g., Drever and Stillings, 1997; White et al., 2001; Maher et al., 2009;
White and Buss, 2014).

It is noted that the acidic mechanism can occur at higher soil pH in
circumstances where biologically mediated protonation occurs. This

- @) 10 (b)
— Stella ERW model rock: Basalt
103 & - Constituent minerals of model rock
Y
5 10 10219,
o 10'¢
2
& 100 100
&
E 10-1%
2
2 107 -2
= 10
103
102 T T T T T T T 104 T T T T T T T
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
pH pH

Fig. 3. Rock dissolution rates: (a) shows the pH dependence of the dissolution rates of the three model rocks, and (b) shows the pH dependence of the dissolution of

constituent minerals of the basaltic model rock.
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process is not explicitly accounted for in the present model; however, the
biological function (from Beerling et al., 2020), which increases mineral
dissolution rates, does provide a non-mechanistic method accounting for
the role of biology in the mineral dissolution kinetics.

2.4.2. Biological influences on weathering rates

The influence of macro and microbiological processes on mineral
weathering rates has been studied for decades (e.g., Schatz et al., 1954;
Henderson and Duff, 1963; Boyle and Voigt, 1973; Banfield et al., 1999;
Huang and Schnitzer, 1986; Banfield et al., 1999; Harley and Gilkes,
2000; Hoffland et al., 2004; Verbruggen et al., 2021; Manning and
Renforth 2013; Zaharescu et al., 2020; Wild et al., 2022; Fang et al.,
2023).

In the Stella ERW model, biological effects on rock weathering rates
are accounted for using the biological function derived by Beerling et al.,
2020. This function is an empirical fit to experimental weathering data
from mesocosm experiments. These tests investigated basalt weathering
rates for pots containing either annual or woody crops, and the role of
mycorrhizal fungi was also quantified (Akter and Akagi, 2005, 2010;
Quirk et al., 2012, 2014). The biological function derived from these
tests captures the effects of plant biology and rhizosphere processes.
These processes, such as the bond-breaking action of mycorrhizal fungi
at mineral surfaces and the chelating action of root exudates, have been
shown to accelerate mineral weathering significantly (Beerling et al.,
2020, references cited above).

The use of the biological function in the mineral dissolution equation
is shown in Equation (13), and its formulation is shown in Equation (14):

dm —E (1 1

T _SA 298.15K L 3 _ 3\43 PP

a8 {k' exP( R <T 29&151())”” (1-27) } X f(NPP)
13)

f(NPP) = a(xnormalized X NPPnormalized)b + 1 (14)

Where NPP,,;maiized (abbreviated as NPP,) is the normalized net primary
production of the crop plant, and a, X,ormaiized; and b are fitted parameters
(see Beerling et al., 2020, Supplementary Information Section 2.0). The
biological function in the Stella ERW model is parameterized using the
values reported by Beerling et al., 2020, Supplementary Information
Table S5).

2.4.3. Grain size distributions and rock weathering rate calculations

The Stella ERW model uses a Gaussian grain size distribution based
on a user-specified P80 particle size. The P80 variable is defined as the
sieve mesh size (in micrometers) that passes 80% of the rock material in
question and is the primary variable in the Bond equation discussed
above (see Section S1.3 of the Supplementary Information). For
example, a P80 of 100 pm means that 80% of the rock powder consists of
grains smaller than 100 pm in diameter.

In the Stella ERW model, the range of grain sizes present for a given
run consists of two normal distributions: one for the 80% of particles
that are smaller than P80 and another one for the 20% of particles that
are greater than P80 (i.e., did not pass the P80 sieve size). A more
detailed discussion of how the different grain size fractions are treated in
the model is given in Section S2.3 and Figs. S3 and S4, Supplementary
Information.

Each grain size fraction’s specific surface area (m2/g) is assumed to
remain constant with time, where the specific surface area of each grain
size fraction is determined using the Sauter equation (see Section S2.4,
Supplemental Information). The Sauter equation yields a geometric
surface area assuming spherical grains. This underestimates the actual
mineral surface area (i.e., the reactive surface area). Thus, to improve
the accuracy of estimations of this key variable, the surface area results
from the Sauter equation are multiplied by a surface roughness factor.
This factor, which accounts for grain surface irregularities and porosity,
is determined using the method of Beerling et al., 2020 (see
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Supplementary Information Section S2.4 of the present paper). The
Stella ERW model does not employ a shrinking core mechanism to ac-
count for the evolving reactive surface area as used by Rinder and von
Hagke, 2021) in their basalt dissolution model. Interestingly, Rinder and
von Hagke (2021) show that their modified shrinking core model pro-
duces results similar to the steady state model of Strefler et al., 2018 for
the first 10-20 years of comparable model runs. Therefore, the
steady-state assumption (i.e., using constant specific surface areas for
each grain size fraction) does not appear to add significant uncertainties
for relatively short-term model runs (such as those presented in this
paper).

