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Summary

Ocean alkalinity enhancement (OAE) is a carbon dioxide removal (CDR) method utilising
carbonate chemistry in the ocean to durably store CO- as dissolved inorganic carbon (DIC) in
the ocean. The ocean already durably stores a huge quantity of DIC due to its high alkalinity,
driven by natural rock weathering. The principles of this storage are well understood and not
under question. Quantification and certification for OAE activities present particular challenges
due to the large spatial and temporal scales on which CO; uptake from the atmosphere occur,
the need for modelling to quantify removals, and some complex potential second order
feedbacks on efficacy and ecological side-effects. These need additional research to be fully
understood, and monitoring of real-world pilot studies at increasing scale is needed to inform
decisions on the safety and efficacy of OAE as a CDR approach.

Key messages:

m Storing atmospheric CO; as bicarbonate (HCOj3’) and carbonate (CO3?%) in the ocean is
a durable approach to climate mitigation. The ultimate residence time of alkalinity in the
ocean is of the order of hundreds of millennia.

m The capacity of the ocean to store bicarbonate can be increased by increasing its
alkalinity (alkalinity being the ability to neutralise acidity), resulting in additional
absorption of CO; from the air, which is locked up as bicarbonate. After equilibration,
the total carbon content of seawater will be increased proportionally to alkalinity
addition, but permanent pH increase is minor.

m  OAE covers multiple approaches, delineated by the source of alkalinity (mineral solid/
dissolved or electrochemical) and the method and location of addition. Not all methods
may be equally suitable for certification.

m The efficiency of OAE (i.e. moles of CO, removed per mole of alkalinity successfully
added to the surface ocean) depends on the nature of the alkalinity addition, the state
of the carbonate system in seawater (pH, baseline alkalinity), equilibration timescale
between the alkalinity-enhanced water and the atmosphere (itself dependent on local
conditions and ocean circulation) and any negative feedbacks, such as secondary
precipitation of carbonates and biological response.

m In order to quantify the efficiency and therefore the net CO2 benefit of an OAE action,
numerical modelling will be an essential component of Monitoring Reporting and
Verification (MRV), given the spatial and temporal scales of action as particles dissolve
and/or alkalinity-enhanced water is circulated through the marine system and
equilibrates with the atmosphere. Some components of this modelling are more mature
than others and whether or not to certify will depend on an assessment of the maturity,
suitability and uncertainty of these modelling tools (and the likely timeline of their
development).

m OAE has both potential negative impacts and potential co-benefits on marine
ecosystems, from release of toxic metal ions during the dissolution of some alkaline
minerals to the potential localised amelioration of ocean acidification. The scale of the
negative impacts may be small, but many knowledge gaps remain and understanding
ecosystem response to different regimes of alkalinity addition from local acute to global
cumulative scales is a key research priority. Environmental co-benefits through reduced
acidity are largely conferred by added alkalinity that has not (yet) resulted in CO- uptake
— once full equilibration has occurred, pH has returned to a value close to (although
slightly higher than) the starting point.

m The scientific consensus is that OAE has potential to have a significant impact on
climate, but that there are still some important unknowns and the models required to
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implement MRV need improvement to constrain uncertainty. However there is probably
sufficient evidence and understanding to enable initial certifications of some OAE
methods, as evidenced by Isometric’s recently published standard for OAE from coastal
outfalls. It would be beneficial if certification of carbon removals by early pilot schemes
is accompanied by open data sharing of efficiency and impacts data, to ensure lessons
are learned and knowledge gaps filled while scaling the technologies involved.

m The risks of reduced efficiency of carbon removals and negative impacts on
ecosystems increases with the scale of deployment. If OAE becomes a major tool in
climate mitigation it could be operating at a scale where cumulative impacts become
significant. Continual assessment and ‘gated’ scaling, informed by ongoing research
and monitoring will be necessary to mitigate scaling risks.

m Strong feedbacks and communication between MRV activities, certification bodies, the
research base and policymakers will be key to any safe and effective deployment of
this CDR method.
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1 Introduction and context

The European Union (EU) has adopted a Carbon Removals and Carbon Farming Regulation
(CRCF) (European Union, 2024). The Regulation aims to boost innovative carbon dioxide
removal (CDR) approaches and sustainable carbon farming solutions, and contribute to the
EU's climate, environmental and zero-pollution goals. It is intended to improve the EU's
capacity to quantify and verify carbon removals, with transparency to ensure trust from
stakeholders. The European Commission, supported by experts, is developing tailored
certification methodologies for carbon removal activities.'

The Regulation sets out rules for the independent verification of carbon removals, as well as
rules to recognise certification schemes that can be used to demonstrate compliance with the
EU framework. To ensure the quality and comparability of carbon removals, the Regulation
establishes four QU.A.L.ITY criteria:

1. Quantification: Carbon removal activities need to deliver unambiguous benefits for the
climate and be measured, monitored, and reported accurately.

2. Additionality: Carbon removal activities need to go beyond existing practices and what is
required by law.

3. Long-term storage: Certificates are linked to the duration of carbon storage and should
ensure long-term storage.

4. Sustainability: Carbon removal activities must contribute to sustainability objectives such
as climate change adaptation, circular economy, water and marine resources, and
biodiversity.

One carbon removal approach that has been identified as having potential is ocean alkalinity
enhancement (OAE).

1.1 Ocean Alkalinity Enhancement

Ocean Alkalinity Enhancement (OAE) is a CDR strategy that aims to increase the ocean's
capacity to absorb and store atmospheric CO, by artificially enhancing its alkalinity. This
process involves adding alkaline substances to seawater — such as finely ground minerals like
olivine or industrial byproducts like lime — or the electrochemical modification of seawater or
brine streams to extract acidity, returning an alkaline stream back into natural seawater. These
additions shift the ocean's carbonate chemistry, converting dissolved CO, into stable
bicarbonate and carbonate ions, thereby facilitating the net uptake of atmospheric CO..

OAE has the potential to remove climate-relevant quantities of CO, from the atmosphere and
store it durably. However significant knowledge gaps exist, with ongoing studies examining its
efficacy and efficiency, and its environmental impacts. At climate-relevant scales, the impact
of negative feedbacks on the global marine carbon cycle may be important in limiting removals
or impacting ecosystems. Monitoring, Reporting, and Verification (MRV) frameworks will be
essential to assess the effectiveness of this form of CO, removal and to manage potential
environmental risks, with numerical modelling playing a key role for quantifying the effects of
OAE over the wide spatial and temporal scales on which it acts. MRV systems and protocols
are in active development by various operators and independent bodies and there are a
number of pre-revenue commercial operators developing OAE pilots. The first certification
methodology for carbon removals by OAE (specifically from coastal outfalls) was recently
published by Isometric and the first credits were issued in late 2025.

T At the time of writing a consultation is ongoing on methodologies for DACCS, BioCCS and BCR,
https://ec.europa.eu/info/law/better-requlation/have-your-say/initiatives/14573-Carbon-removals-and-carbon-
farming-methodologies-for-certifying-permanent-carbon-removals_en.
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1.2 Glossary of terms and key underpinning concepts

Here we address the background knowledge required to understand OAE and the topics
presented in the following chapters. There is much commonality between OAE and enhanced
rock weathering (ERW), both ultimately increasing the capacity of the ocean to store CO-
durably as dissolved inorganic carbon (DIC). There are also direct overlaps with mineral
carbonation (in terms of mineral carbonate chemistry) and with direct ocean capture and
storage of CO, (DOCCS), all of which are under currently under consideration under CRCF?Z.
The following sections are intended to be used as a reference to aid understanding across all
of these related topics.

1.2.1 Chemical equilibrium

Thermodynamic equilibrium refers to a stable state in which a system shows no net change
through time, unless subjected to external stimulus. In the context of a chemical reaction, this
means that the forward and reverse reactions occur at the same rate, so the concentrations of
reactants and products remain constant. This could apply to state changes (such as liquids
turning to gases), to dissolution reactions (such as gases or solids dissolving in water) or to
chemical reactions in solution (such as acid-base reactions). Thermodynamic chemical
equilibrium indicates that the system has reached a point where there is no net energy or
matter flow, but this can always be disturbed by external perturbations (temperature and
pressure changes or addition of new reactants, for example). For any reaction the
concentrations at equilibrium can be determined from the equilibrium constant, K.

For the hypothetical reaction where b moles? of B plus a moles of A are in equilibrium with ¢
moles of C and d moles of D:

bB + aA=cC+dD (1)

The equilibrium constant for the reaction is

_la oy (2)
[A]2.[B]P

In the above equation, square brackets denote concentration?, i.e. the amount (in moles) per
unit volume; with units of moles per litre (mol I''), or commonly ‘molar’ or ‘M’°.

2 Review papers on these other activities are available via the CRCF webpage, https://climate.ec.europa.eu/eu-
action/carbon-removals-and-carbon-farming_en.

3 Moles are a fundamental concept in chemistry that relates to the amount of matter. A mole represents a fixed
number of atoms / molecules / ions, exactly 6.022x10%3. This is useful because, unlike mass, it is easy to relate the
amount of the products of a reaction to the amount of reactants started with. For example in the chemical reaction,
CO2 + H20 - H2CO03,1 mole of CO2 reacts with 1 mole of H20 to form 1 mole of carbonic acid, H2COs. The ‘molar
mass’ M of an element or compound, expressed in g mol”' is defined as the ratio between the mass (g) and the
amount of substance (mol). It can be determined from the atomic mass of the compound’s constituent elements,
such that 1 mole of CO2 weighs M(C) + 2xM(O) = 12 + 2x16 = 44 g mol-.

4 For simplicity we refer to concentration throughout. For non-ideal solutions and gases these must be modified to
activity (concentration * activity coefficient) and fugacity (e.g. fCOz2), respectively. For conceptual purposes
activity = concentration and fCO2 = pCOz, but when measuring / modelling OAE/ERW and related processes the
difference can be significant and must be accounted for (either in measurement processes or in data processing).

5 In seawater, where salinity (salt content) affects density, it is common to use moles per kg, or molal units rather
than molar (per unit volume) as this term is conservative i.e. when different water masses are mixed the molal
concentration varies linearly with mixing ratio, whereas if the water masses are of different density the molar
concentration does not. For the purposes of this document it is adequate to consider molar and molal units
interchangeable.

\ i i
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The value of K tells us the degree to which a reaction proceeds. Its value for a particular
reaction is dependent on conditions (e.g. temperature, pressure) and can be determined
empirically or can be calculated for any reaction from thermodynamic theory and data. For the
reverse reaction (cC + dD = aA + bB), the equilibrium constant is the inverse of that in Equation

).

For a reaction that goes to completion (i.e. where the reactants A and B are used up), K is
large; conversely where K is small the reaction will not proceed and little or no products C and
D are produced. K is however not directly related to reaction rate, so it is possible to have a
reaction with large K that appears not to proceed because of rate (kinetic) limitation. For many
reactions, the equilibrium point (where the forward and reverse reactions occur at the same
rate, hence the = symbol) is such that there is an appreciable amount of both reactants and
products coexisting. These principles are relevant to all chemical processes, from fuel
combustion to biochemistry. Here we focus on those which are directly relevant to ocean
alkalinity enhancement (and, therefore also to ERW and DOCS).

1.21.1 Acid-base equilibria

The simplest description of an acid is a compound that can donate H* ions (protons), and the
corresponding description of a base is as an H* acceptor (which in practice can sometimes
mean a donor of hydroxide ions, OH", which can react with H" to make water). The strength of
an acid is represented by its acid dissociation constant, Ka (another equilibrium constant). For
the generic acid dissociation reaction:

HX (g = H g + X' 3)
where “aq” stands for “aqueous”, i.e. in water.
The acid dissociation constant (as per Equation (2)) is

_ Y] 4
2= o 4)

The stronger the acid, the greater the value of Ka. For example, hydrochloric acid, HCI, has a
Ka of the order of 108 indicating that it is effectively fully dissociated into H* and CI- in solution
and is therefore classified as a strong acid. Strong bases, like sodium hydroxide (NaOH) have
similarly high base dissociation coefficients (Kg).

1.2.1.2 The dissociation of water
Water can act as both an acid and a base because it can dissociate into H* and OH" ions:

Hz00) = H+@ag) + OH ag ()

The equilibrium constant for this reaction, Kw, is 10" under standard conditions®. In neutral
solution (i.e. water with no other acids or bases), [OH] = [H*]. We can consider the
concentration of water (in water) to be unity (equal to 1), therefore

Kw= [OH][H+] = 10-14 (6)

6 Along with many other so-called ‘constants’ in physical chemistry, equilibrium constants vary with temperature
and pressure. Their characteristic values are typically quoted under standard conditions of 25 °C and 1 atmosphere.
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Where their only source is pure water, the concentration of the two ions must be equal, hence:
[H] = [OH] = {/Kw = 107 (7)
pH, the measure of acidity or basicity is then defined:
pH = -logio[H*] (8)

Therefore, when the concentrations of OH- and H* are equal, pH = -log[10] = 7. This is why a
pH of 7 corresponds to a neutral solution. As acidity (concentration of H*) increases, pH
decreases. Below pH 7, [H*] > [OH"]. At pH above 7, [OH] > [H*].

1.2.1.3 The solubility of ionic salts and their impact on pH

The degree to which solid ionic compounds (or salts) can dissolve in water is determined by
the equilibrium constant of dissolution, Ksp, also known as the solubility product.

For the generic salt XZ:

XZe) = X*@aq + Z@g) (9)

As with liquid water, the concentration of a solid is unity (=1), so
Ksp = [X+][Z] (10)

In a solution where [X*]*[Z] is less than Ksp, it is said to be undersaturated with respect to the
salt, and dissolution of solid salt would be expected, notwithstanding kinetic limitations.
Conversely, where [X*]*[Z] is greater than Ksp the solution would be oversaturated and net
precipitation would be expected (again notwithstanding kinetics).

Sodium chloride, NaCl, is the salt of a strong acid (HCI) and a strong base (NaOH). It dissolves
in water as:

NaClg) 2 Natg) + Clag (1 1)

When dissolved in water, NaCl does not affect pH, because Na* will not react with OH- and nor
will CI react with any H*, because base and acid dissociation constants, respectively, are large.
However, calcium carbonate (CaCOs), whose dissolution reaction is:

CaCO3(s) = CaZ*(aq) + CO32Z g (12)

is the salt of a strong base (calcium hydroxide Ca(OH);) and a weak acid (bicarbonate, HCO3).
Therefore, whilst Ca* will not associate with OH- in solution, some CO3? will accept H* to form
HCOs (at e.g. neutral or typical seawater pH). The net result of CaCOs dissolution is to reduce
[H*] and therefore increase the pH of the solution:

CaCOz(s) + Htag) = CaZ* g + HCO3 (ag) (13)

or, equivalently

CaCO3(s) + H20qy = Ca2+g) + HCO3 (ag) + OH (ag (14)

climate e people e nature
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CaCO:s is therefore considered a basic, or alkaline, salt. This means that the solubility of
calcium carbonate is greater at lower pH, with more acidic solutions (more H* ions) pushing
the equilibrium in Equation (13) and Equation (14) to the right.

1.2.1.4 The dissolution of CO; in water

The reaction of CO; gas dissolving in water can be chemically described as:

COz(g) = CO2(q) (15)

The equilibrium constant for this type of reaction is known as the Henry’s Law constant, Ky, or
the air-water partitioning coefficient; and directly relates the atmospheric concentration with
the surface water concentration at equilibrium. In this case:

Ki = [CO2@q)] / PCO2g (16)

Where pCO; is the partial pressure of CO; in air’, and the subscript aq) denotes ‘aqueous’ i.e.
dissolved in water (note the subscript (sw)is sometimes used to denote ‘dissolved in seawater’).
Ku can be expressed in a range of forms and with different units, the complexity of which is
beyond the scope of this report; in Equation (16) the units of Ky are in moles per litre per
atmosphere (or M atm™). In this case the value of this equilibrium constant under standard
conditions is around 0.034 (Sander, 2023), indicating that 0.034 mol per litre of CO. in water
would be in equilibrium with 1atm of COg; or that an air concentration of CO; of 420 patm?,
would be in equilibrium with a water concentration of approximately 15 ymol I (though the
precise value is sensitive to factors such as temperature, salinity® and atmospheric pressure).

