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Supplementary Information Text
A stochastic model of marine particle cycling — IOTA

To explore the impacts of solid alkaline feedstocks on surface ocean particle dynamics, we
developed a particle-based stochastic model of the marine biological pump. The core of the model
are aggregates that are comprised of various primary particles (e.g., minerals, phytoplankton cells,
dust particles). Our model calculates the physical characteristics of marine aggregates such as
sinking rate, porosity, and size, and considers the impact of primary producer cell size,
aggregation, temperature, dust flux, biomineralization, ballasting by mineral phases, oxygen, and
the fractal geometry (porosity) of aggregates. The constitutive elements of our model, referred to
here as “aggregates”, are clusters of primary particles that emerge through interaction between
phytoplankton cells (e.g., coccolithophorids, diatoms, picoplankton), various minerals (basalt,
olivine, MgO, and CaO), and terrigenous dust (Fig. S1, Table S1). The model calculates the sinking
rates and physical properties of many aggregates at each depth, with the distribution of primary
particles (minerals, dust particles, picoplankton, coccolithophorids, diatoms, etc.) in each
aggregate calculated according to the relative contribution flux of each primary particle to the total
flux of material at each depth. The model is based on a previously published model that was aimed
at reconstructing the geologic history of the ocean biological carbon pump and marine dissolved
organic carbon (/-3).

The probability of aggregate formation as a result of a collision between two aggregates or primary
particles i and j (P;;) is given by:

P = y(z).%.% . (1)
Here, S denotes the rate of collision between aggregates, while y is an aggregation efficiency that
varies with depth. The terms NPP, NPP..s, and f,.f, denote marine net primary production (NPP)
and reference values for NPP and collision rate, respectively. This formulation implies that in
regions with high NPP, and thus elevated production of organic particles, aggregation probability
will in general be higher. The aggregation efficiency parameter, y, decreases with depth following
Ref. (4). This assumption is based on observations in modern marine systems, in which the primary
substrate that holds marine snow together in the water column is transparent exopolymer particles
(TEP) — a mucus-like polysaccharide material exuded by phytoplankton and bacteria. Production
of TEP tends to be highest under conditions of nutrient limitation during the senescent phase of
phytoplankton blooms (5).

The collision rate (5) between particles i and j is governed by three primary encounter mechanisms:
(1) Brownian motion; (2) fluid shear; and (3) differential settling (i.e., relatively larger and more
rapidly settling particles sweeping up smaller particles). Mechanism (1) is the most common for
very small particles, while mechanisms (2) and (3) dominate for larger particles. We follow
previous work (5-7) in parameterizing the coagulation kernel f as the sum of collision frequency
due to Brownian motion (f5,), fluid shear (f), and differential settling (fus):

B(irj) = Bpr + Bsn + Bas (2)

Collision frequency due to Brownian motion, fluid shear, and differential settling, respectively,
are parameterized according to:
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_ 8KT (ri+7))?

Bor =S (3)
2 3
Bon =985 J(E)(n +n) (4)
2
Bas = %n MIN(ri, rj) |u,- — uj| . ®))

Here £ is the Stefan— Boltzman constant, 7 is temperature, x4 is dynamic viscosity, v is kinematic
viscosity, and ¢ is the turbulent dissipation rate (set to 1x107%; Ref. (5)). The term ¢ = MIN(r;,
r))/MAX(r;, rj), while r; and r; are the radii of the two aggregates/particles being evaluated for
collision and u; and u; are the settling velocities of the two aggregates/particles.

The average probability of aggregation at each depth is then used to determine the proportion of
particles that are incorporated into aggregates in the following depth. For instance, at the very top
of the model domain where there is no aggregation, primary interacting particles (e.g.,
phytoplankton cells, synthetic minerals, dust, etc.) are evaluated for aggregation, and the average
probability of aggregation at that depth is evaluated and used to determine the fraction of particles
in the following depth will be contained within an aggregate.

1. Physical characteristics of aggregates

The volume of material in an aggregate is calculated as:
Vo = aiVe + apVy + asVp; + ayVpi + asVeq + @Vreea (0)

where o is the number of primary particles in each aggregate, corrected for aggregate
efficiency/probability of aggregation, and V is the volume of each primary particle, calculated
using primary particle density and the total amount of material from each primary particle type
(Table S1). The primary particle types include coccolithophorids (C), aragonite-producing
phytoplankton (4), diatoms (Di), picoplankton (Pi), terrigenous dust (D), calcite (Ca), and
anthropogenic alkaline feedstock (Feed).

