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Abstract

Minimizing anthropogenic climate disruption in the coming century will likely require carbon
dioxide removal (CDR) from Earth’s atmosphere in addition to deep and rapid cuts to greenhouse
gas emissions. Ocean alkalinity enhancement—the modification of surface ocean chemistry to
drive marine uptake of atmospheric CO,—is seen as a potentially significant component of
ocean-based CDR portfolios. However, there has been limited mechanistic exploration of the
large-scale CDR potential of mineral-based ocean alkalinity enhancement, potential bottlenecks in
alkalinity release, and the biophysical impacts of alkaline mineral feedstocks on marine ecology
and the marine biological carbon pump. Here we a series of biogeochemical models to evaluate the
gross CDR potential and environmental impacts of ocean alkalinity enhancement using solid
mineral feedstocks. We find that natural alkalinity sources—basalt and olivine—lead to very low
CDR efficiency while strongly perturbing marine food quality and fecal pellet production by
marine zooplankton. Artificial alkalinity sources—the synthetic metal oxides MgO and CaO—are
potentially capable of significant CDR with reduced environmental impact, but their deployment
at scale faces major challenges associated with substrate limitation and process CO, emissions
during feedstock production. Taken together, our results highlight distinct challenges for ocean
alkalinity enhancement as a CDR strategy and indicate that mineral-based ocean alkalinity

enhancement should be pursued with caution.

Carbon dioxide removal (CDR) from Earth’s atmo-
sphere is likely to play a significant role in mit-
igating anthropogenic climate disruption over the
coming decades, with active CDR likely to be an
essential part of achieving key climate thresholds
even with deep and rapid cuts to anthropogenic
greenhouse gas emissions [1-3]. A wide range of
CDR approaches is currently under consideration
[4, 5], but these vary considerably in how rap-
idly they could be deployed at scale and in the
level of certainty surrounding potential risks and co-
benefits. One approach that has remained largely at
the concept stage is ‘ocean alkalinity enhancement'—
manipulating marine carbonate chemistry to foster

© 2023 The Author(s). Published by IOP Publishing Ltd

more rapid uptake of atmospheric CO; into the sur-
face ocean. This approach has garnered significant
recent interest [5], in part due to the vast carbon
storage potential of Earth’s oceans [6, 7], and could
in principle be achieved a variety of ways [8—13].
The most widely discussed technique is the dis-
solution of alkaline mineral feedstocks in the sur-
face ocean, including olivine (Mg,SiO,) and alkaline
metal oxides (MgO, CaO). When these phases dis-
solve in the mixed layer of the ocean they create a
pulse of alkalinity that can both counteract anthropo-
genic acidification of surface oceans and potentially
drive enhanced uptake of anthropogenic CO, from
the atmosphere into the ocean.
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Although there have been important steps for-
ward in understanding the regional and global
impacts of idealized alkalinity addition to surface
oceans [10, 14—19], there are at present no estim-
ates of the CDR potential and environmental impacts
of mineral-based ocean alkalinity enhancement that
are grounded in marine particle dynamics. Specific-
ally, although previous work has sought to explore
the impacts of imposed dissolved alkalinity fluxes to
the surface ocean or has inverted prescribed atmo-
spheric pCO; trajectories for required surface ocean
alkalinity fluxes, no previous work has mechanistic-
ally modeled the dynamics of alkalinity release from
potential mineral feedstocks as they interact with the
marine particle factory—the complex set of physical
and chemical processes that control the aggregation,
disaggregation, and settling of marine particles in the
ocean. In addition, there has been limited exploration
of the potential biophysical impacts of alkaline min-
eral feedstocks on marine ecology, the formation and
recycling of marine aggregates, and the ocean’s biolo-
gical carbon pump. This basic knowledge gap repres-
ents a significant barrier to deployment at scale and to
a productive debate on the merits and potential pit-
falls of carbon capture through mineral-based ocean
alkalinity enhancement.