2.4.4. Carbon dioxide removal calculation and carbonate speciation

The amount of rock weathered is multiplied by rock-specific EWP
(Equation (6)) to determine the amount of CO5 captured for every model
time step. As shown in Equation (6), the EWP of a given rock type is
dependent on its bulk composition (i.e., higher levels of divalent cations
result in higher EWP). The EWP for the rock types currently included in
the model ranges from 226 to 795 kg CO, t™! of rock (Table 3). The
Stella ERW model also accounts for carbonate speciation in determining
the EWP. Under acidic conditions (pH values less than 6), carbonate ions
are less thermodynamically stable than dissolved CO, (carbonic acid).
Under these conditions, the EWP for a given rock powder will be lower
than its theoretical value because carbonate alkalinity production
(HCO3 + CO%’) is thermodynamically restricted. This is accounted for
in the Stella EWP model by multiplying the theoretical EWP by the
fraction of carbonate alkalinity that is stable (which changes with pH
during a given model run). The carbonate speciation calculation used to
determine the carbonate alkalinity stability fraction is discussed in
Section 2.9 of the Supplementary Information file.

2.4.5. pH evolution during model runs

As implied by Fig. 3 (and discussed further in Section 3 below), soil
pH is a dominant variable in the model due to its strong influence on
rock dissolution rates. Many of the experimental ERW and reminerali-
zation studies cited above observe increases in pH with time as alkalinity
(mainly bicarbonate) is produced during rock weathering (see Equations
(1)-(5)). The Stella ERW accounts for this effect using an empirical
factor that scales pH to the mass of weathered rock with each time step.
The factor is derived from the results of Shamshuddin et al., 2015, Fig. 1.
Plots showing how pH evolves with time for four representative model
cases are shown in Fig. S5, Supplementary Information.

2.4.6. Model scope, limitations, and uncertainty

“All models are wrong, but some are useful.”

Box, 1979.

The Stella ERW model was developed to estimate the CDR potential
and net CO; balance for a user-defined ERW application while ac-
counting for variations in several major biogeochemical and life cycle
variables. It is a reduced-order model developed with the philosophy of
implementing the minimal number of processes needed to provide
useful predictive assessments. Therefore, site-specific factors and
detailed geobiological reaction mechanisms are not explicitly modeled.

The model’s only dimension is time, and it does not include explicit
pedologic, hydrologic, or agronomic simulations. It also lacks explicit
treatments of climatological and biological processes such as precipi-
tation patterns, plant growth, and organic matter accumulation. The
model is, therefore, not meant to provide detailed information on the
chemical evolution of soils during rock weathering. Nor does it provide
information on crop yield, biomass accumulation, or variations in soil
organic carbon. It, therefore, does not account for the biological storage
of carbon in soils and plants, which is heavily dependent on site-specific
conditions that the Stella ERW is not currently formulated to simulate.
Rather, the appropriate use of the model is for scoping assessments of
how variations in primary variables such as rock bulk chemistry,
application rate, soil pH, grain size, transport distances, and energy use
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emission factors impact the net CO, balance of a specific ERW
application.

Model uncertainty runs were performed using the parameter error
ranges provided in Tables S1, S2, and S4. Each uncertainty range was
sampled at each time step over hundreds of model iterations (uncer-
tainty distributions were adapted from Lefebvre et al., 2019). The results
indicate that the uncertainty introduced by parameter error ranges is
inconsequential in light of the uncertainties introduced by adjustable
parameters such as the rock dissolution rate constants and EWP coeffi-
cient 7 (see Supplementary Information Section S2.6 and Fig. S6).

3. Results and discussion

Results from the Stella ERW model were compared to experimental
data from ERW laboratory, mesocosm, and field studies to assess the
model’s accuracy. Results from the selected ERW studies are summa-
rized in Table 5, and comparative plots are shown in Fig. 4. The model
was then used to perform a series of sensitivity tests quantifying how
variations in biogeochemical and rock processing life-cycle variables
impact the net COy balance for hypothetical ERW applications. The
variables considered in this study, along with their default or base-case
values, are given in Table 5.