An aggregate that forms through aggregation of smaller particles forms a fractal structure with a
dimension, Dy, that describes its porosity (p ~ 1., where p is the number of primary particles in
the aggregate and 7, is the radius of the aggregate) (8). The closer Dy is to 3, the more the structure
fills up three-dimensional space, thus lowering its overall porosity. The fractal dimension of
marine snow has been inferred to be in the range of 1.3 to 2.3 from measurements of aggregate
properties such as settling velocity, porosity, and size (8, 9). The aggregate radius, 74, is then
calculated using the fractal dimension and the radius of the primary particle, 7,:

Ta =1 pl/Dn . (7)

The radius of the primary particle, r,, is calculated from its volume under the assumption that it is
a sphere (5):

3[3V,
= _[|-x
41T

(8)
where the average volume of the primary particles in the aggregate (), is calculated by dividing
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the total volume of material in the aggregate, V., by the number of primary particles in each
aggregate (p):
V,
== .
Poop )
The aggregate porosity, ¢, is related to the radius of individual particles that comprise the aggregate
and the total radius of the aggregate:

p=1-p(2) . (10)

Aggregate density (p.) is calculated using the composition-weighted density of the material in each
aggregate (ps), the density of seawater (ps), and aggregate porosity (¢):

Pa = (1 - 90)p5 + Psw > (11)

where pj is calculated according to:

1
Ps = ;' [a1pc + azpa + a3pp; + A4pp; + Aspp + AsPea + A7Preeal - (12)

2. Particle sinking rates

Sinking rates of marine particles range from a few up to hundreds of meters per day (/0), and have
been found to increase with depth (/7). In our model, the sinking rate of an aggregate is calculated
using Stokes’ law (12):

_ 8ra(pa— Psw)-g
u= \l 3pswf(Re) ’ (13)

where g is acceleration due to gravity. The average sinking rate of aggregates at each depth can be
calculated by dividing the sum of sinking rates of individual aggregates by the total number of
aggregates at each depth. For low Reynolds numbers (Re), where viscous forces are dominant, the
drag coefficient of an aggregate is calculated according to:

f(Re) ==, (14)

2TqU
Re = T , (15)
where v is kinematic viscosity. For large Reynolds numbers, where turbulence starts to play an
important role, the drag coefficient is calculated using Whites’ approximation (/3), which is valid

for Re <2 x 10*

fRY=24+—L_+04 . (16)

Re  (1+VRe)
Substituting f{Re) with White’s approximation results in a nonlinear equation that can be solved
for u. Model aggregates are assumed to only sink vertically (i.e., there is no lateral current transport
of aggregates). The applicable regime for estimating the drag coefficient for aggregates is
calculated based on aggregate settling speed and size. Aggregates tend to reach high Re conditions
when settling at a few hundred meters per day.
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Within the salinity range of modern seawater, the viscosity of seawater is mainly a function of
temperature (/4). We use an expression that fits empirical data for seawater viscosity at 35 ppt to
calculate the kinematic viscosity, v, at temperature T[K] (/4):

2250

v=5x10%e T . (17)

Seawater temperature is assumed to be constant within the upper mixed layer and changes linearly
within the thermocline, followed by a linear decrease below the thermocline to an end-member
deep ocean temperature. This temperature structure mimics typical temperature-depth profiles in
modern marine systems.

3. Zooplankton

Observations from the modern ocean suggest an important role for zooplankton in the marine
particle cycle (15, 16). In particular, particle ingestion and fecal pellet production by zooplankton
can represent an important vertical flux of organic carbon and other particle constituents, while
evidence of slow-sinking oceanic aggregates in the modern deep ocean also suggests an important
role of disaggregation/fragmentation of oceanic aggregates in the marine biological pump (/7),
much of which may be mediated by interaction with zooplankton. In any case, while the degree to
which zooplankton influence the physical characteristics of the oceanic aggregates is not fully
understood at present and the intensity of aggregate destruction by zooplankton likely varies by
clade (/8), experimental and modelling studies suggest that interaction between zooplankton and
marine particles does occur and can lead to ingestion and fecal pellet production as well as
fragmentation of aggregates.