Rearranging Equation (16), the water phase CO2 concentration that would be in equilibrium
with a given gas phase CO; concentration is expressed as

[CO2@aq)]/Ku = pCO2y (17)

If the value on right hand side of Equation (17) is larger than the value on the left (i.e. the air
concentration is above the concentration that would be in equilibrium with the water) the
system is not in equilibrium and there will be a spontaneous flow of CO, from air to water.
Various natural processes tend to remove CO. from the surface ocean (biological activity,
ocean circulation) and human activity is increasing the atmospheric concentration of CO, so
the ocean is a natural CO: sink and is presently a sink for additional anthropogenic CO..
Another way of saying this is that the ocean is undersaturated with respect to atmospheric
COz. The basis of OAE (and most other marine CDR techniques) is to reduce the concentration
of CO; at the ocean surface and therefore to drive greater undersaturation (disequilibrium) and
enhance net CO; uptake from the atmosphere.

The reverse situation where [COzaq)]/Kn > pCO2) (supersaturation) would result in a flow of
CO; from (sea)water to air. The rate of exchange (flux, F) between atmosphere and ocean of
any gas is driven by the difference in the relative concentrations in air and water, and a kinetic
term, k, known as the transfer velocity, which to first order is a function of wind speed.

7 Partial pressure is the fractional contribution (of COz) to total atmospheric pressure. The present day partial
pressure of COz in the atmosphere is around 420 patm (microatmospheres), which is equivalent to 420 parts per
million by volume (420ppm). Often the term ‘surface ocean pCOz2’ (hereon pCOzswy, calculated as [COzq)] /K, is
used to express the seawater concentration in atmospheric units.

8i.e. 420 parts per million COz2 in air, roughly the current atmospheric CO2 concentration.
9 Salinity is the concentration of dissolved ions in seawater, or ‘saltiness’.
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FCOZ_atmosphere-ocean =k* (pCOZ_atm - [COZ(aq)]/KH) (1 8)

Therefore, the greater the disequilibrium (pCOz.am - [CO2aq)]/Kn), the greater the ocean-
atmosphere exchange flux for a given wind speed. The characteristic ocean-atmosphere
equilibration time for CO2 is much longer than for most gases due to the large concentration of
bicarbonate in seawater, which can replenish the relatively small concentration of CO; as it is
lost to the atmosphere.

CO:2 can dissolve in water (Equation (15)), and react with the water to form carbonic acid
(H2CO3) and then dissociate into bicarbonate (HCO3') and subsequently carbonate (CO3%) ions
according to Equation (19):

CO2(aq) + H200) = H2CO03(aq) & H(aq) + HCO3'(ag) & 2H*(aq) + CO3%(aq) (19)

Note that the concentration of undissociated carbonic acid is small'® so Equation (19) can be
simplified to:

COz2@aq) + H200) & H*(agq) + HCO3'(ag) = 2ZH*(ag) + CO32(aq) (20)

Dissolved inorganic carbon (DIC) is the sum of the carbonate system species:

[DIC] = [CO2@aq)] + [HCO3"(ag)] + [CO3% (agy] (21)

The distribution - or speciation - of dissolved inorganic carbon (DIC) in seawater is strongly
dependent on pH. As shown in the Bjerrum plot of the carbonate system (Figure 1.1), pH
controls the relative proportions of these species: at typical seawater pH (~8.2), most DIC
exists as bicarbonate.

1.2.1.5 Buffering capacity of seawater

Seawater has a high buffering capacity, meaning it can limit changes in pH when acids or
bases are added. This capacity is primarily governed by the carbonate system, which can
absorb or release hydrogen ions (H*) to keep the pH relatively stable. For example, when H*
is added to the system some carbonate will combine with H* to make bicarbonate, and a little
bicarbonate will combine with H* to make CO; + H,O (Equation (20)). Solid calcium carbonate
provides a further reserve of alkalinity which can buffer extremes of low pH (relative to
seawater’s pH value of ~8.1).

Higher atmospheric CO» concentration means greater uptake of CO2 by the ocean (Equation
(18)) and therefore greater total DIC concentration. More CO; dissolving in the ocean means
lower pH (ocean acidification, Equation (20)) and therefore a shift in the carbonate system
equilibria to increase the fraction of DIC present as CO,. However, as pH decreases and
bicarbonate shifts to CO,, carbonate can then shift towards bicarbonate. Both of these changes
mop up some of the additional H*, buffering against ocean acidification. This shift to the left in
the carbonate equilibrium reactions (Equation (19)) in response to ocean acidification uses up
some of the ocean's buffering capacity and its ability to absorb further CO,.

At the same time, the carbonate system is the primary control on seawater pH itself. The
relative concentrations of CO,, HCO;~, and CO3*", along with total alkalinity (defined below),

0 There is very little free H2COs in seawater for 2 reasons. Firstly because it tends to dissociate into bicarbonate.
Whilst a weak acid, at pH 8 it is mostly dissociated into H* and HCOs". Furthermore the equilibrium constant for the
hydration of CO2 forming H2COs is very small, meaning that the equilibrium lies strongly in favour of the reactants.
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determine the hydrogen ion concentration — and thus the pH — of the system. This bidirectional
relationship between pH and DIC speciation means that external additions of alkalinity (such
as through Ocean Alkalinity Enhancement) increase pH, which in turn shifts the carbonate
equilibria to favour higher carbonate ion concentrations. The result is an increase in buffering
capacity and enhanced potential for atmospheric CO, uptake, as the system re-equilibrates to
maintain chemical balance.
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Figure 1.1 Bjerrum plot of the carbonate system in seawater.

Note: the ‘CO;’ line in this plot should be understood as the sum of dissolved CO; and carbonic acid.
Source: (Rohling, 2023)

1.2.1.6 Alkalinity

Alkalinity can be generally considered as the capacity of an aqueous solution to neutralise, or
buffer, acidity. Alkalinity is a concept that emerged from a recognition that natural waters
(particularly seawater) required larger quantities of acid to be added to reduce the pH to a
given value than would a simple system of water and strong base at the same starting pH
(Rakestraw, 1949; Wolf-Gladrow et al., 2007). This empirical ‘titration alkalinity’ is a
fundamental measurable property of (sea)water and is directly related to the formally-defined
total alkalinity (TA) of a system.

Total alkalinity is defined as the excess of proton (H) acceptors (bases) over proton (H*)
donors (acids) (Dickson, 1992). Seawater is a complex mixture of proton acceptors and donors
but the dominant control on alkalinity and pH is the carbonate system. Following Wolf-Gladrow
et al., 2007 it is useful for illustrative purposes to consider a simple aqueous system of just
dissolved NaCl and NaHCOs, with the concentrations of Na* and DIC equal to that of typical
seawater.

Here, the total alkalinity (excess of proton acceptors over donors) is expressed as:
TA = 2[CO3%] + [HCO3] + [OH-] - [Ht] (22)
Carbonate ions (CO3?) ‘count double’ because they have the ability to accept two H* ions. At

pH 8.2 and 25 °C, the concentrations of OH- and H* are 10 pmol/kg and 6.3x10° umol/kg
respectively, with [CO3%] = 331 and [HCO3] = 1660 umol/kg (Wolf-Gladrow et al., 2007). [CO,]
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is about 10 pmol/kg, (roughly in equilibrium with atmospheric CO3) but is not included in the
calculation of total alkalinity. In this simple system, bicarbonate is the dominant species in the
carbonate system and also the dominant form of alkalinity in the system. The same is true in
real seawater, however the true seawater total alkalinity equation then includes a wide range
of other proton acceptors and donors that individually and collectively play a minor role relative
to the carbonate system.

1.2.1.7 Measuring the state of the carbonate system

In theory the carbonate system can be completely characterised by measuring any 2 of the
core parameters DIC, TA, pH, [CO3%] and pCOxsw) (i.e. the full state of the carbonate system
including the other core parameters can be calculated from any measured 2). However, for
real measurements uncertainty is reduced by measuring more than 2 parameters, and some
combinations result in greater uncertainty in the unmeasured parameters than others (Schulz
et al., 2023; Wolf-Gladrow et al., 2007). For example, measuring just pCOzsw) and pH, which
are both strongly dependent on H* concentration, and relatively or completely insensitive to
TA, will lead to large uncertainties on TA, DIC and [CO3?].

1.2.1.8 Calcium carbonate minerals and saturation state, Q

Calcium carbonate exists in multiple mineral phases, the most common of which are calcite
and aragonite. All calcium carbonate minerals have the same ratio of calcium to carbonate
ions (1:1) but they are arranged differently in their crystal structure. Some calcium carbonate
minerals are hydrated, meaning that water molecules are fixed into their crystal structure.
Figure 1.2 illustrates the differing structures of calcite and aragonite. As a result of their
structural differences their solubility in water also differs (Ksp_cacite # Ksp aragonite)-

The saturation state of calcium carbonate (or any other ionic solid) tells us whether or not it will
dissolve or precipitate spontaneously from seawater'. In the case of calcium carbonate
minerals:

Q = [Ca?*ag][CO3%@g)] / Ksp (23)

Where Q >1, there is supersaturation, so precipitation will tend to occur. Where Q <1 there is
undersaturation and dissolution of solid phase will occur. Typically the ocean is supersaturated
with respect to calcite and aragonite, but spontaneous precipitation is very slow, and
precipitation is normally biologically mediated (Schulz et al., 2023; Zhong & Mucci, 1989).

" The precipitation or dissolution of calcium carbonate is influenced by multiple factors. While the saturation state
serves as an indicator of whether precipitation or dissolution is thermodynamically favourable, it does not determine
the timescale over which these processes occur, nor does it account for other factors that may inhibit or delay them.
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Figure 1.2 Atomic structure of calcite (rhombohedral) and aragonite (orthorhombic).

Source: Wikimedia Commons; CC BY-SA 4.0

1.2.1.9 Loss of alkalinity through CaCO; formation

Just as dissolution of CaCOs3 adds alkalinity and increases the pH of a solution, precipitation
of CaCOs out of solution removes alkalinity and will decrease the pH of the solution.
Considering the net effect on the carbonate system:

Ca2t(aq) + 2HCO37(aq) = CaCO3z(s) + CO2aq) (24)

Two moles of alkalinity (two moles of bicarbonate) are removed from solution for every mole
of calcium carbonate precipitated. Just as addition of alkalinity reduces H* and therefore
reduces pCOzsw) and results in net additional uptake of CO; by the ocean, removal of alkalinity
(e.g. through calcification) leads to an increase in H* and thus pCO2sw) and leads to net loss
of CO; to the atmosphere.

1.2.2 Ocean circulation and structure

The ocean's thermohaline circulation, or ‘global ocean conveyor belt’, is a vast, slow-moving
set of ocean currents driven by density differences. Cold, salty, dense water sinks in high-
latitude regions (‘downwelling’), entering the deep ocean where it travels across basins before
eventually returning to the surface through upwelling on a timescale of centuries or greater.
Downwelling in cold regions which tend to absorb CO; is a strong sink for natural and
anthropogenic CO; from the atmosphere to the deep ocean. Upwelling from the thermohaline
circulation is slow and diffuse, but hotspots exist in the Southern Ocean and along continental
margins, where winds drive deep mixing or divergence, bringing water up from depth.

Outside of the downwelling and upwelling zones, the ocean is vertically structured into layers,
primarily by temperature and density. The surface mixed layer is well stirred by wind and waves
and exchanges gases like CO; efficiently with the atmosphere. Beneath this lies the permanent
thermocline, a zone of steep temperature (and therefore density) gradient that separates the
surface from the deep ocean. Unlike the seasonal thermocline, which forms and dissipates
annually with summer warming, the permanent thermocline is a stable, year-round barrier.
Once water is mixed below this layer, it can be effectively isolated from the atmosphere for
decades to centuries and so unable to affect atmospheric CO, at CDR-relevant timescales
(Siegel et al., 2021).

Shelf seas are shallow coastal areas over continental margins that are mixed by both winds
and tides. In these regions, the water column is often entirely ventilated (mixed with the
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atmosphere with respect to gas exchange) annually, and the permanent thermocline is either
absent or significantly weakened. These dynamics make shelf seas potentially more effective
sites for OAE: additions to surface waters in these zones are more likely to achieve higher
efficiencies faster, due to remaining in the surface mixed layer for longer.
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2 Carbon removals by Ocean Alkalinity
Enhancement

Ocean alkalinity enhancement (OAE) relies on the modification of the acid-base equilibrium
chemistry of seawater. The primary non-anthropogenic control of this equilibrium is the addition
of weathered mineral alkalinity via the hydrological cycle and its equilibration, over long
timescales, with the acidic gas CO- in the atmosphere. By adding additional alkalinity to (or
removing acidity from) seawater, the ocean's capacity to absorb and store atmospheric CO-
as dissolved inorganic carbon (DIC) will be enhanced (Figure 1.1).

Natural weathering of silicate minerals on the land surface is responsible for an estimated
uptake of 0.9 GtCO; yr' from the atmosphere in the present day (Hartmann et al., 2009).
Mineral weathering is a major long-term natural control on atmospheric CO2, providing a
negative climate feedback: warmer, wetter and more acidic conditions under elevated
atmospheric CO. levels result in greater weathering rates (Renforth & Henderson, 2017;
Walker et al.,, 1981). This natural feedback mechanism is slow. Various processes and
timescales are involved, but natural carbonate and silicate mineral weathering feedbacks will
ultimately transfer a large proportion of anthropogenic CO, emissions to the ocean on
timescales of tens of thousands of years, although complete re-stabilisation could take millions
(Lenton & Britton, 2006; Zachos et al., 2005).

Enhancement of the weathering rate of minerals, or otherwise adding alkalinity to the surface
ocean, will accelerate or augment this natural process. This could result in the uptake and
durable storage of atmospheric CO- in climate-relevant quantities and on human-relevant
timescales. Hence, OAE presents a potentially important CDR pathway for climate mitigation
(Oschlies et al., 2023; Renforth & Henderson, 2017).

Potential impacts of OAE depend on the scale of action. A single alkalinity addition will create
local, transient increases in pH and Q, alongside a permanent increase in equilibrated
alkalinity, but these signals will be quickly diluted by ocean mixing. At the other end of the
scale, large continuous additions of alkalinity at climate-altering scales will likely lead to a
measurable global perturbation to ocean alkalinity which will persist for many thousands of
years. This may result in CO- uptake efficiency feedbacks and potentially unforeseen impacts
on ocean ecosystem functions (Renforth and Henderson 2017). Therefore (as with all open-
system CDR), scale-up requires careful monitoring and development of new knowledge which
can to some extent only be gained by undertaking pilot CDR activities.

Two separate types of risk arise from OAE activities. Feedbacks in the marine carbon cycle
may impact the efficiency of carbon removals, and OAE may adversely affect marine
ecosystems (Renforth & Henderson, 2017; Bach et al., 2019, Schulz et al., 2023; Zhou et al.,
2025). These are not necessarily connected. For example, inhibition of the natural dissolution
of alkaline minerals in sediments will affect efficiency but may not impact the ecosystem;
unchecked release of heavy metals may harm the ecosystem without an effect on the
efficiency of removals; or, OAE may locally mitigate ocean acidification, aiding natural
calcifying ecosystems but reducing the efficiency of carbon removal.

2.1 Carbon storage in the ocean

Dissolved inorganic carbon in the ocean is by far the largest reservoir in the ocean-
atmosphere-biosphere system, accounting for roughly 40 times more carbon than is stored in
the atmosphere as CO- (Friedlingstein et al., 2025; Figure 2.1). This ocean DIC pool is broadly
in equilibrium with the atmosphere over long timescales, via the carbonate system and ocean-
atmosphere CO; exchange, mediated by the timescale of ocean circulation and ventilation
(Siegel et al.,, 2021). Although the seawater concentration of CO; in equilibrium with the
atmosphere is only of the order of 10 umol L™, the equilibrium concentration of total DIC in the
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ocean is much higher, in excess of 2000 umol L. The total alkalinity of the ocean controls the
ocean-atmosphere partitioning of carbon, such that addition of alkalinity increases the DIC
concentration. (Figure 1.1).

Anthropogenic Fluxes

2013-2022 average
GECO3e per year

4.8 £2.6 7 Atmospheric CO,
) +19.2 I P Fosico
3274.5 GtCOze P Land-use change £,
12.2+3 o 10.4£1.5 4 CORnotincluded inE,,
J Land uptakes,
\If .;;‘\1 \la Oceanuptake S,
1
0.0013 GtCOsze Carbon cycling GC per year
Stacks GiC
Vegetation o
. ﬁ’ 1665 GLCOze + Atmospheric increase G,
ATy 481 @ O oy | W Budget Imbalance B
425 GtCO,e ot g
e . Organic carbon ‘.
Oil reserves Permafrost . Rivers = . 2590 GECO-e i\g?éltrés
851 GLCO,e 5180 GtCOze 15%13 and lakes  coacts e ® i Pissnliag
37-165.5 sadiments GECOse inorganic carbon
GtCOze GtCo,e 64§5'gfc”oze & 136900 GtCOse
Coal reserves
2072 GtCOze Budget imbalance-1.48

Figure 2.1 The present-day global carbon cycle.

