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Abstract

As atmospheric carbon dioxide (CO2) levels continue to rise, increasing attention is being
given to exploring mitigation techniques that could potentially enhance the natural drawdown of
COz. One such mitigative intervention is ocean alkalinity enhancement (OAE), which has drawn
the scientific community's attention over the past decade, as a natural form of carbon capture and
a hopeful solution to the excess carbon dioxide in our atmosphere. OAE involves dissolving
alkaline materials into ocean surface waters to increase its natural CO: buffering capacity.
Limestone and lime have received plenty of attention given their widespread availability. Here,
the following paper will address the order one policy-relevant question of whether OAE represents

a viable CO2 removal solution to global warming.

The UVic Earth System Climate Model (ESCM) was used to explore the potential of OAE
interventions under representative concentration pathways (RCP) 2.6, 4.5, 6.0, and 8.5. For each
RCP, three OAE interventions were implemented. First, it was assumed that the global annual
production of limestone was crushed, uniformly distributed across the surface waters of the global
ocean, where it immediately dissociates in the surface water. Second, it was assumed that the
global production of limestone was converted to lime, with the COz released in this process being
added to the atmosphere. In the third intervention, the second intervention was repeated, though
sequestering the COz arising from lime production. Although lime and limestone OAE have been
put forward as major solutions for carbon dioxide emissions, the results show that despite slightly
raising pH, lowering CO2 concentrations and lowering air surface temperatures, the change is

small, suggesting that OAE interventions have little potential for mitigating global warming.
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Chapter 1: Introduction

1.1 Climate Change

In 1990, the Intergovernmental Panel on Climate Change (IPCC) published its first Scientific
Assessment of climate change (IPCC 1990). At the time, the atmospheric carbon dioxide
concentration was 354 ppm, and human activity emitted 6.2 Gt/yr of fossil carbon to the
atmosphere. Despite an increased understanding of the causes and profound consequences of
unchecked global warming (IPCC 1990; IPCC 1992; IPCC 1995; IPCC 2001; IPCC 2007; IPCC
2013; IPCC 2021), global fossil carbon emissions in 2023 have increased 63% over 1990 levels to
10.1 Gt/yr (Friedlingstein et al. 2023). Compared to the 1750 pre-industrial level of 277 ppm, the
atmospheric concentration of COz has risen by 142 ppm as of 2023 to 419 ppm and is growing by
about 2.4 ppm/yr (NOAA 2024 Apr 9). In total, human activities have emitted approximately 484
Gt of cumulative fossil carbon emissions over these 273 years (Friedlingstein et al. 2023). This
observed increase in well-mixed greenhouse gas (GHG) emissions, specifically CO2 emissions, is
undeniably a result of human activities (IPCC 2023; NOAA 2025), see Figure 1. Between the mid-

20™ century and the end of it, emissions rose from about 5 to 35 Gt per year (NOAA 2024 Apr 9).
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Figure 1: Global atmospheric carbon dioxide compared to annual emissions
Atmospheric carbon dioxide (blue line) increasing along with human emissions (grey line)

since the start of the Industrial Revolution in 1750 (NOAA, 2024b)

This impact from human activity is also noticeable when looking at paleo ice core data over
the past 800,000 years, in which the rapid increase from the start of the industrial era to 2024 of

atmospheric COz is evident (Figure 2) (Liithi et al. 2008; NOAA 2024 Apr 9).
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Figure 2: Carbon dioxide over 800,000 years
Atmospheric carbon dioxide (ppm) over the past 800,000 years based on ice-core (paleo)
data (light purple line) compared to 2024 concentrations (bright magenta dot) (NOAA, 2024b;

Liithi et al., 2008)

As COz and other GHG emissions increase in our atmosphere, so does our global surface
temperature, where comparing the period of 1850-1900 to 2013-2022, we have seen a rise of 1.15
°C globally, 1.65 °C for land temperatures and 0.93°C for ocean temperatures (IPCC 2023). The

increase in global surface temperature between 1970 and 2020 is the fastest increase of any other



50-year period over the last 2000 years (IPCC 2023). Suppose we want to keep global warming
below a specific temperature. In that case, we can emit only so much carbon (i.e., carbon budget).
For every 1000 Gt of CO2 emitted through human activity, global mean temperature rises by
roughly 0.27-0.63°C (IPCC 2023). Relative to 1850-1900 levels, a 1.5°C increase in global
warming projects increased warm temperature extremes in all regions, an increase in precipitation,
flooding events and frequency especially in the majority of Africa, Asia, North America and
Europe and at 2°C, an increase in frequency of agricultural and ecological droughts are projected
for Europe, Africa, Australasia, North America and South America (IPCC 2023). Further projected
key risks include; 1) effects on food production, biodiversity, ecosystems, mortality and morbidity
from heat and infectious diseases for Africa, 2) impacts from sea level rise, changes to water
quality and availability and general health and wellbeing for the Mediterranean, 3) water scarcity,
coastal flooding, heat stress, effects on mortality and morbidity in Europe, 4) loss and degradation
of coral reefs for Australia, 5) impacts on cities and settlements for Australasia, 6) reduced viability
of tourism-related activates, increased Lyme disease, reconstruction of infrastructure for North
America, 7) sea ice change, effects on sea-ice ecosystems, changes in fisheries catch, losses of key
infrastructure, and effects on sea-ice dependant ecosystems in the Arctic and 8) changes in fisheries
in Antarctica (O’Neill et al. 2022). Regionally, the threat of more frequent heatwaves and droughts
is likely, and other projected regional changes include intensification of cyclones, extratropical
storms, aridity and fire weather (IPCC 2019; IPCC 2023). In regions with high temperatures, high
vulnerability, or coastline exposure, climate change also threatens cities, settlements, and

infrastructure in the long term (IPCC 2023).

As the complex systems of our climate change, so do the risks associated with exposure and

vulnerability from climate-related hazards on humans, other species and ecosystems (IPCC 2023).



The global reasons for concern increase with each increment of warming. Likely impacts rise for
wildfire damage, permafrost degradation, biodiversity loss, dryland water scarcity, tree mortality
and carbon loss for land-based systems and warm-water corals, kelp forests seagrass meadows,
epipelagic, rocky shores and salt marshes for ocean/coastal regions (IPCC 2023). Species loss is
another projected impact. At the 1.5°C threshold, 3-14% of species will face a high risk of
extinction and coral reefs are projected to decline by a further 70-90% (IPCC 2023). As warming
increases, so does the irreversible loss of biodiversity in ecosystems such as forests, coral reefs

and Arctic regions (IPCC 2023).

The ocean is the biggest carbon sink, absorbing 10 Gt of CO2 emissions from the atmosphere
yearly (Burns and Corbett 2020), and 20-30% of anthropogenic carbon emissions since the 1980s
(IPCC 2019; Butenschon et al. 2021; Friedlingstein et al. 2023). The ocean acts as a sink of both
CO2and heat due to its solubility, heat capacity and inertia (Schuckmann et al. 2020). Studies have
estimated that it has taken up around 90% of the excess heat from the climate since 1970 (IPCC
2019; Schuckmann et al. 2020; Butenschon et al. 2021). As a result, of the absorbed anthropogenic
emissions, ocean acidification has increased with the result that the ocean surface pH has lowered
by 0.017-0.027 units per decade (Butenschon et al. 2021), threatening the balance of all ocean and
coastal waters (NOAA Fisheries 2025). This rapid change, causing ocean acidification and
changes to the carbonate chemistry system, is unlike anything the Earth has seen in 65 million
years (IPCC 2022b). It is well known that human-caused CO2 emissions are the primary driver of
global surface ocean acidification, (IPCC 2023). As human-made CO2 emissions increase, more
CO2 dissolves into the oceans (NOAA 2025). In the 200 years since the Industrial Revolution, the
pH of surface ocean waters has decreased by 0.1 pH units, representing a 30% acidity increase

(NOAA 2025). Based on future projections of carbon dioxide emissions, if emissions continue



unabated, ocean surface waters could see a 150% increase in acidity by the end of this century,
and a pH that the oceans haven’t seen in 20 million years (NOAA Fisheries 2025). Where there
once was a balance between COz and pH in pre-industrial times, increase anthropogenic emissions

means we now have more CO: dissolving than leaving the water (Weaver, 2008).

The increase in heat and acidification has detrimental effects on the oceans' ecosystems and
their organisms, such as affecting metabolic regulation, the ability to form calcium carbonate
shells, ecosystem destabilization and the threatening of important services (Butenschon et al.
2021). Many ocean species like oysters and corals are already feeling the effects of this, since the
lack of available carbonate ions prevents these organisms from building and maintaining shells,
skeletons and structures, and risks them dissolving if pH levels get too low (NOAA 2025). As for
non-calcifying species, these changes in ocean chemistry can affect an organism’s ability to detect
predators or find suitable habitats thereby, affecting the entire food web (NOAA 2025). In addition,
a risk to human health is posed due to increases in harmful toxin-producing algal species,
contaminating and sickening marine organisms and the billion-plus people that rely on the ocean

as their primary source of protein (NOAA Fisheries 2025).

International initiatives like the Paris Climate Agreement have set goals to limit warming to
2°C (ideally 1.5°C) (United Nations 2015). However, given our current trajectory, this would
require a rapid and substantial (Jin and Cao 2023) reduction of emissions either through: 1)
consuming less fossil fuels or; 2) capturing more human-produced CO2 (Gasser et al. 2015).
Sources suggest that to meet our targets we may need the removal of 10-20 Gt of CO2 from the

atmosphere per year by 2100 (Nemet et al. 2018; Caserini et al. 2021).



1.2 Carbon Dioxide Removal

If humanity chooses to stabilize the atmospheric level of CO: at any level, then net emissions
of fossil carbon need to go to zero (Weaver et al. 2007; Weaver 2008; Allen et al. 2025). This
could be accomplished by decarbonizing the world’s energy systems or some combination of
decarbonization alongside the widespread adoption of negative emission carbon dioxide removal
(CDR) methods such as carbon capture and storage (CCS) and/or enhancing natural sinks. As
mentioned, the ocean currently absorbs about 2.8 Gt/yr (26%) of anthropogenic carbon emissions
(Friedlingstein et al. 2023) or about 10 Gt of carbon dioxide emissions from the atmosphere
annually (Burns and Corbett 2020). Hence, it naturally makes sense to explore the potential for,
and consequences of, artificially enhancing the natural process of oceanic CO:z sequestration. CDR
refers to “technology, practices and approaches that remove and durably store carbon dioxide from
the atmosphere” (IPCC 2022a). It consists of human activities that intentionally remove and/or
store carbon in reservoirs such as vegetation, soils, geological formations, the ocean or in
manufactured products (IPCC 2022a) such as COz2 injection in building materials like concrete
(Bose et al. 2024). Occasionally, studies will use CDR and negative emissions technologies (NET)
interchangeably (Feng et al. 2017; Butenschon et al. 2021). However, CDR is now considered the
more appropriate term, as it’s a broader umbrella term that can also include social science and

humanities studies (Renforth et al. 2023).

Land-based biological CDR methods include: 1) forest management: afforestation,
reforestation; 2) agricultural approaches: soil carbon sequestration, carbon farming, cover crops,
grazing management; 3) biomass-based methods: biomass carbon removal, biochar production,

direct biomass burial (IPCC 2022a; NOAA 2024; European Commission 2024; Vaughan 2024;



SARE). Ocean-based biological CDR methods include: 1) blue carbon approaches, such as
wetland restoration, mangrove restoration, seagrass protection and the enhancement of salt
marshes; 2) ocean fertilization; 3) artificial upwelling/downwelling (Burns and Corbett 2020;
NOAA 2024; Vaughan 2024). A push for more natural solutions to carbon capture has resulted in
high interest in using the oceans as a way of sequestering carbon. Until about 10 years ago, ocean
iron fertilization (OIF) was the primary focus. However, this mitigative practice came into
disfavour as many environmental issues arose within the research as well as its limited potential
for permanent storage (Keller et al. 2014; Feng et al. 2017; Burns and Corbett 2020) though there
are some newer efforts arising. Although both land-based carbon sinks and blue carbon are
naturally occurring, the policies mentioned can be implemented to manage and maximize the
natural uptake of carbon (EESI 2018). Nature-based solutions (afforestation, biochar, etc.) are
considerably more affordable and ready for implementation compared to technological approaches
(e.g. biomass with carbon removal and storage, upwelling, etc.). Technological approaches appear

more scalable and permanent, though they need further development (C2ES).

Technological or engineered CDR approaches include: 1) Direct air capture/direct air carbon
capture and storage (DAC/DACCS); 2) biomass energy with carbon capture and sequestration
(BECCS); and 3) direct ocean removal (DOR) (Negative Emissions Technologies and Reliable
Sequestration 2019; Burns and Corbett 2020; NOAA 2024; Carbon Gap; U.S. Department of
Energy) but typically still have a long way to go in terms of large-scale storage, limitations and
complications (National Research Council 2015; Feng et al. 2017; IPCC 2021). BECCS refers to
carbon capture via biomass combustion electricity generation (EESI 2018), and DAC refers to the

removal of COz from ambient air via chemical bonding (Abouelnaga 2021).