The encounter rate of zooplankton with marine aggregates in the model is considered to be a
function of marine net primary production.

= PP p-bao (18)

z00 NPPef

Where E.o.o, NPP, z, b.oo, respectively, denote the encounter rate of zooplankton with marine
aggregates, marine net primary production, depth, and coefficient for change in zooplankton
abundance with depth. This parameterization for encounter rate of zooplankton with aggregates is
largely consistent with the observation in the modern oceans where zooplankton biomass is found
to be correlated with the strength of marine primary production (e.g., Ref. /9, 20) ). The value of
b-0o 18 chosen to be consistent with the observed depth profile of zooplankton biomass in the
modern ocean (/9). The value of E.,, as expressed would be between 0 and 1, and for each
aggregate at each depth the calculated encounter rate is compared to a randomly generated value,
r. If r < Ez» the model evaluates a discrete zooplankton-aggregate interaction which can result in
either ingestion or fragmentation of the aggregate.

Any discrete zooplankton-aggregate encounter event can lead to either ingestion or fragmentation.
We assume that the probability of fragmentation is higher for larger particles, following Ref. 72,
and introduce a parameter Ry that increases with aggregate radius based on fragmentation
experiments with tethered Euphausia pacifica (5, 21):

Ryreax = 0.1tan™* [ 2] (19)
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where 7, is the aggregate radius, as described above. If a randomly generated value r is smaller
than Rpreat, the aggregate fragments into a number of daughter particles. Following Ref. (5) we use
a power law that describes the number of fragments (f) an aggregate can fragment into:

Pr=%/_,091.i71%6 (20)

The value for Pris compared to a randomly generated value, r, for each successive f. When r < P,
the number of fragments that the aggregate breaks into is obtained. The radius of the fragmented
aggregate is then calculated by dividing the old radius by the number of fragments, ensuring mass
conservation during fragmentation events.

Recent observations indicate that the efficiency of particle fragmentation by zooplankton varies as
a function of water column depth, with elevated fragmentation in shallower parts of ocean
mesopelagic zone and attenuated fragmentation in deeper waters (/7). To account for variable
efficiency of fragmentation, we re-scale Rpear according to a dimensionless fragmentation
efficiency (fg) defined as a power-law function of water column depth:

ffrag = kfrag - 770258 > (21)

where k¢ 1S a scaling parameter and z is water column depth (/7). Not all zooplankton taxa exhibit
the same efficiency in fragmentating oceanic aggregates, and some groups will ingest oceanic
aggregates and produce fecal pellets but will not generally fragment aggregates into smaller
daughter particles (e.g., salps; (/8)). We incorporate variation in efficiency of particle
fragmentation and absence of fragmentation for some zooplankton by stochastically varying the
value of ks between 0.1 and 1.

If the particle is not fragmented it is ingested and can produce fecal pellets. To assure that
zooplankton only ingest aggregates of sufficient quality (e.g., with some non-trivial amount of
organic matter), a randomly generated value, 7, is compared to the organic weight fraction (for¢) in
each aggregate and if r < f,,¢, the aggregate is considered appetitive and would become ingested.
Ingestion of aggregates by zooplankton results in production of a range of faecal pellet sizes.
Faecal pellets are treated by the model essentially as aggregates with much lower porosity (22)
(Table S2). Fecal pellet sizes are computed in the model from the relationship between mean fecal
pellet volume and prosome length for copepods (23):

log PV = 2.58 -log PL — 2.38 (22)

where PV and PL represent the fecal pellet volume and prosome length, respectively. To account
for a range of sizes in different zooplankton classes (small/large), we sample stochastically from a
uniform prior distribution of prosome lengths for each zooplankton size class (Table S2).

4. Rate of organic carbon degradation and efficiency of marine carbon pump

Our model employs a power-law formulation for organic matter degradation in the water column
(24, 25). Degradation rates are a function of the amount and reactivity of organic matter, the latter
of which is a function of organic matter age and the average sinking rate of aggregates. Specifically,
the model uses the calculated average velocity of sinking aggregates from the particle model to
calculate the age of organic particles in each depth layer (#):

ty = — ; (23)

Uj,average
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where z; is a given depth i and u; average 1S the average settling velocity of aggregates at that depth.
Subsequently, the organic matter content in aggregates can be calculated using an age-dependent
power law for organic matter degradation rate at each depth i (R;) (24):

Ri S —bti_aCi . (24)

where C; is the concentration of organic matter at depth i and the constants a and b define the rate
of organic carbon mineralization. This power law has been widely used to simulate the rate of
organic matter degradation over various timescales, ranging from fresh phytoplankton to
sedimentary organic matter with ages on the order of 10° years (24).

