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Editorial on the Research Topic

Enhanced weathering and synergistic combinations with other CDR

methods

1. Introduction

Weathering of silicate minerals stabilizes climate on geologic time scales by consuming

carbon dioxide (CO2) (Walker et al., 1981; Berner et al., 1983). Artificially enhancing

weathering rates on land by crushing and spreading silicate mineral-bearing rocks is a

promising carbon dioxide removal (CDR) technology (Hartmann et al., 2013) that exploits

acceleration of these natural weathering reactions with potential to scale to gigatons of

CDR annually when deployed on croplands (Strefler et al., 2018; Beerling et al., 2020).

Over the past 1.5 decades, research interest on Enhanced Weathering (EW) has increased

with research foci including process modeling of the CDR potential of nations (Beerling

et al., 2020; Kantzas et al., 2022), capacity of rivers and oceans to transport sequestered CO2

(Kohler et al., 2010; Zhang et al., 2022; Kanzaki et al., 2023), field trials aiming to understand

the performance of this technology in agricultural systems under real world conditions

(Haque et al., 2020; Larkin et al.), and the requirement for robust monitoring, reporting

and verification (MRV) of CDR. The collection of papers in this Research Topic focuses on

the application of EW on land and in the oceans and the resulting feedback mechanisms and

potential co-benefits.

2. Overview of publications in this Research Topic

Out of the 11 publications in this Research Topic, some deal with fundamental

factors controlling mineral dissolution kinetics. Fuhr et al. used a batch reactor to

investigate dissolution of sand-sized olivine-rich rocks in artificial seawater. They showed an

unexpected decline in total alkalinity (TA), which they attributed to authigenic clay mineral

formation exceeding olivine dissolution. Amann et al. investigated the role of partial pressure
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of CO2 (pCO2) and mineral grain size on CO2 uptake in a

series of column experiments. In most columns, they observed a

fourfold increase in CO2 uptake when comparing saturated vs.

ambient pCO2. Interestingly, while the absolute CO2 uptake was

highest with smallest grain size, the CO2 uptake normalized per

reactive surface area was highest with coarser grains. Pogge von

Strandmann et al. compared olivine weathering in soil cores at 4–

19◦C and showed that the olivine dissolution rate was two orders of

magnitude lower at the lower temperature. Since many laboratory

or greenhouse studies investigate mineral weathering at relatively

high ambient temperatures, this finding has important implications

when translating small-scale experiments to larger-scale settings.

Other studies investigated the co-benefits of EW in relation to

various aspects of soil quality at a range of spatial scales. te Pas

et al. compared the potential of five different silicates for both

CO2 sequestration and soil quality improvements. They showed

that while wollastonite and olivine had the highest CDR potential,

columns amended with the latter mineral also exceeded nickel (Ni)

groundwater threshold values in their leachates. Furthermore, most

treatments produced a net carbon loss due to enhanced losses of

organic carbon (OC). This highlights the need to investigate both

inorganic carbon (IC) andOCdynamics in EW experiments to fully

understand CO2 sequestration at multiple timescales, a common

finding in this Research Topic (e.g., Almaraz et al.; Janssens

et al.). Vienne et al. investigated co-benefits of EW in a mesocosm

experiment growing potato in so far understudied alkaline soil.

Besides finding no negative impact of basalt amendment on potato

yield despite higher soil aluminum and Ni availability, the study

also showed reduced nitrogen leaching for the basalt-amended

treatments. The authors additionally used a 1-dimensional reactive

transport model (RTM) to estimate CO2 sequestration during

the experiment. Combining mesocosm experiments with RTMs

allows assessment of the underlying processes of EW and CO2

sequestration on timescales exceeding the duration of experiments

(Kelland et al., 2020).

A couple of perspectives in this Research Topic had a broader

look at factors that should be considered in the upscaling of EW.

To address the abovementioned heavy metal release resulting from

EW, Suhrhoff investigated whether phytoremediation strategies

can prevent the accumulation of Ni and chromium in soils.

He proposes the use of either hyperaccumulating plants in

crop rotation strategies, or accumulating plants with a high

biomass production, as a way of preventing long-term heavy

metal contamination. Janssens et al. looked at the use of EW in

combination with biochar amendment and OC sequestration in

soils suffering from low fertility and water retention capacity. They

argue that these CDR technologies do not only result in negative

CO2 emissions, but also in negative erosion, through improving

soil structure and increasing both cation and anion exchange

capacities. Their work highlights that combined applications

of CDR technologies may synergistically contribute to multiple

Sustainable Development Goals (SDGs) (Beerling et al., 2018).

EW requires long-term field trials investigating its performance

on working lands under a wide range of environmental and

agronomical settings. Larkin et al. present for the first time the

results of such a field trial in a tropical environment using TA

export, thereby accounting for possible lower CDR due to either

carbonate mineral dissolution or silicate mineral dissolution with

acids other than CO2. They show higher CDR in one of the three

catchments in their study design, likely due to EW of silicate

minerals in this catchment. Almaraz et al. conducted a literature

review on the use of mineral amendments as a CDR technology,

as well as methodologies used to studying mineral weathering by

both geologists and agronomists. Their work highlights the need

for both groups to collaborate in interdisciplinary projects and

involve stakeholders. Besides large-scale field trials of EW, a low-

cost method for MRV of CO2 removal in such settings is required.

Acknowledging that TA can be used to track CO2 removal due

to mineral weathering, Amann and Hartmann propose such a

method. Their work shows linear correlations between electrical

conductivity (EC) and TA both in column experiments and at the

catchment scale. These promising results for using EC as a proxy

for CO2 sequestration will need further calibration with a range of

both abiotic and biotic factors.

While the studies in this Research Topic mostly focused on EW

of silicate rocks, also enhancing carbonate mineral weathering may

contribute to CDR because of its relatively high mineral dissolution

rates. However, reprecipitation of carbonate minerals before the

produced TA reaches the ocean fully reverts CO2 capture. To

investigate this potential reprecipitation (Knapp and Tipper)

conducted a modeling study in almost 150 river basins. They show

that the key factor controlling the efficacy of carbonate weathering

for CDR is riverine transport of the weathering products, and not

the capacity of soils to dissolve carbonate minerals.

3. Conclusion

The publications in this Research Topic offer guidance

on possible future directions of EW research, ranging from

fundamental mineral dissolution kinetics to practical applications

in naturally heterogenous fields. A unified, synchronized global

research agenda to develop a robust MRV framework, and to

understand if and how EW and its interaction with other CDR-

methods might contribute to the significant CDR-necessities to

stabilize climate within this century, is urgently necessary.
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Phytoprevention of Heavy Metal
Contamination From Terrestrial
Enhanced Weathering: Can Plants
Save the Day?
Tim Jesper Suhrhoff*

Department of Earth Sciences, Institute of Geochemistry and Petrology, ETH Zurich, Zurich, Switzerland

Enhanced weathering is a promising approach to remove carbon dioxide from the

atmosphere. However, it may also pose environmental risks through the release of heavy

metals, in particular nickel and chromium. In this perspective article I explore the potential

role of plants in modulating these heavy metal fluxes. Agricultural basaltic soils may be

valuable study sites in this context. However, the effect of biomass harvesting on the

accumulation of heavy metals is currently not well studied. Mostly caused by different

parent rock concentrations, there is a large variability of heavy metal concentrations

in basaltic and ultramafic soils. Hence, to minimize environmental risks of enhanced

weathering, basalts with low heavy metal concentrations should be favored. Existing

phytoremediation strategies may be used to “phytoprevent” the accumulation of nickel

and chromium released from enhanced weathering in soils. As a result, elevated nickel

and chromium concentrations in rocks must not preclude enhanced weathering in all

settings. In particular, hyperaccumulating plants could be used as part of a crop rotation

to periodically remove heavy metals from soils. Enhanced weathering could also be

employed on fields or forests of (non-hyper) accumulating plants that have a high

primary production of biomass. Both approaches may have additional synergies with

phytomining or bioenergy carbon capture and storage, increasing the total amount of

carbon dioxide drawdown and at the same time preventing heavy metal accumulation

in soils.

Keywords: enhanced weathering, heavy metals, chromium, nickel, phytoprevention, phytoremediation,

hyperaccumulating plants, basalt

INTRODUCTION

Limiting global warming to below 1.5 ◦C will require the development and implementation of
carbon dioxide removal (CDR) technologies to offset residual and potential overshoot emissions
(Fuss et al., 2018; IPCC, 2018). Among other CDR approaches (Fuss et al., 2018), terrestrial
enhanced weathering (TEW) of silicate rocks has the potential to limit the accumulation of CO2 in
the atmosphere through the acceleration of natural weathering processes. Although TEW removes
only∼0.3–1.1 tCO2 per ton of rock (Köhler et al., 2010; Moosdorf et al., 2014; Strefler et al., 2018),
when scaled up to large application rates (e.g. 40 t ha−1; Beerling et al., 2020) it can remove between
0.5 and 4 GtCO2 yr−1 (Fuss et al., 2018; Beerling et al., 2020; Goll et al., 2021) or even up to 95
GtCO2 yr

−1 (Strefler et al., 2018). Co-benefits of EW include (i) increasing the alkalinity of natural
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waters which ameliorates ocean acidification and decreasing
aragonite saturation (Taylor et al., 2016), (ii) stabilizing the
soil pH which benefits plants and reduces emissions of other
greenhouse gases (Kantola et al., 2017), (iii) improving soil
hydrology (de Oliveira Garcia et al., 2020), and (iv) the
release of nutrients which stimulates further biological carbon
sequestration (Goll et al., 2021). Carbon dioxide removal through
TEW does not require underground storage in geological
reservoirs but still stores CO2 in stable non-biological reservoirs
such as the marine alkalinity pool or marine/pedogenic
carbonates. Furthermore, selling carbon credits from TEW may
also support livelihoods in the Global South and help progress
toward multiple sustainable development goals (Smith et al.,
2019).

Although models suggest that TEW could be a suitable
CDR strategy (Strefler et al., 2018; Beerling et al., 2020; Goll
et al., 2021), and pot and sediment core experiments detect
increasing cation fluxes or bioavailable concentrations (Anda
et al., 2009, 2013, 2015; ten Berge et al., 2012; Renforth et al.,
2015; Amann et al., 2020), first field trials of TEW in agricultural
settings do not detect an enhanced weathering signal in drainage
waters (Andrews and Taylor, 2019). This is problematic because
drainage waters integrate weathering signals over their catchment
and would therefore be ideal to quantify TEW processes. Possible
reasons include the retardation of weathering signals by the soil
exchangeable cation pool (Pogge von Strandmann et al., 2021),
precipitation of solutes in pedogenic carbonate (Haque et al.,
2019, 2020b,c) and other secondary minerals, as well as the
incorporation of released cations into biomass (Andrews and
Taylor, 2019). Support for the latter mechanism can be drawn
from (i) the fertilization potential of TEW implying cation uptake
by plants (Hartmann et al., 2013; Amann and Hartmann, 2018;
Goll et al., 2021), (ii) detectable cation flux responses in TEW
experiments in forests (Peters et al., 2004; Shao et al., 2016; Taylor
et al., 2021), and (iii) the observation that biomass constitutes a
missing sink in weathering fluxmass balances (von Blanckenburg
et al., 2021).

Suitable rocks for enhanced weathering include basalt and
dunite, an ultramafic rock mostly comprised of olivine. Both
rocks, particularly dunite, often have elevated concentrations
of Ni and Cr (Alloway, 2012). Alternatives with lower HM
concentrations exist, for example wollastonite (Peters et al.,
2004; Shao et al., 2016; Haque et al., 2019, 2020b,c; Taylor
et al., 2021). However, they can be limited by availability
(∼0.1Gt global wollastonite reserves; USGS, 2021) or price. Upon
release through weathering, Ni and Cr have the tendency to
be incorporated into secondary phases or adsorb onto surfaces
(Alloway, 2012). Hence, TEW may result in accumulation of
these heavy metals in soils and biomass which can be toxic to
living organisms at high concentrations (Miranda et al., 2009;
Alloway, 2012; Hartmann et al., 2013; Beerling et al., 2018;
Amann et al., 2020). For example, in an experiment using an
agricultural soil core, ∼99% of Ni and Cr released from olivine
weathering are retained in the soil, limiting addition of olivine
to soils to 95 t ha−1 before permissible Ni concentrations are
exceeded (Renforth et al., 2015). However, plants also take up
trace elements like Ni and Cr (Pulford and Watson, 2003; Etim,

2012), which might result in accumulation of these elements in
periodically harvested and removed biomass. As a result, grass
grown on basaltic soils may have Ni and Cr concentrations of
2.2 and 0.3 ppm (Néel et al., 2007), and 11–39 and 0.4–7.1
ppm when grown on ultramafic soils (Miranda et al., 2009).
While this may have implications for food safety, it could also
mean that concentrations could remain at safe levels in both soil
and biomass.

Clearly, both the quantification of TEW fluxes as well
as TEW related heavy metal (HM) cycling require a deeper
understanding of how plants interact with the solutes released
through TEW. Focusing on the latter aspect, in this perspective
article I explore the lessons from existing literature on
HM in basaltic soils as well as using phytoremediation
strategies to “phytoprevent” accumulation of HM in soils.
Phytoprevention might prove useful since understanding and
mitigating detrimental environmental consequences of TEW is
an important prerequisite for its large-scale implementation. It is
also important from a global climate justice perspective, as TEW
might be employed in countries of the Global South (Strefler
et al., 2018; Beerling et al., 2020; Goll et al., 2021) that have not
substantially contributed to the climate crisis.

HEAVY METALS IN BASALTIC SOILS

Soils formed from ultramafic and basaltic parent materials
exist in various locations where these rocks occur naturally.
Many of these soils are well studied, giving the opportunity to
derive implications for TEW. Although basalt weathers (and
removes CO2 from the atmosphere) much slower than ultramafic
lithologies (Strefler et al., 2018), I focus on basalt due to the
high abundance of basalt outcrops (Hartmann and Moosdorf,
2012), its phosphorous fertilization potential (Gillman et al.,
2002; Hartmann et al., 2013), and lower HM concentrations of
∼130 ppmNi and∼250 ppmCr compared to∼2000 ppmNi and
∼2300 ppm Cr in ultramafic rocks like dunite (Alloway, 2012).
As an upper limit for acceptable concentrations of Ni and Cr in
soils I use 100 ppm and 200 ppm respectively, which are broadly
representative of average limits throughout the EU (Tóth et al.,
2016).

Globally, Ni and Cr concentrations in basaltic soils vary over
two (Ni) to three (Cr) orders of magnitude (Figure 1). Some
soils fall below, and some above, these thresholds. The main
factor controlling soil concentrations is the composition of the
parent material (Tra and Egashira, 2001; Dœlsch et al., 2006a,b;
de Oliveira et al., 2011; Mendoza-Grimón et al., 2014; Cabral
Pinto et al., 2015; Cox et al., 2017;Mazhari et al., 2017; Vlček et al.,
2017; Fabrício Neta et al., 2018; Memoli et al., 2018; Iskandar
et al., 2019; Bocardi et al., 2020; Wang et al., 2020). This is
expected given the tendency of Ni and Cr to be retained in soils
(Alloway, 2012). Similarly, reflecting elevated parent materials
concentrations, soils formed from ultramafic rocks have much
higher concentrations of Ni and Cr – on average ∼2000 ppm
Ni and ∼2750 ppm Cr (Kierczak et al., 2021). Only few studies
assess the impact of biology on HM concentrations in basaltic
soils. On La Réunion, Ni and Cr concentrations are similar in
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FIGURE 1 | Chromium and Ni concentrations in soils derived from basaltic rocks. The chosen acceptable limits for agricultural soils are representative of average

limits throughout the EU (Tóth et al., 2016), although both higher or lower values are adopted into legislature in various countries (Tóth et al., 2016; Iskandar et al.,

2019). For studies where individual sample data were not reported, the mean as well as the range of results (stippled lines) are shown. Where reported, the standard

deviation around the mean (error bars) is plotted as well. (a) Tra and Egashira, 2001, (b) Amaral et al., 2006, (c) Dœlsch et al., 2006a, (d) de Oliveira et al., 2011, (e)

Fabrício Neta et al., 2018, (f) Cabral Pinto et al., 2015, (g) Rodriguez-Espinosa et al., 2015, (h) Cox et al., 2017, (i) Mazhari et al., 2017, (j) Memoli et al., 2018, (k) Ma

et al., 2019, (l) Vlček et al., 2017, (m) Mendoza-Grimón et al., 2014, (n) Iskandar et al., 2019, (o) Bocardi et al., 2020, (p) Wang et al., 2020, (q) Tóth et al., 2016.

cultivated and uncultivated soils (Dœlsch et al., 2006b), though
it is not clear whether this is due to vegetation having no effect,
or a canceling out of HM removal in biomass and inputs from
fertilizer which can contain HM like Ni (McMurtry et al., 1995).
At Mount Vesuvius, plant cover determines the HM fraction
that is reducible or oxidizable mostly through its control on soil
organic matter quality and associated impacts on pH, oxidation
state and element mobility (Memoli et al., 2018). Although few
studies report the composition of the parent material, some find
HM concentrations in soils that are lower than in the parent
material (McMurtry et al., 1995; Wang et al., 2020), indicating
the presence of a HM sink.

This analysis shows that, first, there is large variability of Ni
and Cr concentrations in soils formed from basalt (Figure 1),
which is also valid for soils formed from ultramafic rocks
(Kierczak et al., 2021). Second, much of this variability seems
to depend on the composition of the parent material. This
highlights that if HM exposure is to be minimized based
exclusively on parent rock composition, the variability within the
respective rock classes should be taken into account, favoring
rocks with low concentrations in both rock types (i.e. also
differentiating between high and low HM concentrations in
basalts). Thus, choosing basalt or ultramafic rocks becomes a
decision based on other factors like the required rate of CO2

uptake or nutrient requirements, rather than environmental risk
alone. Third, the extent to which biology effects buildup of
HM in basaltic soils is currently poorly understood. Given this

limited state of knowledge and the fact that additional sinks
of Ni and Cr exist at least in some settings (McMurtry et al.,
1995; Wang et al., 2020), further studies assessing the effect of
different types of vegetation cover and agricultural practices on
HM concentrations in basaltic (and ultramafic) soils would be
valuable in the TEW context.

PHYTOREMEDIATION

Although high concentrations of HM in ultramafic soils make
them toxic for many plants, they are also a niche habitat for plant
species that are adapted to coping with these conditions by either
excluding HM from, or (hyper-)accumulating HM in, their
plant tissues (Kierczak et al., 2021). While hyperaccumulation
has probably evolved as a defense mechanism of plants against
herbivores (Rascio and Navari-Izzo, 2011), excluders use one or
several separate strategies to either break down contaminants
or make them less bioavailable (e.g. phytodegradation,
rhizodegradation, and phytostabilization; Etim, 2012; Yadav
et al., 2021).

In phytoremediation, appropriate plants are used to
decontaminate soils or water bodies polluted from anthropogenic
impacts either by extracting HM or making them less
bioavailable. To remove metals from soils, phytoextracting
plants that accumulate metals of interest, ideally in the above
ground biomass, are particularly useful (Pulford and Watson,
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2003; Vara Prasad and de Oliveira Freitas, 2003; Etim, 2012;
Yadav et al., 2021). These plants are usually separated into
hyperaccumulators having a metal concentration of >1000 ppm
of some HM (including Ni and Cr) in their dried biomass (Baker
and Brooks, 1989) and non-hyperaccumulators that have lower
HM concentrations but may still accumulate HM from soils
(called accumulators here). Hyperaccumulating plants usually
have a lower biomass production (Pulford and Watson, 2003).
As a result, accumulating plants of lower HM concentration but
high biomass production can be just as effective at removing HM
from soils.

“PHYTOPREVENTION” OF HEAVY METAL
CONTAMINATION FROM TEW

In phytoremediation, plants are used to treat soils after they
have been contaminated. The existence of these approaches
suggests that they could be used preemptively to prevent
accumulation and contamination of soils with HM released from
TEW (Haque et al., 2020a) – termed “phytoprevention” here. In
combination with TEW, this seems a promising approach given
that plant species have been identified that (hyper-)accumulate
Ni and Cr from soils and waters. While several hundred Ni
hyperaccumulating taxa have been identified (Lone et al., 2008),
Cr hyperaccumulation is generally scarce (Han et al., 2004; Singh
et al., 2013; Teuchies et al., 2013; van der Ent et al., 2013) due to
the low bioavailability of Cr(III) (dominating over Cr(IV) inmost
soils; Kotaś and Stasicka, 2000; Alloway, 2012). In the context of
phytoprevention, I outline two synergistic approaches between
phytoprevention and TEW below, as well a third approach to
remove HM from effluent waters. A comprehensive review of
potentially suitable species is beyond the scope of this perspective
article, but a selection of promising species for each approach can
be found in Table 1.

In approach one, TEW is employed on agricultural fields
(including for food production) and hyperaccumulating plants
periodically remove Ni and Cr from the soils as part of
a crop rotation. Many hyperaccumulators can reach metal
concentrations of 1–3% of Ni. Given that their ashes may
contain 12% to >20% of Ni, this approach might also enable
the commercial retrieval of the metals initially contained
in the basalt or ultramafic rocks, i.e. phytomining (Chaney
et al., 2007; Alloway, 2012) in addition to limiting HM
buildup in soil and biomass. Although some examples like
southern cutgrass (Leersia hexandra) or Chinese brake (Pteris
vittate; in hydroponic experiments) of Cr hyperaccumulation
exist (Zhang et al., 2007; Kalve et al., 2011), it is not
clear whether this strategy could work for Cr due to its
limited bioavailability.

In approach two, managed fields or forests of accumulating
plants, ideally grown for non-food applications, are used for
TEW. While the concentrations of HM in these plants are lower,
their larger biomass production may still make them suitable
for phytoprevention. This approach has potential synergies with
bioenergy carbon capture and storage (BECCS) discussed in the
next section. Low translocation from roots to above ground

biomass may limit HM extraction efficiency for some of these
plants or require laborious root harvesting (Pulford et al.,
2001; Pulford and Watson, 2003; Were et al., 2017; Ranieri
et al., 2020). An additional benefit of this approach is that
many involved plant species, like bamboo and willow, stabilize
soils and prevent erosion, decreasing the risk of spreading
potential contamination to adjacent areas (Riddell-Black, 1994;
Were et al., 2017). Intercropping accumulating plants with
hyperaccumulating plants may increase overall crop metal
accumulation, protect the accumulating plants, and increase
overall biomass production (Kidd et al., 2015; Bian et al., 2020).

In the third approach, hyperaccumulating aquatic freshwater
plants are used to remove HM from surface runoff and/or
groundwater springs or wells to prevent contamination of rivers
and freshwater resources. Many terrestrial hyperaccumulators
like Indian mustard (Brasicca juncea) or Chinese brake (Pteris
vittate) presented in approach one can also extract HM from
hydroponic solutions (Diwan et al., 2008; Kalve et al., 2011;
Ansari et al., 2015) enlarging the pool of suitable species.

POTENTIAL SYNERGIES WITH BECCS

Using accumulating plants of high biomass production for
phytoprevention of HM pollution from TEW, i.e. approach two
above, has the benefit that this biomass might be used for other
CDR approaches like BECCS. For example, bamboo has a high
net primary productivity of 12-26 t ha−1 yr−1 (Nath et al., 2015).
Willows can be frequently harvested and yield as much as 10–15 t
ha−1 dry biomass (Pulford and Watson, 2003). Both plants have
been suggested as energy feedstocks in BECCS (Fajardy and Mac
Dowell, 2017; Quader and Ahmed, 2017; Albanito et al., 2019).
Removal of nutrients from soils through harvested biomass
results in soils that are often nutrient deficient in terms of P and
K in bamboo forests (Guan et al., 2017) and forests in general
(Thiffault et al., 2011), limiting biomass production. As a result,
combining TEW and phytoprevention with BECCSmay produce
a synergistic system where TEW supplies additional nutrients,
increases growth rates, and CO2 fixation of the BECCS feedstock.
At the same time, regular harvesting of HM bearing biomass
could phytoprevent the accumulation of HM in soils. While
increased HM concentrations in biomass may pose challenges to
bioenergy power plants from a pollution point of view, it may
be possible to extract these metals through phytomining (Edgar
et al., 2021).

FURTHER PHYTOPREVENTION
OPPORTUNITIES

For all three approaches, plants should be chosen that are
adjusted to the local climate conditions, favoring native plant
varieties (Arreghini et al., 2017;Wei et al., 2021). Further research
and a large database of plants that can potentially ameliorate HM
contamination would therefore greatly benefit the management
of environmental consequences of TEW.

Phytoremediation draws on a few other strategies, which may
also be relevant in the context of phytoprevention. Examples
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TABLE 1 | Selected plants that have been used to remove Cr and/or Ni from soils or water and might be useful in one of the three phytoprevention scenarios outlined in

the main text.

Plant Enriched

metal

Concentration in dry

biomass, ppm

Comment Reference

Hyperaccumulating plants with potential for crop rotation (approach one)

Mustard family plants

(Brassicaceae), e.g.

Alyssum markgrafi, Brasicca

juncea, and Thlaspi apterum

Ni, Cr, HM 19100 (Ni, A. markgrafi) and

21500 (Ni, T. apterum), 890

(Cr, Brasicca juncea)

Mustard family plants can thrive in polymetallic

contaminated soils.

Indian Mustard (Brasicca juncea): Ni concentration in

roots is 208 times higher than in medium, Cr 179 times;

∼1.2 t ha−1 biomass production. Can also extract HM

from hydroponic solutions.

Dushenkov et al., 1995;

Kidd and Monterroso, 2005;

Diwan et al., 2008; Bani

et al., 2010; Ansari et al.,

2015; Rathore et al., 2019

Fern species Chinese brake

(Pteris vittate)

Cr 20675 (in the stem) at

150mg L−1

Grown in hydroponic solution for 20 days (concentration

might be lower when grown in soils due to lower

bioavailability of Cr). Cr concentration in biomass

increased until 150mg L−1 and decreased at higher

concentrations.

Kalve et al., 2011

Pycnandra (formerly

Sebertia) acuminata

(Sapotaceae)

Ni 257400 (latex), 24500 (trunk

bark), 1700 (wood)

One of many hyperaccumulating species discovered in

New Caledonia, others include Psychotria gabriellae,

Hybanthus austrocaledonicus, H. caledonicus

(Violaceae), Geissois pruinosa (Cunoniaceae), and

Homalium guillainii (Salicaceae).

Brooks et al., 1974; Jaffr

and Schmid, 1974; Jaffré

et al., 1976, 2013

Accumulating plants with high biomass production (approach two)

Bamboo (e.g. Bambusa

bambos)

Cr 547 in plant shoots Bamboo has been successfully used to extract Cr from a

contaminated tannery site, Ni requires further studies.

Chromium concentration is higher in roots than shoots.

Were et al., 2017; Bian

et al., 2020; Ranieri et al.,

2020

Black poplar (Populus nigra)

and princess tree

(Paulownia tomentosa)

Ni In a study of soils contaminated with hydrocarbons and

heavy metals, these trees removed on average ∼40% of

Ni within three years.

Macci et al., 2013

Combination of five different

woody species (Terminalia

arjuna, Prosopis juliflora,

Populus alba, Eucalyptus

tereticornis and

Dendrocalamus strictus)

Cr, Ni ∼250–250 (Cr), ∼12–17 (Ni) Concentrations in tannery sludge (628 ppm Cr, 76 ppm

Ni) were reduced by 70% (Cr) and 59% (Ni) after 1 year.

Shukla et al., 2011

Willow (Salix spp.) HM Willow has shown potential to remove metals from soils.

The translocation from root to plan is possibly low and

requires further studies.

Pulford et al., 2001; Pulford

and Watson, 2003

Aquatic hyperaccumulators removing HM from TEW runoff (approach three)

Water hyacinth (Eichhornia

crassipes)

Cr, Ni 2000 (Cr) and 1000 (Ni) in

culturing experiments at

10mg L−1

Water hyacinths have been widely used to remove both

Cr and Ni from natural and industrial waste waters,

removing up to 95% of Ni and 99% of Cr.

Zaranyika and Ndapwadza,

1995; Zhu et al., 1999;

Ingole and Bhole, 2003;

Mishra and Tripathi, 2009;

Fazal et al., 2015;

Pandharipande and

Gadpayle, 2016; Saha

et al., 2017; Panneerselvam

and Priya, 2021

Floating ferns (Salvinia

natans, Salvina minima)

Cr, Ni ∼12000 (Cr) of which

∼9000 after 48 h in 50mg

L−1 (Salvinia natans), 2210

(Cr) in submerged leaves in

10mg L−1 (Salvinia minima),

16300 (Ni at 160mg L−1;

Salvinia minima)

Uptake increases at higher aqueous concentrations.

Uptake is quick in early stages (6-12h for Ni, 24 h for Cr),

followed by slower uptake.

Dhir et al., 2009; Prado

et al., 2010; Fuentes et al.,

2014

Eel grass (Vallisneria spiralis) Cr, Ni 2870 (Cr) and 2100 (Ni) at

30mg L−1 in a polymetallic

solution

Uptake increases at higher aqueous concentrations. Verma et al., 2008

Lesser bulrush (Typha

angustifolia),

marshpennywort

(Hydrocotyle umbellata)

Cr 130 (T. angustifolia) and

∼1850 (H. umbellata), both

grown at 50mg L−1)

T. angustifolia removed 99.78% of Cr from the water

within 9 days, H. umbellata 99.67%.

Taufikurahman et al., 2019
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are the use of rhizobacteria (Yadav et al., 2021) or mycorrhiza
(Coninx et al., 2017) that may encourage plant growth, and
increase the bioavailability and uptake efficiency of metals. The
latter effect could also be achieved by adding chelating agents
like EDTA to soils (Lim et al., 2004; Wu et al., 2004), although
this should be viewed with caution and tested meticulously
as the increased bioavailability and element mobility might
promote runoff of HM into surface and groundwaters (Cooper
et al., 1999; Pulford and Watson, 2003; Wu et al., 2004).
Another interesting potential phytoprevention strategy common
in phytoremediation is using phytostabilizing plants, which
may have a similar effect as biochar in that they reduce HM
bioavailability and runoff (Amann and Hartmann, 2018).

Upper limits of environmentally safe addition of olivine or
basalt to soils may easily be calculated based on the cumulative
amount of rocks added and their HM concentrations (Renforth
et al., 2015). However, this may overestimate the environmental
impact in the presence of additional HM sinks. In principle, a
limit to TEW application at which HM do not accumulate in
soils may be calculated from the heavy metal fluxes in biomass
and rock:

max. TEW rock flux

=

(biomass flux) (max. HM concentration in biomass) u

(HM concentration in TEW rock) d

Where u is the uptake efficiency of HM in biomass, and d
the fraction of source rock dissolved in the given period. For
example, in a simplified case where u and d are 1 (biomass
HM concentration as high as it is at high soil concentrations,
source rock dissolved completely), bamboo could extract the
Cr equivalent of up to ∼55 t basalt ha(−1) yr(−1), and mustard
family plants the Ni equivalent of ∼180 t basalt ha(−1) yr(−1). In
practice, this would require a more realistic parametrization of
weathering (d) and plant HM uptake (u) processes at the given
soil and source rock conditions, including of concentrations of

HM in biomass at lower concentrations in soils. Potentially,
elevated HM concentrations in rocks must not preclude TEW
in all settings: If HM are continuously removed from soils
through phytoprevention, even prolonged TEW might not
exceed acceptable HM thresholds in either soil, drainage water,
or harvested biomass. Overall, the approach of phytoprevention
highlights the need for TEW studies to assess the fate of HM,
as well as weathering fluxes in general, in terms of all input and
output fluxes including biomass.
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The Dissolution of Olivine Added to
Soil at 4◦C: Implications for
Enhanced Weathering in Cold
Regions

Philip A. E. Pogge von Strandmann 1,2*, Chloe Tooley 2, Josephina J. P. A. Mulders 2,3 and

Phil Renforth 4

1Mainz Isotope and Geochemistry Centre, Institute of Geosciences, Johannes Gutenberg University, Mainz, Germany,
2 London Geochemistry and Isotope Centre (LOGIC), Institute of Earth and Planetary Sciences, University College London

and Birkbeck, University of London, London, United Kingdom, 3Witteveen+Bos, Deventer, Netherlands, 4 School of

Engineering & Physical Sciences, Heriot-Watt University, Edinburgh, United Kingdom

Crushed olivine was added to a soil core to mimic enhanced weathering, and water was

continually dripped through for∼6months. Our experiments were conducted at 4◦C, and

are compared to previously run identical experiments at 19◦C. Olivine dissolution rates in

both experiments start out similar, likely due to fines and sharp crystal corners. However,

after >100 days of reaction, the dissolution rate at 4◦C was two orders of magnitude

lower than at 19◦C. The accumulation of heavy metals, such as Ni and Cd, was low

in both experiments, but soil retention of these elements was proportionally higher at

higher temperatures, likely due to enhanced sorption and formation of clays. Overall, this

study suggests that olivine dissolution rates in experiments that mimic natural settings are

orders of magnitude slower than in normal laboratory experiments, and that enhanced

weathering may be a considerably less efficient method of carbon dioxide removal at low

climatic temperatures. Both of these conclusions have implications for the application of

enhanced weathering as a CO2 removal method.

Keywords: weathering, carbon sequestration, weathering experiment, enhanced weathering of minerals,

temperature effect on weathering

INTRODUCTION

Projections of future climate scenarios clearly show that to avoid climate warming above dangerous
levels of 1.5◦C, large quantities of CO2 will have to be removed from the atmosphere (IPCC, 2014,
2018), in addition to rapid and deep emissions reduction. Negative emissions technologies have
been proposed for removing and storing atmospheric CO2 (The Royal Society, 2018), which have a
range of carbon drawdown efficiencies, environmental requirements, energy inputs and costs (e.g.,
Shepherd et al., 2009; Matter et al., 2016; Taylor et al., 2016; Pogge von Strandmann et al., 2019a).
Perhaps the processes that most lend themselves to be efficient and cost-effective are those that
draw on the natural carbon cycles. Hence, techniques like ocean fertilization (e.g., Bowie et al., 2001;
Williamson et al., 2012) and afforestation (e.g., Nilsson and Schopfhauser, 1995; Yosef et al., 2018)
enhance the organic pathway of the long-term carbon cycle, while others like mineral carbonation
(Gislason and Oelkers, 2014; Matter et al., 2016; Pogge von Strandmann et al., 2019a) and enhanced
weathering increase the rates of the inorganic pathway of the long-term carbon cycle. This study
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examines the latter of these processes, enhanced weathering
(Schuiling and Krijgsman, 2006; Hangx and Spiers, 2009; Koehler
et al., 2010, 2013; Schuiling and de Boer, 2010; Renforth, 2012;
Hartmann et al., 2013; Renforth et al., 2013, 2015; Renforth and
Campbell, 2021).

Chemical weathering is the Earth’s primary process of long-
term atmospheric CO2 drawdown (Walker et al., 1981; Saenger
and Wang, 2014). Dissolution of silicate rocks, in particular in
rivers and soil pore waters, leads to carbon dissolution in water
as alkalinity, and also carries critical cations such as Ca and Mg.
When transported to the oceans, these initially contribute to
elevated ocean alkalinity (Renforth and Henderson, 2017), then
over ∼10–100 ka precipitate as marine carbonate, sequestering
CO2. At the same time, rock-derived cations such as P, Fe and Si
are also dissolved and transported to the coastal oceans, where
they fertilize organic carbon growth (Lalonde et al., 2012; Hawley
et al., 2017). The burial of this organic carbon is also assisted
by the supply of continent-derived particulate material (Kennedy
and Wagner, 2011). Hence, silicate weathering influences both
the inorganic and organic pathways of the long-term carbon
cycle, on timescales from yearly (for organic carbon) to tens
of kyr (for carbonate precipitation) (e.g., Colbourn et al., 2015;
Pogge von Strandmann et al., 2017, 2021a).

The limiting steps on weathering reactions therefore
significantly affects climate. In natural settings, these are both
climate-based (temperature, runoff, etc.) and supply-based
(availability of primary silicates for weathering) (Berner et al.,
1983; Raymo and Ruddiman, 1992; West et al., 2005). Slow
clay mineral precipitation rates have also been considered as
limiting reactions (Maher, 2010; Zhang et al., 2010), although
more recently both laboratory and field experiments suggest that
the formation of clays (or at least their amorphous versions)
can be fairly rapid, and on the order of days to months (e.g.,
Oelkers et al., 2019; Pogge von Strandmann et al., 2019b,
2021b). Enhanced weathering intends to circumvent especially
the limitation of supply, by providing fine-grained silicates
for weathering, for example by plowing mafic material into
agricultural lands (Hartmann et al., 2013; Taylor et al., 2016;
Beerling et al., 2020). The smaller the grain size and greater the
surface area, the faster dissolution rates and CO2 drawdown will
be, but the more CO2 will be emitted by grinding (Renforth,
2012). However, as yet little is known about precise dissolution
rates of various silicate grain sizes in natural settings, in part
due to surface passivation, where unreactive secondary minerals
(e.g., carbonates and clays) precipitate on primary mineral
surfaces, inhibiting dissolution (Taylor et al., 2016; Beerling et al.,
2020). Laboratory-derived dissolution rates are generally several
orders of magnitude higher than field-derived rates (White
and Brantley, 2003), and dissolution rates of artificially-added
silicates are even less well-known (Peters et al., 2004; ten
Berge et al., 2012; Manning et al., 2013; Renforth et al., 2015).
Effectively, at the fast end of this potential dissolution rate scale,
enhanced weathering is a highly efficient carbon sequestration
method, while at the slow end, less carbon would be sequestered
than emitted during grinding, transport and installation.

In an attempt to reconcile laboratory- and field-derived
weathering rates, Renforth et al. (2015) used natural soil columns

FIGURE 1 | Diagram of the soil column experiments. Adapted from Pogge

von Strandmann et al. (2021b) and Renforth et al. (2015).

and brought them into the laboratory to control and measure
material inputs and outputs. Two identical soil cores were used,
one as a control and the other with crushed olivine to mimic
enhanced weathering. By monitoring dissolved output fluxes,
a dissolution rate per grain size of olivine was determined for
an air temperature of 19◦C. Here, we determine the effect of
temperature on olivine dissolution, by reproducing the Renforth
et al. (2015) experiments at a temperature of 4◦C. The goal is
to assess to what degree temperature limits the geographical
application of olivine as an enhanced weathering technique.
While it is clear that temperature is a key control on the
dissolution rate of silicate material, it is less clear whether
temperature dominates in a system where there is no supply
limitation (West et al., 2005). Also, it is not clear how the
exchangeable fraction responds to differences in temperature.

Further, we have revisited the original experiments, and pre-
concentrated solutions to better assess the behavior of toxic heavy
metals (e.g., Ni, Cr) during the dissolution of olivine. This is
in order to determine whether the use of olivine can lead to
dangerous accumulations of such metals in either soils or surface
waters (Haque et al., 2020).

EXPERIMENTAL DESIGN

The original experiments of Renforth et al. (2015) took 1m long
soil cores from agricultural land in North Oxfordshire. This
bedrock in this area is Jurassic limestone and mudstone, and
the soils are calcareous. The cores span the transition from the
plowed layer, though the B and C horizons, to the parent rock
material. One core was used to examine the compositions of
the bulk soil and leachable phases. The other two were used as
column reactors, and a modified Hoagland nutrient solution (to
mimic the addition of fertilizer) was dripped onto them at a rate
of 15 ml/h (∼200µg/ml K, N, 30µg/ml P, 37 ng/ml Ca, 30 ng/ml
S; 69 ng/ml Mg). Crushed olivine (100 g), from Western Norway
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TABLE 1 | Elemental concentrations from the 4◦C experiments, and the heavy metal concentrations also from the 19◦C experiment.

Day pH Ca Mg Si Cr Ni Cu

µg/ml ng/ml

Olivine Control Olivine Control Olivine Control Olivine Control Olivine Control Olivine Control Olivine Control

Initial Water 6.9 0.042 0.070 bdl 0.178 0.324 7.13

4◦C

5 7.13 7.20 271 182 3.95 2.31 1.64 0.942 0.874 0.599 1.91 1.12 7.22 3.13

10 7.22 7.39 182 185 2.60 2.38 1.28 1.18 1.25 0.590 1.38 1.00 5.96 3.82

14 117 95.8 1.66 1.21 0.898 0.579 1.15 0.645 1.33 1.02 5.06 3.54

25 7.04 7.21 65.0 93.1 0.90 1.18 0.526 0.896 0.946 0.580 1.34 1.17 5.08 4.92

39 7.15 7.30 40.4 19.2 0.55 0.23 0.577 0.184 0.777 0.651 1.34 1.00 5.90 4.71

46 7.09 7.27 147 141 2.19 1.78 2.07 1.43 0.870 0.806 1.57 1.38 8.63 6.85

61 7.11 7.29 157 138 2.36 1.76 2.27 1.65 0.316 0.281 0.96 0.646 2.56 1.84

77 42.7 152 0.616 1.93 0.699 1.86 0.340 0.368 1.07 0.790 3.30 2.61

85 7.13 7.27 21.9 108 0.291 1.39 0.444 2.11 0.301 0.255 1.04 0.715 2.74 2.84

109 7.15 7.28 77.7 70.2 1.12 0.883 1.87 1.14 0.315 0.317 0.922 0.694 3.61 2.34

134 7.12 7.27 27.9 18.2 0.370 0.213 0.787 0.322 0.370 0.355 1.10 0.725 4.25 3.26

19◦C

8 7.25 7.59 0.128 0.173 1.91 0.90 2.48 2.33

18 7.17 7.56 0.073 0.125 0.98 0.98 2.59 1.98

43 7.01 7.51 0.132 0.191 0.70 0.50 2.56 2.72

55 7.28 7.71 0.090 0.237 0.61 0.55 3.40 2.82

60 0.127 0.190 0.34 0.38 2.79 3.10

67 7.29 7.52 0.131 0.161 0.34 0.33 3.14 3.19

76 0.152 0.114 0.37 0.33 2.60 3.01

120 7.31 7.57 0.145 0.13 0.38 0.32 2.55 2.87

bdl stands for below detection limit.

(Minelco Ltd.), was stirred into the top 10 cm of one core, while
the other was stirred, but without olivine addition, and used as
a control core. This addition amount of olivine equals ∼12.7
kg/m2, which is around 2.5× higher than the highest rate of 5
kg/m2/yr proposed by the modeling study of Taylor et al. (2016).
Effluent drip waters were collected periodically from the base of
each core (Figure 1).

In this study’s experiments, additional cores drilled from
the same site at the same time were used. The same olivine
and identical Hoagland solution were used. The two primary
differences compared to the original experiments were (1) our
experiments were conducted in a cold room at 4◦ at the
department of Earth Sciences, University College London rather
than at 19◦C; (2) the original experiments showed a general
decrease in control core effluent Ca and Mg concentrations, due
to the added Hoagland solution being out of equilibrium with
the soil exchangeable fraction at the start of the experiment
(Pogge von Strandmann et al., 2021b). To counteract this, we
dripped Hoagland solution through our columns for 45 days
before addition of the olivine. After this, solution was dripped
through both columns for a further 6 months.

METHODS

Major element concentrations in bulk soils and olivine
powder were determined by XRF (Renforth et al., 2015).
Elemental concentrations of the effluent solutions were
determined by a Varian 820-MS inductively-coupled plasma
mass spectrometer (ICP-MS) at the LOGIC laboratories at UCL.
The analyses were calibrated using multi-element solutions
mixed from single-element standards, and accuracy was
assessed by analyzing the international reference standards
SLRS-5 and TMDA. The analytical reproducibility was better
than±4%.

Calcium concentrations were analyzed by a Varian ICP-
OES (Optical emission spectrometry), also at UCL’s LOGIC
laboratories. This was because Ca concentrations were very high
due to the presence of Ca in the influent Hoagland solutions, and
because of the carbonate rock in the columns dissolving.

In order to determine the concentrations of Cr, Ni, and
Cu, 15ml of solution from both these experiments, and those
of Renforth et al. (2015), were dried down and also analyzed
by ICP-MS.
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RESULTS

Data from the bulk soils and olivine composition, initially
published by Renforth et al. (2015) are repeated in
Supplementary Material.

Effluent Concentrations From the 4◦C
Experiment
As for the 19◦C experiments (Renforth et al., 2015), the pH of
the input solution was circumneutral, and the passage through
the columns had little effect on the pH. Effluent pH was 7.1
± 0.4 (1sd) for the olivine column and 7.3 ± 0.5 for the
control column. All results are presented in Table 1. Overall,
the effluent major element concentrations exhibit more scatter
than observed in the 19◦C experiment by Renforth et al. (2015).
Magnesium and calcium concentrations in both of the columns’
effluent show a general decrease with time (Figure 2). In most
samples the concentrations of the olivine core’s effluent are
higher than in the control core’s, and the difference between the
cores decreases slightly with time. For example, initially, the Mg
effluent concentrations from the olivine columnwere∼1.6µg/ml
higher than that of the control column. By day 134 this difference
had decreased to∼0.1µg/ml. Silicon concentrations, in contrast,
are highly scattered in the effluent from both cores, with no
straightforward trends.

Heavy Metal Effluent Concentrations
In general, the concentrations of Cu, Ni, and Cr in the 4◦C
experiment start out with greater concentrations in the olivine
core over the control core (Figure 3). After approximately 50
days the concentrations tend to decrease by ∼50% (for Cr and
Cu) to ∼80% (for Ni). For Ni and Cu, the olivine core’s effluent
always is more concentrated, while for Cr, the difference between
the cores is effectively zero after 60 days. The behavior of Ni
between the 4◦ and 19◦C experiment is fairly similar, in that both
show a decline with time. In contrast, in the 19◦C experiment
there is little difference between the effluent from the olivine and
control cores for Cr or Cu with time, meaning that the behavior
of these elements is different at different temperatures.

DISCUSSION

Source of Dissolved Cations
In order to determine the source of effluent cations such as
Mg, a mass balance can be constructed. This is based on the
assumptions that all (input-corrected) control core effluent Ca
stems from the dissolution of carbonate rock, and all control
core effluent Si is from the dissolution of silicates (clays, given
the absence of primary silicates). We then use the Mg/Ca of
carbonate leaches, and the Mg/Si of residual material (Renforth
et al., 2015) to determine the amount of Mg coming from
carbonates and secondary silicates. It is then assumed that all
remaining Mg in the input-correct control core effluent stems
from the exchangeable pool. Then we assume that the control
and olivine cores are identical except for the added dissolution
of olivine. According to these calculations, ∼73% of Mg in the
control core effluent stems from dissolution of carbonate by

FIGURE 2 | Effluent major element concentrations as a function of

experimental time for both columns: (A) magnesium, (B) calcium, (C) silicon.

The error bars represent the 2sd analytical uncertainties.

the end of the experiment, and ∼26% from the exchangeable
fraction, and only 1% from the dissolution of silicates. By
comparison, in the 19◦C experiment, these numbers are 65,
32, and 1%, respectively (Pogge von Strandmann et al., 2021b).
In other words, increased temperature appears to decrease
the proportion of carbonate contribution, and increase that of
the exchangeable fraction. Error propagation of the analytical
uncertainties yields±∼ 6% relative error on the mass balance.

In the olivine core, by the end of the 4◦C experiment, olivine
dissolution only makes up ∼3% of the total Mg, while in the
19◦C experiment this number is ∼45% (Pogge von Strandmann
et al., 2021b). Overall, then, it is clear that lower temperatures
do not favor the dissolution of olivine, but in relative terms
the dissolution of carbonate is more favored. In general, a
relative decrease in carbonate weathering and increase in silicate
weathering as temperature increases has been observed before
(West et al., 2005; Kasemann et al., 2014; Gaillardet et al., 2019;
Romero-Mujalli et al., 2019). Further, the exchangeable pool is
relatively less dominant in the colder experiments, likely due to
kinetic effects on the exchange rate.
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FIGURE 3 | Effluent trace element concentrations as a function of experimental time for both columns: (A) chromium, (B) nickel, (C) copper. (D–F) show the

difference in heavy metal concentration between the olivine and control core for this (4◦C) and the 19◦C experiments (Renforth et al., 2015). The error bars represent

the 2sd analytical uncertainties. For the 1 panels (D–F), the analytical uncertainty has been compounded through the calculations.

Further evidence for very little dissolution of olivine at 4◦C is
shown when plotting [Mg] against [Ca] for all experiments. The
4◦C control and olivine core effluents, as well as the 19◦C control
core effluent exhibit an identical gradient that is largely due to
the dissolution of carbonate. The Mg/Ca ratio of the leached
carbonate is 0.01 ± 0.005, while the Mg:Ca gradients of those
three cores are 0.013–0.015 (Figure 4), demonstrating a likely
carbonate source. In contrast, the 19◦C olivine core’s effluent has
a similar gradient, but is considerably more Mg-enriched.

Magnesium vs. silicon trends follow a similar relationship,
albeit more scattered (Figure 4). Combined, these trends clearly
suggest that while a Mg- and Si-rich phase (olivine) is being
dissolved in the 19◦C experiment, this is occurring far less, if at
all, in the 4◦C experiment.

Olivine Dissolution Rates
Based on the assumption that the only difference between the
effluent from the olivine and from the control core is due to

olivine dissolution (Renforth et al., 2015; Pogge von Strandmann
et al., 2021b), the rate of that dissolution can be calculated. Using
the difference in effluent Mg concentrations, dissolution rates
were calculated using a surface area normalized approach:

Wr =
Qsoln(Mgol −Mgctl)

SSA
(1)

whereWr is the surface area normalized weathering rate, Q is the
solution flux (in ml/s) and Mg is the concentration of Mg from
the olivine and control cores, respectively. SSA is the surface area
of the olivine, which is 3.04× 104 cm2/g (Renforth et al., 2015).

Thus, the weathering rate of the 19◦C experiment starts
at 10−16.1 mol(Mg)/cm2/s and then increases slightly, before
stabilizing at 10−15.8 mol(Mg)/cm2/s after ∼50 days. However,
while the 4◦C experiment’s weathering rate is initially almost
identical to the 19◦C experiment (10−16.0 compared to 10−16.1

mol(Mg)/cm2/s, respectively), it subsequently rapidly decreases
with time. After 134 days the rate is 10−17.1 mol(Mg)/cm2/s, and
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FIGURE 4 | Mg concentrations plotted against Ca and Si concentrations for the effluents from this experiment and the 19◦C experiment (Renforth et al., 2015). In all

cases, only the effluent from the 19◦C olivine column shows dissolution of olivine, and not the 4◦C olivine column. The error bar represents the 2sd analytical

uncertainty.

FIGURE 5 | Magnesium-derived olivine dissolution rates of this 4◦C

experiment, and the 19◦C experiment (Renforth et al., 2015), as a function of

experimental time. The error bars represent the compounded 2sd uncertainty.

there is over two orders of magnitude difference between the two
experiments (Figure 5).

The similarity of the weathering rates between the two
experiments at the start is likely due to initial dissolution of
the fresh outer surface of the crushed olivine, including many
relatively high surface area sharp corners (Anbeek, 1992). The
subsequent reduction in weathering rate may be attributed to
the reduced availability of reactive surface sites on the olivine
surface (Orkoula and Koutsoukos, 2002; Appelo and Postma,
2004), suggesting dissolution rate is partially controlled by the
mechanism of surface reaction (Renforth, 2012).

Using the dissolution rate law:

r = AanH+
e
− Ea
RT (2)

where R is the gas constant (8.3145 kJ mol−1 K−1), Ea is the
activation energy (52.9 ± 6.9 kJ mol−1 K−1), A represents a
pre-exponential factor (0.0854), n is the reaction order with
respect to H+

= 0.46, T is temperature (K) and a is the
activity (Pokrovsky and Schott, 2000; Hänchen et al., 2006), we
can calculate the idealized temperature-dependent dissolution
of forsterite (Figure 6). Interestingly, while these idealized
dissolution rates show the same temperature-dependent slope
as our two experiments, they are an order of magnitude faster.
In conventional laboratory dissolution rate studies, the fluid to
mineral ratio is much higher to ensure effective transport of the
solutes from the mineral surface, and laboratory studies tend to
be run at far-from-equilibrium conditions. In contrast, in our
soil core experiments, there was likely only imperfect contact
between minerals and fluid, as well as closer to equilibrium
conditions, and the possibility that the surface of the olivine
became less reactive with time as it was weathered. As such, this
highlights the difference between pure dissolution experiments
and soil core (and natural) experiments, and clearly shows
that idealized laboratory experiments should not be used to
estimate dissolution rates in enhanced weathering. Further,
olivine dissolution rates (in laboratory experiments) are pH
dependent, and decrease with increasing pH (Oelkers et al.,
2018). In the experimentally analyzed pH range of 1–12, neutral
pH causes an approximately median dissolution rate (Oelkers
et al., 2018), but also highlights that olivine dissolution rates
during enhanced weathering will also vary depending on the pH
of the source water.
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FIGURE 6 | A comparison of olivine dissolution rates from pure laboratory

experiments (black line) and our soil column experiments (this study and

Renforth et al., 2015), as a function of temperature. The symbols represent the

average value, while the error bars represent the entire observed range of

dissolution rates (Figure 5).

Heavy Metals
One of the key areas of research surrounding the potential
of enhanced weathering is the investigation into the build-up
of toxic elements in soils and the water column (Renforth,
2012; Hartmann et al., 2013; Renforth et al., 2015; Haque
et al., 2020). This potential environmental risk could limit the
application of enhanced silicate weathering as a method of
carbon sequestration. Both Cr and Ni have been used to assess
this risk here. In the 4◦C solutions, Cr concentrations in the
olivine core effluent are up to 2× that of the control core for the
first ∼50 days. Following this, overall concentrations decrease,
and are also similar in waters from both cores (Figure 3).

Using an Mg/Cr ratio of 3,000 for this olivine (Renforth et al.,
2015), it is estimated that ∼0.5 ± 0.07 µg Cr is released by the
dissolution of ∼5mg of olivine at 4◦C. This compares to a total
difference between the Cr flux of the control and olivine cores for
the whole experiment of 0.33 ± 0.02 µg, meaning that ∼0.17 ±

0.01 µg was retained in the soil, which is a retention efficiency
of 34 ± 4%. In the 19◦C experiment, 37 ± 3 µg Cr was released
from the olivine, and 9.6± 0.7µg was retained in the soil column,
giving a retention efficiency of 26± 4%.

Similarly, ∼1 ± 0.07 µg Ni was in the effluent from the 4◦C
experiment, while the olivine dissolution led to release of ∼14 ±
1 µg Ni. Hence Ni retention by the soil is ∼90 ± 6%. Similarly,
in the 19◦C experiment, ∼5 ± 0.4 µg Ni was in the effluent,
compared to 1060 ± 70 µg released from olivine dissolution,
leading to a retention efficiency of 99%. A high percentage build-
up of Ni in soil has been observed in other experiments (Raveh-
Rubin et al., 2015), where 90% of the initial Ni mass was extracted
from the soil after experiment completion.

High retention of heavy metals in soils is observed throughout
the world in relation to mature soils (Haque et al., 2020), both in

secondary minerals (largely clays) and adsorbed. Some laterites
have high Ni content (Lewis et al., 2006), with some serpentinite
zones showing>2% Ni. Raveh-Rubin et al. (2015) show evidence
of fast Ni retention at higher temperatures, with the expectation
that Ni is not released into a mobile stage for a considerable
time. In relation to temperature, the accumulation of Cr and
Ni in soils will be slower in colder temperatures compared to
warmer climates, due to slower dissolution rates. On the other
hand, the build-up of Ni in the soil is considerably slower at
4◦C compared to 19◦C, which could be partially related to the
increased availability of secondary clay minerals in the 19◦C
column providing easily sorbed surfaces for Ni (Raveh-Rubin
et al., 2015).

The European Union’s human drinking water standard
(98/83/EC) is 50 ng/ml Cr. For the first 60 days in our
experiments (before Cr concentrations in the control and
olivine core became effectively identical), the 4◦C experiment
released 0.015 ng/ml Cr, which the 19◦C experiment released
0.9 ng/ml. Hence, addition of this amount of olivine (for this
Cr concentration in the olivine) is over an order of magnitude
from breaching drinking water guidelines. Further, the Finland
Ministry of the Environment has a soil Cr limit of 200 mg/kg.
Given our experiments’ retention of Cr, it would take over 2
million years at 4◦C and ∼44,000 years at 19◦C of this level of
enhanced weathering to breach these limits.

Equally, the Ni guidelines for drinking water is 20 ng/ml. The
4◦C experiment released 0.05 ng/ml, while the 19◦C experiment
released 0.2 ng/ml. The higher Ni retention by soils, compared
to Cr, means that this example of enhanced weathering would
be even further from breaching drinking water guidelines. The
soil limit for Ni is 100 mg/kg, and it would take∼15,800 years to
reach this at 4◦C, and∼200 years at 19◦C.

It must be stressed, however, that using less pure olivine,
or other silicates, for enhanced weathering (Taylor et al., 2016)
could lead to a faster build-up of heavy metals. Equally, using
materials whose weathering produces secondary minerals (clays,
oxides, etc.), such as basalt, may also enhance the retention of
heavy metals in soils. Further, the type of initial soil being seeded
will have an effect, as of course the thicker application or faster
dissolution of olivine. For example, Taylor et al. (2016) suggest
the application of 1–5 kg/m2/yr of rock powder in their models
of the global application of enhanced weathering. This amount
is 2.5–13 times less than that applied during this experiment.
This would suggest that olivine application on a global scale is
unlikely to rapidly increase the heavy metal component of soils.
However, it must be noted that fresh application on an annual
basis would potentially cause a disproportionately greater heavy
metal addition, because there would be a fairly constant supply
of rapidly dissolving fresh mineral edges and fines. This is also
further discussed below.

Possibility of Using Enhanced Weathering
The possible maximum carbon dioxide capture potential
(enhanced weathering potential EWp, kgCO2 per ton) of the
olivine used in this experiment has been calculated using the
modified Steinour equation (see Renforth, 2019).
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EWP =

MCO2
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·
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α
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+ β
MgO

MMgO

+ ǫ
Na2O

MNa2O

+ γ
K2O

MK2O

+ θ
SO3

MSO3

+ δ
P2O5

MP2O5

)

· 103 · η (3)

where CaO, MgO, SO3, P2O5, Na2O, and K2O, are the elemental
concentrations of Ca, Mg, S, P, Na, and K, expressed as oxides, M
is the molecular mass of those oxides; coefficients α, β,ǫ, θ (equal
to +1), γ (equal to −1), and δ (equal to −2) consider the relative
contribution of each oxide; and η is molar ratio of CO2 to divalent
cation sequestered during enhanced weathering; we have used η

= 1.5 in this study, which is a conservative global average.
EWp for the olivine used in this experiment is 0.79 tCO2/t.

The land area normalized dissolution rate for the olivine has been
calculated at 30 t/km2/yr for 4◦C, and at 200 t/km2/yr at 19◦C
(Renforth et al., 2015).

However, these estimates are based on a constant olivine
surface area, and do not consider the effects of comminution on
dissolution rates. The feasibility of enhanced olivine weathering
can be analyzed using a shrinking core model to estimate
the reaction times for dissolution (Hangx and Spiers, 2009).
Using the calculated weathering rates from this experiment and
Renforth et al. (2015), a model for dissolution as a function of
time for various grain sizes can be calculated (Figure 7). The
model also assumes a distribution in the grain size, because a
uniform grain size does not occur during grinding. Here we
assume a relative standard deviation on the grain size distribution
of 2.5, which occurs during ball milling of olivine.

With an average grain size of 125µm [80% of the grains in
the olivine used in this experiment were >125µm (Renforth
et al., 2015)] dissolution of olivine at 4◦C reaches ∼20% in 10
years, sequestering ∼0.2 kg CO2 /m2/yr for this experiment’s
application rate. For this grain size it takes >>10,000 years to
reach 80% dissolution (Figure 7). In contrast, dissolution (of an
average grain size of 125µm) at 19◦C reaches 20% after 1.5 years
(sequestering ∼1.3 kg CO2 /m

2/yr), and 80% after ∼4,000 years.
Themodel of Taylor et al. (2016), which suggests global enhanced
weathering in the tropics, assumes a uniform grain size of 10µm.
Our model suggests that 80% of olivine with an average grain
size of 10µm would take >200 years to dissolve at 4◦C, and
20–30 years at 19◦C, highlighting the importance of temperature
and grain size on the dissolution rate and CO2 sequestration.
This suggests that even at 19◦C grain size must be reduced to
∼1µm to dissolve ∼80% within <10 years. However, the extra
processing (grinding) of olivine would then release additional
CO2 (Renforth, 2012). A similar result was seen in Hangx and
Spiers (2009), where olivine dissolution in a coastal setting was
modeled for two temperatures using a shrinking core model, with
the 15◦C model showing rates three times longer than that of the
25◦C simulation.

Clearly, if enhanced weathering is applied to natural settings,
soil temperature will vary both diurnally and seasonally. Diurnal
soil temperature changes at 1m depth (the depth of our soil
columns) are on the order of 1–2◦C in Europe (German National
Meteorological Service). Average monthly soil temperatures at
1m depth vary between 1 and 22◦C in, for example, central and
western Europe (i.e., Germany, northern France, UK, Benelux;
German National Meteorological Service), with mean annual

FIGURE 7 | Modeled extents of dissolution for different olivine grain sizes

based on a shrinking core model (see text for details). The horizontal dashed

lines represent a target dissolution proportion of 80% (given that the final 20%

take a significant amount of time to finally dissolve).

soil temperatures of 8.8–12.7◦C in the UK (Busby, 2015), which
match fairly well to the range used in these experiments. At
such temperatures (assuming a linear extrapolation between the
dissolution rates at 4◦ and 19◦C; Figure 6), it would take ∼5,800
years for 80% of amean grain size of 125µm to dissolve (2.5 years
for 20%). If the mean grain size were 10µm, 20% would dissolve
in∼1.2 years, and 80% in∼50 years. For a 1µmmean grain size,
these values are∼1 and∼14 years, respectively.

Overall, this study highlights that olivine dissolution rates are
considerably lower in field-like experiments than in “normal”
laboratory experiments. More experiments are needed to assess
dissolution rates at higher, tropical, temperatures, but if our
dissolution rates can be extrapolated to tropical temperatures,
then a yearly application of material (Taylor et al., 2016) may not
be feasible without accumulation of unweathered silicatematerial
over time.
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CONCLUSIONS

Soil core experiments with olivine addition, used to evaluate
enhanced weathering at 4◦C, show that olivine dissolution
is almost two orders of magnitude lower than in identical
experiments at 19◦C. In general, the two experiments at
different temperatures exhibit the same temperature-dependent
gradient as idealized laboratory experiments, but offset to
lower values. This is likely because soil columns do not
represent ideal fluid-rock contact conditions, and suggests that,
as observed previously, natural experiments show significantly
lower dissolution rates.