Although not generally considered to be CDR but as an emissions mitigation technique (EMT)
since they do not directly remove carbon from the atmosphere (EESI 2018), carbon capture
technology (CCT) and carbon capture and storage (CCS) in conjunction with a shift to renewable
energy and carbon capture is of great value to keep the Earth from continued warming. In the past
decade, CCTs have drawn the scientific community's attention as a hopeful (and necessary)
solution to reduce carbon dioxide emissions (Gasser et al. 2015). CCTs comprise four main
technologies: pre-combustion, post-combustion, oxygen-rich fuel combustion and DAC, where
carbon and other greenhouse gases are removed before or after entering the atmosphere (Zhang et
al. 2024). CCTs traditionally work by undergoing a process where the carbon dioxide and
hydrogen (or other gases) are separated from each other (Suleman et al. 2022; Zhang et al. 2024).
More recently, we have also seen a shift in carbon capture and storage. CCS or carbon capture
utilization and storage (CCUS) both function in the same way as CCTs, though storing or
converting the captured carbon into valuable chemicals, commodities or products (Suleman et al.
2022). CCSs are considered to be methods for mitigation and storage of CO: emissions
(Bandyopadhyay 2014) and are a more general type of carbon removal where carbon is trapped
and stored underground (EESI 2018). CCUS follows a similar process to CCS but uses the trapped

carbon dioxide for products and other purposes, making it profitable (EESI 2018).

Lastly, geochemical CDR approaches include: 1) enhanced weathering; 2) OAE (NOAA 2024;
Vaughan 2024), also referred to as artificial ocean alkalinization (AOA) (Gonzélez and Ilyina
2016; Feng et al. 2017; Jin and Cao 2023). The term coastal ocean alkalinization (COA) will
occasionally be used in this thesis, although this generally refers to applying AOA/OAE to oceanic
continental shelves shallower than 200 m (Feng et al. 2017). Enhanced weathering is one of the

early foci on which current OAE practices are based. Enhanced weathering concentrates on the



processing, grinding, and disposal of carbonate or silicate rocks (Rau and Caldeira 1999; Kdhler
et al. 2010; Rau 2010; Hartmann et al. 2013; Ilyina et al. 2013). Eventually, this would morph into
OAE, in which olivine, lime or other processed minerals would be used. Both CCTs and CCSs
would be of great use throughout the processes of OAE, whereby capturing the carbon produced
during processing, transportation, grinding (i.e. reducing the size of particles for the purpose of

quicker dissolution), etc., would keep these methods at net-zero emissions.

OAE has gathered much attention in recent years due to its “vast’ potential and myriad possible
application methods (Fakhraee et al. 2022). Chapter 2 will focus on a review of what can be
considered both an ocean-based and geochemical CDR solution, OAE. The general concept of
OAE is the process of adding and dissolving basic minerals to the ocean with the hopes of
increasing the seawater’s buffering capacity (Palmiéri and Yool 2024). This is crucial as ocean
acidification increases and lowers the ocean's pH, reducing the ocean’s buffering capacity and
therefore the ability to sequester, absorb and store carbon (Ilyina et al. 2013; NOAA 2019). OAE
mimics the naturally occurring process of rock weathering, though speeding up the process, which
would otherwise take tens to hundreds of thousands of years (Kheshgi 1995; Archer 2005; Ilyina

et al. 2013; Gonzélez and Ilyina 2016; Moras et al. 2022).

Although many CDR approaches could be considered, their consideration for future
implementation often boils down to the potential scale, readiness and certainty for risks and
benefits (Abouelnaga 2021; Fakhraee et al. 2022). Alkalinity additions, even in short-term
additions, would have long-lasting effects on seawater carbonate chemistry due to slow
equilibration (Ilyina et al. 2013). To stay below the thresholds and limit further warming, a

combination of emission reduction, CDR and CCT/CCS is a potential way to shift our world into

10



net negative emissions (Gasser et al. 2015; IPCC 2021; Fakhraee et al. 2022). However, it is

important to note that although CDR is needed, it is not a replacement for cutting emissions

(Abouelnaga 2021).

1.3 Carbonate Chemistry

To understand OAE, it’s paramount to understand the chemistry first. The overarching idea is

that as COz is absorbed by the ocean, it reacts with water to form aqueous (aq), weak, carbonic

acid (Harvey 2008) (Eq. 1), which subsequently dissociates, leading to an increase in hydrogen

(H") and bicarbonate (HCO3") ions (Eq. 2). If present in sufficient quantity, carbonate ions (CO3?)

in surface waters neutralize the hydrogen ions, leading to an increase in bicarbonate ions at the

expense of carbonate ions (reducing the concentration of carbonate ions) (Eq. 3; Caserini et al.

2022). The net reaction (Eq. 4) doesn’t affect pH. However, the rate of carbonate flux to the ocean

is limited, so in practice, the uptake of anthropogenic CO:2 by the ocean leads to increasing

hydrogen and bicarbonate ion concentrations and decreasing carbonate concentrations. The

resulting decrease in ocean pH and increased concentration of dissolved hydrogen ions is known

as Ocean Acidification (Weaver 2008; NOAA 2025).

C02 + HzO d H2CO3(aq)

H2C03(aq) d H+ + HCO';

CO% +H' & HCO;

CO, + H,0 + CO¥ & 2HCO;

(1)

2)

€)

4)
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Inspired by the known buffering capacity that carbonate ions play in the natural carbon cycle,
one mitigative intervention that has been proposed to reduce atmospheric COz levels is to enhance
carbonate availability through ocean alkalinity enhancement. As mentioned earlier, OAE is the
process of adding and dissolving alkaline materials in the ocean to increase the seawater’s natural
COz buffering capacity (Palmiéri and Yool 2024). Ocean alkalinity enhancement has the added
benefit of allowing increased oceanic CO:2 uptake without changing the pH of surface waters (e.g.
by making CO3> more abundant in Eq. 3), where the carbonate ion acts as a buffer. This is not to
say that there weren’t enough carbonate ions prior to the preindustrial era, just that the oceans pH
wasn’t changing as there was no increase of CO2. While Eq. 4 was the prevailing net reaction
within the preindustrial natural ocean carbon cycle, anthropogenic emissions of CO2 have upset
this balance, with the net result that ocean surface pH has dropped by ~0.11 units between 1750

and 2000 (Caldeira and Wickett 2003; Canadell et al. 2021; Jiang et al. 2023).

Limestone is a sedimentary rock made of calcium carbonate (CaCO3; Oates 1998) and largely
comprises the minerals aragonite and calcite. Lime is a generic term for the dissociation product
of calcium carbonate, used to denote either quicklime or slaked lime. Quicklime or calcium oxide
(CaO) is obtained from limestone by calcination or “burning off” the CO2 from CaCOs at high
temperatures (thermal dissociation) (Oates 1998; Moras et al. 2022). Slaked or hydrated lime is
produced when water is added to quicklime, thereby producing calcium hydroxide (Ca(OH):z;
Oates 1998). Quicklime and hydrated lime are both of high interest in the OAE field, given their
relatively high solubility and quick dissolution (Moras et al. 2022). Limestone dissolves more
slowly than lime in water, though lime requires more energy to produce and releases one molecule
of COz in the process of obtaining one molecule of CaO (Caserini et al. 2022). Given limestone’s

low solubility compared to lime (Moras et al. 2022), one method to possibly improve limestone
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application could be the dissolving of CaCOs prior to application. The ocean (for the most part) is
supersaturated with respect to aragonite and calcite, where Q >1 (i.e. omega; being the saturation
state of CaCOs)(Moras et al. 2022). Thus, dissolving the CaCOs in an undersaturated solution
before ocean application results in the Ca®* staying fully dissociated in the solution while OH- and
COs3% react with H' to form water and HCO3', increasing pH (lowering H+) and HCO3™ and
decreasing CO2 (Ilyina et al. 2013). Limestone is extremely abundant across the Earth but is not
readily soluble (Kheshgi 1995). If limestone is finely ground, it can then be sprinkled into the
ocean’s surface layer, sinking and eventually dissolving in unsaturated deep water (Harvey 2008).
Limestone dissolves and precipitates at a rate of 1 x 10'3 mol Ca/yr (Caserini et al. 2022). Quick

lime and hydrated lime dissolve in seawater within a few hours (Moras et al. 2022).

Carbonates are incredibly effective in neutralizing acids, and this process in the past has taken
place naturally through the dissolution of carbonate sediments at the bottom of the ocean and the
weathering/erosion of carbonate rocks into the ocean (Weaver 2008). The natural process of rock
weathering increases ocean alkalinity and sequesters 0.5 Gt of CO2 each year (Renforth and
Henderson 2017). Carbonate dissolution is the natural process that liming mimics. Carbon dioxide
and calcium carbonate are mixed into water, producing a calcium ion and two bicarbonate ions

(depending on the pH of the water) through the reaction:

CO, + CaC0; + H,0 & Ca?*+ 2HCO3 (5)

The process of creating slaked lime from limestone involves the separation of calcium carbonate

into lime and carbon dioxide, where lime and water can then create calcium hydroxide (Ca(OH)2):

CaCO; & CaO + CO, (6)

13



CaO + H,0  Ca(OH), (7)

Ocean liming can occur when calcium hydroxide and carbon dioxide are dissociated into calcium

ions and bicarbonate (depending on the pH of the water), shown by the following formula:

Ca(OH), + 2CO, & Ca®*+2HCO; (8)

Calcium carbonate already has CO: attached to it, so when one molecule of CaCOj3 is mixed into

the water, it can only sequester one molecule of COx.

Lime, on the other hand, can theoretically absorb two CO2 molecules; since the conversion of
limestone to lime releases a molecule of CO2 into the atmosphere. Lime/CaO dissolution of 1 mol
increases total alkalinity (TA) by 2 moles and increases COz uptake by 1.79 moles (Kheshgi 1995).
Given that naturally occurring global silicate weathering contributes to about 0.012 Pmol yr'!, an
alkalinization scenario with a molar ratio of 2 TA to 1 CO2 would mimic this natural process,
increasing its scale by two orders of magnitude (Ilyina et al. 2013). For every mole of added slaked
lime, the reaction will consume up to 2 moles of aqueous COz, the dissolution of the slaked lime
then increases the alkalinity of the water body by 2 mole equivalents. However, it is essential to
note that “the consumption of aqueous CO: does not correspond directly to a removal of
atmospheric COz2, which instead depends on the difference in partial pressure of CO2 between sea
and atmosphere at the water surface” (Butenschon et al. 2021). Increasing surface TA increases
seawater pH, CO: uptake and CO: storage (Gonzalez and Ilyina 2016). Surface ocean TA is
influenced by the presence of freshwater through precipitation, sea ice melt and evaporation.
Typically, the highest values are found in the Atlantic and Pacific Ocean gyres (Ilyina et al. 2013).

These processes, along with temperature, salinity and pressure, determines the partial pressure of

14



CO2 (pCO2) and pH (Butenschon et al. 2021). Dissolved inorganic carbon (DIC) represents the
sum of HCO3 and CO3?*, whereas TA is the sum of HCO 3 and CO3* (though ignoring smaller

contributions from other components of TA).

As such, TA-DIC approximately indicates the amount of CO32. Increasing TA at a constant
DIC shifts carbonate chemistry to a higher pH, which then decreases CO2 concentrations and pCO2
(partial pressure of CO2) and increases the atmospheric CO2 uptake potential (Moras et al. 2022).
However, the magnitude depends on the initial state of the marine carbonate system and its
parameters (Kohler et al. 2010; Burt et al. 2021). Although OAE involving lime captures twice the
COz2 of OAE involving crushed limestone, unless the COz released from limestone processing to
lime is sequestered or captured, limestone and lime would be responsible for sequestering and

producing equal amounts of COx.

1.4 Introduction to Thesis

Chapter 1, the introduction, has provided background on climate change, OAE as a CDR
(carbon dioxide removal) method, and the general carbonate chemistry behind OAE. Chapter 2
serves as a literature review on OAE modelling and other OAE studies. Section 2.1 reviews the
availability of alkaline materials (also considering the limitations of production), and Section 2.2
reviews the limitations of OAE as identified in previous works. This includes transportation,
distribution, costs and environmental effects. Section 2.3 focuses on previous OAE modelling
efforts and their differences, allowing for comparison between studies. This review will serve as
the basis for understanding future model results. This is so that OAE can be assessed globally with

general limitations in addition to the complications with mining, shipping, and disposal, as
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previous OAE simulations have been bound by. Chapter 3 is a rendition of the paper from Martin
et al. (2025). It assesses the question: If the entire global resources of limestone mining and
production were used for OAE, and if limestone and/or lime were to disassociate in surface waters
entirely, would this be enough to reduce atmospheric carbon dioxide emissions significantly? That
is, an estimate is provided of the maximum potential of OAE as a mitigative intervention to
enhance CDR. Specifically, this paper will focus on using limestone and lime within OAE to assess

it as a reliable green technology for sequestration.

16



Chapter 2: Literature Review of OAE Research & Modelling

2.1 Availability of Alkaline Resources

2.1.1 Limestone

The most crucial limiting factor to be considered when running OAE simulations is the global
production and availability of the chosen mineral for alkalization. Several minerals are applicable
to the general concept of OAE. However, few have the mining capabilities, global resource
availability and current infrastructure readily available for increased production as that of
limestone. Limestone, composed mainly of calcium carbonate, is found in large quantities in the
Earth’s crust (Moras et al. 2022). Limestone rocks are composed of more than 50% carbonate
materials, made up primarily of calcite (pure CaCO3) or dolomite (CaMg[COs3]2) or both (Chilingar
1967; Bliss et al. 2008). Limestone comes in many varieties such as chalk, travertine, marble,
carbonatites, etc. (Bliss et al. 2008). While limestone covers about 10% of the Earth’s surface and
is found in most countries (Oates 1998), total global production and export inventories are not
readily available. Limestone data is challenging to gather in terms of the total global production
due to the lack of data sets in various countries with limestone exports and no published reserve

and resource estimates on a worldwide scale.