However, the standard power law formulation does not take into account the possible influence of
temperature, dissolved oxygen concentrations, mineral matrix properties, or other factors that can
potentially impact rates of carbon degradation (26-28). We modify the standard power law to
include a temperature dependency (29-31) according to:

Ti_Tref

Ri = Q10 oo _bti_aci > (25)

Where T; is temperature at depth i, 7.ris a reference temperature, and Q;¢ is a standard temperature
dependency factor, which for most biological systems is somewhere between 1.5-2.5 (30, 31).

5. Reaction-transport model

To explore the potential impact of alkaline mineral feedstocks on water column chemistry, we
embed our stochastic particle model into a one-dimensional reaction transport model:

d dc;
dz Z dz

0=

- Ci(z)v(z)] +R, . (26)

Here z is depth below the photic zone, C; represents concentration of dissolved tracer i, K- is the
turbulent diffusion coefficient, v(z) is advection velocity, and R; represents the rate(s) of reaction(s)
that consume or produce a given dissolved tracer. Turbulent diffusion is assumed to be relatively
vigorous above the chemocline in order to reflect the highly convective Ekman layer in the upper
ocean, then decreases linearly to lower values in the thermocline to reflect the high impediment to
vertical mixing caused by strong temperature stratification, and then increases linearly to higher
values in the deep ocean where the absence of strong temperature gradients permits more effective
vertical mixing. The advection coefficient is estimated by dividing the exchange flux between the
high-latitude and deep ocean (~50 Sv; 1 Sv = 10° m?/s) by the lateral (cross-sectional) area of the
deep ocean. Due to uncertainty involved with this estimation, the advection term is multiplied by
a fitting parameter, a, that can vary locally. Values for turbulent diffusion coefficients at the
surface, thermocline, and the deep oceans along with the fitting parameter for advection were
obtained through providing a rough fit against the measured DIC and oxygen depth profiles in a
series of modern marine systems (32).

The rate of dissolved oxygen (O2) consumption by aerobic respiration was simulated using a
Michaelis-Menten formulation:

— [02]
Rresp - RC Ki+[202] . (27)

Here, K; is the half-saturation constant for aerobic respiration, Rc is the carbon mineralization rate
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as described above, and brackets denote concentration. The main source and sink for dissolved
inorganic carbon (DIC) are the degradation of organic matter in the water column and precipitation
of carbonate minerals, respectively. The rate of carbonate precipitation is assumed to be a function
of carbonate saturation state:

Rearb = Kcarp (Q- - 1)1'7 , (28)
where:
.
Q= [cal[co3™] (29)
Ksp

Here kcam, Q, [Ca], [CO5*], and Ky, correspond to the carbonate precipitation rate constant, the
saturation index of carbonate, concentrations of dissolved calcium and carbonate ion, and
carbonate precipitation equilibrium constant, respectively. The main chemical reactions that
influence the concentration of total alkalinity (TA) in the water column include consumption of
alkalinity through carbonate precipitation and its production through dissolution of the alkaline
mineral feedstocks (basalt, olivine, MgO, and CaO). Boundary conditions used to solve the
reaction-transport expressions for Oz, DIC, and TA were fixed-concentration at the top and the
zero-gradient at the bottom of the model domain.

6. Model validation

To assess the ability of our particle model to capture the characteristics of particles and water
column chemistry across a range of modern marine systems, we compare model results to
commonly observed physical features of marine aggregates, to measured depth profiles of
particulate organic carbon (POC), and to measured depth profiles of various chemical species
relevant for the biological pump and the marine carbonate system (O, DIC, TA, and pH) in coastal
and open ocean localities. Empirical observations of the sinking rates of marine aggregates yield
a bimodal distribution, with peaks in particle sinking rate a ~1 m d!' and above 500 m d’,
suggesting that there are two major “classes” of marine aggregate with respect to particle sinking
speeds (33-36). This complex bimodal behavior is reproduced well by our particle model (Fig.
S2). Our model indicates a significant abundance of slow-sinking particles overall, consistent with
measurements in modern subtropical waters in which more than 60% of total particulate organic
carbon is found in particles with sinking rates less than 10 m d! (33).

