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Abstract

Enhanced Rock Weathering (ERW) is an emerging Negative Emission Technology (NET) with
significant potential for mitigating climate change and improving soil health through the accelerated
chemical weathering of silicate minerals. This study adopts a critical research approach to review
existing ERW experiments, focusing on the mechanisms of soil improvement and CO: sequestration, as
well as the economic costs and environmental risks associated with its large-scale implementation. The
results demonstrate that while ERW effectively enhances soil pH and provides essential nutrients for
crops, its CO:z sequestration capacity is highly dependent on variables such as soil type, rock type,
application rate, and particle size. Furthermore, the economic feasibility of ERW is challenged by high
costs related to mining, grinding, and transportation, and environmental risks posed by the release of
heavy metals like Ni and Cr during the weathering process. Notably, significant discrepancies exist
between laboratory experiments and field applications, highlighting the need for extensive in-situ
monitoring and adjustment of ERW practices. This study underscores the importance of optimizing
ERW strategies to maximize CO: sequestration while minimizing environmental impacts. Future
research should focus on long-term field experiments, understanding secondary mineral formation, and
refining the application techniques to enhance the overall efficiency and sustainability of ERW.
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1. Introduction

The phenomenon of global climate change has become one of the most significant challenges
currently facing the world. It has been widely acknowledged that the continued emission of CO:
represents a major contributing factor to this phenomenon. In order to address this issue, governments
and the scientific community are actively investigating a range of climate change mitigation and
adaptation strategies (UNFCCC). Enhanced rock weathering (ERW), a type of negative emissions
technology (NET), has garnered significant attention in recent years. ERW is designed to capture and
store atmospheric CO: by accelerating the natural weathering process, and it can simultaneously
improve soil quality and increase crop production(Beerling et al. 2020). In nature, rocks undergo
chemical weathering in the presence of CO: to produce carbonates and silicates, thereby contributing to
the Earth's carbon cycle. However, the natural rate of this process is relatively slow, rendering it
challenging to effectively reduce atmospheric CO: concentrations within a limited timeframe(Hilton
and West 2020). The objective of enhanced rock weathering is to accelerate the rate of rock weathering
through human intervention, thereby achieving the goal of carbon sequestration in a more expeditious
manner and simultaneously enhancing soil quality to ensure a symbiotic relationship between the two
processes.

The advantages of enhanced rock weathering include a significant potential for carbon
sequestration, a reduced reliance on other net water resources, and the capacity to release ions that
promote crop growth during the weathering process (Smith et al. 2016; Swoboda, Déring, and Hamer
2022; Eufrasio et al. 2022). The potential for ERW technology to sequester CO: on a global scale has
been estimated by various studies to range from hundreds of millions to billions of tons per
year(Kantzas et al. 2022). Furthermore, ERW does not necessitate the use of sophisticated technical
equipment and can be implemented in a variety of geographical settings with minimal preparatory
work. Nevertheless, the extensive implementation of ERW continues to encounter significant obstacles,
including the financial burden associated with mineral crushing and transportation, the variability in
weathering rates across different geographical regions, and the potential environmental consequences.

These challenges necessitate further investigation and practical experimentation to facilitate the



advancement of this technology (Kelland et al. 2020; Beerling et al. 2020; te Pas, Hagens, and Comans
2023).

Previous reviews have concentrated on the mechanisms of enhanced rock weathering, for
example, how ERW accelerates the mineralization of rock flour with CO: to produce stable carbonate
minerals for long-term CO: storage (Swoboda, Doring, and Hamer 2022; Hartmann et al. 2013); how
ERW affects amelioration of soils, for example, increasing soil pH to slow soil acidification and
agricultural production(Haque et al. 2019; Lamb et al. 2016; Abdalqadir et al. 2024). Additionally,
certain studies have evaluated the life cycle of ERW and analyzed the costs of ERW (Jerden et al.
2024; Lefebvre et al. 2019; Beerling et al. 2020).

This study employs a critical research approach to systematically review and analyze existing
experiments on ERW from an experimental perspective. By thoroughly evaluating the rationale,
design, results, and consistency of various experiments, the study aims to identify the gaps between
theory and practice in ERW technology and to explore the challenges and limitations of its practical
application. The research begins by elucidating the fundamental principles of ERW, establishing a
theoretical foundation for the subsequent chapters. Following this, a critical analysis of experimental
data on soil improvement and CO: sequestration in ERW is conducted to deeply examine its actual
effectiveness and potential issues. Finally, the study reviews the costs, environmental risks involved in
the implementation of ERW, and provides insights and recommendations for future research and
technological development. Through this critical review of ERW experiments, the paper aspires to
offer valuable insights for future research and technological applications, advancing the practical
deployment of ERW technology in addressing global climate change and promoting sustainable
agricultural development. The articles selected in this paper are mainly researches conducted in the past
five years, some of which have not been studied in recent years, and previous articles are selected as

references.



2. Mechanism

ERW is a natural carbon sequestration process driven by accelerated chemical weathering of
silicate rocks. This process involves the dispersal of fractured calcium- and magnesium-rich silicate
rocks to the surface or ocean, where they react with atmospheric CO- and moisture to form stable
carbonates and other compounds(Hartmann et al. 2013). It is estimated that 90% of the rocks exposed
at the surface are silicate rocks. However, not all silicates are suitable for ERW. In fact, sedimentary
and metamorphic silicates make up 79.1% of the land surface and have a low calcium and magnesium
content (White and Brantley 2003; Suchet, Probst, and Ludwig 2003). Basalt, a basaltic ejecta, is
widely distributed on the surface and is also rich in calcium and magnesium ions. In contrast, peridotite
exhibits a markedly elevated magnesium content, although it is considerably more costly to extract and
is less widely distributed in comparison to basalt. A multitude of experiments have demonstrated the
CO: absorption capacity of basalt and peridotite. However, the presence of elevated concentrations of
the toxic metals Ni and Cr in these two rocks can result in their accumulation in the soil (te Pas,
Hagens, and Comans 2023; Pogge Von Strandmann et al. 2022). Wollastonite, a mineral that is
susceptible to rapid weathering, also exhibits considerable CDR potential (Haque et al. 2019; Kelland
et al. 2020; Taylor et al. 2021). Enhanced weathering may be conceptualized as a process whereby a
primary mineral, such as feldspar, is converted into a secondary product, namely clay minerals, through
the neutralization of atmospheric carbonic acid.