Based on lime production, the largest limestone reserves are found in China, India, the United
States and Russia (U.S. Geological Survey 2024). Limestone is an essential material for cement
production (Caserini et al. 2022) and is often used in agriculture (soil management), metallurgy
(capturing impurities) and sulphur removal (solidifying sulphur dioxide) (U.S. Geological Survey

2024). Materials processed from limestone are generally pulverized stone (used for mining or to
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neutralize acidified lakes), calcined stone (quicklime), dimension stone (for building purposes)
and crushed stone aggregate (Keith and Webb 2015). A total of 6.6 Gt of limestone from global
deposits is estimated to be produced annually as of 2017, similar to that of coal (7.3 Gt yr'!), or
about 9% out of the world’s raw mineral production of 44 Gt yr'! (Caserini et al., 2022). This
estimation was based on a combination of data from limestone, lime, cement and crushed stone

production (Caserini et al. 2022).

In 1998, it was estimated that 4,500 Mtpa were used globally (4.5 Gt yr'"), with the US alone
producing 800 Mt in limestone sales in 1994 (Oates 1998). Of the 4,500 Mtpa produced globally
in 1998, the United States used 870 Mtpa, Japan used 208 Mtpa, and the United Kingdom used

208 Mtpa (Oates 1998).

Another problem in determining global lime and limestone production quantities is that data
sets often classify it as a part of or as ‘crushed stone’. In the United States alone, 1.5 Gt (1.5 Gt)
of crushed stone were produced in 2023, 69% of which was limestone (U.S. Geological Survey
2024). Typical uses of crushed stone are: construction aggregate, cement manufacturing, lime
manufacturing and agricultural uses (U.S. Geological Survey 2024). Approximately two-thirds of
the crushed stone used in the United States yearly is limestone (Harvey 2008). Similarly, Natural
Resources Canada (NRCAN) reported that Canadian limestone production in 2005 was
approximately 117 Mt, of which 74% was composed of crushed stone and quicklime used for
cement (Keith and Webb 2015). Excluding Prince Edward Island and Saskatchewan, limestone
production occurs in each province, with Ontario and Quebec accounting for 84% of all active

quarry operations, according to the 2006 Canadian statistics report (Keith and Webb 2015).
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Limestone deposits can cover hundreds of square miles and be hundreds of feet thick with
fairly uniform thickness and quality (Keith and Webb 2015). However, purities mostly range
between 20% and 80% (Sverdrup et al. 2017) and up to 95% in some deposits (Bliss et al. 2008).
Impurities in limestone include a spectrum of magnesium carbonates, dolomite, silica, glauconite,
gypsum, fluorite, siderite, sulphides, iron and manganese oxides, phosphates, clays, and organic
matter (Chilingar 1967). As for potential sources, one study estimated that in 2012, limestone
theoretically available for extraction (based on areas underlain by limestone rock) could be as high
as 150 million km? or 17,630 Mt/year, given an exploitation of 2-3% of known reserves (Sverdrup
et al. 2017). This exploitation rate of only 2-3% is due to a lack of transportation, sources in
developed areas, conflicts with land use like agriculture or protected areas and reserves and

extraction challenges (Sverdrup et al. 2017).

2.1.2 Lime

Lime (Quicklime), obtained through calcination of the raw material of limestone, is used to
treat soils, purify water and smelt copper, in addition to many uses in the chemical industry (Bliss
et al. 2008; Moras et al. 2022). Quicklime applications include: cement production, flux for iron
and steel, water purification, flue gas desulphurization, glass making, pulp and paper treatment
and sugar refining (Keith and Webb 2015). The estimated world lime production is 0.43 Gtyr! as
of 2023 (U.S. Geological Survey 2024). The world’s total lime production was 0.35 Gt in 2017
(U.S. Geological Survey 2018), which suggests a 22.8% increase in the last 6 years. In comparison,
a 1998 study showed the global production of lime as 200 Mtpa (0.2 Gt yr'!) (Oates 1998),
suggesting a 46.5% increase in 25 years. About 420 Mt of lime were produced worldwide in 2024,

a slight reduction from the previous year (U.S. Geological Survey 2024). The top producers of that
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420 Mt were: 1) China, 310 Mt; 2) India, 17 Mt; 3) United States, 16 Mt; 4) Russia, 11 Mt (U.S.
Geological Survey 2024). In Canada, lime is one of the top minerals produced, yielding 1.8 Mt of
lime exports in 2018 (U.S. Geological Survey 2019; Natural Resources Canada 2023). Quicklime
accounted for 19.4% of limestone production in Canada as of 2005 (Keith and Webb 2015).
Though estimated in 2013, Ilyina describes how lime production would need to be increased by a
minimum of “2 orders of magnitude” worldwide to implement OAE successfully (Ilyina et al.
2013). This assessment is based on the estimated average of 0.3 Pg yr! (0.3 Gt yr') of lime
produced between 2006 and 2010 (U.S. Geological Survey 2011), equivalent to 0.005 Pmol of
Ca(OH)2 yr'! (Calcium hydroxide, i.e. slaked lime) (Ilyina et al. 2013). This was analyzed again
in 2016, where to keep atmospheric CO2 at RCP 4.5 levels under an RCP 8.5 scenario until year
2100, global surface TA concentrations would need to be increased by 30%, requiring 114 Pmol
of added alkalinity (Gonzalez & Ilyina, 2016). To achieve this, lime production would need to be
increased annually by two orders of magnitude (increased to 4.22 Tt of total lime production from
2016-2100; Gonzalez and Ilyina 2016). For a calcium oxide powder application, it has been
suggested that 1.4-1.7 t of limestone would have to be processed for every t of CO2 to be
sequestered from the ocean liming (Renforth et al. 2013) and that for every g of lime, it could
potentially sequester 1.57 g of CO2 (Renforth and Henderson 2017). Given that COx is released
during processing, carbon capture and storage during lime production would be necessary for full

OAE potential (Butenschon et al. 2021; Moras et al. 2022).

2.1.3 Carbonates

About 75% of the Earth is directly underlain by sedimentary rock, ranging in thickness up to

8-10 miles (Ham et al. 1962), and older estimates suggested that carbonate rocks make up 20-25%
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of all sedimentary rocks (Ham et al. 1962; Fliigel 2010). In recent years, studies have proposed
that a third of the world’s sediments are carbonate rock (Hartmann and Moosdorf 2012) and 15.2%
of ice-free land surface is characterized by carbonate rocks (Goldscheider et al. 2020), suggesting

that these resources are vast and have large availability (Harvey 2008; Caserini et al. 2022).

Carbonate rocks are those containing more than 50% carbonate materials (Ham et al. 1962).
Carbonate rocks are classified into two divisions: limestones (composition of 50 %+ CaCO3) and
dolomites (composition of 50 %+ CaMg(COs3)2) (Fliigel 2010). Associated with limestone and
dolomite, common carbonate minerals include siderite, ankerite and magnesite (Caserini et al.
2022). Although other rocks contain carbonate, they are generally classified as non-carbonates,
given a 50% or less make-up of carbonate, this includes calcareous (or dolomitic) sandstone,
claystone or shale (Ham et al. 1962; Chilingar 1967). There are typically three classifications of
rock from which calcium carbonate can be extracted: mixed sedimentary rocks, carbonate
sedimentary rocks and pure carbonate rocks. Mixed sedimentary rocks represent sediments where
carbonate is mentioned but not dominant, and are typically a mix of sandstone and limestone
(Hartmann and Moosdorf 2012). Carbonate sedimentary rocks consist primarily of carbonate
rocks, typically limestone, dolomite and marl (Hartmann and Moosdorf 2012). Pure carbonate
rocks indicate rocks with low siliciclastic content (limestones and dolomites composed of calcite
and dolomite) and represent about 9% of mapped sedimentary lithological classes (Hartmann and

Moosdorf 2012).

About 15.2% or 20.3 million km? of the Earth's land surface is characterized by the presence
of carbonate rocks (Goldscheider et al. 2020) and about 4.1 million km? of total pure carbonate
outcrops are estimated to exist (Caserini et al. 2022). Mining pure carbonate outcrops for OAE,

which are near the coastline and are below bare ground or shrub, is ideal for limiting costs and

21



energy. Within 10 km of the coastline, deposits could provide approximately 5000 Gt of limestone,
15,000 Gt within 50 km and 40,000 Gt within 100 km (Caserini et al. 2022). Globally, carbonate
rocks comprise 15.7% of marine coastlines (excluding Antarctica), with an estimated quarter of
these coastal carbonate rocks here in Canada, spread through the Canadian Arctic and Hudson Bay
(Goldscheider et al. 2020). The largest deposits of pure carbonate outcrops within 50 km of the
coastline are found around the Mediterranean, Central and North Africa, the Middle East, South
Asia and Central America, with Iran and Somalia being the countries with the highest amount of
pure outcrops near the coast and below the bare ground or shrub (Caserini et al. 2022). Carbonate
rocks exist on each continent, with Asia holding the largest surface area of continuous (65% or
more carbonate) and discontinuous (15-65% carbonate) or mixed carbonate rock, and substantial
amounts are also found in North America and Africa (Goldscheider et al. 2020). It’s important to
note that Caserini (2022) mentions that the presence of these carbonaceous units does not
necessarily mean they can be exploited, given competition, transport availability, recreation areas

and nature reserves.

2.1.4 Other Alkaline Resources

Many other minerals and materials have been considered for OAE. In addition to calcium-rich
minerals/materials (quick lime, hydrated lime), magnesium-rich minerals/minerals (brucite,
periclase, forsterite) are also considered to be the most suitable for OAE application (Renforth and

Henderson 2017; Moras et al. 2022).

One mineral that has received much attention is olivine. Like limestone, olivine dissolution for
OAE/AOA can be referred to as enhanced weathering, as it follows the natural process of olivine

dissolution/weathering, which naturally occurs over thousands to millions of years (Kump et al.
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2000; Kohler et al. 2010; Feng et al. 2017). Theoretically, under favourable conditions and
complete dissolution, olivine could sequester 4 moles of atmospheric CO2 for every 1 mole
dissolved or about 0.34 g of carbon removal per g of olivine (Ko6hler et al. 2010; Montserrat et al.
2017; Wang et al. 2023). While limestone and lime produce calcium as a byproduct, olivine
produces magnesium ions and silicic acid (Montserrat et al. 2017). When olivine is dissolved into
seawater, it raises alkalinity and binds the CO2 as bicarbonate (Wang et al. 2023), and compared
to lime, it does not initially release CO: prior to increasing CO2 uptake (Meysman and Montserrat

2017).

As will be explored further in Section 2.3, many models use total alkalinity (TA) rather than a
simulated mineral input, as it directly indicates the ocean’s buffering capacity. Keller explored
how adding TA at a rate of 0.14 Pmol yr-1 would be equivalent to adding 5.19 Pg yr-1 of slaked
lime or 4.92 Pg yr-1 of forsterite (a form of olivine) (Keller et al. 2018). For every gram of
forsterite, it could potentially sequester 1.25 grams of CO2 (Renforth and Henderson 2017).
Although the theoretical potential for olivine is high, the final sequestration rate could be 20% or
lower than suggested, given the required mining, transportation and grinding (Ko6hler et al. 2010;

Wang et al. 2023).

The major limitation for olivine is mining, while 6.6 Gt of limestone is produced each year,
olivine global production as of 2017 sat at only 8.4 Mt yr'! (Caserini et al. 2022). As previously
mentioned, to keep atmospheric CO2 at RCP 4.5 levels under an RCP 8.5 scenario until year 2100,
global surface TA concentrations would need to be increased, for olivine application. Olivine
production would therefore need to increase by three orders of magnitude (increased to 4.01 x 1012
Tt) (Gonzélez & llyina, 2016). In addition, olivine dissolution in surface waters, similar to

limestone, could potentially mean a significant fraction of the input sinks undissolved to the ocean

23



floor (Kohler et al. 2010). As such, olivine would need to be ground into small particles to avoid
sinking before dissolution, thereby affecting net COz efficiency due to the energy required to

accomplish this crushing (Kohler et al. 2013; Feng et al. 2017).

Other materials analyzed for OAE include brucite, magnesite, soda ash, periclase, etc. Brucite
(Mg(OH)2) global production sits at 1.5 Mt yr'! (Caserini et al. 2022); for every gram of brucite,
1.51 grams of COz2 could potentially be sequestered (Renforth and Henderson 2017). Magnesium
carbonate or magnesite (MgCO3), a component of dolomite, also shows results similar to those of
limestone (Harvey 2008). Annual magnesite production sits at 28 Mt yr! as of 2020, with
Australia, Austria, Bosnia, Brazil and Canada as the top exporters (Reichl and Schatz 2022). For
every gram of magnesite, 0.52 grams of CO:2 could potentially be sequestered (Renforth and
Henderson 2017). Soda ash, or washing soda (NA2CO3), is another material that has been
considered due to its readily soluble nature in seawater; however, supply is an issue. If the entire
world's reserve were dissolved into the ocean, it would only offset 6 Gt of carbon (Kheshgi 1995;
Harvey 2008). And for every gram of periclase, it could potentially sequester 2.18 grams of CO2

(Renforth and Henderson 2017).

It’s important to note that as these other OAE minerals/materials do not make up large portions
of the world’s deposits are mined on much smaller scales than limestone, and are produced on
much smaller scales than lime, meaning both mining and production would need to be increased
on a much larger scale with reserves that would quickly run out. And so, although synthetic
alkalinity sources (like periclase) could suggest significant potential for carbon capture, it’s

expected to be limited by feedstock supply (Fakhraee et al. 2022).
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2.2 Processing and Application Limitations

In this section the limitations identified in the literature concerning the widespread adoption of
OAE will be discussed. These limitations involve shipping and transportation capabilities, disposal
options, emissions from processing and transportation, energy availability, costs, and market

factors.