Adapted from Friedlingstein et al., 2025

To date roughly one third of anthropogenic CO, emissions have been taken up by the ocean
surface through air-sea gas exchange. The driving force of the uptake is the undersaturation
of the ocean with respect to atmospheric CO,. So far, the ocean sink has increased broadly in
proportion to increasing anthropogenic CO; (Friedlingstein et al., 2025), but this is not limitless
as physical-chemical limits (saturation) or biogeochemical feedbacks may start to inhibit
uptake and as climate feedbacks impact ocean circulation and ecosystems.
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Figure 2.2 Deffeyes diagram (cf. Deffeyes, 1965) demonstrating the principle of Ocean
Alkalinity Enhancement.

Starting from an initial state similar to the present-day surface ocean (pCO, = 425 ppm, TA = 2300 uM),
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initial DIC is calculated for the equilibrium state. Step 1: After addition of alkalinity, pH is increased and
CO: concentration is decreased as the carbonate speciation changes in response to pH). Step 2: After
equilibration with the atmosphere, DIC increases, leading to a decrease in pH as the new equilibrium
state is reached, with most of the new DIC as bicarbonate ions. The pathway described here represents
the addition of non-carbonate alkalinity. Where e.g. CaCOs is used as alkalinity source, DIC is also
added, resulting in a roughly 1:2 ratio of CO» taken up per unit of alkalinity added (compared to roughly
1:1 in the non-carbonate case). Calculated using SeaCarb package in R (Gattuso et al., 2024).

The ocean’s vertical structure is important when considering the interaction with, and uptake
of, atmospheric CO.. The surface ocean, which is in direct contact with the atmosphere, tends
towards equilibrium with atmospheric CO. on relatively short timescales — typically within
months to a few years — allowing it to quickly respond to changes in atmospheric
concentrations or alkalinity addition. In contrast, the deep ocean exchanges with the
atmosphere only through slow ocean circulation processes, such as thermohaline mixing,
which occur over centuries to millennia (Siegel et al., 2021). This vertical separation means
that while the surface ocean can rapidly absorb and release CO,, the deep ocean serves as a
long-term reservoir, effectively sequestering carbon away from the atmosphere for hundreds
to thousands of years.

Enhanced alkalinity in the surface ocean can significantly increase its capacity to absorb and
retain CO; by converting it into stable bicarbonate and carbonate ions. These dissolved forms
of inorganic carbon are non-volatile and remain in solution for hundreds to thousands of years,
even within the surface layer. As a result, ocean alkalinity enhancement (OAE) can deliver
durable carbon storage without requiring the altered water to be transported to the deep ocean,
since the chemical transformation itself stabilizes the carbon in long-lived forms.

Even without anthropogenic increases in atmospheric CO,, the ocean would be a net sink of
COg, due to a range of biologically mediated and physical processes, known collectively as the
‘ocean carbon pumps’, which act to deplete DIC in the surface layer of the ocean and
concentrate it in the deep (DeVries, 2022). In the present day the ocean is naturally absorbing
on the order of 10 GtCO, yr'. This is the small residual of large gross fluxes into and out of the
ocean, each of roughly 290 GtCO, yr'. Many regions of the ocean vary seasonally from source
to sink, driven by temperature and the biological cycle of photosynthesis-respiration (Fay et
al., 2024; Legge et al., 2015). Other areas, such as cold downwelling regions are a continuous
sink and yet others (e.g. locations of upwelling CO: rich water or terrestrially-influenced
regions) may be continuous sources. Net fluxes of CO, between the atmosphere and ocean
could be affected equally by OAE activities that decrease a natural emission or that increase
a natural sink.

2.1.2 Durability

The question of permanence, or durability, is a relatively simple one to first approximation,
which applies equally to all CDR techniques which utilise ocean DIC as their terminal carbon
store (i.e. OAE, ERW and related methods). Bicarbonate is stored durably on a timescale of
many tens of thousands of years (Renforth and Henderson, 2017) unless or until:

i) some external source of acidity is added to the ocean or alkalinity is removed such
that the pH of the ocean is shifted, or

i) the atmospheric concentration of CO. is reduced by other CDR or natural
processes to below the ocean surface pCOzsw), and DIC begins to be released back
into the atmosphere through the connected equilibria of the carbonate system and
ocean-atmosphere CO; exchange.
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2.1.2.1 External perturbation of alkalinity

In the first of these cases, external changes leading to a reduction in alkalinity will result in a
shift in the carbonate system, increasing pCOxisw) and potentially driving outgassing of CO-
from the ocean — shifting the total DIC storage in the ocean back toward the level of DIC
storage prior to the OAE activity. Assuming the reduction in ocean alkalinity is independent of
the OAE activity, and would occur whether or not the original OAE activity had taken place, we
can consider scenarios with and without OAE activities: 1) OAE occurs in Year A, and at some
point in the future ocean alkalinity is reduced, leading to CO- outgassing that returns the ocean
to its original CO; Year A-storage level; 2) OAE does not occur in Year A, and at some point
in the future ocean alkalinity is reduced, leading to CO; outgassing that leaves the ocean with
a lower CO; storage level than in Year A.

Two competing factors govern the CO, emission from the ocean for a given amount of
acidification in the OAE vs counterfactual situations — the alkalinity prior to the acidification and
the total DIC prior to the acidification. In the scenario where OAE has been practiced there is
both more alkalinity and greater DIC than in a scenario without. So, a larger quantity of DIC is
available to be released, but the buffering against acidification and consequent CO; release is
greater. Figure 2.3 shows the Deffeyes process diagram for the addition of acidity with or
without a preceding alkalinity enhancement. The net impact on DIC of the acidification is very
similar whether or not it is preceded by OAE. We undertook an exploration of realistic values
of starting conditions, alkalinity additions and acidity additions and found that the effect of an
alkalinity addition is always to reduce, by a marginal amount, the magnitude of the resulting
CO; loss following acidification, relative to the counterfactual. This additional net CO; benefit
is small. The pragmatic conclusion of this analysis is that OAE benefit is durable against future
external changes in alkalinity, and that given that quantifying such external acidity inputs is
difficult or impossible in practice there is no need to attempt to quantify the effect of future
external changes in alkalinity on the net carbon removal by OAE activities.
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Figure 2.3 The impact of external acidity input (50 puM) on CO: emissions in a fully
equilibrated OAE case vs counterfactual situation (pCO, = 425ppm, T=25 °C,

S=35).

Steps are defined in the table above. 1-2 (counterfactual) leads to emission of 40.75 uM of CO,, whereas
5-6 (response to acidification after fully equilibrated OAE) leads to emission of 40.59 uM CO,. Therefore
OAE confers a marginal additional CO2 benefit under external acidification. The magnitude of this benefit
varies depending on conditions, but is almost universally positive and increases with greater acidity
addition, even when acidity addition >> alkalinity addition. Note that the pCOzsw) contours are
imperceptibly curved, leading to the slight differences in CO, uptake between 1>2 and 5>6, despite
starting and finishing at the same pCO,. pCO: in the diagram and table refer to pCOzsw).

2.1.2.2 Future reduction of atmospheric CO;

The eventual integrated efficiency of OAE over time depends on the future CO trajectory.
Successful future reduction of CO, will reduce the partial pressure of CO; in the atmosphere
and therefore lead to loss of stored DIC from the ocean system (Schwinger et al., 2024). This
could result in efficiency losses for past carbon removal activities. This would be a ‘success
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problem’, and it should be noted that changes in total atmospheric CO. concentrations would
also affect the long-term net CO. impact of other carbon removal activities. Nevertheless,
quantifying and certifying permanent carbon removals through OAE requires that some
assumption is made on future atmospheric CO- levels, either explicitly or implicitly.

21.2.3 Impact of large scale OAE on the durable lifetime of DIC

Increasing the alkalinity of the ocean interior, an inevitable consequence of OAE, will tend to
deepen the carbonate compensation depth — the depth at which carbonate minerals will
dissolve under increased hydrostatic pressure. This increases the area of the ocean floor that
may be exposed to calcification and therefore would act as a negative feedback on OAE as
well as reducing the lifetime of DIC in the ocean. Combined with other systematic increases in
carbonate mineral production through feedbacks on e.g. biological calcification rates in the
surface ocean, this will lead to a reduction in the durable lifetime of the stored DIC. Although
poorly constrained this effect is only likely to become important at high levels (>Gt) of carbon
removals so whilst in need of further study it is not an urgent issue to resolve for certifications
at present (Renforth and Henderson, 2017; Isometric, 2025).

2.2 Methods of achieving OAE

OAE interventions act to increase the alkalinity of seawater in contact with the atmosphere,
either by addition of alkaline matter, or the addition of OH" ions / removal of H* ions via
electrochemistry. This reduces pCOxsw) relative to atmospheric pCO,, increasing the rate of
uptake; and increases the capacity of the ocean to permanently store CO- as bicarbonate, as
described above. Where methods for alkalinity production result in acidic byproducts (e.g.
electrodialysis, Section 2.2.3.3) it is essential that these byproducts are safely stored or
neutralised, as returning them to the ocean system would lead to reversal.

A range of techniques to achieve OAE have been proposed or piloted and the field continues
to evolve. There is considerable commonality of method details, challenges and issues across
the various techniques. There is also an overlap with enhanced rock weathering techniques.
For example, addition of olivine mineral powders to the coastal zone has been referred to as
“marine enhanced rock weathering” — mERW — in a recent paper (Geerts et al., 2025).

It's notable that the list of techniques has changed considerably from the comprehensive
review by Renforth & Henderson in 2017 to that conducted more recently by Eisaman et al.,
(2023). The latter, along with most more recent studies discount the application of finely ground
alkaline minerals to the surface of the open ocean due to the high energy cost (and health
risks) of grinding rock powders to the 1-10 uym range, or the transport costs of pre-dissolved
minerals. Here we adopt the nomenclature from the review by Eisaman et al., (2023). The
range of OAE methods can be delineated by i) the source of alkalinity; ii) the details of
processing techniques, iii) the nature of the matter added to the ocean (i.e. Alkalinity Type)
and iv) the location of the alkalinity addition (i.e. Dispersal) (Figure 2.4). We consider the key
issues relevant to each method or set of methods.
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Figure 2.4 Summary of different types of OAE.

Each coloured pathway represents a unique approach, but within each pathway multiple potential
variants exist based on specific technologies, mineral alkalinity sources, electrochemical methods and
dispersal / delivery approaches. Reproduced from Eisaman et al., (2023)

2.2.2 Mineral alkalinity sources

Various minerals have been considered for OAE and have different potential methods and
issues due to their differing chemical composition.

2.2.21 Carbonates: accelerated weathering of limestone (AWL)

In accelerated weathering of limestone (AWL), carbonate rich rocks such as limestone
(CaCO:s) or dolomite (CaMg(CO:s).) are dissolved in a water stream that has artificially elevated
pCO2sw), producing bicarbonate ions that can then be discharged to seawater (Rau et al.,
2007).

CaCO3(s) + CO2(aq) + H20 = Ca2tg) + 2HCO3(aq) (25)

The stoichiometry (reaction ratio) of this reaction is dependent on water temperature,
atmospheric pCO; and other factors, but under typical conditions 3.5 tonnes of CaCOs is
required to sequester net 1 tonne of CO, (Eisaman et al., 2023), notwithstanding secondary
precipitation or other negative feedbacks (Section 2.3.4 - 2.3.5).

Given that a concentrated CO; stream is required, this technique was originally envisaged for
use as an emissions reduction method at fossil fuel power plants (Eisaman et al., 2023, and
references therein). However, where the CO; is atmospheric or biogenic or possibly extracted
from upwelled seawater (Eisaman et al., 2023), this method would be relevant to CDR, and
can be seen as an alternative to geological CO; storage.

AWL adds CO3* ions into solution, so it has a larger impact on the saturation state of calcium
carbonate per unit of alkalinity addition than non-carbonate alkalinity (e.g. magnesium silicates,
sodium hydroxide). It also adds Ca?* ions and therefore has a greater impact on saturation
state than non-calcium carbonates (e.g. MgCO3), but this impact is relatively minor due to the
large background Ca?** concentration in seawater and therefore smaller percentage change
compared to the change in carbonate ions.

2.2.2.2 Silicate minerals: ‘coastal enhanced weathering’ (CEW)

Addition of silicate minerals to the ocean has been suggested as a form of enhanced rock
weathering, called coastal enhanced weathering (CEW). The characteristic chemical
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equations for weathering are equivalent for silicate mineral weathering on land or in the ocean
(cf. review paper on carbon removals through ERW), although as ocean pH and alkalinity tend
to be higher than in terrestrial waters (rain, soil water, streams and rivers), dissolution of the
applied material is less thermodynamically favourable. Either way, the resulting bicarbonate
ions end up eventually being stored durably in the ocean.

Originally conceived as a technique that could be applied anywhere in the surface ocean, more
recent studies have focussed on near-shore application. In the open ocean it is essential for
mineral powders to dissolve prior to sinking out of the surface layer of the ocean, otherwise
the added alkalinity would be out of contact with the atmosphere and not contribute to CDR on
useful timescales. The required size range for such rapid dissolution has been estimated to be
<1 um (Eisaman et al., 2023 and references therein). Grinding to this size is very energy
intensive and the resulting powders potentially pose a respiratory risk to human operators.
Shipping of solutions of pre-dissolved alkalinity may bypass this problem but the shipping
emissions would be significant.

As an alternative to the open ocean, the coastal zone provides a highly dynamic environment
relatively isolated from the deep ocean, where wave action and tides may accelerate the
breakdown and dissolution of larger particles whilst maintaining contact with the atmosphere
and reducing material transport costs vs delivery to the open ocean. Addition to the water
column or the sediments of coastal and shelf environments have been proposed. In the surf
zone, wave energy is sufficiently strong that millimetre-sized particles may break down and
dissolve on relevant timescales, which makes this approach attractive. However, MRV in such
environments is particularly challenging due to transport of minerals and their dissolution
products away from the deployment location (though to some extent this is a common problem
for all OAE). Application in shelf sediments (sandy and muddy environments) at depths below
the wave base requires at least an order of magnitude smaller grain size (Eisaman et al., 2023).
Here dissolution would rely on sediment biogeochemistry — where respiration leads to high
local CO; concentrations and relatively low pH, favouring dissolution.

Figure 2.5 by (Geerts et al., 2025) summarises the various approaches to silicate mineral
application. Panel (a) shows a schematic overview of CEW: (1) particles of a fast-weathering
silicate mineral (e.g. olivine) are spread in the coastal zone. (2) The silicate minerals are
deposited onto or mixed into the sediment. (3) The silicate minerals dissolve, releasing
alkalinity (here depicted as OH-) to the pore water. (4) Alkalinity is either transported from the
sediment to the overlying water, leading to ocean alkalinity enhancement, or trapped in the
sediment by secondary reactions. (5) the seawater carbonate system re-equilibrates with the
atmosphere, leading to uptake of CO..

Panel (b) shows bedload application scenario in which silicate minerals are deposited on top
of the sediment allowing bedload transport to naturally grind the grains to smaller sizes.

Panel (c) shows permeable sediment application where high through-flow of water flush the
pore water and ensure the release of alkalinity to the overlying water.

Panel (d) shows cohesive (muddy) sediment application where benthic fauna irrigate the
sediment to bring oxygen, lower the pH (via oxidative respiration of organic matter), increase
the dissolution rate and release the alkalinity to overlying waters.
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Figure 2.5 Overview of coastal enhanced weathering (also called marine enhanced rock
weathering) techniques and processes.

Reproduced from (Geerts et al., 2025) summarizing the principles and application scenarios.

2.2.2.3 Hydroxides — ocean liming

Ocean liming is the addition of calcium or magnesium oxides and hydroxides (either produced
from carbonates through calcination, or mined from naturally occurring but rare mineral
sources such as Mg(OH),) to surface seawater. The most likely large-scale application is the
production of limes from calcium carbonate by heating, releasing CO- (calcination) to produce
calcium oxide (quicklime). Quicklime is highly caustic and difficult to handle so most likely the
additional step of hydrating to calcium hydroxide (slaked lime) would also be undertaken
(noting the additional mass per unit of alkalinity affecting transport costs/emissions).

CaCO03z(s) = CaO¢s) + COz(g (26)
CaOs) + H20 = Ca(OH)zs)
Ca(OH)zs) 2 Cazt + 20H (g

The efficiency of this method relies on the capture and durable storage of the CO- released

during calcination. In the optimal full lifecycle case, over 1 tonne of atmospheric CO; could be
stored in the ocean per 1.8 tonnes of CaCO3; mined (Foteinis et al., 2022).