In addition to the detailed results of the experimental studies shown
in Table 4, the following overall CDR ranges are reported for basalt.

m 2t04tCOy ha! over 1-5 years (Kelland et al., 2020)

m 1.3t0 8.5 t CO, ha ! over 15 years (Lewis et al., 2021)

m 1.83t0 4.48 t CO, ha~! over 1-5 years (Vienne et al., 2022)

m 3to7tCOy ha™! yr’l (Vanderkloot and Ryan, 2023)

m 10.5 + 3.8 t CO, ha™! over 4 years (Beerling et al., 2024)

m 0.596t0 5.8t CO, ha~! over eight months (Paessler et al., 2023,
preliminary results)

The measured CO5 removal rates reported in the ERW studies
highlighted above and in Table 4 range from less than 1 to around 7 t
€O, ha™! yr™! for both olivine-based rocks and basalts (depending on
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Table 5
Primary user-defined variables of the Stella ERW model.

Variable Units Default Modeled range”
value
Rock type - Basalt Dunite, Basalt,
Basaltic andesite
Rock application rate Tonnes (t) 10 1-50
ha™!
Acidity pH 5.0 39
Grain size (P80) Micrometers 100 1-5000
Soil temperature °C 25 5-50
Saturation index unitless 1x107° 1x107°-1.0
Biological factor (NPP,) unitless 1.0 0-1.0
Enhanced weathering unitless 1.5 1.0-1.75
potential coefficient (17)
Distance from rock crushing/  km 50 10-500
milling facility to field
Emission factor for rock kg COy t™* 0.17 0.06-0.4
haulers km™!
Emission factor for electricity ~ kg CO, kWh ™! 0.4 0.03-0.8
production

# The range over which sensitivity tests were performed.

application rates and conditions). Results from the baseline Stella ERW
model runs (discussed below) fall within this range.

Because of the differences in rock properties and conditions, it is not
expected that the Stella ERW model would precisely reproduce the data
from any of the studies shown in Table 4. However, as mentioned above,
the model results are consistent with the overall experimental findings
and, in some cases, closely match experimental observations. For
example, model runs using the basalt model rock with application rates,
grain sizes, and initial pH values corresponding to those of Kelland et al.,
2020; Vienne et al., 2022 show good agreement with measured values
(Fig. 4a). Performing the same model cases using the basaltic andesite
model, rock underpredicted the experimental values by a factor of
approximately 20. This is because of basaltic andesite’s relatively slow
dissolution rate under the specified conditions (i.e., a pH of 6.6 is close
to the minimum in this rock type’s dissolution curve; see Fig. 3). The pH

Table 4
Measured carbon dioxide removal rates from selected experiments.
Rock Type Test type Application rate CDR CDR duration Grain size pH Reference
(tha™ H (t COy) (yr) (micrometers) (initial)®
Olivine Pot 1.63 0.29 0.62 66% < 50 5 Berge et al., 2012
Olivine Pot 204 2.69 0.62 66% < 50 5 Berge et al., 2012
Olivine Pot 10 3.13° 0.25 50% < 20 4 Dietzen et al. (2018)
Olivine Pot 50 4.16" 0.25 50% < 20 4 Dietzen et al. (2018)
Dunite Mesocosm 220 0.02 1 80% < 1020 7 Amann et al., 2020
Dunite Mesocosm 220 0.05 1 80% < 43.5 7 Amann et al., 2020
Basalt Mesocosm 100 2.36° 1 80% < 1280 6.6 Kelland et al. (2020)
Basalt Mesocosm 100 3.01 1 80% < 128 6.6 Kelland et al. (2020)
Basalt Mesocosm 50 0.77 0.27 77% < 250 7.7¢ Vienne et al. (2022)
Andesite Field 50 ~0.4 1 80% < 1767 4.2-6.4 Larkin et al. (2022)
Meta-basalt® Field 50 3.8 1 80% < 267 6.1 Beerling et al. (2024)
Meta-basalt® Field 50 10.5 4 80% < 267 6.1 Beerling et al. (2024)
Basalt Lysimeter 100 0.596-5.8" 0.67 80% < 850 ~7 Paessler et al. (2023)
Basalt Lysimeter 200 0.92-7.2" 0.67 80% < 850 ~7 Paessler et al. (2023)
Basalt® Column 50 6-7 1 <45 3.4-4.2 Vanderkloot and Ryan (2023)
Basalt Column 50 ~4.5 1 45-150 3.4-4.2 Vanderkloot and Ryan (2023)
Basalt Column 50 34 1 >150 3.4-4.2 Vanderkloot and Ryan (2023)

@ Values are approximate; see references for pH variations during experiments.
> The measured drawdowns were 3.13 and 4.06 t CO, ha™ ', over 0.25 years.
© This study reports a range of 2-4 t CO, ha™!, over 1-5 years for a single application of 100 t/ha.

4 pH in soil pore water did not significantly change after basalt amendment.

¢ The rock used for this study was a metamorphosed basalt containing alteration minerals such as chlorite and actinolite.
f This study reports a CDR range of 3.8 t CO, ha™!, in the first year to 10.5 t CO, ha™!(time-integrated) after four annual rock powder applications.