Atmospheric CO: dissolves in water:

CO, + H,0 & HCO3~ + H* ¢))
Dissolution of basalt:
(Fe, Ca, Mg)Al,Si,0 + 8H* « (Fe, Ca,Mg)?* + 2A13* + 2Si0, + 4H,0 (2)
Dissolution of olivine:
4H* + (Fe, Mg),Si0, « 2(Fe,Mg)?* + H,Si0, 3
Dissolution of wollastonite:
2H* + CaSi0O; © Ca?* + H,0 + Si0, ()

The chemical weathering process of silicate rocks also has an impact on soil and water bodies.

Cations such as calcium, magnesium, and sodium released during weathering help to neutralize soil



acidity and increase soil pH, thus improving crop growing conditions (Beerling et al. 2018; Blanc-
Betes et al. 2021). Silicate rock powder (SRP) is mainly used in highly weathered soils prevalent in the
humid and semi-humid tropics, as temperature and water are important factors affecting rock
dissolution, with a decrease in temperature reducing the rate of rock weathering by several orders of
magnitude, whereas for rock dissolution, solution has always been important (Pogge Von Strandmann
et al. 2022; Schopka, Derry, and Arcilla 2011). As rocks dissolve, total alkalinity in the soil increases.
Total Alkalinity (TA) is the total concentration of alkaline substances in water that can neutralize acids.
It mainly includes ions such as carbonates and silicates. The titration method for determining total
alkalinity was developed by (Dickson 1981). Research has demonstrated that both plants and
microorganisms affect rock weathering, and the effects of microorganisms and plants should also be
considered when assessing rock weathering rates (Swoboda, Doring, and Hamer 2022; Gerrits et al.
2020). Whereas K, P, Fe, Mg, and Ca ions carried in the rocks are continuously released with
dissolution and migrate to the soil and crops, this may also be a means of replacing fertilizers (Barak,
Chen, and Singer 1983). Dissolved materials released by weathering of minerals into the water column
can increase the alkalinity of the water column, and these materials (primarily bicarbonates) are
transported to the ocean by runoff and stored in stable form for 10,000 to 100,000 years (Renforth and

Henderson 2017; Flipkens et al. 2023). Fig. 1 shows how rock powder removes CO: and improves soil.

Enhanced weathering- utilising
the natural weathering
feedback to remove CO,:

1) CO, in

atmosphere
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rainwater forming v 3a) Plants uptake
carbonicacid, some weathering
which is then products (Ca, Mg, P, Si)
added to soil as essential nutrients.

through rain.

4) Bicarbonate is stable in
the oceanwhere it has a
long residence time (~100

2) Reacting with carbonic acid, silicate
weathering generates bicarbonate
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Microbes and root exudates also aid
weathering.

3b) Bicarbonate and base cationsare
transportedto the ocean.

Fig.1. Rock removes CO: and improves soil mechanism, from (Beerling et al. 2018) (Copyright 2018, Springer Nature).



The specific surface area is a crucial parameter in the chemical weathering of rocks. A larger
surface area allows for greater contact between the rock and the chemical agents involved in the
reaction, increasing the overall surface area available for reaction. ERW (explosive rock fragmentation)
is a method of grinding rock to accelerate the weathering process. However, the size of the rock
particles produced by this process is also a significant factor, influencing the efficiency of the ERW
process as a whole. While it is feasible to grind rocks and minerals to exceedingly fine sizes, the
financial and environmental costs associated with the grinding process tend to increase in proportion to
the fineness of the resulting product. The energy requirements for grinding rock can be estimated using

the Bond equation :

1 1
W =10W, — - (5)
(\/ P80 \/F80>

Where, Wrefers to the energy consumed, [kW h t']; Wjrefers to the work index of the material, [kW h
t1]; Pgo and Fgy refers to the particle size, in micrometers, of 80% of the outgoing and incoming

material passing through the grid, [pm].

CO; emissions o, o, Cco,
1 i T T
Extractign of rock Rock Transport to Rock crushing
from mine/quarry loading crushing & sizing & sizing
facility
=)
CO, removal o, co,
1t 1
Rock weathering in soil Spreading rock on field Transport rock to field

Fig. 2. The overall process of ERW, from (Jerden et al. 2024) (Copyright 2024, Elsevier).

The quantity of silicate powder utilized also has a considerable impact on the ultimate outcomes.
Farmers in numerous regions have long employed the use of rock powders to enhance soil quality.
However, there is currently no consensus regarding the optimal application rate of silicate rock

powders, which has been observed to range from less than 1 t/ha to over 100 t/ha (Swoboda, Déring,



and Hamer 2022). Theoretically, the greater the quantity of rock powder applied, the greater the
number of ions released and the greater the amount of CO: sequestered. However, experimental
evidence has demonstrated that the addition of excessive quantities of rock powder may have an
inhibitory effect on CO: sequestration and crop growth. Consequently, the application rate must be
adjusted to suit the specific characteristics of the region's soils, climate, temperature, and crops.
Enhanced weathering requires the least amount of land, and estimates of water required per ton of
CO: removed by enhanced weathering are an order of magnitude lower than those for BECCS
(bioenergy, carbon capture and storage) (Smith et al., 2016). Table 1 shows Global impacts of NETs
for the average needed global C removals per year in 2100. This may facilitate the large-scale
implementation of ERW, as ERW will have some positive effects on soils and crops, and the cost of
synergies will be lower than that of capturing and sequestering CO-. Despite the availability of
experimental data, which has elucidated the role of numerous crucial parameters at both laboratory and
field levels, it remains challenging to assess the precise amount of CO: fixation by ERW due to the
intricate nature of the weathering process. This is a common challenge encountered by many NETs.

Table 2 shows different NETs needs and benefits.