2.2.2.4 Hydrated carbonate minerals

Mineral forms of calcium and magnesium carbonate which include water in their crystal
structure (‘hydrated’ carbonates) are undersaturated in seawater and therefore should
spontaneously dissolve and add alkalinity (Eisaman et al., 2023). There are various minerals
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identified, such as ikaite, CaCO3.6H.0O and hydromagnesite, Mgs(COs)4(OH)2-4H-0, many of
which are naturally occurring, although in insufficiently large quantity to achieve climate-
relevant scales of CO, removals. However, an industrial production process for ikaite from
limestone has been proposed (Renforth et al., 2022), which would use considerably less
energy than calcination (and not produce CO;), which makes this approach potentially
attractive, although it is very early stage (TRL 1 according to Eisaman et al., 2023). lkaite is
more soluble in colder waters so dispersal would be limited to higher latitudes.

2.2.3 Electrochemical alkalinity sources

Electrochemistry allows the manipulation of the acid-base chemistry of seawater through
energy input, which provides an alternative, or complementary, method to alkaline mineral
addition. Generally, electrochemical OAE removes hydrochloric acid (or in some cases H, and
Cl> molecules) from a concentrated brine stream and the resulting OH™-rich brine is discharged
to seawater to add alkalinity (Eisaman et al., 2023). A benefit of this technique compared to
solid mineral addition is that a known amount of alkalinity is added to seawater, and so MRV
need only focus on the equilibration of the alkalinity enhanced water with the atmosphere,
secondary feedbacks (Section 2.3) and environmental impacts, and need not worry about
(in)complete dissolution of mineral feedstocks. A full review of electrochemical methods was
conducted by Eisaman (2024). For OAE, two main approaches with different energy costs and
byproducts are relevant and these are outlined below.

Electrochemical alkalinity addition results in point sources of alkalinity to the surface ocean
Ensuring that such point sources do not exceed safe thresholds of pH and Q may require either
a) dilution prior to release and/or b) pre-equilibration with atmospheric CO, prior to release.
Eisaman et al. (2023) suggests that b) is effectively a direct air capture technique, in which the
stored COs is directly quantifiable by measurement of the carbonate system in the outflow from
the facility, and provides a “ftuneable knob to perform ‘partial direct air capture’ to the degree
required to reach the target [release] pH... and the rest of the CO2 removal can occur via OAE
once it is returned to the ocean.” The disadvantages of such pre-equilibration are the energy
costs and volume limits to the achievable OAE.
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Electrochemical ocean alkalinity enhancement (OAE)

Monitoring, reporting, and verification (MRV)
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Figure 2.6 Summary of electrochemical OAE.

Figure reproduced from Eisaman (2024)

2.2.3.2 Electrolysis

Electrolysis of brines typically results in the oxidation of chloride ions to chlorine gas at the
anode and reduction of water to H> gas and OH" ions at the cathode, although other ‘exotic’
electrochemical reactions can also be employed (e.g. lyapazham Vaigunda Suba et al., 2023;

La Plante et al., 2023).
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Figure 2.7 Typical process flow diagram for the production of NaOH from brine (with Hz(g)
and Clx(g) as byproducts) using electrolysis via the chloralkali process.

Figure reproduced from Eisaman et al., (2023).

This process is used extensively in the chemical industry to produce NaOH and Cl,. The NaOH
can be discharged to seawater to increase alkalinity. Although produced in fixed ratios,
demand for the two products is not coupled and there have been periods where demand for
chlorine exceeded hydroxide. Currently demand for NaOH is greater than chlorine, and this is
likely to remain the case for globally for the foreseeable future'?. Additional chlorine production
from this CDR method could potentially distort markets and exceed potential demand, and the
energy cost of processing and disposal of the chlorine would have to be addressed within the
CDR costs and lifecycle assessments. In a future market, if demand for chlorine exceeded that
for sodium hydroxide, this excess NaOH could be disposed of by OAE as an additional benefit.
Electrolysis technology has recently been developed that avoids the evolution of chlorine gas,
instead generating HCI (Bahuguna & Patolsky, 2024).

2.2.3.3 Electrodialysis

Electrodialysis is not capable of making such concentrated streams of NaOH, however the
energy input per mole of alkalinity produced is lower because the method enhances the
reversible dissociation of water into H* and OH", rather than fully splitting water molecules (i.e.
the irreversible breaking of O-H bonds) (Eisaman et al., 2023). As with electrolysis, NaOH is
produced and can be discharged to increase ocean alkalinity, but the byproduct of this reaction
is hydrochloric acid rather than H, and Cl, (Eisaman, 2024). The fate of this produced acid is
essential to delivering durable CO- storage, as its release into the natural environment would
drive permanent CO. transfer from hydrosphere to atmosphere, just as alkalinity addition
drives durable storage in the ocean (addition of acidity leads to a reduction in alkalinity — see
the total alkalinity equation, Equation (22)). Some OAE schemes plan to react the acidity with
alkaline minerals on land to neutralise the acidity, effectively ‘shunting’ the mineral alkalinity to
NaOH for release to the ocean, with controlled and quantifiable mineral dissolution by acidity

12 Cf. https://www.gep.com/blog/mind/why-caustic-soda-can-be-the-next-major-shortage-in-the-chemical-industry
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on land. Where the acidity leaves the electrochemical OAE facility, its fate must be certified
and validated or its release into the natural environment would need to be brought under MRV
and reversals quantified.

HCl(aq NaOH(aq)
co-product = product

1 T T | ? |

sy

Dilute Partially Higher ~  ~ Higher Partially Dilute
with desalted concentration concentration desalted with
water Ha(g) brine HCl(aq) NaOH(aq) brine Cly(g) water

o T T 1y

€= cr €= e cr
2H*+ 2¢" " 20H
= Halg) H OH — (1/2)0:(g)
] + H:0+ 2e
Repeated E’épeated
membrane T L T L T T membrane
triplets : ower ower - triplets
p %ﬁﬁ'gﬁﬁe concentration  concentration Fé‘gﬁ'gpi; % o
HCl(aq) NaOH(aq)

T ik

Figure 2.8 Typical process flow diagram for Electrodialysis of brine to produce NaOH and (as
a by-product) HCI.

Note that only trace amounts of H»>(g) and Cl»(g) are produced in this process when operating efficiently
(Eisaman et al., 2023). Figure reproduced from Eisaman et al., 2023.

2.3 Efficiency of CDR by OAE

In order to evaluate the effectiveness of an OAE activity it is essential to be able to constrain
the quantity of alkalinity added and the impact this added alkalinity will have on CO; uptake at
the sea surface. Assuming complete equilibration with the atmosphere and no reversals this
can be quantified from first principles. In practice, complete equilibration is unlikely on climate-
relevant timescales and various negative feedbacks will act to reduce efficiency.

2.3.1 Quantifying alkalinity addition

Where mineral powders are added directly to the ocean, the rate and completeness of
dissolution impact the rate and absolute magnitude of the CO, sequestration. In particular,
where powders are added to deep waters locations (i.e. offshore), the alkalinity added by any
mineral powder that dissolves after sinking below the permanent thermocline (Section 1.2.2)
will be isolated from the atmosphere for decades to millennia, depending on location(Siegel et
al., 2021). In shallower waters, where particles remain in the surface ocean / sediments, there
is a longer time for dissolution, but any fraction of alkalinity that remains undissolved will be
ineffective. Given the complexities of carbonate chemistry in coastal waters (river inputs,
sediment pore water chemistry, high biological productivity, human impacts) and the
complexities in the kinetics of heterogenous mineral particle dissolution, this is difficult to
predict. Laboratory-based studies can offer some constraint on likely dissolution dynamics
(Renforth et al., 2015). Modelling of particle dissolution kinetics is identified as an important
tool for quantification (Ho et al., 2023). However, improvement in such models is needed before
they will be fit for purpose, particularly for slow-dissolving minerals (Fennel et al., 2023;
Isometric, 2025).
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The application of alkalinity in the form of pre-dissolved minerals or through electrochemical
techniques is directly quantifiable and avoids the uncertainties associated with mineral
dissolution. The following sections consider the CDR efficiency of a known amount of added
alkalinity.

2.3.2 Capture efficiency of OAE, n

The (chemical) efficiency of OAE is defined as the change in DIC (i.e. the amount of CO, taken
up from the atmosphere) per change in total alkalinity:

1 = ADIC / ATA (27)

The maximum theoretical efficiency, nr can be determined from our knowledge of the seawater
carbonate system (Section 1.2.1.5). Various different, broadly equivalent expressions have
been presented to approximate this (e.g. Renforth & Henderson, 2017; Schwinger et al., 2024),
which we will not explore in this report. nris variable with temperature and the pre-addition
concentration of DIC and total alkalinity, and to a small extent, salinity (Renforth & Henderson,
2017; Schulz et al., 2023). In the present-day ocean nr varies from 0.77 to 0.96 (Schulz et al.,
2023) with higher values in colder, polar waters. Its value is less than 1 (i.e. one mole of
alkalinity added does not result in one mole of CO, uptake) because the buffering capacity of
the carbonate system reacts to counter the alkalinity addition. The greater the baseline
alkalinity, the lower the maximum theoretical efficiency, which may result in reduced maximum
efficiency for OAE undertaken at a large scale.

The maximum theoretical efficiency is unlikely to ever be attained in a real-world deployment.
The two primary limits to efficiency are incomplete equilibration with the atmosphere (Section
2.3.3) and secondary precipitation of carbonates in seawater (Section 2.3.4). Further
reductions in efficiency may arise from biogeochemical feedbacks in the marine system,
including increased biological precipitation of calcium carbonate and potential inhibition of
natural weathering-derived alkalinity fluxes (Section 2.3.5).

2.3.3 Efficiency limits due to incomplete equilibration with the
atmosphere

In practice, complete equilibration between added alkalinity and atmospheric CO; is unlikely
to be achieved. Ocean waters are subject to vertical mixing and horizontal transport, which
can remove alkalinity-enriched surface water from contact with the atmosphere before full
equilibration occurs. As a result, the associated CO. uptake may be delayed by years to
decades and may occur far from the original site of alkalinity addition. In cases where alkalinity
is transported to the deep ocean (i.e. below the permanent thermocline) prior to equilibration,
the corresponding CO2 removal could be postponed by centuries or longer.

The rate of atmospheric CO, uptake following alkalinity addition is initially high, driven by a
steep concentration gradient between the atmosphere and the surface ocean, but will slow
down as the system re-equilibrates and the additional alkalinity is diluted by vertical and
horizontal mixing. This means that while alkalinity-enhanced water may take many months or
even years of contact with the atmosphere to approach complete equilibration, the majority of
CO; uptake commonly occurs in the early stages, thus this initial phase is critical.

Efficiency of OAE is thus governed by an equilibration factor, representing the proportion of
added alkalinity that ultimately results in atmospheric CO2 removal within a relevant timeframe.
This factor is influenced by the season and location of deployment (Ho et al., 2023; Wang et
al., 2023; Zhou et al., 2025) and can vary widely depending on local ocean dynamics. Because
CO; uptake resulting from alkalinity addition is distributed over broad temporal and spatial
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scales, direct observation is impractical for individual OAE actions; instead, estimates of
equilibration efficiency must rely on ocean biogeochemical modelling (Fennel et al., 2023; Ho
et al., 2023). This modelling plays a critical role in the MRV of OAE (see Section 2.4). A publicly
available tool developed by Carbon Plan (Figure 2.9) (Zhou et al., 2025), based on first-order
carbonate chemistry and ocean circulation, provides a 15-year efficiency assessment of OAE
actions using an Earth-system model. The model does not account for biogeochemical
feedbacks (Section 2.3.5) or secondary precipitation (Section 2.3.4).

Results from this tool highlight that both timing (season) and location of deployment
significantly influence efficiency. Generally, summer is the best time for deployment (when
wind speeds and vertical mixing are at a minimum), although this is not universal to all
locations. Cold downwelling (deep water formation) regions in the North Atlantic are
particularly inefficient, whereas shelf seas and regions with buoyant, upwelled water show
greater efficiency. This appears at odds with the theoretical maximum efficiency being in colder
waters (Section 2.3.2), but is related to the time during which the water remains in contact with
the atmosphere and able to re-equilibrate added alkalinity before sinking to the deep ocean.

This tool offers valuable guidance and highlights the necessity for comprehensive
spatio-temporal assessments to achieve accurate MRV. However, it relies on a single model,
run under specific conditions. Additional model development covering global, regional, and
OAE method-specific variations is needed along with multi-model intercomparison to enhance
confidence in model-based MRV for OAE and other marine CDR methods (Fennel et al., 2023;
Zhou et al., 2025).
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Figure 2.9 Screenshot of the OAE efficiency tool from Carbon Plan, after Zhou et al., (2025)

Accessible at https://carbonplan.org/research/oae-efficiency (last accessed May 2025).

2.3.4 Efficiency losses due to secondary precipitation of carbonates

Although seawater is typically supersaturated with respect to CaCOs, spontaneous abiotic
precipitation is rare under natural conditions because it generally requires a nucleation site or
"seed" crystal to initiate the process. However, when OAE raises the saturation state (Q) far
beyond typical background levels — especially in poorly mixed or high-alkalinity conditions —
spontaneous or even "runaway" precipitation can occur. In some cases more alkalinity has
been observed to be lost through carbonate precipitation than was initially added, reversing
the intended CO, removal benefit (Moras et al., 2022). It is interesting to note that if the addition
of non-carbonate alkalinity results in the same amount of alkalinity loss through precipitation,
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there is still net carbon uptake from the atmosphere driven by the removal of DIC as carbonate
into the precipitate (arrow 2, Figure 2.10).
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Figure 2.10 Deffeyes diagram demonstrating the impact of a 1:1 ratio of non-carbonate
alkalinity addition and secondary precipitation of calcium carbonate.

Step 1: Alkalinity addition (e.g. OH) increases alkalinity without impacting DIC. Step 2: Precipitation of
calcium carbonate removes the added alkalinity but also DIC. Step 3: CO; is still taken up from the
atmosphere (durable storage) to return the system to its initial state.

To mitigate the risk of secondary precipitation, it is essential to monitor and control key
geochemical thresholds at the point of alkalinity addition — particularly pH and the saturation
state of aragonite (Qarag'). (Moras et al., 2022) propose maximum threshold values for safe
deployment, beyond which the risk of unwanted precipitation rises sharply. While these general
limits (pH < 8.8 or Qarag < 5) Mmay be used as a guideline, in practice these limits are likely to
vary depending on local seawater chemistry, temperature, and the specific alkalinity source.
Furthermore the amount of a particular alkalinity source that can be added before reaching
these limits also depends on the local conditions. Therefore, site-, material- and method-
specific consideration will be important to ensure alkalinity addition does not lead to secondary
precipitation or other adverse effects. Dilution rates are particularly important for consideration.
Taking the example of point source release (e.g. eOAE from coastal outfalls), dilutions of a
factor of 100 or more are typically expected within a few metres of the outflow (nearfield) within
a plume of a few hundred litres per second outflow and under relatively slow currents (Faccetti,
2020; Inan, 2019). However, exceptional (transient) conditions or greater release rates can
lead to poorer dilution factors in the near field down to the low tens (Inan, 2019; Kang et al.,
1999). Wider scale 3D hydrodynamic mixing models typically predict dilution factors greater
than 50 (typically much greater than 100) at the km scale under high sustained outflow volumes

13 Although aragonite is more soluble in seawater than calcite, it has been shown experimentally that it has a lower
spontaneous precipitation threshold than calcite, so Qarag is the key saturation threshold to consider (Moras et al.,
2022; Zhong & Mucci, 1989).
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into shallow enclosed bays (Ho et al., 2026; Jenkins et al., 2012). Such poorly flushed locations
may not be suitable for sustained high volume deployments but provide a useful benchmark
for interpretation of theoretical dilution curves of OAE outflows (Figure 2.11). Figure 2.11
demonstrates that even at dilutions of only 50-100 fold and in an extreme (unrealistically high)
alkalinity release case, pH and Qag are well below the guideline thresholds of 8.8 and 5
proposed by (Moras et al., 2022). We recommend such dilution modelling in combination with
3D hydrodynamic models should form an integral part of project planning for OAE.
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Figure 2.11 Carbonate system dilution curves (after Hooper et al., 2025) for a large single point
release of (non-carbonate) alkalinity.

Left panel: dilution factor 0:1 (undiluted) to 10:1, linear x scale; right panel 10:1 to 1000:1, log scale.
Undiluted outflow conditions selected to represent an extreme case of alkalinity increase by 2325 umol
kg’). Calculated using SeaCarb package in R (Gattuso et al., 2024).