8 This study used both meta-basalt and basalt.

' Reported data are 0.596-5.8 and 0.920-7.2 t CO, ha™!(for 100 and 200 t rock ha™!, respectively) over eight months. The lower and higher values for each range

were determined using independent techniques. Results are considered preliminary.

! Actual experimental duration was 14 days; results were extrapolated to one year.



J. Jerden et al.

Applied Geochemistry 167 (2024) 106002

8 @ 8 )
© Kelland et al., 2020 /\ Dietzen et al, 2018
7 O Vienne et al, 2022 74— Stella ERW model
. — Stella ERW model - Stella ERW model (rate constant
< 66 uncertainty bounds, see Table $10)
~ 6 O S 6 -
@) AT A00
(W) % R
= 5 o0 5 10 /3
— B T e 5
© 1 ou 0,
3 W, o 10'\«\ S0
A%
541 e Lo 4 1
o 5
[
B 3 - ) 3 :
=
.2
8 5] 21
o
8
S 11 Basaltic andesite, 1 A
0 T T T T O T T T T
0 1 2 3 4 0.0 0.1 0.2 03 04 0.5
Time After Soil Amendment (years) Time After Soil Amendment (years)
15 © 0 (d)
14 4 < Beerling et al,, 2024 B Vanderkloot and Ryan, 2023
(Blue Ridge meta-basalt, 35°C)
~13 4|7 Stella ERW model il 9
< (NPP = 1.0) @ Vanderkloot and Ryan, 2023
812 q|— Stella ERW model e g (Pioneer Valley basalt, 35°C)
Q11 4| (e =089 ® — Stella ERW model
O 10 47T Stella ERW model e 7 (Basalt, 35°C, pH = 4)
= (NPP = 0) of 5 - Stella ERW model
c_g 9 A (Basalt, 25°C, pH = 4)
2 81 o
2 71 5
S 59
5 51 4
8 4
c | 3 4
_g 3
32 2 -
0 Q T T T T 1 T T T T
0 1 2 3 4 0 100 200 300 400 500

Time After Soil Amendment (years)

Grain size (um)

Fig. 4. Comparisons of Stella ERW model runs to selected experimental data. Plot (a) compares model runs for basalt to the data of Kelland et al., 2020; Vienne et al.,
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results to the data of Vanderkloot and Ryan.

conditions noted in Fig. 4 are initial values. The pH increases with time
during the model runs as rock powder dissolves; therefore, while bi-
carbonate production may be low early in the model scenarios (due to
carbonate speciation, see Supplemental Information Section 2.9), it in-
creases as soil acidity is neutralized during reaction progress.

Fig. 4b shows a model run for the dunite model rock with conditions
roughly matching the experiment of Dietzen et al., 2018. Using the
default parameters, the model slightly over-predicts the CDR for this
scenario. This figure also shows the error envelope defined by the un-
certainty in the dunite rate constant (see Table S10). Fig. 4c shows the
time-integrated CDR results from the field study of Beerling et al., 2024.
Using the default Stella ERW parameter settings and the basalt model
rock, the model under-predicts the field results by a factor of approx-
imatly 3. Altering the model to match the measured data requires
increasing the basalt rate constant by a factor of 10 (or decreasing the
model rock grain size from the experimental value of 267 ym down to
27 pm).

The Stella ERW model adequately reproduces the trends in data from
the rock weathering studies of Vanderkloot and Ryan, 2023 (Fig. 4d).
These data show an exponential increase in CDR with decreasing grain

size caused by the exponential rise in rock weathering rates. The model
results follow the general trend of the data but slightly underpredict the
experimental results at grain sizes less than 200 pm and over-predict the
CDR for data at smaller grain sizes by a factor of approximately 2 (for the
35°C case). It should be noted that the Stella ERW model scenarios that
were compared to the Vanderkloot and Ryan, 2023 data were run
without the carbonate speciation function. It is likely that the CDR at the
low pH values for these experiments would be considerably lower than
reported due to the dominance of carbonic acid over bicarbonate and
carbonate ions. See Section S2.9 of the Supplementary Information file.

Overall, the observations summarized in Fig. 4 lend confidence that
the model accurately represents ERW phenomena, despite the limita-
tions discussed in Section 2.4.6 above.