Here we present a new biogeochemical model
of marine particle cycling designed specifically to
interrogate the impacts and carbon capture potential
of adding alkaline mineral feedstocks to the surface
oceans as a CDR strategy. To our knowledge, this is
the first attempt to simulate ocean alkalinity produc-
tion from natural and synthetic mineral feedstocks
with a mechanistically explicit particle model and to
explore the potential impacts of this process on par-
ticulate biogeochemical fluxes within the marine bio-
logical pump. We first use the model to evaluate the
dissolution and potential alkalinity fluxes to the sur-
face ocean from a range of widely discussed feed-
stocks for mineral-based ocean alkalinity enhance-
ment. We then evaluate the impact of alkaline mineral
feedstocks on marine particle composition and dis-
cuss the implications of this for the marine biological
carbon pump and potential trophic impacts. Finally,
we use the alkalinity fluxes from our particle model
as a boundary condition to drive an Earth system
model and use this to estimate gross CDR through
ocean CO; uptake for a range of idealized deployment
scenarios.

1. Materials and methods

1.1. A stochastic model of marine particle cycling

The stochastic particle model is a 1D (column)
model of the physics and biogeochemistry of mar-
ine particles embedded in a reaction-transport frame-
work. The constitutive element of our model, referred
to here as an ‘aggregate, is a cluster of primary
particles that emerges through interaction between
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phytoplankton cells (e.g. coccolithophorids, diat-
oms, picoplankton), various minerals (basalt, oliv-
ine, MgO, and CaO), and terrigenous dust (figure
S1, table S1). The model calculates the sinking rates
and physical properties (density, porosity, size) of
10° aggregates at each depth, with the distribution
of primary particles (minerals, dust particles, pico-
plankton, coccolithophorids, diatoms, etc) in each
aggregate calculated according to the relative contri-
bution flux of each primary particle to the total flux of
material at each depth. This stochastic representation
of particle aggregation/disaggregation, vertical sink-
ing, and zooplankton grazing is then coupled with
organic matter remineralization and temperature-
and pH-dependent mineral transformation and alka-
linity release to the water column. The model is
based on a previously published model designed to
reconstruct the geologic history of the ocean bio-
logical carbon pump [20-22], but has been extens-
ively modified to represent mineral-based ocean
alkalinity enhancement. The conceptual mechanics
of the model are briefly summarized here, while
all model equations, default parameters, validation
against empirical observations, and sensitivity ana-
lysis can be found in tables S1-S3 and figures S2—-S8.

The model calculates the probability of aggreg-
ate formation by parameterizing the collision dynam-
ics between aggregates or primary particles as a func-
tion of Brownian motion, fluid shear, and differential
settling (i.e. relatively large and more rapidly settling
particles/aggregates sweeping up smaller particles/ag-
gregates). Aggregates form with a fractal structure
with a dimension, Dy, that describes its porosity
(p ~ r,Pn, where p is the number of primary particles
in the aggregate and r, is the radius of the aggreg-
ate) [23]. The closer Dy is to 3, the more the struc-
ture fills up three-dimensional space, thus lowering
its overall porosity. Aggregate sinking rates are cal-
culated as a function of excess density relative to sea-
water, with drag coefficients corrected for the impact
of turbulence and viscous forces based on aggreg-
ate sinking rate and the local kinematic viscosity of
seawater. Model aggregates are assumed to sink ver-
tically (i.e. there is no lateral current transport of
aggregates).

Observations from the modern ocean suggest
an important role for zooplankton in the marine
particle cycle [24, 25]. In particular, particle inges-
tion and fecal pellet production by zooplankton can
represent an important vertical flux of organic car-
bon and other particle constituents, while evidence
of slow-sinking oceanic aggregates in the modern
deep ocean also suggests an important role of disag-
gregation/fragmentation of oceanic aggregates in the
marine biological pump [26], much of which may
be mediated by interaction with zooplankton. The
encounter rate of zooplankton with marine aggreg-
ates in the model is parameterized as a function of
net primary production, consistent with observations
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from the modern oceans (e.g. [19, 20]). Any discrete
zooplankton-aggregate encounter event can lead to
either ingestion or fragmentation, the likelihood and
results of which are parameterized based on frag-
mentation experiments with tethered Euphausia paci-
fica [22,27] and a power law relationship for fragment
production [22]. Aggregates that are not fragmen-
ted and contain organic matter are ingested, resulting
in the production of fecal pellets whose size is para-
meterized as a function of copepod prosome length
stochastically sampled from a uniform prior distribu-
tion of prosome lengths for multiple zooplankton size
classes (table S2).