Table 2 Global impacts of NETs for the average needed global C removals per year in 2100 in 2°C-consistent scenarios, from (Smith et al. 2016)

Investment needs

Mean (max.) land Estimated energy Mean (max.) water L
Global C removal (Gt . K . . . X Nutrient impact(kt N yr-1 . . (BECCS for
NET . requirement (Mha in requirement (EJ yr-1 in requirement (km3 yr-1 in . Albedo impact in 2100 .
Ceq yr-1in 2100) in 2100) electricity/biofuel; US
2100) 2100) 2100) .
dollar yr-1 in 2050)
BECCS 33 380-700 -170 720 variable variable 138 billion/123 billion

Very low (unless solar
DAC 33 156 10-300 none none >>BECCS
PV is used for energy)

EW" 0.2(1.0) 2(10) 46 0.3(1.5) none none >BECCS
Negative, or reduced
AR’ 1.1(3.3) 320(970) Very low 370(1,040) 2.2(16.8) GHG benefit where not <<BECCS
negative
"NET is with lower maximum potential than the BECCS emission requirement of 3.3Gt Ceq per year in 2100; their mean (and maximum potential is given along with their impacts (see Supplementary Methods). Wide ranges exist for

most impacts; but for simplicity and to allow comparison between NETs.




3. Soil improvement in ERW

3.1 Soil pH

The improvement of soil pH is the initial indication of soil amelioration by ERW, as evidenced by
studies conducted by (Blanc-Betes et al. 2021; Reershemius et al. 2023; Haque, Santos, and Chiang
2020b). The majority of experimental simulations and sites have acidic soils, with some exhibiting a
soil pH approaching 3 (Dietzen, Harrison, and Michelsen-Correa 2018; Mersi, Kuhnert-Finkernagel,
and Schinner,1992; Haque, Santos, and Chiang 2020; Taylor et al. 2021; Yan et al. 2023). It can be
reasonably assumed that in such soils, the rate of rock dissolution is considerable, resulting in a notable
increase in pH value. Additionally, the constant dissolution of rocks affects the soil by precipitating the
ions that plants require, thereby enriching the soil with these essential elements (Guo et al. 2015;
Kelland et al. 2020; Barak, Chen, and Singer 1983; Reis et al. 2024). Numerous studies have monitored
the changes in soil pH before and after experiments, with final pH values varying depending on
regional climate, temperature, precipitation, and the type of rock used. However, in all cases, an
increase in pH was observed. This is likely because most experimental sites or indoor experiments
utilized acidic soils. There are several advantages to this approach. Firstly, the weathering reaction
proceeds more rapidly. Acidic environments typically accelerate the dissolution and weathering
processes of minerals, as chemical reactions are more likely to occur when minerals, such as silicate
minerals, come into contact with acidic solution. The low pH of acidic soils allows ERW to increase
soil alkalinity, thereby improving soil quality. The alkaline substances released during rock weathering
can neutralize soil acidity, enhancing soil fertility and providing a better growth environment for plants
(Goulding 2016; Brantley 2008). Additionally, ERW in acidic soils aids in increasing the efficiency of
CO: absorption. Under acidic conditions, CO- dissolves more readily in water to form carbonic acid,
which then reacts with minerals in the rocks to form carbonates, thus achieving long-term CO-
sequestration. This process can also improve soil structure and promote plant growth, thereby
increasing the carbon sink capacity of the ecosystem. Wilfried von Mersi et al. evaluated the effects of

low-dose rock powder (primarily a mixture of basalt and pyroxene) on forest soil life activity(Mersi,_



different areas changed from 2.7, 4.9, and 3.4 to 3.0, 6.0, and 4.2, respectively. Christiana Dietzen et al.
had also investigated the potential for enhancing soil pH and reducing carbon emissions through the
application of silicate minerals (olivine was used in the study) in place of agricultural lime. A three-
month experiment demonstrated that the objective of increasing soil pH was achieved, and the
weathering rate was found to be lower in the high application olivine group than in the low application
group (Dietzen, Harrison, and Michelsen-Correa 2018). The soil samples used in the experiment were
collected from Nerholm Hede in southwestern Denmark, where the initial soil pH was 3.55. The study
established different doses of olivine groups, OLIV Low and OLIV High, along with a lime treatment
group and a control group. After 90 days, the final pH value of the control group was 3.56, while the
OLIV Low treatment group had a pH of 4.69, the OLIV High treatment group had a pH of 5.18, and
the lime treatment group had a pH of 6.06. The application of lime raised the soil pH by 2.51, whereas
the OLIV High and OLIV Low treatments increased the pH by 1.63 and 1.13, respectively. In another
study, Yongxue Yan and colleagues added wollastonite powder to 12 different types of soil samples
from the subtropical regions of China, resulting in a significant increase in soil pH (an average of +2.78
pH units) over a 90-day experimental period(Yan et al. 2023). However, the study by Haque et al.
yielded different results. After 56 days of field experiments, while the soil inorganic carbon (SIC)
content increased, the soil pH remained unchanged (Haque, Santos, and Chiang 2020b). Direct
comparisons between these experiments are challenging due to the numerous differing variables. For
instance, Haque and Mersi’s experiments used wollastonite, while others employed olivine and basalt.
The dissolution rates of different rocks vary, and the weathering conditions of the rock powders also
differ, which could lead to divergent results. However, the differences in pH changes between field and
laboratory experiments may exist. One major factor not accounted for in laboratory experiments is the
influence of wind, which also plays a significant role in the weathering process. In field experiments, if
the thickness of the rock powder layer is not substantial, factors like wind and rainfall will likely cause
the rock powder to move from higher to lower elevations, potentially leading to discrepancies between

the theoretical application rate and the actual applied amount. As a result, using the application rate to



predict the final pH change could introduce inaccuracies. Fig. 3 shows the setup of most lab and field

experiments, as well as the process.

Lab experiments Field experiments

~ Soil water or rain water

The combination of different
rocks, crops and soils will
produce different effects

Pour in different types of water, Some experiments seal the top atmospheric CO2 concentration for
with the same compesition of SYBRORHOG

-
y
- e
| >
anddependingonthe type of " ———— i o ihe effects of modelling natural weatheting
the soil sample, or rainwater

Climatic conditions and
experiment, import soil water processes
from the sample site. Rock powder

Dissolution of rocks
precipitates ions such as Ca,
Mg, K, P and promotes plant
‘The amount of rock powder is  growth
different, usually S0tha.