3.1. Biogeochemical variable sensitivity analyses

Fig. 5 shows results from a sensitivity analysis of the main model
variables for the basalt model rock. The ordinate for each plot is the
amount of carbon dioxide removed in tonnes CO; per hectare, which is
determined by the rock’s enhanced weathering potential (Equation (6))
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Fig. 5. Sensitivity analyses of how variations in key variables impact the predicted CDR for the basalt model rock. Panels (a), (b), (c), (d), (e), and (f) show results for
grain size, soil temperature, saturation index (see Equation (6)), enhanced weathering coefficient (see Equation (11)), the biological function (see Equation (12)), and

soil pH respectively.

multiplied by the mass of rock weathered (Equations (10)-(13)). The
abscissa of each plot is the amount of time following the spreading of the
rock powder onto the soil (an interval of 10 years was chosen). The
curves highlighted in red are the values used for this sensitivity analysis

10

(i.e., the values of variables held constant for each run). Note that the
plotted results are time-integrated, so they quantify the total mass of
carbon dioxide removed (per hectare) at each point in time rather than
an instantaneous rate of removal. A P80 grain size of 100 pm and an



J. Jerden et al.

initial pH of 6.5 were chosen to maximize the variation in results (i.e.,
show the full range of possible outcomes from complete rock weathering
to minimal dissolution after ten years). The model cases shown in Fig. 5
do not include the transport and energy emissions life-cycle variables.
Sensitivity runs that account for those variables are shown in Figs. 6 and
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7 and are discussed below. Fig. 5a shows that the P80 grain size
significantly influences the CDR capacity. For example, the 10 pm case
reaches the EWP of the basalt model rock (around 6 t CO, ha™1) around
one year after application (i.e., nearly all of the rock is weathered), while
the 5 mm case predicts a CDR of less than 2 t ha™! at ten years. Note that
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the EWP of the basalt rock represented in Fig. 5a—c (around 6 t COy
ha~!) accounts for carbonate speciation (see Section 2.9 of the Supple-
mentary Information file). Variations in soil temperature show that the
system approaches the EWP within three years for the 35°C case and
around eight years for the 25°C case. For a soil temperature of 5°C, the
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model predicts a CDR of 3.5 t ha™! at the 10-year mark (Fig. 5b).

The saturation index (2 in Equations (10)-(13)) depends on the total
dissolved solids (particularly SiOy(aq)) in the soil solution and can
significantly impact CDR capacity (Fig. 5¢). For values less than 0.1, this
parameter has little effect on weathering rates and, thus, little effect on
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predicted CDR. However, it becomes significant at values greater than
0.5 (Fig. 5¢). For example, a saturation index of below 0.1 results in a
CDR of around 6 t ha™! (after 10 years), while a £ of 0.9 reduces the CDR
to 2.8 t CO, ha™!. Several processes determine the saturation index,
including soil/rock mineralogy and hydrologic factors. The presence of
low solubility silicate minerals coupled with long pore water residence
times leads to high saturation index values.

The enhanced weathering coefficient # (Equation (6)) determines the
maximum possible CDR for a given rock type. A value of 1.75 is near the
maximum possible for this parameter and is predicted to result in an
EWP of approximately 7 t CO, ha™! (for olivine basalt, accounting for
carbonate speciation). A value of 1.0 for 5 indicates the carbonation
pathway (see Equations (7) and (8)), which yields an EWP of approxi-
mately 4 t CO; ha™! (for olivine basalt, accounting for carbonate
speciation). The maximum possible value for 7 is 2.0; however, this is
unrealistic due to the inevitable conversion of carbonate alkalinity
(specifically HCO3) back to carbon dioxide downstream from the ERW
application site.

The normalized net primary production index (NPPy), which is used
here to account for biological activity in the soil, also significantly im-
pacts CDR capacity (Fig. 5e). As discussed in Section 2.4.2, NPP;, is the
independent variable in an empirical biological function (derived by
Beerling et al., 2020) that modifies the rock weathering rate equations
(Equation (13)). Low values of NPP;, (i.e., low biological impacts on rock
weathering rates) decrease CDR values by as much as 3 t CO; per hectare
(Fig. 5e). The importance of NPP,, is further highlighted in the life-cycle
sensitivity analyses discussed in Section 3.3 below.

Fig. 5f shows that pH also plays a key role in the CDR capacity. The
maximum CDR capacity for the example basalt model run shown in
Fig. 5f is for a pH of 8. At this pH, there are no carbonate speciation
effects (i.e., bicarbonate is at its maximum stability), thus the predicted
CDR approaches the theoretical EWP of 8 t COy ha™'). The predicted
CDR values decrease with decreasing pH due to carbonate speciation
(See Section 2.9 of the Supplementary Information file). The pH also
plays a key role in determining the dissolution rates of the minerals in
the basalt. For basalts, the fastest weathering rates are realized under
both acidic (i.e., around pH 5) and basic (i.e., around pH 8) conditions.
This trend reflects the “v” shape of the basalt dissolution rate curve
(Fig. 3) and highlights how knowledge of a rock’s dissolution behavior
as a function of pH can be used to optimize its application for ERW.
However, the carbonate speciation effect cancels out CDR increases from
fast mineral weathering rates at low pH (<6) because it lowers the
effective EWP for the rock (i.e., bicarbonate production is restricted).
The results shown in Fig. 5 are consistent with the findings of Lewis et al.
(2021) who reported the CDR range of 1.3-8.5 t CO, ha! (after 15
years) for six basaltic rocks currently being used in large-scale ERW field
trials. This observation again lends confidence that the Stella ERW
model accurately estimates the dominant ERW processes.