Heavy metals, such as Cd and Ni, were examined to
assess whether olivine addition can contaminate water or soils.
While in this experiment concentrations in both phases were
significantly lower than guidelines, retention of heavy metals in
soils was higher at elevated temperatures. This represents an
increased retention beyond that caused by higher dissolution
of minerals and higher temperatures, and is likely due to
enhanced secondary mineral (e.g., clay) formation at higher
temperatures. In themselves, clays present a potential problem
for enhanced weathering, as clay accumulation can inhibit
plant growth.

Overall, as anticipated, enhanced weathering may be
considerably less feasible in cold conditions. Kinetic-limitation
of weathering reactions results in substantially longer dissolution
times for olivine. For example, for an average grain size
of 50µm, 50% of olivine would dissolve in <10 years at
19◦C, but in ∼50 years at 4◦C. Thus, for example, enhanced
weathering rates will be very low during northern and central
European and American winters, and this must be factored
into calculations.
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Enhanced weathering of mafic and ultra-mafic minerals has been suggested as a

strategy for carbon dioxide removal (CDR) and a contribution to achieve a balance

between global CO2 sources and sinks (net zero emission). This study was designed

to assess CDR by dissolution of ultramafic sand (UMS) in artificial seawater (ASW).

Fine grained UMS with an olivine content of ∼75% was reacted in ASW for up to 134

days at 1 bar and 21.5–23.9◦C. A decline in total alkalinity (TA) was observed over

the course of the experiments. This unexpected result indicates that TA removal via

precipitation of cation-rich authigenic phases exceeded the production of TA induced

by olivine dissolution. The TA decline was accompanied by a decrease in dissolved

inorganic carbon and Ca concentrations presumably induced by CaCO3 precipitation.

Temporal changes in dissolved Si, Ca, Mg, and TA concentrations observed during

the experiments were evaluated by a numerical model to identify secondary mineral

phases and quantify rates of authigenic phase formation. The modeling indicates that

CaCO3, FeOOH and a range of Mg-Si-phases were precipitated during the experiments.

Chemical analysis of precipitates and reacted UMS surfaces confirmed that these

authigenic phases accumulated in the batch reactors. Nickel released during olivine

dissolution, a potential toxic element for certain organisms, was incorporated in the

secondary phases and is thus not a suitable proxy for dissolution rates as proposed

by earlier studies. The overall reaction stoichiometry derived from lab experiments was

applied in a box model simulating atmospheric CO2 uptake in a continental shelf setting

induced by olivine addition. The model results indicate that CO2 uptake is reduced by a

factor of 5 due to secondary mineral formation and the buffering capacity of seawater.

In comparable natural settings, olivine addition may thus be a less efficient CDR method

than previously believed.

Keywords: silicate weathering, carbon sequestration, olivine dissolution, seawater, sequestration efficiency

INTRODUCTION

The CO2 content in the atmosphere has continuously increased over the last 120 years to a
current maximum of 412 ppm (Keeling et al., 2001; MacFarling Meure et al., 2006; Howe,
2015). Since CO2 acts as a greenhouse gas (Feldman et al., 2015), it is mainly responsible
for the anthropogenic greenhouse effect (Lindzen, 2007; Solomon et al., 2009). The 2015 Paris
Climate Change Conference COP21 agreed on limiting global warming to <2◦C compared to
the preindustrial level. Furthermore, it was stated that reaching this goal can only be reached if
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zero net emissions of CO2 are attained between 2030 and 2050
(Rhodes, 2016). The 2018 IPCC (Intergovernmental Panel on
Climate Change) special report “Global Warming of 1.5◦C” has
made clear that this goal is only achievable if in addition to the
reduction of CO2 emissions, CO2 is actively sequestered from the
atmosphere in form of negative emissions (Friedlingstein et al.,
2011; IPCC, 2021).

A vast variety of carbon dioxide removal (CDR) techniques
has been proposed and critically reviewed over the last 20
years (Lackner, 2003; Iizuka et al., 2004; Lal, 2004; Fuss
et al., 2018; Saran et al., 2018). Amongst other methods,
CO2 sequestration by alkalinity enhancement through silicate
weathering has been highlighted as an affordable and effective
CDR technique (Oelkers, 2001; Hartmann and Kempe, 2008;
Renforth and Henderson, 2014; Montserrat et al., 2017). The
general concept behind this technique is the chemical reaction of
an idealized magnesium silicate, i.e., forsterite (Mg2SiO4), with
water, following:

Mg2SiO4 + 4H2O+ 4CO2 → 2Mg2+ +H4SiO4 + 4HCO3
− (1)

This reaction has been thoroughly studied in soils on land
(Oelkers, 1999; Olsen and Rimstidt, 2008; Oelkers et al., 2015;
Amann et al., 2020) but to a smaller extent in seawater, despite the
fact that enhanced olivine weathering would have a triple positive
effect if applied in the ocean: (1) CO2 would be sequestered
from the atmosphere into the ocean, (2) the acidification of
the oceans would be reduced, and (3) the supply of silica and
iron, which are limiting nutrients in many parts of the ocean,
would increase primary production and could lead to further
CO2 uptake (Hartmann et al., 2013; Montserrat et al., 2017).

The idea behind this concept is to distribute fine grained
olivine (Strefler et al., 2018) in coastal areas, along beaches and/or
on shelf regions (Meysman and Montserrat, 2017; Montserrat
et al., 2017). Subsequently, olivine dissolves following Equation
(1) and thus takes up CO2 by contributing total alkalinity (TA) to
the water column.

A vast number of studies have investigated or reviewed the
dissolution kinetics of olivine in aqueous solutions (Pokrovsky
and Schott, 2000; Oelkers, 2001; Davis et al., 2009; Rimstidt et al.,
2012; Méheut and Schauble, 2014; Maher et al., 2016; Oelkers
et al., 2018) including filtered seawater (FSW) (Montserrat et al.,
2017) and artificial seawater (ASW) (Montserrat et al., 2017;
Rigopoulos et al., 2018). Montserrat et al. (2017) showed that
during the dissolution of olivine in SW and ASW the amount of
TA increase is up to∼80% lower than theoretically expected. This
TA deficit was left unexplained but loosely related to the possible
but not observed formation of secondary minerals.

Other studies suggested that the low TA increase was caused
by lower dissolution rates due to the formation of passivating
surface layers that either consist of a deprotonated surface
complex (Pokrovsky and Schott, 2000; Palandri and Kharaka,
2004) or repolymerized silicic acid (Maher et al., 2016) or the
formation of secondary mineral phases on the olivine grains,
which reduce the reactive surface (Béarat et al., 2006; King et al.,
2010; Sissmann et al., 2013; Oelkers et al., 2018).

These secondary minerals, including the formation of CaCO3,
have also been linked to direct TA loss and thus low TA increase
observed in several studies (Béarat et al., 2006; Hangx and Spiers,
2009; Köhler et al., 2013; Sissmann et al., 2013; Meysman and
Montserrat, 2017;Montserrat et al., 2017). However, the rates and
mechanisms of their formation are poorly constrained especially
in SW and ASW.

Furthermore, the release of toxic elements such as nickel
has been subject to speculations about a possible negative effect
on the environment if olivine is applied in coastal ecosystems
(Montserrat et al., 2017; Flipkens et al., 2021).

In this study, batch experiments were carried out in which
ultramafic olivine sand was weathered in ASW. A special focus
is laid on the formation of secondary phases and their impact
on the CO2 sequestration efficiency. The implications for the
application of enhanced olivine weathering as a CDRmeasure for
climate change mitigation are assessed. Furthermore, the release
of potentially toxic elements such as nickel is investigated, which
allows a better assessment of environmental risks associated with
enhanced olivine weathering.

MATERIALS AND METHODS

Materials
Commercially available ultra-mafic sand (UMS) was received
from AdL Sandstrahltechnik, which, according to oral
information from the company, ultimately derives from
several quarries in northern Italy, presumably located in
the mafic-ultramafic complex near Vidracco (Kremer et al.,
2019). The olivine content of UMS was determined as 74.6
wt-%. For a detailed chemical composition see Table 1 and
Supplementary Table 4.

The UMS was milled and subsequently sieved to separate
grains with a diameter of 100–125µm, based on the
recommendation by Strefler et al. (2018). The 100–125µm
fraction was then thoroughly washed with ASW until the
supernatant was clear. Subsequently, the diluted salts were
removed by at least three wash cycles with deionized water (18.2
M�-Milli-Q system, hereafter: MQe) until the supernatant was
clear. The composition of ASW was calculated for a salinity of
35.0 (Millero et al., 2008). Additionally, 2.3 mmol/l NaHCO3

were added to reach an alkalinity of ∼2.3 mmol/l. All chemical
components listed in Supplementary Table 3 were dissolved in
MQe. The initial Ca content was lower than listed (∼320 mg/l
instead of 422 mg/l). After day 50, the ASW used for replacement
after sample taking contained the correct amount of Ca (422
mg/l). The lower initial Ca content was applied to keep the
saturation state with respect to aragonite and calcite within
natural ranges of the surface ocean (Feely et al., 2012) and to
avoid strong oversaturation that can appear during the early
stage of the experiment due to rapid dissolution of high-energy
surface sites created during the milling process.

Experimental Setup
The UMS was permitted to react with artificial seawater in
250ml polyethylene (PE) batch reactors. Three different batches
with variable amounts of UMS were prepared, each containing
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TABLE 1 | Mineralogical model for UMS (bulk) combining XRD, WDX, and ICP-OES data.

Species Al Ca Cr Fe K Mg Mn Na Ni Ti Si Oxy % (wt.)

Phase

Forsterite 0.002 0.002 1.182 11.02 0.018 0.003 0.036 5.868 24 74.62

Opx 0.663 0.093 0.034 0.767 7.032 0.019 0.055 0.007 0.010 7.504 24 15.92

Cpx 1.104 3.352 0.091 0.288 3.350 0.360 0.005 0.042 7.471 24 3.55

Amph. 1.454 1.905 0.071 0.393 0.174 4.518 0.369 0.008 0.096 7.242 24 5.40

Spinel 10.24 1.603 1.597 4.605 0.015 0.032 0.004 24 0.07

Sulfide 1.900 0.350 0.45

0.039 0.039 0.002 0.174 0.002 1.543 0.003 0.007 0.006 0.001 1.0 3.822 100

0.035 0.034 0.002 0.174 0.000 1.543 0.003 – 0.006 0.001 1.0 3.822

Element concentrations in minerals are given as atomic proportion relative to 24 oxygen. Oxygen is not measured but set to 24. The mineral phases were determined based on

XRD measurements, the elementary compositions of mineral phases are based on WDX measurements (Supplementary Table 5). Opx, Orthopyroxene; Cpx, Clinopyroxene; Amph,

Amphibole. Ci,bulk

(

molelement
molSibulk

)

represents the calculated bulk concentration of each element normalized to bulk Si, Ci,UMS

(

molelement
molSiUMS

)

are measured element concentrations obtained by

full digestion of UMS normalized to the measured Si content of the UMS.

three replicates (n = 3) to verify the reproducibility of the
experiments. The amount of ASW was 200ml for all replicates
and batches. Fifty milliliter of ambient air were included to allow
for equilibration with the atmosphere. The amount of UMS was
varied from 20 g for Batch20 to 10 g for Batch10 and 5 g for
Batch5 in order to investigate the effect of the solid/liquid ratio.
The air was partly exchanged with the laboratory atmosphere
every time samples were taken. All batch reactors with artificial
seawater, UMS and gas phase were subjected to constant

movement in HeidolphTM Reax2© over-head shakers at ∼40
rpm. The experiment was conducted under controlled laboratory
conditions (p= 1 bar, 21.5◦C < T < 23.9◦C).

Sampling Procedure From Batch Reactors
and Water Analysis
For each sample (23 in total), two aliquots (2ml and 5ml) were
taken for further measurements and the same volume of artificial
seawater was added to ensure a constant solid/liquid ratio. For
the same reason it was made sure that no UMS grains were
removed via sample taking. Sampling intervals increased from
minutes to hours during day one to every 2 weeks between day
50 and day 134. The 5ml aliquot was filtered through a 0.2µm
cellulose membrane filter and refrigerated in 5.2ml ZinsserTM

scintillation bottles. The 2ml aliquot was used for direct pH
measurements (see below) and not filtered to ensure a pristine
chemical milieu. At the end of the experiments, the ASW in the
batch reactors was carefully decanted over a 0.2µm regenerated
cellulose filter to recover the grayish suspended matter that
had formed in the batch reactors during the experiment. Fine
particles possibly stuck to the UMS grains were eluted by refilling
the batch reactor with fresh ASW, shaking and decanting it. This
procedure was repeated until the supernatant was clear. Withal,
it was made sure that all precipitates, which left the bottles, were
recovered on the filters. Subsequently, the wet cake was rinsed
with pH neutral MQe to elute dissolved species (e.g., salinity).
Furthermore, the UMS used in Batch20 was recovered, very
carefully rinsed with pH neutral MQe (to only elute salinity), and

dried for scanning electron microscope energy-dispersive X-ray
spectroscopy (SEM–EDX).

The water samples were analyzed for pH following Dickson
(1993). TA was analyzed by titration with diluted HCl to an end
point of pH= 4.5 (Gieskes et al., 1991; Stumm andMorgan, 1996)
and element concentrations were determined using inductively
coupled plasma optical emission spectrometry (ICP-OES).

Solid Phase Analysis
Pristine (unused and washed) and weathered UMS as well as
the precipitates recovered from the batch reactors were digested
after a modified alkali-fusion method of van den Boorn et al.
(2006), in order to preserve Si, which is lost using conventional
HF digestion methods. In contrast to van den Boorn et al. (2006),
we used Teflon beakers on a hot plate instead of an oven. Between
20 and 40mg of NaOH (MerckTM Suprapure R©) and a drop
of MQe were added and the sample set to reflux for 72 h at
120◦C. Afterwards the sample was diluted with 1ml MQe and
transferred to a 1.5ml save-lock tube and centrifuged at 11,000
rpm. The supernatant was separately stored and the undissolved
residues retransferred to the Teflon vial, together with 200 µl of
concentrated HNO3 and set to reflux for 72 h at 120◦C. After
the second reflux 1ml of MQe was added to the sample and the
sample centrifuged and the supernatant removed, as described
above. The entire procedure was then repeated. Subsequently,
the dissolved samples (e.g., all aliquots of each sample) were
retransferred to the Teflon beakers and measured with ICP-OES.

Additionally, major and trace elements were determined using
the Panalytical Axios Plus X-ray spectrometer at the Institut für
Chemie und Biologie des Meeres (ICBM) in Oldenburg. In brief,
700mg of freeze-dried and homogenized ultra-mafic sand was
mixed with 4,200mg lithiumtetraborate (Li2 B4 O7 Spektromelt)
and fused to glass beads. The accuracy and precision were
determined by simultaneous runs of certified sediment standards
BE-N and BIR-1 (IGGE; e.g., Govindaraju, 1994) and in-house
standard (PSS) with better than 2.6% RSD formajor elements and
3.3% RSD for trace elements.

In order to determine the precise composition of the single
mineral phases, the UMS before and after the experiment was
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investigated using a JXA-8200 SuperProbe high resolution SEM
and a WDX/EDX Combined Electron Probe Microanalyzer
(EPMA) at GEOMAR. For this purpose, a small portion of
reacted UMS (see section Sampling Procedure From Batch
Reactors and Water Analysis) and small portion of fresh UMS
were poured on a self-sticking carbon plate. Thereby it was made
sure that both samples did not mix and that the grains were
placed solitarily. Furthermore, fresh UMS and reacted UMS were
embedded in resin and the hardened samples were whetted to
create a suitable surface for element analysis along a profile.
Afterwards the samples were evaporated with carbon and placed
in the EPMA. A large number of measuring points were evenly
distributed along a profile with a distance between the measuring
points of ∼1.5µm. The spatial resolution of each measuring
point is ∼5µm. Hence, neighboring data points overlapped
along the profile. The measured values were reported as atomic
proportion normalized to 24 oxygen atoms with an RSD better
than 0.7% for simultaneouslymeasured standards and better than
1.5% for major elements. Finally, the element abundance was
normalized to 100 wt.-% and the atomic proportion normalized
to 24 oxygen. For the analysis of carbonate grains, the carbon
content was pre-set to 12.01 wt.-%. Apart from quantitative
measurements, scanning electron microscope (SEM) images
were taken with the same device.

In order to verify the mineral composition, the pristine UMS
as well as the precipitates recovered from the batch reactors were
measured on a Phillips X-ray diffractometer (XRD) equipped
with an automatic divergency slit, monochromator and a Co-
cube at 40 kV and 35mA. The samples were finely ground,
pressed on an Si monocrystalline plate and measured with 2θ =

[4; 75] at 0.01◦ steps for 1 s at each step. The analysis of the XRD
diffractograms was performed via the xPowderTM software and
the standard PDF2 database. The results and interpretations are
shown in Supplementary Figures 1–4.

Model Setup
A dissolution-precipitation model was set up with
Wolfram Mathematica to simulate the chemical reactions
for each batch experiment. The kinetic box model
considers dissolution of olivine after Rimstidt et al. (2012),
precipitation of the secondary phases aragonite/calcite,
sepiolite, crysotile, talc and Fe(OH)3 based on saturation
state calculations (Supplementary Section 1). The model
also calculates the concentration of dissolved Mg, Si,
Ca, Fe as well as TA and is used to infer the overall
reaction stoichiometry.

For each species in solution, ordinary differential equations
(ODEs) were formulated as:

dC

dt
= ϕol ∗ rol −

∑

jϕm,j ∗ rm,j − rs ∗ (C − Cin) (2)

where C is concentration of the considered species in the
dissolved phase, t is time, ϕol represents the abundance of
the species in olivine (ol) and rol is the olivine dissolution
rate. Precipitation of secondary mineral phases (j) is
calculated by multiplying the respective precipitation rate
(rm,j) with a corresponding stoichiometric coefficient (ϕm,j)

defining the content of the considered element in the
respective mineral. Sampling and replacement by fresh
ASW are considered by applying the sampling rate rS
and the concentration difference between sample (C) and
unreacted ASW (Cin).

The model is solved using the solver for ordinary differential
equations of MATHEMATICA (version 11.3).

The precipitation rate of secondary minerals depends on the
corresponding saturation state (�i(t)):

rprei = εpre1i ∗ UnitStep (�i (t) − 1) ∗ |�i(t)− 1|εpre2i (3)

UnitStep expresses a function that returns 0 for arguments
smaller than or equal to 0 and 1 for all arguments larger than
0. Hence, precipitation was assumed to take place only when
the solutions were oversaturated with respect to the considered
mineral (�i(t) > 1). εpre2i defines the order of the reaction and
εpre1i is defined as

εpre1i = kprei ∗

(

1−
1

1+ e
t−αi
βi

)

(4)

kprei is a kinetic constant, α represents the time delay until
the precipitation starts and β steers the speed with which the
precipitation starts. εpre1i was introduced because the solids
used in our experiments did not contain seed material for the
precipitation of secondary minerals. Hence, the precipitation did
not start immediately after oversaturation was reached but with a
delay expressed by εpre1i . The kinetic constants kprei (Equation
4) were employed to consider the fact that precipitation rates
are not only determined by the degree of oversaturation but also
by kinetic factors that may either slowdown or accelerate the
precipitation reaction.

The oxidation of ferrous iron released during olivine
dissolution was simulated applying the kinetic rate for abiotic
iron oxidation (Millero et al., 1987).

The mineralogical composition of the UMS and the
precipitates was determined with a simple mixing calculation. In
a first step, element concentrations measured via ICP-OES were
normalized to the measured Si content following:

Ci, S = conci/SiS (5)

where Ci, S

(

molelement
molSiS

)

is the concentration of an element

normalized to the Si concentration in the respective solid S

(UMS or precipitates), conci

(

molelement
mgS

)

is the concentration

of an element per milligram solid and SiS

(

molSiS
mgS

)

is the Si

concentration in the solid.
In a second step, the composition was calculated following:

Ci,bulk =

∑

i

(

Ci,min ∗ fbulk
)

/Sibulk (6)

Ci,bulk

(

molelement
molSibulk

)

represents the molar fraction of an element

i in the calculated composition normalized to mol of Si;
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Ci,min

(

molelement
molmineral

)

is the molar content of the element in a certain

mineral. fbulk

(

molmineral
molbulk

)

denotes the fraction of a certain mineral

in the calculated composition and Sibulk

(

molSibulk
molbulk

)

represents

the corresponding Si content (Table 1). The mineral phases
used for this calculation were estimated from XRD and WDX
measurements. The amount of each mineral (fbulk) was then
iterated until Ci,bulk values for each element were acceptably close
to the measured Ci, S values. Normalization to Si was used to
allow comparing concentrations (mol/mg) measured via ICP-
OES to atomic proportions (normalized to 24 O) obtained via
WDX and XRD.

RESULTS

Composition of the Ultra-Mafic Sand (UMS)
The major and trace element measurements (ICP-OES and
XRF) of the UMS are mainly in good agreement with
the oxide composition provided by the manufacturer
(Supplementary Table 6). Furthermore, 5% of the UMS
consisted of accessory oxides such as MnO, K2O, CaO, and
Al2O3 which were not accounted for in the manufacturer
information. According to WDX measurements the olivine
used consists of 90.3% forsterite and 9.7% fayalite leading to
the formula (Mg0.90Fe0.10)2SiO4 (Fo90) and based on the simple
mineral model accounts for 74.62% of the UMS (Table 1).
The second largest fraction is Orthopyroxene (Opx) with the
simplified structural formula (Mg0.9Fe0.1)2(Al0.15Si0.85)2O6

accounting for 15.92% followed by an amphibole
(Amph., likely tremolite) with the structural formula
(Na0.36K0.14)(Ca0.95Mg0.05)2(Cr0.014Fe0.079Mg0.79Al0.087Ti0.03)5
(Si7.4Al0.6)O22(OH)2 (5.41%) and a Clinopyroxene (Cpx)
with 3.5% and the structural formula (CaMg)2(Si0.9Al0.1)2O6.
Additionally, WDX measurements revealed the presence of
accessory spinel and Ni and Fe sulfides. The abundance of
these phases was estimated employing ICP-OES data and
EDX observations.

Concentrations of Dissolved Species
Measured During the Experiments
All experiments show a common trend of increasing TA in the
early stage of the experiment and a decrease below initial values
(2.36 ± 0.011 meq/l) after a certain period of time (Figure 1A).
The highest and lowest values (2.65± 0.011 meq/l; 1.266± 0.019
meq/l), were measured in Batch20 (solid/liquid = 1/10) after 1
day (highest) and at the very end of the experiment (lowest).
Batch5 (solid/liquid = 1/40) shows the lowest overall temporal
gradient. The peak values occur the latest for Batch5, which also
shows the highest final TA values, even though associated with
the largest errors. Dissolved silicon concentrations [Si] increase
persistently over the entire experiment (Figure 1B). The fastest
increase is observed during the initial stage of the experiment
(e.g., Supplementary Tables 8–10). The rate of [Si] increase then
stabilizes during the experiment to nearly constant values toward
the end. An exception to that trend is visible in Batch5. Here, the
rate increases abruptly around day 78 (Supplementary Table 10)

before a steady increase is attained. This rate change does
not occur in all three replicates, which is reflected in high
double standard deviation (2SD) values for [Si] toward the end
of the experiment (Figure 1B). The highest concentrations are
observed at the end of the experiment with a final [Si] of
421.8 ± 1.3 µmol/l (Batch20), 286.6 ± 6.4 µmol/l [Batch10
(solid/liquid= 1/20)] and 190.3± 42.1µmol/l (Batch5). Calcium
concentrations [Ca] (Figure 1C) show a common trend for all
three batches: During the early stage of the experiment, [Ca]
stays relatively constant, before the concentrations start to drop.
Toward the end of the experiment, [Ca] increases again. Similar
to TA values, the initial decrease appears latest in Batch5 and
earliest and strongest in Batch20. Interestingly, until day three
[Ca] follows a pattern that is similar to Mg concentrations ([Mg])
values (Supplementary Figure 5) with a well-pronounced peak
in Batch20 after 115min which, at the same time, represents
the highest measured [Ca] value of all three batches ([Ca] =

8.26 ± 0.02 mmol/l). However, the temporal changes in [Mg]
do not exceed the standard deviation of the three replicates due
to the high [Mg] values in the ASW. In Batch20, [Ca] decreases
constantly after 1 day from 8.10 ± 0.01 mmol/l to a minimum
value of 6.58 ± 0.01 mmol/l at day 78. The decrease is weaker
after day 50. For Batch10 and Batch5 the [Ca] decrease is less
pronounced and occurs with a delay of 2 days in Batch10 and
after 4 days in Batch5. After 50 days, the replenishment of ASW
with high Ca concentrations (see section Materials) caused an
increase in [Ca] in all three batches.

Final experimental [Ca] is 6.83 ± 0.01 mmol/l for Batch20,
7.32 ± 0.01 mmol/l for Batch10 and 7.78 ± 0.01 mmol/l for
Batch5. Overall, the behavior of [Si], [Ca], and TA reflects the
amount of USM used in the experiments. Elevated solid/water
ratios induce high [Si] and low [Ca] and TA values at the end of
the experiments.

For all batches, the model used for the simulation was able
to reproduce measured values very accurately (Figures 1A–C).
The sum of squared errors ranged between 0.03 and 0.52
with highest errors in Batch5. Additional data used in
the modeling are provided and described in detail in the
Supplementary Section 1.

Secondary Mineral Formation and
Precipitation Rates
The change in water chemistry by dissolution of olivine and
the subsequent accumulation of cations change the saturation
state with respect to a variety of mineral phases containing
these ions (Figure 2). Saturation states (�i) were calculated using
PHREEQ (Parkhurst and Appelo, 1999) where values above 1
indicate oversaturation (Supplementary Materials). During all
experiments, DIC calculated from measured TA and pH values
follows the same trend as TA (Figure 1A) and [Ca] (Figure 1C).
In contrast, pH values (Figure 2B) follow a different trend. In all
batches an initial increase in pH can be observed. This increase is
strongest and appears earliest (until day 1) in Batch20. In Batch10
and Batch5 pH values rise less rapidly and highest values were
measured latest in Batch5. Subsequently, the pH values decrease
again in all batches. Again, this decrease ends first in Batch20
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FIGURE 1 | TA (A), [Si] (B), and [Ca] (C) values measured during the experiments. Symbols indicate mean values of three replicates for each batch. Error bars are

reported as ± 2SD of the mean values. Lines represent modeled concentrations (blue; Batch20, brown: Batch10, green; Batch5). A logarithmic scale is used for the

time axis.

followed by Batch10 and is observed latest in Batch5. Contrary
to the first increase, the subsequent drop has a similar magnitude
in all batches which leads to lowest values in Batch5. After a well-
pronounced peak, pH values decrease in Batch10 and Batch20
toward the end of the experiment. In Batch5 pH values plateau
until day 78 before they slowly decrease toward the end. Note that
the standard deviation of the three replicates in Batch5 becomes
very large during the last days which leads to the assumption
that an external input might have occurred in one of the Batch5
batch reactors.

In all three batches, the system is oversaturated with respect
to aragonite (saturation state >1) over the entire course of the
experiment (Figure 2C). Following DIC (Figure 2A) and TA,
the saturation states increase toward an initial peak that occurs
first in Batch20, then Batch10 and less pronounced in Batch5.
During the subsequent decrease that persists until the end of the
experiment, the saturation states in all three batches converge
toward a common value of∼1.5.

For the phyllosilicate phases considered in this study
(serpentinite, talc, sepiolite), the saturation states, which depend
on [Si], [Mg], and pH, develop differently from saturation with
respect to aragonite. Since Si and Mg concentrations increase
persistently, saturations follow this trend which is, though,
overlain by changes in pH values (Figures 2D–F). The most
striking features are the time after which the solution exceeds
oversaturation with respect to the individual minerals (saturation
values >1) and the extent of oversaturation attained at the
end of experiments. Whilst serpentine saturation (Figure 2D)
increases to a state of oversaturation very early in all batches (first
Batch20 after ∼0.1 day, latest Batch5 after ∼1 day), saturations

with respect to talc increase later and reveal higher differences
between the batches (Figure 2E). A similar trend but with overall
lower oversaturation is visible for sepiolite (Figure 2F). Thus,
saturation with respect to both minerals (talc and sepiolite) rise
above 1 in Batch5 only after day∼50 and day∼80 respectively.

Trace Metal Concentrations
Manganese concentrations [Mn] increase over the first 3 days
during all experiments (Figure 3A). A well-pronounced peak is
clearly visible in all batches at day 3, followed by a minimum at
day 4. Subsequently, [Mn] values increase again but do not follow
a common trend anymore. Important features are the strong
increase in Batch5 between day 46 and day 78 which coincides
with a strong increase in [Si] (Figure 1B) and the fact that lowest
final values are observed in Batch20 (∼0.3 µmol/l), whereas
the concentrations in Btach10 and Batch5 are equal within the
error (∼0.5 µmol/l).

Despite the larger 2SD compared to [Mn], Ni concentrations
show a clearly increasing trend throughout the experiment
(Figure 3B) with a tendency toward highest values for Batch20
until day 22. A strong final increase for Batch5, that coincides
with the increase in [Si], leads to values that are equal within the
error for all batches (Batch201.23± 0.26 µmol/l, Batch10: 1.31±
0.23, Batch5: 1.42± 0.26 µmol/l).

Model Results: Composition of
Precipitates and Overall Stoichiometry
The kinetic rate law employed in the model allows for
secondary mineral precipitation only after the solutions
reach oversaturation with respect to the considered mineral
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FIGURE 2 | DIC (A), pH (B) and saturation states with respect to aragonite (C), serpentine (D), talc (E), and sepiolite (F) as calculated for Batch20 (blue), Batch10

(brown), and Batch5 (green). Error bars in (A) reflect ± 2SD that are calculated form the standard deviations of measured pH and TA values.

(Equations 3, 4). Precipitation does not start immediately
after oversaturation is reached, since nucleation has to occur
before precipitation can remove substantial amounts of solutes
from solution. The time delay accounting for nucleation and the
kinetic constants are derived by fitting the model to the measured
dissolved species concentrations. The least deviation of modeled

values from measured ones is reached with relatively low rates
for talc and sepiolite precipitation compared to serpentine
formation (Figures 4B–D). It also becomes clear that apparently
phyllosilicate formation is less dependent on the saturation state
compared to aragonite precipitation (Figure 4E; Equations 3, 4;
Supplementary Table 1). The fastest precipitation is applied for
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FIGURE 3 | Concentration of dissolved Mn (A) and Ni (B) for Batch20 (blue), Batch10 (brown), and Batch5 (green). Error bars are reported as ± 2SD.

Fe(OH)3 because dissolved ferrous Fe released from olivine is
rapidly oxidized to ferric iron and precipitated as iron hydroxide
(Figures 4A,F).

The time-integrated rates of olivine dissolution and secondary
phase precipitation calculated in the model are employed
to derive the overall reaction stoichiometry for each of the
three batches:

Batch20:

0.77H2O+

(

Mg0.90Fe0.10
)

2
SiO4 + 0.055O2 + 0.89Ca2+

+0.53CO2 + 0.36HCO3
−

→ 0.18Fe(OH)3 + 0.25Si(OH)4

+0.89CaCO3 + 0.025Mg2Si3O7.5 (OH) (H2O)3

+0.32Mg3Si2O5(OH)4 + 0.0090Mg3Si4O10(OH)2 + 0.016Fe3+

+0.77Mg2+ (7)

Batch10:

0.79H2O+

(

Mg0.90Fe0.10
)

2
SiO4 + 0.055O2 + 0.98Ca2+

+0.45CO2 + 0.53HCO3
−

→ 0.18Fe(OH)3 + 0.27Si(OH)4

+0.98CaCO3 + 0.021Mg2Si3O7.5 (OH) (H2O)3

+0.32Mg3Si2O5(OH)4 + 0.0061Mg3Si4O10(OH)2 + 0.012Fe3+

+0.77Mg2+ (8)

Batch5:

0.79H2O+

(

Mg0.90Fe0.10
)

2
SiO4 + 0.055O2 + 0.98Ca2+

+0.51CO2 + 0.47HCO3
−

→ 0.19Fe(OH)3 + 0.32Si(OH)4

+0.98CaCO3 + 0.007Mg2Si3O7.5 (OH) (H2O)3

+0.32Mg3Si2O5(OH)4 + 0.0025Mg3Si4O10(OH)2 + 0.013Fe3+

+0.80Mg2+ (9)

To verify these model results, the composition of the grayish
suspended matter that had formed in the batch reactors was
determined applying a simple mixing calculation (Equations 3,
4). Especially the amount of fine-grained UMS in the suspended
matter was scrutinized to subsequently estimate the composition
of the actual precipitate. In contrast to the UMS procedure,
no WDX measurements were performed on the precipitate.
Hence, the mixing calculations are only based on XRD scans
(Supplementary Figures 1–4) and full digestion, followed by
ICP-OESmeasurements (Supplementary Table 6). The results of
the calculations are presented in Table 2 and suggest a molar
portion of UMS from 25% for Batch5 to 37.5% for Batch10. After
the subtraction of these portions the result reveals very similar
compositions for all batches with ∼16–23% sepiolite and >70%
aragonite as the major components. Minor phases are chrysotile
(∼3–4%), Fe(OH)3 (∼3–4%), and Al2O3. Even though Al2O3 is
unlikely to have formed, it was included for the precipitates to
match the measured compositions. It is most likely incorporated
into the different partly amorphous Mg-Si-phases. Overall, the
solid phase data and model results are broadly consistent as both
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FIGURE 4 | Dissolution rate for olivine (A) and precipitation rates for secondary phases (B–F) as calculated via the model for all batches.

indicate that CaCO3 and a range of Mg-Si phases are the major
secondary phases formed during the experiments.

EDX/WDX Observations of Weathered UMS
After 134 days of agitation in batch reactors, grains of UMS were
distinctively rounded with secondary mineral phases grown in
indentations and fissures (Figure 5). The WDX measurement
on the blank grain (Figure 5a2) revealed that the Mg/Si ratio

was elevated for the olivine grain (Mg/Si = 2.33) compared
to the pristine value (Mg/Si = 1.78) (Supplementary Table 5).
The secondary mineral phase measured in inundations clearly
indicates calcium carbonate and a very small contribution of iron
(Figure 5a1).

In Figure 5b, the elementary distribution suggests
orthopyroxene as host mineral for secondary mineral formation
(Figure 5b2). Here again, the data clearly indicate that the
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TABLE 2 | Calculated composition of suspended matter filtered from batch reactors.

Component mol% % (M) mol on filter mg on filter mol % precipitate

Batch5 UMS 25.00 31.721 0.0258 3.735

Sepiolite 12.35 12.229 0.0127 1.440 16.73

Serpentinite 2.60 3.167 0.0027 0.373 3.52

Talc 1.10 0.917 0.0011 0.108 1.49

CaCO3 55.40 48.745 0.0572 5.739 75.07

Fe(OH)3 2.35 2.146 0.0024 0.253 3.18

Al2O3 1.20 1.076 0.0012 0.127 1.63

Batch10 UMS 37.05 45.762 0.0417 6.014

Sepiolite 14.40 13.304 0.0162 1.748 23.34

Serpentinite 1.10 1.304 0.0012 0.171 1.78

Talc 0.40 0.325 0.0005 0.043 0.65

CaCO3 43.40 37.172 0.0488 4.885 70.34

Fe(OH)3 2.40 2.133 0.0027 0.280 3.89

Al2O3 1.25 1.091 0.0014 0.143 2.03

Batch20 UMS 29.90 37.819 0.0675 9.733

Sepiolite 11.10 10.502 0.0190 2.703 16.04

Serpentinite 2.00 2.428 0.0029 0.625 2.89

Talc 0.40 0.332 0.0005 0.086 0.58

CaCO3 53.80 47.189 0.0610 12.145 77.75

Fe(OH)3 1.90 1.729 0.0020 0.445 2.75

Al2O3 0.90 0.804 0.0009 0.207 1.30

Values represent mean values of three replicates per batch. For the precise composition of the UMS, see Table 1.

secondary phase is largely composed of calcium carbonate
(Figure 5b1). The cross-section measured on an altered olivine
grain (Figures 5c–e) illustrates that the material found on
the grains not only consists of calcium carbonates. Instead, it
is a heterogenous mixture of different phases with different
densities (indicated by different shades of gray, Figure 5c).
The atomic proportion (relative to 24 oxygen atoms) along
the profile (Figures 5d,e) indicates a smooth transition from
the host material olivine to different Mg-Si phases and back.
The smoothness is an artifact of the measuring precision of the
micro-probe indicated by the blurred area around the profile
line. Hence the material is too fine grained to be examined
in detail. Still, the asymmetric increase of Al and Ca indicates
the presence of different phases along the profile which is
underpinned by the jagged distribution of trace elements along
the profile (Figure 5f). Overall, the measurements revealed
that the agglomerations are most likely a mix of fine-grained
UMS remnants cemented with a mix of calcium carbonate and
hardly determinable secondary Mg-Si-phases. The examples
in Figure 5 represent typical patterns obtained during a series
of measurements.

DISCUSSION

Robustness of Modeled and Measured
Results
The consistency of measurements and model results suggests a
step forward toward the precise understanding of the processes
operating during olivine dissolution in seawater. For the

interpretation of the results, however, it is necessary to shine
a light on uncertainties. A crucial aspect is the surface area
of the olivine grains. Rough edges that originate from the
grinding process represent high energy sites which enhance the
reactive surface of the grains but are worked off quickly during
the early stage of the experiment. Even though, the initially
enhanced reactive surface was considered in the kinetic model
(Figure 4A, Supplementary Equation 11), all calculations are
based on the geometrical surface area for spherical grains with
a diameter of ∼100µm. Hence, the actual reactive surface is
most certainly larger than assumed in the kinetic model of olivine
dissolution. It is thus possible that the dissolution rates were
actually higher than those calculated in the model. Moreover,
idealized mineral phases were used in the modeling of authigenic
mineral precipitation whereas the solid phase analyses indicate
the formation of amorphous phases with a poorly defined
composition (Figure 5).

Moreover, the model may not consider all processes occurring
in the experiment. In general, olivine was assumed to be the
only mineral phase that dissolves. Despite the considerably lower
dissolution rates of other mineral phases (Lerman et al., 1975;
Wolff-Boenisch et al., 2011; Gruber et al., 2019), their dissolution
can play an important role at the beginning of the experiment
due to the enhanced surface area. The admixture of very fine
UMS particles that made up to 30% of the recovered precipitates
(Table 2) and enhanced surface roughness can lead to a large
number of possibly fast initial dissolution-precipitation reactions
that might explain fluctuations in elementary concentrations in
the early stage of the experiment.
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FIGURE 5 | EDX images of reacted UMS grains taken at the end of the experiments. (a) Olivine grain with secondary mineral phases. (a1) Atomic proportions in

secondary minerals grown on olivine. (a2) Atomic proportion of host mineral. (b) Orthopyroxene grain with on-grown aragonite crystal. (b1) Atomic proportion of

secondary mineral grown on Orthopyroxene. (b2) Atomic proportion of host mineral for secondary phase (b1). Red circles indicate areas of WDX composition

measurements. (c) Illustrates the transect through secondary minerals on an olivine grain. The red line denotes the measured transect. (d) Shows the atomic

proportion of major elements measured along the profile shown in (c). (e) Shows the atomic proportion of minor elements measured along the profile shown in (c). (f)

Shows the atomic proportion of trace elements measured along the profile shown in (c).

Despite these uncertainties, the model is able to reproduce
the concentrations of dissolved species measured over the course
of the experiments (Figure 1). This and the fact that the same
kinetic rate laws, functions and parameter values were used for
all batches, suggests that the overall stoichiometries derived from
the model are adequate.

Secondary Mineral Phases
The major goal of this study was to close the gaps in knowledge
regarding the impact of secondary phases on the sequestration
efficiency of ESW. Thus, the experiments were designed to allow
investigating the precipitation of secondary phases under the
following premises:

In order to reduce the number of unknown quantities, ASW
was used instead of filtered seawater.

• Commercially available ultramafic sand was used since future
large-scale applications of enhanced silicate weathering as
CDR measure will rely on widely available rocks rather than
purified olivine.

• Different solid-phase/water ratios were applied to investigate
the dependency of secondary mineral formation on
saturation states.

• A kinetic model was specifically designed to provide a deeper
understanding of the kinetics and overall stoichiometry of
authigenic mineral formation.

The most striking feature in the data presented in this study
are the counterintuitively decreasing TA values (Figure 1A) as
the weathering of olivine is supposed to lead to the exact
opposite (Rimstidt et al., 2012; Köhler et al., 2013; Renforth and
Henderson, 2014; Meysman and Montserrat, 2017; Montserrat
et al., 2017; Fuss et al., 2018; Oelkers et al., 2018; Rigopoulos et al.,
2018). The formation of secondary minerals has been invoked
as a possible mechanism to reduce the net gain in TA during
olivine weathering (Griffioen, 2017; Meysman and Montserrat,
2017; Montserrat et al., 2017; Oelkers et al., 2018; Torres et al.,
2019) but to our knowledge have never been investigated in ASW
in great detail. They appear in the form of phyllosilicates and
carbonates. In seawater with a low rock/water ratio, the latter
ones mainly exist in form of aragonite, calcite and Mg-calcite as
these are the major authigenic carbonate phases that are formed
in this chemical environment (Lein, 2004; Wallmann et al., 2008;
Schrag et al., 2013; Torres et al., 2020). Mg-carbonates can be
neglected as they only form under very special conditions mainly
in highly alkaline facies with very high rock/water ratios, which
do not match our experimental set-up (Moore et al., 2004; Ferrini
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et al., 2009; Power et al., 2013; Dehouck et al., 2014; Entezari
Zarandi et al., 2017).

Precipitation of CaCO3

The direct comparison of [Ca] and DIC (Figures 1C, 2A) reveals
that the decrease in [Ca] is accompanied by a corresponding
decrease in DIC. Meanwhile, [Mg] concentrations increased
(Supplementary Figure 5). Combined with the low Mg/Si ratios
in the recovered precipitates (Supplementary Tables 6, 7), the
most likely explanation for these values is the formation of
CaCO3 either in the form of aragonite or calcite, as this process
is the only one that has the potential to reduce both C and
Ca to an equal amount. This is underlined by the composition
of the precipitates (Table 2, Supplementary Table 7) that were
calculated via Equations (5) and (6). Stockmann et al. (2014)
suggest that forsterite has the potential to foster the nucleation
of calcite on its surface. The major difference in the experimental
design of Stockmann et al. (2014) and this study is the reagent in
which forsterite was dissolved. Whilst in this study ASW with a
pH of ∼8 was used, Stockmann et al. (2014) dissolved forsterite
in Na-carbonate and Ca-chlorite solutions at a pH of ∼9. XRD
measurements of precipitates recovered from the batch reactors
in this study revealed no significant calcite content but indicated
the presence of aragonite (Supplementary Figures 1–3). Despite
the fact that these measurements have a very high noise/signal
ratio and are therefore fraught with a very large error this
is consistent with the findings of Rigopoulos et al. (2018),
who found aragonite as the only CaCO3 species in weathering
experiments with dunite, and with the fact that aragonite is
preferably precipitated in Mg rich solutions (De Choudens-
Sánchez and González, 2009; Sun et al., 2015). Mixing
calculations revealed that the precipitates recovered from the
batch reactors consisted of ∼72% (molar) CaCO3 averaged
over all batches, which is very close to the modeled values of
∼65% (molar) as average for all batches. For natural seawater,
Burton andWalter (1987) ascertained growth rates of aragonite 3
times higher compared to calcite at 25◦C with highest aragonite
dominance for calcite saturations of ∼5, which corresponds
to the values during the early stage of the experiment of this
study. These findings are supported by Zhong and Mucci (1989)
who used a different rate equation but found very similar total
rates. In order to match measured and modeled [Ca] and TA
values, aragonite precipitation needed to be considered in the
model used in this study (Figures 4E, 6B). When comparing
the rate parameters for aragonite precipitation which lead to the
best model fit in this study, with the constants of Burton and
Walter (1987), the values were higher compared to the values of
Burton and Walter (1987) for Batch20 and Batch10 but matched
for Batch5. The slightly higher values in this study indicate
possible catalyzation of CaCO3 precipitation on the surface of
the UMS grains, as for the same saturation stronger precipitation
takes place. Our data clearly show that, contrary to findings of
Montserrat et al. (2017), calcium carbonate is formed during
the experiments and is responsible for most of the observed
TA loss.

Secondary Phyllosilicate and Fe(OH)3 Phases
Next to calcium carbonate, phyllosilicates have the potential to
form during olivine weathering (Delvigne et al., 1979; Buurman
et al., 1988; Suárez et al., 2011; Hellmann et al., 2012; Sissmann
et al., 2013; Griffioen, 2017; Montserrat et al., 2017; Rigopoulos
et al., 2018). Hence, precipitation of serpentine, sepiolite and
talc is investigated in this study (Figures 4B–D). Calculated
saturation states vary largely for the different minerals (Figure 2).
In the model, the precipitation of each mineral depends on
the magnitude of oversaturation and a kinetic constant (Lasaga,
1998). The best fit to the Si, Mg, and TA data was reached
applying a very small rate constant for talc precipitation
compared to rate constants for serpentine and sepiolite. Hence,
talc is least represented in the model results (0.25% (molar),
averaged over all models). This is fairly congruent to the
calculated composition of the recovered precipitates where the
average content of talc was 0.89% (molar) (Table 2). Large
discrepancies between the model and the calculated mineral
composition based on measurements occur with regard to the

ratio of sepiolite to serpentine
(

sep
serp

)

. The numerical model

suggests a
(

sep
serp

)

of ∼0.066 (average of all batches) whereas the

mineralogic model reveals a
(

sep
serp

)

of 7.8. The saturation states

(Figure 2) clearly show that ASW was least oversaturated with
respect to sepiolite in all batches and undersaturated in Batch10
and Batch5 for at least half the experimental period. Thus,
sepiolite appears highly unlikely to be the major precipitated
phase (Figure 4D).

Hence, the remaining explanation is that a major portion
of secondary phases with low Mg/Si ratios had stuck on the
grains and was therefore not recovered. This is supported by EDS
images (Figure 5). Several grains were found that were covered
with secondary phases. Next to CaCO3 the WDX analysis of
these secondary phases indicates a large variety of Mg-Si-phases.
Via their composition, though, these phases could hardly be
identified as any of the Si-phases considered in the model.

Also, XRD measurements do not indicate high amounts of
the phyllosilicate phases that were considered in the model. It
is thus likely that the Mg-Si bearing phases in this study show
the same amorphous character as the phases found by Davis et al.
(2009) who described a “deweylite assemblage” which stands for a
mix of differentMg-silicates whose precise chemical composition
can vary strongly (Hövelmann et al., 2011). Thus, the mixed
composition of all Si-bearing precipitates could be understood as
the composition of a Si-Mg-rich partly amorphous bulk phase,
which is well represented by the noisy XRD diffractograms
(Supplementary Figures 1–3).

Similarly to secondary phyllosilicates, Fe(OH)3 seems to have
attached to UMS grains, as the measured (and subsequently
calculated) content of Fe(OH)3 in the suspended matter
recovered from the batch reactors was ∼3% on average and
the model calculated ∼13% (averaged over all batches). This is
evidenced by little dense flakes that were found on the weathered
grains during EDX/WDXmeasurements that consisted mainly of
Fe and is supported by the fact that less precipitate was recovered,
than the suggested by the model. Like the precipitation of
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FIGURE 6 | Comparison of measured values (solid lines) for dissolved species and modeled concentrations that would result from congruent dissolution of UMS

without formation of secondary minerals (dashed lines). (A) silicon, (B) TA, (C) nickel, and (D) manganese.

phyllosilicates and carbonates, the formation of Fe(OH)3 releases
protons. It is therefore important to consider this process with
regards to the overall efficiency of enhanced silicate weathering.

Dissolution Kinetics of Olivine
Over the first 2–4 days of the experiments dissolved [Si] and
TA values are close to those predicted by the kinetic rate
law for olivine dissolution used in our model (Rimstidt et al.,
2012). However, the measured concentrations are significantly
lower than the predicted value over the following period

(Figures 6A,B) This observation could in principle either be
explained by a decline in the olivine dissolution rate due to
surface passivation/occupation by secondary minerals, or by
the removal of Si and TA from solution via precipitation of

secondary minerals.
Montserrat et al. (2017), whose experiment A3 was very

similar to the experiments of this study, proposed a dissolution
rate for olivine in dependence of the changing saturation state
with respect to olivine that was calculated after Palandri and
Kharaka (2004). For the validation of this hypothesis, they
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fitted their model to the accumulation of Si in solution
(

d[Si]
dT

)

,

regardless of Si removal by secondary phases. The outcome is a
good approximation of the apparent dissolution rate.

A passivation of the surface as a result of incongruent
weathering has previously been invoked as one explanation
for the decrease in dissolution rate over time (Wolff-Boenisch
et al., 2011; Hellmann et al., 2012; Maher et al., 2016;
Montserrat et al., 2017). Apart from Mg isotopes (Hellmann
et al., 2012), which were not measured in this study, one
indication for such processes is the cation depletion of the
reactive surface of the olivine grains after the weathering process.
Hellmann et al. (2012) as well as Maher et al. (2016) used
HCl and NaCl solutions respectively which did not contain Mg.
Likewise, Montserrat et al. (2017) reported highest Mg depletion
on reactive surfaces for experiments with Mg-reduced ASW.
Extensive WDX measurements applied in this study have not
revealed such depletion. Instead, highest Mg/Fe ratios in olivine
were measured on blank surfaces of weathered olivine that were
not covered with secondary mineral phases (Figure 5a2). Thus,
the depletion and subsequent passivation of forsterite surfaces
observed in other studies during dissolution seems to be a result
of diffusive equilibration between a depleted reagent and the
crystal surface. This effect did not occur in in our study, as
the background activity of Mg is very high in ASW (Millero
et al., 2008). Hence, following the idea of an equilibrated steady
state for surface layers (Maher et al., 2016), olivine grains might
as well be considered a temporary sink for Mg, assuming the
diffusive replacement of Fe2+ with Mg2+ supplied from the
ambient seawater, similar to the process of Mg-replacement by
H+ described by Oelkers et al. (2018). Additionally, elevated
(Mg+Fe)/Si ratios point toward the results of Pokrovsky and
Schott (2000), who described the preferential release of Si during
the early stage of dissolution (100 days in their experiment) for
non-acidic solutions.

Further passivation of the grain surface due to occupation
with secondary minerals (Béarat et al., 2006; King et al., 2010;
Sissmann et al., 2013; Oelkers et al., 2018) appears unlikely as
the portion of reactive surface covered by authigenic phases
was relatively small in this study (data not shown). Considering
these observations and the solid phase data that were obtained
in our experimental set-up, it is likely that most of the Si and
TA deficit (Figures 6A,B) in the dissolved phase is induced by
the precipitation of secondary phases rather than a decline in
dissolution rate.

Fate of Nickel and Its Usability as a
Dissolution Proxy
Ni concentrations were suggested as a possible proxy for olivine
dissolution by Montserrat et al. (2017). The comparison of
[Ni] values (Figures 3B, 6C), though, clearly shows that the
accumulation of Ni is not proportional to the amount of dissolved
olivine calculated by the model (Supplementary Tables 11–13)
and not even proportional to the accumulation of [Si] in solution
(Figures 1B, 6A). Incongruent weathering of olivine (Montserrat
et al., 2017) can be excluded as, during the early stage of
the experiment and thus before the precipitation of secondary

minerals started, the accumulation of dissolved Si andMn (which
have a satisfyingly small 2SD) are proportional to the amount
of olivine used in the experiments. Now under the assumption
of congruent weathering, the expected [Ni] values would be
5.70 µmol/l for Batch20, 4.28 µmol/l for Batch10, and 2.26
µmol/l for Batch5. The measured values were significantly lower
(Figure 3B). Therefore, some removal process must be operating,
that is apparently strongest in Batch20 and weakest in Batch5,
leading to values that are identical within the error in all batches
at the end of the experiment. Ni and Mn can be adsorbed on
the surface of phyllosilicate phases, FeOOH and CaCO3 and
incorporated in the crystal lattice of calcite and aragonite during
carbonate precipitation (Hoffmann and Stipp, 2001; Lakshtanov
and Stipp, 2007; Lazarević et al., 2010; Castillo Alvarez et al.,
2020; Alvarez et al., 2021). Carré et al. (2017) even proposed
aragonite precipitation as a way to remove dissolved Ni from
seawater. Therefore, it is likely that the Ni and Mn deficits
(Figures 6C,D) observed at the end of the experiments are due
to uptake of these trace elements in authigenic CaCO3, Mg-Si
and FeOOH phases.

As a conclusion, it becomes clear that the variety of processes
affecting Ni and Mn concentrations in batch experiments
excludes both as a reliable proxy for olivine dissolution rate
determination. However, the proposed strong Ni uptake in
authigenic phases reduces toxic metal release that would limit the
applicability of olivine weathering for CO2 sequestration (Blewett
and Leonard, 2017).

Sequestration Efficiency
In a first approach the CO2 conversion observed in the
experiments (Rex) can be expressed as a function of total
inorganic carbon (TIC) following:

Rex = 1TIC = (DICfinal + PICfinal)− (DICini

+

∑

j(DICini ∗ 0.007− DIC (t) ∗ 0.007)) (10)

where DICfinal is the DIC at the end of the experiment,
PICfinal is the amount of particulate inorganic carbon
in form of CaCO3 at the end of the experiment
and DICini is the initial DIC at the beginning of
the experiment.

∑

j(DICini ∗ 0.007− DIC (t) ∗ 0.007)

represents the amount of DIC added during sample
taking (0.007 l per sample).

PICfinal was calculated via the entire [Ca] loss during the
experiment following,

PICfinal = [Ca]ini − [Ca]final +
∑

j([Ca]in (t) ∗ 0.007

−[Ca] (t) ∗ 0.007) (11)

where [Ca]ini is the initial Ca concentration, [Ca]final is
the final concentration and [Ca]in (t) is the function of
the Ca input derived on sample taking that changes over
time. The calculated net uptake was 0.21 mmol (Batch20),
0.166 mmol (Batch10), and 0.143 mmol (Batch5). Still,
these values derive from a quasi-closed system with very
limited CO2 supply.
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Hence, the efficiency of CO2 uptake was investigated using
a 1-box model where olivine with a grain diameter of 100µm
is dissolved in a 50m deep water layer representative for the
coastal ocean. The model box defines the seafloor at 50m water
depth. Hence, settling olivine grains that are rapidly deposited
at the seafloor (Köhler et al., 2013) are kept within the system
and continuously take part in the dissolution process. Hence,
all olivine grains contribute equally to the overall dissolution
rate whether they are kept in suspension or deposited at the
seabed (Feng et al., 2017). Concentration and grain size of
olivine were kept constant over the simulation period, for
simplicity reasons. It is, thus, assumed that new olivine is added
to the system to compensate for any olivine loss induced by
dissolution. The concentration of olivine in the model box
was set to a constant value of 10mg dm−3 and the box
was equilibrated with the atmosphere by applying a constant
atmospheric pCO2 of 400 µatm.

Mass balance equations (ordinary differential equations)
for TA and DIC were set up and solved numerically to
simulate temporal changes in DIC and TA. The TA mass
balance considers TA production via olivine dissolution (4
× olivine dissolution rate) with the olivine dissolution rate
depending on olivine concentration, grain size, temperature
and pH (Rimstidt et al., 2012). TA consumption via authigenic
mineral formation is considered applying the stoichiometry
derived from dissolution experiments (Batch10, Equation 8).
Rates of mineral precipitation were calculated from olivine
dissolution rates applying the corresponding stoichiometric
coefficient. The DIC mass balance considers DIC removal via
CaCO3 precipitation and DIC gain induced by CO2 uptake from
the atmosphere.

Initial values applied in the model (salinity: 34.77,
temperature: 17.88◦C, pressure: 1 bar, total alkalinity: 2,308
µmol kg−1, total boron: 415µmol kg−1) correspond to the mean
composition of surface water in the global ocean (Spivack and
Edmond, 1987; Sarmiento and Gruber, 2006). The initial DIC
concentration was set to 2,053 µmol kg−1 to obtain an initial
pCO2 of 400µatm in surface water. Equilibrium calculations
were conducted using stability constants valid for seawater
(Zeebe and Wolf-Gladrow, 2001). Total alkalinity (TA) was
defined as:

TA = HCO3
−

+ 2CO3
−

+ B(OH)4
−

+ OH−

−H+ (12)

while CO2 uptake from the atmosphere was calculated as:

FCO2 = vp(CO2

(

eq
)

− CO2) (13)

where vP is the piston velocity [20 cm h−1 (Sarmiento and
Gruber, 2006)], CO2(eq) is the concentration of dissolved CO2 at
equilibrium with the atmosphere and CO2 is the time-dependent
concentration calculated from TA and DIC (Sarmiento and
Gruber, 2006).

In a first model run, olivine dissolution was simulated without
secondary mineral formation to constrain the loss in CO2 uptake
efficiency induced by the buffer capacity of seawater (Middelburg
et al., 2020). The efficiency (eff) is calculated as the ratio of the

CO2 uptake flux (FCO2) and the depth-integrated rate of CO2

consumption (RCO2) induced by olivine dissolution (RCO2 = 4
x olivine dissolution rate, eff= FCO2/RCO2). The model was run
over a period of 10 years to equilibrate the water column with the
overlying atmosphere (Figure 7). The shift in acid-base equilibria
induced by olivine-driven CO2 consumption (e.g., 2HCO3

−
→

CO2 + CO3
2−

+H2O) reduces the efficiency by about 42% at the
end of the simulation period. TA and DIC increase continuously
due to alkalinity release by olivine dissolution and CO2 uptake
from the atmosphere, respectively, while the CO2 uptake flux
approaches a plateau after the water column is equilibrated with
the atmosphere. The depth-integrated rate of olivine dissolution
was almost constant over themodel run. The small increase in pH
from 8.035 at the start to 8.075 at the end of simulation (data not
shown) induced a small decrease in RCO2 from an initial value of
147 mmol m−2 yr−1 to a final value of 145 mmol m−2 yr−1.

In a second model run, precipitation of ferric iron oxides and
Si-Mg-phases was implemented employing the stoichiometry
derived from batch experiments (batch10, Equation 8).
Precipitation of ferric iron oxides and Si-Mg-phases strongly
affects the model results. The increase in TA and DIC is reduced,
whereas CO2 uptake and CO2 efficiency are strongly diminished
since protons are released during the precipitation reactions. The
efficiency at the end of the model period decreased from 0.58
in the model run without secondary mineral formation to only
0.25. Most of the efficiency loss is caused by the precipitation
of Mg-Si-phases that consumes large amounts of alkalinity
due to the strong proton release induced by these reactions
(6mol H+ per mol of serpentinite/talc, 4mol H+ per mol
of sepiolite).

In a final model run, all secondary phases including CaCO3

are allowed to precipitate. CaCO3 formation has a strong effect
on solution composition and induces a decline in both TA
and DIC. The CO2 uptake is further reduced such that the
efficiency drops to 0.21 after 10 years. CaCO3 formation has a
smaller effect on CO2 fluxes thanMg-Si-phase precipitation even
though CaCO3 is the major secondary phase formed during the
experiments. This somewhat surprising model result is related
to the acid-base stoichiometry of carbonate precipitation where
only twomoles of alkalinity are removed permol of CaCO3, while
the coeval DIC loss promotes CO2 uptake from the atmosphere.

Additional model runs were conducted to explore the effects
of olivine concentration (1–1,000mg dm−3) and grain size
(10–100µM) on CO2 uptake efficiency (data not shown). The
experiments showed that olivine dissolution rates and CO2

uptake fluxes strongly increase when higher concentrations
and smaller grain sizes are applied. However, the CO2 uptake
efficiency was constant (0.21) over the explored parameter
space when the stoichiometry derived from our lab experiments
was applied. Hence, the low efficiency obtained in the box
model simulations seems to be a robust result, if the overall
stoichiometry that we observed in our lab experiments is also
valid in the field. There are, however, a number of factors
that may induce a change in the rates of olivine dissolution
and secondary mineral precipitation. Hence, the solid/liquid
ratio and the rates of water replacement, CO2 uptake from the
atmosphere and biological activity may affect the ratios between
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FIGURE 7 | Model experiments simulating the effect of olivine dissolution on seawater composition and CO2 uptake from the atmosphere. Dotted lines show results

for a model run without secondary mineral formation. Broken lines represent model results for the precipitation of ferric iron oxides (FeOOH) and Mg-Si-phases

(serpentinite, talc, sepiolite). Solid lines indicate the results for a model run where all authigenic phases (FeOOH, Mg-Si-phases, CaCO3) precipitate according to the

stoichiometry observed in our lab experiments. (A) Total alkalinity. (B) Dissolved inorganic carbon. (C) CO2 uptake from the atmosphere (FCO2). (D) Efficiency of CO2

uptake is defined as FCO2/RCO2 where RCO2 is the depth-integrated rate of CO2 consumption induced by olivine dissolution (= 4 x olivine dissolution rate).

dissolution and precipitation reactions. These factors should be
investigated in future lab and field experiments.

Implications for Field Application
The experimental results of this study show that precipitation
of secondary minerals (CaCO3, Mg-Si-phases, FeOOH)
compromises the efficiency of CO2 uptake by olivine dissolution.
It should, however be noted that the stoichiometry that we
observed in our lab experiments may not be valid for all field
conditions.Moreover, we found higher rates of alkalinity removal
than previous studies with pure olivine that were conducted
under comparable experimental conditions (Montserrat et al.,
2017). This observation may be due to the high solid/solution
ratios applied in our experiments and could be related to the

fact that we used commercially available olivine (UMS) that
was not pure but contained a number of accessory minerals.
Our use of ultramafic sand rather than pure olivine may be
justified since large-scale CDR will probably not be conducted
with pure olivine but with rocks containing other minerals and
impurities. The range of dissolved Si concentrations attained
in our experiments (Figure 1) is similar to the concentrations
observed in bioturbated surface sediments (Dale et al., 2021).
Since grains added to seawater will rapidly sink to the seafloor
where they are mixed into surface sediments by benthic biota,
the experimental conditions may be close to those in benthic
habitats where most of the dissolution is expected to occur.

Precipitation rates of authigenic Mg-Si-phases may be lower
than observed in our experiments, though, when olivine is
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applied to highly dynamic environments such as the coastal zone
(beaches, surf zones), where dissolution products are rapidly
removed (Hangx and Spiers, 2009; Meysman and Montserrat,
2017; Montserrat et al., 2017). It is, however, possible that CaCO3

precipitation may also occur in these coastal environments since
our data imply that carbonate precipitation is catalyzed by olivine
surfaces even at low degrees of aragonite oversaturation. Further
work is needed to scrutinize whether the abrasive effects of
wave action may suppress CaCO3 precipitation (Meysman and
Montserrat, 2017).