Soil is usually processed and
then tested to rule out
microbial influences.

The leached water was tested
for chemical composition to
determine the amount of rock

weathering and thus the Weathering rates,

amount of CO2 sequestration. ;?fh: e B:mmﬁfxd Ly plant growth and soil
promotion vary
between rock powders

Fig. 3. Setup for lab experiments and field experiments.

3.2 Crop yield increase

When rock powders dissolve, they release essential alkaline cations such as Ca?" and Mg?*, as
well as HCO3-. Some of these products may precipitate in the soil matrix as carbonate minerals. In
addition to improving soil pH, ERW also provides additional nutrients to crops growing in the soil, due
to increased availability of silicon and phosphorus, reduced nitrogen loss, and enhanced soil fertility
(Beerling et al. 2020; 2018). Blanc-Betes et al. studied the application of basalt to bioenergy crops such
as corn and Miscanthus to reduce N20 emissions. Their results showed that basalt application reduced
N20 emissions by 16% and 9% in corn and Miscanthus, respectively, based on an improved DayCent
model and three years of field observations (Blanc-Betes et al. 2021). Fengshan Guo and colleagues
investigated the effect of basalt powder on carbon sequestration in phytoliths in rice fields. Their study
found that the phytolith content in rice increased significantly with the amount of basalt powder
applied, with a maximum increase of 150% (Guo et al. 2015). Phytoliths are tiny particles of silicate
minerals that accumulate in plant cells, typically in the form of silica. These particles deposit within the
plant cells, forming specific morphological structures that play a crucial role in plant growth and
environmental adaptation. Due to the significant influence of factors such as soil type and rock type in
ERW, it is difficult to make cross-comparisons when analyzing increases in crop yield. Kelland et al.
found that applying basalt powder to sorghum crops significantly increased mature yields, primarily

due to increased levels of potassium and phosphorus in the soil, which acted as fertilizers (Kelland et



al. 2020). Although total inorganic carbon (TIC) in the soil showed little change, the levels of amino
acid-extractable silicon and exchangeable magnesium increased significantly, while exchangeable
calcium did not change significantly. The results also indicated that, in addition to increasing mature
yields, basalt powder did not significantly increase the concentration of potentially toxic micronutrients
in seeds. Hein F. M. ten Berge and colleagues investigated the effects of olivine weathering on the
growth and nutrient uptake of ryegrass. Their experiment included seven treatment methods, with
varying doses of olivine and two doses of magnesium-rich mineral brucite. The results showed that, in
the group with the highest application rate, plant growth was 15.6% greater than in the control group,
and the potassium concentration in plants was 16.5% higher (ten Berge et al. 2012). Fatima Haque et
al. conducted a pot experiment on a rooftop at the University of Guelph in Canada, simulating the local
climate conditions. The experiment included six pots: one with native soil, one with soil supplemented
with wollastonite (MSA), and four with combinations of soybean and corn. The results indicated that
adding wollastonite powder to the soil significantly increased the dry weight of soybean and corn after
eight weeks, and also significantly increased the soil organic carbon content (Haque et al. 2019).
However, the growth response differed between the two plants: soybean dry weight increased by
177%, while corn dry weight increased by 90%. The soybean biomass in MSA soil was 177% higher
than in the control group, while corn height and biomass increased by 59% and 90%, respectively.
These crop experiments provide new insights, but also raise some questions. For example, in some
experimental groups, both nutrients and rock powders, or fertilizers and rock powders, were added
simultaneously, making it difficult to determine which substance had the most impact on plant growth.
Additionally, the nutrients provided by rock powders are much lower than those provided by fertilizers,
but few experiments have directly compared rock powders with fertilizers. The advantage of ERW lies
in its ability to improve soil, increase crop yields, and sequester CO: simultaneously. However, if the
nutrient supply from rock powders is significantly lower than that from fertilizers, crop yields may not

be adequately sustained.

3.3 Soil biota

Due to the limited number of experiments investigating the impact of ERW on soil

microorganisms, the mechanisms involved remain somewhat unclear. Based on the existing



experimental results, it appears that soil microorganisms and rock powders may have a mutually
reinforcing relationship. On one hand, ERW can enhance the activity of certain microorganisms that
decompose organic matter, increasing the decomposition rate of organic matter in the soil and thereby
improving nutrient cycling efficiency. This, in turn, tends to enhance soil fertility and promote plant
growth. On the other hand, soil microorganisms may accelerate the dissolution rate of rocks, thereby
releasing more ions and absorbing more CO: (Olsson-Francis et al. 2012; Reis et al. 2024; Basak et al.
2017; Weber and Martinez 2017; Smith et al. 2016; Bi et al. 2024; 2024). The experiments by Olsson-
Francis et al. demonstrated that cyanobacteria facilitated the dissolution of basalt powder with particle
sizes smaller than 1 mm, as evidenced by the increased ion concentrations measured in the solution.
Additionally, studies have found that acids have a significantly greater impact on rock dissolution in
soil than organic matter does (Dontsova et al. 2014). However, there is currently a lack of experimental
evidence showing the effectiveness of soil microorganisms in rock dissolution in the presence of
organic acids. Sebastian Weber and colleagues suggested that certain inert soil biomass might buffer
against carbonic acid, but its overall effect on weathering rates may be negligible. This indicates that
in-situ experiments could be conducted to evaluate the weathering effects before applying rock
powders to farmland or other land areas. Roqueto Reis and colleagues studied the impact of different
silicate minerals (particularly rock dust) on soil plant communities. In addition to directly influencing
soil chemical properties by providing minerals, rock dust also indirectly affects soil ecosystem
functions by altering microbial communities and enzyme activities. The authors suggested that,
considering soil formation, biological activity (i.e., living organisms) accelerates the transfer of
chemical elements from the lithosphere to the biosphere (Reis et al. 2024). Mycorrhizal fungi, which
form symbiotic relationships with many plants, have been shown to enhance mineral weathering by
increasing the dissolution rate of silicates. These fungi are crucial in nutrient cycling, especially in
nutrient-limited environments. Earthworms and other soil animals can alter the physicochemical
properties of the soil, thereby affecting ERW. For example, earthworms can increase the bioavailability
of nutrients through their digestive processes, which may further enhance weathering rates (Vicca et al.
2022). While spreading olivine powder in the ocean is another method, this review focuses solely on

terrestrial ERW and will not cover marine applications. Nearly all experiments involving



microorganisms have been conducted in laboratory settings, where microbial communities are easier to
cultivate. While these experiments provide a broad perspective for evaluating ERW, additional field
experiments are still needed to support data and enable a comprehensive evaluation of ERW.