2.2.1 Transportation

Major limits facing the widespread adoption of limestone and lime for OAE are production
and the ability to deliver the quantities required (Keller et al. 2014). The typical transportation
methods for limestone are by tipper truck (dump truck), rail and ship. While trucks are cheap and
flexible, they create high emissions (Oates 1998). Transport via rail is more environmentally
acceptable, though less competitive (Oates 1998). Transport via shipping has a low cost per t
(Oates 1998). Ideally, OAE would use limestone that doesn’t require much transportation,
resulting in lower emissions. This means limestone deposits located near coasts are ideal, as was
previously explored. Harvey suggested using the largest oil supertankers to transport limestone
powder, given their capacity to hold 650,000 t of oil (Harvey, 2008). As of 2000, globally, there
was a world fleet of 6878 oil tankers with an average capacity of 39,300 t (IMO 2000; Harvey
2008). In reference to section 2.1.1, this would hold about 4.1% of the current global limestone

mining output of 6.6 Gt/yr or 62.9% of the current global lime production of 0.43 Gt/yr.
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2.2.2 Dissolution

The most common method suggested for the dispersal of alkaline materials in OAE simulations
is using ships, which would slowly release the deposits in their travels. Harvey (2008) suggested
that if limestone powder was applied at 200 ¢ m? a! (if dissolved in the first 1000 m) in
applications of 10-100 g m™ at a time (requiring 2-20 applications in a particular region) in a 100
m wide path while the ship travels at 30 km h™!, the powder could be applied at a rate of 30-300 t
h! (Harvey 2008). This was considering a scenario where the limestone powder would be
projected off the ship (Harvey 2008). On the other hand, dispersion in the ship's wake could prove
an efficient technique given that rapid mixing is possible depending on the ship’s waterline length,

speed, and discharge (Caserini et al. 2021).

Limestone can only dissolve in CaCOs3 undersaturated oceanic water (Millero 2007; Harvey
2008; Feng et al. 2017). With limestone application, supersaturation and undersaturation with
respect to calcite would need to be considered (Harvey 2008). Deep ocean waters are
undersaturated with respect to calcium carbonate, due to the concentration of carbonate required
for supersaturation increasing with depth/pressure (Harvey 2008). Organic matter dissolution in
the ocean respires COz, reducing pH and lowering carbonate ion concentrations (Harvey 2008). In
turn, the saturation horizon becomes shallower, allowing for more of the deep ocean to be capable
of dissolving calcium carbonate (Harvey 2008). This is observable in our oceans, where the
saturation depth in the North Atlantic is greater than 4000 m (younger water with less CO2),
whereas it’s less than 500 m in the North Pacific (older water with more accumulated CO2) and

less than 250 m along the west coasts of North and South America (Harvey 2008).
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However, limestone dissolution in these deep waters would not enhance oceanic-atmospheric
COz2 uptake unless processes like upwelling brought the water to the air-sea interface (Feng et al.
2017). Ensuring alkalinity dissolution in surface waters is of great importance, as the longer the
alkalinized water is in contact with the air, the more effective it is in lowering atmospheric CO2
(Ilyina et al. 2013). Harvey (2008) showed that adding limestone powder to areas with a shallow
saturation depth and strong upwelling eventually spreads the absorbed CO2 away from application
regions, and nearly all of the added CaCOs participated in CO2 absorption. This is observable
where applications in ice-free regions lead to a modest increase in the Arctic and Southern Ocean
due to horizontal transport via the vertical mixing processes of advection, convection and diffusion

(Jin and Cao 2023).

Unless the water below the application site is driven to a saturation state, its ability to absorb
COz2 should not decrease (Harvey 2008). When the downwelled water ultimately reaches the
application sites again, the carbonate ion concentrations will be exhausted through CO:2 absorption
in the mixed layer, and so in theory, this process could continue indefinitely (Harvey 2008). Harvey
also suggested that greater COz absorption could occur if OAE were implemented in both regions
with shallow saturation/high upwelling and with deep saturation/low upwelling (Harvey 2008).
However, he mentioned that this is a somewhat idealistic scenario given the assumption of all
upwelling water entering the mixed layer. Given the specific importance of the winter mixed layer
depth, a limestone application could be most effective in high-latitude regions with shallow

saturation and strong upwelling (Harvey 2008).

Another study showed that applying alkalinity gradually until year 2100 in accordance with

the RCP 8.5 scenario of atmospheric CO2 emissions, within the upper 12 m of the ocean, and
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allowing for natural mixing to occur through advection and diffusion suggests eventual TA

increases by the end of the century (Gonzélez and Ilyina 2016).

One of the major benefits of a lime OAE application is its rapid dissolution, especially
compared to other OAE materials like olivine and basalt (Fakhraee et al. 2022). Quick lime and
hydrated lime dissolve in seawater within a few hours and increase TA within minutes (Moras et
al. 2022). Looking at water column dissolution and the marine biological pump, Fakhraee’s (2022)
study highlighted that MgO and CaO show rapid near-surface dissolution and that CaO alkalinity
production is essentially completed in the upper ocean mixed layer regardless of application rate
(Fakhraee et al. 2022). In comparison, despite high application rates and minimal grain sizes,
olivine’s alkalinity effectiveness near the surface is limited (Fakhraee et al. 2022). This suggests
that basalt and olivine would be ineffective for much of the ocean, where dissolution would need
to occur near the surface, as opposed to metal oxides, which could increase CO2 uptake even in

shallow depths (Fakhraee et al. 2022).

Surface water temperature is yet another possible barrier to the application of OAE. The
calcium hydroxide in limewater (the aqueous solution of slaked lime) has poor solubility at 25 °C,
and so using milk of lime, a slurry which could be prepared on ships by mixing crushed slaked
lime with water, could be one way around this issue (Caserini et al. 2021). This slurry would speed
up discharge, and if water from the vessel’s engine cooling system was used, it could save energy
from the pumping and the need for fresh seawater (Caserini et al. 2021). Temperature can also
affect the CO: uptake potential. Moras et al (2022) demonstrated that atmospheric CO2 removal
could be enhanced by keeping seawater equilibrated with air or CO2-enriched gases during the
process of mineral dissolution. This is especially true for colder waters, where higher CO:2

solubility lowers Q values (Moras et al. 2022). However, this process would consist of an
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additional step, leading to higher costs and a longer OAE distribution process (Moras et al. 2022).
Another suggestion for application (hoping to avoid barriers to dissolution) is to react ground
limestone with CO2-rich gas streams in a water solution, before adding it to the ocean, ensuring

dissolution prior to reaching open ocean (Rau et al. 2001).

2.2.3 Application

Many studies suggest using existing or new fleets of ships to spread ground limestone and lime
through the ocean. Harvey (2008) indicated that 750-3000 dedicated smaller ships could deliver 4
Gt of CaCOs3 each year (750 central ships or 2,560 local delivery ships), given time and resupply.
On the other hand, larger ships could also prove helpful. The majority of deadweight tonnage
(DWT) is related to two categories of ships: 1) cargo, i.e. bulk carrier, container, general cargo and
2) tanker, i.e. chemical tanker, oil tanker (Caserini et al. 2021). Previous published research
modelled OAE enhancement based on the total transport capacity of all large cargo ships and
tankers, with an addition of 0.25 Pmol/y of alkalinity (Kohler et al. 2013). This was done in
consideration of the total estimated deadweight tonnage of 0.33 Gt and an average of 32 port visits
per ship per year (Caserini et al. 2021). The total transport capacity of all large cargo ships and
tankers has been estimated at approximately 10 Pg y*' (Keller et al. 2014). One study on the
engineering challenges of ocean liming suggested loading bulk carrier ships with lime. Renforth
assessed the need for 101 dedicated 300,000 deadweight tonnage bulk carriers discharging 1 Gt
per year of slaked lime (Renforth et al. 2013). It showed that with approximately 11 days of
discharge, open ocean discharge and return to port, 101 dedicated 300,000 DWT bulk carrier ships
would be able to deliver 1 Gt of alkalinity (Renforth et al. 2013). Bulk carriers and container ships

have been identified as ideal vessels due to their load capacity and global spatial coverage of
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shipping routes (Caserini et al. 2021). Together, they represent 17% of the international
commercial fleet and 53% of the active tonnage fleet (IMO 2014; Caserini et al. 2021).
Considering capacity, distance travelled, reloading, discharge rates and assuming a low discharge
based on 15% of bulk carrier and container ship deadweight capacity, the maximum discharge
potential for slaked lime using all active ships globally is 1.7-4 Gt per year (Caserini et al. 2021).
Harvey (2008) estimated that 3000 ships would be needed to add 4 Gt of limestone, or 100 ships
would be required to add 1 Gt of slaked lime (Renforth et al. 2013). Based on the 2012 global
shipping capacity of 8 Gt a”!, and the existing fleet of 50,000 ships, both scenarios would require

a small expansion (Renforth and Henderson 2017).

Another possible application scenario is using the current network of cargo and tanker ships to
address OAE (Butenschon et al. 2021). Although dedicated fleets for OAE would allow greater
control of the application area and distribution rate, using existing fleets and routes could increase
the area and potential scale for OAE disposal (Harvey 2008). Moras (2022) showed that using all
available ship capacity and a slow discharge of 1.7- 4.0 of calcium hydroxide per year (Caserini et
al. 2021) could increase atmospheric COz absorption into the ocean by 1.2-2.8 Gt (Moras et al.
2022). If an agreement to share ship capacity took place and equipment designed for discharging
the material was created, existing vessels could easily be used for OAE discharge (Caserini et al.
2021). As the Mediterranean already has large and established shipping routes, these commercial
routes could provide a considerable opportunity for OAE to use existing traffic at a low cost
(Butenschon et al. 2021). In the Mediterranean Sea alone, the potential for slaked lime could be
186 Mt discharge per year using existing vessels (Caserini et al. 2021). However, a new fleet of
1000 dedicated ships could discharge 1.3 Gt per year alone (although the construction or renewal

of existing unused ships and emissions made during these processes would need to be considered)
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(Caserini et al. 2021). Although adding weight on board would reduce the ship’s performance,
many container ships could store slaked lime in the hold, so 10-20% of the net cargo capacity
could carry and discharge slaked lime (Caserini et al. 2021). Although this wouldn’t require much
modification to the ship itself, ports would have to install loading facilities (Caserini et al. 2021).
Frequency of reload would be a major factor since the potential for OAE application would

increase if lime could be reloaded during intermediate stops (Caserini et al. 2021).

Bulk carriers in ballast (ships empty of cargo and filled with ballast water for stability, typically
awaiting docking, loading or on their return trip) could also be used to discharge lime (Caserini et
al. 2021). Studies indicate that dry bulk carriers sail empty 42% of the time (Brancaccio et al.

2020). This 1s, of course, substantial unused capacity that could be utilized.

2.2.4 Location

Regional differences in carbon inventories and biogeochemical changes indicate regional
sensitivity to OAE (Gonzélez and Ilyina 2016; Burt et al. 2021). Considerations of TA and pH are
also important. Some studies have focused on regional inputs in areas where less alkalinity would
be required to raise pH. TA values are a result of freshwater input through precipitation,
evaporation and sea ice melt and higher TA values are found in the gyres of both the Atlantic and
Pacific (Ilyina et al. 2013). The North Pacific has higher values of normalized total alkalinity
(NTA; normalized to a salinity of 35) than the North Atlantic, both increasing with depth, while
surface water NTA is generally constant outside of polar deep water outcropping areas and coastal
upwelling areas (Millero 2007). CaCOs3 solubility and dissolution are greater in the Pacific, given
a much lower pH than the Atlantic (Millero 2007). When considering the location for applying

OAE, the ocean temperature plays a role. Colder water can dissolve more CO2 than warmer waters;
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however, colder water has a lower buffering capacity (Ilyina et al. 2013), meaning it’s more
sensitive to change (an important consideration, especially for effects on ecosystems and
organisms). Despite a scenario of uniform additions of alkalinity, surface alkalinity is not uniform
between oceans due to the mixing and circulation characteristics of the ocean regimes, specifically
when looking at the difference between latitudes given alkalinity addition in ice-free regions (Jin

and Cao 2023).

Burt et al. (2021) found that OAE applications were more successful (sequestered more carbon)
in the Southern Ocean and the Subpolar North Pacific, and less successful in the Subpolar North
Atlantic compared to the Global simulation. Enhancing regionally could sequester 82-175 Pg of
carbon into the ocean compared to 156 Pg of carbon when applied globally (Burt et al. 2021).
Ilyina et al. (2013) also identified the North Atlantic as the least effective for increasing pH and
lowering COz, given its circulation, where surface waters are brought to the deep. Ilyina further

showed the greatest regional surface pH effect in the Southern Ocean (Ilyina et al. 2013).

Jin and Cao (2023) investigated the deep penetration of alkalinity as a result of North Atlantic
deep water formation to depths as low as 1500 m. Targeting upwelling regions for limestone
addition could prove beneficial, especially given the large occurrences of upwelling in the North

Pacific (Harvey 2008).

Based on the global oceans’ natural COz2 sink and source hotspots, Ilyina et al. (2013) modelled
alkalinity inputs in sink areas and coastal upwelling regions and although showing increased pH
at the point of application, areas isolated from application saw continual decreases in pH,

suggesting regional alkalinity enhancement could only mitigate ocean acidification at the point of
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application. In addition, the study found that alkalinity addition to source areas resulted in the

largest global pH mitigation (Ilyina et al. 2013).

Application could also occur in rivers near where the mixing with ocean water occurs,
especially given that most rivers are undersaturated with respect to calcite. COA is also of
consideration, given that there are more minor requirements for transport and grinding (Feng et al.

2017).

2.2.5 Market

Although OAE is generally considered one of the most cost-efficient CDRs, further research,
development, and implementation depend on investment opportunities and, therefore, restrictions

on costs, market implementation, and energy consumption.