3.2. Rock processing (life-cycle) variable sensitivity analyses

Conditions for the hypothetical ERW model scenarios discussed
below were chosen to accentuate the extent of rock weathering so that
the full EWP of the three model rock types would be accounted for
(Figs. 6 and 7, and S8). These conditions include the application of fine-
grained rock powder (100 pm) to slightly acidic soils (pH 6.5). The
predicted CDR ranges for basalt shown in Fig. 6 are higher than those
shown in Fig. 5 because we used a rock application rate of 40 t rock ha™?,
for the scenarios shown in Fig. 6 and an application rate of 20 t rock ha!
for the runs shown in Fig. 5.

Specifically, Figs. 6, 7 and S8 show results from sensitivity analyses
that focus on three life cycle variables: (a-b) the average distance from
the rock crushing/milling facility (varied from 5 to 600 km), (c-d) the
transportation emissions factors (emissions from rock haulers), which
are varied from 0.08 to 0.26 kg CO, t! km’l, and (e-f) the electricity
emissions factors, which are varied from 0.03 kg CO» kWh™! (a no fossil
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fuels case) up to 0.77 kg CO, kWh™! (a coal and gas dominated energy
mix) (see Tables S6, S7, and S8, Supplementary Information). The rock
extraction, loading, and spreading emissions factors (Tables S1 and S2)
are included in all model runs shown in Figs. 6, 7 and S8. As with the
results shown in Fig. 5, the plotted values are time-integrated. That is,
they quantify the overall net CO removal at each point in time rather
than the instantaneous rate of removal.

Each plot in Figs. 6, 7 and S8 shows the net CO5 balance on the
ordinate and the time after rock powder application on the abscissa.
Each scenario (model case) is represented by a single curve that accounts
for all biogeochemical and life cycle variables. The light gray line is the
net zero threshold. So, values above the line represent net positive
emissions, and values below the line represent carbon dioxide removal.
The dotted line at the bottom of the plots is the rock’s EWP (calculated
using Equation (6)). Key variable settings for each run are noted in the
upper part of each graph. All other variables are set to their default
values (Table 5).

Fig. 6a shows results for scenarios where the average transport dis-
tance varies from 5 to 600 km. The perhaps unrealistically long transport
distance of 600 km is used as a bounding case to show how much this
variable could impact the projected CDR. All runs fall below net zero in
less than two years, and over ten years, the predicted CDR values range
from 12.7 t CO, ha™! for the 5 km case down to around 8.7 t CO ha™!
for the 600 km case. Fig. 6b shows the same scenarios as 6a but with the
biological index (NPP,) set to 0.1 rather than 1.0. This largely abiotic
case shows considerably lower CDR. For example, the 5 km case goes
from a drawdown of around 12.7 t CO ha ™! for the biotic case (NPP, =
1.0) to a drawdown of approximately 4.2 t COy ha™! for the abiotic case
(NPP, = 0.1). The 600 km, low NPP,, scenario results in net positive
emissions for the first nine years after amendment and results in a 10-
year CDR of less than 1.0 t CO, ha™!.

Fig. 6¢ and d shows scenarios in which the rock hauler emissions
factors are varied (see Table S3, Supplementary Information). The 10-
year net CDR predicted for a scenario using low-efficiency (high emis-
sions) rock haulers is around 7.5 t COo ha~! and remains net positive for
the project’s first two years (Fig. 6¢). Using more efficient trucks (i.e.,
0.08 kg CO, t~! km™!) results in a long-term CDR of approximately 11.1
t CO, ha b and the project begins consuming CO, (reaches net zero)
around six months after applying the rock powder (Fig. 6¢). Fig. 6d
shows the same scenarios using a lower biological function index of
(NPP,) of 0.1. Again, this largely abiotic case significantly decreases
predicted CDR, with the low hauler efficiency scenario remaining net
positive for the entire 10-year monitoring interval. Using the more
efficient rock-hauling trucks results in the project reaching net
neutrality around three years after application and achieving a 10-year
CDR of 2.7 t CO5 ha™'. The results of this run demonstrate the impor-
tance of optimizing biogeochemical and life cycle variables. In this case,
using energy-inefficient rock haulers and a long transport distance from
the mine to the field resulted in net positive emissions for the hypo-
thetical ERW project.