While there is limited information at present on the distribution of porosity in marine aggregates,
existing observations tend to suggest very high porosity for most marine aggregates, greater than
~0.9 and mostly approaching ~0.99 (37-39), except for fecal pellets which are compact and tend
to have porosities around 0.45 — 0.65 (22). These observations are consistent with the porosities
produced by our particle model (Fig. S3). The particle model is also capable of reproducing
observations of particulate organic carbon (POC) content from neutrally buoyant sediment trap
data (Fig. S4) and dissolved tracer concentrations across a range of coastal and open ocean settings
(Fig. S5). Taken together, these results suggest that our particle model is capable of effectively
representing the first-order dynamics of particle cycling, vertical carbon transport, and associated
impacts on the marine alkalinity cycle across a range of marine environments.

7. Sensitivity analysis

Key parameters in our particle model were varied within the ranges specified in Table S2, and
S8
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changes in the average sinking rate of aggregates between maximum and minimum of each
parameter were recorded. To be able to compare the effect of each parameter on the average
sinking rate, the response of the model to change in input parameters were normalized (Fig. S6).
The sign of the normalized effect indicate the directionality of the effect of each parameter on the
average sinking rate, with positive normalized effect indicating that an increase in the parameter
value would result in an increase in the average sinking rate (and vice-versa). Our results indicate,
that calculated sinking rate is insensitive to most of the model input parameters such as flux of
dust (Fpus:), mixing depth (Lnix), eddy diffusivity at surface (K:), thermocline and deep ocean,
turbulent dissipation rate (¢), and seawater surface temperature (SS7). The parameters with the
strongest influence on the sinking rate were the strength of marine net primary production (NPP),
reference value for NPP (NPP,.), aggregate fractal dimension, the fraction of NPP that is produced
by various planktonic cells (e.g., picoplankton, aragonite forming phytoplankton), the coefficient
for zooplankton encounter rate (bzo0), and prosome length (PL) (Fig. S6).

Notably, by enhancing the encounter rate of zooplanktons with marine aggregates, our results show
that an increase in the marine NPP or decrease in NPP.,s would result in higher rate of fecal
production and production of a larger amount of compact fast-sinking fecal pellet. Our results also
show that, since unlike picoplankton cells, coccolithophorid and aragonite forming phytoplankton
have a reduced organic weight fraction, an increase in the contribution of coccolithophorid and
aragonite forming phytoplankton to the marine NPP would result in a decrease in the organic
fraction of marine aggregates, which in turn would decrease the rate of fecal pellet production by
zooplankton.

8. Dissolution kinetics of alkaline feedstocks

Our model includes the physical properties and dissolution kinetics of four idealized alkaline
mineral feedstocks: (1) crystalline basalt; (2) olivine (forsterite); (3) MgO (periclase); and (4) CaO
(burnt lime). Crystalline basalt (CB) dissolution can be described as a sum of three parallel
reactions dominated at acidic (a), neutral (n), and basic (b) conditions, respectively (40):

rf® = PPt (30)

where 1B represents the overall dissolution rate of crystalline basalt, and 7,°B, ,°B, and r<B

denote dissolution rates for acidic, neutral, and basic mechanisms, respectively. In each case, the

reaction rate is assumed to be related to the proton (H") activity in aqueous solution according to:
CB cB nf®
r® =kPal, | (31)

where the subscript i refers to acidic, neutral, or basic mechanisms. The parameter kiCB is
temperature-dependent rate constant, while a,+ denotes the activity of aqueous H, and nB
designates reaction order. Hydrogen ion activity is given as:

ay+ =107PH (32)

The temperature-dependent rate constant follows the form of an Arrhenius expression:
cB

KEB = AR (33)
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where Ag’]l3 stands for a temperature independent pre-exponential factor, and E g? denotes apparent
activation energy for the reaction. Combining Eq. (30)-(33), the dissolution rate of crystalline
basalt can be described by:

CB
CB cp -Cah o em cp Ein CBpH | 4CB ,——%b CBpu
Ty = Agge RT 107"a PR 4+ AGT e RT 107" PH + Agie RT 107 P . (34)

The temperature independent pre-exponential factor, apparent activation energy, and reaction
order for acidic, neutral, and basic conditions are fitted from experimental dissolution rates of
crystalline basalts as a function of pH and temperature (4/) (Table S3; Fig. S7). The dissolution
kinetics of crystalline basalt derived from Eq. (34) achieve R? values of 0.9944 and 0.9405 for
observational data obtained at 5°C and 25°C, respectively.