In 2022, the global limestone market was estimated to be valued at 72.32 billion United States
dollar (USD) and expected to grow by 7.3 % by 2030 (Grand View Research 2021). The typical
market segments of limestone production are: construction and building, cement, agriculture,
metal refining, quicklime production and glass (Oates 1998). A large part of limestone production
in the past has been used for cement, where of the total global extraction in 1998, 1420 tpa of the
total 4500 tpa produced was used for cement production (Oates 1998). In the United Stated of
America (USA) alone, 17 Mt of quicklime and hydrated lime valued at 2.6 billion USD were

produced in 2023 (U.S. Geological Survey 2024).

The typical market segments for lime are chemical and industrial applications, construction,
fertilizer, flue gas treatment, glass, nonferrous-metal mining, paper and pulp, precipitated calcium

carbonate, steelmaking, sugar refining and water treatment (U.S. Geological Survey 2024). OAE
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implementation would require massive upscaling of both limestone mining and slaked lime

production (Caserini et al. 2021).

2.2.6 Material and transportation costs

In the United States, the market costs for limestone were around $5 t!' as of 2007, and the
grinding cost was about $1-3 t! (Rau et al. 2007). Less expensive than lime, limestone is often
used as a substitute in agriculture and for sulphur removal due to its less reactive material structure
(U.S. Geological Survey 2024). In recent years, limestone has also increasingly been used in water
treatment, as it can soften water by removing magnesium and calcium ions (Grand View Research

2021).

Limestone and limestone-product production are relatively inexpensive, meaning transport
accounts for the vast majority of costs and can amount to over 50% of the final price (Oates 1998).
Transportation is important as its cost equals the cost of material and production at about a distance
of 50 km (Oates 1998), another reason why limestone extraction near coasts is of great value, in
addition to keeping CO2 emissions at a minimum. For road transport by dump truck/tipper wagon,
the economic cost is between 40-60 km, rail transport can extend that to 200 km and transport by

ship, extends this much further (Oates 1998).

Harvey (2008) considered using large ships for transportation prior to smaller vessels for
disposal. Harvey suggested that costs for limestone transportation could be roughly $0.034 t km'!
by train, $0.010 t km™' by barge, and $0.003 t km™!' by freighter. Another consideration for the
transportation of OAE materials is its place in the transportation of goods, especially when existing

fleets are used. Unless carried on ballast ships or in the hull, alkaline materials would replace other
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goods, suggesting possible competition. Finally, a potential stream of revenue for spreading slaked
lime (or other alkaline materials) could derive from carbon credits, increasing convenience
(Caserini et al. 2021). For those ships whose trip or return trip did not carry full loads or carried

lessened or empty loads, OAE could stand to benefit their bottom line.

2.2.7 Energy

Given lime's great potential for OAE, it’s important to consider the costs and energy
requirements around processing limestone to lime (and the capture of CO2). The most significant
limitation to OAE is the ability to ship the necessary material and the high energy cost associated

with processing the materials.

For the thermal and electrical requirements, it is estimated that 0.6-5.6 GJ of thermal energy
and 0.1-1.3 GJ of electrical energy would be required for every net t of CO:2 captured by lime,
using flash calcination and carbon capture (Renforth et al. 2013). Renforth (2013) suggested that
4500 sites for limestone to lime processing and 100 dedicated ships for disposal could sequester 1
Gt of CO2 annually, using approximately 1% of current global energy production. In his study,
Renforth (2013) also suggested that thermal requirements could be up to 5.6 GJ t! CO2 and

electrical up to 1.2 GJ t1 COa.

Grinding limestone would require about 15-45 kWh t'! (Harvey 2008). In addition to mining
limestone, for effective dissolution to occur, the limestone would have to be ground down to 40-
80 um particles (Harvey 2008). Harvey (2008) further suggested that different sizes would be

required for different locations, although grinding in any form would create an energy penalty.
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Assuming rates of application between 10 g m and 100 g m2, and an application width of 100
m, ships with the capacity of 2500 t, 25,000 t and 250,000 t would use 0.23, 0.19 and 0.64 MJ t
km™! (energy use per t of applied limestone as initial load times the distance required to disperse
the full load) respectively, given different energy intensities required, energy uses, power, etc.
(Harvey 2008). Loads between 50-100% capacity indicated energy use per km is independent of
the load (IMO 2000). For ships with a capacity of 2500 t and a 100 g m? application, the energy
requirement could be as low as 0.0575 GJ t'! and for ships with a 250,000 t capacity and a 10 g
m? application, the energy requirement could be as high as 16 GJ t! per traverse (Harvey 2008).
Due to the low average payload, Harvey suggested using a central larger ship with smaller ships

that would service it, reducing energy requirements (Harvey 2008).

Energy requirements for disposal or the method of disposal would also need to be considered,
where Harvey suggested projecting the powder, and Caserini suggested using the ship’s wake to
their advantage (Harvey 2008; Caserini et al. 2021). The energy requirement of Harvey’s method,

based on a 50 m projection of the powder, is approximately 0.36 MJ t'! (Harvey 2008).

2.2.8 Cost analysis

Renforth estimated that it would roughly cost $72 USD for 159 t! COz for the typical kiln
processing of converting limestone to lime, $159 USD t! CO2 using solar calcination or $261 USD
per t of CO2 captured if amine scrubbing (carbon capture) technologies are used (Renforth et al.
2013). This would rise considerably if direct carbon capture were employed. As the current
uncertainty around DAC suggests, costs range from $100 to $ 1000 USD per t of CO2 captured

(Renforth et al. 2013). OAE using lime could potentially become a better option if technologies
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and expenses were to improve/lessen. Harvey (2008) also analyzed the cost of grinding limestone
to 10 um particles using coal-generated electricity. He noted that that grinding alone would cost
$0.90-2.70 per t in addition to the cost of the facilities. He further estimated that at the time (2008),
the estimated cost for limestone OAE application could be $40-45 billion per year at a 4 Gt per

year application rate.

The production and decarbonization of calcium hydroxide from calcium carbonate has a
relatively large CO2 and energy footprint (Ilyina et al. 2013). Decarbonization, requiring heat to
burn off the COz2, would produce CO2 unless said heat was produced from renewables (in addition
to the COxz released during the burning) (Ilyina et al. 2013). In an ideal scenario for slaked lime
application, high energy costs and CO:2 addition could be virtually eliminated using renewables
and carbon capture. If a fuel source like coal is required for grinding and the limestone itself were
not supplied from, and mined near a coast, this would significantly offset the CO2 absorbed through

OAE (Harvey 2008). Of course, renewable or non-emitting energy sources would change this.

2.3 Biological & Environmental Limitations

2.3.1 Current status and gaps

The biological and ecological effects of OAE are not well studied (Burt et al. 2021; Caserini
et al. 2021). Despite being a limiting factor to future implementations of OAE, there is currently a
significant lack of research on this subject, consequently restraining any future developments.
Several environmental and biological issues could arise due to OAE. Alterations to the carbonate
system and increases in pH could affect marine organisms and sensitive ecosystems, and some

may be detrimental if alkalinity is enhanced further (Renforth et al. 2013). Localized impacts of
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OAE need to be studied for safe application, and further experimental studies are necessary to

better understand the ecological effects (Caserini et al. 2021).

2.3.2 Mining, scale and disposal considerations

The extraction of limestone is yet another barrier to OAE. If OAE is to be used on a large scale
for climate change mitigation and carbon dioxide removal, mining efforts will have to increase
dramatically. Terrestrial ecosystems could face risks due to mining and production processes
(Harvey 2008; Kohler et al. 2013; Keller et al. 2014). In addition, about 6% of global limestone
outcrops overlap with natural protected areas (Caserini et al. 2022), creating yet another barrier to
the implementation of OAE. As for processing, CO:2 efficiency and effectiveness would
significantly decrease depending on the grinding technique for limestone, especially if powered
by coal, reaching emissions of 0.012-0.018 t of carbon produced per t of CaCOs for disposal

(Harvey 2008).

The potential for CO2 removal through OAE could also be limited by the availability of
resources and ensuring that the application rate isn’t large enough to impact marine environments
negatively (Caserini et al. 2021). Though some studies have suggested the dangers of global
application, Ilyina et al. (2013) indicates that a worldwide application has higher mitigation

potential as regional applications would only have local effects unless applied on very large scales.

Large-scale regional applications could potentially pose several environmental threats, which
are also difficult to predict. Large-scale OAE applications, along with the warming of oceans, are
likely to cause significant unintended side effects in our oceans (Gonzalez and Ilyina 2016). The

ship’s size and source of fuel are substantial, and CO2 emissions produced by the vessel depending
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on these factors can increase or decrease the effectiveness of the OAE application. As previously
mentioned, Harvey (2008) recommended using smaller ships to distribute limestone OAE. This

was based on his analysis of using diesel-run ships and calculating the ratio of CO2 emitted to CO2

absorbed.

Smaller vessels with OAE application (2500 t capacity) enabled the removal of about 19 times
more COz from the atmosphere than they emitted, whereas ships with a 25,000 t capacity enabled
the removal of approximately 2.3 times more COz than they emitted, and large vessels (250,000 t

capacity) emitted more COz than they enabled to be removed (Harvey 2008).

2.3.3 Carbonate chemistry and precipitation risks

Kheshgi (1995) showed that the quantity of calcium added to increase TA would be nearly
equivalent to the number of moles of CO2 sequestered, so increased calcium concentration could
be a possible concern. Given the rate of calcium added compared to our current emission rate, it
would only account for a relatively small increase in the total concentration of calcium moles
dissolved in the ocean, leading to the thought that OAE would benefit the oceans as opposed to
harming them (Kheshgi 1995). Marine biota are sensitive to changes in temperature, mixing and
pH; the change in carbonate ion concentrations and decrease in CO2 may affect some species,
especially those with calcium carbonate shells (Kheshgi 1995). Where one species if effected,
others might be as well, given the interconnectedness of ecosystems. For this reason, we cannot

assume that OAE would be harmless to organisms given the sensitivities of the carbonate system.

Runaway CaCOs precipitation is a possible condition that can occur where the addition of

alkalinity triggers calcium carbonate formation, causing more TA to be removed than was added
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(Moras et al. 2022). This process would require an induced change outside of the natural carbonate
system and so isn’t commonly found in our current oceans. CaCOs3 precipitation can occur through
several pathways, relying on the presence of existing minerals, through the formation of CaCOs3
crystals or the formation of crystals on solid minerals (Moras et al. 2022). In turn, the precipitation
of calcium carbonate influences DIC and TA (Burt et al. 2021). The inorganic precipitation of

CaCO:s as a result of the Q2 threshold being disturbed is currently understudied (Moras et al. 2022).

The stoichiometry behind carbonate precipitation is particularly concerning for OAE
applications, since when 1 mol of CaCOs3 is precipitated, the TA of the solution decreases by 2
mol due to the removal of 1 mol of carbonate ions (Moras et al. 2022). Under a hydrated lime
application, if runaway CaCOs precipitation occurred, this could reduce the efficiency of OAE
CO2 uptake from 0.8 mol of CO2 per mole of TA added to 0.1 mol of CO2 per mole of TA added

(Moras et al. 2022).

It is possible that undissolved CaCO3 that reaches the sea floor causes the once undersaturated
deep water to become saturated or to a nearly saturated state. Limestone particles in the upper and
supersaturated part of the water column could lead to calcium carbonate precipitation, eventually
having the opposite intended effect of OAE (Harvey 2008). Currently, there is no particular and
widely accepted measurement for the upper limit of CaCOs3 saturation (Feng et al. 2017). This
reiterates the further need for studies on this topic. Under typical ocean conditions, CaCO3
precipitation does not occur, though depending on the Q threshold, it is possible, and Moras et al.
(2022) suggest that it might be dependent on the aragonite saturation state. Moreover, aragonite
saturation Q has been used in the past as a metric to understand the saturation state of seawater

(Feng et al. 2017). Keller et al. (2014) not only reduced the rate of ocean acidification but were
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also able to keep saturation states of aragonite and calcite higher than the other climate engineering

mitigations they considered.

Secondary runaway precipitation (reducing atmospheric CO2 uptake) could result from the
rapid increase of carbonate ions in the water caused by alkalinity enhancement (Wang et al. 2022).
It is important to note that this does not currently occur naturally in our oceans. This secondary
precipitation would decrease pH and Q and increase the CO: concentration in the seawater,
lowering the oceans’ ability for CO2 uptake (Moras et al. 2022). The elevated (and in some areas
surpassed) pH compared to preindustrial levels could very well lead to carbonate precipitation,
lowering the value of alkalinity enhancement (Renforth et al. 2013). This is reiterated by Wang et
al. (2022), who emphasize that considerable TA additions could raise local pH and Q past
preindustrial conditions, possibly risking new stressors on ecosystems and inorganic mineral
precipitation. Specifically, in application areas, it is possible that increased TA could incite TA

loss through mineral precipitation (Wang et al. 2022).

Moras et al. (2022) suggested that precipitation needs to be avoided not only because it will
drastically reduce CO:z efficiency, but also because it will enhance ocean acidification. Carbonate
precipitation could be avoided via the occurrence of dilution through the addition of alkalinity in
the wake of ships or through natural mixing (Caserini et al. 2021; Moras et al. 2022). In addition,
Moras et al. (2022) suggested that it could be avoided if a 1:1 dilution of TA-enriched seawater
was performed, as the quicker the process, the less precipitation there would be. Although
carbonate precipitation is of great concern, especially with limestone application, Moras et al.
(2022) highlighted that not only do quick lime and hydrated lime both dissolve within a few hours,

but that both dissolve without inducing CaCOs3 precipitation.

41



2.3.4 Marine ecosystem impacts

Depending on the material used for alkalinity addition, certain substances release toxic heavy
metals, which could also impact biogeochemical cycles, marine ecosystems, and the food chain,
possibly harming human populations (Hartmann et al. 2013; Gonzalez and Ilyina 2016). Surprises
between limestone application and marine organisms could arise, as the interactions have many
uncertainties (Harvey 2008). The penetration of solar radiation into the mixed layer could be
decreased through limestone OAE, increasing the albedo, and although this could have a cooling
effect, it could also reduce the strength of the biological pump (Harvey 2008). This effect would
lessen if the application were only done a few times a year (Harvey 2008). Minor additions of lime

indicate smaller increases in pH, so there are minor environmental impacts (Renforth et al. 2013).