The biogeochemical module of the model tracks
organic matter degradation, precipitation and dissol-
ution of calcium carbonate, and the dissolution of
alkaline mineral feedstocks. Organic matter degrad-
ation in the water column follows a power law for-
mulation in which degradation rates are a function
of the amount and reactivity of organic matter [28,
29], the latter of which is a function of organic matter
age, the average sinking rate of aggregates, and seawa-
ter temperature. The model also tracks the physical
properties and dissolution kinetics of four alkaline
mineral feedstocks: (1) crystalline basalt; (2) olivine
(forsterite); (3) MgO (periclase); and (4) CaO (burnt
lime). Feedstock dissolution is temperature- and pH-
dependent and is parameterized for all phases using
Arrhenius expressions for the key governing reactions
under acidic and basic conditions (see supplement-
ary information). Pre-exponential factors, apparent
activation energies, and reaction orders are derived
from fitting experimental results for each feedstock
(table S3, figures S9-S12). Previous work on ocean-
based enhanced weathering has ignored differences
in particle size within the reacting particle pool, and
instead assumes that reacting feedstock grains sink as
perfect spheres with a single uniform spherical dia-
meter (e.g. [10]). However, mechanical comminu-
tion generally produces an approximately log-normal
distribution of feedstock particle sizes [30], whose
modal size and dispersion will depend on initial feed-
stock and grinding/milling technology [31, 32]. Our
default model builds from recent work on enhanced
silicate weathering in agricultural systems and other
terrestrial settings [32, 33], employing a particle size
distribution (PSD) rather than a single feedstock
particle size. By default our feedstock PSD is that
of [33], discretized into the size-mass fraction bins
shown in figure S13.

1.2. Earth system modelling of ocean alkalinity
enhancement

We explore the impacts of large-scale ocean alka-
linity enhancement using solid alkalinity sources
with a ‘carbon-centric’ version of the Grid ENabled
Integrated Earth system model—cGENIE [34, 35].
The ocean physics and climate model components of
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c¢GENIE comprise a reduced physics (frictional geo-
strophic) 3D ocean circulation model coupled to a
2D energy-moisture balance model and a dynamic-
thermodynamic sea ice model [36, 37]. Heat, salin-
ity, and biogeochemical tracers are transported via
parameterized isoneutral diffusion and eddy-induced
advection [36-38]. The ocean model exchanges heat
and moisture with the atmosphere, sea ice, and land
while being forced at the ocean surface by zonal and
meridional wind stress according to a specified static
wind field. Heat and moisture are horizontally mixed
throughout the atmosphere and exchange heat and
moisture with the ocean and land surfaces, with pre-
cipitation occurring above a given relative humid-
ity threshold. The sea ice model tracks horizontal
ice transport and exchanges of heat and fresh water,
using the thickness, areal fraction, and concentration
of ice as prognostic variables. Full descriptions of the
climate model and ocean physics can be found in [36]
and [37]. The ocean model is configured here as a
36 x 36 equal-area grid (uniform in longitude and
sine of latitude) with 16 logarithmically spaced depth
levels and seasonal forcing at the ocean surface.

The ocean biogeochemistry module in ¢cGENIE
controls air-sea gas exchange and the transformation
and repartitioning of biogeochemical tracers within
the ocean. The ocean biological carbon pump is
driven by a parameterized uptake rate of nutrients
in the surface ocean, with this flux converted stoi-
chiometrically to biomass that is then partitioned
into particulate or dissolved organic matter for down-
stream advective transport, sinking, and remineral-
ization within the ocean interior. Dissolved organic
matter is transported with the ocean circulation
and decays according to a specified time constant,
while particulate organic matter is instantaneously
exported from the surface ocean and is remineral-
ized within the ocean interior following an exponen-
tial decay function with a specified remineralization
length scale. The ocean biogeochemistry also contains
a fully coupled carbonate system, which tracks indi-
vidual dissolved inorganic carbon species, dissolved
alkalinity, and ocean pH. Calcium carbonate forms
in surface ocean grid cells at a stoichiometric ratio
with organic matter production and is dissolved in the
ocean interior or shallow marine sediments depend-
ing on ambient temperature, pressure, and carbonate
chemistry [39]. Detailed description and validation of
biogeochemistry in cGENIE is provided in [35, 40].