Empirical measurements of the dissolution rate of forsterite (42-44) suggest that overall olivine

(Fo) dissolution can be described as a sum of two parallel reactions that dominate at acidic (a) and
basic (b) conditions (40, 45-49):

rfo = ypFoqpfo | (35)

where 7° has the similar formulation as Eq. (31) with associated temperature-dependent rate
constant (kf°) following the form of Arrhenius expression as in Eq. (33). The overall kinetic
equation for calculating olivine dissolution rates combining the influence pH and temperature is
given by:

Fo Fo
Egqa E

——aa Fo _—ab Fo
rfo = Af%e rr 107Ma PH 4 AT e™Rr 107 PH (36)

The parameters in Eq. (36) are derived by fitting experimental dissolution rates of forsterite (42,
43, 50-53) (Table S3; Fig. S8). The dissolution kinetics of forsterite olivine derived from Eq. (36)
yields R? values exceeding 0.86 across a range of temperatures conditions (e.g., 0.9282 for data
obtained at 25°C).

The overall dissolution of MgO can be formulated as a sum of two parallel reactions that dominate
at under acidic (a) and neutral () conditions (40, 45):

MgO _ _ MgO MgO
T =T, 0+, , (37)

8

where the dissolution rates riM ° regulated by acidic and neutral mechanisms are formulated

similarly to Eq. (31) and the associated temperature-dependent rate constant ( klM 8% s
parameterized in an Arrhenius form as in Eq. (33). Thus, the overall expression for the dissolution
kinetics of MgO is given by:

MgO MgO

aa Mg an

MgO _ ,MgO - -nM8%,y Mgo - MO,y
T, o =Ay, e RT 107"a PR 4 A e RT 107"n 0 P . (38)

The dissolution rates of MgO in solution are controlled by different surface complexation reactions
as pH conditions change (54). Under acidic conditions (pH < 5), the reaction sequence during MgO
dissolution is:

Mgosurface + 2Hg—olution - MgO ’ H:urface - Mg2+ + OHs_olution ’ (39)
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with the overall neutralization reaction described by:
MgO + 2H* - Mg?* + H,0 . (40)

Under these conditions, the rate-limiting step of the overall process is proton attack. At pH = 5,
MgO dissolution is limited instead by proton diffusion and the dissolution rate is dominated by
proton concentration. Under neutral to alkaline conditions (pH > 7), the reaction sequence of MgO
dissolution is:

MgOH:urface + OH™ - MgOH+ ' OHs_urface - Mg2+ + 20Hs_olution s (41)
and the overall reaction is:
MgO + H,0 - Mg?* + 20H* . (42)

Under these conditions, the rate-limiting step is OH™ ion attack (which drives discharge of the
MgOH" from the solid surface), followed by the desorption of Mg?* and OH". The first step in Eq.
(41) is essentially a hydroxylation reaction that results in the formation of brucite (Mg(OH)>):

MgO + H,0 - Mg(OH), . (43)

Scanning electron microscopy reveals the formation of a hydroxylated layer of Mg(OH): crystals
at the surface of MgO during dissolution (54). Since the hydration reaction of MgO is rapid (54,
55), MgO dissolution is ultimately rate-limited by Mg(OH); dissolution when pH is greater than
7. Similar reactivity of MgO and Mg(OH); at neutral to alkaline conditions (56) is also implied by
the convergence of dissolution rates for MgO and Mg(OH); at pH range from 6 to 10 (54, 57) (Fig.
S9). Considering the scarcity of dissolution rate data for MgO at a pH range between 6 to 10, we
estimate the values for parameters in Eq. (38) using experimental dissolution rate data for brucite
as a function of pH at a temperature of 25°C (57) (Table S3). The kinetic regression generated by
Eq. (38) achieves an R? value of 0.9218 for dissolution rate data at 25°C.