The effect of alkalinity addition on saturation state is not uniform across different materials.
The saturation state of calcium carbonate depends on both the carbonate ion (CO3%) and
calcium ion (Ca?*) concentrations, as well as on pH (Section 1.2.1.3). For example, adding 1
mol of alkalinity via magnesium hydroxide, Mg(OH)., increases pH alone, and thus has a more
moderate effect on Q than calcium carbonate, CaCO3s, which adds both alkalinity, Ca®* and
COs?, leading to a greater rise in saturation state™. This is particularly relevant to methods
which pre-dissolve calcium carbonate to add alkalinity to the ocean i.e. AWL (Section 2.2.2.1).

2.3.5 Other carbon cycle feedbacks

OAE could potentially have feedbacks and impacts on the natural carbon cycle that could affect
its efficiency (as well as other non-climate impacts on marine ecosystems discussed in Section

4.4).

4 The saturation state of magnesium carbonate (MgCQzs) is much less than 1 in the surface ocean (it's much more
soluble than CaCOs) so secondary precipitation of magnesium carbonates is not a concern.
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2.3.5.1 Suppression of alkalinity fluxes from natural weathering in marine sediments

Suppression of natural sedimentary alkalinity fluxes could further reduce the effectiveness of
OAE. Under current conditions, dissolution of carbonate and silicate minerals in marine
sediments provide a constant natural source of alkalinity to the ocean. OAE will tend to inhibit
this natural alkalinity flux by increasing the saturation state of these minerals in the overlying
seawater and slowing dissolution; thereby lowering the background flux of natural alkalinity.
This could be viewed as reducing the efficiency of the OAE activity or as a reduction from the
baseline rate of carbon removal. Laboratory experiments on beach sand by (Bach, 2024)
demonstrated a strong reduction in natural alkalinity flux from sands after alkalinity addition
into the sediment. As a single study at higher-than-realistic alkalinity concentration (Bach et
al., 2025) this result warrants further study across a range of sediment types and alkalinity
ranges.

2.3.5.2 Response of biogenic calcification

Changes in biological calcification (precipitation of solid CaCO3) rates may influence the long-
term efficiency of OAE. Marine calcifying organisms such as coccolithophores, corals, and
molluscs produce calcium carbonate shells, a process that consumes alkalinity. By raising
ocean pH and carbonate saturation states, OAE may stimulate increased calcification in some
organisms (Bach et al., 2019; Gore et al., 2019). This enhanced biological precipitation could
act as a counteracting sink for added alkalinity, reducing the net CO, removal benefit (although
making coral ecosystems more resistant to ocean acidification could be seen as an
environmental co-benefit). Conversely, where OAE leads to addition of iron or other
micronutrients, it has been suggested that non-calcifying phytoplankton could out-compete
coccolithophores, leading to a decrease in calcification by microorganisms (Bach et al., 2019).
The direction and magnitude of this feedback depend on species responses and ecosystem
context as well as the nature of the alkaline material added and the level to which pH and Q
are elevated (release concentration, release rate and dilution rate).

2.3.5.3 Response of the biological carbon pump

The biological carbon pump is a major natural mechanism transporting carbon from the surface
to the deep ocean and thus maintaining natural CO; uptake at the ocean surface. Perturbations
to the efficiency of the biological carbon pump may arise from large-scale OAE. Several
mechanisms could contribute to this.

m Changes in plankton community structure due to pH shifts or nutrient availability could
potentially alter the amount and type of organic matter exported (Bach et al., 2019; Guo
et al., 2024). Different alkalinity sources may have different impacts (Guo et al., 2025).

m Increased calcification, which adds ballasting material to sinking organic particles, may
enhance carbon export to the deep ocean, albeit at the cost of some alkalinity

m Impacts from elevated metal ion concentrations — such as Mg?* or trace metals released
during mineral dissolution — could affect microbial activity or toxicity thresholds (Bach
et al., 2019).

These changes could either amplify or dampen the effectiveness of OAE, depending on
ecological context and deployment scale, and are critical to understand in the broader
assessment of climate intervention impacts.

2.3.6 Associated emissions

As with any CDR, full assessment of lifecycle emissions is necessary to evaluate the net
carbon removal benefit. LCA emissions associated with OAE arise from mining, grinding and
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transport for mineral OAE and energy input to construction, deployment and dealing with the
byproducts from electrochemical OAE. Such associated energy requirements and emissions
have been evaluated as being comparable to those for land-based CDR (BECCS and DAC)
by Renforth and Henderson (2017), but assessment would be necessary on a project-by-
project basis under a future certification methodology.

2.4 Monitoring OAE outcomes

Given that efficiency and impacts of OAE will be specific to location and OAE method, a
hierarchy of observations and modelling can be envisaged, including detailed process studies
at various scales to establish location-specific effects and efficiencies and calibrate models
with routine ongoing local measurements to ensure the non-exceedance of established
threshold values. As models for predicting OAE efficiency and impact improve, there may be
less requirement for reliance on site-specific process studies in future. Overall, modelling and
observations should not be viewed as separate but rather as mutually-reinforcing parts of the
MRV framework necessary for certification, ensuring sustainability and informing the ongoing
research that will be necessary to ensure safety and efficacy if and when OAE scales up.

2.41 Observations

As OAE activities, MRV and certifications develop, observations will play multiple important
roles. There is a hierarchy of monitoring and measurement requirements to meet baselining
and certification needs.

m Baseline conditions prior to OAE activity at the addition site and/or at a control site
not impacted by the OAE activity but otherwise comparable

m Measurements for quantification including mineral dissolution rates, threshold
monitoring (e.g. pH, saturation state)

m Measurements to support the set-up and to check and validate models used for
MRV, including hydrodynamics (water mixing and dissolution of the alkalinity
signal) and CO: equilibration (air-sea gas exchange).

m Process studies to quantify location- and method-specific issues, feedbacks and
environmental safety which are likely one-offs per location or deployment and may
become less necessary as site-specific knowledge and/or models and
understanding improve.

m Experiments and longitudinal studies to fill knowledge gaps around OAE, which
will be particularly important in early deployments but inform knowledge globally.

The Isometric protocol (Section 3) outlines monitoring requirements in some detail for OAE
from coastal outfalls, most of which is directly relevant for all OAE activities. They require
monitoring in the outfall pipe and in the near-field mixing zone (Figure 2.10.)
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Figure 2.12 Isometric monitoring plan diagram for OAE from coastal outfalls.

Essential parameters to meet minimum requirements under the Isometric protocol are shown in bold.
Non-essential recommended parameters in normal weight type. DOQO: dissolved oxygen; TSS: total
suspended solids; Chl-a: chlorophyll-a. DO, TSS and turbidity are required by the Isometrix standard as
routine water quality indicators. Source: Isometric Protocol for Ocean Alkalinity Enhancement from
Coastal Outfalls (v1.0)

2.4.1.2 Baseline conditions at application site.

In order to predict the alkalinity addition that is appropriate at a particular site without triggering
unwanted secondary effects (on efficiency or ecosystem impacts) the baseline condition would
need to be established over a representative period. Given the strong seasonality in most
marine systems, this probably entails at least a year of baseline monitoring at sufficient
frequency. Core parameters of the carbonate system and core oceanographic parameters will
be fundamental baseline measurements, summarised in Table 2.1.

Table 2.1 Key baseline parameters to be considered over an annual cycle

Baseline Details

parameter

Seawater Standard oceanographic measurements allow quantification of
temperature, carbonate system state, Qarag etc from other measured variables and
salinity are a key underpinning of all other parameters. Except in shallow, well

mixed waters, depth profiles would be beneficial

Carbonate Necessary to understand optimal application season, and alkalinity
system in | addition possible without exceeding Qarag limit. Measurement of at least
seawater / | 2 carbonate system parameters, constraining uncertainty to appropriate
sediment pore | value (Section 1.2.1.6)

waters

Qarag Carbonate system plus calcium ion concentration can be used to

calculate Qarag baseline and therefore quantify potential alkalinity
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addition within limits (also accounting for dilution — see below). Calcium
ion concentration is generally conservative with salinity so can in most
cases be determined with reasonable certainty from salinity.

Other baseline observations may be necessary, for example quantifying biogenic calcification
rates and natural mineral dissolution (alkalinity addition) rates, or monitoring plankton
community structure to quantify efficiency impacts of second order feedbacks described in
Section 2.3.5. This might also be achieved simultaneously with OAE release by means of a
nearby ‘baseline site’ unaffected by the OAE activity although some pre-OAE comparisons and
baselining of the two locations would then likely be required.

2.41.3 Process study measurements to constrain models and confirm safe alkalinity
addition rates.

Intensive process studies will be necessary in early OAE activities to quantify alkalinity addition
/ dilution / CO- uptake in order to constrain models for quantification. Additionally, intensive
measurement of ecosystem response variables at early application sites will allow ongoing
impact evaluation from a more limited subset of local measurements. What’s needed for the
latter will depend on local conditions / ecosystems and type of alkalinity addition. Constraining
the natural alkalinity budget to the greatest extent possible will minimise uncertainty from
secondary effects.

For example quantifying the rate of dilution is essential to understand the amount of alkalinity
in the short-to-medium term that remains available for uptake of CO; at the sea surface. Dual
tracer techniques, where one tracer is able to degas to the atmosphere and another cannot,
can be used to simultaneously constrain dilution and air-sea exchange from a release site.
However, as time progresses the area and depth coverage of measurements required to
constrain the tracer budget grows exponentially, and the signal to noise ratio decreases
accordingly. Therefore i) such dual tracer approaches could not be used routinely for alkalinity
additions but rather to better constrain models of the same processes and ii) even in process
study mode there is a time- and spatial scale limit to the extent of such observations, which
will vary depending on local conditions.

Experiments such as those undertaken by Bach, (2024), where mineral alkalinity sources are
incubated along with natural sediments, could be used to quantify the impacts of inhibition of
natural mineral dissolution. This could be undertaken to both predict the magnitude of this
effect prior to OAE activity or, with some modification to experimental design, to quantify the
magnitude of the effect during an OAE activity.

Other process-specific monitoring for quantification of removals or assessment of impacts may
be required or desirable depending on the specific local conditions and requirements of future
certification.

2.41.4 Quantification measurements at application sites

Routine measurements are likely to be required for all OAE applications, to ensure pre-defined
thresholds (of pH, Qarag) are not exceeded. The threshold values may be determined from
baseline observations or pre-deployment process studies, or it may be found that universal
threshold values are sufficient (Section 2.3.4). It is not likely that direct quantification of CO-
uptake will be feasible for OAE due to the time- and space- scales and limits, rather these will
rely solely on modelling, but with measurements or discrete process studies for model
validation.
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2.4.1.5 Impacts monitoring at application sites.

Monitoring the local conditions at alkalinity release sites is essential to ensure impacts on local
ecosystems do not exceed acceptable levels. Such measurements might include chlorophyll,
turbidity, suspended solids, nutrients, heavy metals and dissolved oxygen (as suggested by
the Isometric protocol, cf. Section 3.1) and additionally phytoplankton species composition,
biogenic calcification rates, macrofauna populations and sediment biogeochemistry.

The type and extent of appropriate measurements will depend on the site characteristics, the
nature of the alkalinity added and the application technique, as well as the availability and
quality of pre-existing historical data for the site. For example, monitoring toxic metal or
micronutrient increases would not be necessary for addition of pure NaOH or electrochemical
OAE. These may be required at each addition, or at the first addition in each season at a new
addition location, or at representative addition sites to demonstrate level of impact which, if
found to be low-to-zero, may mean such observations would not be needed routinely
thereafter.

24.2 Modelling

Modelling how added alkalinity dissolves, disperses, and drives CO, uptake, using both
physical ocean models and coupled biogeochemical models, is critical for assessing the
effectiveness and potential ecosystem impact of OAE. These models will play a key role from
early planning through long-term MRV.

At the planning end, there are already tools emerging, developed by the MRV community to
evaluate medium term (15 year) OAE efficiency based on physical models of alkalinity
dispersal and equilibration with the atmosphere (https://carbonplan.org/research/oae-
efficiency-explainer).

Thanks to efforts in climate science and weather prediction over recent decades, global and
regional ocean biogeochemical modelling is no longer in its infancy. However, uncertainties in
the current generation of ocean biogeochemical models remain large, both in terms of their
fundamental ability to reproduce the behaviour of the marine biogeochemical system and the
specific process representation (e.g. natural alkalinity sources and sinks, secondary
precipitation), variable spatial detail and tuning and validation required for OAE assessment
specifically (Fennel et al., 2023; Ho et al., 2023). There is much ongoing effort to improve these
models — projects that implement OAE activities in practice and implement measurement
programmes would help to constrain these uncertainties significantly.

The biggest challenge in improving model skill is a lack of tuning and validation data,
particularly measurements to constrain the state of the carbonate system and for
parameterising air-sea gas exchange, as well as fundamental physical oceanography data
(temperature, salinity) and data on ocean currents (Fennel et al., 2023).

Ho et al. (2023) envisage functional MRV for OAE based on statistical parameterisation of
trusted ocean biogeochemical models to allow cost-effective prediction of OAE efficiency from
model output and local validation measurements. They suggest that this is achievable in a 5-
10 year timescale, taking into account the recommendations in their paper and in Fennel et
al., (2023), summarised here:

m Development of validated particle-fluid interaction models to constrain dissolution
kinetics and secondary precipitation, nested within small-scale hydrodynamic models
to predict near-field processes and effects. Parameterisation of these models to extend
prediction into the wider domain will also be beneficial
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m Empirical research on the impacts of OAE on and response of the plankton
community will be essential to improve representation in models and constrain
feedbacks on and impacts of OA.

m Sediment-water exchanges (DIC from organic remineralization, CaCO;
dissolution/burial and associated alkalinity fluxes) must be included in models on
timescales from hourly, decadal or longer.

m Riverine inputs of both alkalinity and DIC (including from land-based CDR) need
accurate, up-to-date flux estimates — ideally tied to field trials and tracked in a central
registry.

m Data assimilation (DA) and model experiments to design optimal observational
strategy are essential to model fidelity and help quantify uncertainty; ensemble DA and
multi-model intercomparisons (MIPs) will provide robust uncertainty estimates.

m Field trials and MRV should be co-designed with modelers/observers, adhere to FAIR
data principles in a public registry, document both obvious risks (e.g. secondary
precipitation) and longer-term ecosystem impacts, and include a comprehensive
uncertainty budget to guide future research.

m Model validation: Employ a two-step approach — first verify the unperturbed model
baseline against natural variability, then assess its response to alkalinity addition —
using multiple, complementary metrics across space, time, and variable types.

m Tackling uncertainties: Develop a comprehensive uncertainty budget combining
known measurement and mapping errors with expert estimates of unmeasurable risks,
and use ensemble data-assimilation alongside multi-model intercomparisons to capture
model spread.

Recent OAE MRV guidance and protocols emphasize that credible quantification cannot rely
on opaque ‘black-box’ models; transparency and auditability require open access to model
code and methods, and standardized, FAIR data/metadata practices that enable verification
and reproducibility (Isometric, 2025; Jiang et al., 2023; Lebling et al., 2024).
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3 Assessment of relevant methodologies from
private standards

3.1 Isometric Ocean Alkalinity Enhancement from Coastal
Outfalls

Isometric released its protocol for certifying carbon removals through ocean alkalinity
enhancement in June 2024, version v1.0. Isometric claims that the protocol will be reviewed
at least every two years or whenever there is an update to scientific literature that impacts net
carbon removal quantification or the monitoring and modelling guidelines.

Isometric OAE protocol follows the Isometric protocol as the main guiding document and
complies with 1ISO 14064-2:2019. The protocol is further informed by ISO standards (ISO
14064-3: 2019, 1SO 14040: 2006, ISO 14044: 2006).

Additional reference standards and protocols for OAE that were reviewed with attempts to align
with best practice include:

m Criteria for High-Quality Carbon Dioxide Removal (Carbon Direct, Microsoft, 2023)

m Guide to Best Practices in Ocean Alkalinity Enhancement Research (Copernicus
Publications, State Planet, 2023)

m Measurement, Reporting and Verification (MRV) Protocol for OAE Carbon Removal
(Planetary Technologies, 2023)

m Carbon Dioxide Removal Pathway: Ocean Health and MRV (Captura, 2023)

m A Code of Conduct for Marine Carbon Dioxide Removal Research (Aspen Institute,
2021)

m BS EN 15978:2011: Sustainability of construction works - Assessment of environmental
performance of buildings - Calculation method.

3.1.1 Scope

The protocol applies to projects enhancing total alkalinity in the surface ocean via discharge
from coastal outfalls through:

m  Mineral or solid feedstock: alkaline materials can originate from natural rocks and
minerals, synthetic production, or industrial waste sources. These materials may be
introduced into the ocean as dissolved substances, solids, or slurries.

m Electrochemical methods (e.g. electrolysis or electrodialysis): splitting or separation of
seawater into acid and base streams, with the alkaline stream (NaOH), returned to the
ocean.