The model climate system and carbonate cycle are
spun up as a closed system for 20 kyr with atmo-
spheric abundances of CO,, CHy, and N, O imposed
at preindustrial values in order to bring the ocean-
atmosphere system and shallow sediments into steady
state. All subsequent simulations are branched from
the spinup at model year 1765, and run to year
2300 according to the representative concentration
pathway (RCP) and extended concentration pathway
(ECP) scenarios for atmospheric CO,, CHy, and N,O
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[41]. Time-varying atmospheric abundances of CH,
and N,O are imposed according to a given RCP/ECP
trajectory for all simulations, while atmospheric CO,
abundance is emission-driven. The emission traject-
ory for a given RCP is first computed by the model
by prescribing the atmospheric CO; trajectory for
that scenario, with all subsequent runs utilizing the
emission trajectory diagnosed in ¢GENIE for each
RCP/ECP pathway. Concentration-driven and inver-
ted emission-driven atmospheric compositions are
shown in figure S19. Temperature trajectories are
compared to CMIP5 results in figure S20 for the
moderate-emissions (RCP4.5) and high-emissions
(RCP8.5) pathways, while surface ocean carbonate
system parameters are compared to gridded observa-
tional data in figure S21.

We use the particle model to compute the depth-
integrated alkalinity release during CaO dissolu-
tion within the upper 80 m of a coastal marine
water column at three different application rates
referred to here as low’ (100 g m™2 y~!), ‘moder-
ate’ (300 g m—2 y~!), and ‘high’ (500 g m—2 y~!)
application scenarios. This depth range corresponds
to the upper grid cell resolution in the cGENIE ocean
model but is also a reasonable annually averaged value
for much of the global ocean [42]. The computed
alkalinity fluxes are introduced as dissolved tracer
fluxes into surface ocean grid cells (e.g. as dissolved
Ca’** and alkalinity) starting at year 2030 accord-
ing to two different idealized deployment scenarios
(figure S22). In the first, alkalinity enhancement is
deployed exclusively along coastlines within 60°N/S,
while in the second the same overall mass flux is
spread across regions of relatively high background
sea-air gas exchange fluxes of CO,. Results from the
‘coastal’ scenario are discussed in the Main Text, while
results from the ‘degas’ scenario are shown in figures
S23 and S24. We quantify CDR as the time-varying
difference in the globally integrated air-sea flux of
CO, between a control simulation and a simulation
including ocean alkalinity enhancement.

A full techno-economic assessment across a range
of deployment strategies will ultimately be required
to establish plausible feedstock application rates
for this carbon management approach. However,
we can estimate the overall mass fluxes implied
by our deployment scenarios by combining the
area-normalized feedstock flues implemented in our
particle model with the deployment areas in the two
idealized scenarios (which are set equal by design).
The overall mass (feedstock) fluxes implied by our
low, moderate, and high application scenarios are
6.2, 18.6, and 31.1 Gt of feedstock per year, respect-
ively (figure S25). This corresponds respectively to
10.3, 31.0, and 51.8% of current (2020) raw mineral
(non-metallic) and ore use [43], and to 5.6, 16.9,
and 28.3% of estimated raw mineral and ore use in
2060 [44]. For comparison, current global cement
production is ~4 Gt y~! [45] and has been projected
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to roughly double by 2100 [46, 47], while global
available carbonate mineral deposits shallower than
25 m and within 50 km of coastlines amount to
~570 Gt y~! of raw feedstock potential if deployed
between 2030 and 2100 [48].

2. Results and discussion

2.1. Mineral-based ocean alkalinity enhancement
and the marine biological pump

Natural silicate feedstocks (olivine and/or basalt) are
rapidly removed from the surface ocean via mar-
ine particles relative to dissolution kinetics, dramatic-
ally attenuating water column dissolution at shallow
depths (figure 1(A)). For example, the near-surface
effectiveness of alkalinity release (defined here as
the alkalinity release relative to complete dissolu-
tion within the upper 80 m of the water column)
is well below 10% for basalt feedstock, regardless of
feedstock application rate (figure 1(B)). Surface alka-
linity release from olivine is more significant and
increases as a function of feedstock application rate
(figure 1(B)). However, even at high application rates
and very small grain sizes (see supplementary inform-
ation), the effectiveness of alkalinity release from oliv-
ine is limited.