Anyhow, fine-grained olivine added to the shelf environment
will ultimately be transported by bottom currents to local
depo-centers where low bottom current velocities allow for the
permanent burial of sediments. These environments are marked
by high accumulation rates of both sediments and organic matter
(DeHaas et al., 2002). The low pH values induced by the release of
metabolic CO2 during organic matter degradation largely inhibit
CaCO3 precipitation in these sedimentary environments while
FeOOH formation is limited to surface sediments due to the
reducing conditions prevailing in these deposits (Van Cappellen
and Wang, 1996; Silburn et al., 2017). However, authigenic Mg-
Si- phases and clays are formed in these benthic environments
(Michalopoulos and Aller, 1995). Since the formation of cation-
rich phases induces CO2 release, the overall efficiency of
CO2 uptake might be strongly diminished as observed in our
experiments. It is, hence, possible that, when applied in the field,
olivine weathering is less efficient than previously believed. On
the other hand, adverse environmental effects may be smaller
than previously anticipated since data obtained during the
experiments in this study indicate that Ni and other toxic metals
will largely be fixed in authigenic phases. However, more work
needs to be done to explore how variable conditions in pelagic
and benthic environments may affect the ratio between olivine
dissolution and authigenic mineral precipitation and, hence, the
efficiency of CO2 uptake from the atmosphere and the rate of
toxic metal release.

SUMMARY, CONCLUSION AND OUTLOOK

This study presents a first dedicated attempt to investigate the
formation of secondary mineral phases in artificial seawater
(ASW) during olivine weathering. For this purpose, ultra-
mafic sand (UMS) was brought to reaction with ASW applying
different solid/liquid ratios. The results strongly suggest the
formation of CaCO3, as evidenced by the congruent loss of Ca
and DIC observed over the course of the experiments. XRD
measurements suggest, that aragonite is the major CaCO3 species
precipitated which is underlined by the fact that this variation
is more likely to be precipitated in Mg-rich solutions. This is
further supported by WDX measurements that showed pure
CaCO3 crystals on the surface of weathered olivine grains. These
observations are confirmed by the results of a numerical model
that simulated the dissolution of olivine and the precipitation of
several secondary mineral phases including aragonite. Moreover,
the model results allowed estimating the overall stoichiometry of
the combined dissolution-precipitation reaction. The thorough

analysis of ASW and precipitates recovered from the batch
reactors underline that Si-bearing phases must also have formed
during the experiment. The precise character (amorphous or
crystalline) and chemical composition of these phases, though,
afford further dedicated studies. Via the different accumulation
rates of Ni in the different batches, this study revealed that these
secondary mineral phases most likely are a major sink for this
toxic element, excluding it as a proxy for olivine dissolution rates.
This makes the precise knowledge of secondary phase formation
and characteristics crucial for the feasibility of enhanced olivine
weathering on the one hand and for the understanding of
the dissolution kinetics of olivine on the other. Experimental
combined with modeling results suggest that the formation of
secondary phases lowers the overall sequestration efficiency to
∼20% during the application of enhanced olivine weathering
in a shallow shelf sea. This bears implications for possible
application sites, as not only physical parameters, but, more
importantly, chemical parameters in the field steer secondary
mineral formation and thus the overall efficiency.

Sandy shelf sediments and specifically the surf zone may
be appropriate sites for enhanced olivine dissolution since
the flushing of surface sediments by ambient bottom waters
may mitigate the accumulation of dissolution products and
the formation of secondary silicate and carbonate minerals in
these permeable and physically dynamic deposits. Alternatively,
application sites where pore and or bottom waters are
undersaturated with respect to the major secondary phases
would be a promising target for enhanced coastal weathering
of olivine.

Our experimental and modeling results hence indicate that
it may be promising to also investigate CaCO3 as alkaline
mineral for CO2 removal since secondary mineral formation is
usually not observed during CaCO3 dissolution. CaCO3 could
be added to sediment depo-centers on the shelf where large
amounts of metabolic CO2 are formed (about 3 Pg yr−1 at
global scale) that can be converted into bicarbonate by CaCO3

dissolution (Dunne et al., 2007). This process would accelerate
the CO2 shelf pump (Bozec et al., 2005) and promote further
CO2 uptake from the atmosphere. This approach may be most
successful in marine environments where bottom waters are
enriched in CO2 and undersaturated with respect to calcite and
aragonite. These conditions occur, e.g., in oxygen minimum
zones and partly anoxic marginal basins such as the Baltic Sea
(Tyrrell et al., 2008). The CO2 release from Baltic Sea sediments
amounts to 80 Tg yr−1 (Nilsson et al., 2019). The addition
of a corresponding amount of CaCO3 may thus dramatically
enhance CO2 uptake from the atmosphere. Moreover, CaCO3

addition may support the formation of authigenic carbonate
fluorapatite and could thereby reduce benthic phosphate fluxes
(Ruttenberg and Berner, 1993). Hence, CaCO3 addition may
mitigate eutrophication, which is a major problem in many
shelf regions, while olivine addition would promote Si and
Fe release and potentially amplify eutrophication. Further lab
studies, field experiments and numerical modeling also focusing
on the biological impact are needed to better constrain the
efficiency and environmental effects of these CDR approaches
and their large-scale applicability.
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The inevitable deployment of negative emission technologies requires carbon accounting

to incentivise the investment and to foster an active CO2 certificate trading schema.

Enhanced Weathering as one of the negative emission technologies is being tested in

the field now, but lacks a verifiable and cost-effective carbon accounting approach.

Based on results from a lab scale column experiment and field observations, it is

hypothesized that the observed stable positive correlation between total alkalinity and

electrical conductivity may present a way to easily predict the initial CO2 sequestration at

the application site by chemical mineral weathering at low costs. Alkalinity is a measure

to track weathering products. It is not difficult to measure, yet continuous and mid- to

high-frequency sampling and analyses are expensive and time consuming. The observed

strong correlation of alkalinity with electrical conductivity could be harnessed and enable

a CO2 uptake monitoring by simple electrical conductivity measurements in soils or any

point in the discharge system. For a successful implementation and calibration, data

are needed, covering the most likely employment scenarios of soil, climate, hydrology,

rock product, application scenario and plant abundance. Incorporated in a growing

public database, this could be used as an assessment and benchmark system for future

EW deployment.

Keywords: CO2, carbon dioxide removal, carbon accounting, negative emissions, enhanced weathering, climate

change

INTRODUCTION

To limit effects of global warming, the 1.5◦ target was stipulated in the Paris Agreement (United
Nations, 2015). By now it is almost impossible to reach the target by mitigation, without the help of
negative emission technologies (NET) (Gasser et al., 2015; Sanderson et al., 2016; IPCC, 2018).
When these negative emission technologies are integrated in a global carbon emission trading
scheme that compensates entities for their costs in carbon capture undertakings, it will be an
important issue to monitor, report and verify the removal of CO2 and its permanence (Mclaren,
2012; Brander et al., 2021; Carton et al., 2021). While some methods capture CO2 and create a
point source, like Direct Air Capture and Storage (DACS), which makes it easy to quantify the
mass of CO2 captured, other methods rely on the diffuse uptake and sequestration of CO2, like
afforestation or Enhanced Weathering (EW). Exemplary, afforestation may have an advantage in
proving the CO2 uptake by the simple quantification of grown biomass, yet accounting of actual
carbon stocks in growing forests includes more, e.g., soil carbon changes and further greenhouse
gas emissions (Lefebvre et al., 2021).
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The inorganic sequestration of CO2 by EW on the other
hand, relies on the natural process of chemical weathering
(Ebelmen, 1845), which is, in principle, a well-understood
process. To counteract climate change by removal of CO2 from
the atmosphere through chemical weathering, the use of rock
products was briefly proposed by Seifritz (1990) but made
prominent in the climate science community by Schuiling and
Krijgsman (2006).

Since, the assessment of a realistic potential of EW as a tool
for carbon dioxide removal (CDR) was in the focus of literature
reviews (Hartmann and Kempe, 2008; Hartmann et al., 2013), a
few laboratory (e.g., Renforth et al., 2015), micro- to mesocosm
studies (Ten Berge et al., 2012; Dietzen et al., 2018; Amann
et al., 2020), and field trials (e.g., Haque et al., 2020). Globally
representative field data coverage for the various combinations of
soil, climate, plant abundance, and applied rock source (including
rate and quality) is still missing.

Besides the assessment of realistic CDR boundaries of EW
under lab or field conditions, it remains an open question of
how to track and prove inorganic and organic CO2 removal by
EW with cheap and robust methods. Organic carbon captured
due to EW application may be assessed by measuring the carbon
content in plants and soils. The inorganic CO2 sink in the form
of alkalinity (predominantly as HCO−

3 ) is determined by the
hydrochemistry of percolating waters leaving the soil system. But
frequent sampling and analyses in the laboratory is expensive.
Reports on co-variation of total alkalinity (TA) and electrical
conductivity (EC) (Sechriest, 1960; Bouillon et al., 2014; Proulx
et al., 2018) suggest that the EC may be a good predictor for
TA under given soil and land use settings, thus rendering it an
interesting tool to identify and track the initial CO2 uptake by
EW at the application site. Results from EW laboratory column
experiments with dunite (rich in olivine), a basaltic rock (rich
in nepheline), and a mixture of laterite with the basaltic rock
are reviewed in this respect and compared to field data from
basaltic catchments as basalt is the proposed rock type for EW.
In addition, data from a loess column experiment and loess
catchments are discussed as an analogy for natural EW due to the
deposition of glacially-derived fine (silty) rock dust. Considered
data also contains samples from agricultural catchments with
partly elevated nitrate fluxes, which are compared to the silicate
material columns and basalt catchments to assess the impact of
fertilization on the EC-TA relationship.

METHODS

In a small-scale laboratory experiment, multiple columns
were filled with varying materials and watered periodically to
simulate intensive tropical rainfall (8,000mm a−1). The columns
contained dunite, basaltic rock [basanite, after Streckeisen (1980)
and TAS (Total Alkaline Silica) classification (Le Bas et al.,
1986)], lateritic soil (oxisol), and a blend of this soil and the
basanite. One set of columns was treated under ambient CO2

concentrations (∼0.046%) while a second set was put under 100%
CO2 atmosphere. Details on the setup and the used materials can
be found Supplementary Material S1.

To test the EC-TA relationship, water chemistry data from
rivers draining basaltic catchments on Madeira Island, Portugal,
and loess dominated catchments in Germany were collected
(Supplementary Material S3).

Temperature, pH, and EC of field samples were measured in
situ with a handheld multimeter probe (WTWMultimeter 350i).
Samples from the lab experiment were measured similarly in the
bottles collecting the outflow water.

In the lab, TA was measured by automated titration (Metrohm
Titrando) with 0.005N HCl. Major anions and cations were
determined by ion chromatography (Metrohm 881 Compact IC
Pro system).

Individual sample tables and more specific method
descriptions are given Supplementary Materials S1, S3.

The contributions of ion specific electrical conductivities
were calculated using the empirical equations from Mccleskey
et al. (2012) after modeling the speciation in each solution with
PhreeqC and the phreeqc.dat database (Parkhurst and Appelo,
2013) using the Python package PhreeqPython (Vitens, 2021).
Calculated EC (based on available major ion data) is in good
agreement with measured EC (Supplementary Figure S4-4).

Linear least squares regressions were calculated using Python
and the scipy.stats.linregress function of SciPy (Virtanen et al.,
2020). Regression equation and parameters are given in
Supplementary Material S5.

RESULTS

With the start of the column experiment, an initial flush of
cations and TA can be observed due to the experimental
setup, with stabilizing concentrations after 3 weeks
(Supplementary Material S2). Looking at the entire experiment
phase, including the initial flushing phase, EC correlates very
well with TA in most cases (Figure 1). The experiments with
laterite and loess showed, at the first glance, no or limited
correlation (Figures 1A,D). However, disregarding the initial
21 day flushing phase, the correlations between TA and EC
improved markedly, except for dunite under the atmospheric
treatment and loess under the extreme scenario with a saturated
CO2 treatment, showing relatively constant high TA levels in the
leached water from this carbonate rich soil (Figures 1B,D).

DISCUSSION

The relationship between concentrations of TA and EC clearly
reflects the underlying physical principle, that all elements
dissolved in the water carry an electrical current which can be put
into relation with the TA, sensu stricto the carbonate alkalinity,
i.e., equivalent concentrations of HCO−

3 and CO−

3 , produced
during the chemical weathering and dissolution of rock material.
This linkage is known and utilized in the characterization
of natural waters (Sechriest, 1960; Krawczyk and Ford, 2006;
Thompson et al., 2012; Proulx et al., 2018). Other processes
like respiration and nitrification may influence the TA but not
the carbonate alkalinity. As such TA is a sum parameter that
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A B

C D

FIGURE 1 | Relationship between alkalinity and electrical conductivity in the outflow of columns which were filled with different rock and soil materials and watered for

about 300 days. Data fit: linear least squares fit with the coefficient of determination r2 given in the legend. *One outlier data point (transparent green circle) was

removed to calculate this regression. Red rectangles indicate the areas of figures (B,D). (A) Experiment under ambient (∼0.046%) CO2. (B) Ambient CO2, without first

21 days. (C) Experiment under saturated (100%) CO2. (D) Saturated CO2, without first 21 days.

is most likely dominated by bicarbonate, but may, especially in
agricultural settings, be manipulated by fertilizer addition.

Co-variation between TA and dominating cations are causing
the clear relationship between TA levels and EC. This effect
points toward a potential method to track and report site-specific
CO2 consumption rates. Carbon accounting is important when it
comes to the field application of NETs (Brander et al., 2021), as
it provides a base for comparison between methods. As for EW,
the use of established methods should allow for the settlement
and validation of pay-outs within a CO2 certification scheme
(Hartmann and Kempe, 2008; Peters and Geden, 2017), which is
required to incentivise negative emission approaches (Peters and
Geden, 2017).

Each of the released ions contributes specifically to the overall
EC of a solution (Gustafson and Behrman, 1939) based on
its specific ionic molar conductivity. The ionic composition of
water draining the columns creates an individual EC signal
(e.g., Pawlowicz, 2008). This explains the slope differences in
the regression lines of TA and EC because the column material
compositions and resulting chemical composition of the draining
waters are different. The higher r2 of the saturated CO2 setups
(except for loess) are the effect of overall higher TA generated
and accompanying released cations, resulting in higher EC values
assuming that measurement errors and individual fluctuations
remain constant. Because the water addition to columns was
constant with time the slope of TA-EC relationship represents
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predominantly the evolution of the system with time, as can be
seen by the TA-concentration change during the experiments
(Supplementary Figure S2-1).

The column experiments had idealized properties with
intensive watering, to simulate extreme conditions. To test if
the TA-EC-relationship is also observable in field data more
comparable to EW application sites, exemplary waters of basaltic
and loess catchments were evaluated. The contribution of
bicarbonate (as the major component of TA) to EC can be high -
in the selected samples around 30% (Figure 2D). Therefore, the
deduction of TA from EC should be possible if released cations
(by EW) covary with TA, adding proportionally to the added
EC. This is further corroborated by observations from a field
trial in which wollastonite (CaSiO3) rock flour was spread on
a controlled forested watershed (Peters et al., 2004), basically
simulating EW application. Here, EC and TA signals clearly

increase after the onset of the experiment (Figures 2A,B) and
the modeled contribution of bicarbonate to overall EC increases
notably (Figure 2C). As the draining waters from this watershed
are naturally very low in TA (around zero in the control
watershed, Figure 2B), the observed signal is pinpointed to the
wollastonite application.

From these data, the link between TA and EC can be well-
demonstrated (Figure 3A), with a clear, yet low r2 of 0.531,
probably due to the unique composition of the waters, with
very low conductivities and near zero TA at the start. Here, the
abundance of organic acids, sulfate and nitrate in the watershed,
partly lead to dissolution of rock material without TA generation
(Taylor et al., 2021). Furthermore, under such low TA conditions
slight absolute variations have a high relative impact on the
coefficient of determination. As the higher TA values indicate, the
correlation might become stronger, if the baseline level of TA and

A

B

C

D

FIGURE 2 | Selective time series of two Hubbard Brook experimental forest watershed (Likens, 2017), watershed 1 data as control baseline (dotted, green) and

watershed 6 data representing effects of silicate rock powder spreading (solid, blue): monthly mean and 10 and 90 percentiles for electrical conductivity (A), total

alkalinity (B) and the calculated HCO−

3 contribution to the electrical conductivity (C); Individual ionic conductivity contributions to overall electrical conductivity, mean

values (D), individual sample results, can be found in Supplementary Material S4. adata from rivers of Madeira island, collected by the authors; bdata from Van Der

Weijden and Pacheco (2003); cdata from rivers of a loess dominated catchment in Germany, collected by the authors.
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A

B

C

FIGURE 3 | Data fit: linear least squares fit with the coefficient of determination

r2 given in the legend. Regression parameters are provided in Supplementary

Material S5. (A) Data from Likens (2017) for watershed 1 of the Hubbard

(Continued)

FIGURE 3 | Brook experimental forest, which was amended with wollastonite

rock flour, considered period from 1999-10-24 to 2004-10-24, cf.

Figures 2A–C; (B) Groundwater data from Van Der Weijden and Pacheco

(2003) (green dot); Observations from river water and springs from basaltic

catchments on Madeira island (blue x); river water data from a loess dominated

catchment in central Germany (see Methods section) (red *); averaged river

water data from Perrin et al. (2008) from the calcareous molassic Gascogne

area located in the Garonne river basin (south-western France) (yellow +); (C)

Data from active volcanoes: water from wells and springs of the Etna, Italy

(Brusca et al., 2001) (red triangles); Virunga National Park, Kongo: river water

from basaltic catchments (Balagizi et al., 2015) (brown circles).

therefore ECwould be elevated for longer times (in the case of the
Hubbard Brook experiment, treated and control values converge
because of the one-time deployment of rock dust).

Basalt is a material more recently discussed for EW
application (e.g., Beerling et al., 2018; Amann and Hartmann,
2019). Therefore, ground- and river water samples from
catchments in Madeira, a basaltic volcanic island (Gardner,
1882), were tested for the TA-EC relationship, with a distinctly
positive result (Figure 3B). Loess as a very reactive material,
here considered as a natural EW analog, supports the TA-EC
correlation hypothesis, too (Figure 3B). Even in watersheds with
elevated nitrate levels due to agriculture, the relationship is
maintained (Loess and carbonate catchment rivers in Figure 3B)
and NO3 is not conclusively impacting EC (Figure 4A).
Measurements from highly active volcanic systems with fresh
mafic to ultramafic material (Virunga and Etna volcanic
systems) also confirm the relationship (Figure 3C). However,
groundwater data of the Etna area are more scattered,
likely due to the influence of acidic volcanic gases, which
would not be present in regular EW application scenarios
on agricultural or forested land. In summary, the field data
results corroborate the findings from the column experiment
(Figure 1).

From these observations, it is suggested that EC is a promising

proxy for tracking EW related inorganic CO2 consumption via

TA production. The slope differences of the regression lines

from the TA-EC relationship of the different treatments in the

lab experiment as well in the field observations suggest that no

generalized equation could be derived to be used in a carbon
accounting scheme. However, after an initial calibration period,
easily to perform EC measurements may enable local farmers to
track and report CO2 consumption based on EC measurements
in water from their individual land, with an uncertainty, which
might be averaged for specific conditions over a larger area
of land. Because catchment runoff is possibly underestimating
the TA produced by EW, as some TA remains in the soil and
groundwater for a longer time, soil bulk EC might be used
to more precisely track EC increases, as it is right within the
application area.

Water EC from streams is different to interpret than soil bulk
EC, as latter is naturally impacted by a plethora of factors (Corwin
and Lesch, 2005), which are not necessarily connected with TA
in the first instance. As such, changes in those independent
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A

B

FIGURE 4 | Relation between nitrate and electrical conductivity (A) and total

alkalinity (B). Data from rivers draining carbonatic catchments from Perrin et al.

(2008) and loess catchment data as in Figure 3B. Both datasets contain

water from catchments which are influenced by agricultural activities.

factors must be closely monitored and evaluated to single out
the weathering signal. EC might be most prominently influenced
by periodical fertilization, which adds ions that don’t contribute
to TA (Phong et al., 2020). These fertilizers may alter the slope
of the TA-EC relationship temporarily, as they can consist of
compounds that release ions, which do not change TA (like
K+ and Cl− from muriate of potash (MOP), a commonly
applied K fertilizer). Looking at N fertilizer, in the data at hand,
the elevated nitrate levels are not clearly related to EC, nor
is there a negative tendency with TA (Figure 4), even though
the data contains waters from agriculturally impacted areas.
The specific molar conductivity of fertilizer-released compounds
(NO−

3 , NH
+

4 , Cl
−) is not distinctly high (Adamson, 1979) but

spikes from the periodic application of fast dissolving fertilizer
could alter the signal temporarily. Transformation processes like
(de-)nitrification can alter the TA in soil solution (Gandois et al.,
2011), without changing the EC in the same proportion. As an

additional effect, fertilizer dissolution can lead to the formation
of strong acids, which dissolve added rock material (Perrin et al.,
2008; Pierson-Wickmann et al., 2009) without increasing TA.
Intense rain events may also lead to a wash-out effect marked by
nitrate peaks, which level out within a few days (Ferrant et al.,
2013).

Once the likely additional sources and sinks for TA and
impacts on EC are identified, a correction function could be
applied, as the influencing factors should be rather controllable
on a well-defined agricultural soil under standardized
agricultural practices. Exemplary, a study on weathering of
the Aso caldera, Japan, with intensive rice agriculture revealed
low nitrate loads (average: 0.03 mmol l−1), probably due to
optimized application procedures (Hosono et al., 2018). In EW
application areas not impacted by agricultural activities and with
human interferences at a minimum, like tropical hinterland as
discussed in Goll et al. (2021), the aforementioned influences
should be low and as such, EC less impacted by anthropogenic
activities. Here the measurement of EC changes may be an even
more reliable approach to monitor CO2 uptake.

At the catchment scale, EC measurements using low-cost
equipment is possible (e.g., Hund et al., 2016). This method
requires a sampling point which represents the catchment
outflow, and thus the water draining the rock flour amended
land. This approach may prove to be difficult as individual fields
may not have confined catchments with controlled outflow, yet
the signal should also be visible in the greater discharge system
and could be measured there. Alternatively, in a more detailed
approach, EC sensors could be buried in the field (Scudiero et al.,
2012), tracking the percolating soil solution. In this case further
model development is needed, as soil bulk EC depends also
on soil humidity and other physical properties and is therefore
different from EC measured in sample water. The relationship
between both parameters needs to be used to calibrate functions
for TA production by EW in the soil system. This requires further
research, before soil bulk EC might be used as a proxy for and
therefore its use as a carbon accounting tool.

As the technology for soil bulk EC and humidity monitoring
to track agricultural productivity is already available (Noborio,
2001; Kitchen et al., 2003; Fortes et al., 2014; Akanji et al.,
2018), it could be used for CDR accounting without additional
investment costs. Newer developments suggest the use of simple
easy-to-deploy EC probes tomonitor soil conditions in smart and
precision farming applications (Othaman et al., 2020). With this,
the transfer of data from field to user via wireless networks is
possible (Citoni et al., 2019; Terence and Purushothaman, 2020).
This provides perspectives for the remote monitoring of EW and
achieved carbon sequestration.

As carbon sequestration must be tracked and verified
for carbon accounting, simple and cost-efficient physical
measurement of waters draining the treated areas is necessary
ensure sustained monitoring. The application of one technique
for two purposes would therefore create a win-win-situation.

The TA prediction approach described here, would not
account for carbon bound in precipitated carbonate minerals
as particulate inorganic carbon (PIC) in the soil system. To
account for this carbon fraction, additional soil PIC analyses
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would be necessary, which could be done during mandatory or
cross compliance routine sampling for soil quality monitoring
(i.e., based on the framework of common agricultural policy of
the EU).

In addition to the CDR purpose, the application of rock
products was much earlier suggested to improve soil conditions
for agricultural production (Missoux, 1853; Leonardos et al.,
1987; Van Straaten, 2002). Improved biomass growth leads to
additional CO2 uptake and storage as organic carbon, propelling
the overall CDR potential of EW (Amann and Hartmann, 2019;
Goll et al., 2021). This effect would necessitate an additional
tracking of yield/biomass increases to account for the complete
CO2 sequestration potential of EW. Current techniques of
remote plant monitoring for carbon accounting in above ground
biomass would add to a scenario, in which the additional
organic carbon sequestration path of EW could be tracked and
monitored remotely.

CONCLUSION

Proper accounting for deliberate carbon sequestration is
inevitable. All CDR methods have to solve this issue before
entering the emission trading market. Experimental studies
show that the weathering signal can be tracked well in
confined column setups by measuring outflow cation
concentrations (Renforth et al., 2015; Amann et al., 2020;
Kelland et al., 2020). Yet it remains an open question
how the signal can be tracked reliably in the field and
how the CO2 uptake can be quantified with low-cost and
robust methods.

To provide a means of monitoring the initial CO2

drawdown at the application site, we propose a deeper
investigation into the use of EC measurements to derive
TA levels which indicate CO2 sequestration. Data from
a lab experiment and selected natural waters support the
approach by showing very clear relationships between EC
and TA.

It remains to be investigated how this new approach of
carbon accounting can be implemented in the field. Practical
issues to be solved are sensor placement in the ground and
calibration, considering seasonal variability of soil humidity, and
the application of fertilizer or other soil amendments which
might affect the EC.

The general caveat of the described approach is that the
tracking of EC in waters from agricultural land represents only
the initial uptake of CO2 from the atmosphere. Downstream
processes in groundwater, rivers, and the ocean are not covered
by the proposed approach and require separate recognition.

Globally representative field data covering various
combinations of soil, climate, plant abundance and applied
rock source (including rate and quality) would be needed to
create a framework for easy implementation of a functional
carbon accounting scheme after testing and verification. Ideally,

a global database for case scenarios is established, fostering
business models for farmers. A high-quality monitoring
database covering typical application scenarios may enable
a reliable pre-application assessment of the efficiency, based
on standardized conditions delivering a reliable, statistically
grounded base reference of the amount of CO2 transferred
to alkalinity.

Ideally, a set of coordinated global field campaigns
will provide these data, so that low-cost conductivity
and humidity measurements can replace more expensive
hydrochemical sampling and analysis of CO2 consumption
by EW.

The approach to remove CO2, monitor, and verify (RMV)
must be simple, robust, cost-efficient, and reproducible. As such,
applicability of EW for CDR could benefit from the expanding
remote sensor utilization.
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Enhanced weathering (EW) of silicate rocks can remove CO2 from the atmosphere,

while potentially delivering co-benefits for agriculture (e.g., reduced nitrogen losses,

increased yields). However, quantification of inorganic carbon sequestration through EW

and potential risks in terms of heavy metal contamination have rarely been assessed.

Here, we investigate EW in a mesocosm experiment with Solanum tuberosum growing

on alkaline soil. Amendment with 50 t basalt/ha significantly increased alkalinity in soil

pore water and in the leachate losses, indicating significant basalt weathering. We

did not find a significant change in TIC, which was likely because the duration of the

experiment (99 days) was too short for carbonate precipitation to become detectable. A

1D reactive transport model (PHREEQC) predicted 0.77 t CO2/ha sequestered over the

99 days of the experiment and 1.83 and 4.48 t CO2/ha after 1 and 5 years, respectively.

Comparison of experimental and modeled cation pore water Mg concentrations at the

onset of this experiment showed a factor three underestimation of Mg concentrations

by the model and hence indicates an underestimation of modeled CO2 sequestration.

Moreover, pore water Ca concentrations were underestimated, indicating that the calcite

precipitation rate was overestimated by this model. Importantly, basalt amendment did

not negatively affect potato growth and yield (which even tended to increase), despite

increased Al availability in this alkaline soil. Soil and pore water Ni increased upon basalt

addition, but Ni levels remained below regulatory environmental quality standards and Ni

concentrations in leachates and plant tissues did not increase. Last, basalt amendment

significantly decreased nitrogen leaching, indicating the potential for EW to provide

benefits for agriculture and for the environment.

Keywords: enhanced weathering, basalt, carbon sequestration, DIC, TIC, nitrate, nickel, PHREEQC
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INTRODUCTION

In order to limit global warming to well below 2◦C, model
projections indicate that both rapid decarbonisation and negative
emission technologies (NETs) will be required (Gasser et al.,
2015). Hence, in addition to conventional mitigation there is
an urgent need for development of scalable NETs that safely
remove CO2 from the atmosphere. A promising, yet poorly
studied NET, is enhanced weathering (EW) of silicate minerals,
which is particularly of interest due to its application potential
in agriculture (van Straaten, 2002; Hartmann et al., 2013; Haque
et al., 2019; Beerling et al., 2020). This technique aims to
accelerate natural weathering, a process that has been responsible
for stabilizing climate over geological timescales, which naturally
captures 1.1 Gt of CO2 per year (or ca. 3% of current global CO2-
emissions; Strefler et al., 2018; Roser and Ritchie, 2020). The idea
behind EW is to speed up this natural process by grinding silicate
rocks to powder, hence increasing the surface area (Schuiling and
Krijgsman, 2006; Hartmann et al., 2013) and bringing these in
a moisture-retaining environment favorable to weathering, e.g.,
agricultural soils.

Agricultural enhanced weathering is considered a promising
NET because co-utilization of surface area with agricultural land
is possible and competition with food production is avoided (in
contrast to some other NETs such as afforestation). Furthermore,
the cost of terrestrial EWwas recently estimated to be competitive
to those of other NETs, such as Direct Air Carbon Capture and
Storage (DACCS) (Strefler et al., 2018; Beerling et al., 2020). As
the original focus of agricultural silicate rock amendment was
delivering agricultural benefits rather than CO2 sequestration
(van Straaten, 2002), only few studies have quantified the
associated CO2 sequestration.

Silicate weathering involves the reaction of silicate minerals
with CO2 and water to form bicarbonate (HCO−

3 ) and carbonate

(CO2−
3 ) ions and cations (mainly Ca2+, Mg2+, Na+, and K+).

Ca2+ and Mg2+ may either precipitate in the soil (degassing one
mole of CO2 permole of divalent cation) to form solid carbonates
or are transported to streams and ultimately the ocean. Hence,
in order to quantify total inorganic CO2 sequestration through
EW, both changes in total inorganic carbon (TIC) in the
soil (solid phase) and the exported dissolved inorganic carbon
(DIC) through runoff should be considered. The few studies
that estimated CO2 sequestration thus far, usually calculated
CO2 sequestration based on cation changes in leachates or
soil exchangeable pools (ten Berge et al., 2012; Dietzen et al.,
2018; Amann et al., 2020). However, changes in soil cations
are confounded by plant uptake, soil adsorption, and cation
exchange. Others considered soil TIC changes but did not
account for DIC leaching (Manning et al., 2013). Quantification
of DIC leaching losses is difficult in the field, butmay be estimated
using a reactive transport model such as PHREEQC. This model
can account for the carbonate and cation flows through the soil
and estimate CO2 sequestration through EW, but these estimates
have not yet been verified with experimental data.

A key abiotic factor influencing weathering rates (and
therefore carbon sequestration) is pH. Weathering rates are
typically assumed to increase with decreasing pH, but this

relationship differs between silicate minerals. According to
Brantley et al. (2008), mineral dissolution of the silicate
minerals contained in basalt (mainly olivine, augite, plagioclase)
proceeds via an acidic and via an alkaline pathway and is
lowest around pH five. While olivine and augite dissolution
increase with decreasing pH, weathering of Al-containing Ca-
plagioclases increases at alkaline pH (Qian and Schoenau, 2002)
(Supplementary Figure SF1). Not only dissolution of ions into
the liquid phase is a pH dependent process. Reprecipitation of
these ions is also influenced by pH. In alkaline soils, precipitation
of HCO−

3 in carbonates is promoted, which can stimulate
weathering rates in the longer term by removing weathering
products from soil solutions (Bose and Satyanarayana, 2017).
For example, Fe can be removed from solution at alkaline pH
through precipitation of Fe(OH)3 and Fe-bearing carbonates
such as siderite, ankerite and ferroan calcite. Likewise, Al can
precipitate as Al(OH)3 at alkaline pH. Alkaline pH can thus
increase both dissolution of Al-bearing plagioclases and Al
hydroxide precipitation, indicating that, in contrast to what
has been suggested in some studies (Beerling et al., 2018), EW
application should not necessarily be focused on acidic soils.

Although research on the drivers of EW hasmostly focused on
abiotic factors, several biotic processes can also strongly influence
mineral weathering, and some of these effects may be stronger
in alkaline soils (Vicca et al., 2022). For example, enzymes of
the group carbonic anhydrases (CAs) (which catalyse HCO−

3
formation and are found in all domains of life) were found to
be most efficient at pH above seven and may support the silicate
dissolution process in alkaline soils (Demir et al., 2001). Xiao et al.
(2015) observed promoted wollastonite (CaSiO3) weathering
(Ca-release) upon addition of CA from Bacillus mucilaginosus.

Apart from potential enhancement of mineral dissolution
through (a)biotic mechanisms, a considerable share of land area
is alkaline. According to the Harmonized World Soil Database
(FAO), about 23% of all soils have an alkaline pH (>7) (Fischer
et al., 2008). Although EW is currently considered to be most
effective for CO2 removal in tropical areas (Hartmann et al.,
2013), alkaline soils clearly hold considerable potential for CO2

removal through EW, but their CO2 sequestration potential, as
well as potential side-effects require experimental verification.

Silicate rock dust have been previously applied to agricultural
soil because of its potential benefits for agriculture. These
include increased cation exchange capacity (CEC) and crop
yields, increased plant nutrient concentrations and countered soil
acidification. Moreover, silicate addition can also increase plant
pest- and drought resistance (Hartmann et al., 2013; Blanc-Betes
et al., 2021) and reduce N-losses (N2O and NO−

3 emissions).
Similarly to agricultural liming, EW induces a pH increase in acid
soils, which is hypothesized to reduce nitrogen losses because the
activity of denitrifying enzymes was found to increase at neutral
pH (Bakken et al., 2012; Qu et al., 2014; Kantola et al., 2017).

On the other hand, large-scale EW adoption may hold the
risk of heavy metal (especially Ni) contamination, particularly
when fast-weathering ultramafic minerals are used (Haque et al.,
2020a). In this context, basalt rock is proposed as an alternative
for the ultramafic mineral olivine, as basalt contains less Ni
(Amann and Hartmann, 2019). Interestingly, alkaline soils may
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reduce the risk of Ni leaching to surface waters, as more Ni
can be adsorbed in soils at alkaline pH. Ni can form insoluble
hydroxides and the presence of carbonates may also lead to an
increase in the retention of Ni as carbonate salt in soil (Sathya
and Mahimairaja, 2015). Although terrestrial EW focus shifted
to basalt and less problems in Ni contamination are expected
with this rock in alkaline soils, a comparison with regulatory
environmental quality standards (EQSs) remains necessary to
ensure environmental safety. As aforementioned, Al release by
weathering of Al-bearing plagioclases is stimulated in alkaline
soils, as well as Al(OH)3 precipitation. The resulting effect may
increase Al concentration (Al toxicity) in alkaline soil pore water,
in contrast with EW in acid soils, where pH increase decreases
Al availability.

We set up a mesocosm experiment to investigate carbon
sequestration, risks and co-benefits of EW using basalt rock
powder with potatoes (Solanum tuberosum) as this is the world’s
third most important crop in terms of human consumption, after
wheat and rice (FAOSTAT, 2013). In addition, from a sustainable
development goals (SDGs) perspective, it is also a highly relevant
crop as potatoes are grown in regions that are experiencing
high poverty and malnutrition (Campos and Ortiz, 2019). We
quantified CO2 sequestration through EWbased on experimental
data and using the PHREEQC 1D reactive transport model.
Further, we hypothesized that potato tuber yield would benefit
from the increase in base cations (released from the basalt),
while we expected Ni leaching to remain within the safe range
according to environmental quality standards. In addition, we
expected that basalt addition would reduce N leaching.

MATERIALS AND METHODS

Experimental Set-Up
A mesocosm experiment with 10 mesocosms (five Control and
five basalt-amended) was constructed at the experimental site at
the Drie Eiken Campus of the University of Antwerp (Belgium,

51◦09
′

N, 04◦24
′

E). The mesocosms (1m height, radius =

0.25m) were placed under a transparent shelter, hence excluding
natural rainfall. In April 2019, the mesocosms were filled
with loamy soil (Table 1). In the basalt amended mesocosms,
a mass equivalent to 50 t basalt ha-1 was homogeneously
mixed into the upper 20 cm. On 21 May 2019, three potatoes
(Solanum tuberosum “Nicola,” purchased at AVESTA, Belgium)
were planted in each mesocosm and all pots received 60 g
of NPK fertilizers (5 – 4 – 15 + Bacillus). All mesocosms
were watered regularly with tap water (composition: see
Supplementary Table ST7). Soil pore water was sampled from
two rhizon samplers (Rhizon Flex, Rhizosphere Research
Products B.V., Wageningen, NL) installed at five cm depth in
each mesocosm. To allow leachate collection, mesocosms had
a two cm diameter hole at the bottom. On the inside, the
bottom of the pot was covered with a root exclusion math to
prevent soil export through leaching. A glass collector (one liter
volume) was placed under the mesocosm to collect the leachates.
Leachate volumes were determined throughout the experiment
and samples for chemical analyses were collected on six occasions

TABLE 1 | Characterization of soil (pH, texture, and organic C) and basalt

(composition, specific surface area, particle size distribution, and XRF data).

Control soil characteristics*

pH 7.72 ± 0.03

Texture class

(Sand, clay, silt %)

Silt

(18.39, 0.83, 92.21%)

Inorganic C (%) 0.16 ± 0.02 (standard error)

Organic C (%) 0.83 ± 0.03 (standard error)

Basalt characteristics (type: DURUBAS, RPBL)

Mineralogical composition (g/g)

Augite 0.50

Plagioclase

(modeled as labradorite)

0.35

Olivine

(modeled as Mg1.04Fe0.96SiO4)

0.05

Illite 0.05

Chlorite 0.05

Specific surface area (9.226 ± 0.076) m²/g

Particle size

>2,000µm 0.25%

500–2,000µm 0.52%

250–500µm 22.30%

63–250µm 59.82%

32–63µm 14.73%

<32µm 2.38%

XRF basalt (m%)

SiO2 44.6

MgO 12.9

CaO 10.8

K2O 0.7

Na2O 2.6

P2O5 0.9

Al2O3 11.5

Fe2O3 11.7

TiO2 2.30

Model assumptions for the minerals are also included.

*Control soil characteristics were measured after the experimental period of 99 days.

(23/5; 28/5; 6/6; 16/6; 7/8; 13/8; 20/8 in 2019). Nitrogen in
leachates was analyzed on the last three dates.

Soil and Basalt Characteristics
Basalt characteristics are given in Table 1. Surface area was
measured in triplicate with Kr using a Quantachrome surface
area analyser. Basalt (type: DURUBAS) composition was
determined by the supplier [Rheinischen Provinzial-Basalt-
und Lavawerke (RPBL)]. Basalt particle size distribution was
determined by sieve separation.

Plant Responses
On the 27th of August 2019, all plants were harvested and
separated into aboveground and belowground parts. After drying
(48 h at 70◦C, potatoes were cut to speed up the drying process),
above- and belowground (potato tuber) biomass was determined.
Potato tubers were analyzed for Mg, Ca, K, Si, Al, and Ni
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by ICP-OES (iCAP 6300 duo, Thermo Scientific). Ni and Al
were determined after a destruction of 0.2 g sample with 20mL
HNO3. For Ca, Mg and K, 0.3 g of sample was destructed with
a H2SO4/Se/salicylic acid mixture according to the protocol of
Walinga et al. (1989). For Si, 30mg sample was destructed with
20mL of 0.5N NaOH, this was done in triplicate.

Soil Analyses
Soil cores (5 cm length) were taken across the depth of the
mesocosm (0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm, 50–75 cm,
and 75–100 cm). Immediately after collection, the cores were
dried at 105◦C for 3 days to determine water content (g H2O/g
soil) and bulk density. Water-filled porosity was calculated by
multiplying water content with bulk density. The soil samples
were ground to pass a 0.2mm sieve with an ultra-centrifugal mill
(Model ZM 200, Retsch GmbH, Haan, Germany).

Soil Total Carbon (TC) was determined with an elemental
analyzer (Flash 2000 CN Soil Analyser, Interscience, Louvain-la-
Neuve, Belgium). Total Organic Carbon (TOC) of each 20 cm
across mesocosms was determined in the elemental analyser after
acid hydrolysis of the original sample: 1 g of soil was digested
with excess of 6N HCl at 80◦C to and the residue dried. The
remaining sample was analyzed giving TOC as a result, and TIC
was calculated as the difference between TC and TOC.

Other soil elements (Mg, Ca, K, Al, and Ni) for samples
taken at 10, 25, and 40 cm depth were determined using ICP-
OES. In this way, concentrations in the topsoil, the basalt-
soil mixing layer and deeper layers were measured. Brown’s
procedures (1943) were used for CEC and total exchangeable
bases (TEB), for which 1M NH4Acetate at pH seven served as
the extractant (Brown, 1943). CEC and TEB were also measured
in soils sampled at 10, 25, and 40 cm depth.

Leachate and Pore Water Analysis
Leachate and pore water samples for Ca, Mg, K, Fe, Al analyses
were filtered over a 0.45µm PET filter and were conserved
adding 1.5mL 15.8N HNO3 (69%) to 30mL of sample until
analysis with ICP-OES (iCAP 6300 duo, Thermo Scientific).
Nitrogen (NH+

4 -N, NO
−

3 -N) and alkalinity were determined
using a Skalar (SAN++) continuous flow analyzer. Nitrogen
samples were conserved in tubes with 20 µL 10N HCl before
analysis. pH was determined using a HI3220 pH/ORP meter.
For monitoring soil nutrient availability, we used commercially
available PRSTM probes (Western Ag Global, Saskatoon, SK,
Canada), which provide proxies for plant available ions in soil
solution while in contact with the soil (Gudbrandsson et al.,
2011). Eight PRS probes (four for cation and four for anion,
Figure 1) were installed in each mesocosm twice during the
growing season, on 7th of June and 6th of August, and were
retrieved 7 days after burial. Total N leaching was calculated as
the sum of NH4-N and NO3-N leaching.

Soil CO2 Efflux
Soil CO2 efflux was measured on three occasions on a shallow
stainless steel collar (8 cm high, 10 cm diameter) which was
installed at four cm depth in each mesocosm (Figure 1).
Measurements were made using a custom-built soil chamber

FIGURE 1 | A mesocosm containing three potato plants, a stainless steel

collar, PRS probes and rhizon samplers.

(0.98 L), which was connected to a portable EGM-5 infrared gas
analyzer (PP Systems, Hitchin, UK). We measured the increase
in soil CO2 concentration until a CO2 concentration difference
of 50 ppm was reached, or during 120 s in case of lower increases.

PHREEQC Reactive Transport Model for
CO2 Sequestration
Carbon sequestration was modeled using the PHREEQC
geochemical platform (Parkhurst and Appelo, 2013). We
followed the approach of Kelland et al. (2020), an overview
of the model’s required inputs is given in Figure 2. The
model details and calculation of the model’s inputs can
be found in Supplementary Material 2. The model includes
different PHREEQC functionalities (phases, dissolution rates,
solutions, transport, equilibrium phases, cation exchange, and
surface adsorption) which are indicated in bold. The 1m long
mesocosms were divided into 20 cells of 5 cm height. Basalt
was added to the four top layers (20 cm topsoil). Hence, in
the phases block, basalt mineralogy and thermodynamic data
of mineral dissolution (log k and enthalpy) are entered for
the first four cells. The possibility of inclusion of minerals
within other mineral phases may occur but was not included
in our model. Basalt mineral dissolution according to the rate
law of Palandri and Kharaka (2004) is inserted in the Rates
functionality. The selection of parameters for this rate law is
discussed in Section 1.1 of Supplementary Material 1. For the
mineral augite (50 m% of the utilized DURUBAS basalt), two
different rate laws were considered in different simulations (the
first rate law utilizes parameters as in Palandri and Kharaka
(2004), while the second follows the approach of Knauss et al.
(1993) at 25◦C with an Arrhenius temperature correction
to the experimental temperature (Supplementary Table ST1).
Plagioclase was simulated as labradorite because labradorite
is intermediate in the Na-Ca plagioclase series and the Ca
content of the plagioclase in the durubas basalt is unknown.
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FIGURE 2 | Overview of the PHREEQC reactive transport model. PHREEQC functions are indicated in bold, model inputs are written in italics.

For labradorite, alkaline dissolution kinetic parameters were
considered (Supplementary Figure SF1). In order to simulate
mineral weathering in the control soil, the input solution (that
is added on the top layer of all simulated columns) equals the
composition of the efflux soil solution in the control treatment.
Cations (e.g., Ca or Mg) are added to this control solution
according to the abovementioned rate law. This solution is in
equilibrium with equilibrium phases (gases and minerals, e.g.,
CO2, calcite and Al(OH)3).

CO2 partial pressure was entered in the equilibrium phases
functionality and was calculated using Fick’s law (as in Roland
et al., 2015), using the average experimental soil CO2 efflux (F
in Equation 1). The difference between the CO2 concentration
in the atmosphere and soil (C) increases with depth (z).
Assuming a constant atmospheric CO2 concentration of 414
ppm, soil CO2 concentration at each soil depth was calculated
and converted to pressure by multiplying with the universal gas
constant and the average experimental soil temperature (285K).
Water-filled porosity was calculated from the soil bulk density
(1.40 kg soil.l-1 soil) and equaled 0.14 l H2O/l soil (Equation
3). The diffusion coefficient, Ds (Equation 4), was calculated
from the total and water-filled porosity (Equations 2, 3) as
in Roland et al. (2015).

F = −Ds ·
1C

z
(1)

Total porosity (%) = 100 ·



1−
Bulk density

[

g

cm3

]

2.65
g

cm3



(2)

water filled porosity (%) = 100 · Bulk density [
g soil

cm3soil
]

· soil moisture[
cm3H2O

g soil
] (3)

Ds = 1.47 · 10−5
·

(

285.2

273.2

)1.75

·

(

total porosity− water filled porosity (%)
)2

total porosity (%)
2
3

(4)

Cations can complex on surfaces such as organic matter or
ferrihydrite (HFO). Surface complexation of species on organic
matter is included by implementing the WHAM model using
the organic carbon content of the soil (control group) (Lawlor,
1998). Exchange of cations with soils is also included as the
measured cation exchange capacity (CEC) is inserted in the
“Exchange” functionality. Finally, in the transport functionality,
the average observed leachate flux (7.61L/99 days/mesocosm)
was inserted.

The 1D reactive transport model was run for a scenario with
and without basalt amendment. Simulated results of weathering
products (Ca, Mg) in the first cells were compared with
experimental concentrations of Mg and Ca in the topsoil pore
water (Figure 6).

Data Analysis and Calculation of CO2

Sequestration
One-way Anova was used for detecting statistical differences in
biomass and soil composition among treatments. For analyses
that were repeated in time (leachate and pore water chemistry
measurements), a repeated measures one-way Anova was used
using the lmer package in R studio Version 1.4.1106. Normality
and homoscedasticity assumptions underlying statistical tests
were evaluated with the Shapiro-Wilk test. If residuals were not
normally distributed a log10 transformation on the variable was
performed. Total mesocosm TIC was calculated using Equation
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5 (with n= number of depths).

kg TIC

mesocosm
=

n
∑

i=1

1TIC,i (%)

100
· 1depth,i [m] ·

0.196m2

mesocosm

· BulkDensity,i

[

kg

m3

]

(5)

In order to calculate total inorganic CO2 (IC) sequestration,
the total sequestered mass of carbon as DIC in leachates
and as TIC changes are summed. The CO2 sequestration
through DIC leaching losses was calculated by multiplying
the observed leachate flow (7.61 L/mesocosm/99 days)
with the difference in average DIC concentration among
treatments. DIC was calculated from the experimentally
measured alkalinity with a slope of 6.70 gDIC/Equivalent
(Supplementary Figure SF5).

RESULTS

Inorganic Carbon Sequestration
Weathering Products
Basalt addition significantly altered soil and soil pore water
chemistry. The strongest changes of basalt amendment were
observed for Mg, for which the basalt effect increased the topsoil
Mg concentration with about 200% (Table 2). A clear negative
basalt x depth interaction effect was found: the basalt effect
on soil Mg decreased with depth. Likewise, basalt amendment
increased soil CEC (and TEB), especially in the topsoil (a
significantly negative basalt x depth interaction effect was found
for CEC and TEB). Soil pore water Mg concentration also
increased significantly, and the Ca concentration tended to
increase (Table 3). On the other hand, the PRS probes indicated
no significant basalt effect on Mg and Ca availability, although
we observed a tendency for an increase at the start of the
experiment. These PRS probe data also revealed a strong decline
in availability of Ca, Mg and other cations over the course of
the experiment.

Topsoil K decreased with basalt addition, and increased at
lower depths in the basalt treatment (i.e., a significantly positive
depth × basalt interaction was found). This decrease in topsoil
K is not due to a soil dilution effect because this basalt contains
more K than background soil (Table 4). PRS probes in the topsoil
showed an increase in topsoil K in June, but not in August. Al
increased significantly in the soil (p = 0.03∗). The PRS probes
revealed a borderline significant increase in Al (Table 3; p =

0.08), indicating weathering of Al-bearing silicate minerals Ca-
plagioclase and/or augite. Basalt did not increase Fe in PRS
probes (p = 0.99). We observe a decrease of P in PRS probes of
the basalt treatment, leading to a borderline significant negative
basalt effect (p = 0.07). pH in the pore water and leachates did
not significantly change upon basalt amendment, and the system
was buffered at pH 7.7 (Table 3).

Experimental Inorganic Carbon Sequestration
On average, basalt weathering increased leachate and topsoil
pore water (0–5 cm) alkalinity with 8 and 29%, respectively
(Figure 3). After 99 days of experiment, a higher amount of DIC

TABLE 2 | Multiple regression parameters of different soil elements analysed (Ca,

Mg, Al, K, Ni), cation exchange capacity (CEC) and total exchangable bases (TEB).

Soil

characteristic

Intercept Basalt effect Depth

effect

Interaction

Ca 1,707.9 +307.17

(p = 0.04*)

N.S. N.S.

Mg 670.04 +1,345.6

(p < 0.001***)

−5.8500

(p = 0.32)

−28.490

(p < 0.01**)

Al 2,845.3 +450.46

(p = 0.03*)

+28.370

(p = 0.001**)

N.S.

K 1,197.4 −373.01

(p = 0.05)

+1.2100

(p = 0.78)

+15.310

(p = 0.02*)

Ni 56.510 +23.070

(p = 0.05)

N.S. N.S.

CEC 5.22 +1.81

(p < 0.01*)

0.0100

(p = 0.45)

−0.0600

(p < 0.01**)

TEB 5.19 +1.82

(p < 0.01**)

0.0120

(p = 0.46)

−0.0600

(p < 0.01**)

N.S., Not Significant; Elements units are expressed in mg element/kg soil, CEC and

TEB are expressed in mEQ/100 g soil. (Borderline) Significant increases (p < 0.10) are

indicated in bold. Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05,

0.001–0.01 and 0–0.001 respectively.

(calculated from TA), equivalent to only 4.77 kgCO2/ha, had
leached from the basalt amended system compared to the control
system (Table 4). We found no significant basalt effect on soil
TIC content (Figure 4). Note that the large uncertainity on TIC
resulted in a large uncertainty on the estimate of 1IC.

During the timespan of the experiment, the PHREEQC
model predicts a difference of 4.39 gTIC/mesocosm formation
between basalt and control treatment in the top 20 cm
mesocosm. Given the mass of soil in the column (54.9 kg
in the top 20 cm column), this results in an increase of
about only 0.01% inorganic carbon (Supplementary Table ST3;
Supplementary Figure SF9). Hence, given the variation in
measured TIC percentages (Figure 4A), this indicates that the
uncertainty on the measurements is larger than the modeled
differences in TIC. Indeed, although TIC tended to be higher
in the basalt amended soils, this increase was not statistically
significant (Figure 4B).

PHREEQC Modeled Inorganic Carbon Sequestration
Modeled IC sequestration during the duration of the
experiment was 0.77 t CO2/ha (Figure 5). A model
run beyond the experimental period indicated a CO2

sequestration of 1.83 and 4.48 t CO2/ha after 1 and 5 years,
respectively (Supplementary Table ST3). The evolution
of olivine, labradorite and augite dissolution is shown in
Supplementary Figure SF8.

We calculated the difference in Mg and Ca pore water
concentration between the basalt and control treatment and
compared this delta for experimental data and simulated values
(Figure 6). This indicated that the model underestimated initial
increases of Mg in the pore water by a factor 3. For Ca,
simulated concentrations were lower in the basalt treatment than
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TABLE 3 | Overview of weathering products (Ca, Mg, K, and P) concentrations ± standard error observed in leachates and pore water samples over the entire season

and in PRS probes at two occasions (June and August).

Weathering products in: Control Basalt p-value

Leachates Concentration (mg element/L)

Ca 226.61 ± 34.05 273.21 ± 30.67 0.92

Mg 18.83 ± 2.74 23.26 ± 2.54 0.05

K 16.37 ± 2.88 22.56 ± 2.52 0.45

P 0.138 ± 0.027 0.135 ± 0.012 0.66

pH 7.67 ± 0.05 7.67 ± 0.04 0.92

Top 5cm pore water Concentration (mg element/L)

Ca 76.31 ± 13.16 110.88 ± 25.78 0.13

Mg 6.99 ± 1.11 11.88 ± 2.87 0.02*

K 118.10 ± 33.71 104.08 ± 8.53 0.45

P 0.483 ± 0.169 0.379 ± 0.068 0.66

pH 7.71 ± 0.06 7.76 ± 0.04 0.33

PRS-probes µg Element/10 cm²/7 days

Element Ca Mg K P Al

June, Control treatment 327.25 ± 36.41 23.15 ± 2.66 188.33 ± 28.76 2.83 ± 0.34 4.05 ± 0.26

June, Basalt treatment 361.17 ± 54.84 30.29 ± 4.26 240.79 ± 18.73 2.52 ± 0.41 7.49 ± 2.58

August, Control treatment 1,149.63 ± 95.35 80.46 ± 8.82 81.76 ± 8.39 8.23 ± 1.17 8.00 ± 0.83

August, Basalt treatment 1,084.43 ± 61.97 80.84 ± 4.11 79.62 ± 8.49 5.76 ± 0.73 11.20 ± 1.64

Basalt effect p = 0.81 p = 0.49 p = 0.23 p = 0.07 p = 0.08

Time effect P < 0.001*** P < 0.001*** P < 0.001*** P < 0.001*** P < 0.001***

Time × Basalt effect N.S. N.S. N.S. N.S. N.S.

In the most right column, p-values of one way Anova are displayed. (Borderline) Significant increases (p < 0.10) are indicated in bold.

N.S, Not significant.

Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05, 0.001–0.01 and 0–0.001 respectively.

TABLE 4 | Inorganic carbon balance in tonCO2/ha/99 days (experimental timeframe).

1TIC (Basalt-control) se

1TIC

1DIC

(Basalt-control)

se

1DIC

1IC

(Basalt-control)

se

1IC

12.4 24.7 0.0048 0.0024 12.4 24.7

With IC = DIC (derived from TA) + TIC formation, se, standard error.

in the control treatment, while experimental results showed the
opposite pattern.

Co-benefits for Biomass, Nutrient Stocks,
and Nitrogen Leaching
Basalt addition tended to increase aboveground biomass and
potato tuber yield (albeit not statistically significantly; p = 0.16,
p = 0.45). No significant changes in potato tuber Mg, Ca, P, Si,
and Ni concentrations were detected upon basalt amendment
(Table 5). However, basalt induced a positive trend in potato
stocks of K (p = 0.16), Mg (p = 0.21), Ca (p = 0.24), and P (p
= 0.31).

Nitrogen leaching was significantly lower in the basalt
treatment than in the control (Figure 7). This reduction in
nitrogen leaching was mainly due to the decrease in NO−

3 -N
leaching. Average N leaching decreased with about 45% upon
basalt amendment.

Risks of Basalt Amendment in Alkaline Soil
In the soil (0–50 cm), a 41% increase of Ni was observed (p =

0.05). Ni also increased significantly in the topsoil (0–5 cm) pore
water (Figure 8). In contrast, leached Ni tended to decrease upon
basalt addition (p = 0.40). Hence, the added Ni was retained
in the soil system. Potato tuber Ni content did not significantly
differ among treatments (p = 0.80). Despite the borderline
significant Al increase observed in PRS probes, potato tuber Al
was not significantly increased in the basalt treatment (p = 0.70;
Table 5).

DISCUSSION

Inorganic CO2 Sequestration
Based on the XRF data of our, we estimate a maximum CO2

sequestration of 223 and 416 kg CO2/t basalt, after complete
dissolution and reaction via mineral carbonation (MC; all
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FIGURE 3 | Total alkalinity (mEq L-1) in pore water and leachates in function of time (days) for basalt and control treatments. Error bars represent averages ± standard

errors. Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05, 0.001–0.01 and 0–0.001 respectively.

FIGURE 4 | (A) TIC (%) for different soil depths (cm) and (B) total kg TIC

mesocosm-1 for basalt and control treatments. Error bars represent averages

± standard errors.

inorganic carbon precipitates) or enhanced weathering (EW;
all inorganic carbon is rinsed out of the system as dissolved
C), respectively (Renforth, 2019) (see also Section 1.11 in
Supplementary Material 1). Hence, applying 50 t of our basalt
per ha corresponds with a theoretical maximum of 20.8 and 11.2 t
CO2/ha through EW and MC, respectively. It may take several
decades for this to be reached.We recognize that applying several
tens of tonnes basalt ha−1 in practice would result in substantial
transportation costs and that this application rate is higher than
for conventional fertilizers. However, costs of C sequestration
through enhanced weathering of basalt are estimated at about
US$80–180 t−1 CO2 (Beerling et al., 2020), which corresponds
roughly to the world bank estimate of the carbon price in 2050
(100–150$ t−1CO2) and current EU-ETS carbon price, which
already exceeded 100 US$ t−1 CO2 in 2022.

We investigated inorganic CO2 sequestration by
experimentally quantifying changes in both DIC and TIC.
Over the short duration of our experiment, only a small amount

of DIC (4.77 kgCO2-eq/ha) had leached out. The experiment was
conducted during summer season, when evapotranspiration was
high and leaching losses were small. More DIC might leach out
during winter, when evapotranspiration is low. Our PHREEQC
simulations predicted carbonates to precipitate only in the basalt
amended topsoil and not in deeper layers, indicating that in our
experiment sequestered inorganic carbon should be retained in
the top soil. Large uncertainty on TIC measurements, resulting
from heterogeneity in background soil TIC complicated exact
determination of IC sequestration. This result is in line with
Kelland et al. (2020), who found no significant TIC changes
in a similar short-term mesocosm experiment with basalt rock
powder. In contrast, Haque et al. (2019) did detect a significant
CO2 sequestration of 39.3 t CO2/ha through TIC changes in a
mesocosm experiment of 55 days. Also in some field studies
with smaller application rates, TIC changes were detectable
after 5 months (Haque et al., 2020b). The latter experiments
used the faster weathering silicate mineral wollastonite. Besides
addition of large amounts of fast-weathering silicates, long-term
monitoring also increases the potential to detect TIC changes
upon basalt amendment. In a field experiment in which soil
was amended with basaltic quarry fines, Manning et al. (2013)
detected a significant increase of TIC after 4 years and estimated
CO2 sequestration at 17.6 t CO2/ha/y.

For detection of significant TIC changes with rocks and
minerals that have weathering rates similar to basalt, our results
indicate that multi-year experiments are required. PHREEQC
simulations show that the standard error on TIC measurements
(ranging from 0.03 to 0.12% across the different depths)
was larger than the modeled differences in TIC (of about
0.01%) obtained for the experimental duration. Based on our
simulations, we estimate that, in our experiment, a TIC increase
of ∼0.05% would have occurred after about 5 years, which we
assume would be detectable (given the standard error on TIC
ranged between 0.03 and 0.12). In reality, weathering was likely
underestimated by the model (see below), and hence, TIC might
become detectable earlier.
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FIGURE 5 | Simulated inorganic carbon sequestration (ton CO2 ha-1) in function of time (days), for 100 days of experiment in the control and basalt treatment. Net

inorganic C sequestration (in grey) results from the difference between the basalt and control treatment.

FIGURE 6 | Experimental and simulated Mg and Ca increase in pore water (mg L-1) after basalt amendment in function of time (days).

We used the 1D reactive transport model to estimate
CO2 sequestration after 1 and 5 years. Predicted CO2

sequestration was 1.83 and 4.48 t CO2/ha sequestration
after 1 and 5 years, respectively, which corresponds to
about 13 and 35% of the maximum MC potential. Kelland
et al. (2020) modeled a similar system that captured a
similar 3 t CO2/ha despite applying twice as much (100
t/ha) basalt and columns were watered more intensely.
This can be explained as in their simulation, net inorganic
CO2 sequestration did not further increase after year one,

when olivine and diopside were fully dissolved. In the
model, the dissolution of Al-containing minerals diopside,
plagioclases and basaltic glass were inhibited through
precipitation of amorphous Al(OH)3, which was included
as an equilibrium phase in the work of Kelland et al. (2020).
As in Kelland et al. (2020), the latter mechanism inhibited
dissolution of the Al-bearing labradorite (a Ca-plagioclase)
also in our model simulations (Supplementary Figure SF8).
Model assumptions are further discussed in Section 1.2 of
Supplementary Material 1.
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TABLE 5 | Overview of (aboveground, potato tuber or total) biomass and element stocks in potato tuber (96 m% of the total biomass).

Control Basalt p-value

Biomass (g DM)

(±standard error)

% of

total biomass

Biomass (g DM)

(±standard error)

% of

total biomass

Potato tuber biomass 2,092 ± 74 96.54 2,208 ± 14 96.60 0.16

Aboveground Biomass 75 ± 3 3.46 78 ± 1 3.40 0.45

total biomass 2,167 ± 76 100.00 2,285 ± 14 100.00 0.17

Potato tuber mg/kg DM

composition (±standard error)

P 2,765 ± 81 2,846 ± 137 0.62

K 22,755 ± 486 23,494 ± 393 0.27

Ca 485 ± 34 536 ± 51 0.43

Mg 979 ± 43 1,036 ± 43 0.38

Al 63 ± 14 69 ± 11 0.76

Si 0.060 ± 0.018 0.050 ± 0.022 0.72

Ni 0.31 ± 0.04 0.33 ± 0.07 0.80

Total stock of element mg/mesocosm

in Potato tubers (±standard error)

P 5,792 ± 314 6,287 ± 329 0.31

K 47,688 ± 2,435 51,881 ± 1,152 0.16

Ca 1,012 ± 71 1,184 ± 117 0.24

Mg 2,053 ± 136 2,288 ± 108 0.21

Al 134 ± 33 151 ± 25 0.70

Si 0.129 ± 0.039 0.110 ± 0.048 0.77

Ni 0.65 ± 0.08 0.74 ± 0.16 0.63

All masses reported in this table represent dry matter (DM).