The methodology treats reduced ocean outgassing and increased ocean CO. uptake
symmetrically, i.e. both increased ocean uptake and reduced ocean outgassing are treated as
removals.

Isometric states that credits for removal from OAE projects are issued after net removal has
been achieved (ex-post). These credits may be issued incrementally over time based on the
incremental air-sea equilibration, or they may be issued all at once after full or near-complete
air-sea equilibration. For the latter option, there is no specific requirement regarding the
percentage of equilibration achieved; any net removals up to the chosen time point can be
credited. The timeline for crediting, corresponding reporting periods, and allocation of
emissions to reporting periods must be agreed with Isometric.
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The quantification framework is designed for OAE projects that increase total alkalinity without
directly introducing additional mineral carbon to the ocean. Consequently, projects using
carbonate feedstocks as their primary source of alkalinity require modifications to the
quantification method. According to the protocol: “The same general steps can be followed,
but with alterations to account for the DIC that is added in addition to alkalinity”. These
modifications must be approved by Isometric. Uncertainty at each step of the quantification
model must be determined.

3.1.2 Quantification

OAE is a marine CDR technique that adds alkalinity to the ocean surface and involves ocean
mixing, requiring a different quantification method than closed systems.

Isometric states that measuring air-sea CO, fluxes is currently challenging due to rapid dilution
and various spatial and temporal scales involved in OAE. Quantification is presently dependent
on biogeochemical ocean models that are validated through observational data.

The reporting period pertains to the duration within which total net carbon removals
(CO2eremovar rp) are assessed and documented for verification purposes. For OAE projects

adhering to the Isometric protocol, the reporting period may encompass a singular dosing
interval or may be divided into multiple reporting intervals.

3.1.2.1 Net carbon removals

The total net carbon removal is calculated for each reporting period as follows with all units in
tCOzeZ

(28)

COZQRemoval,RP = COZQStored,RP - CozeCounterfactual,RP - C023Emissions,RP

Or (a shorter version of the same)

COZeRemoval,RP = ACOZ eAirSeaFlux,RP - COZeEmissions,RP

Where:
COzegremovalrp IS the total net amount of CO. equivalents removed for the reporting period.

CO;€e5¢0rearp is the total CO2 removed from the atmosphere and stored in a reporting period
and it is equal to the COze girseaFiux Intervention rp. It iS calculated by quantifying the air-sea CO-
fluxes i.e. the total amount of CO; that is exchanged across the air-sea boundary resulting
from the OAE project activity for the reporting period.

COzecounterfactuarp '€fers to the total counterfactual CO removed from the atmosphere and
stored in the absence of the OAE project. This represents the CO, removal calculated in the
baseline scenario. It equals the air-sea CO; fluxes in the baseline
(COZeAirSeaFlux,Counterfactual,RP)-

COzegpnmissions rp 1S the total GHG emissions associated with the reporting period. This includes
emissions associated with project establishment, emissions during the reporting period from
operations, end-of-life emissions that would occur after the reporting period but allocated to
the reporting period, and leakage emissions outside the system boundary. Isometric includes
additional requirements in separate modules for calculating emissions from electricity and fuel
consumption (Energy Use Accounting Module), emissions from the transportation of products
and equipment (Transportation Emissions Accounting Module) and embodied emissions
(Embodied Emissions Accounting Module).
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ACO3zepirsearux,rp iNCludes both the gross removal term and the counterfactual term. The
methodology specifies that the net ocean uptake of atmospheric CO; (or a reduction in ocean
outgassing) is defined by the difference in air-sea fluxes between the OAE intervention and
counterfactual scenarios written as ACOze girseqFiux,rP-

3.1.2.2 Associated emissions

The methodology stipulates that all GHG emissions associated with project activities during
the reporting period must be accounted for i.e. a cradle-to-grave GHG statement. The protocol
defines the system boundary to include all GHG sources, sinks and reservoirs associated with
the OAE project activity. This includes emissions related to project establishment (e.g.
construction, installation and initial surveys), emissions occurring within the reporting period
(e.g. emissions from energy used, feedstock manufacturing and transport, consumables,
waste processing, sampling, staff travel and surveys), anticipated direct and indirect emissions
after the reporting period but allocated to it (e.g. emissions from decommissioning, long-term
monitoring and surveys), and leakage emissions outside the project boundary due to induced
market changes. All direct and indirect emission sources related to the OAE project activity
must be identified including any emissions outside the defined categories, which are referred
to as miscellaneous emissions.

Emissions from project establishment must be allocated to carbon removals by one-time
deduction from the first removal; annual emissions over the project's anticipated lifetime; or
per tonne of CO, removed based on estimated total production over the project's duration. The
allocation of project establishment emissions must be reviewed at each crediting period, with
adjustments made to the allocation schedule for future removals if necessary. If the allocation
schedule cannot be adhered to, Isometric would initiate the protocol's reversal process and
utilise the project's buffer pool for compensation. Reversals would be classified as either
avoidable or unavoidable by Isometric.

Emissions resulting from operational activities are assigned to the reporting period in which
they occur. The neutralization and disposal of acid waste for electrochemical OAE projects
must also be accounted for. Allocation of these emissions may be allowed, but only with prior
approval from Isometric.

For end-of-life emissions occurring after the reporting period, these directly related to each
deployment must be quantified as part of that reporting period, while indirect emissions may
use the same allocation method as for project establishment emissions.

The methodology stipulates that emissions induced by processes that would not occur without
the OAE process, such as subsequent transportation and refining, must be fully included within
the system boundary. Activities that were already occurring and would continue without the
OAE project can be excluded from the system boundary, provided evidence is presented. This
approach aims to ensure that only emissions directly associated with the OAE project are
considered in the carbon removal calculations.

Furthermore, "ancillary activities" which are activities associated to a project but not directly or
indirectly related to credit issuance’, may be excluded from the system boundary. Possible
secondary climate effects impacting GHG emissions, such as CO, uptake from increased
primary production and biological carbon export, or higher dimethylsulfide production due to
increased pH, are currently not included in the system boundary.

5 Ancillary activities include supplementary R&D and corporate administration.
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3.1.2.3 Uncertainty

The methodology requires accounting for uncertainty in the estimate of net carbon removals.
It specifies that “the total net CO,e removal for a specific reporting period must be determined
with high confidence”. Projects are required to conduct an uncertainty analysis for the net
carbon removal calculation, listing all key variables used in the calculation and their
uncertainties. Minimum and maximum values of each variable must be provided. More detailed
uncertainty information should be included if available. A sensitivity analysis is performed to
show the impact of each input parameter's uncertainty on the net carbon removal calculation.
Input variables that contribute less than 1% change in the net CO,e removal can be excluded
from the uncertainty analysis.

The gross CO; removal via OAE occurs across various spatial and temporal scales. The
Isometric quantification framework for this process requires defining four specific
spatiotemporal regimes, i.e. alkalinity dosing location, mixing zone, coastal dynamic domain
and air-gas exchange domain. The process involves three main steps to characterise the
spatiotemporal regimes of alkalinity addition and its impact on air-sea CO, exchange.

m Step 1 Effluent measurements: The alkalinity dosing rate must be determined through
continuous measurement at the outflow before a release into the ocean, or at the input
location of the ocean outfall when justified. The quantity of total alkalinity must be
determined before discharge. Total time-duration of discharge, timeseries of mass flow
rate and timeseries of volumetric flow rate are continuously observed throughout the
dosing period for both electrochemical and mineral OAE approaches. The upper limit
of the alkalinity dosing rate is achieved only if complete dissolution takes place within
the mixing zone. However, the increase in alkalinity due to particle dissolution and
sinking requires further quantification in the coastal dynamics domain in Step 2.
Isometric requires measuring or estimating of the fraction of solid and dissolved
alkalinity in the outflow pipe. Project developers are asked to validate particle
dissolution kinetics with samples from the effluent pipe and report the uncertainty in the
feedstock released to the ocean for each reporting period.

m Step 2 Alkalinity upscaling: This step characterises the transport and mixing of
alkalinity to support the quantification of air-sea CO- fluxes. In the mixing zone and
coastal domain, the release of alkalinity must be scaled up to serve as a forcing function
in the air-sea CO; uptake model. Any alkalinity losses must be quantified and
subtracted. For mineral OAE, feedstock sinking and dissolution impact how much total
alkalinity is added, when it increases, and its distribution. Full mineral dissolution in the
water column maximizes dissolved alkalinity addition. However, this addition decreases
if particles sink out of the mixed layer or interact with natural fluxes on the seabed.
Thus, unless the feedstock dissolves quickly, its dissolution and sinking must be
validated through coastal modelling or measurements.

Isometric presents three approaches to choose from for determining the time-
variable alkalinity forcing function 1) a validated coastal model (1D, 2D, 3D"® and
nested hydrodynamic models) to simulate alkalinity dispersal and particle
dissolution (preferred for mineral OAE but not fast-dissolving feedstocks) ; 2)
seasonal tracer studies to measure depth profiles of tracers in the coastal domain
(used for electrochemical OAE or fast dissolving feedstock); 3) sensitivity studies
to demonstrate the air-sea CO, uptake ocean model insensitivity to different
alkalinity distributions and temporal variability (used for electrochemical OAE or
fast dissolving feedstock). Isometric is open to considering and accepting
innovative and hybrid approaches on a case-by-case basis, provided they are

16 Examples of 3D hydrodynamic models include Delft3D, MIKE 3, TELEMAC 3D, FVCOM.
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well-supported. Most projects involve a density difference between effluent and
marine waters, so it is recommended to use both a mixing zone model and a
coastal model.

m Step 3 Air-sea CO; uptake: Projects must quantify net CO, removal from air-sea gas
exchange using an appropriate ocean model. Model used must be validated and meet
the requirements of the Isometric’s own module for Air-Sea CO, Uptake. The alkalinity
forcing function is determined in Step 2 and implemented into the ocean model, which
computes the ACOzesirseariuxrp- 1he model can also calculate the air-sea flux CO;
uptake at given point in time. The air-sea CO- equilibration must be quantified over the
coastal domain, the open-ocean domain, or both. It is not necessary to quantify air-sea
gas exchange during the initial transport and mixing of alkalinity in the coastal domain.
Isometric emphasises the importance of implementing measures in the modelling
process to prevent double counting between the coastal and open-ocean domains.
Isometric requires two “sense checks” for the model, 1) that the moles of carbon
removed via air-sea gas exchange must be less than the moles of alkalinity added; 2)
that the total alkalinity increase in the model does not exceed the alkalinity added by
the project, as measured in Step 1.

3.1.2.4 Alkalinity losses

Isometric acknowledges that that the net CO, removals can be impacted by processes that
may reduce the total alkalinity added to the ocean and thus the ACO;e4irseariux rp- These are
termed as "alkalinity losses," and they must be accounted for in the net carbon removal
quantification to reflect a more appropriate quantity of total alkalinity represented in the air-se
gas exchange models as mentioned in Step 2 above. The Isometric protocol outlines three
main processes that contribute to alkalinity losses and reduce the effectiveness of OAE:

m Secondary precipitation involves the formation of calcium carbonate minerals in
seawater due to alkalinity enhancement, leading to CO: outgassing. Abiotic
precipitation rarely occurs in the open ocean due to the inhibition of spontaneous
nucleation, with most carbonate production being biologically mediated. Isometric says
that secondary precipitation risk is highest in coastal areas and mixing zones where
there are significant changes in pH and total alkalinity from OAE, as well as high total
suspended solids (TSS) levels. Spontaneous carbonate precipitation might occur in
locations with exceptionally high saturation rates but it is not commonly observed,
according to Isometric’'s protocol. The protocol outlines an avoidance strategy to
prevent secondary precipitation by effective dilution, establishing thresholds for pH and
monitoring total alkalinity and TSS. The protocol also mentions secondary precipitation
could be indicated by increased turbidity. While monitoring turbidity is advisable,
distinguishing it from natural fluctuations can be challenging.

m Biotic calcification refers to the process where marine organisms use alkalinity to form
calcium carbonate shells and skeletons. The carbonate chemistry conditions promoted
by OAE i.e. lowered H* and elevated saturation state could enhance calcification.
Isometric indicates that the risk of alkalinity loss due to biotic calcification can vary
depending on the specific project and location, such as the Black Sea, which naturally
possesses elevated alkalinity levels and supports calcifying plankton. The protocol
outlines a potential avoidance strategy to prevent biotic calcification by setting
thresholds on pH and total alkalinity and monitoring changes in ocean biota.

m Added alkalinity interacting with ocean sediments could reduce natural sediment
alkalinity fluxes, affecting project effectiveness, especially in mineral OAE projects. The
protocol suggests using fast-dissolving feedstocks, appropriate dosing rates, and sites
with full water column mixing or sufficient resuspension to mitigate this. Quantification
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and monitoring methods include sediment sampling, measuring particle settling and
accumulation rates, numerical modelling of particle transport, assessing benthic
alkalinity fluxes, analysing net calcification changes, and sediment diagenesis
modelling.

The protocol requires assessing the risk for each identified loss. If the losses are deemed
negligible, an explanation must be provided. Otherwise, the losses must be quantified.
Isometric highlights that there is difficulty and uncertainty in quantifying these processes, thus
the protocol allows the following approaches to treat alkalinity losses:

m Avoiding losses by identifying strategies to mitigate conditions causing non-negligible
loss terms, with monitoring for adherence;

m Estimating a conservative upper limit of alkalinity loss using scientific literature,
calculations, or experiments;

m Conducting process-based modelling studies;
m Taking direct measurements;

m Employing justified alternative methods.

3.1.3 Indirect emissions and leakage

Isometric defines leakage emissions as GHG emissions resulting from the indirect effects of a
project's activities that extend beyond the project's defined system boundary. This includes an
increase in emissions due to the displacement caused by the project or through secondary
impacts that elevate emissions elsewhere. For instance, the creation of a market for feedstocks
might generate additional revenue within the source sector, influencing producer behaviour in
ways that lead to increased GHG emissions. Isometric requires identifying potential leakage
emissions sources, with at least feedstock and consumables replacement considered.

A framework is provided to identify market leakage emissions from waste input products to be
excluded from the system boundary if no payment or only a nominal "tipping fee" is made for
the material, there is no alternative use for the waste product by another sector, and payments
for the waste product are not a ‘significant share’ of revenue for the material producer.

3.1.4 Additionality and baselining

Projects must demonstrate additionality by showing that the carbon removal would not have
occurred without the project intervention. The Isometric general standard (Isometric, 2025)
introduces four pillars of additionality: financial, common practice, environmental and
regulatory.

m Financial additionality can be demonstrated if either a) removals are the only source of
revenue for the project, or b) that without carbon finance revenue the project has an
IRR that is zero or lower or that is below the cost of capital or required return on equity
for the project, and that the revenue from carbon credits will make that IRR positive or
above the required rate of return (as appropriate), although there is provision made for
project proponents to justify a higher IRR for the assessment. The standard is not
prescriptive about what target IRR can be considered acceptable.

m According to the common practice analysis, projects below TRL 8 or 9 are considered
additional without further analysis. Alternatively, a full analysis must justify that similar
activities are not common practice in the project's geographic area.

m Regulatory additionality requires that the project is not legally required, though
removals beyond the minimum legal requirement may be certified.
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m Environmental additionality is defined as a net negative climate impact, which is
presumabily trivial for any carbon removal project generating credits and therefore does
not seem to be a substantive addition to the additionality framework.

Additionality is determined at the time of initial verification and is to be reviewed every two
years or when there are significant changes to project operations, new regulatory requirements
or changes to project finance indicating carbon finance is no longer needed. If the project
becomes not additional, it will be ineligible for future credits. Carbon credits issued under
current or past crediting period will not be affected.

The methodology presumes a baseline scenario where OAE project activities are absent, and
infrastructure is not installed. The calculation for this baseline scenario encompasses the
carbon removals that would have been naturally removed or emitted into the atmosphere and
stored in the ocean over the same period as the project's duration. The impact of the OAE
project is assessed relative to these baseline conditions. The ocean baseline air-sea CO,
fluxes are already accounted for in the calculation of the total net carbon removals within the
term ACO ;e pirseariux rp - Field measurements are needed to obtain marine data to validate the
baseline model, which then informs the sampling plan design. The methodology notes that
defining a baseline is difficult because climate change is constantly altering current ocean
measurements.

3.1.5 Long-term storage and liability

The protocol requires that OAE projects provide long-term storage, estimated to last over 1000
years, of removed atmospheric CO, or reduced ocean outgassing as dissolved inorganic
carbon (DIC) in seawater.