In contrast, both MgO and CaO show very
rapid near-surface dissolution, with depth-integrated
alkalinity release in the upper 80 m approaching
ideal stoichiometric release of feedstock alkalinity
(figures 1(A) and (B)). Integrated alkalinity release
shows a slight dependence on feedstock application
rate for MgO, while alkalinity production from CaO
is essentially complete within the upper portion of
the ocean mixed layer regardless of application rate—
making its behavior similar to a more direct alka-
linity source such as NaOH (figure 1(B)). These res-
ults indicate that for vast regions of the coastal and
open oceans natural basalt and olivine will be rel-
atively ineffective at producing near-surface alkalin-
ity and carbon capture from the atmosphere, while
alkaline metal oxides should promote atmospheric
CO; uptake even in regions with relatively shallow
mixed layer depths. The possible exception to this
dichotomy may be Mg-based phases (e.g. both MgO
and brucite, Mg(OH),, which should behave simil-
arly in the surface ocean; see supplementary inform-
ation), the dissolution of which can be rapid but for
which depth-integrated alkalinity release and impacts
on the biological pump will depend on local net
primary productivity and feedstock application rate
(see below; figures S16-18).

Our model predicts that application of crushed
olivine and natural basalt will have a significant
impact on the organic content of marine aggregates
and rates of feeding and fecal pellet production in
marine zooplankton (figure 2). The average organic
content of marine particles drops by over an order
of magnitude with olivine/basalt application, even
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Figure 1. Water column alkalinity release from solid feedstocks in the particle model. (A) Relative alkalinity release (which fosters
carbon capture) as a function of depth for natural basalt, olivine, magnesium oxide (MgO), and calcium oxide (CaO). Results are
shown for an idealized coastal marine ecosystem with a feedstock application rate of 100 gC m~2 y~! and a ratio between

feedstock application rate and net primary productivity (Rmin) of 0.2 (g/g). (B) Depth-integrated efficiency of alkalinity release in

the upper 80 m as a function of feedstock application rate. The grey shaded box denotes ideal (complete) alkalinity release in the

surface ocean.
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Figure 2. Impact of solid alkalinity sources on marine particle composition and zooplankton grazing in the particle model.

(A) Values of average particle organic matter fraction (forg) across all particles formed in the stochastic model within the upper
200 m, an operative depth range for a number of economically important fish species [68] (see also figure S13), compared to
those of a control simulation with no feedstock addition. Open circles show median values, while violin plots show the

distribution of results across all depths within the upper ocean. Results are shown for an idealized coastal marine ecosystem with a
feedstock application rate of 100 gC m~2 y~! and a ratio between feedstock application rate and net primary productivity (Rmin)
of 0.1 (g/g). (B) Values of zooplankton fecal pellet production within the upper 200 m of the water column compared to those of a
control simulation with no feedstock addition. Fecal pellet production is given as the percentage of zooplankton encounter events

with potential food particles that lead to particle ingestion and fecal pellet production (Pgeca).

at relatively low application rates (figure 2(A)). This
decrease in food quality, which is driven by a decrease
in the relative organic matter content of aggregates
at the expense of slowly dissolving minerals, leads in
turn to a significant drop in zooplankton feeding and
fecal pellet production (figure 2(B)).

These results have significant implications for
the biological carbon pump and surface marine
ecosystems. The packaging of particulate organic
carbon in zooplankton fecal pellets represents an

important transfer mechanism for carbon into the
ocean interior [25, 49, 50], with potentially cas-
cading impacts on marine nutrient abundance and
dissolved oxygen availability linked with changes
to spatial patterns of nutrient release and oxygen
consumption during organic matter remineraliza-
tion. In addition, because zooplankton is a key
food source for larval fish and planktonic crusta-
ceans significant changes to zooplankton food qual-
ity and grazing efficiency would be expected to induce
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Figure 3. Gross carbon dioxide removal (CDR) during ocean alkalinity enhancement in an Earth system model. Results are
shown for a moderate-emissions pathway (RCP4.5; A, C) and a high-emissions pathway (RCP8.5; B, D), with feedstock
application along coastlines between 60° N/S latitude (see supplementary information). Ocean alkalinity enhancement begins in
year 2030. (A), (B) Rates of carbon dioxide removal in model year 2100 (CDR3199), computed as the difference in air-sea CO, flux
relative to a control simulation with no alkalinity addition. Values are grouped according to feedstock application rate according
to the low (100 g m—2 y~!), benchmark (300 g m =2 y~!), and high (500 g m—2 y~!) application rate scenarios. (C), (D) Partial
pressure of atmospheric CO, (pCO,) over time across feedstocks for our benchmark feedstock application rate compared to a

control simulation with no alkalinity addition (black).