FIGURE 7 | Nitrogen leaching (mg N mesocosm-1) among treatments. Error bars represent averages ± standard errors. Significance codes *, ** and *** refer to

p-values in the ranges 0.01–0.05, 0.001–0.01, and 0–0.001 respectively.

Comparison of pore water Mg revealed that the rate
law parameters for weathering of the pyroxene mineral
augite by Knauss et al. (1993) provide a better estimate
than the parameters used by Palandri and Kharaka (2004)
(Supplementary Figure SF2). Given the abundance of pyroxene
minerals in basalt and mine tailings (Bullock et al., 2022), the

latter is relevant for improving modeling CO2 sequestration
of these rocks near neutral pH conditions. Still, a factor three
difference in Mg in pore water remains with this rate law. This
discrepancy between measured and modeled Mg concentration
cannot result from overestimation of carbonate precipitation
as the model did not predict precipitation of Mg-carbonates.
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FIGURE 8 | Nickel differences among treatments in the soil (mg Ni kg-1 soil), pore water (mg Ni L-1), leachates (mg Ni L-1), and potato tubers (mg Ni kg-1 tuber).

Error bars represent averages ± standard errors. Significance codes *, ** and *** refer to p-values in the ranges 0.01–0.05, 0.001–0.01, and 0–0.001 respectively.

Furthermore, only small changes of surface adsorbed Mg are
simulated (Supplementary Table ST6). This suggests that the
difference between measured and modeled Mg concentration in
pore water is likely due to an underestimation of Mg mineral
dissolution and/or an overestimation of Mg cation exchange. As
PHREEQC is a geochemical model, the influence of biologically
synthesized substances (e.g., siderophores, CAs, protons) is
not taken into account. Biological substances can enhance
weathering rates and may (partly) explain why the model
underestimated the release of cations and hence weathering rates
(Vicca et al., 2022). Moreover, also pore water Ca concentrations
were underestimated by the model, indicating that the calcite
precipitation rate (and hence degassing rate) was overestimated,
leading to an underestimation of modeled CO2 sequestration.

To the best of our knowledge, we are the first to assess
model predictions of CO2 sequestration through EW based
on experimental pore water cation composition in real soils
(Figure 6). Our study builds on the work of Kelland et al.
(2020), who implemented this model, but did not compare
experimental pore water data with simulated values. Additional
research is needed to determine long-term weathering dynamics
as well as to improve model simulations. Long-term studies
are needed in which soil pore water chemistry is monitored.
Our results demonstrate that in short-term EW-experiments
with basalt, measurements of soil pore water chemistry are
critical for monitoring weathering rates and for estimating CO2

sequestration. Future studies could consider specific elements
(e.g., Ti, Al, and Na; depending on the mineral composition)
that can provide insights in the weathering behavior of
mineral phases containing these atoms. This would also allow
verification of the modeled Al-silicate weathering inhibition by
amorphous Al(OH)3.

Risks of Basalt Amendment in Alkaline
Soils
A trade-off of utilizing fast-weathering ultramafic minerals for
EW is Ni contamination; Ni leaching is expected to be smaller
using mafic basalt rocks (which contain relatively little olivine)
in alkaline soils where Ni precipitation is higher. Nonetheless, a

comparison with EQSs is necessary for EW adoption in practice.
Ni increased significantly in the soil and topsoil pore water.
The addition of 50 t basalt/ha resulted in a topsoil (0–50 cm) Ni
increase of 23 ppm, which is well below the Flemish threshold
of 48 ppm for soil quality (VLAREBO, 2008). The pore water
Ni concentration was increased with 2.5 µg/L. The EQSs for
Ni in freshwater in the EU, Australia, the US and Canada,
respectively, range from 4, over 8, 52, and 200 µg/L, respectively.
Hence pore water Ni concentration remained below legislative
freshwater thresholds of all of the above countries/regions. As
Ni is associated with the fast weathering mineral olivine within
basalt, we expect Ni in pore water to decrease over time.
Information about initial soil Ni content and legal limits could
provide a theoretical maximum on the amount of basalt that
can be applied. In our experiment, the Flemish threshold would
be reached after amendment with 104 t basalt/ha (if initial soil
Ni equals zero). However, Ni would gradually leach out to
surface waters, and might be taken up by plants, increasing
the possible amount of application. Despite the increased Ni in
soil and soil pore water, Ni concentrations in edible plant parts
did not significantly increase with basalt amendment. This is in
correspondance with results from Stasinos and Zabetakis (2013),
who grew potatoes on soils irrigated with Ni-contaminated (0–

250 µgNi/L) wastewater and found no increase in tuber Ni

content. In fact, they even found tuber Ni concentration to
decrease with increasing irrigation Ni levels.

In our experiment, basalt weathering increased Al availability,

which induces Al toxicity and may reduce plant growth. Hence,

during this experiment the alkaline catalyzed dissolution of Al

by Ca plagioclase and Al-release by augite weathering was higher
than the sum of Al precipitation and Al uptake. Dorneles et al.

(2016) investigated Al toxicity in Solanum tuberosum and found
that Si can ameliorate Al toxicity through formation of alumino
silicate compounds in the walls of root cortex cells that inhibit
uptake of Al into the protoplast. Hence, EW can influence Al
toxicity in contrasting ways through release of Si and Al. In our
alkaline soil, the weathering-induced increase in Al availability
did not result in significantly higher potato tuber Al and Si
stocks. Most importantly, the increased Al availability in the
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aqueous phase did not result in a decrease in tuber biomass,
lifting concerns of reduced yield for EWwith Solanum tuberosum
in alkaline soils.

A risk that was not evaluated here concerns the potential
health issues due to spreading fine silicate particles (Webb, 2020).
To overcome this, basalt can be applied in a pelletized form
to disintegrate again when applied in soils. Avoiding additional
grinding of basalt quarry fines, which may not be warranted in
terms of additional carbon sequestration gains (Lewis et al., 2021)
can also reduce dust formation.

Co-benefits of Basalt Amendment in
Alkaline Soils
In our experiment with potatoes growing on alkaline soil, basalt
amendment significantly increased soil CEC and Ca and Mg and
tended to increase average potato tuber yield by 6%. This potato
yield increase is lower than that in some studies on acid soil.
Lafond and Simard (1999) amended an acid Canadian soil (low
in Ca and K) with cement kiln dust (a silicate by-product from
the cement industry) for growing Solanum tuberosum, which
resulted in a tuber yield increases of over 50% at several locations.
These yield gains were correlated with soil extractable K and Mg
(Lafond and Simard, 1999). It is likely that potato tuber yield is
increased more in agricultural systems where cations are more
depleted than in our experimental soil. Still, positive trends in
Ca, Mg, and K potato stocks were observed. The K decrease in
the top soil of the basalt treatment presumably resulted from the
high mobility of K and higher uptake by potato plants.

Interestingly, silicate amendment reduced potato harvest
losses due to stem lodging and increased potato tuber yield
in drought stress experiments (Crusciol et al., 2009). Silicate
amendment may thus be even more attractive for potato
cultivation in dry regions such as Africa or India (the third largest
potato producing country globally) (FAO, 2008) and in future,
when droughts increase in frequency and intensity with negative
consequences for potato yield (Hijmans, 2003; IPCC, 2021).

Another co-benefit that we observed was the effect of basalt
amendment on nitrogen leaching. Nitrogen leaching significantly
decreased upon basalt amendment. In acid soils, the latter
is hypothesized to result from pH increases. However, pH
was buffered at 7.7 in both control and basalt amended soil.
Hence, other mechanisms were likely at play in our experiment.
Mechanistically, basalt amendment may have increased the trace
element molybdenum (Mo) (which is present in rhyolite basalt
in concentrations up to 4 ppm) (Arnórsson and Óskarsson,
2007). Soil and freshwater environments often contain Mo
at concentrations that naturally limit denitrification. Mo is
a cofactor of the enzyme nitrate reductase, which catalyzes
the conversion of nitrate into nitrite (Vaccaro et al., 2016).
Possibly, Mo released by basalt stimulated denitrifying microbial
communities, but further research is needed to verify this.

CONCLUSION

Simulated CO2 sequestration was 0.77 t CO2/ha in the
experimental timeframe (99 days) and 1.83 and 4.48 t CO2/ha

after 1 and 5 years, respectively. This first study comparing
experimental and modeled pore water chemistry in an EW
mesocosm experiment indicated an underestimation of
modeled CO2 sequestration, as simulated Ca and Mg pore
water concentration were substantially lower than measured
concentrations. Nonetheless, we did not detect a significant
increase in TIC, probably because TIC increases were too
small compared to soil heterogeneity. More detailed, long term
assessments in future mesocosm and field experiments can help
to further improve experimental and modeled estimates of CO2

sequestration through EW. As a co-benefit, nitrogen leaching
significantly decreased with basalt addition, despite the fact that
pH was not affected, suggesting that other processes were at play.
In order to draw conclusions about the basalt effect on total soil
nitrogen losses, future analyses should also consider gaseous N
losses such as NH3 and N2O.

Plant Ni did not significantly increase, and increases in soil
and pore water Ni were below allowed environmental quality
standards. Importantly, in our alkaline soil, the weathering-
induced risk of increased Al availability did not result in lower
potato biomass. Despite the positive trends in Ca, Mg and K
potato stocks, potato biomass was not significantly increased.
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Enhanced weathering
potentials—the role of in situ

CO2 and grain size distribution

Thorben Amann 1*, Jens Hartmann 1,

Roland Hellmann 2, Elisabete Trindade Pedrosa 3 and

Aman Malik 4

1Center for Earth System Sciences and Sustainability, Institute for Geology, Universität Hamburg,

Hamburg, Germany, 2Université Grenoble Alpes, CNRS, ISTerre, Grenoble, France,
3Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und Meeresforschung Bremerhaven,

Bremerhaven, Germany, 4Potsdam Institute for Climate Impact Research, Member of the Leibniz

Association, Potsdam, Germany

The application of rock powder on agricultural land to ameliorate soils and

remove carbon dioxide (CO2) from the air by chemical weathering is still

subject to many uncertainties. To elucidate the e�ects of grain size distribution

and soil partial pressure of carbon dioxide (pCO2) levels on CO2 uptake

rates, two simple column experiments were designed and filled nearly daily

with an amount of water that simulates humid tropical conditions, which

prevail in areas known for being hotspots of weathering. Multiple materials

(dunite, basanite, agricultural oxisol, a combination of the latter two, and

loess) were compared under ambient and 100% CO2 atmosphere. In a second

series, single material columns (dunite) were filled with three di�erent grain

size distributions. Total alkalinity, pH, major ions, and dissolved silica were

determined in the outflow water of the columns for about 300 days. Under

ambient atmospheric conditions, the CO2 consumption was the lowest in the

oxisol column, with 100 t CO2 km
−2 year−1, while dunite and basanite showed

similar consumption rates (around 220 t CO2 km−2 year−1). The values are

comparable to high literature values for ultramafic lithologies. Interestingly, the

mixture of basanite and oxisol has a much higher consumption rate (around

430 t CO2 km−2 year−1) than the basanite alone. The weathering fluxes under

saturated CO2 conditions are about four times higher in all columns, except

the dunite column, where fluxes are increased by a factor of more than eleven.

Grain size distribution di�erences also play a role, with the highest grain surface

area normalized weathering rates observed in the columns with coarser grains,

which at first seems counterintuitive. Our findings point to some important

issues to be considered in future experiments and a potential rollout of EW as

a carbon dioxide removal method. Only in theory do small grain sizes of the

spread-material yield higher CO2 drawdown potentials than coarser material.

The hydrologic conditions, which determine the residence times in the pore

space, i.e., the time available for weathering reactions, can be more important

than small grain size. Saturated-CO2 column results provide an upper limit for

weathering rates under elevated CO2.

KEYWORDS

climate change, negative emissions, carbon dioxide removal, enhanced weathering,

column experiment
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Introduction

Chemical weathering of silicate rocks exposed to meteoric

water is a process that removes carbon dioxide (CO2) from the

atmosphere (Ebelmen, 1845). To counteract rising CO2 levels by

removal of CO2 from the atmosphere, the use of rock products

was briefly proposed by Seifritz (1990) and made popular in

the climate science community as Enhanced Weathering (EW)

by Schuiling and Krijgsman (2006). Since then, assessing the

realistic potential of EW as a tool for carbon dioxide removal

(CDR) has become the focus of literature reviews (Hartmann

et al., 2013) and modeling studies (e.g., Hartmann and Kempe,

2008; Hartmann et al., 2013; Taylor et al., 2015; Beerling et al.,

2018; Strefler et al., 2018a). However, these studies have relied on

several assumptions for the parameterization of the weathering

process. Moreover, robust experimental data are still missing,

aside from a few laboratories (Renforth et al., 2015), mesocosm

(ten Berge et al., 2012; Dietzen et al., 2018; Amann et al., 2020;

Kelland et al., 2020; Vienne et al., 2022), and field trials (Haque

et al., 2020).

In addition to CDR, the application of rock products has also

been thought to improve soil conditions (via fertilization and

physical amelioration effects), thereby increasing agricultural

production (Julius, 1894; Leonardos et al., 1987; van Straaten,

2002). The resulting increase in biomass growth leads to

additional CO2 uptake and storage as organic carbon, thereby

augmenting the overall CDR potential of EW.

The sensitivity of weathering reactions to CO2

concentrations in a system, i.e., the magnitude of chemical

weathering effects from CO2 concentration changes,

has implications for estimates of weathering rates of EW

applications, and therefore CO2 removal. The parameterization

of Earth system models targeting long time scales relies on, for

example, realistic assumptions of the CO2 and related climate

sensitivity (e.g., Royer et al., 2007). In general, the sensitivity of

weathering rates to CO2 levels also has consequences for the

evolution of the atmospheres on other planets and is important

for, e.g., habitability assessments for early Mars (Teitler et al.,

2014; Cockell et al., 2016; Foley and Smye, 2018).

Small grain sizes (i.e., with high surface areas) are favorable

for fast reaction rates in the system, but the comminution of

rock to fine grain sizes implies energy costs that may render

EW less attractive. Thus, an ideal grain size range that balances

these two constraint needs must be defined for different types

of source material and soil targets. This energy constraint may

not be relevant if side products from the mining process, often

deposited as fines, are used.

To address these issues, column experiments were set up

to better understand the effects of the grain size distribution

(also referred to as particle size distribution) and partial pressure

of CO2 in soils with respect to CO2 uptake rates, these being

important controls on weathering rates in the field, and thus the

overall CDR potential. One of the objectives of this study was

therefore to test realistic upper limits of weathering rates and

CDR potential considering CO2 levels as the primary driver of

weathering rates.

To explore the CO2 effect, different materials were treated

under humid tropical conditions, typical for weathering

hotspots, with two soil CO2 conditions, ambient (0.046%) and

saturated (100%) CO2, where the latter is an upper limit for this

parameter, which is of course not realized in soils. Four rock

types were used: dunite, basanite, laterite, and loess. Olivine-

rich dunite was selected as a chemically simple model rock type

that is primarily composed of olivine, while basaltoids (like the

basanite used here) were proposed as a more suitable rock type

for EW (Hartmann et al., 2013; Amann and Hartmann, 2019)

that is widely available (Börker, 2019). Laterite or oxisol was

included as a representative of typically abundant soil types

associated with weathering hotspots in humid tropical regions.

As a commonly proposed EW substrate, this laterite was used in

pure form and as a laterite-basanite mixture. The last material

type is loess sediment from aeolian deposits—these can be

considered a natural analog for EW. The effect of grain sizes and

their distribution was tested using the dunite with three different

grain size distributions under fixed ambient CO2 conditions.

Methods

Material origin and characterization

Materials used in the experiments were dunite, basanite,

laterite, a basanite-laterite mix, and loess. The bulk chemical

composition of all materials (Table 1) was determined by

Panalytical Magix Pro wavelength dispersive X-ray fluorescence

(XRF) analysis. Specific surface areas (Table 2) weremeasured by

BET analyses using Kr adsorption (Brunauer et al., 1938) with a

Quantachrome autosorb iQ. Particle size characteristics (Table 2,

Figure 1) were determined using Sympatec Helos KFMagic laser

granulometry coupled to a Quixel wet dispersing unit, covering

a range of 0.5/18–3,200 µm.

Dunite

The dunite rock used here, also deployed in Amann

et al. (2020), contains ∼93% forsterite (Mg-endmember olivine,

Mg2SiO4). The other 7% are comprised of lizardite (Mg-rich

serpentine), Cr-bearing chlorite (including chromite or chrome-

spinel inclusions), and traces of chabazite (zeolite group) and

Mg-hornblende (amphibole). The mineralogical composition

was determined by energy-dispersive X-ray spectroscopy (Zeiss

LEO 1455 VP coupled with an Oxford Instruments EDX

detector). The sample originates from the Almklovdalen

peridotite complex (Åheim mineral deposit mined by the North

Cape Minerals Company, Norway). More information on the
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TABLE 1 Geochemical analysis of the source material.

Oxide Dunite Basanite Laterite a Laterite b Loess

[Mass–%]

SiO2 40.14 43.49 63.78 54.2 63.59

Al2O3 0.7 14.32 16.64 22.65 9.28

Fe2O3 6.75 11.1 5.5 6.67 3.91

MgO 44.99 9.05 0.1 0.05 1.68

MnO 0.09 0.18 0.02 0.01 0.1

CaO 0.4 11.52 0.21 0.13 6.77

Na2O 0.03 2.98 0.09 0.11 0.79

K2O 0.06 3.37 0.29 0.17 1.7

TiO2 0.01 2.69 0.75 1.01 0.65

P2O5 0.01 0.51 0.08 0.06 0.13

SO3 n.d. 0.02 0.05 0.05 0.09

LOI* 6.48 0.44 11.4 13.9 10.25

SUM 99.66 99.67 98.91 99.01 98.94

*Loss on ignition, determined gravimetrically at 1,050◦C for 1 h (Lechler and Desilets,

1987).

geochemistry of the material can be found in Beyer (2006),

Hövelmann et al. (2012) describes the geological setting. The

material was provided in two-grain sizes, a fine and a coarse

fraction (Figure 1).

Basanite (basaltoid)

The material used is a commercially available rock powder

called Eifelgold, produced by Lava Union GmbH (https://www.

rpbl.de) and sourced from the Eifel, a low mountain range

in western Germany with notable volcanic rock occurrences.

It was used in an “as delivered” condition with a grain

size similar to the fine dunite, with 44µm as the dominant

grain size fraction (Figure 1). Based on the geochemical

composition the calculated normative mineralogy (based on

the CIPW norm by Cross et al. (1902) is diopside (32%),

plagioclase (16%), leucite (15%), olivine (14%), nepheline (14%),

and others (10%). Based on the modal mineralogical QAPF

classification of volcanic rocks (Streckeisen, 1980) or the TAS

classification (Le Bas et al., 1986), this nepheline-rich material

is of basaltic composition, and more specifically, it is classified

as basanite.

Laterite (oxisol/ultisol)

This material, received from coffee farmers through private

contact, originates from the area of Conceição de Ipanema,

Minas Gerais, Brazil. According to the USDA soil taxonomy

(Soil Survey Staff, 1999), it can be considered to be oxisol or

ultisol, yet a more detailed soil description is not available.

We use the more generic term laterite here and chose this

material based on its cation-depleted character and high iron

and aluminum content. As this soil material comes from

an actively used agricultural plot, it is known that some

fertilizer had been applied to the soil, but more precise

information on the fertilizer type and quantities used is not

known. There are two types of laterite (Table 1), which were

sampled at different locations of the same plot. One type was

used for the pure laterite column experiments, and due to

insufficient material, the second type was used for the basanite-

laterite mix.

Loess

The loess material was freshly collected from a well-

described Upper Pleistocene loess occurrence in Remagen,

western Germany (50.5611◦N, 7.2435◦E; Klasen et al., 2015)

during a field trip in 2017. It was dried at 40◦C to remove

moisture. The average CaCO3 content is reported as 17–19%,

depending on the formation (Schirmer, 2011).

Experimental setup

Acrylic cylindrical tubes (outer-ø/inner-ø/length:

60/56/250mm) were filled with the untreated materials

(Table 3) to a height of 20 cm while tapping the cylinder to

gently settle the powder. All cylinders were fixed vertically

using clamps and clamp stands (Figure 2). The top/inlet was

covered to decrease water loss by evaporation. A 20-µm

nylon mesh was fixed at the bottom of each column to allow

water to pass through while retaining the fill material. The

experiments were carried out in a temperature-regulated

room at about 23◦C (Table 3 for details) during the duration

of each run. In total, 75ml of deionized water was added

(all at once) to each cylinder every morning, 5 days a week.

This amounts to about 8,000mm a−1 (= 8 m3 m−2 a−1),

to simulate intensive tropical rainfall (e.g., up to 10,000mm

a−1 on La Réunion (Strasberg et al., 2005) or Hawai’i

(Giambelluca et al., 2013). In contrast to these natural settings

where a variable, but significant amount of water is surface

runoff, water is forced through the column material in

the experiments.

The effluent solution was collected in polyethylene (PE)

bottles, and initially, collected andmeasured daily. The sampling

frequency was then decreased in the later stages of the

experiment when the fluid composition showed decreasing

variability. The experiments ran for about 10 months (Table 3).

Samples were not pooled over multiple watering events. It

should be noted that each daily-collected fluid only represents

the water that flowed through the column starting from the day

before. The samples were stored in a cool and dark environment

until analyses.
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TABLE 2 Specific surface areas of the source material, derived by BET analyses, as well as grain size distribution characteristics.

Grain size

category

Specific surface

area [m2 g−1]

p80* [µm] Dominant size

fraction

diameter [µm]

Dominant size

fraction [%]

Smallest

diameter [µm]

Share of a

smallest

fraction [%]

Dunite, fine 14.75± 0.24 43.5 30.5 6.7 <0.9§ 2.7

Dunite, coarse 1.61± 0.03 1020 860 10.8 <18 1.5

Basanite 1.98± 0.01 74.0 44.0 10.5 <18 25.0

Laterite a N.D. 21.5 18.0 6.5 <0.45 1.0

Laterite b N.D. 25.5 18.0 6.4 <0.45 1.6

Loess 19.77± 0.17 43.5 43.5 6.8 <0.45 0.7

*80% of grains are smaller than the given diameter. §this class is divided into five smaller classes but was summed to show the share below 0.9 µm.

FIGURE 1

Grain size distribution of the applied material.

CO2 experiment

One series of columns was treated with deionized water in

equilibrium with ambient air. The saturated-CO2 series used

deionized water that was sparged with a pure CO2 stream for

15min before application. These columns were capped with a

gas-tight cover.

Stock solutions had an average pH of 5.34 (5.58; note that

all values in parentheses were calculated with PhreeqC) and an

average electrical conductivity (EC) of 0.9 ± 0.6 µS cm−1 (1.0)

when in equilibrium with the ambient lab atmosphere. Under

CO2-saturated conditions, the average pH was 3.93 (3.91) and

the average EC was 43.9± 5.6 µS cm−1 (48.0).

Grain size experiment

This experiment was run with dunite (Table 3). Three

replicates of three-grain size distributions were prepared: a

coarse fraction, a fine fraction, and a 1:1 mix by mass of the

two-grain size fractions. The mass of the dunite powder in each

cylinder was subsequently measured.

Fluid composition analysis

The fluid effluent samples were measured for pH, alkalinity,

dissolved silica, and major ion composition. Alkalinity was

measured by automated titration to pH 4.3, using a Metrohm
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FIGURE 2

Experimental setup showing the semi-automated watering system for the CO2 column experiment.

Titrando. The titration method determines total alkalinity (TA),

defined by Dickson (1981) as:

TA =

[

HCO−

3

]

+ 2
[

CO2−
3

]

+

[

B(OH)−4

]

+

[

OH−
]

+

[

HPO2−
4

]

+ 2
[

PO3−
4

]

+

[

SiO(OH)−3

]

+

[

HS−
]

+2
[

S2−
]

+ [NH3]−
[

H+
]

−

[

HSO+

4

]

− [HF]−
[

H3PO4

]

(1)

Measurements were calibrated with certified references by A.

Dickson (recovery ≥ 99%). Dissolved silica was measured using

the molybdate blue colorimetric method (after Hansen and

Koroleff, 1999). The average and standard deviation of the

coefficients of variation from multiple measurements were 0.6

± 0.8% for all measured samples. The major cations, Na+,

K+, Ca2+, and Mg2+, were determined by ion chromatography

(Metrohm 881 Compact IC Pro system). Measurements were

considered valid when the standard recovery (done every ten

samples) was ≥ 95%. The pH was measured using a WTW

handheld pH meter calibrated with 3 buffer standards. The

effluent solution was routinely sampled before new water

was added, implying that the solution was in equilibrium

with the atmosphere (time for equilibration was generally

∼24 h).

Cation release

To estimate the total cation loss from the column material,

data gaps in the obtained time series were approximated by

linear interpolations between measured values. In the next step,

daily fluxes of each major cation were summed over the entire

experimental period. To derive the percentage loss of cations

relative to the amount present in the initial fresh material, the

following expression was employed:

Cation loss (%) = (1−
ncat −

∑tmax
t=1 Q (t) × ccat (t)

ncat
)× 100

(2)

here Q [L] is the solution outflux volume from the column

per time step t [day] and c [mol L−1] is the concentration of
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TABLE 3 Experimental series and parameters.

Series Solids pCO2 (%) Column

replicates

Column filling

mass (g)

Duration

(days)

Temp

(◦C)

Total flow-run

through volume

(ml)

Ambient-CO2 1:1 mix of coarse+ fine

dunite

0.046a 1 1,023.65 295 22.6c 16,404

Basanite 810.25 304 16,886

Laterite 561.00 304 16,886

1:1 mix of basanite and

laterite

620.00 286 15,921

Loess 794.32 304 16,886

Saturated-CO2 1:1 mix of coarse+ fine

dunite

100 1 1,019.96 295 22.6c 16,404

Basanite 789.69 304 16,886

Laterite 528.00 304 16,886

1:1 mix of basanite+

laterite

620.00 286 15,761

Loess 849.22 304 16,886

Grain size distribution Fine dunite 0.046a 3 901.13b 284 22.6d 15,814

Coarse dunite 982.97b

1:1 mix of coarse+ fine

dunite

655.47b

aAmbient air average over the experimental period: 459 ± 43 ppm CO2 , measured with a Picarro CRDS G2101-i; bAverage of three replicates (all values given in Table 1-1 in

Supplementary Material). cAverage over the experimental period± 2.2◦C (q25/q75: 22.3/24.0◦C). dData from this period missing—since the lab was continuously temperature-controlled,

we assume a value similar to the other experiments.

the considered cation. The moles of a given cation are initially

present, ncat [mol], can be calculated using this expression:

ncat =

(

mCatxO ×
MCat

(MCat+MO)

)

MCat
(3)

whereMCat andMO are the molar mass of the given cation and

oxygen, mCatχO is the column-specific available mass [g] of the

considered cation oxide (Catx%), as derived by XRF and found

in Table 1:

mCatxO =

Catx%

100
× mc (4)

with mc [g] being the initial mass of the solid material in

the column.

Weathering rate calculations

TA release rate

To calculate the “average” instantaneous release rate of TA

from a particular material, we used the following equation:

RTA =

Q(t)× cTA(t)

ATSA × τ
(5)

As is commonly the case, weathering or elemental release rates

are typically reported in terms of moles per unit area of solid

reactant per unit time (mol m−2 s−1). In the above equation,

Q [L] is the solution outflux volume from the column per time

step t, c [mol L−1] is the concentration of total alkalinity (TA)

at timestep t, ATSA [m2] is the initial total surface area of the

column material (which changes over time but is approximated

here as being constant), and τ [s] is the residence time of the

solution occupying the pore space of the material.

The total surface area is given by:

ATSA = mc × ASSA (6)

where mc [g] is the material mass and ASSA [m2 g−1] is the

specific surface area.

The residence time is calculated by:

τ =

Vp

Vo(t)
× t (7)

withVp as the calculated porespace within the column andVo(t)

is the volume of outflowing water per timestep t, with t being the

length of each time step (sampling interval).

The pore space is derived from the density differences as:

Vp = Vc −
mc

ρs
(8)
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where ρs is the material-specific density [g m−3] and Vc [m
3]

is the volume of the empty column. Column mass and material

density data are given in Supplementary Material 1.

Equation 5 is equivalent to the standard equation used to

calculate mineral dissolution rates using mixed-flow reactors

(e.g., Equation 2 in Hellmann, 1994). Nonetheless, the release

rates based on Equation 5 provide what can be considered

to be a ‘column-averaged’ elemental release rate, which in all

cases would be less than the corresponding rate based on the

dissolution of the same amount of material in an MFR. The

reason for this is that as the solution flows from top to bottom in

a column, non-linear chemical gradients will develop along the

column axis, such that the rate of dissolution of material at the

top of the reactor will be higher than that at the bottom. For the

purposes of this study, the use of an “average rate” should be an

acceptable proxy.

Land surface-based CO2 consumption rate
(Rland)

Based on the weathering reactions for two common silicate

minerals, forsterite:

Forsterite
︷ ︸︸ ︷

Mg2SiO4 + 4CO2 + 4H2O → 2Mg2+ + 4HCO−

3 +H4SiO4

→ 2MgCO3 ↓ + SiO2 ↓ +2CO2 ↑ +4H2O (9)

or albite:

2

Albite
︷ ︸︸ ︷

NaAlSi3O8 + 2CO2 + 11H2O → 2Na+ + 2HCO−

3

+4H4SiO4 +

Kaolinite
︷ ︸︸ ︷

Al2Si2O5 (OH)4 ↓→ 2Na+ + 2HCO−

3

+4SiO2 ↓ +8H2O (10)

we assume a 1:1 conversion of CO2 into alkalinity in the second

step of the reaction, which represents the initial weathering

product, while the second steps in Equations 9 and 10 represent

the long-term final stages of the reaction.

Based on this conversion, we use the TA concentrations

together with outflow volumes to calculate a first-order estimate

of land surface-based weathering rates, which are equal to the

CO2 consumption rates.

The annual CO2 consumption is estimated based on average

TA fluxes during the final stages of the experiments, based on

the assumption that dynamic near-equilibrium conditions are

representative of long-term fluxes. The values used were t > 225

days for dunite, t > 268 days for basanite-laterite, and t > 289

days for basanite, laterite, and loess experiments.

Individual, daily TA fluxes were calculated according to

Fd = Q (t) × cTA (t) (11)

based on the measured data for outfluxes Q(t) [L d−1] and

TA concentrations cTA(t) [mol L−1] from the aforementioned

experiments and corresponding periods.

With these individual fluxes, an average annual CO2

consumption (in t km−2 a−1) was calculated by

Rland =

1
n

∑n
d=1 Fd

Ac
×MCO2 × 365 (12)

where n is the number of available flux values, Ac is the cross-

sectional surface area of the column, MCO2 is the molar mass

of CO2, and the factor of 365 serves to convert daily to annual

CO2 uptake.

To evaluate the additional CO2 uptake over the first

year, which is characterized by non-equilibrium fluxes, a

simplified approach was chosen. Since TA concentrations

were not determined every day due to economic and time

constraints, the available data were fitted to a non-linear

function in order to derive an estimate of the TA fluxes

over the course of the experiments (curve fits shown in

Supplementary Material 2). Based on the fitting parameters,

modeled daily TA concentrations were summed over 1 year:

Rlandyear1 =

∑365
d=1 Fd

Ac
×MCO2 (13)

The additional CO2 consumption in the first year is then simply

calculated by

Rlandadd = Rlandyear1 − R
land

(14)

Saturation indices

All saturation indices were calculated using the Python

package PhreeqPython (Vitens, 2021), which is based on PhreeqC

(Parkhurst and Appelo, 2013). Thermodynamic input was

taken from the WATEQ4F database (Ball and Nordstrom,

1991). Calculations consider the major cation concentrations,

dissolved silica, phosphate, alkalinity, pH, and temperature as

input variables.

Results

CO2 experiment

Total alkalinity and pH

All experiments show an immediate effect of watering

after the start of each experiment, for both ambient CO2

and saturated CO2 conditions (Figure 3). There is an initial

phase in which all materials show an immediate spike in TA

concentration, followed by a slow exponential decrease, and

then the attainment of a roughly linear relation characterized

by slowly decreasing concentrations (Figures 3A,B). The weak

linear (downward) trends remain, even during the final stages
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FIGURE 3

Development of TA, the sum of cation equivalent concentrations, and pH in the columns treated under ambient (A,B,G) and saturated (C,D,H)

CO2 conditions. The ratios of TA and total cations (CO2 saturated/CO2 ambient) are shown in (E,F). pH is given in (G,H), note the starting pH for water

under ambient CO2 was on average 5.34, while the starting pH under 100% CO2 was on average 3.93.
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of each experiment, indicating that true steady-state conditions

were not yet fully reached.

Except for the first week, the highest TA concentrations

under ambient CO2 were observed for basanite, with values

around 2,000 µmol L−1 (Figure 3A), whereas under CO2-

saturated conditions, dunite showed the highest concentrations,

with values starting >100,000 µmol L−1, and then leveling out

further on to around 10,000 µmol L−1 (Figure 3C).

The strongest effect of CO2 saturation on TA was observed

for dunite, as evidenced by a TA ratio (CO2-saturated/CO2-

ambient) equalling 15–30. The effect was less pronounced

for the other materials, but all columns showed higher TA

concentrations under saturated conditions (Figure 3E).

The pH measurements in the effluent solutions are quite

scattered, but nonetheless, there is an overall trend of decreasing

pH with time for CO2-ambient conditions, which does not

seem to be the case in saturated-CO2 conditions. In general, it

appears that higher pH values occurred during the first half of all

experiments for CO2-ambient conditions, but during the second

half, the output pH values were slightly higher at saturated-CO2

conditions (Figures 3G,H). The effluent pH values reflect in large

part the significant differences in the starting pH values of the

input solutions.

Cation release

The sum of cation equivalents released follows trends

similar to those for TA (Figures 3B,D,F), in particular the sharp

initial spike followed by an exponential decrease and then the

attainment of a weak but negative linear relation (Figures 3B,D).

The relative loss of cations after the experimental period was

generally higher under CO2-saturated conditions in all materials

(Table 4). The ratio between the losses at ambient and saturated

CO2 varies, depending on the cation and source material. On

average, the loss ratio is 3.7 ± 3.8. The loss ratio of Mg is

highest in the dunite column, where the presence of high CO2

concentrations leads to a nearly 16× higher flux than under

ambient-CO2 conditions (Table 4). While the ratio is highest

for Mg, it stands out that major cation losses from the dunite

are dominated by monovalent K and Na. Also, basanite and

basanite/laterite released relatively higher Na and K contents

than Mg under saturated-CO2 conditions (Table 4). Losses from

the laterite are markedly high for Mg, Ca, and K. The loess

column lost predominantly divalent cations.

The relative release of elements is not proportional to

their content in the untreated substrates (Figure 4). The major

cation release of dunite is dominated by Na and K, even

though their abundance is only 1% in the dunite. The basanite

columns predominantly show Mg release under saturated

CO2 conditions, but Ca, Na, and K contribute 35% under

atmospheric conditions (Figure 4). Compared to the original

material, laterite shows a pronounced release of K at ambient

CO2 and of Ca at saturated CO2. The cation release from loess

is proportionally larger for Mg at both CO2 concentrations,

while Na and K releases are very low compared to the

original composition.

Grain size

This series of experiments was designed to shed light on

the effects of grain sizes (their distribution and specific surface

area) on weathering rates and ion fluxes using dunite. Columns

with smaller grain sizes resulted in higher Mg, TA, and effluent

pH (Figure 5). The mixed granulometry results approximated

those of the fine grain size rather than the coarse grains. Results

for Mg (Figure 5B) and TA concentrations (Figure 5C) show

similar trends, as was the case for dunite under ambient CO2

in the CO2 experimental series (Figures 3A,C). The effluent pH

trends are very similar to TA and show a sharp initial spike,

and then an exponential decrease to values of ∼8 (Figure 5D).

Si concentrations do not follow the generally observed trends

of TA, Mg, and pH (Figure 5A). Dissolved silica concentrations

are very low (<90 µmol L−1, Figure 5A) in comparison to the

released magnesium (>1,500 µmol L−1). Moreover, Si release

showed very similar trends for the three-grain sizes, with the

mixed case showing three anomalous concentration excursions

of unknown origin (Figure 5B). Si values generally fluctuate

between 5 and 20 µmol L−1, with four outliers.

The Mg/Si molar ratios are always well above the theoretical

value of 2 (Figure 5E), with values >100 at the beginning and an

average long-term average of 47.8. The mechanism responsible

for this non-stoichiometry can (in theory) result from either

preferential Mg release, or preferential Si retention, and can only

be elucidated with nanometer-scale solid-state surface analyses

(e.g., Hellmann et al., 2012, 2021; Zandanel et al., 2022).

Annual CO2 sequestration based on TA
fluxes

The initial period spanning the first few weeks showed

substantially elevated TA concentrations (Figures 3, 5), which

in turn corresponded to initially higher land surface-based

release rates. Over significantly longer time periods (up to

1 year) the TA concentrations, and consequently the CO2

removal rates, decreased until a baseline characterized by a

more constant behavior was reached, which can be considered

to be representative of the first year (Figure 6). These lower,

but constant weathering rates show that, under ambient-CO2

conditions, CO2 consumption is highest in the loess column and

lowest in the laterite column, with 730 and 100 t CO2 km
−2 a−1,

respectively (Figure 6A). Dunite (all-grain sizes under ambient

CO2) and basanite have similar consumption rates (around

220 t CO2 km−2 a−1). These values are comparable to the

plotted literature values for ultramafic lithologies (Figure 6A).
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TABLE 4 Fraction of major cations (mole %) relative to the cation content of the fresh/unreacted column material released during the experiment

phase. The resulting ratios between saturated and ambient CO2 treatment can be interpreted as the maximum achievable ratios in the field since

watering volumes were chosen to simulate tropical humid high precipitation rates with enhanced complete drainage.

Dunite Basanite Basanite/Laterite Laterite Loess

Amb.

CO2

Sat.

CO2

Ratio Amb.

CO2

Sat.

CO2

Ratio Amb.

CO2

Sat.

CO2

Ratio Amb.

CO2

Sat.

CO2

Ratio Amb.

CO2

Sat.

CO2

Ratio

Mg 0.09 1.44 15.87 0.09 0.49 5.51 0.32 0.87 2.70 12.91 31.48 2.44 3.98 9.18 2.30

Ca 1.78 2.98 1.67 0.16 0.95 5.83 0.59 2.01 3.39 14.69 51.44 3.50 2.28 3.09 1.36

Na 23.75 24.82 1.04 0.48 5.98 12.54 4.14 10.42 2.52 0.68 1.10 1.61 0.95 1.02 1.08

K 14.27 12.77 0.90 0.65 3.52 5.44 2.75 5.11 1.86 24.19* 27.72* 1.15 0.11 0.23 2.14

*High K-fraction in the laterite is assumed to be from highly soluble fertilizer contained in the original soil.

FIGURE 4

Relative fractions of major cations [from left to right: Mg (green), Ca (light orange), Na (light red), K (red)] in the original, unreacted material (see

XRF analyses, Table 1) and the relative cumulative fractions of each cation released over the 300-day reaction time under ambient and

saturated-CO2 conditions. (A) Dunite, (B) Basanite, (C) Laterite, (D) Loess.

The mix of basanite and laterite has a much higher consumption

rate (around 430 t CO2 km−2 a−1) compared to the basanite

alone. If the initial intensive weathering period is considered

representative of the first year, CO2 consumption rates are

significantly higher in all ambient-CO2 experiments (by 20–

250%). The CO2-saturated experiments show higher CO2

consumption rates (Figure 6B), compared to the ambient CO2

treatment by roughly a factor of four for the basanite, laterite,

and basanite/laterite, but around 11 for the dunite column,

excluding the initial flushing phase (Figure 6C).

Mineral saturation states

As a simplified indicator for potential secondary mineral

precipitation, saturation indices (SI) were calculated. It should

be kept in mind that these are thermodynamic calculations,

and therefore may not correctly predict precipitation, given

that kinetics may in fact be rate-controlling. The SI of

calcite and amorphous silica throughout the experiments was

calculated using the composition of the outflow solution

from all columns (Figure 7). Under ambient conditions, the

saturation indices of the effluent solutions suggest that the

precipitation of carbonate minerals (e.g., calcite, Figures 7A–D)

was thermodynamically favorable only for a short period

at the beginning of the experiment. Beyond this initial

period, the solutions were undersaturated with respect to

all considered carbonate species (Supplementary Material 3).

Under CO2-saturated conditions, water draining the columns

was, after equilibration with the atmosphere, most of the

time oversaturated or near saturation with respect to calcite

for the basanite and basanite-laterite columns (Figures 7A,B).

These SI indices change if it is assumed that the effluent

water remained 100% CO2-saturated; in this scenario, the

solutions were then consistently undersaturated with respect

to calcite. When the dunite columns were considered with

the same scenario (100% CO2-saturated effluent solution),

calcite was also undersaturated, except over the first few weeks.

Similar results were calculated for aragonite and dolomite
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FIGURE 5

Temporal evolution of averaged dissolved silica [Si, (A)], magnesium [Mg, (B)], total alkalinity [TA, (C)] concentrations, and pH (D) in the outflow

of the columns filled with dunite of di�erent grain size distributions under ambient CO2 conditions. (E) Evolution of the Mg/Si molar ratio; here

the y-axis minimum was chosen to represent the nominal ratio of Mg/Si in olivine, i.e., congruent dissolution (Mg2SiO4 → 2:1), Note that during

the final period, values are far higher than 2, indicating a non-stoichiometric alteration process. All the data are di�erentiated by fine (green

squares), coarse (red circles), and mixed (yellow triangles) grain sizes.

(Supplementary Material 3-1). The hydrous magnesiummineral

nesquehonite was always undersaturated, even in the dunite

experiment (Supplementary Material 3-2). Magnesite may have

precipitated throughout the experiment if equilibration with the

atmosphere occurred.

All solutions were generally below saturation with respect

to amorphous SiO2 under ambient-CO2 conditions, while

at saturated-CO2 conditions values fluctuated around zero,

indicating that precipitation could have occurred (Figures 7E,F).

Discussion

Land surface-based CO2 consumption

The CO2 consumption rates shown in Figure 6 were

calculated with a straightforward approach based on TA

fluxes from the columns. Two perspectives on achievable CO2

sequestration rates can be drawn from our results. When

scaled to 1 year, total CO2 uptake of nearly 1,000 t CO2
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FIGURE 6

The long-term annual CO2 consumption normalized to land surface area in t CO2 km
−2 a−1 under ambient-CO2 (A) and saturated-CO2

conditions (B). The light blue bars indicate the additional CO2 consumption during the first year, as rates steeply increase during the first weeks

of deployment. (C) The ratio between rates of saturated over ambient CO2 conditions is based on the expected annual consumption without the

initial flushing phase. 1from Table 1 in Hartmann et al. (2009): 11.77, 13.97, and 2.05 t CO2 km
−2 a−1, respectively; 2from Table 1 in Dessert et al.

(2003); 3from Table 6 in Schopka et al. (2011).

km2 a−1 was calculated for loess and dunite. However, this

estimate is only valid for the first year of application, which

includes a very elevated weathering signal contribution from

the first 3 weeks. Further on in time, the systems approach an

approximate dynamic steady-state state that leads to markedly

lower overall CO2 uptake rates. The possible explanations

for the decline in rates are discussed in Section 4.2. The

dynamic steady-state in the later stages of the experiments

yields significantly lower CO2 uptake rates, which for dunite

and basanite are comparable to the highest reported literature

values of catchments found for tropical areas with volcanic

rocks. This order of magnitude equivalence in CO2 removal

validates the applied environmental parameters in this study

(temperature and precipitation simulating tropical conditions).

Applying the observed rates to the globally available tropical

agricultural areas [5.1 × 106 km2, Strefler et al. (2018a), yields

a total annual CO2 uptake of 1.1 Gt CO2 a−1]. This is about

14% of the annual minimum required CDR to attain the

1.5◦ target estimate, stipulated in the Paris Agreement (United

Nations, 2015; Strefler et al., 2018b), and indicates that inorganic

carbon uptake by EW based on atmospheric CO2 levels in soils

might contribute significantly to a portfolio of CDR methods.

Moreover, in situ soil pCO2 is normally considerably higher

than ambient atmospheric values, where estimates of up to

70,000 ppm in tropical soils are not unusual (Brook et al., 1983;

Davidson and Trumbore, 2017; Hashimoto et al., 2017; Romero-

Mujalli et al., 2018). Higher CO2 levels increase CO2 drawdown

rates, by a factor of more than four under a scenario of

100% CO2-saturated conditions compared to ambient levels, as

demonstrated in this study. Counterintuitively, the land surface-

normalized CO2 sequestration rate of dunite is roughly equal

to that of basanite under ambient-CO2 conditions (Figure 6A),

and yet the ratio of CO2-saturated to ambient-CO2 uptake in the

dunite columns is more than two times higher than for all other

materials (11.3 vs. ∼4.5). We hypothesize that the weathering

reaction in the dunite column under ambient-CO2 conditions

was limited by the available CO2.

To put into perspective the weathering rates that we present,

it needs to be re-iterated that the experiments in this study

were designed to simulate plausible maximum weathering

rates, under specific conditions of (very) humid tropics, and

an (unlikely) 100% drainage of water within the columns

(water flowing through a bed of rock powder). Although the

investigated effects of saturated-CO2 conditions are not realistic

for natural soils, the results likely represent the upper limit

for inorganic weathering, without considering the potential

contributions of plants, microbes, and bioturbation. The CO2-

enhancement factor for elevated realistic CO2 levels in soils

compared to ambient conditions remains to be determined and

might not be linear (c.f. discussion Section The CO2 effect and

feedback constraints in Earth system model parameterizations).

Decrease of weathering rates with time

The surface area normalized weathering rates, here

represented by TA (Figure 8), are in general lower than far-

from-equilibrium rates using mixed-flow or batch reactors (cf.,

Palandri and Kharaka, 2004). Dissolution experiments using the

latter types of reactors are generally characterized by very low

solid to solution ratios, pre-treatment of grains to remove fines,

uniform grain sizes, and run times commonly on the order
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FIGURE 7

Calculated saturation indices for calcite (A–D) and amorphous silica (E–H) based on the composition of the outflow solution of the column

experiments. Values were calculated using PhreeqC. Ambient and saturated values in (A–C,E,F) are calculated based on the outflow solution,

which was equilibrated for 24h or longer with the laboratory atmosphere. In addition, saturation indices were calculated assuming the e	uent

solutions remained CO2-saturated.

of hundreds of hours to several tens of days. In contrast, our

column experiments, which have a high rock-to-water volume

ratio, provide rates that have maximum values below (ambient)

or in the lower range of one standard deviation of fitted reported

literature values [basanite columns, Figures 8C,D, comparison

with fitted data from Bandstra and Brantley (2008)]. Moreover,

in column experiments rates can decrease by up to two orders

of magnitude within the first year (Figures 8E,F).

The decrease in reaction rates with time can be attributed

to several processes. Initially, sample preparation conditions can

lead to hardly quantifiable decreases in observed dissolution

rates (Eggleston et al., 1989). Furthermore, a natural continuous

decrease of available material may also influence the observed

rate to a minor extent.

More importantly, dissolution rate declines may be

attributed to the very rapid dissolution of fine particles, and/or
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FIGURE 8

TA based weathering rates plotted against pH. Fitted data for literature weathering rates (gray area and dashed lines) from Bandstra and Brantley

(2008); rate values were recalculated with a stoichiometric factor to get TA to release rates. Four moles TA are produced from one mole

forsterite (Equation 9). Rates for basalt are reported as mol Si m-2 s-1; here, the conversion to TA release rates is based on a generalized basalt

composition (from Navarre-Sitchler and Brantley, 2007), where the equivalent of one mole Si yields 2.5 moles TA. Gradient colors indicate

elapsed time of the experiment. Note that in configurations e.g., there are more rate values available, yet no corresponding pH values were

recorded. (A) Dunite, ambient CO2, (B) Dunite, saturated CO2, (C) Basanite, ambient CO2, (D) Basanite, saturated CO2, (E) Dunite, fine, (F) Dunite,

mixed, (G) Dunite, coarse.

surface sites having high surface energies (Holdren and Berner,

1979; Brantley, 2008). The crushed materials used in this study

contain fines (no effort was made to remove them, e.g., see

SEM images of dunite in Supplementary Material 4 and Table 2,

column “share of smallest class”), and most likely also grain

surfaces with sites of high energy density that were created

during comminution.

Reaction rates reported in the literature based on mixed-

flow and batch reactors, typically with agitators stirring a few

grams of the minerals in a fluid medium, mitigate against

transport-limited conditions of mineral dissolution and rather

favor surface-controlled reactions (Awad et al., 2000; Martinez

et al., 2014).

In a column reactor, the somewhat fast and preferential

flow of water through channels, canals, or pore interconnections

will be similar and also surface reaction controlled. Water with

dissolved CO2 is moving through the pore system, and not

all pores will exchange water at the same rate. We observed

slight compaction of the material during the experimental runs,

decreasing the pore space and the surface area available for solid-

fluid contact, which also could have contributed to the reduction

of dissolution rates.

In addition, the material will be in contact with stagnant

fluids trapped within very tiny fluid pore spaces where it is

unlikely that the reactions are transport controlled.

Past experiments on forsterite dissolution have observed

non-stochiometric release of Mg/Si in the initial phase of

dissolution, becoming stoichiometric after a few 100 h of

reaction (Pokrovsky and Schott, 2000b). This was attributed to

the formation of an amorphous silica-rich layer (ASL) on the

mineral surface and has been reported for many other silicate

minerals including albite, labradorite, diopside, wollastonite,

and garnet (Wogelius and Walther, 1992; Pokrovsky and

Schott, 2000b; Hellmann et al., 2012). At steady-state, the layer

thickness varies and depends on the mineral, as well as the

fluid dynamics, solution chemistry and pH, and temperature.

Reported thicknesses range from <1 nm for laboratory altered

forsterite [Zandanel et al., 2022; see also evidence for slightly

thicker layers in Pokrovsky and Schott (2000a)] to 50 nm

on naturally weathered K-feldspars and 200 nm on serpentine

(Hellmann et al., 2012). The high Mg/Si ratio at the end of

the dunite experiment (Figure 5E) suggests that Si is actively

precipitating, even after 250 days. These results indicate that the

system was still far from the steady-state, unlike in experiments

with low mineral to water ratios, where steady-state and

stoichiometric dissolution were often observed within a few

100 h (Wogelius and Walther, 1992; Pokrovsky and Schott,

2000b; Hellmann et al., 2012).

If it is assumed that the formation of the ASL is governed

by a coupled interfacial dissolution-reprecipitation (CIDR)
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mechanism (Hellmann et al., 2003, 2012, 2021), and the ASL is

porous, it should not impede dissolution of the silicates (Putnis

and Putnis, 2007). However, if the ASL is non-porous and

impermeable to fluid exchange between the dissolving silicate

surface and the surrounding bulk fluid, the dissolution reaction

may become kinetically hindered, or in a worst-case scenario,

the reaction rate would evolve to such low values so as to be

unmeasurable (Putnis and Putnis, 2007). Even if the ASL is

porous and permeable, the distance between the exterior bulk

fluid and the reacting silicate surface might result in a decline

in rates over the course of the reaction (Pedrosa et al., 2016),

at least for low pressure and temperature conditions (Pedrosa

et al., 2017). Moreover, recent studies suggest that ASLs are

heterogeneous and can structurally evolve with time, e.g., an

increase in density. As a consequence, dissolution rates may

decline further over time (Daval et al., 2011, 2017; Maher

et al., 2016). Considering all of our experiments, after 1 year

of reaction there was no evidence that the dissolution of the

minerals stopped, even if some of the release curves are noisy

and do not display clear trends (Figure 3).

Si can also precipitate with different morphologies.

In an experiment by Lazaro et al. (2012), it was found

that amorphous silica precipitated during intense olivine

dissolution as nano-silica colloids, with a high SSA of 100–

300 m2g−1. The observed nano-silica has primary particles

of 10–25 nm that were agglomerated in clusters with an

average pore size of ∼20 nm. An increase in mesopores

could (further) increase the water holding capacity of the

soil (Schaller et al., 2020). This probably important aspect

in the context of drought conditions needs further research

to assess application consequences from the evolution of

amorphous silica in quality and quantity, depending on

the applied amount of silicate minerals, their grain sizes,

and shapes.

Comparing pH-controlled dissolution experiments from

the literature and the column-derived data from this study is

difficult as the experiment conditions are different, yet they

can provide a reference for the discussion. In the ambient-CO2

column experiments, dunite rates increase with pH (Figure 8)

with values >7, as opposed to the trends shown by literature

data fits (from Bandstra and Brantley, 2008). While in the

literature, rates are measured at fixed pH in a system far from

equilibrium, the column experiment is a system that reacts

dynamically with water and CO2 input by proton production

or consumption. Under ambient conditions, the capacity to

consume protons declines toward the end of the experiment,

indicated by lower pH and decreased weathering rates. Under

CO2-saturated conditions, rates also decline with time, but

the pH range is greater and not directly correlated with

alkalinity production (Figures 8B,D). Weathering rates are still

higher at the end of the experiment compared to rates under

ambient conditions.

E�ect of grain size (distribution)

It is often assumed that finer rock material grain sizes

purposed for enhanced weathering would yield higher CO2

capture rates (e.g., Strefler et al., 2018a), simply due to the

higher surface area available for reaction. This hypothesis is not

supported by our experiment results for EW.

The experimental series designed to evaluate the effect of

different grain sizes using the same dunite material shows

higher TA fluxes from the fine grain size column, especially

over the first 100 days. However, when normalized to the total

grain surface areas, this result changes: while the total grain

surface area of the fine column material is on average 8.4 ±

0.2 times higher than the surface area of the material in the

coarse columns, the CO2 consumption of the fine material is

only ∼7% higher. Although the porosity is much higher in the

fine grain size column (Table 1-3 in Supplementary Material),

which would indicate a larger potential contact area for rock-

water interaction, it is assumed that the characteristics of this

larger pore space do not allow for rate-stimulating effects. The

pore sizes may be much smaller, reflected in decreased hydraulic

conductivity, qualitatively observed by longer residence times of

the supernatant water (which percolated more slowly through

the column). Moreover, significantly smaller pores likely did

not contribute much to the transport of water through the

column, which was more likely characterized by preferential

fluid channels. In contrast, fluid flow through the coarsematerial

with larger and inter-connected pores likely enabled a greater

material-water contact area, leading to enhanced dissolution.

A comparable effect may explain the higher weathering

fluxes of the laterite/basanite mix, compared to basanite alone,

although the mix is only comprised of 50% basanite. The plain

tropical soil, laterite, naturally dominated by very small grains

(p80 < 30 µm) showed little hydraulic conductivity and long

retention times of the supernatant water. Mixing with the coarse

basanite yielded a grain size distribution more suitable for

enhanced weathering, so the effect of hydrology, an increase of

hydraulic conductivity, and enhanced grain-water contact time

may lead to the enhanced observed weathering fluxes.

Both observed effects underline the importance of the

hydrologic conditions within the material, which are controlled

by the grain size distribution (as also hypothesized in Amann

et al., 2020; c.f., modeled hydrological effects from EW in de

Oliveira Garcia et al., 2020) and the nature of grain packing,

which in the experiment was also influenced by manually

filling the columns. Preferential flow along the column walls,

or clogging and missing pore interconnections (as could be

visually observed in the columns) may decrease apparent

weathering rates, while a grain size distribution optimized for

water residence times, with a balance between sufficient reaction

time and oversaturation, canmaximize the weathering effect and

thus the CO2 uptake efficiency (de Oliveira Garcia et al., 2020).
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For a real-world application, simply testing the rock flour

material alone, without considering the soils it is applied to,

will not be an effective strategy. Besides testing material mixed

with the target soil, it seems imperative that hydrological effects

should also be considered. Moreover, the effects of bioturbation,

plant roots, or uptake of elements by plants (Akter and Akagi,

2010; Taylor et al., 2015; Krahl, 2020; Verbruggen et al., 2021)

affect the transferability of the column experiment results to real-

world soil-plant systems. Such effects on EW must be studied

in more detail to enable enhanced predictions by models in the

future, backed up of course, by experimental data.

Cation release

Studies of major cation leaching are relevant for the

assessment of different rock types to act as potential CO2

sinks via weathering. Our results (Table 4) suggest that the

total dissolution of any of the evaluated materials under the

conditions in this study would take about a century or longer

under atmospheric pCO2 while being accelerated in the CO2-

saturated environment. It is relevant for a CDR application

scenario to understand the cation release rate and alkalinity

production as a function of CO2 levels in the amended soils.

The relative release of major cations from the substrate

diverges from its relative content in the parent mineral

(Figure 4). Cation release is largely determined by the

dissolution kinetics of dominant minerals. Mg dominates

the cation flux from the dunite column, which is expected,

as forsterite (Mg2SiO4) dominates the source rock. In the

dunite experiment, notable amounts of K were released, which

might be unexpected, given the general composition of the

material. This behavior may be traced back to the occurrence

of chabazite (Supplementary Material 5), a mineral from the

zeolite group, which can contain K and has rather rapid

weathering rates (Schofield et al., 2015; Moravec et al., 2021).

K is relevant for achieving additional carbon sequestration

via EW through biological processes (Goll et al., 2021), as K

is an important nutrient to most plants. The release of Na

and K from the basanite columns could be explained by the

abundance of nepheline [(Na,K)AlSiO4], a feldspathoid mineral

that commonly occurs in the silica-depleted magmas of the

Eifel (Mertes and Schmincke, 1985). The dissolution rate of

nepheline is significantly higher than other Na-dominated

rock-forming minerals, i.e., albite (Lasaga et al., 1994; Franke,

2009). The high dissolution rate indicates that rocks rich in this

mineral may be a preferable source for EW, even if a monovalent

ion is associated with ∼50% less CO2 drawdown compared to a

divalent cation.

Target materials for EW application should be tested for

available water (rainfall) and CO2 concentration gradients in

the soil, as these two external parameters predominantly govern

CO2 uptake. However, since K, but also Mg and Ca, are taken

up by plants, their removal from the soil-water system is likely to

decrease the instantaneous CO2 sequestration rate because plant

uptake of cations is counterbalanced by the release of protons

(Britto and Kronzucker, 2008), and cation concentrations in the

water phase leaving the system should be lower due to their

temporal storage in plants. The quantity of these elements that

remain in agricultural fields after crop/tree harvest will affect the

final long-term field-based CO2 removal rate. At the same time,

given sufficient time, the leftover organic matter could re-release

cations. These processes call for further investigations to provide

a better picture of full inorganic CO2 sequestration through

EW. To assess the full EW potential, inorganic and organic CO2

sequestration should be studied in parallel, focusing additionally

on the effects of P release, an importantmicro-nutrient for plants

that are commonly used in fertilizers, and which is abundant in

the basanite (Table 1) but was not the focus of this study.

Riverine cation elemental ratios in watersheds (e.g., Ca/Na)

can be used to distinguish between carbonate and silicate

weathering (Gaillardet et al., 1999). Results here suggest that EW

application with high amounts of nephelinemight change Ca/Na

ratios due to the non-stoichiometry of the alteration process,

which potentially affects the interpretation of weathering

sources, and also can alter the geochemical baselines of rivers

(Hartmann et al., 2007). Under a large-scale EW deployment

scenario, the influence of altered geochemical fluxes in natural

systems on scientific interpretations has to be considered as a

side effect not addressed so far.

The CO2 e�ect and feedback constraints
in earth system model parameterizations

The CO2 feedback on weathering rates and CO2

consumption in Earth system or planetary models is

often represented by the factor α = (pCO2
/preind.pCO2

)n

(Walker et al., 1981). In an abiotic world, as in our column

experiments, this feedback would represent the direct effect

of CO2 dissolution and consumption in water, in addition

to hydrological feedback, as the weathering flux is largely

controlled by water throughflow, given a fixed lithological

composition. In general, it is not possible to distinguish the

proportions each of these effects contribute to the feedback.

The exponent n is often modulated to fit an assumed feedback-

strength range (Uchikawa and Zeebe, 2008; Lehmer et al., 2020).

We can compare our results with the resulting feedback strength

for n = 0.1 to n = 0.5 using a pCO2 of 400 ppm as a baseline,

instead of the pre-industrial value. This comparison would only

consider the CO2 effect and no further hydrological feedback

due to elevated CO2 in the atmosphere. Solving the above

equation for n with α = 4.5, representative of the results in this

experiment (Figure 6C) leads to n= 0.2, a value that matches the

assumed default conditions in the simulations of Uchikawa and
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Zeebe (2008). This value might be representative of conditions

on Mars or other planets with a high pCO2 atmosphere. With

n = 0.3 the feedback is comparable to results from the dunite

column, where it must be assumed that observed weathering

fluxes are diffusion-limited (see above). The case of n = 0.5

would result in an even higher CO2-enhancement factor of

50. This would imply that in a basalt-dominated world, the

additional hydrological effect would be stronger by a factor

of 10. As the early, primitive surfaces of Earth or Mars were

more likely to be comparable to a basaltic than to an olivine-

dominated surface, this comparison invites a discussion about

the combined effects of CO2 and hydrology in a planetary

system, and how they can be best represented. If the CO2

feedback effect due to EW is modeled at the planetary scale, one

should distinguish CO2 effects on mineral weathering and on

hydrology separately.

Results suggest that n values in the lower range of values

considered are more realistic. As only two CO2 conditions

were tested, a simple scaling law would suggest that for humid

tropical areas a doubling to tripling in weathering rates can be

assumed for elevated (>70,000 ppm) CO2 conditions compared

to ambient CO2 conditions (Table 5).

Enhancement of weathering by
rhizosphere processes

As the column experiment was primarily abiotic, the

influence of biological processes on weathering rates was not

explicitly considered, although microbial components may have

exerted a minor influence on the columns filled with soils, as

these were not sterilized. Processes in the rhizosphere can speed

up dissolution processes and therefore increase EW potentials

(Krahl, 2020; Verbruggen et al., 2021). Beerling et al. (2020)

deduced a biotic weathering enhancement factor normalized

to net primary productivity in the range of 1–7 (from work

of Akter and Akagi, 2005, 2010; Quirk et al., 2012, 2014).

This factor incorporates the effects of rhizosphere biologically

accelerated weathering. Given the overall scarcity of data, but the

TABLE 5 Weathering rate factor α = (pCO2
/pCO2−baseline

)n, normalized to

the baseline condition of 400 ppm CO2 as applied in common Earth

system models to simulate weathering rate changes with increased

pCO2
, depending on the choice of exponent n.

CO2 (ppm) n= 0.1 n= 0.2 n= 0.3 n= 0.5

400a 1.00 1.00 1.00 1.00

1,000 1.10 1.20 1.32 1.58

70,000b 1.68 2.81 4.71 13.23

1,000,000c 2.19 4.78 10.46 50.00

aReference value, ambient-CO2 concentration;
bElevated soil pCO2 , from Davidson and

Trumbore (2017); cSaturated-CO2 conditions (100%).

relevant influence of plants and the rhizosphere, these processes

need to be considered to determine realistic constraints on

the boundaries of EW for diverse environmental settings in

the future.