Isometric discusses durability and reversal risks of the DIC storage reservoir in a separate
module “Dissolved Inorganic Carbon Storage in Oceans”. Two primary assumptions are made:
first, that the net carbon removals have been fully quantified in accordance with the Isometric
methodology; second, that all environmental and social safeguards are adhered to before
ocean storage.

The module explains that the ocean's DIC reservoir is characterised by its residence time,
which is the average duration a substance remains in a reservoir. For final storage DIC
reservoir, this ranges from 10,000 to 100,000 years. Beyond this period, the true permanent
storage of marine alkaline carbon on multimillion year timescales is the precipitation of solid
carbonates to the sea floor, so approximately half of the captured carbon stored as DIC will be
released back into the atmosphere. However, for the purpose of quantifying durable storage
on a 1000-year timescale, the Isometric protocol does not take into account carbonate
precipitation.

Long-term durability of ocean DIC storage can be lowered due to reversal risks like changes
in CO, residence time with large-scale CDR implementation. Additionally, climate mitigation
could lower atmospheric CO, enough to release ocean-stored carbon back into the
atmosphere. This can happen if atmospheric CO, levels fall below those present in the ocean.
Currently, CO, emissions continue to rise, and land-based CDR is insufficient to significantly
impact global carbon fluxes.

Isometric’s OAE projects are categorised as having a very low level of reversal, however, it is
acknowledged that changes in the global ocean DIC reservoir cannot be directly observed
through measurements and attributed to a specific project. Isometric allocates a buffer pool of
2% for such projects.
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3.1.6 Sustainability

Environmental and socio-economic safeguard plans must be included into all major project
phases, with comprehensive reports made available to stakeholders. These safeguards
encompass environmental protection, social equity, community involvement, and the respect
for cultural values. All crediting projects are obligated to adhere to and verify these
environmental and socio-economic safeguards. Isometric references the Guide fo Best
Practices in Ocean Alkalinity Enhancement Research (Chapters 10 and 11) and the Research
Strategy for Ocean-based Carbon Dioxide Removal and Sequestration (Chapters 2.1 and 2.2)
for legal, social, and justice considerations pertinent to OAE projects.

The legal frameworks for marine CDR projects are still developing at various levels, including
international, regional, and local. Permits might be needed for installing ocean intake, outfall,
or effluent pipes. Isometric lists the minimum requirements for coastal projects where project
developers must obtain official permits from all relevant jurisdictional authorities including local
rightsholders of the water body of the projects site and affected areas. Project developers must
follow ratified provisions international conventions such as the London Protocol; Convention
on Biological Diversity; United Nation Convention on the Law of the Sea (UNCLOS);
International Convention for the Prevention of Pollution from Ships (MARPOL); Basel
Convention and the EU Marine Strategy Framework Directive.

Project developers are required to perform an environmental and social risk assessment in
accordance with the Isometric protocol, identifying potential risks and formulating customised
mitigation strategies.

Potential feedstock risks include land use impacts from sourcing, production, preparation,
storage, and distribution (e.g. land degradation, land occupation, dust pollution, deforestation,
localised watershed contamination). Project developers are required to select feedstocks as
per Isometric’s Rock and Mineral Feedstock Characterisation Module.

Potential marine environmental risks include rapid changes in alkalinity dosing; changes in
carbonate chemistry impacting calcification and ecological regime shifts; increased pH
affecting aquatic life; removal of inorganic nutrients due to secondary precipitation, leading to
nutrient limitation and decreased biological productivity.

Additional marine risks depending on the type of the OAE project can include:
m Impacts on marine biota from seawater intake pipes;
m Increased suspended solids affecting ambient light, filter feeders, and flocculation;
m Turbidity and turbid plumes affecting water quality and benthic habitats;
m Changes in silicate concentrations altering diatom growth rates;

m Metal contamination from feedstock dissolution and potential bioaccumulation in the
food chain.

The protocol recognises that expecting a project to demonstrate zero impact on the ocean
ecosystem is “unrealistic”. Instead, it emphasises that project impacts should be evaluated
holistically, considering climate change risks, attribution challenges, and the establishment of
an appropriate baseline.

In terms of socio-economic safeguards, the protocol mandates an environmental justice review
designed to account for historical advantages and disadvantages before selecting a site. There
are requirements for engaging with local stakeholders who have in-depth knowledge of the
local system. Stakeholders may include local academia, indigenous groups, environmental
groups, citizen associations, commercial and recreational fishermen, shellfish farmers,
boaters, and recreational users.

\ /
iy Sy Cerulo i I
ZICF 6 gy  ecodiversity 46


https://registry.isometric.com/module/rock-and-mineral-feedstock-characterization/1.0#introduction

Support to the development of methodologies for the certification of permanent carbon removals

Adaptive management strategies must be developed for information sharing with stakeholders
and the public, emergency response, and conditions for stopping or pausing deployment (e.g.
equipment malfunction, threshold exceedance, regulatory non-compliance, health and safety).

3.1.7 MRV

OAE projects must be validated and net CO, removals verified by an independent third party.
Verifiers are required to examine the documentation regarding the uncertainty of the GHG
statement. Site visits are conducted during project validation, initial project verification, and at
least once every two years at each dosing location. These site visits must comply with the
requirements of ISO 14064-3.

The protocol outlines pre-deployment requirements which include: site description with
detailed information on environmental conditions such as currents, tides, winds stratification
and seasonal patterns; identification of other marine CDR activities co-located at the site;
development of a mixing zone model (e.g. commercial models like CORMIX or Visual Plumes
are allowed) to estimate initial alkalinity dispersal supported by a sensitivity analysis to ensure
adherence to water quality limits; selection of safe alkalinity dosing rates through modelling.
For mineral OAE projects, feedstock must be characterised according to the Rock and Mineral
Feedstock Characterisation Module. This includes determining major and trace elemental
abundances, mineralogy, particle size distribution, surface area, and the dissolution rate of the
feedstock. For electrochemical OAE, the protocol requires details regarding the neutralization
and disposal of acid by-products, as well as the identification of storage and disposal methods
for hazardous by-products.

The monitoring plan must be established before the project activities and includes details on
monitoring duration, frequency, location, sample collection methods, analytical methods,
thresholds, data reporting, and quality assurance. The protocol sets thresholds on parameters
for monitoring: 1) safety thresholds for effluent characteristics to be kept within safety limits
before discharge and 2) action thresholds for parameters measuring water quality and
environmental changes (determination of action thresholds is explained in Section 10.6 of the
protocol and notes it is a challenge to establish a control site to isolate the OAE impact from
baseline).

Isometric methodology involves monitoring before, during, and after dosing. Pre-
deployment monitoring requires a baseline characterization of water chemistry and ecological
parameters. The duration and frequency of the monitoring should align with the timescales of
risks identified in the environmental risk assessment, dosing period, residence time, natural
variability, and availability of historical data. Similarly, post-dosing monitoring requires the
timescales of risks, residence time, and dissolution time. The monitoring frequency must be
such that it provides sufficient information about the effluent and receiving waters. It is
influenced by factors such as operational capacity, location of the discharge, dosing schedule,
seasonality, and nature of the discharge.

This methodology does not specify precise monitoring locations. It is the responsibility of
project developers to identify suitable monitoring sites. The methodology suggests that models
are used to plan the sampling design for monitoring over the general monitoring locations i.e.
in effluent pipe, at the edge of the mixing zone where initial dilution takes place and in the
deployment area where a broader area is affected by the project. The protocol requires a
diagram of monitoring locations to be included in the project design document. Parameters
monitored at these locations include pH, alkalinity, temperature, and salinity at the effluent site.
In the mixing zone, temperature, salinity, carbonate chemistry parameters, dissolved oxygen,
turbidity, and total suspended solids are measured. In the deployment area, plankton and
benthic communities and trace metal concentration are observed. Monitoring in the
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deployment area is focused on ecosystem health and documenting any shifts in the baseline
ecology.

Isometric outlines minimum monitoring requirements for all OAE projects credited under
the protocol.

In the effluent prior to discharge monitoring location, temperature and salinity determine the
physical conditions of the effluent while the pH and alkalinity ensure compliance with the set
pH threshold of the dosing rate and mineral dissolution rates. Alkalinity can be calculated using
two carbonate system variables (e.g., pH and pCOzsw)). Routine bottle samples should verify
these calculations. A third carbonate system variable (pCOzsw) or DIC) to assess the initial
state of carbonate system disequilibrium at the point of discharge is recommended. Isometric
will not issue credits for time periods lacking adequate in-pipe effluent measurements.

The mixing zone is the area surrounding the discharge infrastructure where water quality
criteria can be exceeded. Permits which allow for a mixing zone require water quality criteria
to be met at the edge of a mixing zone. Small-scale deployments may struggle to detect signals
beyond the mixing zone. Increased sampling within the mixing zone is necessary due to
turbulence effects. Beyond this zone, waters are less turbulent, allowing more representative
impact measurements of alkalinity addition. Therefore, monitoring should focus on the edge of
the mixing zone. The parameters monitored inform water quality, local carbonate saturation
state, and loss term estimates. Burst sampling in the mixing zone is recommended, involving
high-frequency data collection over short periods to understand turbulence effects on effluent
distribution.

The methodology also outlines additional monitoring requirements for OAE projects. For
projects with intake pipes it requires to assess the impact on marine biota via demographic
and conditional mortality approaches. Biological and ecological monitoring via periodic surveys
to assess functional diversity, taxonomic diversity and trace metal concentration in tissues are
required in the deployment area. OAE mineral projects must evaluate feedstock accumulation
on the seabed and monitor heavy metals and trace elements in water and sediments,
complying with local or US EPA standards.

In summary, Isometric lists the required and recommended measurements for monitoring.
Required measurements are the minimum needed for all projects. Additional measurements
depend on the project's specifics, site, alkalinity loss strategy, and environmental risk plan. The
project design document must describe the exact monitoring plan.

Isometric requires measurements for both validating models and providing inputs for models
used in OAE projects. Ocean data such as winds, currents, tides, waves, and turbulent mixing
are critical inputs for models. These data can be collected at the field site or sourced from
government agencies. It is recommended to measure air-sea carbon flux to validate modelled
carbon flux. Methods include gradient method, eddy covariance, flux chambers, or dual tracer
regression.
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£ Review of known and potential issues

4.1 Quantification

Quantification of carbon removals by ocean alkalinity enhancement requires numerical
modelling to assess diffuse effects over large areas and multiple years, which can be
supported by local measurements to quantify local and short-term effects (Section 2.4.2). For
certification, a key decision will be what the minimum measurement requirements should be
(parameters, geographic scale and frequency).

411 (In)complete dissolution of mineral powders

Where solid minerals are added to the marine environment, the quantity of alkalinity added
depends on the fraction of the added minerals which dissolve. Particle dissolution rates and
alkalinity release through time), vary depending on the source mineral and particle size
distribution, and other effects such as surface modification by chemical reaction or biofilms
(Alagia et al., 2025). OAE activities will likely need to either:

i) Ensure that any mineral alkalinity sources are ‘pre-dissolved’ so that a known
quantity of alkalinity is added; or

i) Ensure that particles dissolve rapidly (i.e. within days or weeks) so that the OAE
activity can be considered as a near-instantaneous alkalinity addition for the
purposes of downstream modelling of efficiency (Section 2.3.3); or

iii) Accurately model the dispersal and dissolution of added particles and alkalinity
release through time.

The latter is a complex problem, particularly where particles are added to dynamic coastal
environments where wave action will break down and resuspend particles and currents will
redistribute the particles. A combination of dissolution modelling and feedstock-specific
laboratory measurements with monitoring on total suspended solids, turbidity, sediment
composition, pH and Q will help to constrain dissolution and improve process knowledge and
predictive capacity. If OAE activities were to be certified under the CRCF it may be appropriate
to prescribe acceptable uncertainty levels and safety thresholds with regards to quantification
of mineral dissolution so as to allow different OAE approaches (including those not yet
envisaged) without compromising Qu.A.L.Ity criteria.

4111 Key knowledge gaps

In the case of slow-dissolving mineral particles, it is challenging to quantify long-term particle
dissolution from direct observations except where particles are added into cohesive sediments
and allowed to react in situ with minimal disturbance (Section 2.2.2.2). In other situations,
locating and measuring a sufficiently representative sample of added particles is likely to be
impossible. Therefore multi-scale coupled models of particle dissolution and transport
encompassing seawater and sediment physical and chemical dynamics are needed (Fennel
et al,, 2023; Ho et al.,, 2023). This will need to be supported by laboratory and field
measurements to parameterise and (separately) validate the models. There is certainly
extensive ongoing work in this area but such models are currently immature relative to the
requirement, with implications for certification of slow-dissolving feedstocks. Overall, to
constrain the uncertainty in alkalinity release from mineral additions, comprehensive field trials
linked to multi-scale modelling efforts will be necessary (Fennel et al., 2023; Ho et al., 2023).
Efforts to better constrain and characterise dissolution and the development of associated
standards are ongoing by various pilot projects and OAE-supportive NGOs (e.g. Carbon-To-
Sea Initiative).
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Relying solely on modelled rates of particle dissolution also introduces a moral hazard if the
calculated nominal removals from an activity are not directly dependent on the actual quality
of appropriate feedstock and on its successful dissolution, which would need to be carefully
managed.

4.1.2 Local/ short term efficiency and feedbacks.

Secondary precipitation and inhibition of natural alkalinity inputs from e.g. mineral dissolution
in coastal sediments are potentially important efficiency issues for OAE deployments.
Threshold limits for pH and Qaragonite are proposed in the literature and avoidance of secondary
effects by ensuring these thresholds are not breached is the main method of addressing these
issues, including in the Isometric protocol. However, it is reasonable to assume that any
increase in alkalinity will have an effect on some or all of these processes, even if not readily
detectable. Future observations and experiments may give certification systems opportunity to
adapt to our developing understanding of secondary dynamics.

As per the Isometric protocol (Section 3.1.2) the current most sensible approach to secondary
precipitation and mineral dissolution is to take mitigation measures to minimise the risk of
inhibiting dissolution fluxes in sediments (e.g. avoiding overloading sediments with slow
dissolving alkalinity sources) by avoiding exceedance of thresholds. General thresholds of pH
and Q have been suggested (Section 2.3.4), but location-specific thresholds may need be
established for baseline conditions at each OAE site. Monitoring of pH and Q at release
locations would allow secondary precipitation to be avoided.

41.21 Key knowledge gaps

Biological precipitation of calcium carbonate, for instance by bivalves, calcifying plankton or
corals is likely to be enhanced by increased alkalinity (Section 2.3.5.2). The longer-term diffuse
effect of non-equilibrated alkalinity on increased calcification will likely be small for any
individual OAE activity but also very difficult or impossible to quantify. In the context of the local
amelioration of the effects of ocean acidification, increasing calcification will certainly lead to a
reduction in OAE efficiency but could also be considered beneficial to natural systems, and
this co-benefit might be usefully included in a future certification methodology.

4.1.3 Equilibration with atmospheric CO-

As alkalinity-enhanced seawater disperses, it will re-equilibrate with the atmosphere, removing
atmospheric CO,. The rate of this equilibration and the fraction that remains un-equilibrated
within a given timeframe depends on vertical and horizonal mixing within the ocean. It can take
years to more than a decade for the carbon removal to be completed, and the degree to which
alkalinity remains unequilibrated (i.e. the proportion mixed out of reach of the atmosphere) is
a major control on the overall efficiency of the carbon removal per unit alkalinity added (Section
2.3.3). Given the large spatial and temporal scale of equilibration with the atmosphere, it is
necessary to rely on models to quantify carbon removals from the atmosphere. This is probably
the best constrained of the modelling needs for MRV for OAE, given that ocean circulation and
air-sea exchange are key parts of the carbon cycle that have been studied relatively intensively
for decades. However, there is still significant uncertainty, particularly around the application
of ocean biogeochemical models to estimating CO. uptake at the sea surface in relation to
alkalinity enhancement.. Large scale field experiments and intensive observations around
early OAE deployments are ongoing and being used to support validation and improvement of
the models, and this activity must continue as part of ongoing MRV.
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41.3.1 Key knowledge gaps

Uncertainty in air-sea CO; flux (the point at which carbon is removed) in models includes
uncertainty about the exact timescales for the delivery of net removals, which could affect the
rate of unit issue. A method to address this uncertainty will need to be implemented within any
certification until such a point as the uncertainty can be appropriately constrained.

4.1.4 Carbon cycle feedbacks from large scale / cumulative OAE

In the event that OAE is found to be successful and socially acceptable such that it develops
to a sufficiently large scale at some future point, diffuse carbon cycle feedbacks may begin to
alter OAE efficiency. This occurs in connection with increasing levels of CO.-equilibrated
alkalinity (rather than the local impacts of unequilibrated alkalinity).