All the soil improvement experiments and weathering experiments are summarized in Table 3 and

Table 4 respectively.



Table 3 Soil improvement experiments

Experiment Experiment . . Application .
Rock Type i Particle Size CO: Sequestration Authors
Type Time Amount
Basalt Pot 3 years 174 um, 267 pm 4.8 t/ha, 2.5 t/ha - (Blanc-Betes et al. 2021)
Basalt Pot 102 days 880 mm 2.8-27.8 t/ha - (Guo et al. 2015)
Soil CO: sequestration rate
Basalt Pot 120 days 1250 um 100 t/ha ranged from 2-4 tons COz/ha (Kelland et al. 2020)
over 1-5 years.
(Anda, Shamshuddin,
Basalt Field 720 days - 5-20 t/ha -
and Fauziah 2013)
(Barak, Chen, and Singer
Basalt Pot 120 days 100-1000 pm 0.5-5.6 t/ha -
1983)
Wollastonite: 0.61-0.63 g
Olivine, Basalt, CO2/kg soil, Olivine: 0.60-0.58 (te Pas, Hagens, and
Pot 64 days - 0.125:1
Wollastonite g COx/kg soil, Basalt: 0.10-0.12 Comans 2023)
g COx/kg soil.
66% 2-50 pm, 1.63 t/ha, 204 High dose: 2.69 t/ha, Low dose:
Olivine Pot 224 days (ten Berge et al. 2012)
27% 50-200 pm t/ha 0.29 t/ha in 224 days.
Wollastonite Pot 90 days <50 um 0.1:1 - (Yan et al. 2023)
Wollastonite Field 56 days 90% <25.9 pm 0.125:1 47.4 kg COz/ha/year (Haque et al. 2019)
(Haque, Santos, and
Wollastonite Field 98 days 90% <63.7 pm 30-400 t/ha 0.08 kg CO2/m*month

Chiang 2020b)




Basalt and Other
Field 3 years - 34.1 t/ha
Mixtures
Schinner, 1992 )
High dose: 4.16 t/ha, Low dose: (Dietzen, Harrison, and
Olivine Pot 90 days 20 pm 0.008:1, 0.04:1

3.13 t/ha in three months. Michelsen-Correa 2018)

90% < 83.7 pm,

(Haque, Santos, and
Wollastonite Pot 3 years 63.7 um, 4.4 + 1.5-5 t/ha 0.079 t/ha/month
Chiang 2020a)
0.06 um
50% 0.1-0.05
Basalt and Other mm, 25% 0.5—
Pot 240 days 1 t/ha - (Reis et al. 2024)
Rocks 0.25 mm, 25%
2-1 mm
Volcanic rock Field Over 3 years 80%=1767um 50 t/ha 3.8 t/ha/year (Larkin et al. 2022)
1.83 t/ha lyear - 4.48 t/ha
Basalt Pot 99 days - 50 t/ha (Vienne et al. 2022)
Syears

Wollastonite Field 15 years <16 pm 3.44 t/ha 0.025-0.13 t /ha 15years (Taylor et al. 2021)




Table 4 Weathering experiments

Experiment . . Application .
Rock Type ) Particle Size CO: Sequestration Rate Authors
Time Rate
104-150 um,
Basalt, Olivine 60 days after ball milling 2 g/L 16.6 g CO2: 1 g mixture (Rigopoulos et al. 2018)
<10 pm
2.4-4.5t COz/ha/year and 11.9 t
Basalt 14 days 14.1-47.2 pm 50 t/ha (Ryan et al. 2024)
COx/ha/year
9.96-10.3 um,
Basalt, Olivine 14 days 32.2-60 pm, 50 t/ha 6.5 t/ha/year and 6.8 t/ha/year (Vanderkloot and Ryan 2023)
265.4-502.4 pm
Basalt 19 days <2mm - - (Dontsova et al. 2014)
Olivine 225 days 80% > 125 um 127 t/ha - (Pogge Von Strandmann et al. 2022)
Olivine 70 days 126-216 pm - - (Flipkens et al. 2023)
Olivine 18 days 40-63 pm - - (Weber and Martinez 2017)
Olivine, Basalt 300 days 0.5-3200 pm - - (Amann et al. 2022)
Wollastonite 380 days 52 pm - 145 kg CO:/t/year (Stubbs et al. 2023)




4. Carbon sequestration in ERW

4.1 Application amount and grain size

The application rate and particle size of rocks have a significant impact on ERW, as demonstrated
in most experiments. The specific application rates and particle sizes used in the experiments are
summarized in the table from the previous section. This part focuses on the effects of these two
variables on CO: sequestration.

Firstly, regarding the application rate: Theoretically, the more rock powder applied, the more
alkaline cations will be released during rock dissolution and weathering, which would lead to greater
CO: sequestration. However, the actual experimental results differ. For instance, in an experiment
conducted by Christiana Dietzen, where olivine powder was applied to acidic soil, the dissolution rate
of rocks in the high application rate group (0.04 g olivine: 1 g soil) was only 7.1% (Dietzen, Harrison,
and Michelsen-Correa 2018). Similar results were recorded in the experiment by(ten Berge et al. 2012).
It seems that there is an upper limit to the amount of rock powder that can be dissolved effectively in
soils and ecosystems. Once this limit is exceeded, negative feedback may occur. As the rock dissolves,
organic acids in the soil are continuously consumed, leading to a stabilization of the dissolution rate,
with excess rock powder failing to participate in the reaction. The formation of various acids in the soil
takes time, and an excessive amount of rock powder may disrupt the natural soil environment. Another
possible explanation is that micro-scale experiments in the laboratory may amplify design flaws. For
example, many experiments use cylindrical devices for soil column experiments, layering rocks and
soil. This can lead to a situation where the soil and rock at the device boundaries do not fully integrate,
preventing complete reactions. This issue is less relevant in field experiments, where the field can be
considered as having an infinitely extended boundary.