Precipitation of carbonates

The secondary precipitation of carbonates as the final long-

term step in the weathering process can release half of the

captured CO2 counterbalanced by Ca and to some proportion

of Mg. Thus, carbonate precipitation should be monitored

to evaluate the overall carbon sequestration potential of an

agricultural system. However, carbonate mineral saturation

indices indicate that carbonate formation only occurred

during the initial phases of our experiments, since long-

term oversaturation was not observed. Consequently, the

precipitation of carbonates may not be expected in agricultural

soils under long-term treatment with rock material, given the

humid, tropical conditions. Precipitation downstream of the

application area might occur after water is re-equilibrating

with the atmosphere (Figure 7). See further discussion on

efficacy of enhancing carbonate weathering for carbon dioxide

sequestration in Knapp and Tipper (2022).

Conclusion

Our counter-intuitive finding that the smallest grain sizes

may not lead to the fastest CO2 uptake (Figure 6) calls for amore

detailed investigation of the influence of grain size distributions

and packing density of soils in individual application cases.

Larger target grain sizes will decrease the energy requirements

for comminution. This will lower costs and the potential CO2

penalty from fossil energy use.

The pronounced alkalinity production during the initial

phases of the experiments suggests that a modified application

schememight be considered: rock flour replenishment at shorter

intervals (e.g., annually) may be preferable over a one-time

application of a larger amount of material to achieve higher

CO2 drawdown rates. This, however, needs to be tested with

further experiments, as biological processes were not simulated

in this study.

We have also shown that the individual mineral

compositions making up applied rock material is important for

the evaluation of CO2 uptake speeds and side effects. A site-

specific material selection process, going further than a simple

search for local “basalt,” can optimize dissolution rates (and

thus CO2 uptake potential), as well as plant nutrient potential.

Looking beyond basaltic material, loess can sustain rather high

dissolution rates over millennia (Börker et al., 2020), which also

showed high dissolution rates in the experiments. As such, it

may even be a well-suited material to produce alkalinity—and
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remove CO2–in the context of CDR as it is often regionally

available, easily extractable, and fertile. Material-specific aging

processes and the formation of secondary precipitates will be

issues that also need to be understood in more detail.

Overall, future models and projections for EW-related

CDR should consider the dissolution rates obtained from

column experiments under 100% CO2, as they will represent

an upper boundary in an inorganic system. Further studies

should assess the soil pCO2 gradients, simulating conditions in

soils of different climates and environments with up to more

than 100,000 ppm. Biologic processes should further accelerate

the observed rates, which demands tailored experiments,

distinguishing biological and inorganic geochemical processes,

to improve EW-CDR-potential assessments.

A further observation from the experiments, the promising

utilization of electrical conductivity as a predictor for TA

production, a proxy for the CO2 sequestration effect, is discussed

in a complementary publication (Amann and Hartmann, 2022).
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The e�cacy of enhancing
carbonate weathering for
carbon dioxide sequestration

William J. Knapp* and Edward T. Tipper

Department of Earth Sciences, University of Cambridge, Cambridge, United Kingdom

Enhanced weathering is a geoengineering strategy aiming to increase

continental weathering rates, thereby increasing the delivery of atmospheric

carbon (as HCO–
3 ) to the oceans. Most enhanced weathering studies focus

on the capacity of silicate rocks (e.g., basalt) and minerals (e.g., olivine,

Mg2SiO4, or wollastonite CaSiO3) to remove atmospheric CO2. However,

carbonate minerals (e.g., calcite, CaCO3) could provide an additional, rapid

way to increase HCO–
3 export to the oceans. Recent studies suggest that 0.84

Gt C yr−1 could be removed from the atmosphere through the enhanced

dissolution of calcite in soils, provided carbonic acid is the main dissolution

agent. What is not clear is whether atmospheric CO2 dissolved in soils can be

transported by rivers, which typically have lower [pCO2], to the oceans. This

di�erence in calcite solubility between soils (where weathering occurs) and

rivers (where HCO–
3 is transported) may lead to large amounts of secondary

carbonate formation during transport, releasing the CO2 consumed through

dissolution. Here, we present a modeling study comparing the estimated

soil dissolution capacity (SDC) in 149 of Earth’s largest river basins, to the

potential transport capacity of carbon (PTCC) in corresponding rivers. We find

the SDC can only be exported to the oceans, without secondary carbonate

precipitation, if rivers are in disequilibrium with respect to calcite (i.e., SIc =

1). In this instance, 0.92 Gt C yr−1 may be sequestered above background

weathering rates, which is ∼20% of annual increases in atmospheric carbon. If

rivers are at equilibrium with calcite (i.e., SIc = 0), approximately two-thirds of

the carbon dissolved in soil waters are lost due to calcite precipitation in rivers,

and just 0.26 Gt of additional atmospheric C yr−1 can be transported to the

oceans. Overall, the e�cacy of enhanced carbonate weathering is a function

of the capacity rivers have for transporting the products from carbonate

weathering to the oceans, rather than the dissolution capacity of soils. These

findings have implications for the e�ciency of enhancing silicate weathering

for ocean alkalinity enhancement, as secondary carbonate precipitation during

transport is not always considered.

KEYWORDS

carbonate weathering, soil pCO2, carbon sequestration, rivers, enhanced weathering

in soils, calcite dissolution capacity
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1. Introduction

The riverine flux of dissolved inorganic carbon (DIC, mostly

present as the bicarbonate HCO3
− ion in natural waters),

derived from continental weathering, forms a vital link between

Earth’s atmosphere and oceans, acting to regulate atmospheric

[CO2] on million year timescales (Berner and Berner, 2012).

A novel approach to combatting the current anthropogenically

forced increase in atmospheric CO2, and concomitant global

warming, is to artificially increase the flux of solutes from

chemical weathering processes, in particular, HCO–
3 (Seifritz,

1990; Lackner et al., 1995; Schuiling and Krijgsman, 2006;

Köhler et al., 2010; Kelemen et al., 2011; Hartmann et al., 2013).

This process of increasing HCO–
3 export is known as enhanced

weathering (Schuiling and Krijgsman, 2006). The majority of

studies concerning enhanced weathering have evaluated the

potential of mafic silicate rocks (e.g., basalt) and minerals

(e.g., forsterite, Mg2SiO4 and wollastonite, CaSiO3) as reactants

(Schuiling and Tickell, 2010; Moosdorf et al., 2014; Renforth

et al., 2015; Taylor et al., 2016; Griffioen, 2017; Montserrat

et al., 2017; Rigopoulos et al., 2018; Andrews and Taylor, 2019;

Haque et al., 2019). The potential of calcium carbonate (CaCO3)

and calcium hydroxide (CaOH) dissolution to consume CO2 is

poorly constrained (Oh and Raymond, 2006; Zeng et al., 2022b).

Carbonate rocks and minerals have faster dissolution kinetics

over a range of temperature and pH values in comparison

to silicates. For example, experimental studies show calcite

dissolution can be >4 orders of magnitude faster than forsterite

dissolution at pH 6, c.f. Brantley et al. (2008), Chou et al. (1989),

and Plummer et al. (1979). Field observations of silicate mineral

dissolution suggest this difference may be even larger (Renforth

et al., 2015; White, 2018). Therefore, enhancing carbonate

dissolution may be an efficient way to increase the rate of the

terrestrial weathering response to increased atmospheric CO2

increase (Rau et al., 2007). Carbonate rocks are also ubiquitous

and are often extracted to create aggregates and for other

industrial purposes (Hudson et al., 1997; Rau et al., 2007).

Carbonate dissolution with carbonic acid (H2CO3) is often

overlooked as a potential method for enhanced weathering

since the weathering of carbonates is considered to be a carbon

neutral process on geological timescales (Berner and Berner,

2012). However, on the shorter timescales of mineral dissolution

reactions and transport to the oceans, carbonate weathering

reactions (Equations 1 and 2) dissolve one mole of atmospheric

CO2 into solution (HCO–
3) per mole of Ca2+ released from

a carbonate mineral to aqueous cation. Carbonate rocks are

estimated to account for over half of the atmospheric CO2

consumed by rock weathering each year, making carbonate

weathering integral to the current understanding of global

carbon cycling (Gaillardet et al., 1999).

CO2atmospheric +H2O(l) −→ H2CO3(aq) (1)

CaCO3(s) +H2CO3(aq) −→ Ca2+(aq) + 2HCO−

3 (aq) (2)

The influx of anthropogenic CO2 into the global oceans

is initially buffered by the dissolution of pre-existing

carbonate sediment on the ocean floor (i.e., calcium carbonate

neutralization Archer, 1996; Archer et al., 1997), resulting in

a shoaling of the carbonate compensation depth (CCD). This

initial shoaling is subsequently balanced by a terrestrial input

of HCO–
3 as weathering rates increase as a consequence of

increased atmospheric CO2 (Archer, 1996). The timescales on

which these neutralization processes occur are on the order of

1,000–10,000 years (Ridgwell and Hargreaves, 2007). Enhanced

weathering increases the rate at which HCO–
3 is delivered to the

oceans, restoring the equilibrium between seafloor carbonate

dissolution and carbonate sedimentation more rapidly than

natural weathering rates could achieve. Ultimately, this slows

the rate of CCD shoaling, as carbonate weathering products

are transferred to the deep ocean to neutralize the influx of

atmospheric CO2.

Proposedmethods of enhancing carbonate weathering range

from point source industrial scale reaction of flue gasses with

a limestone seawater mixture (e.g., Rau and Caldeira, 1999;

Caldeira and Rau, 2000; Rau et al., 2007), to a large-scale reaction

of lime powder on agricultural land with atmospheric CO2

(e.g., Zeng et al., 2022b). In the present study, we focus on

liming, a commonplace agricultural method, which involves

the spreading of carbonate powder on farm land. Canonically,

the carbon in the H2CO3 is derived from the dissolution

of atmospheric CO2 into water (Equation 1), but this CO2

can also be derived from the respiration of modern organic

matter (e.g., soil carbon <1,000 years old) in the critical zone

(Trumbore et al., 1996; Shi et al., 2020). Therefore, the release

of cations (chiefly Ca2+) and HCO–
3 involved in Equation 2

can help ameliorate the effects of soil acidification, replenish

nutrients in the soil profile and increase the ionic strength of soil

solutions. Liming has been practiced since antiquity (Connor

et al., 2011), and is thought to have played a critical role in the

agricultural revolution in Europe, allowing successful intensive

crop rotations (Narbarte-Hernandez et al., 2021). Liming is

commonplace and considered safe. This is advantageous in

comparison to other methods of enhanced weathering, e.g.,

olivine weathering, which has been shown (in some cases)

to release potentially toxic metals in dissolution experiments

(Renforth et al., 2015).

Previous studies have demonstrated that liming has the

potential to remove appreciable amounts of CO2 from the

atmosphere via dissolution. For example, Zeng et al. (2022b)

estimate that liming at a global scale could remove ∼ 0.84

Gt C yr−1 (Gt = gigaton = 1×109 tons), or ∼15% of annual

increases in atmospheric CO2 (Friedlingstein et al., 2020). For

enhanced carbonate weathering via liming to be an effective
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CO2 consumption mechanism over timescales relevant to

the anthropogenic increase in CO2, it is imperative that i)

the additional HCO3
−, derived from enhancing carbonate

weathering, is not precipitated as secondary carbonate on the

continents, and ii) the source of acidity is carbonic acid, with

carbon recently derived from the atmosphere. However, many

rivers and streams are saturated with respect to calcite, and

as these waters outgas and equilibrate with atmospheric CO2

the precipitation of travertines in rivers and calcretes in soils

is likely (Dandurand et al., 1982; Drever, 1988; Dreybrodt

et al., 1992; Yan et al., 2020; Erlanger et al., 2021). Indeed,

the precipitation of carbonates from supersaturated solutions

is a well documented phenomenon in a range of climatic

settings (Ford and Pedley, 1996; Hudson et al., 1997; Galy et al.,

1999; Tipper et al., 2006; Lacelle, 2007; Thomazo et al., 2017;

Erlanger et al., 2021). As carbonate precipitation is the reverse

of Equation 2, rapid carbonate precipitation in rivers and soils

means there is no net consumption of CO2. To date, there

has been no systematic study pertaining to whether the carbon

(as bicarbonate, HCO3
−) derived from enhancing carbonate

weathering can be successfully transported from the continents

to the oceans, without precipitating as secondary carbonate

during transit. Therefore, a key issue to quantify is the extent

to which the supersaturation of natural waters, induced by

liming, limits the transport potential for carbon transfer between

the continents and oceans, limiting carbon consumption via

enhanced carbonate weathering.

In the present contribution, we define the concept

of a potential transport capacity of carbon (PTCC). The

PTCC is the difference between the measured HCO3
−

concentration in a river basin (HCO3
−

measured
), and the

theoretical equilibrium HCO3
− concentration before calcite

will precipitate (HCO3
−

equib
). The equilibrium calcite solubility

(and also HCO3
−

equib
) can be determined on the regional or

catchment scale as a function of temperature and river pCO2(aq).

This solubility represents a chemical equilibrium between a

dissolving carbonate mineral (in this case calcite) and river with

measured chemistry, constraining themaximum possible HCO–
3

concentration river water can have prior to calcite precipitation.

As all natural waters already have a HCO–
3 concentration

resulting from rock andmineral dissolution, the viability of CO2

consumption by enhanced carbonate weathering depends on the

difference between the maximum [HCO3
−] (calculated from

maximum calcite solubility), and themeasured [HCO3
−] within

a given river basin. This comparison serves as a PTCC with

respect to HCO3
− (or DIC). Our simple calculations highlight

that river basins already at or above calcite saturation have

very little (or no) capacity to transport additional HCO3
−,

which is charge balanced by Ca2+, to the oceans and would

be a poor choice for liming. River basins with a low measured

[HCO3
−], and are undersaturated with respect to CaCO3, have

higher PTCC values and may be appropriate for carbonate

weathering by liming. Since many rivers are supersaturated with

respect to CaCO3 we evaluate two global simulations of riverine

CaCO3 transport capacities, the first at saturation index for

calcite (SIc, see methods for definition) = 0 and the second

at SIc = 1. These two modeling scenarios provide a baseline

PTCC and a maximum PTCC. As a point of reference, the

PTCC estimates are compared to a soil dissolution capacity

(SDC). This is defined as the total amount of calcite a soil

may dissolve, while maintaining a SIc = 0 and a calculated

pCO2. Soil pCO2 is often greater than riverine pCO2 (Romero-

Mujalli et al., 2019b), and this discrepancy has been observed to

result in secondary carbonate precipitation in rivers and other

terrestrial environments (Erlanger et al., 2021). Therefore, the

SDC serves as an upper bound for estimating CO2 consumption,

since degassing and mixing processes will likely lead to soil

waters becoming oversaturated and precipitating secondary

carbonates.

This approach contributes to the growing body of evidence

in favor of enhancing carbonate weathering through liming (Oh

and Raymond, 2006; Hamilton et al., 2007; Zeng et al., 2022b),

and suggests tenable carbon sequestration potentials.

2. Materials and methods

The modeling approach assumes that it is possible to elevate

the concentrations of Ca2+ and HCO3
− in solution through

enhanced calcite dissolution until saturation (SIc = 0), or

supersaturation (SIc = 1), is reached.

SIc is defined as:

SIc = log10

(

αCa2+αCO2−
3

Ksp(calcite)

)

(3)

Where αCa2+ and αCO2−
3 are the activities of Ca2+ and

CO2−
3 in solution respectively, and Ksp(calcite) is the equilibrium

constant of calcite for a given temperature. Where:

Ksp(calcite) = αCa2+αCO2−
3 (4)

αCa2+ and αCO2−
3 are the activities at saturation.

2.1. Calculation of HCO3
−

equib
in rivers

and soils

To calculate HCO3
−

equib
(i.e., the [HCO–

3] at a given SIc),

dissolution, and transport of calcite were assumed to take place

under open system conditions, as such it was assumed rivers

and soil waters are able to exchange gases with the atmosphere,

a constant supply of CO2 from organic matter is available,

and rapid dissolution kinetics of calcite. Assuming open system
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conditions, equilibrium [HCO–
3] in a non-ideal solution can be

modeled after after (Drever, 1988; Calmels et al., 2014):

[HCO−

3 equib] =





2KCaK1KHpCO2

K2γCa2+γ 2
HCO−

3





1
3

(5)

Where K1 and K2 are the first and second dissociation constants

of carbonic acid, KCa is the equilibrium constant for calcite

dissolution, KH is Henry’s law constant for CO2 in water,

γCa2+ and γHCO−

3
are the activity coefficients for calcium and

bicarbonate in solution, respectively, and pCO2 is the partial

pressure of CO2 in either river or soil waters. A full derivation

of Equation (5) is provided in the Supplementary material. The

amount of calcite required to reach saturation can then be

calculated based on the stoichiometry of Equation 2.

Enhanced rates of organic carbon respiration in soil waters

mean pCO2 is generally elevated in soils in comparison to

rivers (Romero-Mujalli et al., 2019a; Erlanger et al., 2021).

Consequently, according to Equation 5, the HCO3
−

equib
at a

given temperature and ionic strength in soil waters is typically

greater than that of rivers (Erlanger et al., 2021). This is an

important distinction. While dissolution rates and [HCO–
3]

can be elevated in the soil environment, it is not possible

to transport these weathering products under equilibrium

conditions in rivers to the oceans, where carbonate dissolution

products can contribute to long-term carbon storage. This

phenomenon has been observed in the poly-lithic Northern-

Apenines, where the discrepancy in [HCO–
3] between the soil

and river environment is caused by a quantitative removal of

Ca2+ and HCO–
3 from river waters, via authigenic carbonate

mineral formation (Erlanger et al., 2021). Therefore, it is critical

that the discrepancy between the SDC (where most weathering

occurs), and the capacity of rivers to transport this carbon

(PTCC) is addressed on a global scale.

To compare the open system transport capacity of rivers

with the dissolution capacity of high pCO2 soils, soil pCO2

was estimated at a global scale at a grid resolution of 0.5◦

(Romero-Mujalli et al., 2019b):

log10(pCO2) =
e(b1+θ)

+

(

b2
θ

)

(

b3 + eb4T

) + log10(pCO2atm) (6)

Where θ is the mean annual volumetric water content of

the soil (v/v), T is surface temperature in degrees Celsius,

log10(pCO2atm) is logarithm of CO2 partial pressure in the

atmosphere (a value of –3.4 is used), b1, b2, b3, and b4 are fitted

constants (Romero-Mujalli et al., 2019b). Soil moisture data is

from the European Space Agency Climate Change Initiative data

portal (ESA, http://www.esa-soilmoisture-cci.org/).

Calculated soil pCO2 values were used in Equation 5 when

calculating the carbonate derived SDC. Global gridded riverine

pCO2 data were taken from Lauerwald et al. (2015). Riverine

pCO2 data were used in Equation 5 when calculating the

PTCC for rivers. The solubility of calcite in the river and soil

environments was calculated in PHREEQC V3 (Parkhurst and

Appelo, 2013) using the Frezchem.dat database (Marion et al.,

2010). The Frezchem database was preferred for this analysis as

many basins have sub zero annual average temperatures.

2.2. Calculating the PTCC of river waters
and the SDC

This study uses [HCO3
−

measured] for 148 river basins

from the GEMS-GLORI database (Figure 1; Meybeck and Ragu,

2012), and Congo data was taken from HYBAM (available at:

http://www.ore-hybam.org). This represents ∼55% of global

runoff (Fekete et al., 2002, 21,000 km3 yr−1). The PTCC, (tons

yr−1) is calculated as follows:

PTCC =

(HCO−

3 equib −HCO−

3 measured) ∗ Q ∗ 12 ∗ 0.5

103
(7)

Where HCO–
3equib is the modeled equilibrium [HCO–

3] of each

river (Mol/L) calculated using Equation 5, HCO–
3measured is

the observed [HCO–
3] of each river (Mol/L), Q is the annual

discharge of each basin (m3 yr−1), 12 is the atomic mass

of carbon, the factor of 0.5 is because half of the C in the

HCO–
3 is atmospherically derived from the recent atmosphere

(Equation 2), and 103 is a conversion factor from kg to tons.

The SDC in each basin was calculated to provide a

comparison between the amount of HCO–
3 that could be

dissolved in soils via the weathering of carbonates, compared to

the amount of HCO–
3 that can be transported by rivers globally

(i.e., PTCC). The SDC (tons yr−1) is calculated as:

SDC =

[HCO−

3 equib] ∗ Q ∗ 12 ∗ 0.5

103
(8)

Where HCO–
3equib is calculated by substituting Equation 6 into

Equation 5. The HCO–
3equib here is assumed to be entirely

derived from the neutralization of CO2 in solution, replicating

previous studies (e.g., Zeng et al., 2022b).

2.3. Estimation of average river basin
pCO2, temperature, and soil moisture

K1, K2, KCa, and KCO2
in Equation 5 are all temperature

dependent constants, meaning calcite solubility in a given river

basin is a function of both temperature and pCO2, and in

soils; temperature, soil moisture, and pCO2. Global gridded land

temperature data was taken from Fick and Hijmans (2017).
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FIGURE 1

The world map with catchments used in this study is outlined in red.

Temperature, soil moisture, and pCO2 data were extracted as

raster files at 0.5◦ resolution. Data were then clipped to basin

polygon shapefiles (GRDC, 2020), and mean and SD values for

temperature, pCO2, and soil moisture were extracted. A Monte

Carlo error propagation routine was then used to estimate

the mean and error for each basin (Supplementary material),

based on 1,000 randomly resampled synthetic values derived

from the SD of the raw raster data for each catchment

(Monte Carlo routine described in Supplementary material).

Some larger basins extend over a wide latitude or have significant

topography - hence, show more temperature, pCO2, and soil

moisture variability. Input data was not available at a high

enough resolution to account for seasonal variations. A 40-year

average annual temperature was chosen for all model runs.

Three different model scenarios were evaluated:

Model 1: The baseline SDC scenario (assumes SIc = 0). In

this scenario, thermodynamic equilibriumwith respect to calcite

is maintained, meaning calcite dissolution will occur until SIc =

0 for that soil water. This baseline scenario provides a minimum

estimate for the dissolution capacity of soil waters and broadly

replicates the model conditions estimated by Zeng et al. (2022b).

Model 2:Minimum PTCC scenario, assuming SIc = 0 in the

river (transport) environment. In this scenario, river waters can

transport carbonate derived HCO–
3 until SIc = 0 is reached.

Model 3: Maximum PTCC scenario, assuming SIc = 1

(refer to Section 4.2 for justification) since many rivers draining

carbonate lithologies are supersaturated with respect to calcite

(Romero-Mujalli et al., 2019b). In this scenario, river waters can

transport carbonate derived HCO–
3 until SIc = 1 is reached.

The three scenarios outlined are intended to understand i)

the difference between the dissolution capacity of soils (SDC)

and the transport capacity of rivers (PTCC) with respect to

HCO3
−, and ii) the effect of supersaturation vs. saturation on

PTCC.

3. Results

Model results for all catchments are shown in Figure 2, and

the 5 catchments with the greatest SDC for Model 1, and PTCC

for Models 2 and 3 are shown in Table 1. Full results are shown

in the Supplementary material.

3.1. Model 1: SDC, SIc = 0

In the soil environment (when SIc = 0), Model 1 estimates

equilibrium dissolution conditions with respect to calcite

(Figure 2 and Table 1). Model 1 assumes that the soil HCO–
3 is

entirely derived from calcite dissolution by carbonic acid and

the HCO3
−

equib
is a function of soil pCO2 (calculated using

Equation 6) and temperature. Assuming half of the carbon in

the solution is derived from the atmosphere in the reaction

between carbonate powder and soil water (Equation 5), Model

1 estimates that the SDC of soils in the river basins in this study

is ∼0.47 Gt C yr−1. Extrapolated to global discharge this is 0.86

Gt C yr−1, in agreement with Zeng et al. (2022b) (0.84 Gt C
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FIGURE 2

Model 1, 2, and 3 results plotted per river basin. Model 1 shows the SDC per basin. Models 2 and 3 display PTCC (potential transport capacity of

carbon) values. Marginal bar plots provide a comparison between the SDC of Model 1, and the PTCC of Models 2 and 3 in comparison to annual

increases of C in the atmosphere from Friedlingstein et al. (2020).

yr−1). Current increases in atmospheric C are ∼5 Gt C yr−1

(Friedlingstein et al., 2020), therefore, Model 1 represents a 17%

removal of C from the atmosphere when extrapolated to global

runoff (Figure 2). The amount of CaCO3 required to saturate

all soil waters in this study is 4 Gt CaCO3 yr−1, and for all soil

waters globally 7.1 Gt CaCO3 yr
−1. It is worth noting that these

values do not account for the natural weathering of carbonate

and silicate already occurring in soils, which can be a substantial
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source of alkalinity. The SDC serves as a calcite dissolution

capacity, rather than an atmospheric carbon sequestration flux.

In order for this calcite dissolution to be meaningful as a

carbon sequestration strategy, theHCO–
3 in the soil environment

needs to be transported to the oceans without precipitating as a

secondary carbonate phase. This transport is principally done

via rivers, and the following two models assess the transport

capacity of large rivers with respect to calcite.

3.2. Model 2: River water PTCC, SIc = 0

This model scenario reproduces equilibrium conditions

with respect to the aqueous transport of HCO3
− in rivers,

i.e., SIc = 0 (Figure 2). The PTCC of Model 2 is 0.15 Gt C

yr−1, which extrapolated to global runoff is 0.26 Gt C yr−1

- only 5% of annual increases in atmospheric C (Figure 2).

The current rate of C consumption via carbonate weathering

is 0.15 Gt C yr−1 (Gaillardet et al., 1997; Zeng et al., 2022b),

Model 2 results suggest that the large rivers in this study

have the capacity to transport double the amount of HCO–
3

derived from carbonate weathering each year, and twice that

when extrapolated to global discharge. Saturating all rivers in

this study via liming would require 2.1 Gt CaCO3 yr−1, and

3.9 Gt CaCO3 yr−1 at a global scale. Model 2 shows that

only one-third of the HCO–
3 that can be dissolved in the soil

environment can be transported to the ocean via rivers (without

precipitating as secondary carbonates) at SIc = 0 (bar charts,

(Figure 2).

3.3. Model 3: River water PTCC, SIc = 1

This model scenario reproduces supersaturated transport

conditions with respect to HCO3
− in rivers, i.e., SIc = 1

(Figure 2). The PTCC of Model 3 is 0.5 Gt C yr−1, which

when extrapolated to global runoff is 0.92 Gt C yr−1 - ∼20%

of annual increases in atmospheric C. These model results

suggest that the amount of calcite derived HCO–
3 that can be

transported by rivers globally could be increased by a factor

of 6 if supersaturation can be achieved. Saturating all rivers

in this study via liming would require 5.1 Gt CaCO3 yr−1,

and 9.3 Gt CaCO3 yr−1 on a global scale. Model 3 shows that

the transport capacity of rivers at SIc = 1 is similar to the

amount of HCO–
3 that can be dissolved in the soil environment

under equilibrium conditions (Figure 2). Therefore, rivers are

required to maintain a supersaturated state to transport for

all of the HCO3
−, derived from critical zone weathering,

to be delivered to the oceans without secondary carbonate

precipitation—where it may act to increase the rate of carbonate

compensation.

4. Discussion

4.1. Discrepancies between maximum
[HCO–

3 ] in dissolution and transport
environments

Respiration and decay of organic matter in soil profiles

results in soil waters developing a pCO2 content that can

be orders of magnitude greater than that of the atmosphere

(Figure 3A; Drever, 1988; Friedlingstein et al., 2020). The

dominant control on soil respiration, hence soil pCO2, is net

primary production, which in itself is largely controlled by

temperature (Lloyd and Taylor, 1994), and volumetric soil pore

water content (Ilstedt et al., 2000; Blagodatsky and Smith, 2012).

Models of respiration rates show thatmaximum respiration rates

occur at soil pore water volumes of∼ 0.3 m3 m−3 (Ilstedt et al.,

2000; Romero-Mujalli et al., 2019b), and temperatures >15◦C.

In most soils, pCO2 values are∼ 10−2 atm (Drever, 1988),∼ 15

times greater than atmospheric pCO2 10−3.4 atm, (Figure 3A).

River waters have intermediate pCO2 values between soils

and the atmosphere (Figure 3A) because they are unconfined

systems and can degas, equilibrating with the atmosphere. Rivers

also have much lower organic carbon concentrations compared

to soils, hence high pCO2 concentrations cannot be sustained

via organic carbon respiration (Lauerwald et al., 2015).

Since calcite solubility is a function of pCO2 (Equation 5),

soil waters in warm climates have a much greater calcite

solubility (hence equilibrium [HCO–
3]) in comparison to their

corresponding river waters (Figure 3). For example, the Amazon

River (a globally important transport environment) has a

calculated HCO−

3 equib concentration of 2.2 mMol/L at SIc = 0

(Model 2) and 5.2mMol/L at SIc = 1 (Model 3), whereas soil pore

waters in the Amazon basin (i.e., where most weathering takes

place) have an equilibrium weathering capacity of 4.7 mMol/L

(Table 1). Therefore, the supply of Ca2+ and HCO–
3 via calcite

dissolution in the soil environment can be double that which

can be transported to the oceans in the fluvial environment

without carbonate precipitation, at SIc = 0 (Figure 3A and

Table 1). Comparison of modeled soil [HCO–
3] and spring water

[HCO–
3] in karst environments show soils often have greater

[HCO–
3] (Zeng et al., 2022a). This demonstrates the HCO–

3equib
of soils multiplied by discharge is not a true measure of carbon

capture potential, as the river (assuming calcite saturation), does

not have the capacity to transfer this carbon to the oceans at

equilibrium conditions (Figure 3B).

However, if rivers are supersaturated with respect to calcite

(equivalent to there being a kinetic barrier of nucleation and

growth of calcite in the river environment) then HCO–
3equib

in

rivers is within the uncertainty of the SDC calculated in this

study (Figure 3B and Table 1). Therefore, it is clear that the

main control on the carbon capture and sequestration potential

of enhanced carbonate weathering is not only the dissolution
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TABLE 1 Top 5 river basins from each model simulation by SDC (Model 1) and PTCC (Model 2 and 3).

River

Discharge

(L yr−1)

×1015
(mMol/L)

pCO2

(µatm)

Temperature

(◦C)

HCO3−

equib

(mMol/L)
pHpot

SDC

(T C yr−1)

×108

PTCC

(T C yr−1)

×108

Model 1 - Soil (SIc = 0)

Amazon 6.19 0.36 29124 24.7 4.7 7.0 1.7 -

Congo 1.25 0.18 24815 23.7 4.4 7.1 0.33 -

Orinoco 1.05 0.16 29779 25.9 4.7 7.0 0.29 -

Chang Jiang 0.932 2.00 12713 10.1 3.4 7.4 0.19 -

Parana 0.504 0.53 25173 21.7 4.6 7.1 0.14 -

Model 2 - Rivers (SIc = 0)

Amazon 6.19 0.36 3757 24.7 2.2 7.6 - 0.68

Congo 1.25 0.18 3865 23.7 2.3 7.6 - 0.16

Orinoco 1.05 0.16 3247 25.9 2.1 7.6 - 0.12

Lena 0.524 0.78 809 -11.5 2.3 8.1 - 0.047

Parana 0.504 0.53 2442 21.7 2.0 7.7 - 0.044

Model 3 - Rivers (SIc = 1)

Amazon 6.19 0.36 3757 24.7 5.2 7.9 - 1.8

Congo 1.25 0.18 3865 23.7 5.3 7.9 - 0.38

Orinoco 1.05 0.16 3247 25.9 4.8 8.0 - 0.30

Lena 0.524 0.78 809 -11.5 5.5 8.5 - 0.15

Yenisey 0.597 1.03 861 -7.0 5.1 8.4 - 0.15
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FIGURE 3

(A) Di�erence in pCO2 values between river waters (hexagonal-black points) transporting HCO–
3 , and soil waters weathering lime powder

(dashed lines). Soil pCO2 values are calculated using Equation 6 (Romero-Mujalli et al., 2019b), labels refer to soil water volume, river pCO2

values are derived from Lauerwald et al. (2015). The di�erence between soil and river pCO2 values are greatest at higher temperatures, i.e.,

tropical basins. The mean soil pore water volume for basins in this study is 0.25 m3 m−3, which is derived from ESA soil moisture data.

Atmospheric pCO2 (red line) = -3.4. (B) Open system model for di�erent pCO2 solution paths at 10◦C and initial pH = 5 (approximate value for

rainwater). Modelled equilibrium soil weathering capacity (Model 1), equilibrium riverine transport (Model 2), and supersaturated riverine

transport (Model 3) are shown.

capacity of soils but the controls on HCO–
3equib

in rivers, where

carbon is transferred to the oceans.

4.2. Controls on HCO–
3equib in the riverine

environment

Both pCO2 and HCO–
3equib

are greater in the soil

environment than in the riverine environment at calcite

saturation (e.g., Model 1 vs. Model 2, Figure 3). However,

rivers draining carbonate rocks are frequently supersaturated

with respect to calcite (Romero-Mujalli et al., 2019a), hence

could transport atmospherically derived carbon above their

prescribed equilibrium at calcite saturation without it being

lost to secondary carbonate precipitation. The global river

databases GLORICH (Hartmann et al., 2014) and GEMS-

GLORI (Meybeck and Ragu, 2012) were filtered to remove

anthropogenic inputs (after Gaillardet et al., 2019). The calcite

saturation index was calculated for each river using PHREEQC

V3. (frezchem.dat, n = 2,412 Parkhurst and Appelo, 2013).

Saturation states >0 are common, 47% of the rivers surveyed

were calculated to be oversaturated with respect to calcite

(Figure 4). This supports the idea that Model 2 (SIc = 0) serves

as a baseline potential transport capacity, and the lack of rivers

with SIc >1 suggests Model 3 (SIc = 1) serves as a reasonable

upper potential transport limit. A critical question for enhancing

carbonate weathering is why rivers become supersaturated with

respect to calcite, and how this supersaturation is maintained in

a steady-state.

As the pCO2 of a soil environment is much greater

than that of the atmosphere, soil waters will outgas CO2

as they supply the fluvial environment, lowering pCO
2(aq)

as equilibration with the lower pCO2 atmosphere proceeds

(Figure 5; Lauerwald et al., 2015). This outgassing drives calcite

supersaturation in river waters (horizontal arrow on Figure 5).

Secondly, mixing between atmospherically derived runoff and

soil waters can cause a mixture of two fluids which may

become supersaturated with respect to calcite (diagonal arrow

on Figure 5). Calcite saturation may drive calcite precipitation

via the reverse of Equation 2, lowering [HCO–
3] by removal of

DIC species to form CaCO3 (vertical arrow on Figure 5). In this

instance, the HCO–
3 in excess of the calculated HCO–

3equib
(at

calcite saturation) will be removed through calcite deposition

(Erlanger et al., 2021). CO2 degassing (Lauerwald et al., 2015)

and subsequent travertine formation are a well documented

phenomena in carbonate terrains (Herman and Lorah, 1987;

Dreybrodt et al., 1992; Yan et al., 2020), playing an important

role in terrestrial carbon cycling (Raymond et al., 2013).

Often, the spontaneous precipitation of carbonate in the

fluvial environment is concentrated around specific turbulent

environments, e.g., waterfalls and steps (Rogerson et al., 2014).

In some cases, calcite precipitation can be microbially mediated
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FIGURE 4

Stacked histogram displaying calculated SIc values for rivers in the GEMS-GLORI (Meybeck and Ragu, 2012) and GLORICH (Hartmann et al.,

2014) databases. Mean discharge for GLORICH data is 5 km3 yr−1, the mean for GEMS-GLORI is 170 km3 yr−1.

(Rogerson et al., 2014). When quantitative precipitation to re-

equilibrate waters with respect to calcite does not happen,

supersaturation is achieved. Reasons for calcite not precipitating

from natural waters with SIc >0 are varied and are explored in

the next section. Critically, results from Models 1 and 3 show

that for atmospheric carbon dissolved in the soil environment

to remain in solution before reaching the oceans, precipitation

of calcite (and other Ca or Mg carbonates) must be inhibited in

river waters and supersaturation achieved.

4.3. Current understanding of calcite
supersaturation and precipitation
inhibitors in rivers

For calcite supersaturation to be maintained in rivers the

precipitation of carbonate minerals must be inhibited, such that

concentrations of HCO–
3(aq)

can remain above equilibrium. It

is important to understand how calcite supersaturation can be

maintained in rivers (where HCO–
3 is transported) because this

will ultimately control the efficiency of CO2 consumption via

carbonate weathering. Calcite precipitation can be inhibited

in several ways. For example, precipitation can be inhibited

by the presence of nucleation inhibitors such as Mg2+, SO2–
4 ,

and organic complexes, which adsorb onto crystal lattices

resulting in sluggish calcite precipitation kinetics (Mann, 1988;

Astilleros et al., 2010; Dobberschütz et al., 2018). The effect of

nucleation inhibitors may then be exacerbated in catchments

with short water residence times. If the reaction kinetics of

calcite precipitation are slower than the residence time of

water in the catchment then disequilibrium in the carbonate

system can occur (Herman and Lorah, 1987). The controls

on precipitation inhibitors raise interesting points with regards

to methods of enhancing carbonate weathering. This study
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FIGURE 5

Schematic figure presenting two plausible mechanisms for calcite precipitation, or supersaturation, to be achieved. River basins with a mean

temperature >15◦C and are undersaturated prior to liming (i.e., positive PTCC) are shown with corresponding modelled soil pore water calcite

solubilities from Model 1 and 2 (i.e., SIc = 0). Atmospheric pCO2 is shown as the red line. Precipitation may be triggered either by soil waters

degassing when in contact with the atmosphere, or mixing with river waters, creating fluids with even higher SIc values (blue shaded area).

Supersaturation via mixing is exacerbated further when river waters are saturated with calcite. All SIc contours are calculated for 25◦C.

focuses on 149 of the world’s largest rivers by discharge,

which have long water residence times. Approximately 55%

of global discharge is captured in this study, meaning that

much smaller streams and rivers draining into the oceans

must make up the remaining 45%. Therefore, small rivers

could potentially play a crucial role in carbon transfer between

the continents and oceans, which is currently unaccounted

for. Furthermore, the role of Mg2+ as a calcite precipitation

inhibitor suggests that other Mg-bearing carbonates (e.g.,

dolomite) could make good candidates for enhancing carbonate

weathering.

4.4. Principal controls on PTCC

Model 1 calculates an equilibrium dissolution capacity of

soils (SDC). In the context of this study, this represents the

potential [HCO3
−] in soils that can be achieved by reacting

all soil derived pCO2 with calcite. This is the premise of other

literature models e.g., Zeng et al. (2022b) and produces similar

results. The assumption being that the soil dissolved load shifts

from being bedrock dominated to carbonate dominated as a

consequence of liming (Zeng et al., 2022b). This has been

suggested to represent a weathering flux (Zeng et al., 2022a,b),
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but this must be an upper limit given 1) the difference in pCO2

between soil waters and rivers (e.g., Figure 2, 3), and 2) natural

weathering fluxes will also produce HCO–
3 . Natural critical zone

fluxes have not been quantified at a global scale and, therefore,

cannot be subtracted from the SDC calculated in this study. As

such, in this study, it is used as a representative soil dissolution

capacity of calcite, to which riverine transport potentials (PTCC)

are compared, rather than a potential soil weathering flux for

CO2 sequestration as suggested by Zeng et al. (2022b).

Model 2 calculates the transport capacity (PTCC) of HCO–
3

in rivers, if the SIc is 0, a conservative estimate. As many

river basins are already oversaturated or close to oversaturation

with respect to CaCO3 (Figure 2, 4) many basins in Model 2

have negative PTCC values, meaning they already transport

HCO–
3 in excess of a SIc = 0, i.e., they are oversaturated with

respect to calcite. Therefore, they have no capacity to increase

carbon consumption through enhanced carbonate weathering.

The reasons for this are varied. For example, liming has been

prevalent in the Mississippi basin, and much of North America,

since the 1950s (Oh and Raymond, 2006)—contributing to the

negative transport potentials observed in this basin and much

of the U.S. (Figure 2). Negative transport potentials in much of

Europe are likely explained by extensive carbonate rock outcrop

and karst systems (Goldscheider, 2005), in addition to pollution

(Roy et al., 1999, e.g., Seine). Similarly, rivers draining the

Himalayan region are known to have dissolved loads dominated

by carbonate weathering and precipitate secondary carbonate

minerals (Tipper et al., 2006; Bickle et al., 2015). Rivers with

their source in the Himalayas with positive transport potentials

(e.g., the Mekong) are likely to be supply limited with respect to

carbonates—hence may benefit from liming.

Model 3 simulates the transport capacity (PTCC) of HCO–
3

if SIc of global rivers is capped at 1 (an upper estimate). Few

river basins globally have SIc values >1 (Figure 4), and so PTCC

values inModel 3 are largely positive and qualitatively align with

SDC results from Model 1 (e.g., comparison of model output

in Figure 2). This reiterates the notion that supersaturated

transport environments (i.e., Model 3 parameters) are required

to transport the products from equilibrium calcite dissolution in

the soil environment (i.e., Model 1 parameters, Figure 3).

Basins with the greatest PTCC in Model 2 are those

which have both high discharge values and are currently

undersaturated with respect to calcite (Figure 6). The largest

PTCC values are observed in the tropical and Siberian cratons

(e.g., Amazon, Congo, Orinoco, Lena, and Yenisey), which

are known to be supply limited (West et al., 2005). Supply

limited basins are defined by low erosion rates in comparison

to chemical leaching capacities, meaning the capacity for

weathering in that particular system outstrips the supply of rock

to the critical zone.

At both low (<0◦C) and high (>20◦C) temperatures,

HCO–
3equib

at SIc = 0 exceeds HCO–
3measured

for the GEMS

river data set (Figure 7). This is indicative of rivers in

these temperature ranges being able to enhance their HCO–
3

concentrations via enhanced carbonate weathering, and this

is reflected in their calculated PTCC predictions (Model 2,

Figure 2 and Table 1). Whereas in temperate climates (i.e., 7–

20◦C)HCO–
3measured

exceeds or is equivalent toHCO–
3equib

, and

HCO–
3 fluxes cannot be increased in these rivers.

Northern high latitude basins have low pCO2

concentrations (Table 1), and as such do not have leaching

capacities as great as those in tropical basins. However, these

high latitude basins have large PTCC values because of their very

low temperatures, which increases calcite solubility—hence,

HCO–
3equib

. Therefore, cold river basins with appreciable

discharges (e.g., Lena, Yenisey) will have a large potential to

transport more HCO–
3 in solution via enhanced carbonate

weathering, simply because calcite is far more soluble in colder

water in comparison to warm (Figure 7).

If calcite solubility is negatively correlated with temperature

then it seems counter-intuitive that warm basins (>20◦C)

also have an HCO–
3equib

>HCO–
3measured

(Figure 7). Calcite

solubility, hence HCO–
3equib

can be high in these warm climates

because microbially derived pCO2 production increases with

temperature (Equation 6, Lloyd and Taylor, 1994; Romero-

Mujalli et al., 2019b), hence the solubility of calcite of is a

trade-off between increasing temperature and decreasing calcite

solubility, and pCO2 generation increasing calcite solubility as a

function of temperature (Figure 7).

Interestingly, the global minimum of the modeled fit

representing HCO–
3equib

occurs at ∼10◦C (Figure 7), where it is

hypothesized carbonate weathering is most intense (Gaillardet

et al., 2019; Romero-Mujalli et al., 2019a). This is intriguing

as our thermodynamic solubility model suggests this is the

least favorable place to transport carbonate derived HCO–
3 in

rivers to the oceans, whilst maintaining equilibrium (SIc =

0). If temperate climates are relatively poor at transporting

the products of carbonate dissolution, as suggested by this

model (Figure 7), then we speculate that authigenic carbonate

precipitation would be more abundant in temperate climates.

Differences in river and bedrock Mg/Ca and stable isotope

ratios (e.g., Ca isotope ratios) in temperate climates have been

suggested to be a consequence of large amounts of secondary

carbonate precipitation (Tipper et al., 2010; Bickle et al., 2015),

which provides some credence to this idea. Overall, the intensity

of carbonate weathering, and the possibility of secondary

carbonate precipitation, make enhancing carbonate weathering

in temperate climates unfavorable (Figure 7).

In summary, tropical basins like the Amazon and Congo

are ideal for liming as sustained rapid denudation kinetics over

periods of millions of years has resulted in shield exposure

and thick regolith development (Gaillardet et al., 1997; Braun

et al., 2005). High solubility phases, such as CaCO3, have

long since been weathered and tropical rivers are often dilute

due to high discharges—making them very undersaturated

with respect to calcite. A combination of these factors and
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FIGURE 6

Sic vs PTCC >1× 1014 L yr−1 (top) and rivers with discharge <1× 1014 L yr−1 (bottom). Error bars are not visible for data where the error is

smaller than the data symbol.

high organic carbon respiration rates, i.e., very high pCO2

concentrations (Lauerwald et al., 2015), results in tropical

basins being ideal for transporting large quantities of carbonate

dissolution products (i.e., HCO–
3) in solution to the oceans

(Figure 2, Table 1). Similarly, Siberian rivers could export more

HCO–
3 than they currently do to the oceans without authigenic

carbonate precipitation, on account of their low temperatures,

but the effects of tributaries freezing during boreal winter

may mean transport capacities are hindered during colder

seasons. Freezing rivers at high latitudes may also produce

cryogenic carbonate (Lacelle, 2007; Thomazo et al., 2017),

but it is difficult to predict the effects of this phenomenon

on transport potentials. A potential benefit of liming high

latitudes is that carbonate weathering is known to be rapid

in sub-arctic climates, in contrast to silicate weathering. For

example, carbonate weathering dominates the dissolved loads

of poly-lithic basins such as the Mackenzie (Millot et al., 2003).

In these cold environments enhancing the weathering of silicate

rocks is less feasible as dissolution kinetics are slower (Pogge von

Strandmann et al., 2022).

4.5. Benefits of liming

The main purpose of liming in the past has been to

amend soil pH, which is often low on account of organic

matter respiration in the soil environment generating rich

pore waters. It is common for soils to have a pH of
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FIGURE 7

Measured HCO–
3 concentrations in rivers from the GEMS database, HCO–

3measured, with LOESS fit (star markers and black dashed line with blue CI)

and maximum achievable HCO–
3 concentration from enhanced carbonate weathering, HCO–

3equilibrium , at SIc = 0 (Model 2) with LOESS fit (blue

dashed line with red CI). Points are coloured by log10(pCO2) and sized based on relative log10(discharge).

∼5.5 in temperate northern hemisphere climates (Tunney

et al., 2010), whereas pH values in in tropical soils can

be as low as 3.9 (Motavalli et al., 1995) due to higher

rates of organic carbon respiration. Ideal soil pH values for

agriculture vary with soil type, but generally neutral pH values

(7) are required to grow most crops (Oshunsanya, 2019).

Reacting the prescribed amount of calcite for each basin with

the modeled soil waters in those basins results in modest

increases in soil pH, to values sustainable for farming in most

conditions (Figure 8). At lower temperatures it is plausible

that liming could elevate soil pH to values too alkaline

for growing traditional crops in those areas (Figure 8), and

this must be recognized as a plausible side effect of using

farmland to enhance carbonate weathering. However, it is worth

noting that the elevation of soil water pH associated with

enhanced carbonate weathering is much lower than that for

enhanced silicate weathering, particularly in tropical basins

(Köhler et al., 2010).

Additional benefits of liming include increasing the

availability of nutrients, such as nitrate and phosphate,

by changing soil water pH (Haynes, 1982). Increasing

nutrient availability reduces fertilizer requirements and

increases soil health. Liming can also decrease the mobility

of heavy metals in soil profiles, reducing the risk of plants

incorporating heavy metals into soft tissues (Bolan and

Duraisamy, 2003).

Frontiers inClimate 14 frontiersin.org

105

https://doi.org/10.3389/fclim.2022.928215
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Knapp and Tipper 10.3389/fclim.2022.928215

FIGURE 8

pH values for soil waters in each basin, after reaction with the prescribed amount of calcite to reach the saturation states required for Model 2

(SIc = 0) and Model 3 (SIc = 1).

4.6. Potential risks of liming agricultural
land

Farmland is one potential location to practice liming, though

other land types may also be used - e.g., reforestation projects.

This study focuses on farmland because i) many parts of North

America already practice liming, and this has resulted in an

increased export of bicarbonate in waters draining farmland

(Oh and Raymond, 2006; Hamilton et al., 2007), and ii) global

coverage of farmland is well quantified (e.g., GlobCover database

Arino et al., 2008).

CO2 is consumed by enhancing carbonate weathering,

provided that the agricultural lime is dissolved by carbonic acid.

However, one caveat for enhancing carbonate weathering is a

growing body of evidence suggesting that strong acids (e.g.,

H2SO4) play an important role in rock weathering in large

river basins such as the Mekong and Mackenzie (e.g., Calmels

et al., 2007; Torres et al., 2016; Relph et al., 2021). Agricultural

fertilization can also result in the production of strong acids.

Nitrification of nitrate-based fertilizers, used in agriculture, can

produce nitric acid (HNO3) (Zbieranowski and Aherne, 2013).

The reaction between strong acids (e.g., H2SO4 and HNO3) and

CaCO3 results in CO2 release into the atmosphere.

Some modeling studies have assumed that agricultural

liming acts as a direct source of CO2 (e.g., Houghton et al., 1997;

West and McBride, 2005), and often account for the relatively

long timescale process of carbonate precipitation in the ocean.

Field trials have demonstrated that liming acts as a sink of CO2
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(e.g., Oh and Raymond, 2006; Hamilton et al., 2007), with the

reaction of lime and strong acids generally accounting for less

than 15% of the charge balance in the soil and river waters

(Oh and Raymond, 2006; Hamilton et al., 2007; Biasi et al.,

2008). It appears, based on the evidence of field trials, that

enhancing carbonate weathering on agricultural land would be

a net sink of CO2, but the efficiency can be compromised by the

strong acid reaction. The reduction in efficiency of enhancing

carbonate weathering can be quantified by understanding how

much excess nitrogen, derived from fertilizers, is in each

catchment in this study (Supplementary material for calculation,

Figure 9). Literature studies (Oh and Raymond, 2006; Hamilton

et al., 2007; Biasi et al., 2008) stipulate that ∼15% of this

excess nitrate (Figure 9) would react with lime products.

Assuming the reaction between strong acids and agricultural

lime is:

2HNO3(aq) + CaCO3(s) −→ Ca2+(aq) + 2NO−

3 (aq) +

CO2(g) +H2O(l) (9)

Then Equation 9 stoichiometry dictates 1 mol of CO2 is

released for every 2 mol of HNO3 reacted with CaCO3. Based

on these assumptions the PTCC of Model 2 may decrease

from 0.26 to 0.20 Gt C yr−1 (Figure 9) as a consequence of a

strong acid reaction. This is assuming that the amount of lime

required to reach equilibrium for Model 2 without accounting

for a strong acid weathering is applied to the soil, such that

strong acid reaction would result in equilibrium saturation with

respect to calcite not being achieved. Areas worst affected are

unsurprisingly those which have the greatest excess of nitrate

(e.g., SE Asia, Figure 9), and qualitatively it is shown that the

catchments affected in Figure 9 already have low or negative

PTCC values in Figure 2. The PTCC calculated from Model 3

would change from 0.92 Gt C yr−1 to 0.86 Gt C yr−1, adjusting

for the reaction of limestone with excess nitrate in soils. Overall,

Strong acid weathering of agricultural lime may reduce the

efficacy of enhanced carbonate weathering by 5–25% (Figure 9;

Oh and Raymond, 2006; Hamilton et al., 2007; Biasi et al., 2008).

The obvious downside to enhanced carbonate weathering

is that the dissolution of lime products by strong acids

results in CO2 emission, in comparison to silicate weathering,

where strong acid weathering only results in a reduction in

CO2 draw down efficiency—if ocean alkalinity enhancement

is the study aim (Köhler et al., 2010; Taylor et al., 2016).

Pedogenic carbonate formation is the aim of other enhanced

silicate weathering studies (e.g., Andrews and Taylor, 2019;

Haque et al., 2019) because the residence time of pedogenic

carbonates is estimated to be long (i.e., 104 years). Strong

acid generation from fertilizers may significantly reduce the

residence time of pedogenic carbonates, or stop formation

altogether (Zamanian et al., 2016). Dissolution of pedogenic

carbonates by strong acids would result in a rapid re-release

of CO2 to the atmosphere. Indeed, strong acid weathering is

an unknown variable in the agricultural enhanced weathering

hypothesis and requires dedicated research with meticulous

field trials for appropriate quantification of the impacts on

carbon cycling.

4.7. Logistics of liming at a global scale

To assess the practicality of agricultural liming at a global

scale, the quantity of farmland in the 5 catchments with the

largest SDC (Model 1) and PTCC values (Models 2 and 3) for

each scenario were determined using the GlobCover database

(Arino et al., 2008). The thickness of limestone powder needing

to be spread on farmland annually was then calculated using the

molar volume of CaCO3 (36.95 Mol cm3), the mass of limestone

required to reach saturation, and the surface area of farmland

in each basin. The results for all model scenarios are shown in

Table 2.

To satisfy Model 1, which represents an equilibrium

dissolution capacity of soils, with respect to calcite (SIc = 0),

∼1–10 mm yr−1 of limestone powder is required to be spread

on all farmland in each basin. This would saturate soil waters

with respect to calcite. Typically, <20 mm yr−1 thickness of lime

powder is required for rivers to reach SIc = 0 (Model 2) and

SIc = 1 (Model 3), though the small amount of farmland in

Siberia (i.e., Lena and Yenisey) could require >20 mm yr−1 of

lime powder to achieve saturation (Table 2). The amount of lime

powder required to achieve saturation or supersaturation with

respect to calcite in the 149 rivers modeled is 4.0, 2.1, and 5.1

Gt CaCO3 yr
−1 for Model scenarios 1, 2, and 3, respectively. As

shown in Figure 9, it is likely the true amount of lime required

to reach saturation (Model 2) or supersaturation (Model 3) may

be more than this.

Though no database exists for lime powder availability

globally, limestone is frequently quarried to create aggregate and

cement. Limestone extraction during the 1990s was∼ 1 Gt yr−1

in the U.S. alone, and lime powder is produced as a by-product

of this extraction and processing (Hudson et al., 1997; Rau et al.,

2007). To satisfy the amount of limestone required for model

scenarios in this study, U.S. limestone extraction would require

either doubling (Model 2), or increasing five-fold (Models 1 and

3). Investigating sources of alkaline feedstocks for enhancing

weathering is not the aim of this study, but it is useful to note

that limestone powder is not the only available alkaline material

to enhance carbonate weathering. Industrially produced cement,

blast furnace slag, kiln dust, and slaked lime could all be used

for enhancing weathering (Renforth, 2019). This is with a caveat

that of these materials only slaked lime has long term field trials,

meaning lime powder and slaked lime are the most attractive

materials from an environmental perspective.
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FIGURE 9

Top: Excess nitrogen based fertiliser per catchment studied (Tonnes yr−1). Nitrogen excess data from Lassaletta et al. (2014), and the mass of

nitrogen used is available from: https://www.fao.org/faostat/en/?dat. Black catchments occur for areas where nitrogen mining occurs, which

skews estimates of nitrogen use e�ciency. Bottom: PTCC values (Tonnes C yr−1) for Model 2, recalculated assuming 15% of excess nitrate in

each catchment reacts with agricultural lime applied to aribal land.

5. Conclusion

Rapid increases in atmospheric CO2 concentrations require

that novel methods for carbon sequestration are developed

before 2050. Enhancing the dissolution of carbonate rocks on

land has been suggested as a potential strategy to remove

appreciable amounts of atmospheric CO2 on the timescale

of human life. Indeed, carbonates have been shown to react

rapidly with atmospheric CO2, but require this dissolved carbon

to be delivered to the ocean for sequestration on meaningful

timescales (1,000s of years), and that strong acids are of

minor importance for dissolution reactions. This study provides

Frontiers inClimate 17 frontiersin.org

108

https://doi.org/10.3389/fclim.2022.928215
https://www.fao.org/faostat/en/?dat
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Knapp and Tipper 10.3389/fclim.2022.928215

TABLE 2 The calculated thickness of lime required to be spread on farmland each year to achieve the estimated SDC (soil dissolution capacity) for

Model 1, and estimated PTCC (potential transport capacities of carbon) for Models 2 and 3.

River Area (m2)×1012 Farmland (%) Lime required (T CaCO3 yr
−1)×109 Lime thickness (mm yr−1)

Model 1

Amazon 6.13 6 1.5 11

Congo 3.64 12 0.27 2

Orinoco 1.01 15 0.25 5

Chang Jiang 1.27 56 0.16 <1

Parana 2.81 46 0.12 <1

Model 2

Amazon 6.13 6 0.68 5

Congo 3.64 12 0.14 1

Orinoco 1.01 15 0.11 2

Lena 2.46 <1 0.060 13

Parana 2.81 46 0.050 <1

Model 3

Amazon 6.13 6 1.6 12

Congo 3.64 12 0.33 2

Orinoco 1.01 15 0.25 5

Lena 2.46 <1 0.14 32

Yenisey 2.54 1 0.15 16

estimates for the amount of additional dissolved HCO–
3 Earth’s

rivers can deliver to the oceans under two saturation scenarios—

providing both an optimistic and pessimistic scenario for carbon

sequestration via enhancing carbonate weathering.

In both transport simulations (Models 2 and 3) continental

cratons (tropical South America and Africa and Siberia) were

the ideal locations to enhance riverine HCO–
3 export via

liming, without precipitating authigenic carbonate minerals.

This would be expected as these rivers are supply-limited, hence

are dilute and often have high discharges (e.g., in tropical

areas). A lack of farmland in Siberia may mean that alternative

land types for enhancing carbonate weathering need to be

used, e.g., shrub land or forests. The efficacy of enhanced

weathering in these locations is not known, though the reactivity

of carbonate phases could make them plausible land types

for liming. High northern latitudes may be ideal places for

enhancing carbonate weathering, as olivine dissolution rates in

these climates are unfeasible to enhance silicate weathering on

meaningful timescales. The amounts of limestone required for

rivers to reach saturation in either scenario may be feasible

at the large basin scale in comparison to dunite extraction,

and alternatives to limestone powder (e.g., blast furnace slag,

slaked lime) are available. Liming is also a well understood

and relatively widely practiced agricultural technique already,

meaning costs and benefits are known. The degree of liming

to reach the saturation states proposed in this study results in

practical increases in soil water pH in most cases.

Overall, increasing the saturation index of calcite in global

rivers to either 0 or 1 via enhancing carbonate weathering will

result in a 5–20% sequestration of increases in atmospheric

C per year. These values come with the caveat that a weak

carbonic acid must be the dissolving agent, as strong acids

will release CO2 into the atmosphere. The impact of strong

acid dissolution for any agricultural enhanced weathering study

requires careful and dedicated field trials. Our model estimates

align with literature results for the dissolution capacity of calcite

in soils, but these data require that rivers globally maintain

an oversaturated state with respect to calcite for successful

CO2 sequestration in the global oceans. The plausibility of

oversaturation is poorly understood on a global scale, and to

develop a deeper understanding of the feasibility of enhanced

carbonate weathering more study is needed to understand this

phenomenon.
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Quantification of CO2 removal
in a large-scale enhanced
weathering field trial on an oil
palm plantation in Sabah,
Malaysia

Christina S. Larkin1*, M. Grace Andrews1,

Christopher R. Pearce2, Kok L. Yeong3, David J. Beerling3,

Joshua Bellamy1, Suzan Benedick4, Robert P. Freckleton3,

Heather Goring-Harford1, Satyam Sadekar1 and

Rachael H. James1

1School of Ocean and Earth Sciences, University of Southampton, Southampton, United Kingdom,
2National Oceanography Centre, Southampton, United Kingdom, 3Leverhulme Centre for Climate

Change Mitigation, School of Biosciences, University of She�eld, She�eld, United Kingdom,
4Faculty of Sustainable Agriculture, Universiti Malaysia Sabah, Kota Kinabalu, Malaysia

Modeling studies show that large-scale deployment of enhanced rock

weathering on croplands has the potential to reduce levels of atmospheric

carbon dioxide by the end of the century. There is, however, a pressing need to

verify model predictions through long-term field trials. Here we report results

from the first 3 years of an ongoing enhanced weathering field trial, carried

out on an oil palm plantation in Sabah, Malaysia. Crushed silicate rock was

applied to three hydrologically isolated catchments, and three adjacent (paired)

reference catchments were left untreated. The drawdown of atmospheric CO2

was quantified via the export of alkalinity in stream waters and changes in

soil carbonate content. The amended and reference catchments were found

to have a similar extent of CO2 drawdown via alkalinity export [respectively,

3.8 ± 0.8 (1 SD) and 3.7 ± 0.6 (1 SD) tCO2 ha−1] when all catchments

were averaged over the study period (October 2018 to July 2021). However,

di�erences were observed between the di�erent catchment pairs (plots): two

of the plots displayed a similar extent of CO2 removal for both the amended

and reference catchments, but the third amended catchment had a higher

extent of CO2 removal of ∼1 tCO2 ha−1 relative to its adjacent reference

catchment. The di�erence in CO2 removal rates determined for this plot can

likely be attributed to increased weathering of silicate minerals in the amended

catchment. Soil carbonate concentrations were on average < 0.2 wt% CaCO3,

but we report a small increase of ∼0.03 wt% CaCO3 in the top 30 cm of soil in

the amended soils relative to the reference catchments. Themagnitude of CO2

drawdown via alkalinity export determined for these agricultural catchments

is around an order of magnitude higher than in natural forested catchments
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in Sabah and similar to that of basaltic catchments. We show that these high

weathering rates are primarily driven by weathering of carbonate fertilizers.

The data presented from this field trial provide vital contextual information on

the real-world e�cacy and practicalities associated with the implementation

of enhanced weathering for atmospheric CO2 removal that will help to inform

further trials as well as wider-scale deployment.

KEYWORDS

climate change mitigation, enhanced weathering, tropical croplands, carbon dioxide

removal, oil palm

Introduction

To keep current global warming below dangerous levels

(<2◦C above pre-industrial), it is widely accepted that in

addition to significant emissions reductions, carbon dioxide

(CO2) will need to be actively removed from the atmosphere

(UN Environment Programme, 2017; Royal Society, 2018). This

is because between about 4 and 8% of global CO2 emissions

are “hard to avoid,” either because some industries are difficult

to decarbonize (such as agriculture), or because of the need to

uphold principles of justice including the protection of human

rights (UN Environment Programme, 2017; Royal Society, 2018;

IPCC, 2022).