substantial—though potentially complex—responses
in surface ocean trophic structure and carbon/energy
fluxes [51, 52]. The exact magnitude of these down-
stream ecosystem and trophic impacts will vary as a
function of many factors that are not currently cap-
tured in our model, including the energetic costs of
zooplankton grazing on organic-lean aggregates and
differences in assimilation efficiency as a function of
food quality [53, 54]. Nevertheless, our model pre-
dicts strong potential for ecosystem disruption dur-
ing ocean alkalinity enhancement with natural silicate
feedstocks.

The impact of synthetic alkaline metal oxides
on particle composition and zooplankton ecology is
potentially more muted. Dissolution of CaO in the
upper ocean is sufficiently rapid that particle organic
matter content and zooplankton fecal pellet pro-
duction are indistinguishable from control simula-
tions at a given ratio between feedstock application
rate and net primary productivity (Rpy,; figure 2).
This result is robust across a wide range of Rpin
values (see supplementary information). There is a
more discernible impact of MgO on particle organic
matter content and zooplankton fecal pellet produc-
tion, though this scales to some extent with Rpy.
Although these impacts are relatively minor for our
default PSD, a coarser distribution for MgO would
be expected to have a significant impact on particle
organic content (figure S15). Collectively, these res-
ults indicate that: (1) natural silicate feedstocks

have minimal near-term surface alkalinity produc-
tion potential but significant potential for negat-
ive impact on surface ocean ecosystems; (2) MgO
(and by extension Mg(OH),) has the potential for
significant near-term surface alkalinity release, but
also shows complex interactions with marine particle
cycling that may negatively impact surface marine
ecosystems; and (3) CaO has significant near-term
potential for surface alkalinity production and car-
bon capture from the atmosphere and may be largely
benign in its impacts on particle cycling in the shallow
ocean.

2.2. Carbon uptake and mitigation of ocean
acidification through mineral-based ocean
alkalinity enhancement

End-of-century rates of CDR during deployment
of synthetic alkalinity sources amount to 5.7-
20.4 Gt CO, y~! for CaO and 6.7-23.0 Gt CO, y~!
for MgO in a moderate-emissions scenario
(figure 3(A)). There is an increase in CDR rates in
the high-emissions pathway because of increased effi-
ciency of ocean carbon storage at higher background
pCO, (figures 3(B) and (D)). Gross CDR and overall
capture efficiency per unit mass of feedstock deployed
are significantly lower for natural alkaline feedstocks
(figures 3(A) and (B)), which exert commensurately
reduced leverage on atmospheric pCO; (figures 3(C)
and (D)). Rates of ocean CO, uptake for a given
feedstock application rate are nearly identical for a
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Figure 4. End-of-century (2100) carbonate saturation states during ocean alkalinity enhancement in an Earth system model.
(A)—(D) In-situ surface ocean carbonate (aragonite) saturation states relative to a control simulation (£2-Qcontro1) under a

moderate emissions scenario (RCP4.5) with our benchmark feedstock application rate of 300 g m

2y~ ! along coastlines between

60° N/S latitude (see supplementary information). (E)—(H) Distribution of surface ocean aragonite saturation states (£2,rg) from
the same simulations shown in (A)—(D). Grey curve shows the distribution from the control simulation with no ocean alkalinity

enhancement.

scenario in which feedstock is deployed to regions
of elevated background CO, outgassing (see sup-
plementary information), although regional impacts
on carbonate saturation state are strongly influenced
by deployment region (figure S22). Thus, different
regional mitigation patterns for ocean acidification
can emerge for roughly the same extent of ocean car-
bon capture. In any case, our results suggest that the
CDR efficiency of natural alkaline feedstocks is very
low, which should result in a commensurate increase

in overall cost and lifecycle emissions, while the effi-
ciency and overall potential for CDR using synthetic
alkalinity sources is extremely large and is likely to
be limited most directly by constraints on feedstock
supply.