The particle size of the rock also affects the reaction rate. The larger the specific surface area of
the rock, the greater the area available for reaction, which theoretically speeds up the reaction; in other
words, finer powder results in a faster weathering rate (Rigopoulos et al. 2018; Vanderkloot and Ryan
2023; Amann et al. 2022; Ryan et al. 2024; Flipkens et al. 2023). Most experiments measure the

particle size distribution of the rocks used. However, the grinding process does not produce precisely



categorized particle sizes but rather a collection of particles with a range of sizes. This makes it
difficult to precisely compare results across different experiments. Many researchers suggest that the
ground particles can be considered to follow a normal distribution, and in future experiments, this
approach could be used to quantify particle size as a variable (Cepuritis et al. 2017; Petavratzi,

Kingman, and Lowndes 2005; Strefler et al. 2018).

4.2 CO: value calculation

Accurately calculating the amount of CO: sequestered is crucial for better and more effective
evaluation of the benefits brought by ERW. In ERW experiments, almost all CO: quantification
methods are based on measuring the ionic flux after rock reactions (Kelland et al. 2020; Reershemius et
al. 2023; Ryan et al. 2024; 2024; Haque, Santos, and Chiang 2020a; 2020b; Dietzen, Harrison, and
Michelsen-Correa 2018; Amann et al. 2022; Blanc-Betes et al. 2021; Taylor et al. 2021; Larkin et al.
2022).

Typically, the amount of rock reacted is calculated by measuring the fixed ion concentrations, and
then the CO-2 consumption is calculated based on the reaction equations. This approach is common in
laboratory experiments. For example, in certain studies, the liquid collected from each leaching event
in soil column experiments is analyzed for Mg?* concentration, which is then used to estimate the
amount of CO: reacted. This method is currently the mainstream approach. Tom Reershemius and
colleagues, building on Kelland’s experiment, developed the Ti-CAT mass balance method and
compared it with previous results(Reershemius et al. 2023). The results were nearly identical, but in
terms of measurement convenience and economic efficiency, the Ti-CAT method proved superior. This
method involves directly measuring the concentration of Ni ions in the soil and leachate, thus
eliminating interference from soil and other factors. However, this method may not be suitable for
wollastonite. Another approach involves calculating the changes in total alkalinity in the soil solution,
which is similar to the Mg?" measurement method. Additionally, data from laboratory experiments can
be input into PHREEQC (a powerful geochemical modeling software developed by the U.S. Geological
Survey) to simulate the long-term CO- sequestration potential of ERW over extended time scales

(Kelland et al. 2020; Vienne et al. 2022).



Some researchers believe that the measurement of CO: sequestration in laboratory experiments
may be underestimated because as water flows from the top to the bottom of the experimental system,
some ions adhere to the intermediate soil layers, known as capillary water(Ryan et al. 2024;
Vanderkloot and Ryan 2023; Vienne et al. 2022). Capillary water can also contain ions that need to be
measured, leading to smaller final measurements and thus an underestimation of CO: sequestration.
However, this view seems to be somewhat inaccurate. Soil is a product of weathering, and after
prolonged exposure to the atmosphere, it is supposed that the substances in the soil have reached
equilibrium with CO: in water and air. However, the soil still contains substances that can react with
acids. Considering this, the actual amount of CO: reacted may be overestimated. Researchers must
ensure that the amount of soil reacting with acids is known, but this can be challenging in practice. For
instance, it is difficult to determine whether the acid solution reacts with the minerals in the soil or with
the rock powder first.

Beerling et al. developed a model of basalt dissolution, taking into account the varying
composition of particles with soil depth and time(Beerling et al. 2020). They also considered the
chemical inhibition of dissolution as pore fluids approach phase equilibrium with reactive basalt
minerals, as well as the formation of soil-forming calcium carbonate minerals in equilibrium with pore
fluids. The first is the transfer equation, in which the state variable calculated is the dissolved molar
equivalent of the element released by the dissolution of some mineral stoichiometry.

By subtracting the crop evapotranspiration (Siebert and Doell 2010) from the annual net water
volume obtained through precipitation and irrigation, it is possible to estimate the weathering rates of
ERW over several decades using available rainfall and irrigation data. This allows for the prediction of
long-term ERW weathering outcomes and the determination of theoretical CO: sequestration values

based on specific rock and mineral laboratory experiments.

4.3 Laboratory and field monitoring of CO: fluxes

In addition to the calculation of ion concentrations in ERW experiments, it is also important to
monitor CO: fluxes in the experiment or in the field. In lab experiments, CO- fluxes are most
commonly monitored using an infrared gas analyzer, which has the advantage of monitoring CO-

concentrations in real time to calculate fluxes(Taylor et al. 2021; Vienne et al. 2022). In field



experiments, a common approach is to calculate CO: fluxes from soil and gas samples, which can be

Larkin's study conducted site CO. monitoring at an oil palm plantation in Malaysia, the first such
field experiment on enhanced weathering in the tropics(Larkin et al. 2022). The study assessed the
effectiveness of CO: removal through alkalinity generation by continuously monitoring chemical
changes in soil and streams. Specific methods included: (1) measuring the alkalinity and flow rate of
stream waters to quantify CO: removal due to alkalinity generation by calculating the equivalent
concentration of CO: and water flow rate; (2) using soil core samples to analyze changes in soil
chemistry, particularly carbonate content, to assess the contribution of carbonate formation to CO-
capture; (3) analyzing soil chemistry to assess the effect of carbonate formation on CO2 removal.