Carbon dioxide can be removed from the atmosphere

in several ways. These include nature-based methods such

as afforestation and restoration of coastal habitats including

mangroves and sea grass beds, as well as technological methods

such as direct air capture (e.g., IPCC, 2022). Enhancing

rates of rock weathering, which naturally removes about 1

Gt of CO2 from the atmosphere every year and plays a

key role in the long-term (>105 yrs) regulation of Earth’s

climate (e.g., Walker et al., 1981), is another proposed CO2

removal strategy (e.g., Hartmann et al., 2013). Modeling

studies have shown that the application of crushed calcium

(Ca)- and magnesium (Mg)-rich silicate rocks to agricultural

soils has the potential to increase weathering rates and draw

down 0.5–2 Gt of CO2 per year, equivalent to ∼2.5% to

10% of Paris Agreement targets (Beerling et al., 2020). The

quantity of additional CO2 removed depends on factors

such as application rate, climatic conditions, mineralogy and

grain size (Schuiling and Krijgsman, 2006; Renforth, 2012;

Hartmann et al., 2013; Taylor et al., 2016; Andrews and Taylor,

2019).

Weathering is a natural geological process whereby

atmospheric CO2 dissolved in rainwater or respired by plants

reacts with rocks and soils, partly dissolving them (Equation

1 and Equation 2). During the weathering process, CO2 is

converted to alkalinity (principally hydrogen carbonate ions)

that is transported via soil waters, groundwaters and rivers to

the ocean, where it may be securely stored on timescales of

∼105 years (e.g., Drever, 1997).

rainwater
︷ ︸︸ ︷

2CO2(aq) + 3H2O +

silicate mineral

(anorthite)
︷ ︸︸ ︷

CaAl2Si2O8 →

soil water
︷ ︸︸ ︷

2HCO−

3 + Ca2+

+

clay
(

kaolinite
)

retained in soils
︷ ︸︸ ︷

Al2Si2O5 (OH)4(s) (1)

rainwater
︷ ︸︸ ︷

CO2(aq) + H2O +

carbonate

mineral
︷ ︸︸ ︷

CaCO3 →

soil water
︷ ︸︸ ︷

2HCO−

3 + Ca2+ (2)

Equation 1 shows that weathering of one mole of a silicate

mineral (anorthite) removes two moles of atmospheric CO2

whereas weathering of one mole of carbonate minerals removes

only one mole of atmospheric CO2 (Equation 2). However,

although silicate weathering is twice as effective at removing

CO2 from the atmosphere compared to carbonate weathering,

dissolution rates of carbonates are three orders of magnitude

faster than those of fastest weathering silicate minerals (e.g.,

Lasaga, 1984; Hartmann et al., 2013). In arid to semi-arid regions

were soils are alkaline carbonate minerals may precipitate from

soil waters (Equation 3) forming pedogenic carbonate that is

stable on timescales of ∼104 years (e.g., Zamanian et al., 2016

and references therein). Note that precipitation of carbonates

re-releases half of the CO2 captured by silicate minerals back

into the atmosphere, and dissolution and re-precipitation of

carbonate minerals has no net impact on levels of atmospheric

CO2 (i.e., Equation 3 is the reverse of Equation 2).

soil water
︷ ︸︸ ︷

2HCO−

3 + Ca2+ →

soil water
︷ ︸︸ ︷

CO2 + H2O +

soils
︷ ︸︸ ︷

CaCO3(s) (3)

Rates of rock weathering are limited by the reactivity of the

minerals thatmake up the rock. For example, olivine and basaltic

glass have fast dissolution rates (e.g., Oelkers and Gislason, 2001;

Oelkers et al., 2018), whereas quartz is unreactive and has no
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CO2 removal potential (e.g., Kump et al., 2000). Weathering

rates also vary as a function of particle size, with mineral

crushing or high erosion rates potentially leading to greater

chemical dissolution rates (Riebe et al., 2004). In addition to

the availability of weatherable minerals, weathering rates are

also controlled by environmental factors (kinetics), such as

temperature andwater availability, and the saturation state of the

soil waters (West et al., 2005; Gabet andMudd, 2009; Maher and

Chamberlain, 2014). Lowland tropical regions are considered to

have the fastest potential weathering rates on Earth due to high

temperatures and high rainfall, but weathering can be limited

by supply of fresh minerals (Stallard and Edmond, 1983) as

thick heavily weathered soils develop quickly (e.g., laterites). For

this reason, tropical regions are considered prime candidates

for the deployment of enhanced weathering (Taylor et al., 2016;

Edwards et al., 2017; Manning et al., 2017; Beerling et al., 2018,

2020).

To date, the potential of enhanced weathering for removing

atmospheric CO2 has principally been estimated usingmodeling

studies (e.g., Renforth, 2012; Taylor et al., 2016; Beerling et al.,

2020; Bullock et al., 2021), or based on results from small-scale

mesocosm or laboratory experiments (e.g., Renforth et al., 2015;

Amann et al., 2020; Kelland et al., 2020; Pogge von Strandmann

et al., 2021). Most mesocosm and laboratory studies to date

have focused on amending soils with relatively fast weathering

silicate minerals, notably olivine, or fast weathering silicate

rocks, such as dunite that contains a high proportion of olivine.

While experiments on organic-rich acidic soils incubated with

olivine revealed that gross removal of CO2 assessed from the

increase in Mg2+ concentrations on soil exchangeable sites

was between ∼12 to 16 tCO2 ha−1yr−1 (depending on the

olivine application rate), no net increase in CO2 removal was

observed due to increased rates of soil respiration (Dietzen

et al., 2018). Similarly, application of olivine to ryegrass in a pot

experiment was observed to increase gross CO2 uptake by∼0.5–

4.4 tCO2 ha−1yr−1 (Berge et al., 2012), although amendment

of agricultural soils (with and without crops) with olivine-

bearing dunite showed significantly lower rates of CO2 removal

(0.02–0.05 tCO2 ha−1 yr−1; Amann et al., 2020). Finally, pot

experiments focusing on soil amendment with wollastonite (a

fast-weathering silicate mineral) reported substantial increases

(of up to ∼0.6 wt%) in the total inorganic carbon content of

wollastonite-amended soil relative to untreated soil over a period

of 8 weeks (Haque et al., 2019). Assuming a till depth of 30 cm

and sustained inorganic carbon accumulation rates, this could

correspond to a removal rate of up to∼500 tCO2 ha
−1 yr−1.

At larger scales, only a handful of field trial studies have

been carried out on the CO2 removal potential of enhanced

rock weathering (Haque et al., 2020; Taylor et al., 2021).

In October 1999, in an effort to restore soil calcium that

had been depleted by leaching by acid rain, 3.44 t ha−1 of

wollastonite was applied to the Hubbard Brook Experimental

Forest watershed in New Hampshire, USA. A recent re-analysis

of stream water chemistry has revealed that cumulative carbon

capture by carbonic acid weathering increased by 0.025–0.13

tCO2 ha−1 over 15 years compared to a reference catchment

(Taylor et al., 2021). A study of wollastonite-amended croplands

in Ontario, Canada, has reported increased levels of CO2

removal as soil inorganic carbon by up to 0.4 tCO2 ha−1 over

5 months in a field planted with soybean; much higher rates

of CO2 removal as soil inorganic carbon were observed in

fields planted with leafy vegetables (up to ∼1.9 tCO2 ha−1

in 1 year) although this may partly be due to addition of

carbonate fertilizers (Haque et al., 2020). Notwithstanding the

differences in the results between these field studies, models

and laboratory experiments are unlikely to adequately represent

the natural system and laboratory experiments in particular

have been shown to overestimate field weathering rates (e.g.,

White and Brantley, 2003). Therefore, it is imperative to conduct

large-scale, multi-year field trials to determine the real-world

efficacy and safety of enhanced rock weathering, as well as the

practicalities associated with its deployment.

This study presents the first quantification of the rate of

CO2 drawdown via alkalinity generation as well as soil carbonate

formation from an ongoing enhanced rock weathering field

trial being conducted on an oil palm plantation in Sabah,

Malaysia. As far as we are aware, this is the first field trial of

its kind in a tropical region. We set out a methodology for

accurately quantifying CO2 removal via alkalinity generation

that attributes (i) the weathering source (silicate vs. carbonate

minerals) and (ii) the weathering agent (carbonic acid vs. strong

acids that do not contribute to carbon dioxide removal) and

discuss the challenges with quantifying carbon dioxide removal

via soil carbonate formation in low pH tropical soils. The

results from this ongoing field trial provide vital contextual

information for the application of enhanced weathering in

tropical environments.

Study site and experiment overview

Here we provide a general overview of the experiment

and study site, with further analytical details given under

Materials and Methods and in Supplementary Text 1. Our

study site is located on an oil palm plantation in Sabah,

Malaysia (Figure 1) and is characterized by a tropical climate

with an annual rainfall of ∼2,000mm and a mean annual

temperature of∼28◦C (monitored by the onsite weather station,

Supplementary Text 1, Figure 2). The plantation sits on heavily

weathered tropical soils that are underlain by Oligocene to

mid Miocene volcaniclastic deposits and Quaternary river

alluvium (Lim, 1985). The oil palms are planted in terraces as

the site has significant topography (Figure 1, ∼100 to 400m

elevation range).

Three plots were selected within the plantation. Each

of the three plots consists of a pair of hydrologically
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FIGURE 1

Map of the study site in Sabah, Malaysia. The three experimental plots are indicated by the white rectangles, with each plot consisting of (1) an

untreated (reference) catchment and (2) a catchment amended with crushed silicate rock (treated). The two catchments within each plot are

hydrologically isolated from each other. Stream sampling locations at the base of each catchment are indicated by the symbols (circles: plot 1,

squares: plot 2, triangles: plot 3). Elevation is superimposed on a Google Map Satellite basemap, with dashed white contours and numbers

indicating elevation (in meters). Yellow triangle in map insert (Google Satellite basemap) indicates the location of study area within Sabah

Malaysia.

isolated catchments that drain into a small stream and

range in size from 0.6 to 1.8 ha (Figure 1). Prior to the

start of the experiment, the existing mature (20–25 year

old) oil palms were felled and the plots were re-planted

with young (∼2–3 years old) oil palms in 2017. A cover

crop was also planted to stabilize and minimize soil loss.

One catchment from each plot was applied with 50 tons

per hectare (t ha−1) of crushed silicate rock after planting,

and the other catchment was left untreated to act as a

reference catchment (Figure 1). Application of crushed rock

to the treated catchments was repeated every year throughout

the course of the experiment, usually between August and

December (Supplementary Text 1.1). The crushed rock was

applied in the same way as fertilizers, that is, by hand to

the base of the oil palms as well as in between the palms.

Hereafter, the silicate rock-amended catchments are referred

to as “treated” catchments and the reference catchments

are referred to as “untreated” catchments. Note, however,

that as there were pre-existing differences in stream water

chemistry prior to rock application (see results, Figure 3), and

the sizes of treated and untreated catchments were different

(Figure 1, Supplementary Table 4), the untreated catchment

stream water data cannot strictly be considered as a “control,”

so all stream water data were processed separately for each

individual catchment.

To assess the effects of rock treatment on stream water

chemistry, samples of stream water were taken from each site

prior to the first application of the rock in April/May 2018, with

continuous monitoring and sampling starting in October 2018.

However, due to COVID-19 pandemic prevention measures,

sampling was suspended between March and June 2020. Soil

cores were taken to assess changes in soil chemistry between

April and May 2018 prior to the first application of the crushed

rock, and thereafter twice a year (Supplementary Text 1.5). The

experiment is ongoing, but here we report data from the first 3

years of the experiment, up until July 2021.

Materials and methods

In this section, we firstly summarize our approach to the

quantification of CO2 removal and then secondly, we provide

specific details relating to our analytical protocols. We calculate

CO2 removal as alkalinity (Equations 1 and 2) directly, via

(i) measurement of elements and compounds dissolved in the

streamwaters and (ii) measurement of the water flux (discharge)

from each catchment. This approach ensures that we capture

net CO2 removal from waters that exit the weathering zone

to drainage, although we do not consider any modification to

the alkalinity flux during riverine transport to the ocean. While
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FIGURE 2

Rainfall and measured vs predicted discharge in stream catchments throughout the monitoring period (October 2018 to July 2021). (A) Total

monthly rainfall in mm. (B) Predicted instantaneous daily discharge in m3/s (black lines, and white symbols). Measured discharge (from June

2020 onwards) is also show for comparison (colored symbols). The white box indicates a data gap during the COVID-19 lockdown of 2020.

it is possible to determine weathering rates from the loss of

soluble cations from the soils (e.g., Riebe et al., 2004), this

is usually applied in studies aiming to characterize long-term

weathering rates because soils have very high concentrations

of e.g., Ca and Mg (wt% levels) relative to soil waters, making

cation loss difficult to detect. Furthermore, the fate of weathering

products cannot be assessed with this method. If, for example,

the products of weathering are taken up by biomass or adsorbed

on soil cation exchange sites, then CO2 will be regenerated on

short timescales.

In addition to characterizing water chemistry and discharge,

it is also essential to determine the proportion of alkalinity

derived from silicate vs. carbonate minerals, because whereas

all alkalinity (HCO−

3 ) generated by weathering of silicate

minerals comes from CO2 (Equation 1), only half of the

alkalinity derived from weathering of carbonate minerals

comes from CO2 (the other half coming from carbonate;

Equation 2). Characterization of the chemical composition

of all soil mineral phases enables the relative proportion

of silicate vs. carbonate weathering to be determined via

measurement of cation concentrations and the radiogenic

strontium isotopic composition (87Sr/86Sr) of stream waters,

corrected for inputs from rainwater and water-soluble fertilizers

(Section Quantification of CO2 drawdown via pedogenic

carbonate formation). The alkalinity derived from weathering

reactions can be calculated from cation concentrations, as the

HCO−

3 produced is charge balanced by base cations (Equations

1 and 2).

Calculation of CO2 removal via pedogenic carbonate

(inorganic carbon, predominately calcium carbonate) formation

can be determined from the difference in the carbonate

concentration of soils prior to the start of the experiment and

those collected after application of crushed rock, although any

contribution fromweathering and re-precipitation of carbonate-

based fertilizers (or carbonate in the applied crushed rock) needs

to be subtracted because CO2 removed during the weathering

process will be re-released when the carbonate re-precipitates

(Equations 2 and 3).

Measurement of stream water discharge

Stream water discharge can either be measured directly

or derived from measurements of rainfall and estimated rates

of evapotranspiration. Rainfall and other climate parameters

(humidity, temperature, windspeed and solar radiation) were

monitored at the plantation (Figure 2, Supplementary Text 1.2),

allowing the predicted discharge from each catchment to

be calculated daily from the difference between rainfall and

potential evapotranspiration (see Supplementary Text 1.2 for

full details). This approach was validated by comparing
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FIGURE 3

Stream water chemistry. Major cation concentrations are shown on the left-hand side (A,C,E,G) and major anion and silicon concentrations on

the right-hand side (B,D,F,H,J). Smoothed fit (lines and gray bands) through data is a Loess regression, which averages the treated and untreated

datasets for all three catchments. The gray band is the 95% confidence interval on this fit. Rainfall (I) is the monthly sum, in mm. Light blue

shading indicate times of higher rainfall that correlate with a decrease in some major elemental concentrations. White boxes indicate data gaps

prior to rock application and during the COVID-19 lockdown.

predicted discharge with discharge measured bi-weekly in

the streams from June 2020 onwards. Direct instantaneous

measurements were obtained from readings of water depth

within a Cutthroat Flume (OpenChannelFlow, 36 × 16-inch)

that was installed at the water sampling points (symbols in

Figure 1) at the lowest topographic point of each catchment.

Measured discharge was in reasonable agreement with predicted

daily discharge (Figure 2): differences can be expected as the

instantaneous manual readings were only made every 2 weeks

and may have missed individual rain events; in addition,

readings could only be made when the streams were flowing,

thus also missing periods of low or no flow (Figure 2).

Collection and analysis of stream waters
and rainwater

Stream waters were collected from each catchment under

free-flowing conditions at an approximately biweekly frequency,

with water temperature and pH measured in situ at the time

of sampling. Rainwater samples were periodically collected at

the plantation. All waters were filtered at 0.45µm immediately

after sampling. A sub-sample of the filtered water was

acidified to pH 2 with concentrated HNO3 in acid-cleaned

HDPE bottles for analysis of cations. Sub-samples for anion

analysis were collected in MilliQ rinsed LPDE bottles and
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were not acidified. Sub-samples for analysis of dissolved

organic carbon (DOC) and total dissolved nitrogen (TDN)

were collected in amber borosilicate glass vials and acidified

with HCl.

Alkalinity analysis

Total alkalinity was determined for stream waters

immediately after sampling using a Gran titration technique

(Stumm and Morgan, 1996). Precision and accuracy were

monitored using a sodium carbonate standard and were always

better than ±5%. Bicarbonate (HCO−

3 ) concentrations were

calculated from total alkalinity, temperature and pH using

CO2SYS v2.1 (Pierrot et al., 2006) using the stoichiometric

equilibrium constants derived for freshwater by Millero (1979).

For this calculation only [HCO−

3 ], [CO
2−
3 ], [OH−], and [H+]

were included in the definition of total alkalinity (Pierrot

et al., 2006). Borate was not included in the definition of

total alkalinity as measured B concentrations (see section

Analysis of cation and anion concentrations and results)

indicated that borate could only account for <0.1% of the total

alkalinity so is considered negligible. The pH and alkalinity

data indicate that >99% of stream water alkalinity consists of

HCO−

3 . Moreover, as DOC concentrations are low (ranging

from 75 to 540µM C), it can be assumed that alkalinity

≈ [HCO−

3 ].

Analysis of cation and anion concentrations

All concentration analyses were carried out in laboratories

in the National Oceanography Centre, Southampton.

Concentrations of major and some trace elements (B,

Ba, Ca, K, Mg, Na, Si, Sr) were measured on a Thermo

Scientific iCAP 6000 Inductively Coupled Plasma Optical

Emission Spectrometry (ICP-OES). Accuracy and precision

were monitored using repeated measurements of a multi-

elemental ICP standard (VWR) and an in-house drift standard,

with known values reproduced always within±10%. Aluminum

concentrations in stream waters were low or below the typical

detection limit (<∼0.05 ppm) in the stream waters, and so

were monitored to check for potential contamination from

particulate material but are not reported. The DOC and TDN

concentrations in the stream waters were determined on a Total

Organic Carbon Analyzer (Shimadzu TOC-VCPH). Accuracy

was monitored using consensus reference material from the

University of Miami (UMHansell CRM); our values were within

±10% of the consensus values. Precision was determined via

repeat measurements of the same sample (n > 3) and was better

than±2%.

Anion (SO2−
4 , NO−

3 , Cl
−) concentrations were measured

by ion chromatography (IC, Thermo Scientific Dionex

Aquion) with a 9mM sodium carbonate eluent. A multi-

elemental standard (Dionex Seven Anion Standard II) was

repeatedly measured to monitor accuracy and precision, with

values reproduced to within ±6% of known concentrations.

The normalized inorganic charge balance (NCIB = (6+-

6−)/(6+
+ 6−) in %, where 6+ is the sum of cations and 6−

is the sum of anions, in equivalents) was on average 1.8% for all

stream water measurements (n = 562) and was always better

than±10% (Supplementary Table 8).

Analysis of radiogenic Sr isotope ratios
(87Sr/86Sr)

The radiogenic strontium isotopic composition (87Sr/86Sr)

of the stream waters was determined by Thermal Ionization

Mass Spectrometry (TIMS) at the University of Southampton.

Briefly, 200 to 500 ng of Sr was separated from the rest

of the sample matrix with Sr-Spec resin, using established

chromatographic procedures (following Pearce et al., 2015 and

Kelland et al., 2020 and references therein). The Sr fraction

was loaded on a single Re filament and measured on the

TIMS (Thermo Scientific). The 86Sr/88Sr ratio was normalized

to 0.1194 using an exponential law. External and analytical

reproducibility was monitored using standards: NBS 987 and

an IAPSO seawater standard regularly passed through column

chemistry (Supplementary Text 1.4). Repeated measurements

of NBS 987 yielded 0.710252 ± 6 ppm (2SD, n = 73). The

uncertainty associated with a sample measurement is taken as

the uncertainty on these repeated measurements of NBS 987

(i.e.,±6 ppm).

Collection and analysis of soil samples

After collection, soil cores were split into two fractions, 0–

10 cm and 10–30 cm, and dried in an oven at 80◦C. Soil pH

was measured at the oil palm plantation by mixing dry soil with

distilled water in a 1:5 ratio.

Dried soils were first sieved to <2mm, and then subjected

to a chemical leaching procedure to separate the exchangeable

(plant available), carbonate, and silicate fractions of the soils.

The exchangeable fraction was isolated by leaching the soils in

1M ammonium chloride (NH4Cl) for 24 h and the carbonate

fraction was isolated by leaching the residue remaining after the

NH4Cl leach in 4M acetic acid (AcOH) for 24 h. After both

leaches were completed, the residual soil was rinsed 3 times

in MilliQ water, dried, and completely digested on at hotplate

at 130◦C in a mix of HF, HNO3 and HClO4. The residual

soil is assumed to principally consist of relatively insoluble

silicate minerals. The chemical compositions of each of the

soil leachates, and the digested soil residue, was determined

by ICP-OES as described in Sections Analysis of cation and

anion concentrations; selected soil leachates were also analyzed

for 87Sr/86Sr as described in Section Analysis of radiogenic Sr

isotope ratios (87Sr/86Sr).
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The inorganic carbon (carbonate) content of the dried and

sieved soil samples was assessed using a UIC CM5015 CO2

Coulometer in the SEAPORT Stable Isotope Lab, University

of Southampton. However, the carbonate content of all the

soils analyzed was below the detection limit of the instrument

(<0.2 wt% CaCO3). For this reason, we assessed changes in soil

carbonate by chemical leaching (reaction with 4M AcOH for

24 h after the exchangeable fraction was removed, as above) on

a selection of soil samples (Supplementary Table 5) from 2018

(pre-treatment), 2019 and 2020. To calculate wt% CaCO3 we

assumed that the Ca in the leachate measured by ICP-OES

was from dissolution of CaCO3. Calculated CaCO3 values (see

Section Composition of the soils, applied rock, and fertilizers)

were consistent with the results from coulometry (i.e., <0.2

wt%). We applied inferential statistics to assess the significance

of differences in carbonate content in soils between treated and

untreated plots and different years. The data were normalized to

homogenize the variance between data sets by transforming to

a log scale with the time point (year) treated as a continuous

variable. The variance was analyzed using a 3-way ANOVA

(time, treatment, and plot) on the transformed model. To assess

differences between years, the model was refitted with the time

point (year) included as a discrete factor and contrasts and

Tukey-adjusted p-values were then calculated.

Composition of applied crushed rock and
fertilizers

The crushed rock that was applied to the treated catchments

was donated by Onika Quarry (owned by Leeka Holdings) in

Tawau, Sabah, and its composition is described in detail in Lewis

et al. (2021). Briefly, the rock is andesitic in composition and is

derived from Pleistocene magmatic-arc volcanic deposits (Lewis

et al., 2021). The mineralogy is dominated by plagioclase (45

wt%), sanidine feldspar (13 wt%) and diopside (clinopyroxene,

12 wt%) minerals and has a relatively high quartz content (19

wt%). The rock also contains trace carbonate minerals (∼0.8

wt%, Lewis et al., 2021). The applied rock has a grainsize of p80=

1,767µmand its whole rock specific surface area [determined by

(BET)-N2 adsorption] was 2.73± 0.06 m2/g (Lewis et al., 2021).

The chemical composition of carbonate minerals in the

applied rock was determined by leaching the ground rock in

4M acetic acid in the same way as for the soils. The material

remaining after removal of the carbonate fraction, which can

be assumed to represent the silicate fraction, was subsequently

digested on a hotplate at 130◦C in a mix of HF and HNO3.

The leachates and digestates were dried down and redissolved

in 3% HNO3 and cation concentrations and 87Sr/86Sr ratios

were measured as described in Sections Analysis of cation and

anion concentrations and Analysis of radiogenic Sr isotope

ratios (87Sr/86Sr).

Throughout the experiment, fertilizers were applied to the

oil palms in accordance with usual agricultural practice at

the plantation. Fertilizers consisted of ground Mg-limestone,

potash, magnesium sulfate and sodium borate, as well as

various other compound (e.g., NPK) fertilizers. The full fertilizer

application schedule is given in Supplementary Table 3. Most

notably, ground Mg-limestone was added to all catchments

between April and August 2018, and again in January 2019.

Approximately 2 kg of Mg-limestone was applied to the base of

each oil palm on both occasions. As carbonate minerals have

high dissolution rates relative to silicate minerals, this fertilizer

can be expected to undergo rapid chemical weathering and will

contribute to CO2 drawdown (Equation 2).

The chemical composition of water-soluble fertilizers (NK,

NPK, Na-borate, urea, muriate of potash and MgSO4) was

determined by dissolving the fertilizer in MilliQ water and

then acidifying to pH 2 with concentrated distilled HNO3.

Non-water-soluble fertilizers (rock phosphate and ground Mg-

limestone) were digested on a hotplate at 130◦C in a mix of

HF, HNO3 and HClO4. The dissolved/digested fertilizers were

then dried down and redissolved in 3% HNO3 and cation

concentrations were measured as described in Section Analysis

of cation and anion concentrations.

Results

All data obtained in this study are available in the

Supplementary Tables 1–8 and summarized here. Our data

characterize the chemical composition of the stream waters,

soils and different soil phases and include radiogenic strontium

isotope data that can be used to trace cation sources.

Chemical composition of stream waters

Concentrations of key solutes in stream waters are shown

together with rainfall data in Figure 3. The variation in

concentrations followed a similar pattern across all catchments,

with lower concentrations of major dissolved ions (Ca2+, Mg2+,

Na+, HCO−

3 ) coinciding with higher rainfall (>600mm). This

likely reflects a greater influence of surface runoff during periods

of high rainfall with proportionally higher base flow during

drier conditions.

The DOC concentration of all the stream waters was lower

than the global average river concentration (Liu and Wang,

2022, Supplementary Table 8), ranging from 75 to 540µM C.

Bicarbonate (HCO−

3 ) accounted for >99% of total alkalinity

(Supplementary Table 8) which is expected due to the low DOC

and because the inorganic charge balance was close to zero

and stream water pH was neutral [proton activity mean =

6.76 ± 0.40 (1SD, n = 582)]. Stream waters have HCO−

3

concentrations that are relatively high (in some cases >99% of
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FIGURE 4
87Sr/86Sr isotope geochemistry of stream waters, soil phases (exchangeable, carbonate and silicate, the applied rock (silicate and carbonate

phases) and fertilizers. Boxes enclose the range of soil silicates, soil carbonates and the applied rock. Treated silicate refers to the silicate fraction

of soils post rock application in treated catchments. Analytical error is smaller than the symbol size.

world rivers, which fall between 47 to 5,950 µeq/L; Meybeck,

2003), varying from 1,323 to 7,097 µeq/L across all catchments

(n = 579). Stream water cations are dominated by Mg2+,

Ca2+, and Na+, with concentrations ranging from 584 to 2,921,

301 to 2,050, and 268 to 1,690µM, respectively (n = 579).

Sulfate and chloride concentrations are nearly always higher

than the global river average (ranging from 118 to 1,280 and

281 to 3,159µM, respectively, whereas world river average

concentrations are 175 and 167µM, respectively; Meybeck,

2003). Nitrate concentrations in stream waters were on average

122µM and often below the typical analytical detection limit

(<8µM, Supplementary Table 8). Stream water concentrations

of elemental B ranged from 9 to 66µM, which is higher than the

range of most natural waters (average value of the world’s largest

rivers= 0.94µM; Gaillardet et al., 2014).

Radiogenic strontium isotopes

Radiogenic Sr isotope (87Sr/86Sr) compositions can be used

to trace the weathering source in waters and soils. Since 87Rb

decays into 87Sr (half-life = 49 Gyr), the 87Sr/86Sr ratios of

waters and soils are set by source rock composition which differs

according to rock type and age. Strontium is a mobile element

and has a similar atomic radius to Ca, so it readily substitutes

for Ca in minerals. Therefore, 87Sr/86Sr compositions of waters,

sediments and soils also trace the weathering of carbonate

minerals, which usually have higher 87Sr/86Sr ratios than silicate

minerals (e.g., Gaillardet et al., 1999). For this reason, the

Sr isotopic compositions of the stream waters, the soils and

the applied rock were also measured to help determine the

proportion of weathering of carbonate vs. silicate minerals

(Figure 4). Stream water 87Sr/86Sr values ranged from 0.706556

to 0.707471, overlapping with soil carbonate phases (that ranged

from 0.707167 to 0.708338). Silicate phases had a wide range

of 87Sr/86Sr values, with the lowest values measured in post-

treatment soils (Figure 4).

Composition of the soils, applied rock,
and fertilizers

The soils in all catchments were acidic with soil pH = 5.10

± 0.55 (proton activity mean, ± 1 SD, n = 402). The chemical

compositions of the different soil fractions (exchangeable,

carbonate and silicate), fertilizers and the applied rock, which

are all potential sources of solutes in the stream waters, are

summarized in Supplementary Table 5.

We estimate the soil inorganic carbon content to be on

average <0.2 wt% using the Ca concentrations mobilized in

the acetic acid leachates (Figure 5). Chemical extractions are

imperfect and additional phases, such as phosphateminerals and

potentially silicate or clay minerals, may be mobilized (Tessier

et al., 1979), so estimates of carbonate concentrations derived

by chemical leaching represent maximum values. Differences in

the mean values of calculated calcium carbonate concentrations
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FIGURE 5

Change in soil carbonate concentration (derived from analysis of soil leachates) over the course of this study as wt% calcium carbonate (A) and

transformed to a log scale (B). Box plots are for data from all three plots, with the thick black line indicating the median value. Individual data

points are the colored symbols. Gray colored squares indicate extreme outliers excluded from the data analysis. *Indicates the calculated

p-value was between 0.01 and 0.05.

(CaCO3 wt%) were observed between treated and untreated

plots for all 3 time points analyzed: 2018 (pre-treatment), treated

= 0.032 ± 0.019 (SD) and untreated = 0.035 ± 0.026 (SD);

2019, treated = 0.059 ± 0.049 (SD) and untreated = 0.028

± 0.016 (SD) and 2020, treated = 0.099 ± 0.079 (SD) and

untreated = 0.068 ± 0.064 (SD) (Figure 5A). The calculated

CaCO3 concentration was ∼0.03 wt% higher in the treated plot

when compared to untreated plot at the final time point analyzed

(2020). All three effects (year, plot, treatment) significantly

contributed to the variance (plot p = 0.010052∗, treatment p

= 0.004561∗∗ and year p = 0.001734∗∗, Figure 5B). There were

also significant differences between the means of 2019 and 2020

(p = 0.0102∗) and of 2018 and 2020 (p = 0.0146∗), but no

significant difference between 2018 and 2019 (Figure 5B).

The chemical composition of carbonate phases (groundMg-

limestone fertilizer and the acetic acid extractable portion of

the soil and the applied rock) and the silicate phases (residual

fractions of the soil and applied rock, after leaching of non-

silicate phases) was also determined to partition sources of

cations derived from weathering of silicate vs. carbonate phases

for each individual catchment. Cross plots of Na/6+, Ca/6+

and Mg/6+ (where 6+ is the sum of the base cations in

equivalents), demonstrate that this approach is valid as the

silicate phases are characterized by relatively high Na/6+ and

the carbonate phases are characterized by high Ca/6+. In

addition, carbonate phases all plot on a mixing line between

Mg- and Ca-carbonate or rock phosphate endmembers, whereas

the silicate phases lie off the mixing line (Figure 6B). Figure 5A

also shows that mobilization of Na relative to other major

cations was minimal in the acetic acid leach, confirming that the

acetic acid leach targeted mostly carbonate phases. The chemical

composition of the soil exchangeable fraction overlaps with

that of carbonate (dolomite and limestone and Mg-limestone

fertilizer; Figure 6); note that the soil exchangeable fraction may

also include any water-soluble fertilizers present in the soil.

The chemical composition of fertilizers considered as

potential cation sources applied to the oil palms over the

course of this study is provided in Supplementary Table 3. The

fertilizers are (i) water-soluble salts (e.g., MgSO4, Na-borate,

potash and NPK fertilizers) that add cations to stream waters

but do not draw down any atmospheric CO2, and (ii) rock-based

fertilizers (e.g., ground Mg-limestone and rock phosphate) that

will undergo chemical weathering and contribute to the CO2

budget. Rock-based fertilizer compositions are also plotted in

Figure 6.

Discussion

Here, we quantify and discuss the evidence for CO2 removal

via alkalinity generation and soil carbonate formation over the

course of this field trial. Firstly, we assess CO2 drawdown via

pedogenic carbonate formation in the soils. Secondly, we set out

a model framework for quantifying CO2 removal via alkalinity

generation in waters which considers inputs from fertilizers and

strong acid weathering, as well as carbonic acid weathering of

silicate and carbonate minerals. This model framework is similar

to those applied in natural riverine and weathering studies (e.g.,
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FIGURE 6

Geochemical composition of the applied rock (carbonate and silicate phases), soil phases (exchangeable, carbonate, and silicate) and

rock-based fertilizers compared to generalized lithological endmember compositions spanning a wide range (silicates represented by shale and

granite, carbonates represented by dolomite and limestone). (A) Na/6+ and Ca/6 where 6+ is the sum of major cations (Ca, Mg, Na, K) in

equivalents and (B) Mg/6+ and Ca/6+. Composition of generalized global lithological endmembers (boxes) are from Torres et al. (2016).

Gaillardet et al., 1999; Galy and France-Lanord, 1999; Torres

et al., 2016; Bufe et al., 2021; Kemeny and Torres, 2021). Finally,

we place our quantifications in a global context, comparing

estimations of CO2 removal via alkalinity generation to selected

comparator catchments.

Quantification of CO2 drawdown via
pedogenic carbonate formation

As shown by Equation 3, CO2 removal associated with

enhanced weathering deployed in croplands or with plants can

also occur via pedogenic carbonate formation (e.g., Manning

and Renforth, 2013). Soil carbonate concentrations (inferred

from the chemistry of the acetic acid leaches) indicate that <0.2

wt%CaCO3 was, on average, present in the soils. Over the course

of the experiment, the calculated soil carbonate concentration

increased significantly in all plots and in both treated and

untreated catchments (Figure 5). To date (i.e., by 2020), the

increase in the soil carbonate concentration is∼0.03 wt% higher

in the treated catchments relative to the untreated catchments

(Figure 5A). Trace carbonate minerals from the applied rock in

treated catchments may contribute to this difference, as three

rock applications at 50 tons per ha with 0.8 wt% calcite would

result in ∼0.03 wt% increase in carbonate minerals in the soil,

but only if this calcite was retained in the upper 30 cm of the soil

(i.e., and not weathered, or migrated deeper in the soil profile).

If this increase resulted solely from silicate mineral weathering

and subsequent pedogenic carbonate formation (Eqn 1 and Eqn

3) over the top 30 cm of the soil, this would be approximately

equivalent to a removal of 0.51 tCO2 ha
−1 (assuming a bulk soil

density of 1.3 g/cm3) or 0.26 tCO2 ha−1 yr−1. This idealized

calculation highlights that small and difficult to detect changes

in soil inorganic carbon content may equate to the removal

of significant quantities of CO2. However, we are unable to

verify if this increase in soil carbonate concentration between

treated and untreated plots resulted from enhanced silicate

mineral weathering, as additional isotopic measurements (e.g.,

δ13CCaCO3) would be needed to verify the proportion of soil

inorganic carbon derived from CO2. The low inorganic carbon

content of the soils meant that δ13C CaCO3 could not be

measured directly on the soils from this field trial.

Overall, we emphasize that most carbonate minerals present

in both the treated and untreated soils are likely to be

predominately derived from fertilizer application, explaining the

significant increase in calculated soil inorganic carbon content

with time in both treated and untreated plots (Figure 5). This

interpretation is supported by 87Sr/86Sr isotope and cation

molar ratios, which indicate that the carbonate phases have

high Mg and lie on a mixing line between a phosphate or

limestone endmember, and a high-Mg limestone endmember

(Figure 6). The radiogenic Sr isotope compositions of the

soil carbonates (Figure 4) also overlap with the fertilizer

endmember compositions.

Low concentrations of soil carbonate are consistent with the

relatively low pH of the soils, as well as local climate conditions.

Mean annual precipitation (MAP) is ∼2,000mm at our field

sites (Figure 2) and soil inorganic carbon mainly forms under
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dry arid conditions, so is not likely to accumulate in areas

where MAP exceeds 1,000mm (e.g., Zamanian et al., 2016).

Continued monitoring of soil inorganic carbon concentration

at this field site will be necessary to ascertain whether

carbonate accumulates at this site long-term, thereby becoming

a demonstrably permanent store of CO2. Although the climatic

conditions specific to our field site mean that pedogenic

carbonate formation is not likely to be a substantial CO2

removal pathway, carbonate formation could be an important

pathway for CO2 sequestration under different climatic and

geologic regimes.

Quantification of CO2 drawdown via
alkalinity generation

Here we set out a model framework for rigorously

quantifying CO2 removal via alkalinity generation. Before the

proportion of dissolved solutes derived from weathering of

silicate vs. carbonate minerals can be quantified, contributions

of dissolved solutes not derived from weathering need to

be eliminated. These non-weathering sources are primarily

atmospheric (cyclic) salts principally delivered by rainfall,

and water-soluble fertilizer salts (e.g., compound fertilizers

and potash).

Correction for inputs from fertilizer and
atmospheric salts

The influence of fertilizers on stream chemistry is evidenced

by the high sulfate and chloride concentrations sourced from

MgSO4 and KCl (muriate of potash) fertilizers, respectively

(Figure 3). Furthermore, Mg concentrations are similar to or

higher than Ca in stream waters (Figure 3), which is the

opposite of most freshwater systems where typically Ca is

more concentrated (Meybeck, 2003). This is consistent with

the dissolution of high-Mg fertilizers (MgSO4 and ground Mg-

limestone). High B concentrations are indicative of input from

dissolution of Na-borate fertilizer, and low DOC concentrations

consistent with the lack of significant organic fertilizer input.

Atmospheric inputs to the stream waters were accounted

for using average cation/chloride ratios measured in rainwater

samples (see Supplementary Text 2). Following this, a series of

corrections were made to subtract the contributions of water-

soluble fertilizer salts (summarized in Supplementary Text 2).

These corrections allow us to isolate the cation contribution

to stream waters derived only from chemical weathering of

silicate and carbonate minerals (referred to herein as “rock-

derived” cations).

None of the water-soluble salt fertilizers were a significant

source of Ca (or Sr) to the sampled stream waters. However,

inputs from water-soluble salt fertilizers were significant for

K+ and Na+, and as our fertilizer correction is non-exhaustive

this likely induces unquantified error into the calculated rock-

derived stream concentrations. However, the validity of our

approach for extracting the rock-derived weathering signature

is verified by cross plots of [HCO−

3 ] and [Ca2+ + Mg2+]rock
(Figure 7), which shows that the gradient of our rain-corrected

and fertilizer-corrected [HCO−

3 ] and [Ca2+ + Mg2+]rock data

is∼2, consistent with the carbonic acid weathering of carbonate

or silicate minerals (Equations 1 and 2).

Our radiogenic Sr isotope data (Figure 4) also indicate that

a large proportion of stream water [K+] and [Na+] must be

derived from fertilizer inputs rather than weathering of silicate

minerals, because the 87Sr/86Sr ratios of the stream waters is

consistent with weathering of carbonate phases.

Proportion of silicate vs. carbonate weathering

Following correction of stream water chemistry for

atmospheric and fertilizer salt inputs, the proportions of cations

derived from the weathering of silicate vs. carbonate minerals

were assessed using an idealized two-endmember mixing model

(Supplementary Text 3). In this case, the endmembers are

silicate minerals and carbonate minerals, which are defined

as the chemical compositions of, respectively, the soil residue

(silicate phases remaining after removal of exchangeable

ions and carbonate phases) and the soil carbonate phase

(phases leachable in acetic acid after removal of exchangeable

ions). The soils contain silicate and carbonate minerals

derived from the applied rock (treated catchments), the

background soil and rock-based fertilizers, and they therefore

integrate all of the potential carbonate and silicate mineral

endmembers. This simplified approach does not account for

weathering of the rock phosphate fertilizer; however, phosphate

weathering had a minor influence on stream chemistry as

phosphate concentrations in stream waters were ∼0.1–4µM

(Supplementary Text 4).

The model calculates the instantaneous fraction of cations

derived from carbonate and silicate weathering (fcarb and

fsil, where fcarb + fsil =1) for each stream water sample,

using the measured elemental molar ratios (Na/6+, Ca/6+

and Mg/6+, corrected for atmospheric and fertilizer salt

inputs) and, where available, radiogenic Sr isotopes combined

with Sr/6+. Radiogenic Sr isotope data were not corrected

for atmospheric inputs, as rainwaters had negligible Sr

concentrations (Supplementary Table 7). We solve 4 equations

for fsil and fcarb simultaneously using a Bayesian endmember

mixing package in R (simmr; Parnell et al., 2010), which

calculates 10,000 possible solutions, and takes account of the

error in the endmember compositions (Supplementary Text 3).

The fsil and fcarb values reported are the mean and standard

deviation of these possible solutions (Figure 8A).

Model results indicate that >90% of stream cations were

derived from carbonate mineral weathering over the first ∼1–

2 years of the study for all catchments, and for the whole
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FIGURE 7

Cross plots of dissolved stream water chemistry g. (A) HCO−

3 vs. Ca2+ + Mg2+ (corrected for atmospheric inputs). (B) HCO−

3 vs. fertilizer salt and

rain corrected Ca and Mg concentrations ([Ca2++Mg2+]rock). Dashed black line shows the stoichiometry of carbonic acid weathering of silicate

and carbonate minerals, and the solid black lines are the linear regressions through the data.

duration of the study for plots 1 and 2 (Figure 8A). The high

Mg concentrations in both soil carbonate leachates and stream

waters (e.g., Figures 3, 6) are indicative of significant input of

cations from weathering of high-Mg carbonate, likely sourced

from the ground Mg-limestone fertilizer.

Stream waters from both treated and untreated catchments

in plots 1 and 2 had similar fsil values [plot 1 average: untreated

fsil = 0.040 ± 0.002 (1 SD), treated fsil = 0.08 ± 0.07 (1

SD) and plot 2 average: untreated fsil = 0.05 ± 0.06 (1 SD),

treated fsil = 0.035 ± 0.002 (1 SD)]. Since the middle of 2019,

a greater proportion of stream cations have been derived from

silicate weathering in plot 3, with the treated catchment values

exceeding the untreated catchment values (Figure 7A, from 25th

June 2019, average fsil (untreated) = 0.19 ± 0.17 (1 SD) and

average fsil (treated)= 0.38± 0.21(1 SD), Figure 7A).

The instantaneous amount of CO2 transferred to the stream

waters ([CO2]eq; Figure 7A) and converted to alkalinity per unit

volume of weathering fluid is given by:

[CO2]eq = [NO−

3 ]
∗
− 0.5[Cations]carbonate

− [Cations]silicate (4)

where concentrations of cations and anions are in equivalents.

Note that Equation 4 represents the drawdown of atmospheric

CO2 as negative values, whereas the release of CO2 from

the stream waters back into the atmosphere is represented by

positive values.

In addition to weathering by carbonic acid, Equation 4

also accounts for the effects of weathering by nitric acid. The

weathering of carbonates by strong acids [sulfuric (H2SO4) and

nitric (HNO3)] can result in the release of CO2 (Spence and

Telmer, 2005; Oh and Raymond, 2006; Calmels et al., 2007;

Hamilton et al., 2007; Perrin et al., 2008; Torres et al., 2014;

Raymond and Hamilton, 2018; Bufe et al., 2021; Relph et al.,

2021), for example:

from nitrification
︷ ︸︸ ︷

2HNO3 +

carbonate

mineral
︷ ︸︸ ︷

CaCO3

→

soil water
︷ ︸︸ ︷

CO2 + 2NO3
−

+ Ca2+ + H2O (5)

Although the absence of sulfide minerals within the soils

mean that sulfuric acid weathering is unlikely to occur at our

study site, the addition of N-fertilizer to the plots may result

in the production of nitric acid. The extent of instantaneous

CO2 release or consumption with both carbonic and nitric

acid weathering can be estimated from the measured stream

water NO−

3 concentrations [similar to the approach used by

Bufe et al. (2021) for sulfuric acid weathering] by removing

cations charge balanced by NO−

3 to calculate a net CO2 value

(Equation 4). This CO2 calculation does not depend on whether

the nitric acid reacts with carbonates or silicates (Bufe et al.,

Frontiers inClimate 13 frontiersin.org

125

https://doi.org/10.3389/fclim.2022.959229
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Larkin et al. 10.3389/fclim.2022.959229

FIGURE 8

(A) Fraction of cations derived from silicate weathering (fsil) in stream waters calculated using the endmember mixing model. Symbols show

mean values from the Bayesian endmember mixing model, and error bars are equal to 1SD. (B) Calculated moles of CO2 produced (positive) or

drawn down (negative) per L of stream water as a result of rock weathering. Error bars are propagated 1SD errors from fsil and fcarb. Smoothed fit

(dashed lines and gray bands) through all catchment data is a Loess regression. White boxes indicate data gaps prior to the start of continuous

monitoring, and during the COVID-19 lockdown.

2021). We note that NO−

3 concentrations were generally low

(Figure 3H), and the gradient of the cross plots of [HCO−

3 ] and

[Ca2++Mg2+]rock is close to 2 (Figure 6B), which both suggest

that carbonic acid weathering was the principal weathering

agent (nitric acid weathering can be expected to shift the

gradient closer to 1 or even lower; Perrin et al., 2008).

Figure 9B shows that there was net removal of CO2 from the

atmosphere via weathering in all of our study catchments over

the entire sampling period. The annual variations in calculated

[CO2]eq and total alkalinity for each plot are compared in

Figure 9. Generally, higher alkalinity values correspond to

higher CO2 removal (more negative [CO2]eq, Figure 9), as

might be expected from Equations 1 and 2. In 2021, CO2

removal was higher in the treated catchment in plot 3 relative

to the untreated catchment, due to increased silicate weathering

(Figures 8A, 9B), even though there was little difference

in alkalinity between the two catchments (Figure 9A). This

highlights the need to partition sources of solutes in enhanced

weathering experiments to determine the relative proportions of

carbonate to silicate weathering. Accurate partitioning of cation

sources is particularly important when the rocks used to amend

soils contain trace carbonate minerals (Lewis et al., 2021), as the

fast dissolution kinetics of carbonate minerals mean they would

be expected to weather first (White et al., 1999; Jacobson and

Blum, 2000).

Assessment of CO2 drawdown via alkalinity
generation

The cumulative quantity of CO2 removed from the

atmosphere (in tCO2 ha−1) as alkalinity since the start of

continuous monitoring in our field trial can be calculated

by multiplying -[CO2]eq by the daily stream discharge and

dividing by plot area (see Supplementary Text 5 for full

details, Figure 10). Values of [CO2]eq were derived by linear

interpolation between the sampling points, including over the
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FIGURE 9

Annual variation in (A). Total Alkalinity of stream waters, and (B). amount of CO2 produced (positive) or drawn down (negative) as a result of rock

weathering for treated and untreated catchments in all 3 study plots. Symbols show individual data points.

FIGURE 10

Cumulative CO2 drawdown in tons CO2 per hectare (tCO2 ha−1) via alkalinity generation. (A) Individual plots, error envelope is the propagated

error [68% confidence interval (CI)]. (B) Mean of all three plots. Error envelope is 1 SD.

COVID-19 lockdown. Considering all three plots together, the

average (±1SD) amount of CO2 removal was 3.8 ± 0.8 tCO2

ha−1 for the treated catchments and 3.7± 0.6 tCO2 ha
−1 for the

untreated catchments over the continuous monitoring period

(Figure 10). Thus, application of silicate rock did not result in

a change in CO2 removal via alkalinity generation outside of the

error range. The quantity of CO2 removed over the continuous

monitoring period was similar for both the treated and untreated

catchments in plots 1 and 2 (plot 1: treated= 3.7+0.2
−0.6, untreated

= 3.9+0.1
−0.3 tCO2 ha−1, plot 2: treated = 3.3+0.1

−0.2, untreated =
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3.7+0.1
−0.1 tCO2 ha

−1). However, the amount of CO2 drawdown in

plot 3 was higher in the treated catchment (4.5+0.1
−0.2 tCO2 ha

−1)

than in the untreated catchment (3.5+0.1
−0.2 tCO2 ha−1). This

increase in CO2 drawdown within the treated catchment of plot

3 corresponds to an increase in the proportion of weathering of

silicate minerals (Figure 8).

There are several potential reasons for the apparent lack of

an increase in silicate weathering in treated catchments in plots 1

and 2. Rock weathering releases nutrients (e.g., K) to soil waters,

making them plant available. If nutrients released by chemical

weathering of the applied silicate rock are not in excess of plant

uptake, then they will not contribute to stream water cation or

anion fluxes (e.g., Manning et al., 2017). Similarly, if cations

released by enhanced weathering are retained on the cation

exchange sites in soils this leads to delayed or muted signals

in stream waters (e.g., Pogge von Strandmann et al., 2021).

Nevertheless, our analyses of the soil exchangeable fraction did

not reveal an obvious signature of enhanced weathering as, for

example, the 87Sr/86Sr isotope ratio of the exchangeable fraction

was similar to that of the stream waters (Figure 6). It should also

be noted that the baseline rates of chemical weathering recorded

in all the streams on the plantation were extremely high. For

example, average alkalinity concentrations were 4,035µM (n =

579) in this study, whereas the average alkalinity concentration

observed in natural forested catchments in Sabah is an order

of magnitude lower (407µM, n = 90; Yamashita et al., 2014).

The high rates of fertilizer application on oil palm plantations

leads to very high levels of weathering in all catchments, making

the addition of less soluble silicate rock difficult to detect.

High loadings of easily-solubilised fertilizers may also inhibit

dissolution of applied silicate materials as soil waters may

become saturated and therefore may limit weathering rates (e.g.,

Maher and Chamberlain, 2014).

Although plot 1 and 2 do not show any difference in

CO2 drawdown via alkalinity generation between treated and

untreated catchments, in plot 3 the difference was ∼1.1 tCO2

ha−1. A difference of ∼1.1 tCO2 ha−1 is consistent with what

would be expected based on reactive transport modeling of

weathering of the crushed silicate rock used in this study (Lewis

et al., 2021). Model results predict that one application of 50 t

ha−1 of Tawau andesite could be expected to remove 2.9 tCO2

ha−1 over a period of 15 years (Lewis et al., 2021). This is

equivalent to ∼1.1 tCO2 ha
−1 for 3 annual applications of rock

at 50 tons per hectare as was the case for the period of this

study (just under 2 years). A predicted (maximum) difference

of ∼1.1 tCO2 ha−1 is relatively small relative to our study

baseline (on the order of 3 tCO2 ha−1). As discussed above,

weathering is currently dominated by weathering of fertilizers

and as such the effects of enhanced weathering of the applied

rockmay be difficult to detect in all catchments. It is highly likely

that the cumulative effect of rock application may take more

time (i.e. >3 years) to become detectable. In settings with lower

baseline stream water concentrations (e.g., forested regions with

no fertilizer input) it may be that the signature of enhanced

weathering is easier to detect.

CO2 drawdown via alkalinity generation
in a global context

Rates of CO2 removal as alkalinity determined in this

study are high relative to rates determined for natural forests

in Sabah, catchments draining the world’s largest rivers and

carbonate rock weathering (Figure 11). Carbonate CO2 removal

rates are derived from Suchet et al., 2003 with CO2 release

from nitric acid weathering calculated after (Perrin et al., 2008).

We note, however, that few of these comparator catchments

have been adequately characterized with a complete CO2

budget (e.g., taking into account CO2 release due to strong

acid weathering); most published CO2 removal rates represent

maximum values (e.g., Hilton andWest, 2020). The high rates of

CO2 consumption on the palm oil plantation are not, however,

unexpected, as it has long been established that agriculture and

agricultural liming can enhance weathering rates and increase

alkalinity fluxes relative to non-agricultural settings (Pacheco

and Van der Weijden, 2002; Hamilton et al., 2007; Raymond

et al., 2008).

Our study demonstrates that the high rates of weathering

and CO2 drawdown in both the treated and untreated

catchments on the palm oil plantation are driven primarily by

weathering of a carbonate fertilizer. The rates of weathering

are on the same order of magnitude as basaltic catchments

which are thought to constitute 30–35% of global continental

weathering fluxes (Dessert et al., 2003), on the order of∼1 tCO2

ha−1 yr−1. These values are also around an order of magnitude

higher than that calculated for natural forested catchments in

Sabah which experience similar climatic conditions (ranging

from 0.02 to 0.08 tCO2 ha−1 yr−1 for two catchments;

Grip et al., 1994; West et al., 2005). This indicates that the

tropics should be considered as a key location for further

enhanced weathering trials, as their large capacity to drawdown

atmospheric CO2 via alteration of soils (in this instance with

carbonate fertilizers) and enhanced chemical weathering is clear.

If enhanced rock weathering was deployed without agricultural

liming, and if fast weathering silicate minerals were to replace

carbonates, the potential longer-term CO2 drawdown could

be higher.

Conclusion

The study provides the first quantification of the extent of

atmospheric CO2 removal via alkalinity generation in a field

trial of enhanced weathering in a tropical environment. We
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FIGURE 11

Rates of CO2 removal via alkalinity generation calculated in this study compared to rates of CO2 removal from: (i) carbonate weathering, (ii)

natural forested catchments in Sabah, (iii) the world’s largest rivers and (iii) small basaltic watersheds. For this study the individual catchments

with the 1 SD propagated errors are shown (where greater than the symbol size), and the average and 1 SD error of all catchments is also shown

(diamonds). For literature data (Grip et al., 1994; Gaillardet et al., 1999; Dessert et al., 2003; Perrin et al., 2008), the average is shown (symbol),

and the error bar is the range. For the world’s largest rivers, carbonate watersheds and forested catchments in Sabah, the range is smaller than

the symbol size. CO2 consumption data for rivers draining lowland forest in Sabah are calculated using data from Grip et al. (1994), with

partitioning of carbonate and silicate weathering after West et al. (2005). This calculation does not account for any CO2 release due to strong

acid weathering, and so should be considered a maximum value. Carbonate CO2 removal data are calculated after Perrin et al. (2008), using data

from Suchet et al. (2003).

present a method for quantifying CO2 removal via alkalinity

generation that accounts for the influence of fertilizers and

the potential for CO2 release associated with the weathering

of carbonate minerals by strong acids. Using this method, we

show that the acidification of soils due to nitrogen fertilizer

application resulted in no net CO2 release in these catchments

and that the rates of chemical weathering are high throughout

the study site. Although the extent of CO2 removal via alkalinity

generation associated with soils amended with silicate rock was

similar to the untreated plots when all replicated catchments

were considered, the results from one plot suggest an increased

removal of ∼0.4 tCO2 ha−1yr−1. This result is in agreement

with the CO2 removal predicted from modeling (Lewis et al.,

2021). If the carbon dioxide removal estimates from this plot

are transferable to global tropical croplands (accounting for an

area of 676 × 106 ha; Edwards et al., 2017), this equates to a

removal of ∼0.3 Gt CO2 yr−1, which is within range of the

mitigation potential of other proposed carbon dioxide removal

methods (IPCC, 2022). This evidently idealized calculation does

not account for any emissions resulting from implementation

(i.e., crushing and transportation of the applied rock), but if

valid would represent ∼3% of the ∼10 Gt CO2 yr−1 of carbon

dioxide removal by 2050 that is likely required to reach the

Paris agreement target of limiting global average temperatures to

1.5◦C (e.g., UN Environment Programme, 2017; IPCC, 2022).

We emphasize that this field trial is ongoing and unequivocal

evidence for changes in pedogenic carbonate content, as well

as the cumulative effect of rock application on weathering

rates of treated vs. untreated catchments that currently

show no detectable differences, may only be revealed in the

coming years. Silicate mineral dissolution can be a slow

process under most natural conditions, and modeling studies

indicate that years to several decades may be required for

the full CO2 removal potential to be reached (e.g., Taylor

et al., 2016; Lewis et al., 2021). Longer-term monitoring

is also important for assessing any potential impacts to

soil, plant, and stream water quality to verify the safety

of enhanced rock weathering. Notwithstanding, our results

demonstrate that tropical croplands have a large capacity to

help draw down atmospheric CO2, even when, as in this

instance, CO2 drawdown is driven largely by application of

carbonate fertilizers.
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Carbon dioxide removal (CDR) that increases the area of forest cover or

bio-energy crops inherently competes for land with crop and livestock

systems, compromising food security, or will encroach natural lands,

compromising biodiversity. Mass deployment of these terrestrial CDR

technologies to reverse climate change therefore cannot be achieved without

a substantial intensification of agricultural output, i.e., producing more food

on less land. This poses a major challenge, particularly in regions where

arable land is little available or severely degraded and where agriculture is

crucial to sustain people’s livelihoods, such as the Global South. Enhanced

silicate weathering, biochar amendment, and soil carbon sequestration are

CDR techniques that avoid this competition for land and may even bring

about multiple co-benefits for food production. This paper elaborates on the

idea to take these latter CDR technologies a step further and use them not

only to drawdown CO2 from the atmosphere, but also to rebuild fertile soils

(negative erosion) in areas that su�er from pervasive land degradation and

have enough water available for agriculture. This way of engineering topsoil

could contribute to the fight against malnutrition in areas where crop and

livestock production currently is hampered by surface erosion and nutrient

depletion, and thereby alleviate pressure on intact ecosystems. The thrust

of this perspective is that synergistically applying multiple soil-related CDR

strategies could restore previously degraded soil, allowing it to come back into

food production (or become more productive), potentially alleviating pressure
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on intact ecosystems. In addition to removing CO2 from the atmosphere,

this practice could thus contribute to reducing poverty and hunger and to

protection of biodiversity.

KEYWORDS

enhanced weathering, biochar, soil carbon storage, food security, undoing soil

degradation, engineering soils

The conflict between using land to
help solve the climate crisis or to
produce more food for a growing
human population

Across all Shared Socioeconomic Pathways (Riahi et al.,

2017), a global increase in food demand of 35–56% is projected

by 2050 relative to 2010 (van Dijk et al., 2021), implying an

equally large food gap between food required in 2050 and food

availability under a business-as-usual scenario (Ranganathan

et al., 2018). Without drastic transformations of the agriculture

and food sectors (Schmidt-Traub et al., 2019), producing 60%

more food would require nearly 6 Mkm² nature or forest

land to be converted into cropland or pasture, i.e., a growth

of the current agricultural area (50 Mkm²; Smith, 2016)

by 12%. Evidently, such a dramatic land use change would

have colossal adverse effects on biodiversity, environment, and

climate (Ranganathan et al., 2018).

The yield per area and total production of major staple foods

are globally on a decline owing to increased temperatures (Zhao

et al., 2017). Especially strong impacts of climate change are

experienced across the tropical belt where extreme heatwaves

occur more frequently (Mbow et al., 2019) and severe droughts

are already causing water stress (Porkka et al., 2016; Spinonii

et al., 2021). In addition to the risk that climate change reduces

productivity per unit land area, there is also a risk that the total

land area available for agriculture will decline. Almost all IPCC

scenarios compliant with a maximum of 1.5◦C warming, which

would dampen the increase in frequency and intensity of climate

extremes (Hoegh-Guldberg et al., 2018), depend on large-scale

deployment of carbon dioxide removal (CDR) technologies.

Applying two of the most studied land-based CDR technologies,

Bio-Energy with Carbon Capture and Storage (BECCS), which

supports the energy transition, and afforestation/reforestation

(AR), which is beneficial for biodiversity and Earth function,

however, would require an estimated 4–7 Mkm² of land (Smith

et al., 2016; Mbow et al., 2019). Reducing the current 50 Mkm²

of agricultural land by 4–7 Mkm² (-8 to−14%) to enable large-

scale BECCS and AR deployment is unacceptable given that

820 million people are still undernourished (Mbow et al., 2019);

likewise expanding the current agricultural area with an extra 6

Mkm² to close the food gap would come at too large a cost for

biodiversity and environment.

Food and nutritional security are furthermore threatened

by decreases of soil organic matter stocks, compromising soil

nutrient retention and water holding capacity (Tan et al., 2005;

Ghimire et al., 2022), that moreover causes CO2 emissions that

exacerbate the climate crisis. Food security is further threatened

by soil contamination (Persson et al., 2022) and soil sealing,

i.e., the creation of an impermeable layer (Gardi et al., 2015).

Importantly, each year erosion strips 24 billion tons of topsoil

from arable land worldwide (UNCCD, 2014; FAO and ITPS,

2015), diminishing the amount of food that can be produced

for many generations to come. One third of global agricultural

land is already subject to human-induced land degradation

(FAO, 2021), and the pace at which this takes place is rising

sharply due to population growth. Soil erosion and fertility

loss affect a disproportionally large area of land where climate

extremes decrease yields the most, aridity increases the fastest,

andmajority of people’s livelihoods depend on agriculture (FAO,

2021). Halting soil degradation is thus a key priority to realize

the zero-hunger development goal.

Avoiding competition for land

Multiple solutions have been proposed to overcome the

trade-off between using land for CDR or for agriculture, and

probably all will be needed if worse climate change impacts and

food shortages are to be avoided. These proposed solutions are

diverse and often not mutually exclusive. One group of solutions

focuses on producing more food on less land. High-yield

farming of croplands, with targeted protection of biodiversity

(by setting aside 20% of agricultural land as the major pathway

to improving biodiversity) and spatial optimization of crop

selection and fertilizer inputs to current-day climate and soil

conditions, was estimated to produce similar volumes of food

on 40% less land (Folberth et al., 2020). Moreover, it would

reduce global irrigation needs by 20% and maintained global

fertilizer applications at current-day levels (Folberth et al.,

2020). In many areas where rain-fed agriculture is currently

possible, droughts occur with increased frequency and intensity,

so ensuring water availability will be required to reduce the
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risk for crop failure during droughts. Hence, improved water

management at landscape scale constitutes another important

component of sustainable cropland intensification that could

increase food production on less land (Rockström et al., 2010).

Besides maximizing yields, another group of solutions aims

at optimizing the food chain, thus reducing the amount of

food required to feed the world and enabling reductions in

the agricultural land area. Reducing food wastage, for example,

is one of the most low-hanging fruits: currently 30–50% of

yields are wasted on their way from the field to the consumer

(Lundqvist et al., 2008; FAO, 2011), implying that a drastic

reduction in food wastage could substantially increase food

availability, without requiring additional land. Another highly

effective measure to reduce the land area needed to feed the

world would be a global reduction in meat consumption.

Roughly 75% of agricultural land is currently used to produce

meat, which covers <25% of the calories and proteins required

to feed the human population. Hence, also a reduction in global

meat consumption would help reduce the land area needed

to realize the zero-hunger objective and render land available

for CDR (IPCC, 2022). Personal preferences and systemic

behavioral patterns, however, pose major barriers to dietary

change and more sustainable meat consumption (O’Riordan

and Stoll-Kleemann, 2015). Moreover, livestock production also

forms the backbone of pastoral communities in semi-arid zones

where rainfall can only support grassland ecosystems, with

approximately 200 million people worldwide depending on pure

grazing (Kaufmann et al., 2019).