The ability of natural feedstocks to mitigate ocean
acidification, which we proxy here by impact on sur-
face ocean carbonate saturation states, is extremely
small (figure 4). The distribution of surface ocean
saturation states in our benchmark deployment
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of basalt and olivine is indistinguishable from the
corresponding control simulation even under a
moderate anthropogenic CO, emissions trajectory
(figures 4(C) and (D)). The impact of synthetic alka-
linity sources on surface ocean carbonate chemistry is
much more pronounced (figures 4(A) and (B)), with
aragonite saturation states deviating significantly
above those of the control simulation in our bench-
mark deployment of CaO and MgO (figures 4(E)
and (F)). Although it will be important to fully eval-
uate the potential responses of marine organisms
and ecosystem function to elevated carbonate satur-
ation states [55], surface ocean saturation states in
our simulated deployments of CaO and MgO should
act to promote biotic calcification (e.g. [56]) while
also remaining below those typically invoked to cata-
lyze abiotic nucleation and precipitation of calcium
carbonate phases [57]. This result holds across both
deployment regimes considered here (figure 524).

3. Conclusions

Our results indicate first-order differences in expec-
ted ecological impact, surface ocean carbon cycling,
and CDR potential across different potential feed-
stocks for ocean alkalinity enhancement. They also
highlight major barriers that must be confronted
in attempts to bring mineral-based ocean alkalinity
enhancement to scale. In particular, our results indic-
ate that application of natural silicate feedstocks (oliv-
ine and/or basalt) to surface ocean systems at rates
that could conceivably result in CDR at a megaton
or gigaton scale could have significant deleterious
impacts on the marine biological pump and ocean
trophic structure. Moving forward, directly coupled
modeling of temperature feedbacks on mineral dis-
solution rates during transient climate simulations
and explicit feedback between impacts on the bio-
logical pump, particle sinking rates, and export of
carbon in the ocean interior are critical avenues for
more fully evaluating the potential and impacts of
deploying mineral-based ocean alkalinity enhance-
ment at scale. It will also be critically important to
obtain direct empirical constraints in field or meso-
cosm settings on the impacts of mineral-based alka-
linity sources on particle dynamics and the potential
for ecosystem disruption.

It is important to note that feedstock PSD is likely
to be variable across different feedstock types, and an
important topic for future research is evaluating likely
PSD characteristics for different potential feedstocks
along with the process CO, penalties and energetic
demands of their production. The PSD characterist-
ics of natural feedstocks in particular (e.g. basalt and
olivine) are likely to vary substantially even within a
single feedstock type [58], and the physical character-
istics of synthetic alkaline metal oxide feedstocks are
potentially very different from those of natural silicate
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mineral feedstocks. In addition, it is possible that syn-
thetic feedstocks could be engineered to have signific-
antly different (and more reactive) particle character-
istics than natural mineral substrates, depending on
the feedstock production process. Jet milling of port-
land cement and limestone mixtures, for instance,
can produce a narrow range of very small (~4 pm)
particles [59], something unlikely to be achieved for
natural feedstocks without prohibitive energetic pen-
alties. However, because our default model minimizes
deleterious impacts of basalt and olivine feedstocks
on particle composition and zooplankton abund-
ance while maximizing potential alkalinity produc-
tion (figure S14) we consider our primary results
to be robust across a wide range of feedstock PSD
scenarios.

Although alkaline metal oxides can potentially
maximize near-term CDR within the ocean mixed
layer and minimize the overall impact on particle
compositions and zooplankton grazing, the deploy-
ment of synthetic alkalinity sources for ocean-based
carbon capture at the gigaton scale may also face sig-
nificant challenges. For instance, the development of
novel production pathways for Mg-based feedstocks
[60, 61] will likely be required to meet demand at
scale. Although some CaO could be sourced from
steel slag and concrete waste [46, 62], extensive
deployment of limestone-derived CaO in ocean alka-
linity enhancement would very likely require that
calcination—the production of CaO from carbon-
ate minerals—to be coupled to carbon capture and
storage [63, 64]. In addition, the elevated reactiv-
ity of CaO may ultimately result in logistical prob-
lems during storage, transport, and application or
unanticipated ecological impacts [65, 66]. In any
case, our results provide strong impetus for con-
tinued techno-economic assessments of novel path-
ways toward alkaline metal oxide production [60]
and the development of favorable life cycles for
CaO and MgO deployment, along with a renewed
focus on electrochemical [12, 67] and reactor-based
[8] approaches toward ocean alkalinity enhancement
that may be able to circumvent or minimize the
potential deleterious ecological impacts and logistical
barriers to scale that exist for mineral-based alkalinity
sources.
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