To account for how the electricity required for rock milling impacts
CDR predictions, the model was run for a P80 grain size of 10 ym
(Fig. 6e) and 1 pm (Fig. 6f). For the 10 pm case, the use of the high
electricity emissions factor (0.77 kg CO, kWh™?) leads to a 10-year CDR
of 9.8 t CO, ha_l, while the no-fossil-fuel case (0.03 kg CO; kwh™H
results in a 10-year CDR of 11.8 t CO, ha™!. This difference becomes
considerably greater for the 1 pum scenario. For the high fossil fuel
emissions factor (0.77 kg CO, kWh™!), the predicted 10-year CDR is 6.5 t
CO, ha™!, while the no-fossil-fuel scenario yields a 10-year CDR of 12.4 t
CO, ha™l. The life-cycle variable sensitivity analyses for the dunite
model rock are shown in Fig. S8, Supplementary Information. The
dunite results have the same overall trends as the basalt runs shown in
Fig. 6 and discussed above. The main difference is that the dunite EMP
and dissolution rates are greater, so it reaches maximum CDR values
more rapidly than basalt.

Fig. 7 shows the life-cycle sensitivity analyses for the basaltic
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andesite. The results for this model rock show lower overall CDR pro-
jections because of its relatively low weathering rate and low EWP (see
Table 3 and Fig. 3). Fig. 7a indicates that even using a low transport
distance of 5 km, the predicted CDR for basaltic andesite is only 2.6 t
CO, ha™! after ten years. And for the average transport distance of 600
km, the projected CDR remains below 1 t CO5 ha™ for ten years, and the
project would take over five years to reach net neutral emissions.
Running these same scenarios with an NPP, = 0.1 (the “abiotic” case,
7b) results in significant net positive emissions for the 300 km and 600
km rock transport scenarios, and the 5 km scenario achieves a long-term
CDR of only 0.6 t CO, ha™!.

For cases with variable transport emissions factors (i.e., different
rock hauler efficiencies, 7c and 7d), it is observed that if efficient trucks
are used (0.08 kg CO4 t1 km_l), the operation may achieve a CDR of
around 1.8 t CO, ha™! at ten years (assuming an average transport
distance of 500 km). Using low-efficiency (high emissions) haulers re-
sults in net positive emissions for over nine years following rock appli-
cation (Fig. 7c). Running the same scenarios for a low NPP;, value (7d)
results in an unviable ERW operation. In this case, the slow abiotic rock
weathering results in positive CO» emissions for all scenarios.

Decreasing the P80 grain size down to 10 pm helps increase the
projected CDR for basaltic andesite to around 2.7 t CO, ha™! for the
clean energy case (0.03 kg CO, kWh™1) and to about 1.7 t CO, ha™! for
the high emissions case (Fig. 7e). These scenarios would require around
0.5 years and 1.5 years to achieve net neutrality (respectively). Milling
the rock down to a P80 grain size of 1 pm results in a projected CDR of
approximately 2.7 t CO, ha™! for the renewable energy case (0.03 kg
CO, kWh™Y), and approximately 1.2 t CO5 ha™! for the intermediate
energy mix (0.41 kg CO, kwh™h (Fig. 7f). The fossil-fuel-dominated
energy case (0.77 kg COy kWh™!) remains net positive and is thus an
unviable ERW scenario due to emissions from rock milling equipment.

Comparing the results from the basalt and basaltic andesite life-cycle
sensitivity runs (Figs. 6 and 7) underscores the impact that dissolution
behavior (i.e., mineralogy) and enhanced weathering potential (i.e.,
bulk composition) have on predicted CDR values and, thus on the po-
tential viability of a given ERW project. These sensitivity runs also
highlight the significant role biological factors could play in the possible
failure or success of a particular ERW campaign.

Although the plant and rhizosphere biological processes are not
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explicitly modeled in the Stella ERW code, it is clear from sensitivity
runs discussed above (Figs. 6, 7 and S8) that biology plays a critical role
in the effectiveness of ERW as a CDR strategy. The results support the
notion that ERW is ultimately a biological intervention. Therefore, field
research focusing on the dynamic interplay between biological and
geochemical processes will be essential for maximizing the global po-
tential of EWR as a global CDR methodology.