Another way to avoid competition for land between CDR

and food production is to advance CDR techniques that can be

implemented on agricultural land and therefore do not compete

with food production, as is the case for enhanced weathering

(EW) of silicate minerals (Beerling et al., 2018; Vicca et al., 2021;

Ramos et al., 2022; Swoboda et al., 2022; Vienne et al., 2022),

increased soil carbon storage (SCS; Smith, 2016; Smith et al.,

2016; Rumpel et al., 2018; Amelung et al., 2020), or applying

biochar (BC) from excess crop residues and other renewable

biomass (Biederman and Harpole, 2013; Smith, 2016; Smith

et al., 2016). While the estimated global CDR potentials of

these three CDRs (EW about 1, SCS and BC both about 0.7

Gt C yr−1) are lower than those of BECCS (3.3 Gt C yr−1)

and AR (up to 3.3 Gt C yr−1) (Smith, 2016; Smith et al.,

2016), the agricultural and environmental co-benefits of these

approaches help in neutralizing diverse adverse human impacts

on the planet and on food security. For example, EW helps

counteracting acidification (potentially replacing lime) and

restores depleted pools of base cations, silica, and -depending

on the source materials- also phosphorus and micronutrients

(Beerling et al., 2018). Increasing soil organic matter stocks

through SCS and/or BC improves soil aggregation and porosity,

which combined with minimizing soil disturbance reduces

erodibility, and enhances infiltration, water holding capacity and

nutrient retention (Razzaghi et al., 2020; Panagea et al., 2021).

Especially in areas with highly weathered or degraded soils like

the Global South, these co-benefits help increase crop yields

(Jeffery et al., 2017; Beerling et al., 2018).

One option that has rarely been considered so far (but see

Horton et al., 2021) is that these latter CDRs may actually be

combined, not only to maximize the CDR per unit agricultural

land, but even to create new, fertile topsoils in landscapes

where agriculture is no longer viable due to surface erosion

and nutrient depletion (Figure 1). As mentioned earlier, roughly

25% of the land suited for agriculture is in a severe state of

degradation or is rapidly degrading, a trend that must be halted

and if possible reversed. The idea to create new fertile land using

CDRs originated from studying chronosequences of volcanic

islands south of Iceland (the Vestmannaeyjar islands; Leblans

et al., 2014). The silicate-rich sediments on the youngest island,

now 50 years old, contained all elements needed for plant

growth, except nitrogen (N), and the island has remained largely

unvegetated since its birth. However, one part of the island

harbored a seabird colony where guano deposition catalyzed

rapid development of dense vegetation. Microbes subsequently

transformed the plant necromass into soil organic matter,

which increased soil water-and nutrient retention that further

enhanced vegetation productivity, reaching similar productivity

values as vegetation on other islands with well-developed, well-

managed soils (Leblans et al., 2014, 2017).

This natural development of fertile soil that supports high

plant productivity thus occurred because of the combination of

weatherable silicate minerals, nutrient-rich fertilizers (guano),

and soil organic matter accumulation. In principle, this could

be engineered on unproductive land where rain-fed agriculture

is possible by applying a sufficient layer of weatherable silicate

minerals (EW), mixing in substantial amounts of organic matter

and kick-starting productivity by fertilizing with the nutrients

that are limiting plant growth the most. Co-deployment of these

CDR techniques could thus enable the formation of new fertile

cropland and pasture where soils are degraded and not enough

food is produced to sustain livelihoods. Because this method

tackles the challenges of ending hunger andmitigating emissions

at the same time it can foster a high level of support and

investment which will promote widespread uptake.

Realizing high-yield,
carbon-negative agriculture on
degraded soil

Lessons learnt about the onset of plant productivity on

volcanic islands suggest that all the following features are

required to create fertile soils across degraded landscapes.

Weatherable silicate minerals provide the basis of

soil formation and restoring agricultural land. Usually in

applications of EW the silicates are dosed at 20–50 ton ha−1,

i.e., a layer of a few mm, but this does not suffice for extremely
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FIGURE 1

Overview of how combining CDR techniques to form new fertile soils would support functions and services in agricultural soils. CDRs and site

management practices are given in green, e�ects on ecosystem services in red, and e�ects on ecosystem processes in black. Weathering of the

added silicates releases a suite of nutrients and bu�ers soil pH, both benefiting vegetation growth. Plant growth must be supported by

well-balanced addition of (in)organic fertilizers and site-specific management such as crop selection and engineered surfaces. Nutrient and

water losses are best avoided through high inputs of organic matter (OM) or biochar from renewable biomass caches. These will increase

cation- and anion exchange capacity (CEC and AEC) and base saturation (BS) of soils, as well as reinforce its biotic community leading to

aggregate formation and improved soil structure. The latter not only protects against surface erosion, it also increases water infiltration, avoiding

losses by overland flow and maximizing water retention, which stimulates plant growth. Optimal management of water through reservoirs, wells

and irrigation systems further reduces water losses and increases plant-available water which helps to secure yields during extreme drought.

degraded cases where topsoils have been lost. Because of the

lack of empirical studies, we can only speculate about how deep

the engineered topsoil should be to enable sufficient yields.

Deeper soils provide more water and nutrient storage and

better anchoring for the roots. However, assuming a density of

1.5 kg dm−3, every cm of engineered soil implies the transport

of about 150 ton ha−1 of silicate minerals, that all needs

to be ground and transported and requires a large financial

investment and comes at an energy cost and (until the energy

transition has been completed) also a CO2 cost. Based solely on

expert judgment, we speculate that a soil depth of about 10 cm

would be needed to sustain viable yields. Developing a new

fertile, 10-cm surface layer, would thus imply the transport of

roughly 1,500 ton ha−1, about 75 truckloads, and thus presents

logistical and financial challenges, and comes with a large

CO2 penalty, for real-world application. Organic matter and

biochar from secondary biomass residues are the finishing coat

and active ingredient of new fertile soil. How much of these

resources would exactly be needed to build a 10-cm surface

layer is not certain and will inherently vary. Some studies have

suggested application rates of OM at an equivalent rate of 1

ton C per hectare, and of biochar at 30–60 ton dry matter per

hectare (e.g., Smith et al., 2016).

The climate benefit of engineering soil on degraded

land through a combination of EW, SCS and BC can be

preliminary evaluated with a “back-of-the-envelope” CO2

balance. Emissions from grinding and transporting silicates

reportedly amount to about 30% of the CO2 removed during the

weathering for common rates of silicate amendment, i.e., 50 ton

per hectare (Smith et al., 2019). Assumingmafic basalt is applied,

such a quantity could sequester a total of 15 ton CO2/ha based

on theoretical potential (i.e., 0.3 ton CO2 per ton rock; Strefler

et al., 2018), and the supply-side emission would be 4.5 ton/ha.

To create new fertile soil, we suggest applying 30 times more

silicates, which will proportionally increase CO2 emission to 135

ton. However, this is compensated by different factors. If we

consider that SCS and BCwould realize an immediate CDR of 20

ton C or 73.5 ton CO2 per hectare, then the remaining emission

is 61.5 ton CO2 per hectare. To achieve this offset with BC and

cereal stover at a 3:1 ratio, landowners would have to apply about

25 ton/ha of BC with a low level of 50% fixed carbon (Morales

et al., 2015) and about 52 ton/ha of dry cereal stover when 8%

of C in the material is permanently retained in the soil (Xu

et al., 2019). Further savings in CO2 emission can be achieved

on the supply-side of EW by only using the fine fractions of

available waste streams and reducing the distance betweenmines
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and soil restoration site. In this way, it is expected that the

CO2 penalty of engineering soil with EW, SCS and BC could

be reduced to 30 ton per hectare. Knowing that experiments

with 30–50 ton silicates per hectare found a CO2 removal in

the order of 1 ton C or 3.7 ton CO2 per hectare per year, it

would take about 8 years to become CO2-neutral. Since much

larger and longer lasting CO2 uptake is expected at rates of 1,500

ton EW per hectare, the engineered soils can become carbon

neutral within fewer years, and likely carbon-negative during

following decades. While these estimates are fraught with very

large uncertainties, it is clear that engineering soils makes sense

in terms of CO2 balance.

Depending on the type of applied silicate minerals, nutrients

such as K, Ca, Mg, P, S may need to be supplied. Silicate

minerals rich in non-acidic cations and P, and containing

essential micronutrients are therefore to be preferred. However,

the element that is lacking from these minerals is N. On the

youngest of the Vestmannaeyjar islands, vegetation growth only

took place when and where the non-geogenic nutrient, N, was

deposited by the bird droppings. To estimate how much N

would be needed to enable agriculture in engineered soils of 10

cm-depth, we assumed a target soil N concentration of 0.25%

(average N concentration in arable soils; Nendel et al., 2019) and

found that roughly 4 ton of N per hectare would be required

to kick-start productivity for the 1,500 ton of silicate mineral

added. We next estimated how much N would be removed with

each harvest and thus needing to be resupplied to sustain high

productivity in the long term. Taking maize as an example and

assuming the mean global annual grain yield of 4.3 ton DM per

hectare (FAO, 2009) and a N concentration of 1.2 % (Hirzel

et al., 2020), an annual N supply of about 50 kg would be needed

to sustain yields. Given the leakiness of the N cycle, this 50 kg

is likely a low-end estimate. Replenishing stocks of N and the

other nutrients missing from the applied silicate minerals is

best achieved using organic fertilizers, such as manure, compost

and other homologs, because also soil organic matter is needed

(see below).

Supplying vegetation with ample nutrients only stimulates

productivity when water is not limiting plant growth. In

absence of infrastructures for water management, this restricts

the engineering of new fertile soils to areas where rain-

fed agriculture is possible. Advanced water conservation and

application techniques, such as run-off collectors and irrigation,

are therefore recommended, especially in view of extreme

droughts becoming more frequent and more long-lived. Also,

the greater the water infiltration rate and the higher the soil

water retention capacity, the more water the soil can retain after

rain events and the less vulnerable yields will be to drought.

High water retention capacity could be realized by applying

silt-sized silicate minerals. However, this would likely come

at a great energy cost. Alternatively, infiltration rates and soil

water retention capacity could also be enhanced by ensuring

high soil organic matter contents. Maximizing the soil’s organic

matter content is crucial, not only because it contributes to

CDR, but also because soil organic matter is key to almost

every soil function, including nutrient retention and exchange

(Figure 1). High soil organic matter inputs and stocks support

active soil biota which stimulate the formation (and turnover) of

soil aggregates, rich in micro- as well as macropores, that help

avoid erosion. A proper balance between both pore size classes

ensures high water infiltration, avoiding water losses by surface

run-off, and maximizes water retention following rain events.

Active soil biota also immobilize and slowly release nutrients,

thereby helping to avoid nutrient losses from the system. In

strongly degraded systems, microbial inoculants with beneficial

microorganisms to enhance soil fertility and plant growth, i.e.,

bio-fertilizers, may be needed to jumpstart biological activity

(D’Hondt et al., 2021).

Barriers and opportunities for
real-world implementation

Where a degraded or shallow soil is present and sufficient

rainfall occurs, we speculate that creating a 10-cm new topsoil

layer with EW, SCS and BC may suffice to create a productive

system because leaching and bioturbation tend to rapidly

ameliorate subsoil conditions (e.g., buffer pH and increase

organic matter content) without the need for additional deeper

interventions. This 10-cm depth is a speculative prognosis based

on expert opinion and has not been tested in modeling or

empirical studies. A shallower depth (e.g., 5 cm) would come at

lower financial and energy costs, and would thus be preferred,

but may not suffice to retain sufficient rainwater and provide

a healthy environment for roots and symbionts. Much deeper

layers of newly created soil might be unrealistic in terms of

the financial and energy requirements. Field experiments with

representative rates of nutrient provision, including life cycle

and economic analysis, are needed to draw sound conclusions

on the optimal depth in true-life situations.

Covering earth surfaces with 10 cm of silicate minerals

roughly requires 1,500 tons of rock material per hectare.

Transporting such amounts is very costly and carbon-intensive

if silicate minerals must be supplied from long distances by

freight truck. Synthetic fertilizer inputs and water management

infrastructures required to create high-yield carbon-negative

agricultural land incur further production and transport costs,

that all need to be assessed in life cycle assessment and—

costing. While the upfront investments are large for applying

EW, fertilization, SCS and BC at such high rates, a considerable

part will be recovered from permanent increases of soil fertility

and economic yields. Precisely for that reason farmers around

the world use these practices to begin with. Furthermore, when

the value of mitigated emissions and payments for ecosystem

services (e.g., avoided deforestation and biodiversity loss) are

considered, creating new fertile soil at large scale may become
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financially viable. To enhance the viability the following options

should be considered.

Using nearby waste streams

In order to minimize the cost and required energy inputs,

and maximize the CDR efficiency in economic and ecological

terms, silicate minerals from waste streams are the preferred

sources (Beerling et al., 2020). To minimize the financial

investment and especially CO2 penalty, engineered soils must

be created in the vicinity (the closer the better) of a free or

cheap EW material, using whenever possible the finest fraction

(<1mm) of the silicate materials that does not require grinding

(obtained e.g., by sieving). The billion tons of alkaline silicates

that accumulate next to mines globally, and which are often

pulverized, offer an obvious pool of substrates (Renforth et al.,

2011; Renforth, 2019). Also industrial by-products such as steel

slags and cement and concrete fines from demolition may

provide suitable silicate substrates (Beerling et al., 2020). Yet,

in as much as the economic cost of using these waste streams

is relatively low, and weathering rates are typically high, their

environmental and social impacts require careful investigation

before they can be spread on earth surfaces. The composition

of industrial by-products such as steel slags and concrete

fines is notoriously heterogeneous and may require removal of

pollutants to be suitable for EW applications in agriculture (e.g.,

Wang et al., 2018). Requirements on land accessibility by road

could further restrict the area where rejuvenated soils can be

constructed. This is the case in small-scale farming landscapes

that are highly fragmented and have rugged topography, unless

suitable logistical solutions and collective efforts are put in place.

Apply fertilizers

Research at the volcanic Vestmannaeyjar islands has

indicated that on top of acquiring silicate minerals there is

need for substantial N input to realize high plant productivity

and, depending on the chemical composition and weathering

rate of EW material that is used, other nutrients may have to

be supplied. Once established, nutrient management must be

tailored to the specific land use objective, i.e., food production

or rangeland. The use of N2-fixing food crops, pasture grasses,

fodder crops, or tree species can help minimize the need for

inorganic N fertilizer input over the long term (Rosenstock

et al., 2014). Nutrient supply requirements are a function of

the balance between export via harvest and inputs via manure,

compost or added biomass. Thus, industrial synthetic fertilizers

may not be needed if sufficient manure or organic fertilizers are

added to the soils. In any case, fertilizers add to the financial

and environmental costs and must be included in the life cycle

analysis and—costing.

Increasing and maintaining soil organic
matter stocks

Next to EW, SCS and BC are two CDR techniques that

are highly beneficial for soil function. The incorporation of

crop residues alone generally does not suffice to maintain high

soil nutrient availabilities, nor to increase soil organic matter

stocks. Cultivating green manures, legume rotations, cover

crops, perennials, or deep-rooting crops, and recycling manures,

composts, and other organic amendments, are indispensable

to maintain or increase soil organic matter stocks and build

fertile soils (Smith, 2012; Smith et al., 2020). On the volcanic

Vestmannaeyjar islands, the accumulation rate of soil organic

matter was strongly coupled to the availability of N, the

most limiting element for plant production in those soils

(Leblans et al., 2017). Microorganisms that convert plant

litter into soil organic matter are usually carbon-limited, even

under conditions that are nutrient-limited for autotrophic

communities (Soong et al., 2021). This will be specifically true

for degraded and intensively cultivated agricultural soils, that are

depleted in organic matter. Combining sufficient soil nutrient

availability with high organic matter inputs will likely result in

high microbial carbon use efficiency, converting a larger fraction

of the plant litter intomicrobial biomass and ultimately in stabile

soil organic matter (Cotrufo et al., 2013).

In parallel to these classic techniques for building up soil

organic matter, adding biochar will also help maintaining or

increasing soil organic matter stocks (Smith et al., 2016). The

incorporation of carbonized plant biomass into agricultural

land is a CDR with high permanence and potentially large co-

benefits on soil nutrient and water retention, as well as on biotic

communities (Jeffery et al., 2017). A study Kenya showed that

biochar-producing gasifier cookstoves incentivized farmers to

collect excess residues from crops which they otherwise burn

in the field, thereby displacing firewood and decreasing CO2

emissions (Sundberg et al., 2020). Farm surveys in Uganda

of available residues from common staple crops demonstrated

that turning these into biochar could annually sequester 0.20

to 1.15 ton C ha−1, whereas the ambitious target of the “4

per mille” initiative is 0.6 ton C ha−1 (Rumpel et al., 2018;

Roobroeck et al., 2019). Amendment of biochar to tropical soils

was proven to increase crop yields for more than a decade, under

favorable and unfavorable rainfall, as a result of improved soil

pH and water holding capacity (Kätterer et al., 2019). Farmer

households and agribusinesses thus profit from having low-cost

energy and recurrent yield gains. Plans are being developed to

scale this up, with farmers bringing their residues to nearby

gasification plants for captive use of heat in drying processes

and/or electricity generation for lowering costs of production

or selling to provide income. In this closed-loop model, biochar

will be added to inorganic fertilizers and then incorporated in

the soils to increase crop productivity and nutrient use efficiency

and reduce N2O emissions.
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TABLE 1 Potential caveats for real-world deployment and climate impacts of the techniques in the proposed approach.

Method Resource supply Costs/Benefits CDR capacity GHG penalties

Uncertainty

(information gaps)

EW Amount and type of silicates

to build a fertile soil under

various conditions

Pricing of rock products and

transport at local standards;

Yield and efficiency gains (1)

In-situ dissolution rate of

silicates; Interactions with

OM and GHG fluxes

Energy intensity and share of

renewable power for

processing and transport (2)

SCS Frequency and rate of OM

replenishment to substitute

inorganic fertilizer

Changes of OM prices and

supply within high demand

market; Idem (1)

Degree of physical and

biological OM stabilization in

engineered soils

Idem (2); Emission factor of

manure and compost

production

BC Minimum effective dose for

improving nutrient and water

utilization

Fully loaded costs of feedstock

aggregation and processing;

Idem (1)

Mass balance of pyrolytic

conversion; Wood and fossil

fuel displacement

Idem (2); Emission factor of

residues from crop and

agroforestry systems

Barriers (limitations for

scaling)

EW Insufficient or unsuitable local

rock waste streams and

deposits

Uneconomic quantity and

grain size for meeting soil

fertility requirements

Slow weathering of silicates

due to rainfall deficit or lack

of irrigation

Limited access to renewable

power for processing and

transport (3)

SCS Scarcity of high-quality OM

like manure, compost, or

legume residue

Sharp rise in OM prices due

to high demand; Lag phase of

productivity gain

Fast OM decomposition

under intensive agriculture

and global warming

Idem (3); Overgrazing by

livestock and high emission

from manure and compost

BC Production constrained by

feedstock supply and

throughput capacity

Large capital investment and

operating cost; Decline in

plant growth

Sustainability standards of

biomass sourcing are not

observed and enforced

Idem (3); No displacement of

fossil and wood fuel with

pyrolysis systems

Risks (unwanted effects) EW Heavy metal contaminants

enter food chains and natural

ecosystems

Unfavorable (renewable)

energy tariffs; High taxes on

mining and agro-inputs

Inaccurate CDR estimates due

to unknown variation of

process dynamics and rates

Increased fossil fuel demand

and land use for mining of

silicate minerals

SCS Leaching of N and P into

environment at high

application rates

Rollback on policies for

compensation of additional

costs by landowners

Complexity and sensitivity of

OM stabilization and decay

modeling

Clearing forests and natural

ecosystems for resource

supply (4); Idem (5)

BC Adverse change in soil pH;

Pollution by hazardous

aromatic compounds

Disruption and shift of

feedstock supply overturns

financial viability

False reporting on pyrolytic

conversion rates and fixed

carbon ratios

Idem (4); Biomass transfers

cause land degradation at

point of origin (5)

Caveats applicable to multiple CDR methods are numbered.

Water management

Even though the here-proposed practice of soil rejuvenation

is best limited to areas where rain-fed agriculture is possible,

water management is still preferred. Infrastructures, such as

reservoirs that collect run-off water or irrigation systems, would

in most cases further increase yields and reduce the risk

for crop failure during anomalous droughts. Providing access

to affordable renewable energy (solar or wind) would allow

to pump irrigation water at little CO2 cost. In addition, in

coastal areas or in areas with saline ground water, the water

present is not suitable for irrigation purposes without treatment.

Affordable renewable energy could enable desalinization of this

water, thereby unlocking currently unavailable water resources

that may increase or secure yields. These infrastructures would

come at a high cost but have the benefit of climate-proofing the

investment in engineered soils, as well as their yields.

Engineering new soils that are fertile and carbon sinks on

degraded land through EW, SCS and BC has strong theoretic

backing yet its real-world implementation with benefits on

climate and economies is not straightforward. The CDR

techniques in the proposed approach have a number of

potential caveats including uncertainties due to knowledge

gaps, barriers that limit implementation at scale, and risks of

unwanted economic and ecological effects (Table 1). All these

caveats must be addressed and countered before widespread

deployment is financially viable and safe provides an expert

assessment of the most important gaps, challenges, and

threats that have large distortional effects on the proposed

approach to rebuild degraded soils. Further details about

potential caveats of EW, SCS and BC are provided by

Fuss et al. (2018), Nemet et al. (2018), Lefebvre et al.

(2019), Smith et al. (2019), Cao et al. (2020), Haque et al.

(2020), Campbell et al. (2022), Swoboda et al. (2022), and

Vienne et al. (2022), among others. While there is increasing

attention to the individual CDR techniques, a key uncertainty

that needs to be dealt with is how EW, SCS and BC

interact. Will these techniques reinforce each other, or will
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antagonistic effects reduce their joint CDR and climate change

mitigation potential?

In conclusion, this perspective proposes to rebuild new

soils in areas where climate allows food production, but where

mismanagement in previous decades has severely degraded

soils, rendering them unsuited for food production. This

“negative erosion” can be realized by combining multiple

CDR technologies that do not compete for land. Thus, these

engineered soils would contribute to multiple sustainable

development goals simultaneously.
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enhanced weathering in
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Recent analysis by the IPCC suggests that, across an array of scenarios,

both GHG emissions reductions and various degrees of carbon removal

will be required to achieve climate stabilization at a level that avoids the

most dangerous climate changes in the future. Among a large number

of options in the realm of natural climate solutions, atmospheric carbon

dioxide removal (CDR) via enhanced silicate weathering (EW) in global working

lands could, in theory, achieve billions of tons of CO2 removal each year.

Despite such potential, however, scientific verification and field testing of

this technology are still in need of significant advancement. Increasing the

number of EW field trials can be aided by formal presentation of e�ective

study designs and methodological approaches to quantifying CO2 removal. In

particular, EW studies in working lands require interdisciplinary “convergence”

research that links low temperature geochemistry and agronomy. Here,

drawing on geologic and agronomic literature, as well as demonstration-scale

research on quantifying EW, we provide an overview of (1) existing literature

on EW experimentation as a CO2 removal technique, (2) agronomic and

geologic approaches to studying EW in field settings, (3) the scientific bases

and tradeo�s behind various techniques for quantifying CO2 removal and

other relevant methodologies, and (4) the attributes of e�ective stakeholder

engagement for translating scientific research in action. In doing so, we provide

a guide for establishing interdisciplinary EW field trials, thereby advancing the

verification of atmospheric CO2 in working lands through the convergence of

geochemistry and agronomy.
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enhanced weathering, field study, methods, soil carbon sequestration, agriculture,
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Introduction

Natural climate solutions (NCS) center on improved land

management techniques to remove carbon (C) from the

atmosphere in the near-term and, depending on the approach,

can retain C for decades to millennia. Enhanced weathering

(EW; the application of pulverized silicate rock to soils) is

an NCS that has been proposed to capture 1–2 billion metric

tons of CO2 from the atmosphere per year by 2100, storing

it as either as calcium carbonate in soil or bicarbonate in soil

pore water, which can eventually leach to the ocean through

groundwater and rivers (Beerling et al., 2018). Enhanced

weathering has been suggested across a wide variety of land

systems, including forests, coasts, and working lands (i.e.,

croplands and rangelands; Schuiling and Krijgsman, 2006;

Meysman and Montserrat, 2017; Beerling et al., 2018). Working

lands are particularly appealing for EW applications because

they are already highly managed, widely distributed across the

globe, and may experience co-benefits for crop production from

EW (Beerling et al., 2018). Applying novel technologies like

EW to agricultural systems requires a blending of scientific

knowledge from geology and agronomy, two disciplines which

do not interact strongly in many field studies. While EW in

working lands has garnered much attention in the literature, few

field studies of EW efficacy exist; rather, most of our existing

knowledge on EWand carbon dioxide removal (CDR) is sourced

from examinations of natural silicate weathering coupled with

small scale laboratory or mesocosm studies, which are then

scaled into global models. Verification of CDR rates and other

co-benefits of EW across climates, crop types, soil types, and

management practices will require a dramatic increase in field

studies to understand and optimize this NCS (e.g., Haque et al.,

2020).

Enhanced weathering accelerates the natural geologic

processes by which water and carbonic acid chemically weather

silicate rocks. As part of these reactions, atmospheric CO2

dissolves into water as carbonic acid, reacts with silicate

minerals, and forms bicarbonate, calcium carbonate or other

secondary minerals. While silicate weathering helps to stabilize

atmospheric CO2 levels over million-year time scales, it is too

slow to reduce the pace of modern climate change. By contrast,

the purposeful crushing and shattering of silicate rocks to create

high surface areas can be applied to soils to greatly accelerate the

natural weathering reaction kinetics and the concomitant CO2

removal process. The mechanisms by which geologic materials

sequester C have been widely studied in laboratory settings and

in natural ecosystem field studies (Gaillardet et al., 1999; Dupré

et al., 2003; Ibarra et al., 2016); however, the efficacy that smaller

rock sizes generated for use in EW have on weathering kinetics

and CO2 removal rates are largely untested at large (acre to

multi-acre) scales or in agronomic settings (Beerling et al., 2020).

Instead, global models, estimates of EW, weathering kinetics,

and reaction products have relied on mesocosm studies, often in

greenhouses or growth chambers (Ten Berge et al., 2012; Amann

et al., 2020). This is a major barrier to understanding the realized

potential for EW as an NCS and deployment of the technology

with confidence.

Working lands have the potential to remove CO2 through

the application of rock dust. Given that cropland and pastures

span 38% of the global land surface, small management changes

may have large impacts on the climate when scaled up (Beerling

et al., 2018; Food Agriculture Organization of the United

Nations, 2020). Because working lands, particularly croplands,

are already highly managed, EW does not pose the same risks to

biodiversity as in natural ecosystems. Most industrialized farms

already have or use spreading equipment required for silicate

rock applications and are familiar with spreading practices,

which are similar to applying lime, fertilizer, or other soil

amendments. Furthermore, silicate rocks are abundant and

globally common–roughly 90% of Earth’s crust is made up of

silicate minerals–and, while not all are available to mining, such

inputs have the potential to be widely available. At present,

stockpiles of natural and artificial silicate by-products from

mining and other industrial processes exist, however, future

demands for EW may require access to unmined material

for EW to be effective globally (Beerling et al., 2020). Many

working land soils are highly degraded due to years of intensified

agriculture that mines soils of C and nutrients, combined with

erosion that has resulted in soil loss (Janssens et al., 2022).

Since the dawn of agriculture, the top two meters of cultivated

soils have lost 133 Gt C globally with dramatic acceleration in

the past 200 years (Sanderman et al., 2017). This has resulted

in a soil C pool with high potential to be rebuilt through

management practices, including the restoration of both organic

and inorganic pools. EW has the potential to provide crop

and soil health benefits including increases in yield, soil and

plant nutrients, and water holding capacity that can provide

agronomic and economic benefits to farmers and ranchers

(Beerling et al., 2018). Many of the soil, crop, and C benefits

of EW are most likely to be observed in highly weathered, low

pH, low nutrient systems, but it remains unknown whether

such effects will persist across diverse soil conditions. An

understanding of factors that influence EW’s effectiveness

will require field tests across an array of crop, climate, and

soil types. Furthermore, potential negative impacts of EW

(e.g., heavy metal accumulation, dust inhalation, etc.) remain

largely untested under large scale or long-term field conditions.

As EW in working lands is under discussion as a globally

relevant approach for CO2 removal, it is incumbent upon

researchers to develop, test, verify, and scale this technology for

maximum impact.

A principal barrier to EW deployment lies in scientific

verification of CO2 removal under field conditions, which,

through testing and refinement of approaches, can help to

advance the technological readiness of EW in agronomic

settings. Here we provide an overview of geologic and

Frontiers inClimate 02 frontiersin.org

144

https://doi.org/10.3389/fclim.2022.970429
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Almaraz et al. 10.3389/fclim.2022.970429

agronomic methods that can be used to assess mechanisms by

which EW effectively sequesters C at field scales. This guide is

intended for geologists, agronomists, hydrologists, and natural

systems soil scientists, among others, who are interested in

conducting EW field research in working lands for the first

time. In this paper, we examine gaps in the literature related to

EW field trials and describe methods to measure CO2 removal

that bridge the fields of geology and agronomy, such that EW

can be deployed with less uncertainty and greater assurance in

terms of C benefits. In particular, we discuss relevant geologic

concepts and methodological options related to measuring

geologic, agronomic, and climate relevant processes, namely

CDR, factors that influence weathering kinetics, tools to trace

weathering products, and soil and crop health outcomes. Finally,

we conclude the paper by touching upon applied science

considerations such as outreach and engagement.

Literature survey of enhanced
weathering study methodology and
context

To better quantify the need for EW field research

development, we censused the literature on EW publications

to identify the number of existing field studies relative to

other methodologies and to identify the contexts in which

EW research is being conducted. We used Web of Science

to search “enhanced weathering” AND “carbon” AND “soil”

which resulted in 58 publications. We then further limited

our search criteria to only include studies that examined

ground silicate rock applications to soils as a method for

CDR. After reviewing the papers, we eliminated 17 papers that

did not meet this additional criterion, many of which were

either paleontological, limnological, or ecological studies that

examined rock weathering across natural gradients. We also

eliminated 5 papers published in 2022 since data for this year

were incomplete at the time of publication. The remaining

36 papers were categorized according to (1) the methodology

used (i.e., field, mesocosm, model, or review), and (2) the

context in which the study took place (i.e., agriculture, grassland,

mining, or non-specific). Mesocosm studies included laboratory

and greenhouse pot experiments, microcosms, microplots, soil

column, or soil core incubations. Modeling studies included

mathematical models and life cycle analyses. Review papers

included systematic reviews, meta-analyses, perspective, and

opinion pieces. Non-specific contexts included global, regional,

or national studies, studies that included multiple locations or

settings, or those that did not specify a location/setting, which

was most typical of modeling studies. One grassland study

also included a forest comparison, which we categorized as a

grassland study.

We found that the number of publications on EW

applications to soils as a method for CDR has grown in recent

years. In the last 4 years, we found 29 publications on EW,

whereas a total of only 7 publications had been generated prior

to 2018 then (Figure 1). Of the 36 publications our search

generated, the majority of papers employed either models (13

publications) to explore the potential of EW as a CDR strategy or

synthesized the literature/provided literature-based perspectives

in the form of review papers (12 publications; Table 1). Only

5 publications used field-based methods and 4 of those 5 were

generated by the same research group, seemingly from a single

field study in Ontario, Canada (see Supplementary Data). These

data suggest that there have only been data published from two

field trials of EW (with a third being published since the time of

our literature survey; Larkin et al., 2022). We also found that,

while most of the publications included in our dataset were

not specific in their context (16 publications), being modeling

studies that were broad in scope, the second most common

context was agriculture (15 publications; Table 2).

From our findings, it appears that EW is being most

rigorously explored in agricultural settings but that such

exploration is being predominantly studied using modeling and

synthesis approaches and are rarely examined using field trials.

In some ways this puts the cart before the horse in that EW is

being proposed as a widely scalable CDR technology without

adequate field trials to substantiate its effectiveness as such. Such

a low frequency of field trials limits our ability to understand

the capacity for EW to remove CO2 from the atmosphere or

infer other impacts that such practices may have on ecosystems.

Furthermore, published field methods serve a resource for

scientists seeking to embark on new field research. Without a

wealth of methods to draw on, scientist may struggle to deploy

field trials at a rate needed to develop this CDR technology in a

timeframe relevant to climate change mitigation.

Recommendations from geology
and agronomy for experimental
evaluation of enhanced weathering
in working lands

The settings under which weathering studies occur shape the

approaches that are used to build basic scientific knowledge. A

classical distinction involves whether an experimental design is

derived from the landscape setting, as is often the case in the

geosciences, or if the experimental design is implemented onto

the landscape, common to agronomic research. Field research

in geology and soil science (particularly sub-fields such as low-

temperature geochemistry, geomorphology, hydropedology,

and pedology) study how rocks interact with life through

an ecosystem process or biogeochemical lens (Dietrich and

Lohse, 2014). To address questions within this realm in

the field, geological scientists use landscape settings which

contain gradients in the factors they hope to study (Pickett,
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FIGURE 1

Number of publications on enhanced weathering (the application of silicate rock to soils) as a method for carbon dioxide removal in terrestrial

ecosystems. Publications were generated using the search “enhanced weathering” AND “carbon” AND “soil” and then further refined to meet

search criteria (see methods in section Literature survey of enhanced weathering study methodology and context).

TABLE 1 Literature survey results for publications that examined

enhanced weathering as a method for carbon dioxide removal,

categorized by methodology used in the publication (see methods in

section Literature survey of enhanced weathering study methodology

and context).

Methods # of publications

Model 13

Review 12

Mesocosm 6

Field 5

Total 36

1989; Vitousek, 2004). Conversely, agronomists are principally

concerned with identifying and improving issues related to crop

production, and thus implement management schemes onto

landscapes to test hypotheses. From these two approaches stem

various decisions related to site selection, data measurement

types, and sampling frequency and timing. To best assess how to

study EW, we compare and contrast (Table 3) how two different

fields, geoscience and agronomy, typically utilize the landscape

to test hypotheses.

Applying geologic approaches to agronomic field studies

designs could greatly improve our understanding of EW as a

C sequestration technology at shorter time scales. Fortunately,

it is likely that many geologic techniques will be more easily

deployed in agricultural settings than in natural field settings,

where terrain and remoteness pose challenges. At the same

time, there may be difficulties (e.g., replication, frequency, etc.)

TABLE 2 Literature survey results for publications that examined

enhanced weathering as a method for carbon dioxide removal,

categorized by the context in which this practice was examined (see

methods in section Literature survey of enhanced weathering study

methodology and context).

Context # of publications

Non-specific 16

Agriculture 15

Grasslands 3

Mining 2

Total 36

associated with scaling geologic methods to agronomic settings

and working around the dynamics of active farms and ranches.

There are tradeoffs associated with translating geologic

methods to agronomic contexts. Geologic studies often require

considerable care in choosing a study site that controls

for the underlying geology, land-use history, paleoclimate

influence, aspect, landscape position, and vegetation, among

other factors. In contrast, agricultural systems often control

for many of these factors, as most farmers select for flat

fertile soils and may control for climate through irrigation. At

the same time, agronomic studies call for higher replication

and sampling frequency than many geologic studies. For

instance, geologic measurements of water or sediment may

be collected at watershed outlets which provide watershed-

averaged measurements. Therefore, the number of samples is

limited by the total number of watershed replicates available.
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TABLE 3 Summary of the di�erences between geology and agronomy studies, and recommendations for geologic experimental designs in working

lands.

Consideration

for study type

Geologic study Agronomic study EW study recommendations in

working lands

Timeframe under

consideration

1–106 years or longer; shorter studies may

focus on current or short-term perturbations

to an ecosystem

Longer studies focus on landscape and

ecosystem evolution

Growing season (water-year), single or

multiple (1–5+ years)

Growing season (water-year)

Multiple years

Long-term preferred (∼10 years)

Replication Limited by availability of appropriate

sampling locations within the natural setting

Measurements are typically replicated

annually, preferably over multiple years

Replication is dependent on plot size

A minimum of 3 replicate plots is acceptable,

but 5–9 are highly recommended in

larger plots

Sampling

Frequency

Studies for short-term effects often involve

more frequent sampling (e.g., daily stream

water sampling over 1 year)

Landscape and ecosystem evolution studies

may only sample one time (using

space-for-time substitutions)

Multiple times over the growing season

(often 3–6 times)

More frequently during periods of

interest (e.g., fertilization,

rain/irrigation events, etc.)

Soils should be sampled annually

Other measurements can be taken more

frequently (e.g., soil alkalinity multiple times,

lysimeters weekly, GHGs continuously, etc.)

Sampling Depth Sampling depths for soil often extend well

below surface soils into deep soil and bedrock

0–10 cm is customary

Deeper sampling may occur depending

on the research

Sampling should consider tillage and

crop root depth

0–10 cm minimum

Carbon changes have been shown to occur at

depth (2m), so sampling 1–2m deep every

few years is suggested

We limit our scope to that of soil, soil water, plant material, and soil gas emission measurements.

In agronomic settings, sample size of soil and crop materials

depends on heterogeneity across the land. Samples could

represent land units (such as experimental plots), be divided

into similar areas/sections to account for heterogeneity (for

instance, drainage or sand content may vary across a site due

to the presence of a creek) or represent soil layers that are

affected by agronomic practices (e.g., tillage depth, plant root

depth, soil horizon depth, etc.). Soil sampling depth is also

a major difference between geologic and agronomic studies.

For geobiologists, sampling depth is extended to capture the

complete picture of how rock interacts with life (Richter

and Mobley, 2009), which means sampling depths for soil

often extend well below surface soils (0–10 cm) into deep

soil and bedrock. In agricultural soils, though C sequestration

has been detected as deep as 2m (Tautges et al., 2019),

most sampling efforts remain limited to the surface soil

(∼10–30 cm deep).

Sampling frequency is another consideration when

translating geologic methods to agronomic settings. For

geologists, the spatial and temporal scale of the geological study

determines where and what type of samples are taken and how

often sampling is conducted. For instance, a geomorphologist

focused on landscape and ecosystem evolution may try to

measure change over 103-106 years. Such long timescale-based

questions can use space-for-time substitutions which target

sites that span a gradient in landscape age to sample (Pickett,

1989) where samples are commonly taken one time (e.g.,

Long Substrate Age Gradient (LSAG), a long chronosequence

sampling design in Hawai’i; Crews et al., 1995). Agronomic

field studies typically take place over a growing season

(or water-year) and measurements are timed according to

management and plant growth (Saville, 1980). Over the

course of a growing season, planting, fertilization, irrigation,

and harvest are all important events to be considered with

agronomic measurements, thus measurements are often taken

at multiple time points and may be more intensive at certain

times (e.g., rain events, fertilization events, etc.), depending

on the measurement. To acquire robust data, is it important

that agronomic studies include multiple years of repeated

measurements to account for interannual variability (Martin

et al., 2004; Smith et al., 2004).

The most critical way in which geology must conform to

agriculture is in experimental study design. While geologic

studies may consider the landscape as their experimental

design, agronomy implements the experiment onto the field.

Agronomic field studies commonly use randomized block

designs (inclusive of an untreated control) that capture

spatial variation within a cropped field (see Chaney, 2017

for some experimental design options). However, within this

design, plot size, shape, and arrangement must consider not
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only the scientific question, but also practicalities related to

field equipment used for planting, harvest, irrigation, and

amendment spreading. Additionally, experimental designs need

to consider factors such as crop lifespan (e.g., annual vs.

perennial, short vs. long lived), crop traits (e.g., row crop vs.

grass crop, nitrogen fixing or not), irrigation method (e.g., flood

vs. drip vs. overhead) as well as other management practices

(e.g., tillage, fertilization, liming, etc.) as these may influence

weathering rates. Such factors influence the length of study,

the method and frequency of rock application, the spatial

distribution of sampling, and scientific equipment installation,

among other factors. Climatic and soil characteristics should

be controlled for in a robust experimental design unless

these are being systematically varied to explore their influence

on EW. Since agricultural amendment studies are intended

for practical application, it is common for researchers to

accommodate typical farming practices into experimental

designs. If farmers apply manure, use flood irrigation, practice

organic farming, and so on, including such practices benefits

from land manager knowledge and allows for results that

are relevant to real world farming. Lastly, when working

on active farms, one must adapt to necessary management

changes and be prepared to terminate treatments if they

cause issues to crops or aspects of the farm that are vital

to production.

Methodological considerations for
determining enhanced weathering
e�cacy

Diverse methods are available for determining the

kinetics and products of EW. Many geology methods have

been used in natural contexts to approach questions at

geologic timescales, so translating those approaches to

shorter timescales and agricultural management contexts

can pose challenges. While this research is highly necessary,

there are few examples of quantifying a geologic process

in an agronomic setting. Approaches to quantifying EW

products, CDR rates, drivers of CDR, and mechanisms by

which C is stabilized are varied, as this is a nascent field. At

present, techniques from geochemistry, agronomy, and soil

science are being agglomerated depending on specific project

objectives, researcher expertise, study system and scale, and

financial constraints. In this section, we examine a range of

methodological options, both proposed and implemented, for

approaching experimental design, measurements of mineral

weathering products, and crop and soil health. We conclude

this section with a brief list of recommended measurements,

acknowledging that a greater quantity of field studies will be

necessary to develop best practices for EW monitoring in

working lands.

Carbon dioxide removal

Assessing CDR and the mechanisms responsible as a

function of EW practices in agricultural settings requires

multifaceted approaches to measure different states of C.

Different C pools can be targeted to determine the impact

of EW technologies in croplands following the application of

EW materials, such as measuring total C content of bulk soil,

dissolved organic carbon (DOC) and dissolved inorganic carbon

(DIC) in pore water, plant biomass C, and soil greenhouse

gas (GHG) emissions, among others (Figure 2). The goal of

quantifying multiple fluxes and pools of C in a system is to

generate a total net C budget, which will elucidate if a crop

system is a net source or a net sink of C. In this section we

discuss a variety of measurement options for characterizing

CO2 removal in response to EW field trials and summarize the

strengths and weaknesses of each C measurement in Table 4.

An important first step in budgeting C is to directly

quantify the amount of C present in the soils, for which diverse

approaches have been studied and reviewed intensively (Smith

et al., 2020). To quantify soil C stocks, soil samples should be

collected before the initial application of silicate rock materials

(to quantify baseline stocks) as well as periodically throughout

the experiment. Given that soil C sequestration can take years

to observe, annual sampling should be more than adequate for

monitoring changes in the soil C pool, however, being a rarely

tested mechanism, further field trials will be needed to verify

this frequency. Sampled soil can be processed for subsequent

analyses; for example, once collected, samples may be air dried,

sieved, and ground. After preparation, several approaches can be

used to quantify the C present in the soil.

Measuring total (or bulk) soil C is the primary way to

quantify CDR in soils. However, there are more advanced

approaches measuring different C pools that can help refine

C budget estimates or answer specific research questions.

Conventionally, total bulk soil C, which consists of both the

organic and inorganic fractions (Figure 2), can be determined

using Dumas high-temperature combustion (Nelson and

Sommers, 1983). Combustion methods can also be used to

measure the amount of C in plant biomass such as crop

harvest or crop residues. Soil C stocks can be measured using

bulk density and depth measurements or by the equivalent

soil mass method. Determining soil C via equivalent soil

mass circumvents potential changes to bulk density that can

arise from management practices such as tillage or additions

of organic amendments (Von Haden et al., 2020). Robust

measurements of soil C are required to quantify CDR rates on

a per area basis. However, C stock measurements alone do not

indicate the mechanisms controlling changes in C storage.

As EW methods continue to develop, it is also crucial to

consider the broader scope of soil C cycling and potential

methodological approaches. EW of rock amendments can

interact with biogeochemical conditions of the soil matrix by
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FIGURE 2

Flow chart for field measurements, sample collection, and laboratory analyses from enhanced weathering studies in working land environments.

altering soil pH, base cation pools, and mineral mass in a

different range of scales. Such micro or macro environmental

changes in the soil matrix can in turn influence microbial

vitality, which is a major player in processing SOM into

different C pools in soil. SOM is susceptible to decomposition or

microbial oxidation and loss back into the atmosphere through

microbial respiration.

On one hand, microbial activity can indirectly change SOM

pool sizes by decomposing DOC, particulate organic matter

(POM) and mineral associated organic matter (MAOM), which

are key C pools of SOM (Figure 2; Cotrufo et al., 2019; Kleber

et al., 2021). On the other hand, these oxidized C forms, such as

organic acids derived from plant root or microbes and respired

CO2 dissolved in soil pore water, are a source of protons that

have the potential to drive reactions with minerals, which will

directly generate inorganic C products (HCO−

3 and CaCO3;

Zaharescu et al., 2020). Moreover, there has been a growing

consensus that microbially-derived OM is a key ingredient in

formulating stabilized soil C in a form of MAOM (Lavallee

et al., 2020). Regarding direct quantification of EW impact

on soil C, advanced analytical tools can be utilized to trace

biological and microbial processes (stable isotope probing using

labeled substrates such as 13C or 18O-H2O) and to visualize

and characterize OM at the sub-micrometer scale (Nano

Secondary Ion Mass Spectrometry and Scanning Transmission

X-ray Microscopy coupled to Near Edge X-ray Absorption Fine

Structure Spectroscopy; Asano et al., 2018; Wang et al., 2019;

Wilhelm et al., 2022). While these tools are helpful to identify

EW impact on SOC formation and CO2 removal mechanisms,

this approach can be unrealistic for monitoring large scale EW

impact in agricultural soils.

Soil inorganic carbon (SIC) pools have traditionally been

examined in arid and semi-arid regions where low moisture

availability and high average pH lead to carbonate precipitation

in the soil (Filippi et al., 2020). In arid soil, inorganic

forms of soil C are typically carbonates [CO3(2-)] existing as

solid form in carbonate minerals, which are commonly more

thermodynamically stable than organic C. Because agricultural

soils have highly variable water contents depending on irrigation

protocols and seasonal and regional water regimes, EW impact

on SIC formation in agriculture could be site specific depending

on targeting pools or mechanisms of SIC formation. The major

forms of soil inorganic C (SIC) to consider in EW study are

not only carbonates, but also bicarbonate ions (HCO−

3 ), which

is a dominating DIC form in groundwater. Soil pH controls

the fraction of EW-derived carbonates that are available as

aqueous bicarbonate or precipitated as pedogenic carbonates

(Haque et al., 2020; Vienne et al., 2022). The SIC pool can be

substantial and thus measurements should be incorporated into

EW field studies.

There are several options for quantifying organic and

inorganic soil C pools. Combustion methods such as elemental
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TABLE 4 Common carbon measurements for determining the CO2 removal capacity of enhanced weathering in agronomic settings, inclusive of measurement definition, sample type, common

methodology, strengths and weakness of each approach, and supplemental measurements best paired with each carbon measurement.

CO2 removal

measurements

Definition Samples Laboratory method Strengths Weaknesses Paired measurements

Total carbon (TC) Total carbon contents

(organic and inorganic) of soil

Soils and rock amendments Combustion (elemental

analyzer)

Most common carbon

measurement; relatively easy

and affordable

Labor intensive collection and

processing; does not separate

organic and inorganic forms

of carbon without additional

treatment; difficult to detect

changes against background

carbon

Bulk density; equivalent soil

mass (sample from three

depths); dry weight; sample

depth

Soil organic carbon

(SOC)

Carbon associated with

organic compounds

Soils and rock amendments Loss on ignition; acid digest

assay; Walkley-Black

(calculated from SOM);

LECO elemental analysis

SOC is the dominant carbon

pool in most soils

May not differ significantly

from TC; methodological

inconsistencies exist

Bulk density; equivalent soil

mass (sample from three

depths); dry weight; sample

depth

Total inorganic soil

carbon (SIC)

Inorganic (carbonate

minerals) forms of carbon in

the soil

Soils and rock amendments Total carbon minus organic

carbon; Thermogravimetric

analysis (TGA); acidification

with pressure calcimeter or

infrared analyzer

An important potential fate of

EW

SIC pool may be small in

many soils; SIC may

precipitate at depths >50 cm

making sampling more

difficult

Bulk density; equivalent soil

mass (sample from three

depths); dry weight; sample

depth

Soil extractable

alkalinity

Carbonate alkalinity

(buffering capacity) of soil

saturated paste extracts, which

contribute to bicarbonate and

carbonate formation

Soils and rock amendments Acidimetric titrations of soil

saturated paste extract

Direct measurement of initial

carbon product of weathering

reaction

Scaling from extractable soil

samples may miss transient

fluxes of high weathering

events

pH

Soil carbon pools

based on size and

density

Labile to recalcitrant soil

carbon pools which differ in

function and age (particulate

organic matter 53-2000 µm in

size and mineral-associated

organic matter <53 µm in

size; or free, occluded, and

heavy light fractions)

Soils and rock amendments Separation using a 53 µm

sieve; separation via density

fractionation using sodium

polytungstate

Can inform about the stability

of accumulated carbon

Labor and time intensive;

requires specialized

equipment to measure density

fractionation

Dry weight; carbon contents;

14C optional to assess age

Soil microbial

biomass carbon

(SMBC)

Carbon contents of microbial

biomass is soils

Soils and rock amendments Chloroform fumigation;

substrate induced respiration

Can indicate the rate of

potential microbial carbon

transformation processes in

the response to amendments

May miss the impact of rock

amendments in shifting the

microbial functional traits or

community composition

Carbon contents

(Continued)

F
ro
n
tie

rs
in

C
lim

a
te

fro
n
tie

rsin
.o
rg

150

https://doi.org/10.3389/fclim.2022.970429
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


A
lm

a
ra
z
e
t
a
l.

1
0
.3
3
8
9
/fc

lim
.2
0
2
2
.9
7
0
4
2
9

TABLE 4 (Continued).

CO2 removal

measurements

Definition Samples Laboratory method Strengths Weaknesses Paired measurements

Dissolved inorganic

carbon (DIC) of soil

pore water, leachate,

or discharge

The total amount of CO2 ,

carbonic acid (H2CO3),

bicarbonate (HCO3−), and

carbonate (CO3−) in water

Soil pore water, leachate, or

discharge

Coulometric and infrared

detection methods;

acidimetric titrations to

measure carbonate alkalinity

(carbonate and bicarbonate

anions in a solution)

An important potential fate of

EW; could be a large pool;

develops relatively quickly

Quick development requires a

need for frequent sampling;

can be difficult to sample at

high frequency, especially in

drier soils

Water balance, pH

Dissolved organic

carbon (DOC) of

soil pore water,

leachate, or

discharge

Organic carbon dissolved in a

water that does not include

the suspended solids

component

Soil pore water or leachate;

water or salt extracts

Filtration (operationally

defined as the fraction of

organic carbon that can pass

through a filter with a pore

size 0.45 µm)

Reflects the imminent change

of labile carbon pool size in

soil

Transient pool; typically small

pool in terrestrial ecosystems;

should be measured with

other pools

Water balance, carbon

contents

Total biomass

carbon

Total carbon contents of

biomass

Plants Combustion (elemental

analyzer)

Can inform about carbon

losses/the fate of carbon

Biomass weight can also be

used as a proxy, assuming

50% of biomass is carbon

Dry weight; carbon contents

by plant anatomy (grain vs.

stover) optional to get

agronomic implications

CO2 and CH4

emissions

Gaseous carbon dioxide and

methane exchange between

soil and the atmosphere

Atmosphere Laboratory incubations;

automatic or

manually-operated static flux

chambers, measured with

syringe sampling and gas

chromatography or in situ

with a portable gas analyzer;

Eddy covariance flux tower;

remote sensing

Can inform about carbon

losses or CH4 consumption

potential; can improve carbon

budgets

Costly and time intensive Air temperature; soil

temperature; soil moisture;

bulk density; chamber

volume; CH4 and N2O can be

converted to CO2 equivalents

to get GWP

13C Natural abundance stable

isotope

Any Mass spectrometer elemental

analyzer

Can inform about

mechanisms of carbon

accumulation; often included

with TC measurements

Snapshot of the process of

natural isotope fractionation;

data interpretation can be

challenging

Standard and 12C values to get

isotope ratios

14C Trace the fate or age of carbon Any Mass spectrometer elemental

analyzer

Can use a labeled substrate to

trace the fate of accumulated

carbon; can estimate the age

of carbon stored

Costly; requires specialized

expertise; requires a

laboratory that is ok with 14C

contamination

None necessary
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analyzer loss on ignition (LOI) or LECO elemental analysis can

be used to measure SIC or calculate the portion of inorganic

C (i.e., total C minus organic C). LOI measurements should

be used with caution as they are very sensitive to soil texture

and moisture and may produce inconsistent results (Personal

communication with Whendee Silver). Thermogravimetric

analysis (TGA) can also be used to measure carbonaceous

components in the mineral (clay and oxides) components of

soils (after the removal of OM) and rock samples (Pallasser

et al., 2013; Kemp et al., 2022). Additionally, soil can be acidified

to measure the evolved CO2 by using a pressure calcimeter

(gives bulk equivalent CaCO3 content; Sherrod et al., 2002), or

an infrared gas analyzer (Lin et al., 2016). Inorganic C in soil

samples can also be measured using acid dissolutions followed

by the manometric, titrimetric, or gravimetric determination of

CO2 (Presley, 1975; Wang et al., 2012). Similarly, carbonates

can be measured using rapid titrations (soil treated with

hydrochloric acid and titrated with sodium hydroxide) to get

CaCO3 equivalents (Rayment and Lyons, 2011). By measuring

organic and inorganic soil C stocks at the field scale over

time, treatment effects and CDR rates following silicate rock

applications can be determined.

In addition to measuring soil organic and inorganic C,

directly measuring DIC in the soil pore water is critical to

quantifying the flux of C that is removed through EW. An

important form of soil DIC is aqueous bicarbonate ions (HCO−

3 )

present in the soil pore water. HCO−

3 concentrations may

also be estimated using total alkalinity, depending on the

pH of the system (Olin Neal, 2001). To obtain soil water

samples for monitoring solute fluxes in natural soils, in situ

soil water extraction methods may be used. These include

vacuum lysimeters (also referred to as porous cups/tubes or

suction cups), suction plate or tension plate lysimeters, pan

or zero-tension lysimeters, wick samplers, and resin boxes

(Weihermüller et al., 2007). Lysimeters of varied types provide

a method for frequent measurement of soil pore water and

may be placed at multiple depths to monitor solute movement;

however, selection of a suitable sampler material depending

on the solutes of interest is imperative (Weihermüller et al.,

2007; Vandenbruwane et al., 2008). In agricultural systems, it

is likely that lysimeters will have to be removed and reinstalled

to accommodate certain machinery. HCO−

3 formed from EW

processes may leach deeper into soil profiles and precipitate

as carbonate minerals or eventually leach into groundwater;

therefore, SIC measurements at deeper soil depth or DIC

monitoring in downstream of ground watershed may be

appropriate depending on the hydrologic conditions of the

system (Sigfusson et al., 2006; Amann and Hartmann, 2022).

Once pore water is collected, samples can be measured for

pH, total alkalinity using acidimetric titration, DIC, cations and

metals by inductively coupled plasma emissions spectrometry

(ICP), or other measurements, enhancing understanding of EW

processes. Given the central roles of water volume and flow

path length in regulating chemical weathering, determining a

water balance estimate is critical to scale concentration values

into weathering or C fluxes (Maher and Chamberlain, 2014).

In the field, this may require monitoring irrigation inputs with

a flow meter, obtaining weather station precipitation data, or

establishing and monitoring a site-specific weather station, as

well as measuring evapotranspiration, soil moisture, infiltration,

and hydraulic conductivity.

C isotopic signatures of both SOC and SIC can be useful

to infer the mechanisms responsible for CDR within a system

(Del Galdo et al., 2003). C isotopic fractionation of SOC

and SIC can be measured by quantifying ratios of stable

C isotopes (12C and 13C), or by conducting pulse labeling

experiments using radioisotope (14C) as a tracer (Smith et al.,

2010). The δ13C composition of SOC is largely determined by

the fraction of plant litter originating from C3 or C4 species

and by fractionation occurring during microbial decomposition

of the resulting organic matter. For SIC, the δ13C isotopic

composition is controlled by the composition of soil CO2, which

is derived largely from root and microbial respiration (Cerling,

1984). The 14C abundance in pedogenic carbonates, a form

of SIC, is similarly determined by the relative proportion of

CO2 respired by the rhizosphere and microbially-induced SOM

decomposition (Zamanian et al., 2016). The contribution of

SOM decomposition determines 14C abundance in pedogenic

carbonates, however, is more important in deeper horizons. This

is because the age of SOM increases with soil depth (i.e., the older

the SOM, the more depleted the 14C abundance; Amundson

et al., 1994). Stable isotope data can often accompany total soil

C data, however 14C can be more complicated to obtain (i.e.,

tracers can be expensive and require special labs), and both

require specialized expertise to interpret.

GHG measurements determine the net flux (gain or loss) of

CO2 and can help inform estimates of CDR rate (Whitehead

et al., 2012). GHG emissions are most commonly measured

using: (1) static flux chambers where measurements are taken

weekly or bi-weekly (with more frequent sampling during

rain or fertilization events that can produce pulse emissions),

(2) automated flux chambers where measurements are taken

multiple times an hour, (3) Eddy covariance flux towers

that estimate net CO2 exchange across the landscape, or (4)

remote sensing (Smith et al., 2010). Of these GHG methods

discussed here, static flux chambers are on the low tech/cost

end of the spectrum and have the advantage of being movable,

while automated chambers are most costly but are much

better at capturing heterogenous fluxes. Ecosystem-scale GHG

measurements (often taken using eddy covariance) account

for the initial uptake of C through photosynthesis (gross

primary production), and its subsequent partial losses through

ecosystem respiration to give net ecosystem exchange. Eddy

covariance methods can effectively determine CDR given that

there are no lateral or hydrologic soil C fluxes (Arias-Ortiz

et al., 2021), but instrumentation are costly, require specialized
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expertise, and are limited in the number of treatments they can

monitor (two). Arias-Ortiz et al. (2021) showed that sediment

cores and Eddy covariance CDR estimates agreed in flooded

peatlands, however this relationship broke down at the tidal

wetland site where lateral C fluxes were large. Gough et al.

(2008) found similar results but note that a single year of

Eddy covariance data may not be consistent with long-term

sediment data, thus multi-year datasets are recommended.

Remote sensing is best suited for larger scale observations and

also requires specialized training and skills. Eddy flux towers

integrate over all C sources and sinks providing real time

estimates of net ecosystem exchange (Novick et al., 2022),

while static chamber measurements are more typically used to

reveal differences in emissions of CO2, nitrous oxide (N2O)

and methane (CH4) between experimental treatments. N2O and

CH4, which have a higher GWP potential than CO2, can be

measured and converted into CO2 equivalents to assess the total

effect of GHG emissions from agronomic systems on global

warming. Currently proposed mechanisms for EW mitigation

of N2O emissions include increasing NUE through enhanced

P availability or decreasing N2O:N2 ratios of denitrification

through pH stimulated activity of N2O reductase (Blanc-Betes

et al., 2021).While CH4 emissions can also be quantified, it is less

known how EW may mechanistically influence these emissions.

In combination with biomass measurements and other soil C

measurements (gains from C inputs and CDR, losses from

bicarbonate leaching, respiration, or biomass harvesting), GHG

measurements make up one component that can contribute to

the development of more accurate calculations of total C budgets

in agronomic systems (Smith et al., 2010).

In addition to studying C capture potential from EW at

individual field sites, scaling up CDR to regional scales is

necessary for understanding the potential for EW technologies

to be deployed at a larger scale. Currently, the only available

assessments of the large-scale effects of EW on soil C capture

are estimates derived from models. These stoichiometric

models are parameterized using mass balance equations and

interactions between factors such as rock-dissolution reaction

rates, climate data, C dynamics, nutrient availability, plant

responses, hydrology, and soil physical properties (mineralogy,

grain size, soil moisture, bulk density, etc.) (Taylor et al., 2017;

Cipolla et al., 2021; Goll et al., 2021). In situ field studies and

on-the-groundmeasurements are necessary for both confirming

and improving these model estimates across broader scales.

Finally, the development of comprehensive life cycle analyses

(LCA’s) will be necessary to verify the net C benefit of EW,

particularly given the energy demands associated with crushing

and transporting rock. Existing LCA’s report conflicting results

regarding EW’s net C benefits (Beerling et al., 2020; Taylor et al.,

2021; Schlesinger, 2022), results that likely differ as a result of

modeled dissolution rate assumptions, C pools incorporated,

and transport methodology. In practice, the net C benefit of EW

will likely vary regionally based on access to mined materials

and soil conditions that support fast CDR rates, thus LCA’s will

be better informed when coupled with robust field data that

elucidates the actualized and regionally specific CDR capacity of

this emerging technology.

Influences on weathering kinetics

Terrestrial silicate weathering plays a central role in

regulating Earth’s atmospheric CO2 levels. As silicate minerals

weather, they react with CO2 dissolved as carbonic acid

(Equations 1 and 2), moving C from the atmosphere into

the hydrosphere as bicarbonate (Equation 3), and releasing

cations and silicic acid (Mitchell et al., 2010). Subsequently,

bicarbonate may react further, yielding carbonate minerals such

as calcite or magnesite and resulting in the release of one

mole of CO2 (Equation 4). The CDR benefit of EW may vary

based on emissions associated with rock transport (i.e., life

cycle emissions; Beerling et al., 2020), chemical composition of

the rock, soil characteristics (like pH or texture), management

practices (like irrigation or crop type), influences on carbonate

formation (i.e., dust inputs of IC, parent material, upward

groundwater movement; Zamanian et al., 2016), the form in

which CO2 is sequestered (with bicarbonate sequestering 2

mols and calcium carbonate sequestering 1mol of CO2), and

whether CO2 is released back into the atmosphere along surface

water flow paths. More field data are needed to better quantify

this variation.

Weathering rates and resulting solute concentrations are

dictated by tectonic forces and erosion, which control availability

of fresh mineral surfaces, and by runoff and water flow path

lengths (Maher and Chamberlain, 2014). Additional factors that

influence weathering rates include pH and temperature, as well

as rock characteristics such as mineralogy and porosity (Isson

et al., 2020). For this reason, areas with high rates of erosion,

hotter and wetter climates, more acidic soils, or heavily irrigated

management practices might expect to see faster rates of CDR

in response to EW applications. Dissolution kinetics are key

to understanding weathering rates of various lithologies and

reaction with atmospheric CO2 (Yadav and Chakrapani, 2006).