Gonzélez and Ilyina (2016) submit that in their study, alkalinization can raise pH and Q by
2100 to beyond modern levels. Although their simulation successfully mitigated ocean
acidification, the pH and Q levels were greatly exceeded, which could have adverse and
detrimental effects on marine organisms (Renforth et al. 2013; Gonzalez and Ilyina 2016). On the
other hand, while pH and Q) were exceeded, specifically in shallow waters, this was not observed
in deep water, where the reaction with carbonate sediments and undersaturated water would

prevent AOA, preventing deep ocean acidification (Gonzalez and Ilyina 2016).

The impact on biogeochemical cycles could especially arise in the Arctic and Tropical Oceans,
possibly causing unknown ecological changes (Gonzalez and Ilyina 2016). Potential effects could
arise as OAE influences environmental conditions, such as increased calcite saturation states and

pH (Feng et al. 2017; Renforth and Henderson 2017; Gore et al. 2019).
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An increase in seawater pH could potentially have damaging effects on marine environments
(Bach et al. 2019; Caserini et al. 2021). The current conditions of surface waters supersaturated
with calcium carbonate are essential for many organisms (Harvey 2008). OAE could affect
primary producers’ nutrient limitation, which would in turn cause physiological damage and alter
their metabolic balance (Cripps et al. 2013; Bach et al. 2019). The addition of alkalinity could
threaten the acid-base balance of some marine organisms, specifically robust crustacean species
(Cripps et al. 2013; Gonzélez and Ilyina 2016). Harvey (2008) highlighted that with the use of
limestone powder for OAE, the only likely impacts would be the neutralization of ocean acidity
and the increase of CaCOs3 supersaturation; however, he mentioned the possibility of zooplankton
ingesting the particles. Conservative discharge values should be applied to reduce the risk of the

alkalinity discharge affecting marine life (Caserini et al. 2021).

Finally, Jin and Cao (2023) proposed that sudden termination of alkalinity addition would
cause a rapid rebound of ocean acidification in the area of application, suggesting that OAE could

be more of a band-aid or short-term solution.

2.3.5 Regulatory and legal considerations

Given the elevated pH within OAE simulations, further research into the environmental
impacts is required to apply limestone and lime dumping safely. Originally put forth during the
1972 London Convention, the London Protocol Treaty on Prevention of Marine Pollution prohibits
the dumping of wastes and other matter in our oceans (ECCC 2022). In 2006 and 2009, the protocol
was amended to enable sub-seabed carbon storage (ECCC 2022). In 2019, a new resolution was

adopted to allow CO2 export for storage in other countries, in addition to expected further
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regulation on ocean fertilization (ECCC 2022). OAE does possibly pose a way around the permits

required for dumping, where OAE is the treatment itself for wastewater and power plant cooling.

The United Nations Convention on the Law of the Sea was adopted in 1982 and put forth to
govern the uses of our oceans and their resources (IMO 2019). The convention was signed to
regulate the conservation and sustainable use of biological diversity beyond national jurisdiction
(BBNJ), marine genetic resources, area-based management tools (ABMT), including marine
protected areas, environmental impact assessments (EIA) and capacity-building and the transfer
of marine technology (CB&TMT) (IMO 2019). Although it is imperative to regulate and be
beneficial to the environment and aquatic creatures, as of right now, these treaties are one of the

several barriers to advancing OAE implementation.

2.3.6 Biological & Environmental benefits & considerations

One of the major benefits of OAE is, of course, the potential to combat ocean acidification,
which, if left unmitigated, would likely have many adverse effects on marine biodiversity and
ecosystems. Several studies show these benefits. If OAE mitigated ocean acidification, it would
protect marine ecosystems like tropical coral reefs (Feng et al. 2016; Feng et al. 2017). This in turn
would prevent decreases in calcification rates and changes in reproduction and physiology in some
aquatic organisms (Gattuso et al. 1998; Ilyina et al. 2013). Ilyina et al. (2013) suggested that, given
the elevation in biogeochemical parameters as a result of ocean acidification, alkalinity addition
would be able to combat this significantly (given a 2.4 Pmol yr -! alkalinity input from 2020-2030),

lessening the environmental stress generated by said change.
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For nearly a century, acetic acid and hydrated lime have been used as a way to control invasive
species amongst shellfish aquacultures as a natural form of “pest management” (Locke 2009).
Although considered as environmentally safe chemicals, they alter the pH and therefore affect
biological and geochemical processes such as photosynthesis, metabolic processes, sediment
diagenesis and calcium carbonate sedimentation and dissolution (Locke 2009). It has been
suggested that the timing of lime treatments should consider the seasonal cycles of vulnerable
organisms like larvae, especially those that are sensitive, like lobster larvae (Locke 2009).
Alkalinity enhancement could also counter the reduction of net primary production caused by

higher nutrient limitation (Bopp et al. 2013; Gonzélez and Ilyina 2016).
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2.4 OAE Modelling

The following section will review previous OAE modeling efforts and studies for
atmospheric emission reduction. It is organized thematically with emphasis and detailed
explanations on studies in relation to this thesis, beginning with limestone-based and lime-based
global and regional studies analyzing future scenarios, see Table 1. It then highlights other
works, still important to OAE literature, such as OAE models focused on TA additions based on
other minerals, OAE models using other minerals, lab work, field work and pilot projects (Tables

2-4).

2.4.1 Limestone and Lime based

The work of Harvey (2008) was influenced by work from Caldeira and Rau (2000), who
undertook quite extensive research and modelling into ocean alkalinity reactions when limestone
was mixed with pumped seawater at a site on land and then piped and distributed over the ocean.
Harvey (2008) proposed to sprinkle the crushed limestone directly over the ocean surface thereby
avoiding outgassing and leveraging upwelling. He modelled the application of 4 Gt of CaCOs3 over
several timescales (50 years, 100 years, 200 years). The intentions of the study were to 1)
understand suitable conditions for limestone powder absorption; 2) find the maximum
effectiveness of absorption of CO:2 for limestone addition; 3) understand the potential effects on
pH and supersaturation in surface waters (Harvey 2008). The main areas of Harvey’s focus in his
analysis were the northern hemisphere polar downwelling regions and the southern hemisphere
polar upwelling regions. Overall, Harvey (2008) found that this amount of CaCO3 could absorb
1050 Mt of CO:2 after 200 years, although it would be quite expensive with high energy

requirements. He also found that OAE works best in conjunction with other carbon-reducing
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technologies, and that although it is a promising approach, there would need to be significant
investment, infrastructure development, further research on ecological impacts and the application

of pilot studies before large-scale implementation.

The pioneering study of Ilyina et al. (2013) explored the consequences of the addition of
alkalinity by a ratio of 2:1 (TA: CO2). They used the Hamburg Ocean carbon cycle model under
the IPCC A1B scenario (similar to the RCP 6.0 scenario) to model the consequences of adding 2.4
Pmol per year of alkalinity (approximately 89 Pg) from 2020 to 2030 using lime. Alkalinity was
increased proportionally to anthropogenic CO2 emissions, and in the first scenario, alkalinity was
uniformly distributed over the surface of the entire ocean. The same was done in additional
experiments, though TA was added to 47 million km? over the Atlantic and Pacific Oceans (Ilyina
et al. 2013). The study found that adding alkalinity with a 2:1 ratio could keep atmospheric CO2
below 520 ppm by 2100 compared to a minimum of 900 ppm in an unmitigated scenario. It was
also found that pH levels would be maintained close to current levels, leading to the counteraction
of ocean acidification. Although atmospheric CO2 and pH did not return to unmitigated levels,
they showed that the effects of alkalization persisted after the end of its application. Small-scale
applications were shown to counteract ocean acidification on local scales and in upwelling
systems, while global applications were the most effective and required massive amounts of
alkalinity (Ilyina et al. 2013). Additionally, they found that large-scale applications altered ocean
chemistry significantly and led to CaCOs3 precipitation. Ilyina et al. (2013) concluded that although
alkalinity enhancement has excellent potential, due to the risks, the energy requirements and the
massive upscaling of lime production required, it might be a better solution for local ocean

acidification rather than global application.
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Building on earlier work, Keller et al. (2014) used the UVic ESCM with an RCP 8.5 scenario
to evaluate five different CO2 removal methods, one being ocean alkalization based on maximum
current transport capacity. The ocean alkalinization (OA) model used an alkalinity discharge of 10
Pg of CaOH: based on the maximum carrying capacity of large cargo and tanker ships; the total
alkalinity was increased evenly in surface waters between 70° north and 60° south. By the year
2100, ocean alkalinity enhancement had lowered CO2 atmospheric concentrations by 48 ppm,
leading to slightly lower surface air temperatures (Keller et al. 2014). Carbon dioxide removals’
effectiveness increased over time due to the ocean’s buffering capacity remaining high. Despite
this, the rate of ocean acidification was reduced. Keller et al. 2014 mentioned that side effects
specifically on marine ecosystems, should be considered in addition to the impact of increased
mining and production (Keller et al. 2014). Lastly, they noted that the main limitation was the
production or capacity to deliver the limestone from which the CaOH: originated, in addition to

the large energy requirements throughout production, transportation and distribution.

Gonzalez and Ilyina (2016) took a geoengineering perspective where they modelled ocean
alkalinity enhancement under an 8.5 RCP scenario, aiming to stabilize atmospheric carbon levels
to RCP 4.5 levels. Here, the Max Planck Institute Earth System Model (MPI-ESM) and the
HAMburg Ocean Carbon Cycle Model (HAMOCC) were used with alkalinity added to the surface
(first 12 m of the ocean) and gradually increasing over time from 2018 to 2100, eventually totalling
an addition of 114 Pmol of alkalinity. They found that 940 Gt of carbon could be removed from
the atmosphere; that marine DIC content would double; that RCP 8.5 levels would stabilize to
RCP 4.5 levels; and that there would be a 1.5 K reduction in global mean air surface temperature.
In addition, they found that TA concentrations were increased by around 30%, and that carbon

uptake showed more promise within latitudes from 30° to 80° and that Arctic and tropical oceans
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are ‘hot spots’ for biogeochemical change. They concluded that olivine or lime production would
require a massive upscaling of 2 to 3 orders of magnitude, that many unknown ecological and
biological challenges could come with this, that it only partially addresses deep ocean acidification

and that although AOA shows potential, regional impacts need to be carefully considered.

Feng et al. (2016) further explored the AOA potential on ocean acidification and the protection
of tropical coral ecosystems. Their regional study looked at the Great Barrier Reef, the Caribbean
and South China Sea regions, accounting for oceanic surface, aragonite saturation, and surface
pCOz2 (Feng et al. 2016). Once more, they used the UVic model under an RCP 8.5 scenario with
alkalinity added in the upper 50 m of the specified regions based on lime addition. Their study
found that AOA could prevent local acidification in these regions, although the areas require
different amounts of lime, with a total of 356 Gt of lime implemented over the 80-year scenario
(Feng et al. 2016). Importantly, it was mentioned that AOA needs to continue, otherwise the ocean
chemistry would rapidly return to high acidification. Although the primary focus of their study
was ocean acidification, their simulations showed atmospheric CO2 drawdowns by 2099, where
the Great Barrier Reef saw a 7 ppm reduction, the Caribbean Sea saw a 15 ppm reduction, and the
South China Sea saw a 16 ppm reduction (Feng et al. 2016). They suggested that although AOA
is not a replacement for CO2 atmospheric reductions, it could act as a short-term Band-Aid solution

with respect to ocean acidification.

The study of Sonntag et al. (2018) compared climate engineering methods: 1) solar radiation
modification (SRM) through stratospheric sulphur injection; 2) CDR through ocean alkalization;
3) CDR through afforestation (Sonntag et al. 2018). The MPI-ESM model was also used under an
RCP 8.5 scenario for all three studies, with the aim to eventually reach RCP 4.5 levels (Sonntag et

al. 2018). For their ocean alkalinity study, 114 Pmol of alkalinity was added uniformly to the
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surface layer (upper 12 m) of the ocean by 2100, which was based on earlier studies (Gonzalez
and Ilyina 2016; Sonntag et al. 2018). They showed that surface air temperature could be reduced
by 1.55 K (average between 2081-2100 and atmospheric CO2 by 430 ppm (by 2100). They further
found that 905 Gt of carbon was sequestered from the atmosphere and 36 Gt from land, resulting
in 941 Gt of carbon added to the ocean. Lastly, they showed increased ocean buffering capacity,
enhanced COz solubility, reduced marine & terrestrial net primary productivity (NPP), and a better

nutrient supply in surface waters due to lower stratification.

On the other hand, Lenton et al. (2018) used the CSIRO-Mk3L-COAL Earth System Model
(ESM) to compare an RCP 8.5 scenario and an RCP 2.6 scenario. The model was run from 2020
to 2100 with an annual global discharge of 0.25 Pmol per year (9.3 Pg CaOH2) over the latitude
bands: Subpolar, Subtropical, and Tropical. They found that under the high emission scenario,
atmospheric CO2 could be reduced by 16%, although it was less effective in reducing ocean
acidification. The low emission scenario showed more promise in reducing CO: and ocean
acidification, eventually maintaining temperatures near 2020 levels by 2100 (Lenton et al. 2018).
Further, their study found similar responses to alkalinity between global and regional applications,
with tropical applications showing the best results for preserving alkalinity in surface waters and
subpolar regions with the least retention. Again, Lenton et al. (2018) found that OA alone would

not be enough under a high-emission scenario to address atmospheric CO2 emissions.