Taylor's study used gas collection chambers to monitor CO: fluxes from soils by setting up
monitoring sites at multiple elevations(Taylor et al. 2021). Since 2002, researchers have installed PVC
rings at multiple fixed locations in treated and reference watersheds and have periodically collected gas
samples from collection chambers on these rings. Due to the non-normal distribution of the data, the
study analyzed the results using the Kruskal-Wallis test with a significance level of 0.05. To further
assess the effectiveness of the treatments, the study also compared inorganic carbon fluxes carried by
water flow through the streams and calculated inorganic CO: depletion by bicarbonate flow. The
experimental results showed that after 15 years of treatment, the inorganic CO2 consumption in the
treated watershed increased significantly to twice that of the reference watershed, indicating a
significant carbon capture effect of the treatment.

Vienne measured CO: fluxes by first assuming a constant atmospheric CO: concentration of 414
ppm and converting the CO: concentration in the soil at different depths to a pressure based on the
average soil temperature of the experiment (285 K) (Vienne et al. 2022). Measurements were made
through a customized soil chamber connected to a portable infrared gas analyzer (EGM-5). Changes in
CO: concentration in the soil were recorded during measurements until a concentration difference of 50
ppm was reached, or for a continuous measurement of 120 seconds. The CO: concentration difference
in the soil increased with depth and Fick's law was utilized to calculate the CO: flux. The flux of CO-

was also evaluated by measuring the water-filled porosity of the soil and other relevant parameters,



combining the experimental data with the simulation results to provide a comprehensive assessment of

the flux of COs.



5. Costs, environmental risks and outlook

5.1 Costs

In the mechanism section, all the processes involved in ERW. Therefore, the costs associated with

ERW can be calculated using the following formula (Kantzas et al. 2022):

Min(y)+Grind(y,p80)+Transp(y,loc)+Spread(y)—P(y,p80,loc)—K(y,p80,loc)
CO> Gross Seq (y,p80, loc)—C0; Secondary Emissions (y,p80, loc)

COStS(y' p80) = ZLocations (6)

Where, Costs are the annual cost of ERW, [£ t CO2']; y represents the year; p80 is the power
consumption per ton of ground rock is a function of particle size (Beerling et al. 2020); the release of P
and K depends on the year, p80, and location, as both particle size and environmental factors (such as
climate) influence weathering rates, which in turn affect the release of these elements.; Min and
Spread costs are functions of the year, as the application rate was the same for all locations; Grind
costs are a function of the year and p80; Transp costs are function of the year and location, and
consider the distance from the rock source.

Calculating the economic viability of ERW requires assessing both the cost of emissions reduction
and the amount of CO: sequestered, making accurate CO: sequestration measurements essential. A
simplified cost calculation model can directly estimate the costs related to mining and distributing rock,
emissions generated during ERW treatment, and the potential benefits of CO. sequestration.

Life Cycle Assessment (LCA) offers a comprehensive method for evaluating the environmental
impacts of a product, process, or service throughout its entire lifecycle, from raw material extraction to
final disposal. This "cradle-to-grave" approach is widely used by researchers to assess ERW,
contributing significantly to decision-making and budgeting for the technology (Schopka, Derry, and
Arcilla 2011; Zhou 2024; Jerden et al. 2024; Lefebvre et al. 2019). LCA also helps identify the
variables that most affect overall costs, providing a clearer focus for improving efficiency. James
Jerden and his team, using Stella Architect software, modeled the entire ERW process, factoring in
variables like rock powder particle size, soil pH, temperature, and biological weathering (Jerden et al.
2024). Their simulation, applied to a Brazilian farm, yielded results consistent with lab and field test
data. Sensitivity analysis of the model predicted a CDR rate for basalt and olivine between 1 and 10 t

COx/ha over ten years, depending on conditions. If scaled to cover 25% to 75% of Brazil’s farmland,



the model projected CO: reductions of 0.18 Gt and 0.53 Gt, respectively, over a decade. These
variables have a substantial impact on the efficiency and cost of ERW.

In another study, David Lefebvre’s team used LCA to evaluate ERW and concluded that long-
distance transportation significantly affects its overall feasibility (Lefebvre et al. 2019). Qiyu Zhou
explored the use of basalt sand on U.S. golf courses, a potential CO: capture strategy. Traditionally,
quartz sand is used, but substituting basalt sand could serve dual purposes: turf coverage and CO-
sequestration. Zhou reviewed studies on how factors like temperature, pH, and particle size influence
basalt dissolution, concluding that under favorable conditions (such as temperatures above 25°C and
pH near 8.5), basalt sand applied to an 18-hole course could sequester at least 4,200 tons of CO-
annually, potentially reaching 115,600 tons when scaled to all golf courses nationwide. However,
transportation emissions would offset some of these benefits (Zhou 2024).

Such research underlines the importance of ensuring that NETs like ERW are developed with a
focus on minimizing CO: emissions throughout their implementation. These technologies must balance
cost-effectiveness with their primary goal of reducing emissions. Only by achieving this balance can
global emissions targets become attainable. Importantly, CO: sequestration technologies should never

result in net increases in emissions.

5.2 Environmental risk

ERW presents potential environmental risks, as highlighted in numerous laboratory studies (Anda,
Shamshuddin, and Fauziah 2013; Amann et al. 2020; Rijnders et al. 2023; Dietzen, Harrison, and
Michelsen-Correa 2018; Flipkens et al. 2023). Basalt and olivine, both commonly used in ERW,
contain heavy metals, raising concerns about the release of metal ions like nickel (Ni) and chromium
(Cr) into the soil during weathering and dissolution. Multiple studies have detected elevated levels of
Ni in soil solutions and leachates when olivine powder is used, calling into question the feasibility of
employing olivine and peridotite in large-scale ERW applications (Choi et al. 2021; Yu et al. 2024).