Enhancement of alkalinity may directly or indirectly (e.g. through secondary impacts of mineral
dissolution) affect the marine carbon cycle via a range of potential mechanisms (Section 2.3.5),
such as altering the efficiency of the biological carbon pump. Neither the direction or potential
magnitude of most such effects are known with any certainty (Bach et al., 2019; Johnson et
al., 2024). It is important that research is undertaken into these ‘known unknowns’, and also
currently unforeseen ‘unknown unknowns’ as they emerge, to ensure that large scale
manipulation of Earth’s alkalinity budget is both safe and a truly durable carbon store on the
timescales that climate action requires.

For the purposes of development of a certification methodology in the short-to-medium term,
these issues should be considered knowledge gaps but will need to be addressed as
knowledge and understanding improve and if and when OAE scales beyond pilot study levels.

4.1.5 Acid disposal

Electrochemical alkalinity addition processes (electrolysis, electrodialysis) involve the
generation of either HCI (or of Cl;) — and if this acidity was allowed to return to the ocean
system, it would counteract the carbon removal delivered by alkalinity enhancement (Section
2.2.3.3). The best case for projects would be that these products could be sold on existing
markets and productively utilised. Currently, however, it is understood that because demand
for NaOH exceeds demand for chlorine, there is already an excess of Cl, production from the
chloralkali process. If these products cannot be utilised then they must be otherwise disposed
of, incurring disposal costs and environmental risks.

One possible solution for HCI is to use alkaline mineral feedstocks to neutralise the acid
produced. This can be seen as shifting the use of mineral alkalinity from the ocean, where it is
uncontrolled and suffers from potential side-effects and inefficiencies (Section 2.3.1, Section
4.4), into a more controlled on-land environment. Overall this is probably the most
constrainable OAE approach we have come across.

If, however, the acidity leaves the boundaries of an OAE activity without being neutralised,
consideration would need to be given to whether some or all of that acidity could be returned
to watercourses, either in disposal or at end of life after productive use.

4.1.6 MRV model refinement

Direct validation of model-based MRV will be needed from detailed field experiments covering
a range of baseline conditions, site characteristics etc., which necessarily relies on pilot OAE
studies. It will be important to recognise that early OAE activities will have greater uncertainties
around carbon removed but will add the greatest value to the process of constraining and
improving model-based MRV for future OAE deployments. This highlights the importance of
transparency and openness in OAE activities. Indeed, the Isometric protocol makes clear that
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the gathering and availability of data is critical for understanding the potential and limitations
of OAE and for developing the technology. Isometric requires that modelling and observations
undertaken in support of any OAE deployment should be fully documented, open-access and
adhere to FAIR data principles (findable, accessible, interoperable and reusable; e.g. Jiang et
al., 2023), as well as complying with the best practice guidelines put forward for OAE research
by Oschiles et al. (2023).

As our knowledge and modelling capability improves, the need for comprehensive
observations for model validation will be reduced for known mineral sources, addition locations
and specific methods. Care will always be needed, however, to avoid over-reliance on
assumptions, rules of thumb and models that are not validated for the specific OAE application
in question.

4.2 Additionality and baselining

4.2.1 Complementary value

In some circumstances, alkalinity addition could provide additional financial value to project
operators alongside the value delivered by the generation of carbon removal units. This
complementary value could affect the assessment of whether an activity would meet a
standard for financial additionality, in particular if the complementary value is so high that it
would justify the activity without the need for carbon markets.

4.21.1 Shellfish aquaculture

Shellfish aquaculture may benefit from increased alkalinity. Artificially increasing the alkalinity
of waters in shellfish hatcheries and nurseries is common practice (Alma et al., 2024) and the
addition of carbonate shells to seawater in the area of shellfish farms has also been considered
as a practice to mitigate the effects of ocean acidification (Scigliano, 2012). Therefore, OAE
may benefit shellfish aquaculture and some OAE is already being undertaken at least at small
scale for the purposes of increasing aquaculture yield, particularly in hatcheries and juvenile
tanks prior to deployment (Gaines et al., 2022). Existing alkalinity deployment should be
reflected in the project baseline.

As discussed in Section 2.3.5.2, the presence of shellfish and the increased calcification
resulting from alkalinity addition will decrease the efficiency of the OAE activity with respect to
CO2 removal, due to the removal of alkalinity during calcification (Morris & Humphreys, 2019).
It is therefore important that the presence of any local aquaculture should be disclosed during
certification.

4.21.2 Electrochemical OAE byproducts

Where there is strong local demand for Cl. e.g. in chemical plants, there may be excess NaOH
produced by the chloralkali process (Section 2.2.3.2). Given the global current excess of Cl»
vs NaOH, transport and sale of the alkali is probably profitable, but if this is not the case,
alkalinity ‘disposal’ to OAE is a possible pathway. In this case, OAE would be a byproduct of
chlorine production by the chloralkali process.

4.2.1.3 Use of water pumped for cooling or desalination

Where large volumes of water are being pumped from and returned to the ocean (for cooling
e.g. power stations), and where concentrated seawater brines are produced (e.g. desalination
plants) there is the potential to reduce electrochemical OAE costs, as brine creation has
already been undertaken. For example the disposal of the brine produced by desalination
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plants is costly and / or environmentally damaging. Integrating CO. removal may provide
process efficiencies for both OAE and desalination processes simultaneously (Sartor et al.,
2025). There are challenges however, such as managing the density of desalination waste
streams to avoid rapid sinking out of alkalinity, removing the opportunity for equilibration with
the atmosphere’’.

4.2.2 Baselining feedstocks

As in the case of ERW feedstocks, some candidate OAE feedstocks are byproducts of other
industries: quarry dust, fly ash, steel slag, crushed concrete, etc. Candidate feedstocks which
are likely to have significantly weathered under typical conditions (i.e. those which would be
exposed to water and CO, anyway) may experience a comparable amount of weathering in
the baseline to that which would be delivered by an OAE application. The expected baseline
removals may not be static, in which case this categorisation may have to be updated as time
goes on to reflect changing disposal practices. This is discussed in more detail in the review
of ERW.

4.2.3 Baselining air-sea CO2 uptake

Quantifying carbon removals relies on quantifying the air-sea CO. uptake in the OAE vs
counterfactual states. This relies heavily on model-based estimates of both states. Clearly the
accuracy of these models is fundamental to appropriate credit allocation to projects.
Quantifying the counterfactual becomes increasingly complicated where multiple dosings
occur at one project site, or especially if multiple OAE projects interact downstream. Both
equilibrated and unequilibrated alkalinity will impact the counterfactual for subsequent OAE
additions, so projects will need to be able to accommodate this shifting baseline in a rigorous
way into their models.

4.3 Long-term (durable) storage

The storage of DIC in the ocean by enhancing alkalinity can be considered durable on a
timescale of thousands to hundreds of thousands of years, and is resilient to external changes
in alkalinity (or acidity) inputs. The impacts of large-scale OAE may be to change the durable
lifetime, but not to a point where carbon removals over the coming few centuries are affected.

A critical exception to this is the case where acidity generated in the production of alkalinity for
OAE (e.g. in electrochemical OAE) is released into the environment. This would count as a
direct reversal and certification must require careful accounting for acidity produced, and, if
stored in acid form, long-term liability for this material may need to be considered.

4.3.1 Relevance to long-term emissions trajectories

Future changes to atmospheric CO, on 100-200 year timescales will impact the long-term
efficiency of OAE, and how it interacts with other CDR along the way. While higher peak
emissions mean greater long-term-integrated efficiency due to greater atmospheric CO, and
therefore greater equilibrium DIC, successfully meeting Paris agreement targets reduces the
long term efficiency (Schwinger et al., 2024). Interactions with other CDR activities and
natural carbon sinks in the case of successful reduction in atmospheric CO; will mean that at
some point the ocean will become a source of CO; to the atmosphere as the system

17 Typically, regulations around outflows from desalination plants require rapid mixing to avoid dense, hypersaline
layers collecting at the seabed. However this does not ensure good contact with the atmosphere at the water surface
relative to ambient water conditions at the same location.
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rebalances. The implications of this for credits assigned to past marine CDR and ERW
activities will need to be considered, but penalising successful climate change abatement
should be avoided, when all CDR methods are subject to equilibration interactions with the
ocean and other natural sinks.

4.3.2 Reversals due to other anthropogenic activity

Other anthropogenic activity which affects the alkalinity balance of the marine system will
alter the fraction of stored DIC which is durable on a given timescale. Increasing or
decreasing acidic (e.g. nitrate) nutrient inputs from agricultural runoff via rivers and changing
atmospheric deposition of acidic species from fuel combustion and agriculture (NOx, SO,)
will alter the alkalinity balance of the ocean and therefore the equilibrium point between the
surface ocean and the atmosphere. With the exception of direct release of acid produced in
the process of undertaking OAE (Section 4.1.5), we have not been able to envisage a
situation where a reversal could be identified for which an operator could be held liable.
These issues are best addressed using conservative modelling and baselining assumptions.

4.4 Sustainability

Where OAE is undertaken, the chemistry of seawater is altered, which has the potential to
impact marine organisms and ecosystems, and potentially the marine carbon cycle and thus
be a feedback on efficiency or usefulness of OAE (Section 2.3.5). Here we briefly review the
possible ecosystem impacts of the changes in seawater caused by OAE. Such impacts are
poorly quantified and although the body of research is growing this is a fundamental research
need to evaluate and ensure the safety of OAE operations. Responses to altered seawater
chemistry will differ between different organisms and so assessment frameworks and
species / genus specific studies will be needed to define safe operating parameters for OAE
deployments(Bednarsek et al., 2025; Fawcett et al., 2025).

There are different scales on which impacts may manifest. In the immediate locality of an
alkalinity addition, acute effects on organisms may arise from elevated pH and Q; further afield
and impacted by repeat OAE dosing, ecosystem function or structure could be altered in
response to chronic exposure to relatively small changes in unequilibrated or equilibrated
alkalinity. Long-term cumulative effects of large scale OAE on increased (equilibrated)
alkalinity at regional / global scales are important considerations for a future certification
methodology. Conservative safe-operating-thresholds of key parameters would need to be
defined and be adaptable to new evidence as it arises.

4.4.1 Acute impacts of non-equilibrated alkalinity

The largest excursions of pH and Q will be observed in the vicinity of OAE applications,
reducing with distance from the application location as alkalinity is diluted and transient
increases are neutralised by CO. uptake. In the case of continuous addition (e.g. from
electrochemical OAE) this may result in continuously modified conditions. In pulse-dosed OAE,
water chemistry may fluctuate, introducing potentially differing biological responses and
different safe threshold levels.

Increased alkalinity leads to a change in DIC speciation, favouring bicarbonate and carbonate
and reducing the concentration of dissolved CO, (Section 1.2.1.5) and an increase in pH, both
of which can affect the marine ecosystem. Calcifying organisms may be favoured by increased
alkalinity, at least up to some level (Bach et al., 2019; BednarSek et al., 2025). Primary
producers may be impacted by changes in DIC speciation and all organisms may be directly
or indirectly affected by changes in pH. Impacts may be seen in sediment as well as water
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column communities, in particular the impact of changes in pore water chemistry in the case
of mineral addition to sediments.

The ocean is some 30% more acidic than in the pre-industrial era, so some level of transient
pH and Q enhancement may be considered an amelioration of ocean acidification. However,
the response of organisms and ecosystems to ‘restored’ pre-acidification conditions is likely to
vary and the thresholds at which the changes induced by OAE could be considered ‘beneficial
are poorly defined and will vary by location and OAE method. A future certification methodology
would benefit from clear definitions of how alkalinity exposures should be characterised
(magnitude, duration, spatial extent), define the minimum monitoring needed to observe peak
conditions in the near field, and use threshold values to bound ecological and chemical risks
under realistic operating scenarios.

4.4.2 Diffuse impacts of unequilibrated and equilibrated alkalinity

Further afield, under sustained OAE applications, diffuse impacts of relatively small increases
in both unequilibrated and equilibrated (longer term, cumulative impact) alkalinity may be
important. Either may induce changes in ecosystem structure and function, with the latter more
likely to induce long-term or permanent changes over wider areas. These changes are poorly
constrained but will be increasingly important to understand if OAE scales from pilot- to large-
scale operations. Future certification methodologies could benefit from the development of an
approach for evaluating diffuse and cumulative effects of equilibrated alkalinity at relevant
spatial and temporal scales, including baseline definition, treatment of natural variability, and
the modelling/observational evidence needed to substantiate far-field impact claims and
uncertainty bounds

4.4.3 Other impacts

Dissolution of silicate minerals will increase silicate concentration in the surface ocean. This
may lead to a change in community structure from calcifying to silicifying plankton, potentially
altering the alkalinity balance (in favour of greater CO; uptake due to reduced calcification) but
also may impact ecosystem structure and function, for example leading to a change in
dominant phytoplankton species. (Bach et al., 2019)

Increased concentrations of calcium and magnesium ions will impact calcification rates, with
Ca?* favouring calcification, but Mg?* tending to inhibit calcification (increased Mg content
inclusion in CaCOs increases solubility, again leading to alkalinity impacts but also community
structure changes) (Bach et al., 2019).

Impurities in silicate minerals will tend to release toxic (e.g. nickel) and micronutrient (e.g. iron)
metal ions. The former may impact total algae growth or potentially impact health of marine
organisms more broadly. Iron, conversely, may enhance the growth of algae, particularly
favouring non-calcifying plankton, affecting the alkalinity budget and community composition.

Under coastal enhanced weathering techniques, bulk mineral addition to beaches, or onto the
surface of or burial into subtidal sediments will lead to physical disturbance and consequently
impact infauna at the addition site. Changes to the particle environment (size, chemistry) may
impact feeding and viability of benthic in-fauna, and changes to pore-water and overlying water
turbidity from particle addition or secondary precipitation may affect benthic fauna and primary
productivity.

Future efforts might define the scope and minimum assessment requirements for non-
carbonate-chemistry impacts, including material/feedstock characterization, co-constituents
and byproducts, upstream/lifecycle screening, and monitoring/reporting expectations for non-
target physical and ecological effects.
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4.4.4 Status of OAE activities under international law

The legal status of OAE can be considered under a number of existing ocean-protection
instruments, with outcomes depending on where the activity occurs (national waters vs. high
seas), how alkalinity is introduced (e.g., mineral addition, discharge/outfall, electrochemical
processing), and whether it is framed as research or commercial deployment. For many OAE
approaches—particularly mineral addition—the London Convention/London Protocol (LC/LP)
are central because activities may be interpreted as “dumping” or “placement of matter” at sea,
triggering permitting and compliance questions (IMO, 2023; Johnson et al., 2024; Steenkamp
& Webb, 2023). Notably, LC/LP does not cover land-based inputs to the marine environment,
which are subject to local/regional legislation (Ginzky & Oschlies, 2024).

LC/LP parties have adopted a precautionary policy stance on “marine geoengineering”
proposals (IMO, 2023). In their 2023 statement, the LC/LP governing bodies concluded that
activities other than legitimate scientific research should be deferred, and they encouraged
use of the LC/LP assessment frameworks for evaluating proposed research projects. The
Convention on Biological Diversity (CBD) COP16 Decision 16/22 (“Biodiversity and climate
change”) reaffirms earlier CBD COP decisions on ocean fertilization and climate-related
geoengineering and urges states to avoid geoengineering activities that may affect biodiversity
until there is an adequate scientific basis and governance, while allowing limited, controlled
scientific research subject to prior assessment. These positions do not necessarily amount to
a categorical prohibition on OAE, but they shape how regulators might distinguish research
from commercial activities.

UNCLOS (United Nations Convention on the Law of the Sea) outlines obligations to protect
and preserve the marine environment. In its May 2024 advisory opinion, the International
Tribunal on the Law of the Sea (ITLOS, 2023) states that marine geoengineering could be
inconsistent with UNCLOS Article 195 where it has the consequence of transforming one type
of pollution into another, and also covered by UNCLOS article 196 which requires states to
take all measures necessary to prevent, reduce and control marine pollution resulting from the
use of technologies under their jurisdiction or control.

There is no specific legislation with regards to OAE. Clearly all geoengineering requires careful
governance and regulation, and international bodies take a precautionary approach. The legal
position may require careful consideration if certification methodologies for marine CDR are to
be pursued. It may be appropriate for methodologies to provide a structured legal due-diligence
framework for OAE deployments that identifies the relevant international instruments and
decision points, clarifies how activities would be categorized and permitted in practice, and
specifies the documentation needed to demonstrate legal authorization and management of
transboundary risks.
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