3.3. Implications for a large-scale ERW application

To demonstrate how the observations discussed above impact pre-
dicted CDR values at larger scales, we applied the results from the basalt
model runs (Fig. 6a) to a hypothetical large-scale ERW project in Brazil.
This large-scale operation assumes that basalt rock powder is applied to
25% and 75% of Brazilian agricultural land, which is approximately
1.65 x 107 and 4.95 x 107 ha, respectively (FAOSTAT, 2023). This
large-scale model assumes an application rate of 40 t ha~!, rock powder
with a P80 grain size of 100 pm. The initial soil pH is 6.5. This model run
also assumes a 300 km distance between the mine and the field. The
model predicts that this large-scale project would achieve net neutral
emissions within half a year of rock application. The initial positive
emissions from mining, rock processing, and transportation to the field
are approximately 0.04 Gt CO5 for the 25% case and 0.12 Gt CO» for the
75% case. As shown in Fig. 8, after ten years, the cumulative CDR for the
25% Brazilian cropland case is approximately 0.18 Gt CO, and
approximately 0.53 Gt CO; for the 75% cropland coverage scenario.

The net ERW CDR for Brazil has been previously estimated as
approximately 0.1 Gt CO, yr ' for 25% cropland coverage and
approximately 0.2 Gt CO, yr~! for 75% cropland coverage (Beerling
et al., 2020). The yearly CDR potentials calculated by the Stella ERW
model vary with time due to the nonlinear nature of the system; how-
ever, they are (in a general sense) consistent with the estimates of
Beerling et al. (2020). For example, within the first two years, the net
CDR rate predicted by the Stella ERW model for the Brazil scenario is
0.1 Gt CO, yr~ > assuming rock powder is applied to 75% of the crop-
land. This result falls below the range given by Beerling et al. (2020);
however, given the differences in geochemical assumptions and
modeling approach, the results are not significantly discrepant. This
again shows that the Stella ERW model produces results similar to pre-
vious work and thus represents a potentially useful reduced-order
modeling tool for scoping studies and variable co-optimization for po-
tential ERW projects.

4. Conclusions

The carbon dioxide removal (CDR) potential of enhanced rock
weathering (ERW) depends on dynamic interactions between key
biogeochemical and life-cycle variables. A reduced order systems model
was developed to investigate the impacts of several key variables for a
series of hypothetical ERW applications. This paper discussed the
development of the model, compared results to ERW field tests, and
presented findings from a set of variable sensitivity analyses.

The model accounts for the following variables.

m Rock composition, mineralogy, grain size distribution, rock
powder surface area, application rate (t ha™!), and enhanced
weathering potential (i.e., kg CO5 consumed per tonne of rock),

m Soil pH, temperature, and the saturation index of pore
solutions,

m Rock transport distances (i.e., from the mine to the crushing/
milling facility and from the crushing facility to the field site),

m Carbon dioxide emissions from rock extraction (i.e., drilling

and use of explosives),

Transportation emissions factors for different rock haulers,

m Electrical energy emissions factors that account for CO, emis-
sions from rock crushing and milling.
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m Carbon dioxide emissions from rock powder application to
agricultural fields.

Model results generally agreed with data from ERW laboratory,
mesocosm, and field tests (Fig. 4). The model sensitivity analyses pre-
dicted CDR values ranging from 1 to 10 t CO, ha™! (depending on
conditions) for basalt and dunite model rock types over ten years (Fig. 6
and S8). When applied to a large-scale scenario for which 25% and 75%
of Brazilian cropland was used for ERW, the model predicts CO, draw-
downs of 0.18 Gt and 0.53 Gt over ten years.

Model scenarios using a hypothetical basaltic andesite showed a
lower projected CDR range of zero to around 2.6 t GO, ha™! over a 10-
year interval. Scenarios in which basaltic andesite rock powder was
combined with low efficiency (i.e., high emission factor) rock haulers
and an average rock transport distance of >300 km resulted in net
positive emissions for ten years following rock application (Fig. 7).
Comparing the results for the basalt and basaltic andesite life-cycle
sensitivity runs (Figs. 6 and 7) underscores the impact that dissolution
behavior (i.e., mineralogy) and enhanced weathering potential (i.e.,
bulk composition) have on predicted CDR values and, thus on the
viability of a given ERW project.

Any of the variables included in the model can significantly impact
the CDR capacity of a given ERW application (Fig. 5); however, it is
noted that the biological function, which is a bulk term accounting for
macro and microbiological rhizosphere processes, plays a central role
(Figs. 6 and 7). When the net primary production index (the main
parameter in the biological function) is low, the predicted CDR values
are more than a factor of 2 lower than for high NPP cases. This un-
derscores the importance of investigating how site-specific plant and soil
biological processes will impact rock weathering for a particular ERW
application and suggests that ERW is essentially a biological
intervention.

Modeling results show that a combination of inappropriate rock type
(e.g., low enhanced weathering potential or slow weathering rates for
specific conditions) and suboptimal life cycle issues (e.g., long rock
transport distances and high vehicle emissions factors) can result in net
positive CO5 emissions for a 10-year ERW project (Fig. 7). Thus, the
primary conclusion of this study is that the co-optimization of
geochemical, biological, and life-cycle variables is essential for the
successful implementation of ERW applications.
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