Butenschon et al. (2021) built on earlier research using the Nucleus for European Modelling
of the Ocean (NEMO) and biogeochemical flux model (BFM) models under a 4.5 RCP scenario.
They modelled two OAE scenarios in the Mediterranean basin between 2021 and 2050 using lime
as the alkalinity source. Compared to previous studies, this model did not use an idealized, spatially

homogeneous scenario, as it was practically hard to implement. The study wanted to use a
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heterogenous approach, making it more realistic by not assuming uniform addition to the entire
ocean. Instead, their OAE interventions were based on current shipping routes throughout the
Mediterranean to analyze the total possible efficiency of alkalization using the existing network of
cargo ships and tankers. For the first scenario (CTS200), a total of 6.0 Gt of Ca(OH)2 was released
using a constant discharge flux of 200 Mt/yr (Butenschon et al. 2021). This corresponds to 7.58
kg of Ca(OH)2 added to the surface total alkalinity for each ship (Butenschon et al. 2021). They
found that surface alkalinity could increase by 80 pmol kg™! during the first few years, gradually
increasing to 2760 pmol kg! by 2050. For the second scenario, 3.2 Gt of CaOH2 was added, with
the amount annually increasing gradually, proportional to surface pH in the Mediterranean. This
gradual increase eventually reached 2740 umol kg™! by 2050 (Butenschon et al. 2021). This was
done to allow the mean surface pH to stabilize. This resulted in an increase of the carbon uptake
potential, efficiency and air sea flux where at the end of the simulation air sea flux on an annual
increase of 80 Gt of carbon per year at the end of the simulation. Scenario 2 showed stronger
results for ocean acidification than scenario 1. Although both scenarios had increased CO:2 uptake
and pH, the first scenario showed a more substantial increase in CO2 uptake and pH (Butenschon
et al. 2021). However, the second scenario was deemed as more effective as it used less lime,
avoided sudden pH changes that could possibly harm wildlife, better stabilized the pH levels and
counteracted acidification per mole of lime more efficiently. Due to their high load capacity and
coverage of the Mediterranean, they identified container ships as the most ideal disposal method
for OAE. Lastly, the study showed that dense water around gyres in the Mediterranean could only
increase carbon absorption efficiency, and these locations might be more beneficial than other

parts of the Mediterranean (Butenschon et al. 2021).

51



Burt et al. (2021) examined the impact of ocean patterns on alkalinity distribution and carbon
uptake efficiency (Burt et al. 2021). Their study explored regional versus global OAE applications,
specifically looking at the non-linear marine carbonate system and its sensitivity to OAE (Burt et
al. 2021). They used the MPI Ocean Model for 75-year simulations with total alkalinity increasing
by 0.25 Pmol annually both globally and in 8 regions. Their study found that 82—175 Pg of carbon
was sequestered regionally compared to the 156 Pg of carbon sequestered globally. They further
found that the sequestration efficiency was highest in the Southern Ocean, even compared to the
global experiment, despite a surface area 40 times smaller, and therefore, the surface pattern of
total alkalinity played a massive role in carbon uptake. Overall, the study showed that surface
currents, vertical mixing, and circulation patterns were critical, and that local conditions and

transport mechanisms must be carefully considered in OAE regional applications (Burt et al.

2021).

Caserini et al. (2021) analyzed the potential of existing and new cargo ships for deploying
calcium hydroxide (slaked lime) OAE on both regional and global scales. Their seminal study
explored the restraints around potential discharge, such as the number of existing vessels, load
capacity, routes, reloading and discharge rates. They recognized the potential of using “milk of
lime”, a slurry of slaked lime mixed with water, which could be prepared on board ships. As this
study focuses on the shipping and disposal potential of lime, much of the methods section reviews
the differences between ships, their emissions and the dilution rates in the wake of ships (Caserini
et al. 2021). Their study also used a three-dimensional non-reactive model to assess discharge and
flow in the wake of a vessel, in addition to a one-dimensional reactive model to determine the
dispersion of lime particles. The study showed that given the current traffic for bulk carriers and

container ships, the maximum potential on a global scale for OAE was between 1.7 and 4 Gt of
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lime discharge per year, potentially removing 1.5-3.3 Gt of atmospheric CO2 per year. For the
Mediterranean, they calculated that potential discharge could be 186 Mt per year (Caserini et al.
2021). Lastly, by adding 1000 new ships dedicated to OAE, the potential Mediterranean discharge
rose to 1.3 Gt per year. Lastly, Caserini et al. (2021) recognized the need for further understanding
of OAE’s ecological and biological implications and the potential constraints of limestone mining,

slaked lime production and further technological challenges like port and ship modifications.

Fakhraee et al. (2022) also compared the environmental impacts and effectiveness of different
OAE methods. This synopsis will focus mainly on the CaO aspects of the paper. The IOTA
biogeochemical model was designed and used to assess the impacts of carbon capture through
mineral feedstock alkalinity addition (Fakhraee et al. 2022). Their study shows that with small
grain sizes and high dispersion rates, olivine’s near-surface release of alkalinity is limited however,
MgO and CaO show prompt near-surface dissolution with ideal depth-integrated alkalinity. Their
CaO results showed an ideal feedstock application where alkalinity production was nearly
complete in the upper mixed layer, independent of application rate. This showed that alkaline metal
oxides like CaO could promote CO: uptake in regions with shallow mixed layer depths. In
addition, CaO shows little impact on particle cycling in the shallow ocean, whereas MgO shows
more complex potential adverse reactions and implications on surface marine ecosystems, and
natural silicates like olivine and basalt showed significant negative potential for surface
ecosystems (Fakhraee et al. 2022). Next, the cGENIE model was used with the IOTA to analyze
the carbon chemistry and global potential for deployment scenarios where a benchmark application
rate of 300 g m? y-! corresponds to an overall max flux between ~6-30 Gt of feedstock. These
simulations suggested that the CaO and MgO deployments would promote biotic calcification

while avoiding calcium carbonate abiotic nucleation and precipitation. By 2100, the CaO
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simulation resulted in a CDR rate amounting to 5.7-20.4 Gt of CO2 annually and the authors
suggest that although the potential for carbon capture with synthetic materials is significant, it will

most likely be limited by constraints on feedstock supply (Fakhraee et al. 2022).

Finally, Jin and Cao (2023) assessed the response of the carbon cycle to both CDR and SRM.
They also used the UVic ESCM to conduct model integration from 2020-2100 using forced
historical emissions. They examined results from an AOA scenario driven by RCP 8.5 with an
alkalinity addition flux based on Keller et al. (2014). They applied the alkalinity flux to ice-free
oceans in order to lower and maintain atmospheric CO2 at RCP 4.5 levels. In additional scenarios,
they also followed Lenton (2018) by applying AOA regionally at different latitudinal bands and
in another, terminating the simulations by 2075 to analyze the effects of ceasing AOA. The AOA
scenario, where 127 Pmol of alkalinity was added, increased CO2 uptake from 397 PgC to 1550
PgC, raising global mean surface pH by 0.42 (Jin and Cao 2023). Although the sudden termination
of AOA in 2075 led to a gradual increase in surface air temperature (SAT), a greater effect on
acidification was noted, where pH and aragonite saturations decrease rapidly. The regional
scenarios found the lowest increase in global surface alkalinity in subpolar regions (likely due to

strong surface-to-seep mixing) and the lowest CO2 uptake in subtropical areas (Jin and Cao 2023).
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Author Type of Model | Focus Mineral
Regional
(North Absorption, effectiveness Limestone (CaCOs3
(Harvey 2008) Atlantic) & pH slurry)
(Ilyina et al. 2013) | Global General, acidification TA based on lime
CDR's, max carrying
(Keller et al. 2014) | Global capacity TA based on lime
(Gonzalez and Global &
Ilyina 2016) Regional Carbon cycle and climate TA
Coastal protection and
(Feng et al. 2016) | Regional acidification Hydrated lime
(Sonntag et al. Global carbon cycle
2018) Global impacts TA
(Lenton et al. Acidification mitigation &
2018) Global efficiency TA based on lime
(Butenschon et al.
2021) Regional Shipping routes, disposal Lime TA
Efficiency, distribution and | TA (assumed from
(Burt et al. 2021) Global timing lime)
(Caserini et al. Shipping routes, disposal,
2021) Regional ability to dissolve Lime-based TA
(Fakhraee et al. Global & Effectiveness, dissolution,
2022) Regional ecological risks Lime & other
Global &
(Jin and Cao 2023) | Regional Termination effects Lime-based TA

Table 1: Limestone-based and lime-based modelling studies

2.4.2 Other minerals
Table 2 presents an overview of OAE models outside of limestone-based and lime-based

scenarios. A large focus is placed on olivine simulations and TA applications based on olivine.



Author Type of Model | Focus Mineral

(Hangx and Olivine

Spiers 2009) Regional Coastal viability

(Kohler et al. Enhanced silicate Olivine

2010) Box model weathering

(Kohler et al. Dissolution kinetics and

2013) Global long-term impacts Olivine

(Hauck et al.

2016) Regional Biogeochemical cycles | TA, Olivine

(Feng et al. Regional/global | Coastal ocean

2017) coastal alkalinization Olivine TA

(Gonzalez et al. Differences in

2018) Global modelling Several
Updated dissolution

(Kohler 2020) Global kinetics Olivine

(Wang et al.

2023) Regional Ecosystem responses TA, Sodium hydroxide

(Kwiatkowski et

al. 2023) Regional Ecosystem impacts Olivine

(Yang et al. Dissolution

2023) Regional effectiveness Magnesium hydroxide

(Nagwekar et al. | Global &

2024) regional Deep water formation Olivine

(Palmiéri and Global/Coastal

Yool 2024) regions Coastal efficacy Olivine TA

Table 2: Total alkalinity & other mineral modelling studies

2.4.3 Lab & field work

Table 3 documents experimental OAE studies with both lab and field work included.
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Author

Type

Focus

Mineral

(Cripps et al. 2013)

Lab control tests

Testing impact on
crabs and Ca
concentrations

Calcium hydroxide

(Gore et al. 2019) Lab work Effect on algae TA

(Bach et al. 2019) Lab experiment Shellfish response Sodium hydroxide

(Moras et al. 2022) Lab work Calcium carbonate Quick lime and
precipitation hydrated lime

(Ferderer et al. 2022) | Lab mesocosm Phytoplankton Sodium hydroxide
responses

(Hartmann et al. Lab experiment Carbonate precipitation | Several

2023)

(Gonzalez-Santana et | Lab/field hybrid | Follow up study Several

al. 2023)

(Fuhr et al. 2023) Field trial Sediment application Calcite

(Ringham et al. Lab work Efficiency, Sodium hydroxide

2024) precipitation and
potential

(Kitidis et al. 2024) Field test Wastewater application | Magnesium

hydroxide

(Suitner et al. 2024) | Lab work Precipitation, TA
application, safety

(Paul et al. 2025) Lab work, Ecosystem impacts, Carbonate based

mesocosm C:N changes, alkalinity

durability

Table 3: Lab & field work

2.44 Pilot projects

Table 4 presents real-world pilot projects testing OAE, highlighting the shift in recent years

from lab work as seen in Table 4 to operational deployment. The purpose of this table was not

for completion but to demonstrate recent efforts.
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Project Year Where Focus Mineral
Beach trials, Olivine weathering,
2019- Dominican dissolution,

Project Vesta 2022 Republic ecosystem Olivine sand
Harbour Mine tailings
deployment, carbon | alkaline solution

Halifax uptake, biological Brucite

Planetary 2022- Harbour, effects (Magnesium

technologies current Canada hydroxide)
Weathering,

UK coastal dissolution and

Coastal Minerals | 2022 waters chemistry changes Crushed limestone

Port of Rotterdam | 2022- Netherlands, Runoff and

olivine project current coastal weathering Olivine sand

Offshore Ecosystem

COTEC 2022- Portsmouth, responses Alkaline

mesocosms 2023 UK materials, several
Offshore mesocosm

OceanNETs Gran Canaria, | platforms, biological | Calcium

KOSMOS 2023 Spain monitoring hydroxide

2023- Chemistry changes

Vesta Portland current | Oregon coastal Olivine sand
High energy coastal

Seafield Carbon 2023 Scotland environments Agricultural lime

Great Barrier | Coral calcification Calcium

Blue Sybiosis 2024 reef, Australia | responses hydroxide

Table 4: Pilot projects
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Chapter 3: Assessing the Effectiveness of OAE

Appears in FACETS: https://doi.org/10.1139/facets-2024-0171

3.1 Methods

3.1.1 UVic Model

In this study, we use Version 2.9 of the UVic ESCM comprising a two-dimensional
atmospheric energy-moisture balance model (Fanning and Weaver 1996; Weaver et al. 2001), a
three-dimensional ocean general circulation model (Pacanowski 1995), a dynamic-thermodynamic
sea ice model (Bitz et al. 2001) with elastic visco-plastic rheology (Hunke and Dukowicz 1997), a
comprehensive carbon cycle model, and a land surface and dynamic vegetation model based on
the Hadley Centre Met Office Surface Exchange Scheme (MOSES) coupled to the Top-down
Representation of Interactive Foliage and Flora Including Dynamics (TRIFFID) model with five
plant functional types (Cox 2001; Meissner et al. 2003). The model resolution is 3.6° (in the zonal
direction) and 1.8° (in the meridional direction) and the ocean model has 19 vertical levels, with
thickness varying from 50m near the surface to 500m in the deep ocean. Surface wind stress and
winds are specified from 40-year climatological reanalysis data from the National Centers for
Environmental Prediction (NCEP) project (Kalnay et al. 1996). An oxic-only ocean sediment
model has been added to the UVic ESCM, whereby simulations of CaCOs3 preservation in deep-
sea sediments are represented (Archer 1996), in addition to a nutrient-phytoplankton-zooplankton-
detritus marine ecosystem model component (Schmittner et al. 2008). Eby et al. (2009) provide a
more comprehensive discussion of the carbon cycle and how it is incorporated into the UVic
ESCM. In addition, the UVic ESCM model, along with its simulations of past, present and future

climates, has been extensively evaluated against observations, other intermediate complexity and
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more comprehensive models, and used as an assessment tool in the IPCC 3 (IPCC 2001), 4t

(IPCC 2007), 5" (IPCC 2013), and 6" (IPCC 2021), scientific assessments.