CO2
(

g
)

↔ CO2(aq) (1)

CO2
(

aq
)

+ H2O ↔ H2CO3 (aq) (2)

CaSiO3 (s) + 2H2CO3
(

aq
)

+ H2O ↔ 2HCO−

3

(

aq
)

+H4SiO4(aq)+ Ca2+(aq) (3)

2HCO−

3

(

aq
)

+ H4SiO4
(

aq
)

+ Ca2+
(

aq
)

↔ 3H2O

+ CO2
(

g
)

+ CaCO3 (s)+ SiO2 (s) (4)

A variety of silicate rocks may be used for EW. The chemical

dissolution and subsequent CDR rates vary with silicate rock

type, particle size, soil characteristics, climate, and other factors.

While particle size is a key determinant in weathering rate
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(with small higher surface area particles weathering faster than

coarse particles), from an applied perspective, extremely fine

materials can be difficult to apply and may present a dust

inhalation hazard. Furthermore, finely grinding rock materials

requires significant energy expenditures (Strefler et al., 2018)

that may exceed CDR benefits (Lewis et al., 2021). Most

studies suggest that particle sizes of 10–20 microns provide

the greatest CDR benefit (Rinder and von Hagke, 2021), but

larger particle sizes (∼100 microns) have been used in EW

research and may be more widely available (Kelland et al., 2020).

More recently, researchers have suggested that larger particles

may be comparable to finely ground particles in their CDR

potential (Kantzas et al., 2022), highlighting the need for critical

assessments that compare the efficacy of different grain sizes.

Figuring out the largest grain size that is reasonably effective

at CDR is critical to minimizing the energy demand of EW

as well as health and safety risks associated with handling

rock dust.

Mineralogy further impacts weathering rates, with minerals

forming at higher temperatures and pressures, such as olivine,

weathering more readily at Earth’s surface (Goldich, 1938).

However, ultramafic minerals that weather faster also pose a

higher risk of inducing heavy metal toxicity (Beerling et al.,

2018). Monitoring the content of heavymetals such as cadmium,

lead, chromium, and zinc in rock and soil before and after

application may help mitigate heavy metal toxicity. Moreover,

global availability and proximity to mines greatly impacts the

scalability of EW (Köhler et al., 2010). Basalt, though less rapidly

weathering than olivine-dominated rocks, such as dunite, exists

broadly and has lower risk of heavy metal accumulation when

applied to soils. Site location will largely determine mine

proximity and rock compositions that are accessible (Krevor

et al., 2009).

Designing field experiments that not only quantify CDR, but

also test the influence of various factors on CDR rates will be vital

to deploying highly effective EW strategies. Randomized block

designs that test the effect of particle size on CDR rate, multi-site

experiments that span gradients of soil pH, or comparisons

between tropical and temperate field sites are all examples of

ways that field studies can examine the factors that influence

weathering kinetics.

Tracing weathering products

A variety of analytical techniques common to pedology,

geochemistry, agronomy, and mineralogy may be employed to

elucidate the products of EW and track their movement in

soil, water, and plant biomass. These products, when quantified

alongside ion transport and secondary mineralization, can

be used to approximate weathering and dissolution rates,

trace nutrient release and movement, and monitor levels of

potentially toxic metals released from applied minerals. Markers

of weathering (e.g., Mg2+ release from olivine dissolution) may

also be used to estimate CDR.

Physical and chemical characterization of silicate rock

amendments, including grain size, specific surface area,

mineralogy, and elemental composition, is a necessary

first step in identifying expected weathering products and

estimating potential CDR. Both grain size and specific

surface area are relevant for estimating dissolution rates and

understanding available surfaces for weathering reactions.

Numerous approaches are available for characterizing grain

size distributions, but a particle size analyzer (PSA) using laser

diffraction is common. Additionally, the Brunauer, Emmett, and

Teller (BET) method, using gas adsorption to mineral surfaces,

is used to measure specific surface area. Mineralogy may be

determined using X-ray diffraction (XRD; Silva et al., 2021)

or quantitative evaluation of materials by Scanning Electron

Microscopy (QEMSCAN), while rock elemental composition

is regularly measured using lithium borate fusion coupled

with X-ray fluorescence (XRF) or inductively coupled plasma

atomic emission spectroscopy or mass spectroscopy (ICP-AES

or ICP-MS).

To understand EW dynamics in soil, imaging approaches

including scanning electron microscopy with energy dispersive

spectroscopy (SEM-EDS; Haque et al., 2020), transmission

electron microscopy (TEM; Bonneville et al., 2009), and

nanoscale secondary ionmass spectrometry (NanoSIMS)may be

relevant. Synchrotron-based x-ray absorption spectroscopy may

also help reveal weathering processes and specificmineral phases

(Nieva et al., 2019). As noted by Dudhaiya et al. (2019), some

of these approaches for tracing weathering products, including

thermogravimetric analysis (TGA; discussed in section Carbon

dioxide removal), EDS, and XRD may be limited in their

application in highly heterogeneous amended soils due to the

small sample sizes. However, in-depth examinations of organo-

mineral interactions and mineral weathering using SEM, TEM,

and other approaches common in natural systems research (e.g.,

Jongmans et al., 1997; Bonneville et al., 2009) will likely become

more common in EW studies as this field of research grows

more mechanistic and detailed. Many of the aforementioned

non-destructive approaches, as well as infrared spectroscopy

and additional forms of x-ray spectroscopy and microanalysis,

have been reviewed in detail (Haque et al., 2019a). Approaches

used to characterize rock amendment mineralogy and elemental

analysis are also relevant to understanding amended soils.

Beyond direct visualization and quantification of weathering

products, isotopic tracers are widely used in soils and geology

for dating, tracking landscape processes, and interpreting

biological influences, among other applications. For example,

because strontium (Sr) exhibits limited fractionation (i.e., mass-

dependent fractionation is corrected for during data reduction),

Sr isotopic ratios (87Sr/86Sr) may be used in soil systems as

a tracer, provided all input pools (dust, parent material, rain,

groundwater) are well-characterized (Capo et al., 1998). Because
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of this utility, Sr has been proposed as a tracer of EW products,

though this would require sufficient distinction between the

rock amendment and soil parent material. Refer to the section

Carbon dioxide removal for specifics concerning C isotopes in

the context of EW.

Because silicate weathering occurs via proton-consuming

reactions, increasing soil pH is a commonly observed

phenomenon (e.g., Haque et al., 2019b; Amann et al., 2020).

While not suitable as a direct proxy for dissolution rates, pH

is important for nutrient and trace metal mobility, runoff or

discharge chemistry, suitability for continued weathering and

crop growth, and other ecosystem or soil effects. Tracking

pH in soil and water of field experiments can help improve

understanding of these dynamics. The desirability of pH shifts

largely depends on the system’s baseline pH (e.g., increased pH

in an acidic system may alleviate some need for liming) (Ten

Berge et al., 2012). While increased pH may be highly beneficial

in mitigating metal toxicity and low cation exchange capacity (a

measure of the soil’s ability to hold positively charged ions) in

tropical systems, downstream effects of pH changes on aquatic

ecosystems may be negative, emphasizing the need for pH

monitoring (Edwards et al., 2017).

In addition to pH controls, explicitly measuring exchange

complex ions, changes in cation exchange capacity, and

macro- and micronutrient pools can help identify ancillary EW

effects beyond CDR, allowing for monitoring of both beneficial

nutrients and potentially toxic trace metals (Ramos et al., 2022).

In agricultural systems, the added step of quantifying trace

metal or nutrient content of plant biomass may be relevant for

assessing bioavailability of rock-derived ions, whether beneficial

or detrimental, and may be quantified using acid digestion of

dried plant biomass coupled with ICP-AES, ICP-MS, or AAS for

elemental quantification (Ten Berge et al., 2012).

Many of the approaches applied to soil are relevant to

the aquatic component of these systems, including the soil

pore water, leachate or runoff, and downstream chemistry.

Water pH, pore water cations and anions (quantified via

ICP-AES, ICP-MS or atomic absorption spectroscopy (AAS),

among other methods), and C species or other solutes are key

metrics for tracing ion movement and export (Ten Berge et al.,

2012; Amann et al., 2020; Taylor et al., 2021). A number of

these measurements are highly time-sensitive (e.g., pH) and

may require particular attention during sample collection (e.g.,

acidification for metal analysis); however, their wide application

in water quality monitoring means standard collection protocols

are widely available. As in soils, isotopic tracers may also be used

to monitor weathering products in the aquatic component of

agronomic systems.

More broadly, the roles of microbial communities, plants,

and SOM in mediating mineral weathering are significant

(Drever, 1994; Balogh-Brunstad et al., 2008; Bonneville et al.,

2009; Taylor et al., 2012); examining these interactions in the

context of EW requires a broad suite of additional tools beyond

the scope of this paper, though understanding these linkages

is essential to completing assessments of EW potential (Cipolla

et al., 2021; Verbruggen et al., 2021; Vicca et al., 2022).

Soil health and crop outcomes

While CDR is often the main goal of EW studies, it

is important to evaluate the effects of EW on properties

that are important to land managers, such as soil and plant

health. Soil health can be defined as the capacity of soil

to function optimally within an ecosystem to sustain plants,

animals, and humans. Components of soil health that are

of interest to land managers due to their influence on plant

health include cation exchange capacity, nutrient availability,

and soil stability and infiltration. Soil available micro- and

macronutrients can contribute positively to crop production

and soil health. Cation exchange capacity and base saturation

(the percentage of cation exchange capacity occupied) can

determine nutrient stock potentials in soils. Silicate rocks

typically have tradeoffs related to weathering rate and risk of

heavy metal accumulation, with more readily weathered rocks

having higher risks. Because heavy metals may be hazardous,

potential heavy metal accumulation in soils and crops from

EW practices should be assessed. Soil water measurements of

interest to land managers include soil water holding capacity,

infiltration rates, compaction, evapotranspiration, and salinity,

among others (Corwin and Lesch, 2005; Garg et al., 2016;

Li et al., 2016). The ability of soils to hold more water can

reduce irrigation needs, while poor infiltration rates can lead

to flooding, compaction, and increased overland flow. Similarly,

increased nutrient contents or increased rates of leaching and

runoff can result in contamination of water resources (Daryanto

et al., 2017).

Crop yield (biomass) and quality (e.g., nutrient content,

forage quality, etc.) are also important factors that should be

measured during EW studies in croplands. Yield are most

typically measured in the agronomic sciences using industrial

methods such as mechanical harvesting instruments, but

hand harvest methods that allow for observation of specific

changes in biomass can also be useful (Shapiro et al., 1989;

Trout and DeJonge, 2017). For instance, if corn biomass

increases, but that increase is in stover, that may not be

as valuable to farmers as an increase in grain. With certain

crops, hand harvest may be necessary if mechanical methods

(for instance, hay baling) are not accurate enough or not

common (e.g., forage biomass estimates). Remote sensing

methods can be employed to estimate yield (e.g., relative crop

height using normalized difference vegetation index; NDVI)

and crop nutrients (e.g., using near infrared spectroscopy;

NIRS). Crop nutrient concentrations can also be determined

by subjecting dried, finely-ground plant samples to elemental

analysis [using methods such as inductively coupled plasma
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emissions spectrometry (ICP)]. Crop yield and crop quality

analysis may cover total plant biomass or may be divided into

relevant sections of the target crop. For example, corn harvests

may be divided into grain and stover yields for analysis.

In addition to measurements of GHG emissions to the

atmosphere, there are other atmospheric measurements that

are relevant to environmental health. For instance, ammonia

(NH3) and nitric oxide (NO) emissions are widely produced

from agriculture, which have repercussions for air quality,

N deposition, soil acidification, eutrophication of waterways,

and adverse effects on human health (Almaraz et al., 2018;

Domingo et al., 2021). Dust production from EW practices may

create a health hazard for farmworkers and/or nearby residents.

Furthermore, dust can have fertilization effects both near and

far (Prospero et al., 2020). The degree to which dust from EW

practices becomes a hazard will likely depend on grain size

and application methods (e.g., tillage, wet vs. dry applications,

storage, etc.). The current scarcity of EW field trials means that

our understanding of dust and other hazards remains poor and

requires more targeted inquiries.

Priority measurements for enhanced
weathering field studies in working lands

While further field testing of EW is required to adequately

develop best practices for monitoring CDR and other pertinent

processes, we provide a brief list of priority measurement

recommendations for those seeking to deploy EW field trials in

working lands.

The primary set of measurements to include EW field trials

will be those to monitor and scale CDR. Measurements of total

soil C using combustion methods are the most basic assay for

observing soil C sequestration, though it does not capture all

pools. Since C sequestration is typically a slow process, soil

sampling can occur annually and should include at least three

depths (e.g., 0–10, 10–30, and 30–50 cm) so that equivalent soil

mass can be used to scale these measurements, as this has been

shown to be superior to traditional scaling methods based on

bulk density (Von Haden et al., 2020). Deeper depths may be

sampled to capture where carbonates precipitate, however, if

the soil is predominately organic C, the inorganic C pool may

be negligible, precluding the need to sample deeper. EW can

produce both carbonates in soil and bicarbonate in soil pore

water, thus measurements of soil pore water alkalinity will be

critical to observing the CDR removal effect of an experiment.

Soil pore water can be monitored using lysimeters sampled daily

to weekly and analyzed using acidimetric titration. Lysimeter

measurements should be coupled with water balance estimates

to scale findings.

Secondary measurements to prioritize would be GHG

emissions and yields. GHGs can be measured in a variety of

ways but automated chambers are recommended as they can be

moved between treatment plots to capture spatially variability,

while simultaneously capturing the temporal variability that

is critical to understanding the flux of these heterogenous

emissions. The effects of EW on yield will be a crucial piece

of data for land managers considering this practice. Mechanical

yield is preferred from an agronomic perspective; however, hand

harvest methods coupled with elemental analysis may better

inform C cycling dynamics (i.e., C removed during harvest).

We outline an extensive list of possible measurements to

explore rates and mechanisms of CDR and other soil processes

that are relevant to EW’s influence on the soil environment,

however, the above represents a minimal set of analyses that

should provide insight with regards to EW’s effect on CDR. The

best techniques to quantify CDR from EW trials are not yet

known because we have few results from field studies across

limited soil, rock, and crop types. For instance, lysimetry might

pose issues in dry climates or rainfed agriculture where soil

pore water is less abundant, and the importance of SIC may

vary geographically based on the ratio of SOC:SIC, altering

methodological needs. Further field tests will help to build a

more robust set of field measurement best practices for EW trials

in agronomic settings.

Applied science considerations

As researchers continue to develop robust science generated

by EW field studies, the reach of this applied science work can be

made more effective by incorporating a variety of stakeholders

into the research process. There are numerous constituents who

will be vital to developing practices that scale in a responsible

and just manner. First, computational modelers can generate

emission scenarios regionally or globally using field data, life

cycle analyses, and process-based models. Second, sociologists

and economists can help to increase an understanding of

the barriers to adopting EW practices, assess costs associated

with such practices as they scale, and identify potential

environmental justice issues. Third, private industry can not

only help facilitate EW material sourcing and shipping but

have a vested interest in and experiential knowledge of market

dynamics as they related to EW. Furthermore, technological

industries can help to develop smartphone tools that increase

uptake, knowledge, and access to EW practices. Fourth, farmers

and ranchers will be vital collaborators in EW research

and development, providing land on which to deploy trials,

knowledge regarding field maintenance, and feedback/support

related to practitioner adoption. Fifth, environmental work

has a history of widening environmental injustices, thus is

important to consider and incorporate local agricultural and

indigenous communities into research projects from their onset;

working with non-profit organizations can be a fruitful entry

point into community engagement. Lastly, policy is critical for
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incentivizing climate solutions; thus, partnering with policy

advocates and government agencies can help translate science

into action. Environmental issues, such as climate change, are

highly complex in nature and thus require interdisciplinary

approaches to responsible and scalable solution development.

Conclusion

Geoscientists (e.g., geologists, biogeochemists, soil scientists,

etc.) are interested in the prospect of EW as a climate mitigation

opportunity. While many geoscientists have the unique skill

set to explore questions related to EW, few have experience

working in contexts where EW is most likely to be applied (e.g.,

agronomy, rangeland science, forest ecology, coastal ecology,

etc.). Geology and agronomy differ in their scientific approach

in many ways; thus, we provide a path for incorporating

robust geologic measurement techniques into agronomic field

trials. While collaborations with interdisciplinary researchers

and stakeholders can aid in research project facilitation, we seek

to provide a framework by which researchers who are interested

in the topic of EW in working lands can gain insight prior to

the onset of a new project. As a new and emerging field that

urgently requires more field testing across a variety of systems

before becoming a viable climate mitigation strategy, we aim

to shed light on the experimental design and methodological

considerations for geologists and agronomists when establishing

new EW field trials.
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Assessment of the enhanced
weathering potential of di�erent
silicate minerals to improve soil
quality and sequester CO2

Emily E. E. M. te Pas*, Mathilde Hagens and Rob N. J. Comans

Soil Chemistry and Chemical Soil Quality, Wageningen University and Research, Wageningen,

Netherlands

Enhanced weathering is a negative emission technology that involves the

spread of crushed silicate minerals and rocks on land and water. When

applied to agricultural soils, the resulting increase in soil pH and release

of nutrients may co-benefit plant productivity. Silicate minerals and rocks

di�er in their enhanced weathering potential, i.e., their potential for both

carbon dioxide (CO2) sequestration and soil quality improvements. However,

studies comparing silicate minerals and rocks for this dual potential are

lacking. Therefore, we compared the enhanced weathering potential of olivine

(Mg2SiO4), basalt, wollastonite (CaSiO3), and two minerals that are novel

in this context, anorthite (CaAl2Si2O8) and albite (NaAlSi3O8). A down-flow

soil column experiment was designed allowing for measurements on soils

and leachate, and calculations of organic and inorganic carbon budgets. Our

results showed comparatively high CO2 capture by enhancedwollastonite and

olivine weathering. Furthermore, CO2 capture per m2 specific surface area

indicated potential for enhanced anorthite and albite weathering. Calculated

carbon budgets showed that most treatments produced net CO2 emissions

from soils, likely related to the short duration of this experiment. All silicates

generally improved soil quality, with soil nickel contents remaining below

contamination limits. However, nickel concentrations in leachates from

olivine-amended soils exceeded the groundwater threshold value, stressing

the importance of monitoring nickel leaching. We found a relatively high

enhanced weathering potential for wollastonite, while the potential for

olivine may be constrained by nickel leaching. The promising results for

anorthite and albite indicate the need to further quantify their enhanced

weathering potential.

KEYWORDS

enhanced weathering potential, silicate minerals and rocks, net CO2 sequestration,

agricultural soil quality, nickel, soil column experiment
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1. Introduction

Rising atmospheric carbon dioxide (CO2) concentrations

resulting from fossil fuel combustion and land use change

are causing climate change (IPCC, 2014). To limit global

temperature rise well below 2◦C, as agreed in the Paris

Agreement, large scale application of Negative Emission

Technologies (NETs) is needed (IPCC, 2018). Enhanced

Weathering (EW) is a NET based on the natural silicate

weathering cycle that stabilizes atmospheric CO2 concentrations

and climate on geological time scales (Kump et al., 2000).

When CO2 dissolves in water, carbonic acid is formed, which

weathers silicate minerals. The resulting bicarbonate (HCO−

3 )

and carbonate (CO2−
3 ) ions may leach from soils and in addition

contribute to counteracting ocean acidification (Hartmann

et al., 2013; Bach et al., 2019). Weathering products may also

precipitate as calcium and/or magnesium carbonates (CaCO3,

MgCO3). Although carbonates form an important soil carbon

(C) sink, carbonate precipitation releases part of the consumed

CO2 back to the atmosphere, thereby limiting the overall

efficiency of CO2 sequestration (Hartmann et al., 2013; Haque

et al., 2019a). EW involves the artificial acceleration of the

natural silicate weathering cycle through spreading crushed

silicate minerals on land and water, aimed at CO2 sequestration

at a rate significant on human time scales (Schuiling and

Krijgsman, 2006; Moosdorf et al., 2014; Andrews and Taylor,

2019).

The application of crushed silicate minerals and rocks on

agricultural soils may, besides capturing CO2, improve soil

quality and consequently stimulate plant productivity (Ten

Berge et al., 2012; Beerling et al., 2018; Haque et al., 2019b;

Kelland et al., 2020). Silicate weathering releases nutrients, such

as calcium (Ca2+), magnesium (Mg2+), and potassium (K+),

depending on the type of silicate mineral or rock used (Harley

and Gilkes, 2000; Lehmann and Possinger, 2020). Furthermore,

the released silica can improve plant resistance to biotic and

abiotic stresses (Beerling et al., 2018). In agriculture, carbonate

minerals are often applied as liming agents, while the weathering

of silicate minerals also increases soil pH (West and McBride,

2005; Dietzen et al., 2018). The increase in soil pH and formation

of secondary (clay) minerals by incongruent silicate weathering

may both generate negatively charged binding sites, resulting in

a higher soil Cation Exchange Capacity (CEC) (Gillman, 1980).

Therefore, EW can improve both the retention and availability

of nutrients in soils (Gillman et al., 2002; Anda et al., 2015).

EW can be considered a long-term storage option for CO2

in the form of Soil Inorganic Carbon (SIC), since carbonate

minerals and HCO−

3 have a mean residence time in soils of

80.000–100.000 years (Andrews and Taylor, 2019). On generally

shorter time scales, EW can affect Soil Organic Carbon (SOC)

(Beerling et al., 2018; Andrews and Taylor, 2019; Lehmann

and Possinger, 2020). The release of multivalent cations and

formation of secondary minerals by EWmay stabilize SOC both

chemically through organo-mineral associations, and physically

through aggregate formation (Paradelo et al., 2015; Beerling

et al., 2018; Gao et al., 2020). Improved crop productivity

due to EW may further enhance atmospheric CO2 uptake and

belowground C inputs (Vicca et al., 2022). However, increasing

soil pH can enhance microbial activity, and SOC bioavailability

through deprotonation of functional groups (McBride, 1994;

Leifeld et al., 2013). Similar to liming, EW may stimulate SOC

decomposition, potentially reducing SOC (Paradelo et al., 2015).

At the same time, chemical weathering rates, and consequently

CO2 capture by EW, are generally reduced at higher pH values

(Hartmann et al., 2013). Since abovementioned processes can

exert opposite effects on soil C content, and considering that

mining, crushing and spreading of silicates also produces CO2

emissions (Moosdorf et al., 2014), the net CO2 budget of EW is

yet uncertain.

The main focus of EW research has so far been on olivine

minerals, especially the Mg-endmember forsterite (Mg2SiO4),

due to their potentially high weathering rates and CO2

consumption (Hartmann et al., 2013; Oelkers et al., 2018).

However, olivine weathering also releases nickel cations (Ni2+).

Depending on Ni concentrations and its speciation in soils,

threshold values can be reached in soils, plants, and groundwater

(Weng et al., 2004; Ten Berge et al., 2012; Renforth et al., 2015;

Amann et al., 2020). Therefore, the use of basalt, an abundant

silicate rock with lower Ni concentrations and a higher content

of nutritional elements compared to olivine-rich rocks (Beerling

et al., 2018), and wollastonite (CaSiO3), a fast weathering and

abundant Ca-bearing silicate mineral (Haque et al., 2019b),

have recently received more attention. However, other silicate

minerals may also have potential for EW. For example, feldspar

minerals such as anorthite (CaAl2Si2O8) and albite (NaAlSi3O8)

are widely abundant (USGS, 2020). Anorthite minerals have

high weathering rates (Palandri and Kharaka, 2004), and albite

weathering does not result in carbonate precipitation thereby

acting as a net sink for 100% of the consumed atmospheric CO2

(Hartmann et al., 2013). Despite their potential, these minerals

have to our knowledge not yet been studied in the context

of EW.

Different types of silicate minerals and rocks vary in what

we define as their enhanced weathering potential, with respect

to both improving agricultural soil quality through increasing

soil pH and releasing nutrients, and supporting climate change

mitigation by CO2 sequestration. However, a comparison

between silicate minerals and rocks for this dual potential is

lacking in current literature. Therefore, we aim to compare

this enhanced weathering potential of five different silicates

(olivine, basalt, wollastonite, anorthite, albite) using a down-

flow soil column experiment. Hereby, this study supports the

development of EW strategies on croplands that both improve

agricultural soil quality and mitigate climate change.
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2. Materials and methods

2.1. Characterization of the experimental
soil and silicates

Soil samples were collected from the topsoil of a sandy

grassland in Wageningen, the Netherlands (51◦59’39.3”N

5◦40’05.9”E) in November 2019. This field had not

been used for livestock practices for 2 years and had

not been fertilized since 1972. The soil was selected

for its relatively low pH and geochemically reactive

concentrations of base cations and Ni (Table 1). Soil

samples were dried at 40◦C for about 48 h, sieved over

2mm, and homogenized.

Five types of silicates were used in this experiment. First,

crushed olivine minerals were retrieved from the Aheim

Gusdal Mine located in Norway, where forsterite is mined

at Steinsvik (Kremer et al., 2019). Second, crushed basalt

rocks were used from a mine located in between Nieder

Ofleiden and Homburg, Germany (Actimin, 2019). Third,

Canadian wollastonite was used, which is a crushed waste

stream from mining operations at Saint Lawrence Wollastonite

Deposit, Ontario, and therefore also contained some Mg

impurities in the form of diopside (Haque et al., 2019b).

Fourth, anorthite was retrieved from Grass Valley, California,

TABLE 1 Characteristics of the experimental soil.

Parameter Value

pH-H2O 5.16

Ca (mg kg−1)a 214

Mg (mg kg−1)a 34.7

K (mg kg−1)a 40.0

Na (mg kg−1)a 9.00

Ni (mg kg−1)a 0.64

Total carbon (g kg−1)b 21.3

CaCO3 (g kg
−1)b 0.38

Organic carbon (g kg−1)b 21.3

CEC (mmol+ kg−1)c 29.9

Base saturation (%)c 31.0

% Sand (>50µm)d 84.4

% Silt (2–50µm)d 7.5

% Clay (<2µm)d 3.7

aGeochemically reactive elemental concentrations extracted with 0.43M HNO3 and

measured with ICP-OES (Groenenberg et al., 2017).
bTotal C content as measured with a LECOCN analyser. IC content as determined by the

Scheibler method (Allison, 1960; ISO, 1995). OC content was calculated by difference.
cAs determined by 0.1M BaCl2 extractions followed by ICP-OES (ISO, 2018).
dAs determined by the sieve and pipette method (NEN, 2018).

United States. Finally, albite was obtained from a mine in

Bancroft, Ontario, Canada. Anorthite and albite minerals

were ordered from Ward’s Science and were crushed using

a jaw crusher. The silicates were characterized for their

chemical composition using X-Ray Fluorescence (XRF)

(ARLTM PERFORM’X wavelength-dispersive sequential XRF

spectrometer, ThermoFisher Scientific), Specific Surface Area

(SSA) by N2 adsorption using the Brunauer-Emmett-Teller

(BET) method (Gemini model 2390p) (Table 2), and particle

size distribution using laser diffraction (CoulterTM LS 230, fluid

module) (Figure 1).

2.2. Experimental set-up

We designed a down-flow soil column experimental set-

up that enabled controlling environmental conditions to

ensure comparability among the different treatments, and

measurements on both soil and leachate (Figure 2). Soil columns

were made from polyethylene containers (180ml) by drilling

30 (Ø2.5mm) holes in the bottom of the containers. Each

soil column was connected via a plastic funnel to a closed

container, in which the leachate was collected and sampled

every 2 to 7 days. A cellulose filter (12–25µm pore size,

Whatman 589/1) was placed at the bottom and on top of

each column to prevent particle losses. Columns were filled

with 150 g soil and 100ml de-mineralised water following

a five-step packing procedure in which each step consisted

of one layer of 30 g soil and 20ml de-mineralised water

to reduce the chance of preferential flow paths (Gilbert

et al., 2014; ISO, 2019). Aluminum foil was wrapped around

the columns to prevent impact of incoming light on the

soil. The experiment started after 2 days of pre-incubation,

which allowed the soil to settle within the columns and

redundant water to leach from the columns before the

different treatments were applied, and lasted for 9 weeks (64

days). The experiment took place in a conditioned room of

20± 2◦C.

On the 1st day of the experiment, 18.75 g (125 g kg−1

soil) of one of the five silicates was applied on top of

each soil. This dose is in line with, though at the higher

end of, the range found in current literature (Kelland

et al., 2020). Each of the five treatments was studied in

duplicate, being olivine (Ol1 and Ol2), basalt (Ba1 and Ba2),

wollastonite (Wo1 and Wo2), anorthite (An1 and An2), and

albite (Al1 and Al2). One control soil (Control) was used

without silicate application. Every 2 to 4 days, 40ml de-

mineralised water was added on top of the soil columns. De-

mineralised water has a pH similar to rainwater (about 5.7),

but differs from rainwater in its ionic strength. Despite de-

mineralised water not fully representing the effect of rainwater,

the elemental concentrations measured in the leachate and
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TABLE 2 Specific Surface Area (SSA) and chemical composition of the silicate minerals and basalt used in this experiment.

Olivinea Basalta Wollastonitea Anorthitea Albitea

SSA (m2 g−1) 3.71 3.88 1.49 0.64 1.13

SiO2 (%) 40.24 46.41 55.26 50.75 62.03

CaO (%) 0.44 8.80 26.28 11.44 2.25

MgO (%) 43.47 10.27 5.63 5.03 0.02

K2O (%) 0.05 1.50 1.83 0.28 0.84

Na2O (%) 0.00 3.18 1.53 2.68 10.68

Fe2O3 (%) 6.66 10.44 2.46 6.36 0.15

Al2O3 (%) 0.65 12.91 4.11 21.79 21.12

P2O5 (%) 0.00 0.60 0.15 0.01 0.01

TiO2 (%) 0.01 2.42 0.20 0.10 0.00

MnO (%) 0.09 0.18 0.05 0.13 0.04

Ni (mg kg−1) 2,052 205 20 53 2

Cr (mg kg−1) 1,798 468 33 54 17

aChemical composition of the silicates was corrected for LOI of 6.31, 1.61, 0.94, 0.14, and 1.33% for olivine, basalt, wollastonite, anorthite, and albite, respectively.

FIGURE 1

Particle size distribution of the five silicates used in this experiment, measured by laser di�raction (n = 1).

soil of the treatments, corrected for those measured in the

leachate and soil of the control, could be solely attributed to

silicate weathering, thereby allowing mass balance calculations.

Although temperature and precipitation conditions during

the experiment were not representative for average weather

conditions in the Netherlands (average annual temperature

is about 10◦C lower and average annual precipitation is

about three times lower compared to experimental conditions),

the use of controlled conditions allowed for a comparison

between the silicates, and ensured enough leachate to conduct

all measurements.

2.3. Chemical analyses of leachate
samples

After each water addition, leachate was collected in the

containers below the columns, from which samples were taken

on day 1, 3, 5, 8, 12, 17, 24, 33, and 64 of the experiment.

In the leachate samples, concentrations of Ca2+, Mg2+, K+,

and sodium (Na+) were measured using Inductively Coupled

Plasma Optical Emission Spectrometry (ICP-OES), and Ni2+

concentrations were measured using High-Resolution ICP

Mass Spectrometry (HR-ICP-MS). Segmented Flow Analysis
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FIGURE 2

(A) Picture showing the experimental set-up. (B) Schematic

overview of a single soil column.

(SFA) was used to measure the dissolved total C and

Dissolved Inorganic Carbon (DIC) concentrations in the

leachate samples, from which Dissolved Organic Carbon

(DOC) concentrations were calculated. More frequent leachate

samples were taken (every 2 to 7 days) to measure pH

and alkalinity. First, the pH of the leachate samples was

measured using a PHM 92 Lab pH electrode (Radiometer

Copenhagen). Then, total alkalinity was measured by titrating

7.5ml leachate to a pH of 4.50 (±0.05) using a 0.02M

HCl solution.

2.4. Chemical analyses of soils

After day 64, the experiment was terminated. Visually

detectable silicates on top of the soils were removed using a

plastic knife to minimize the occurrence of mineral particles

in the soil extractions and fractionations. The soils were

separately dried at 40◦C for about 4 days, sieved over 2mm,

and homogenized.

Soil CEC and base cation concentrations were measured

using a 0.1M BaCl2 extraction (ISO, 2018), followed by ICP-

OES analysis. This data was used to calculate the base saturation,

which represents the sum of Ca, Mg, K, and Na concentrations

as a percentage of soil CEC. To calculate elemental mass

balances and Ni release, soils were extracted with 0.43M HNO3

(Groenenberg et al., 2017), followed by ICP-OES analysis of Ca,

Mg, K, Na, and Ni concentrations. To quantify the SIC content,

the Scheibler method was used (Allison, 1960; ISO, 1995). A

LECO CN analyser was used to measure total C, from which the

SIC content was subtracted to calculate the SOC content.

2.5. Calculations and data analysis

Cumulative CO2 capture was calculated using two

alternative methods. The first method was based on elemental

mass balances (EMB-method), using Equation 1 to calculate

the weathered fraction of the applied mineral, and Equation

2 to determine CO2 capture in this experiment. The element

used to calculate the mass balance was based on the major

element present in each of the silicates. Based on XRF analysis

(Table 2), the Mg balance was used for olivine and basalt, the

Ca balance for wollastonite and anorthite, and the Na balance

for albite. Mg, Ca, and Na concentrations measured in the

leachate using ICP-OES were linearly interpolated over time

to calculate cumulative leaching. Soil Mg, Ca, and Na contents

were measured by ICP-OES after extraction with 0.43M HNO3.

The Mg, Ca, and Na content measured in the initial soil was

used as a correction to only take into account the Mg, Ca, and

Na released by silicate weathering. This method was similar

to the method used by Ten Berge et al. (2012), except that

we used the 0.43M HNO3 extraction instead of the 0.01M

CaCl2 extraction to include elements adsorbed onto reactive

binding sites and avoid underestimation of the weathering rate

as expected by these authors. The total amounts of applied Mg,

Ca, and Na were calculated based on the mineral contents as

determined by XRF analysis (Table 2).

Fweathered =
((

Mg, Ca, Naleachate+Mg, Ca, Nasoil
)

−Mg, Ca, Nainitial soil
)

total Mg, Ca, Na applied

(1)

In Equation 2, Fweathered was calculated with Equation

1, and the mineral dose was 18.75 g for all treatments.

The term stoichiometry denoted CO2 capture assuming ideal

stoichiometric ratios during mineral dissolution, being 1.25 g

CO2 g−1 olivine weathered, 0.38 g CO2 g−1 basalt weathered,

0.76 g CO2 g−1 wollastonite weathered, 0.32 g CO2 g−1

anorthite weathered, and 0.17 g CO2 g−1 albite weathered

(Supplementary Table S1). The results were divided by 0.15 to

calculate the CO2 capture from 150 g soil to 1 kg soil.

CO2 capture (g CO2 kg
−1 soil)=

Fweathered∗mineral dose∗stoichiometry

0.15
(2)

For the second method (IC-method), Equation 3 was used

to calculate cumulative CO2 capture based on alkalinity

concentrations measured in the leachate and the soil

carbonate content measured with the Scheibler method,

representing the two pathways of IC sequestration by EW.

Alkalinity concentrations were linearly interpolated to calculate

cumulative alkalinity produced during this experiment, and

the soil carbonate content was expressed as CaCO3 (both in

moles). These results were multiplied by the molar mass of CO2

(44.0095 g mol−1) and divided by 0.15 to calculate the CO2

capture per kg soil. Finally, the carbonate content of the initial

soil was subtracted to only take into account the carbonation
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resulting from EW.

CO2 capture (g CO2 kg
−1 soil) =

(

Alkalinity∗44.0095

0.15
+

Carbonates∗44.0095

0.15

)

− initial soil

(3)

Furthermore, inorganic and organic CO2 budgets were

calculated and added to determine the net CO2 budget

(Equation 4), in which 1SIC and 1SOC were relative to the

concentrations measured in the initial soil.

Net CO2 budget (g CO2 kg
−1 soil)=

((1SIC+DIC)+ (1SOC+DOC)) ∗
(

44.0095

12.0107

)

(4)

Statistical analysis was conducted using R version 3.6.1 (R

Core Team, 2020) and the package “car” (Fox and Weisberg,

2019). Data were checked for normality of residuals using

the Shapiro Wilk Test, for homogeneity of variances using

the Levence’s Test, and for homoscedasticity of residuals by

scatterplots. As the data did not meet the assumptions to allow

the use of parametric tests, and as each treatment consisted

of only two replicates, non-parametric Kruskal-Wallis tests

were used to assess whether significant differences were found

between the treatments for each variable. Since P-values are

influenced by the number of replicates (n), we accepted a slightly

lower confidence level than the most often used 95%, and

considered differences between treatments significant if P ≤

0.1. Moreover, we focused the data analysis and interpretation

mostly on the raw values, because n was limited to two. In

the Results section, instead of averages, the values for both

replicates of each treatment are presented, with the first value

always representing the first replicate and the second value the

second replicate.

3. Results

3.1. Soil quality parameters

3.1.1. pH response

pH measured in the leachate increased from 5.16 (day 0) to

7.48–7.93 for wollastonite treatments, to 7.30–7.41 for olivine

treatments, to 7.42–7.10 for albite treatments, to 6.55–7.58 for

basalt treatments, and to 6.87–7.24 for anorthite treatments

at the end of the experiment (Figure 3). Treatments did not

differ significantly in their pH response (P = 0.387). The pH of

the control fluctuated during most of the experiment between

approximately 5.5 and 6.0, and increased to 6.71 at the end of

the experiment.

3.1.2. Soil nutrient content and retention

Final soil base saturation differed significantly between

treatments (P = 0.093; Figure 4A). All treatments increased

the base saturation compared to the control (41.7%), being

most pronounced for the olivine (78.9–89.0%) and wollastonite

(79.8–81.9%) treatments, followed by basalt (73.9–63.9%) and

albite (63.7–64.3%). The anorthite treatments showed the

smallest increase in base saturation (44.8–44.8%). Furthermore,

significant differences between treatments were observed for

soil CEC (P = 0.089; Figure 4B). Like with base saturation, the

olivine (39.5–47.2 mmol+ kg−1 soil), and wollastonite (40.5–

34.1 mmol+ kg−1 soil) treatments strongly increased soil CEC

compared to the control (22.4 mmol+ kg−1 soil). Soil CEC of

the basalt (31.9–26.5 mmol+ kg−1 soil) and albite (25.6–27.7

mmol+ kg−1 soil) treatments showed slight increases, whereas

the anorthite treatments had a soil CEC (21.8–22.2mmol+ kg−1

soil) that was similar to the control.

3.1.3. Nickel concentrations in soil and leachate

The treatments differed significantly in their soil Ni content

as extracted by 0.43M HNO3 at the end of the experiment (P =

0.093; Figure 5). Olivine amendment resulted in the highest soil

Ni concentrations (1.87–9.73mg kg−1 soil), followed by basalt

amendment (2.12–0.74mg kg−1 soil). Wollastonite, anorthite,

and albite amendment did not increase the geochemically

reactive soil Ni content, as the measured concentrations were

similar to those measured in the control soil (0.55mg kg−1 soil).

The differences in cumulative Ni leaching were also significant

between treatments (P = 0.081), being highest for olivine (0.14–

0.18mg kg−1 soil), followed by wollastonite (0.11–0.10mg kg−1

soil), and basalt (0.10–0.10mg kg−1 soil). Ni leaching from soils

amended with anorthite and albite was similar to the control

(0.08mg kg−1 soil). While none of the treatments produced

soil Ni concentrations above the European threshold value

for agricultural soils (50mg Ni kg−1 soil; Tóth et al., 2016),

all treatments and the control showed Ni2+ concentrations

in individual leachate samples above the Dutch groundwater

threshold value during the first 2 weeks of the experiment

(Figure 6; 20 µg L−1; Besluit kwaliteitseisen en monitoring

water, 2009). Afterwards, all treatments and the control had

Ni2+ concentrations below this threshold value, except for soils

amended with olivine.

3.2. Soil CO2 sequestration parameters

3.2.1. CO2 capture by EW

Cumulative CO2 capture was calculated using elemental

mass balances (EMB-method) and IC measurements

(IC-method) (Figure 7A). Using the EMB-method, CO2

capture differed significantly between treatments (P = 0.081).

Highest CO2 capture was observed for soils amended with
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FIGURE 3

Development of pH measured in leachate samples over time.

FIGURE 4

(A) Soil base saturation (%) measured at the end of the experiment. (B) Soil CEC (mmol+ kg−1 soil) measured at the end of the experiment.

olivine (1.82–4.45 g CO2 kg−1 soil), and wollastonite (2.95–

1.91 g CO2 kg−1 soil), followed by basalt (1.61–0.41 g CO2

kg−1 soil), albite (0.31–0.39 g CO2 kg−1 soil), and anorthite

(0.18–0.30 g CO2 kg
−1 soil). The IC-method resulted in a lower

calculated CO2 capture compared to the EMB-method, but

similar trends were observed and treatments differed again

significantly (P = 0.078). Using the IC-method, highest CO2

capture was observed for wollastonite (0.61–0.63 g CO2 kg−1

soil), and olivine (0.60–0.58 g CO2 kg
−1 soil), followed by basalt

(0.38–0.47 g CO2 kg
−1 soil), albite (0.19–0.13 g CO2 kg

−1 soil),

and anorthite (0.15–0.09 g CO2 kg
−1 soil).

Figure 1 and Table 2 show however that the silicates differed

in their particle size distribution, and consequently SSA, being

highest for basalt and olivine, and lowest for albite and

anorthite. Corrected for these differences in SSA (Figure 7B),

wollastonite weathering resulted in the highest CO2 capture for

both the EMB-method (15.8–10.3mg CO2 m−2 SSA) and IC-

method (3.25–3.37mg CO2 m
−2 SSA). Furthermore, Figure 7B

shows a relatively higher potential for anorthite (2.22–3.70

and 1.87–1.13mg CO2 m−2 SSA) and albite (2.17–2.75 and

1.34–0.93mg CO2 m−2 SSA) using the EMB-method and IC-

method, respectively, being similar to olivine weathering using
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the IC-method (1.28–1.25mg CO2 m−2 SSA). For the latter,

CO2 capture based on the EMB-method (3.93–9.58mg CO2

m−2 SSA) remained substantially higher and second after

wollastonite. Basalt weathering resulted on average in the lowest

CO2 capture per m2 SSA for both the EMB-method (3.33–

0.84mg CO2 m−2 SSA) and IC-method (0.77–0.97mg CO2

m−2 SSA). However, treatments did not differ significantly for

SSA corrected CO2 capture (P = 0.120 and P = 0.169, EMB-

method and IC-method, respectively).

3.2.2. SOC content

SOC contents measured at the end of the experiment

did not differ significantly between treatments (P = 0.225;

FIGURE 5

Geochemically reactive soil Ni concentrations at the end of the

experiment, based on 0.43M HNO3 extraction.

Figure 8). SOC values ranged from 18.4–17.9 g SOC kg−1 soil

for the olivine treatments to 19.9–21.6 g SOC kg−1 soil for the

wollastonite treatments, while the other treatments had values

similar to the control (19.4 g SOC kg−1 soil).

3.2.3. Net CO2 budgets

To assess the net effect of EW in terms of CO2 sequestration

or emissions, organic and inorganic carbon budgets were

calculated, and added to determine the net CO2 budget

(Equation 4; Figure 9). IC budgets resulted in positive values

for all treatments, indicating CO2 sequestration. However, OC

budgets showed generally negative values, indicating a loss of

organic C as CO2 emissions (except Wo2). Overall, the net CO2

budget was negative for most treatments and the control, and

no significant differences were observed between treatments (P

= 0.496). These net CO2 budgets showed that most treatments

produced more CO2 than they captured during this short-term

experiment (filled bars in Figure 9), with Wo2 (3.10 g CO2 kg
−1

soil) as a positive exception.

4. Discussion

The aim of this study was to compare five different silicates

on their enhanced weathering potential, including effects on both

soil quality and CO2 sequestration. Therefore, we designed a

down-flow soil column experiment to allow measurements on

soils and leachate. It must be noted that the water flow through

some of the columns slowed down over time, resulting in a

FIGURE 6

Ni2+ concentrations measured in the leachate over time. The red line represents the Dutch threshold value for Ni2+ concentrations in

groundwater (Besluit kwaliteitseisen en monitoring water, 2009).
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FIGURE 7

(A) Cumulative CO2 capture calculated with the EMB-method (Equations 1 and 2; filled bars) and IC-method (Equation 3; striped bars). (B) CO2

capture per m2 specific surface area (SSA) calculated with the EMB-method (filled bars) and IC-method (striped bars).

FIGURE 8

SOC content measured at the end of the experiment.

longer residence time of water in the soil. Upon dismantling

the columns, dark coloring was observed suggesting reduced

conditions. The release of dissolved iron (Fe2+) into soil

solution, and subsequent contact with oxygen supplied through

the funnel, resulted in visually noticeable precipitation of Fe-

oxides in the outlet of these columns, thereby reducing the

through-flow of water. These features occurred especially in Ol1,

Ba2, and Wo2, and to a lesser extent in An1, An2, Al1, and

Control. The reduced flow of water along the mineral particles

may have limited the chemical weathering rates and release of

elements, likely explaining the relatively large variation between

duplicates for some parameters, for example in the soil Ni

content of the olivine treatments (Figure 5). Nevertheless, this

study generated valuable new insights into the effects of EW on

several soil quality parameters, Ni accumulation and release, and

net CO2 budgets.

4.1. Potential of EW to improve soil
quality

4.1.1. Silicates as liming agents

The effects of EW on soil quality were determined through

the pH response, base cation availability and retention, and

Ni accumulation and release. During the first few days of

the experiment, all treatments temporarily lowered pH as the

cations released by EW exchanged with H+ on negatively

charged binding sites in soils (Figure 3). This observation was

most pronounced for the wollastonite and olivine treatments, as

their weathering mainly released multivalent cations (Ca2+ and

Mg2+), which are more strongly adsorbed onto exchange sites

than K+ and Na+ (Supplementary Figure S1; Sparks, 2003).

After about 10 days, pH started to gradually increase for all

treatments as a result of proton consumption and alkalinity

production by silicate weathering (Figure 3).

The optimum soil pH range for crop growth differs

between species, but is generally between pH 6.0 and 8.0

(Fernández and Hoeft, 2009). Weathering of all five silicates

raised pH within this optimum range without significant

differences between the silicates, indicating their suitability

as liming agents. Albite was the first mineral to raise pH

above 6.0, within 12 days, which is likely due to its high

alkalinity production (Supplementary Figure S2). Weathering of

wollastonite, olivine, and basalt raised pH above 6.0 after 15 to

17 days. Anorthite weathering took 33 days to raise pH above

6.0, resulting in a longer period of soil acidity. However, the

anorthite minerals used had the lowest SSA, likely explaining

their lower weathering rates, and associated pH response and

alkalinity production (Supplementary Figure S2). Wollastonite

and olivine treatments showed the highest pH response, with

individual measurements around pH 8.0 (Figure 3). These

results do not necessarily indicate the occurrence of undesired
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FIGURE 9

Net CO2 budgets (Equation 4). Positive values indicate CO2 sequestration. Negative values indicate CO2 emissions.

pH increases in agricultural practice, as we applied a relatively

high mineral dose. Furthermore, organic acids produced by

plants lower pH, but these were absent in this experiment

(Haque et al., 2019b; Vicca et al., 2022).

4.1.2. Silicates as fertilizers

The release of base cations by silicate weathering resulted

in a significant increase in base saturation (Figure 4A). This

increase was most pronounced for the wollastonite and olivine

treatments, which mainly released Ca, Mg, and K into soil, three

essential plant nutrients (Supplementary Figure S3; Schlesinger

and Bernhardt, 2013). Relatively higher Na concentrations were

measured in soils of the albite and basalt treatments, but these

values are expected to have neither beneficial nor adverse effects

on plant productivity (Kronzucker et al., 2013).

Olivine and wollastonite amendment almost doubled soil

CEC (Figure 4B). Their strong increase in pH, and the

consequent deprotonation of functional groups, likely increased

soil negative charge (McBride, 1994; Anda et al., 2015), and

thereby cation retention in soils. Furthermore, incongruent

weathering may have resulted in the formation of secondary

clay minerals that can increase soil CEC (Schlesinger and

Bernhardt, 2013), but we do not have observations that confirm

a significant occurrence of these processes. Basalt, anorthite,

and albite treatments had only limited effect on soil CEC. For

anorthite and albite these limited effects may be related to

their relatively low SSA, and consequently lower weathering

rates and effects on soil quality parameters measured in this

study. However, previous studies applying basalt to highly

weathered soils reported substantial increases in soil CEC (Anda

et al., 2013, 2015) and therefore more research is suggested to

understand the effects of EW application on soil CEC. If EW,

in addition to releasing nutrients, also improves the retention of

these and other nutrients that are not released by silicates such

as nitrogen, EW could reduce the use and environmental impact

of conventional fertilizers.

4.1.3. Nickel: Pollution or nutrition?

Wollastonite, anorthite, and albite amendment did not

increase the Ni content of soils as extracted by 0.43M HNO3

(Figure 5). Basalt and especially olivine amendment increased

soil Ni content, but concentrations were well below the

European threshold value of 50mg Ni kg−1 soil (Tóth et al.,

2016). In fact, all treatments increased Ni to concentrations at

which it may act as an essential micronutrient. Pot experiments

fertilizing soil with 0.5–10mg Ni kg−1 soil, the range in which

Ni concentrations were observed in this experiment (Figure 5),

showed significant increases in the yields of barley and soy

beans (Kumar et al., 2018; Siqueira Freitas et al., 2018). The

effect of Ni as micronutrient can be indirect through enhancing

the plant uptake of other micronutrients such as iron, copper,

zinc, and manganese (Kumar et al., 2018), and direct through

enhancing the enzymatic activity of urease and hydrogenase

supporting photosynthetic activity and nitrogen assimilation,
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respectively (Kumar et al., 2018; Siqueira Freitas et al., 2018).

Further research is recommended on these potential fertilization

effects of Ni released by olivine and basalt weathering, as this

may have implications for the application of silicates containing

Ni in agricultural practice.

In contrast, Ni2+ concentrations measured in leachate

samples of all treatments exceeded the Dutch threshold value for

groundwater (20 µg L−1; Besluit kwaliteitseisen en monitoring

water, 2009) during the first 2 weeks of the experiment

(Figure 6). This exceedance is not solely an effect of silicate

weathering as the control also exceeded the threshold value

during this period. The initial reduction in pH (Figure 3) likely

underlies this observation, as Ni mobility is higher at lower

pH (Dijkstra et al., 2004). The pH was most strongly reduced

in the wollastonite treatments, which presumably explains the

substantially higher Ni2+ leachate concentrations compared the

control. It is therefore likely that Ni was mainly mobilized from

the soil itself and less by mineral weathering considering the

comparably low Ni content of wollastonite (Table 2). However,

this result shows that not only silicates with a high Ni content,

but also fast weathering silicates with a low Ni content can

induce undesired (short-term) environmental effects through

pH alterations.

After 2 weeks, the control and all treatments showed Ni2+

concentrations below the threshold value, except the olivine

treatments. While for Ol1 Ni mobility was likely reduced under

anoxic conditions (Römkens et al., 2009), Ol2 increasingly

exceeded the threshold value during the second half of the

experiment. It should be noted here that the measured DOC

concentrations were high (Supplementary Figure S4), possibly

resulting from the additions of de-mineralised water that has

a lower ionic strength than rainwater. DOC may have formed

complexes with Ni, thereby increasing its mobility (Dijkstra

et al., 2004). As a result, in natural soil environments with rain

water additions, DOC and consequently Ni2+ concentrations

may be lower than observed in our experiment. However, in

a mesocosm experiment Amann et al. (2020) also measured

Ni2+ concentrations in the surface layers of olivine-rich dunite

amended soils that exceeded drinking water threshold values.

Therefore, it remains unclear whether toxic Ni2+ concentrations

will also be reached in field conditions.

Our results show that Ni release by EW is not adversely

affecting soil quality, especially since at low concentrations

Ni can serve as a micronutrient, and the increase in soil pH

and CEC can immobilize higher Ni concentrations (Römkens

et al., 2009). However, Ni2+ release by olivine amendment,

and mobilization of native Ni by fast weathering minerals

such as wollastonite, may adversely affect groundwater quality.

Therefore, we encourage others not only to monitor Ni

concentrations in soils and plants, but especially also Ni2+

leaching. In addition, further research may establish whether an

increase in soil binding capacity induced by EW can mitigate

Ni2+ leaching.

4.2. EW as a climate change mitigation
strategy

4.2.1. Comparing methods to calculate CO2

capture by EW

Since a standardized quantification method of CO2 capture

by EW is yet to be developed, two methods based on different

principles have been compared. The EMB-method was based

on elemental mass balances using the concentrations of Mg

for olivine and basalt, Ca for wollastonite and anorthite, and

Na for albite, as measured in the leachate and extracted

from soils (Equations 1 and 2; Figure 7A, filled bars). The

0.43M HNO3 extraction allowed to measure both bioavailable

elements and those absorbed onto soil particles, to avoid an

underestimation of calculated weathering rates based on a

0.01M CaCl2 extraction that only measures the bioavailable

pool (Römkens et al., 2009; Ten Berge et al., 2012). However,

the 0.43M HNO3 extraction can also partly dissolve minerals

(Rodrigues et al., 2010; Groenenberg et al., 2017). Although

minerals on top of the soils were visually removed, some

downward transported mineral particles may have remained

in the soil and partly dissolved by the extraction, thereby

causing a potential overestimation of the CO2 capture calculated

with the EMB-method. To quantify the potential partial

mineral dissolution, we conducted a 0.43M HNO3 extraction

on the five silicates studied (Supplementary Table S2). For

olivine, basalt, anorthite, and albite similar dissolution rates

were found, being 15.0% or lower (Mg-olivine: 15.0%, Mg-

basalt: 14.7%, Ca-anorthite: 2.26%, Na-albite: 12.8%). For Ca

contained in wollastonite we found a substantially higher

dissolution rate, namely 46.6%. However, the differences in

calculated CO2 capture between the EMB-method and IC-

method are more than 15.0 and 46.6%, respectively. Mineral

dissolution by the 0.43M HNO3 extraction can therefore

only partly explain the observed discrepancy between the

two methods.

For the IC-method, the alkalinity concentrations measured

in the leachate and the soil carbonate content measured

with the Scheibler method were used, representing the two

pathways in which captured CO2 can be stored (Equation 3;

Figure 7A, striped bars). Alkalinity production and carbonate

precipitation were highest for the olivine and wollastonite

treatments (Supplementary Figures S2, S5), which is related

to their high pH response (Figure 3) and DIC concentrations

(Supplementary Figure S6). Albite weathering resulted in

alkalinity concentrations similarly high as wollastonite

weathering, while the soil carbonate contents of the five

treatments was lowest for albite. This finding is consistent

with albite releasing mainly Na+ in the leachate while

Na2CO3 does not precipitate (Hartmann et al., 2013), thereby

making conditions for carbonate precipitation, by which part

of the captured CO2 is released, less favorable compared

to the other treatments. As with the EMB-method, the
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IC-method contains some uncertainties. We assumed that

the measured carbonates consisted of CaCO3, since CaCO3

is thermodynamically more stable than MgCO3 and most

treatments showed relatively higher Ca2+ than Mg2+ release

(Supplementary Figure S1). However, the exact carbonate

mineral that was formed is unknown. Renforth et al. (2015)

found in their soil column experiment using olivine that the

formed carbonates consisted mainly of CaCO3 with only

small amounts of MgCO3. Therefore, we do not expect our

assumption to introduce a large error. Furthermore, alkalinity

concentrations were assumed to fully consist of HCO−

3 , which

seems valid as the leachate samples all had a pH between

4.50 and 8.25 in which HCO−

3 is the dominant DIC species

(Verma, 2004). However, organic substances may have been

present contributing to the measured alkalinity (Pearson,

1981), potentially causing an overestimation of the calculated

CO2 capture using the IC-method. Different methodologies

are used in literature for quantifying CO2 capture by EW,

which are all based on different assumptions and uncertainties

thereby hindering a comparison between studies. Therefore,

we strongly encourage the use and comparison of multiple

methodologies in future EW studies, as we have done here.

Such a multiple approach can serve the development of

a harmonized methodology to calculate CO2 capture by

EW, which we consider an important target to enable a

robust comparison of achieved CO2 capture in different

EW studies.

To compare the silicates on CO2 capture, we need to

consider the lower SSA of anorthite, albite, and wollastonite

compared to olivine and basalt (Table 2). Based on BET

measurements, CO2 capture per m2 SSA was calculated

(Figure 7B). This calculation includes the assumption that

the SSA does not change during our 64-day experiment.

This assumption may not be fully valid, since secondary

minerals may precipitate on reactive mineral surfaces, thereby

reducing the SSA available for chemical weathering, and

consequently CO2 capture over time (Huijgen et al., 2006;

Amann et al., 2020). However, Scanning Electron Microscopy

analysis of weathered relative to fresh mineral samples did not

show visual evidence for secondary mineral precipitation on

reactive surfaces (Supplementary Figure S7). Figure 7B shows

that both methods indicate a high potential for CO2 capture

by wollastonite weathering, and a low potential for basalt

weathering. Furthermore, when CO2 capture is expressed

per m2 SSA, a relatively higher potential for minerals that

are novel in the context of EW, anorthite and albite, was

observed. Since the low SSA of the used anorthite and albite

minerals likely affected the measured weathering rates in

our experiment, and thereby other results presented in this

study, more research on the enhanced weathering potential

of these and possibly other novel minerals in the EW field

is encouraged.

4.2.2. Impact of EW on SOC content

All treatments showed non-significant changes in SOC

content (Figure 8). Small reductions in SOC content compared

to the control soil, as observed for especially olivine treatments,

were expected for a short-term experiment in which pH

strongly increased and OC inputs by plants were absent. Rising

soil pH enhances microbial activity and consequently SOC

decomposition, especially when pH is between 6.0 and 8.0

(Maier and Pepper, 2009; Leifeld et al., 2013; Paradelo et al.,

2015). In addition, the absence of plants in our study played a

role. Improved productivity resulting from EW is hypothesized

to increase belowground plant OC inputs, which could (partly)

counterbalance SOC losses (Vicca et al., 2022). Furthermore,

results might have been different if a clayey soil was used

instead of a sandy soil, as clayey soils generally have a higher

amount of aggregates and reactive minerals that can stabilize

SOC (Hassink et al., 1997). As SOC changes generally take place

on a longer time scale, we recommend to include monitoring of

SOC dynamics in long-term EW experiments.

4.2.3. EW: Net CO2 sequestration or net CO2

emissions?

The calculated net CO2 budgets show that for most

treatments SIC sequestration by EW was counterbalanced by a

loss of SOC as CO2 emissions (Figure 9). As indicated above,

we show results for a short-term experiment (64 days) in which

a strong increase in pH was observed. Therefore, the strong

pH effect on SOC decomposition was likely dominant over the

CO2 captured by EW. On the longer term, we hypothesize

that SOC decomposition rates decrease, and CO2 sequestration

can become the dominant process, yet long-term data of EW

experiments are still limited. Since we observed substantial

variation between duplicates, the positive budget, i.e., net CO2

sequestration, for Wo2 cannot be interpreted as significant.

Nevertheless, these calculations demonstrate that, in addition

to measuring CO2 capture by EW, calculating net organic and

inorganic carbon budgets is a valuable addition to current EW

research in the context of the global transition toward net

negative emissions.

CO2 sequestration as SIC may support climate change

mitigation beyond the human time scale (Andrews and Taylor,

2019; Haque et al., 2019a). However, especially when EW

is applied to agricultural soils, land management strategies

may control the stability of C. SIC is stable as long as land

management, especially pH management, is maintained, i.e.,

frequent application of crushed silicates (Kantola et al., 2017;

Haque et al., 2019b). Increasing soil pH favors carbonate

precipitation and stability, but may have contradictory effects on

SOC as outlined in the previous paragraph. Whether C storage

is truly long term, i.e., beyond human time scales, is highly

dependent on land management practices. Therefore, these

Frontiers inClimate 12 frontiersin.org

172

https://doi.org/10.3389/fclim.2022.954064
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


te Pas et al. 10.3389/fclim.2022.954064

net CO2 budgets are important information to land managers

to maintain and enhance C storage in soils. In conclusion,

we strongly encourage other authors to calculate organic and

inorganic carbon budgets to allow an assessment of the net

effects of EW on soil CO2 sequestration.

5. Conclusions and outlook

The ultimate aim of this study was to compare five different

silicates on their enhanced weathering potential, which includes

impacts on both soil quality and CO2 sequestration. A down-

flow soil column experiment was used to measure effects on

leachate and quantify organic and inorganic carbon budgets,

both underrepresented topics in current EW literature. All

silicate treatments generally improved soil quality, as indicated

by their increases in pH, base saturation, and CEC. Olivine and

wollastonite treatments showed the strongest increases in soil

base saturation and CEC, and showed comparatively high CO2

capture. Based on the conditions and the two methodologies to

calculate CO2 capture used in this study, application of olivine

or wollastonite minerals on global cropland could capture

0.43–2.30 or 0.45–1.78 t CO2 ha−1, respectively. These values

represent between 9 and 50% of global anthropogenic CO2

emissions in 2018 as reported by Jackson et al. (2019). We

should note here that chemical weathering rates measured in

laboratory experiments likely differ from those measured in field

conditions, and differ per soil type and climatic region (Renforth

et al., 2015; Beerling et al., 2020), and that the application of a

single silicate on global cropland is rather unlikely given their

estimated availability and distribution. Furthermore, calculated

net CO2 budgets indicated that inorganic CO2 sequestration

was, at least on the short term, counterbalanced by a loss of

organic C, highlighting the importance of quantifying net CO2

budgets. Nevertheless, this simplified scenario shows the large

potential of EW to contribute to the transition toward net

negative emissions on a global scale.

We found a high enhanced weathering potential for

wollastonite minerals, both in terms of CO2 sequestration

and soil quality improvements, while the potential of olivine

minerals may be constrained by Ni2+ leaching. Therefore,

we recommend other authors to not only measure Ni

concentrations in soils and plants, but also monitor Ni2+

leaching. While the use of basalt was recently suggested as an

alternative to olivine due to potential Ni contamination by the

latter (Beerling et al., 2018; Kelland et al., 2020), we suggest

that the use of feldspar minerals should also be considered,

since anorthite and albite released limited Ni into soils and

leachate and showed potential for high CO2 capture. Albite

treatments produced HCO−

3 concentrations similarly high as

wollastonite treatments, which is not only a long-term inorganic

C sink, but also contributes to mitigation of ocean acidification,

an important consequence of climate change (Hartmann et al.,

2013; Andrews and Taylor, 2019; Bach et al., 2019). Our

anorthite and albite treatments showed promising results,

however these feldspar minerals deserve further investigation

as their low SSA in our experiment not fully allowed us to

quantify their enhanced weathering potential. Finally, we also

strongly encourage other authors to include silicateminerals and

rocks that are novel in the EW context in their experimental

design to allow a wider exploration of the full potential of EW

as a NET.
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