Ni, a siderophile element, has a strong affinity for iron and can substitute for magnesium and iron
within the olivine crystal structure. Due to this property, olivine tends to accumulate Ni during its
formation in the Earth’s mantle, where Ni concentrations are relatively high. Similarly, Cr accumulates

in olivine. In contrast, basalt’s mineral composition generally results in lower metal contamination,



making it a potentially safer choice for ERW. As cations from rock dissolution enter groundwater, they
may eventually reach the ocean (Beerling et al. 2020; Abdalgadir et al. 2024; Coogan and Dosso 2015).
Ni and Cr pose significant risks to marine ecosystems by disrupting ion regulation, inducing respiratory
toxicity, and causing oxidative stress. Once in the ocean, these metals can cycle between the water
column and sediments through processes like adsorption, diffusion, and bioturbation, with sediments
often acting as long-term reservoirs. Marine organisms may ingest these heavy metals through
contaminated food or sediments, leading to toxic effects (Flipkens et al. 2023).

On land, the accumulation of Ni and Cr can result in soil contamination, which may extend to the
food chain, impacting the broader ecological environment (Choi et al. 2021). In addition, many silicate
minerals used in ERW contain aluminum (Al), which can be converted into toxic AI** under acidic
conditions. This poses risks to plants, microorganisms, and the overall soil ecosystem, especially in
regions experiencing soil acidification. Therefore, careful consideration of the risks associated with

Al** release is necessary when planning ERW applications.

5.3 Outlook

Although ERW has made significant strides in both laboratory and field experiments, many
challenges remain unresolved. This section will discuss the technical issues across the ERW process
and suggest future research directions.

One of the key challenges is the disparity between weathering rates observed in laboratory settings
versus field conditions. Laboratory experiments provide valuable theoretical insights, but field
experiments are essential for evaluating the real-world applicability of ERW. In the lab, many factors
influencing rock dissolution and weathering can be controlled or isolated, enabling focused studies of
specific variables. For instance, laboratory experiments may compare the weathering behavior of the
same rock in different soils or assess the carbon sequestration efficiency of various rocks in identical
soil conditions. However, these controlled environments come with limitations. The most critical is that
laboratory setups lack the complexity of natural environments, such as the impact of wind on rock
powder dispersion. To address this, field experiments should include more comprehensive monitoring,
not only within the experimental area but also in adjacent regions, to better understand ERW’s broader

impacts. Given the slow rate of rock weathering due to the low partial pressure of CO: in the



atmosphere, this process can take decades or centuries. Therefore, understanding the fundamental
principles as early as possible is essential to meeting emission reduction goals within this century.

Climate conditions, including temperature and precipitation, also play a significant role in ERW
field experiments. Water is crucial as it facilitates the conversion of CO: into reactive ions like H" and
COs*. In ERW experiments, water availability varies significantly. Some studies keep soil at a constant
humidity to support microorganism growth, but this differs from natural rainfall conditions. Whether
these controlled conditions produce results that can be replicated under natural precipitation is an open
question. Experiments should aim to mirror natural conditions as closely as possible.

Another challenge lies in the formation of secondary minerals when rock powder interacts with
soil in natural environments. The development of these minerals is influenced by factors such as soil
pH, temperature, and pressure. Future research should focus on understanding the mechanisms by
which secondary minerals form under different environmental conditions, as this knowledge is crucial
for advancing ERW. For example, basalt exhibits a V-shaped dissolution curve, indicating a substantial
dissolution rate even in alkaline conditions. Alkaline environments may also promote the formation of
calcite, which helps stabilize CO.. While this concept has been explored in geological CO:
sequestration, it remains under-researched in ERW.

Additionally, comparative studies in similar climatic zones but with different soil types could help
clarify the role of specific soils in ERW processes. Rock powders can enhance soil nutrients and
improve crop yields, raising the question of whether they could replace traditional fertilizers. This is an
urgent area of inquiry, and further experiments comparing the effects of rock powders and fertilizers on
plant growth are needed.

Despite its potential to mitigate climate change, ERW also poses risks. Large-scale application
could alter soil chemistry, potentially affecting agriculture and ecosystems. Economically, high costs, a
lack of commercial incentives, and insufficient policy support present significant barriers. Thus, while
ERW holds promise, its long-term effectiveness, sustainability, and underlying mechanisms require

further research and refinement.



6. Conclusion

The following conclusions were drawn through a critical review of experiments in ERW :

1.

The CO: sequestration capacity of ERW technology is influenced by multiple factors, including
soil type, rock type, application rate, and particle size. Different types of soils and rocks exhibit
significant variations in their CO: absorption and fixation efficiency during the weathering
process. While theoretically, higher application rates and smaller particle sizes should increase
CO: sequestration efficiency, excessive application may reduce the efficiency of the weathering
reactions and could even have adverse effects. Additionally, the differences between laboratory
conditions and actual environmental conditions make the accurate estimation of CO: sequestration
amounts complex.

ERW technology can significantly improve soil pH, especially in acidic soils, by neutralizing soil
acidity and enhancing soil quality. Experiments have shown that applying rock powders such as
basalt and olivine in different acidic soils effectively increases soil pH, promoting the release of
alkaline substances in the soil, thus providing a more favorable environment for plant growth.
However, the changes in pH observed in laboratory experiments may differ from those in field
experiments, necessitating further on-site studies under various environmental conditions to verify
these results.

ERW technology has shown potential in experiments to increase crop yields, mainly due to the
release of alkaline cations such as Ca?>" and Mg?" during the weathering process, as well as the
increased availability of silicon and phosphorus in the soil. However, different types of crops
respond differently to ERW, with some showing more significant yield increases under specific
conditions. Moreover, differences in the type of rock used, application methods, and
environmental conditions across various experiments make it challenging to directly compare
results across studies.

The large-scale application of ERW technology faces significant economic challenges and
potential environmental risks. The high costs associated with mining, grinding, and transporting
rock materials may limit its commercial viability. Additionally, the release of heavy metals such as
Ni and Cr during rock weathering could contaminate soil and water bodies, particularly when large
quantities of olivine are used. Long-term environmental monitoring and risk assessment are
essential to ensure the safety and sustainability of ERW practices.

Future research should focus on long-term field experiments to better understand the performance
of ERW technology in real-world environments. Additionally, studying the mechanisms of
secondary mineral formation during rock weathering, as well as the influence of climate and soil
on ERW, is crucial for improving CO: sequestration efficiency and environmental safety. This will
aid in optimizing ERW application strategies, making them more efficient and sustainable while

minimizing potential environmental risks.
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