3.1.2 Experimental Design

In total, we used the UVic ESCM for 16 separate experiments. First, the model was initialized
with a 10,000-year spin-up at the year 850. From 850 to the year 2000 historical forcing (land
cover change, solar, volcanic, aerosol, other GHGs) was used to force the model. The atmospheric
CO2, globally-averaged surface air temperature and globally-averaged ocean surface pH at year

2000, the end of this spin-up period, are 367.7 ppm, 14.1 °C, and 8.07, respectively.

The model was then integrated from 2000 to 2300 with changing atmospheric COz, land
surface, aerosol and other greenhouse gas forcing following each of RCP 2.6, 4.5, 6.0 and 8.5
extended scenarios (Moss et al. 2008). From 2000-2300, the equivalent CO2 emissions were
diagnosed (Zickfeld et al. 2013) and then used in subsequent sensitivity experiments. From 2300
to 2500, atmospheric CO2 and other RCP forcings were held fixed (at their year 2300 values) so
that the diagnosed emissions of CO2 gradually reach equilibrium and approach zero after year
2300. This process was followed to ensure that our OAE intervention experiments allowed
atmospheric COz2 to evolve freely away from prescribed RCP values to see the true effectiveness

of OAE without the constraints of the RCP values.

The diagnosed emissions from the four RCP simulations described in the previous paragraph
were then used in three OAE intervention experiments conducted for each RCP scenario. In the
first set of experiments (Figure 3), termed CaCOs below, the global mean production of limestone

(6.6 Gt/yr) was distributed uniformly over the entire ocean annually for 500 years. In doing so, it
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was assumed that all the calcium carbonate dissolved immediately once applied to the ocean

surface, thereby offering an upper-bound estimate of OAE potential.

Figure 3: CaCO; run diagram

In the second set of experiments (Figure 4), termed CaO+CO:z, we assume the global annual
mean limestone production was entirely converted to lime on land and this lime was then
distributed uniformly over the entire ocean annually for 500 years. The COz2 arising from the

production of lime was added to the atmosphere.
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Figure 4: CaO + CO: run diagram

In the third set of experiments (Figure 5), termed CaO, we repeated the CaO+CO: experiment

but now assumed that all CO2 produced in making lime was sequestered.

Figure 5: CaO run diagram
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Finally, we also conducted four control integrations (one for each RCP) where the UVic ESCM

was forced with the diagnosed emissions and no OAE interventions.
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3.2 Results

The atmospheric concentration of CO2, globally averaged surface air temperature, and globally
averaged ocean surface pH over the 500-year integrations for each RCP control experiment, and
each of the three OAE intervention experiments associated with each RCP are illustrated in Figure
1. Table 5 summarizes the year 2500 atmospheric CO:2 concentration, globally averaged surface
air temperature, and globally averaged ocean surface pH for each RCP as an anomaly relative to
the respective control integration at year 2500. Atmospheric CO2 and surface air temperature
anomalies are both negative as each OAE intervention reduces these metrics from their respective
control integrations. On the other hand, the OAE interventions increase pH from the respective

control integrations.

In the first OAE intervention, the present-day global and annual production of limestone
(CaCOs3) was distributed uniformly across the surface of the ocean and assumed to dissolve
immediately. The net effect after 500 years was to reduce the atmospheric CO2 concentration by
38-145ppm (depending on the RCP) from the control simulation. Surface temperatures responded
by being 0.27-0.49°C cooler, and the ocean surface pH became 0.06-0.075 higher than the control
simulation, depending on the RCP. While the RCP 8.5 simulation had the largest drop in
atmospheric CO2 associated with the CaCO3 OAE intervention, it also had the smallest response
in temperature. This is attributed to the logarithmic response of radiative forcing to atmospheric
COz2 concentration, such that at high CO: levels, the addition of one CO2 molecule has less effect

on radiative forcing than at lower COz levels.
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RCP scenario | Atmospheric CO2 (ppm) | Surface air temperature (°C) | Sea surface pH

CaCO3|Ca0 + CO2|Ca0O | CaCO3 |CaO + CO2 [CaO [CaCO3|Ca0 + CO2|CaO
RCP 2.6 -38 -31 -89 1-0.46 [-0.36 -1.2 {0.066 |0.062 0.13
RCP 4.5 -63 -62 -141(-0.50 [-0.49 -1.3 {0.073 |0.075 0.14
RCP 6.0 -86 -84 -1911-0.49 |-0.49 -1.2 10.075 |0.076 0.15
RCP 8.5 -145  |-144 -3091-0.27 |-0.26 -0.58 {0.060 |0.061 0.10

Table 5: Run results

Annually averaged global mean atmospheric COz, surface air temperature and sea surface pH
changes from the RCP 2.6, 4.5, 6.0 and 8.5 control integrations at year 2500, 500 years after the
mitigative interventions were initiated. CaCOj3 corresponds to the limestone OAE experiment,
CaO+CO: corresponds to the lime OAE experiment with the CO2 produced in creating lime from
limestone added to the atmosphere, and CaO corresponds to the lime OAE experiment with the
COz2 produced in creating lime from limestone captured and sequestered permanently.

For the second intervention, we assumed that the annual mean production of limestone was
converted to lime on land and then sprinkled uniformly across the global ocean for 500 years. The
COz2 produced in the conversion of CaCO3 to CaO was released into the atmosphere. After 500
years and relative to the respective RCP control runs, the CaO+CO: experiments led to a reduction
in atmospheric CO2 of 31-144 ppm, a reduction in surface air temperature between 0.26 and
0.49°C, and an increase in surface pH of 0.061-0.076. The results are almost identical to those
obtained in the CaCO3 OAE intervention experiments for RCP 4.5, RCP 6.0 and RCP 8.5 (Table
5 and Figures 6-11), with only minor differences occurring in the RCP 2.6 case. This result was to
be expected as the CO2 arising from the production of CaO was released into the atmosphere, and
the equilibration time of COz across the air-sea interface is rapid. While each CaO molecule can
draw down two molecules of CO2 (Eqs 7 & 8) and each CaCOs3 can only draw down one molecule
of CO2 (Eq. 5), there is an additional molecule of CO: in the atmosphere. That is, adding CaO

instead of CaCOs to the surface waters of the ocean will make little difference unless the CO2
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released in the production of CaO is also sequestered (not accounting for differences in

dissolution).

In the case of RCP 2.6, there are slight differences between the results of the CaCO3 and
CaO+CO: experiments both during (Figures 6-11) and at the end (Table 1) of the 500-year
integration. Once more, this should be expected as RCP 2.6 implies the introduction of negative
emission technology to draw down the atmospheric levels of CO2 seen in the RCP 2.6 control run
shown in Figure 6. The positive radiative forcing in RCP 4.5, RCP 6.0 and RCP 8.5 tends to
increase the stratification of the ocean surface waters whereas when negative emissions are
introduced, this would tend to increase the likelihood of convective overturn (a nonlinear process).
Convective overturn is more likely in a negative emissions scenario (RCP 2.6) due to CO2
undersaturated surface waters changing the air-sea gradient and so vertical mixing, possibly
enhancing CO2 uptake. Zickfeld et al. (2021) have noted this asymmetry in the climate-carbon

cycle response to positive and negative CO2 emissions.
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Figure 6: Globally averaged atmospheric CO2 concentration (ppm)
from year 2000 to year 2500 as simulated in the 16 simulations.
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from year 2000 to year 2500 as simulated in the 16 simulations.
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anomaly from its respective control simulation.
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Figure 10: Surface pH
from year 2000 to year 2500 as simulated in the 16 simulations.
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The third intervention is the same as our second intervention, except now we also assume
that the COz produced in the conversion of CaCOs to CaO is sequestered. In addition, and as was
the case in the CaO+CO:2 and CaCOs experiments, we assume that all transportation of CaO to
the ocean, all the energy required to mine the limestone and all energy used to heat CaCOs3 to
produce CaO come from non-GHG-emitting sources. In this case, both the range of responses
across the RCPs, as well as the mitigative potential, is larger than in the CaCOs and CaO+CO:
cases. After 500 years and relative to the respective RCP control runs, the CaO OAE
experiments led to a reduction in atmospheric CO2 of 89-309 ppm (depending on the RCP), a
reduction in surface air temperature between 0.58 and 1.3°C, and an increase in surface pH of
0.10-0.15. Evidently, this third intervention produced the most advantageous results. Figures 6-
11 show a noticeable difference between the CaO+CO: and CaCOjs runs and the CaO run, with
CaO having a much larger impact on surface pH, surface temperature and atmospheric CO2
concentrations. This was to be expected, given the sequestration of the CO2 associated with the
production of lime meant that each CaO molecule dissolved in the surface waters could draw
down up to two CO2 molecules without adding an additional CO2 molecule to the atmosphere.
Once more, the OAE intervention is more effective in reducing the warming in RCP 2.6, RCP
4.5 and RCP 6.0 than in RCP 8.5 due to the logarithmic response of radiative forcing to

atmospheric COa.
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3.3 Discussion

Previous studies into OAE have focused on exploring factors such as accessibility,
transportation, shipping, disposal, discharge, costs, market and energy (e.g., Harvey 2008;
Renforth and Henderson 2017; Harvey and Zhang 2001; Renforth et al. 2013; Butenschon et al.
2021; Caserini et al. 2021) or the potential effect of the restoration of blue carbon ecosystems (e.g.,
Fakhraee et al. 2023). These studies have suggested that OAE represents a promising form of
anthropogenic carbon removal. Yet, the order one policy-relevant question has been left
unaddressed: Does OAE represent a viable CDR solution to global warming given the current
restraints imposed upon it? This analysis suggests that it does not. The overstated promise that this
intervention poses a viable solution to global warming is a distraction from the reality that to
stabilize the atmospheric level of CO: at any level, humanity needs to transition rapidly to zero-

emitting energy systems.

To illustrate the previous conclusion, consider the cases of RCP 4.5 and RCP 6.0 (Table 1;
Figure 6), the trajectories of human emissions are most closely tracking. If the entire world
production of limestone were somehow mined, transported, shipped and distributed throughout the
ocean’s surface waters without emitting any greenhouse gases for 500 years, and if all the CaCOs3
dissolved in the surface waters with none of it sinking to greater depths, then only about a 0.5°C
reduction in an otherwise 3-5°C warming above preindustrial levels would be realized (Figs Ic,
d). Of course, that would also mean that limestone was no longer available for cement production.
Even in the more promising case of converting all the world’s annual limestone production to lime
prior to its application to surface waters, all the energy used in this process (i.e., heating the CaCO3
to >900°) would have to come from non-emitting sources, and the COz released in this process

would have to be sequestered. And even in this case, the 1.2-1.3°C reduction of warming while

71



significant, would still be small relative to the overall 3-5°C warming above preindustrial levels

that would be otherwise realized.
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Chapter 4: Conclusion

With 2024 being the warmest year on record and each consecutive month from June 2023-
August 2024 setting a new monthly global mean temperature record (NOAA 2024), clearly
mitigation efforts to reduce global warming are failing. Although it can seem hopeless, in truth,
achieving net-zero emissions is achievable so long as there is continued support for CDRs,
government leadership, encouragement for green technologies and a push for global policy

reducing carbon-intensive energy sources.

Within OAE simulations, there is a need for research into lime and limestone scenarios using
only the upper bound of global production and further research into the environmental and
biological effects of ocean alkalization. Though showing slight potential, a key aspect of our
results to consider is its basis on the current total global limestone mining and production. Despite
a 1.25°C drop in surface temperature for the RCP 4.5 scenario and a reduction of 309 ppm in the
RCP 8.5 scenario, which seems impactful, these are only achievable if all limestone processing
and mining are directed entirely to OAE use only for the next 500 years. Although there are
limitations with accessibility, transportation, shipping, disposal, discharge, costs, market and
energy, limitations of limestone global production are the utmost barrier in future OAE limestone

applications.

Albeit showing slight potential, the constraint of total global limestone mining suggests OAE
cannot make an impactful difference on CO2 emissions, as it would require a massive upscaling in
mining and the transference of all current limestone mining to OAE solely. OAE can be one of
many solutions used to reduce atmospheric carbon emissions, but unless the extraction of

limestone is increased dramatically, OAE cannot be a stand-alone solution to climate change.
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Though research into these solutions should be continued, it’s important to understand that OAE
does not show large-scale climate-saving potential and should only be considered as one of many

solutions needed for climate mitigation.

The magnitude of the task and the rates required to achieve net carbon removal suggest that
many mitigative options should be implemented, including other CDRs and forms of carbon
capture. In the race to reduce CO2 emissions, research should be devoted not only to current
frontrunners, i.e., bioenergy and carbon capture and storage, but also to approaches less formally

evaluated in terms of cost, effectiveness, resource availability, and acceptability.

Rather than rapidly embracing the immediate transition to emission-free energy systems, far
too much attention has been focused on perturbing the natural carbon cycle to maintain the status
quo. As Allen et al. (2024) convincingly show, nature-based solutions cannot solve the challenge
of global warming. Though OAE interventions could play a minor role in a large basket of climate
solutions, tinkering with the natural carbon cycle alone will not keep warming to below 2°C, or
even 3°C, above preindustrial levels. In fact, investments in these areas would be better utilized

towards decarbonizing energy systems, which are the cause of global warming.
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