There is very limited experimental data for dissolution rates of CaO (burnt lime) as a function of
pH and temperature (58-60). In our model, dissolution of CaO is described as a one-term reaction
that is assumed valid for all pH conditions:

(0]

C
rfa0 = | Ca0gn " (44)
where k€30 is temperature-dependent rate constant, a,+ is the activity of aqueous H', and n®3°

denotes reaction order. With k“2° being again formulated in the form of an Arrhenius expression
as in Eq. (33), the overall expression for CaO dissolution is given by:

EG20 ca0
rf0 = A% RT 107 PH (45)

Similar to MgO, the first step of CaO dissolution under neutral to alkaline conditions is the rapid
conversion through hydroxylation to Ca(OH), (“slaked lime” or portlandite) (6/-63):

CaO + H,0 —» Ca(OH), . (46)

It should thus be viable to approximate CaO dissolution kinetics using Ca(OH)> dissolution rates,
under the assumption that the surface hydroxylation reaction will not be rate-limiting. We estimate
the values for the temperature independent pre-exponential factor, apparent activation energy, and

S11



413
414
415
416
417
418
419

420
421
422
423
424
425
426
427
428

429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

454
455
456

Supp. Info. | Fakhraee et al. | Manuscript submitted to Nature Communications Earth & Environment | Confidential

reaction order in Eq. (45) through the fitting of experimental dissolution rates for Ca(OH) as a
function of pH and temperature (59) (Table S3; Fig. S10). The kinetic regression generated by Eq.
(45) yields an R? value of 0.8993 for dissolution rate data obtained at 51°C, although we are unable
to evaluate the goodness-of-fit for data obtained at 25°C because available dissolution rates are
measured at a single pH value (Fig. S10).

9. Treatment of particle size for alkaline mineral feedstocks

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 diameter (e.g., Ref. (64)). However, mechanical comminution
generally produces an approximately log-normal distribution of feedstock particle sizes (635),
whose modal size and dispersion will depend on initial feedstock and grinding/milling technology
(66, 67). Our default model builds from recent work on enhanced silicate weathering in agricultural
systems and other terrestrial settings (67, 68), employing a particle size distribution (PSD) rather
than a single feedstock particle size. By default our feedstock PSD is that of Ref. (68), discretized
into the size-mass fraction bins shown in Fig. S11.

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 characteristics of natural feedstocks in particular (e.g., basalt and olivine) are
likely to vary substantially even within a single feedstock type (69), and the physical characteristics
of synthetic alkaline metal oxide feedstocks are potentially very different from those of natural
silicate mineral feedstocks. However, we consider this uncertainty very unlikely to impact our
primary conclusions for a number of reasons. First, empirical observations suggest that our PSD
contains a relatively large number of small, rapidly reacting particles compared to that typical of
currently available natural silicate mineral feedstocks (68-70). As a result, our default model
minimizes the deleterious impacts of basalt and olivine feedstocks on particle composition and
zooplankton abundance while maximizing potential alkalinity production. Second, the reaction
kinetics of CaO are so rapid that complete or near-complete dissolution in very shallow waters is
extremely likely almost regardless of assumed feedstock particle size (Fig. S11). In addition, it is
possible that synthetic feedstocks could be engineered to have significantly different (and more
reactive) particle characteristics than natural mineral substrates, depending on the feedstock
production process. Jet milling of portland cement and limestone mixtures, for instance, can
produce a narrow range of very small (~4 um) particles (77), something unlikely to be achieved
for natural feedstocks without prohibitive energetic penalties. As noted in the main text, the lone
exception to this amongst the feedstocks explored here is MgO. Under some combinations of NPP,
feedstock application rate, and feedstock PSD characteristics, our model predicts that MgO will
basically behave similarly to CaO — yielding near complete dissolution in shallow waters with
efficient alkalinity release and minimal impact on particle composition and zooplankton
abundance (Fig. S12-S16). However, at larger grain sizes (or lower ratios between NPP and
feedstock application rate) MgO begins to noticeably impact marine particle dynamics.

10. Earth system modelling of ocean alkalinity enhancement

Here we explore the impacts of large-scale ocean alkalinity enhancement using solid alkalinity
S12
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sources with a ‘carbon-centric’ version of the Grid ENabled Integrated Earth system model —
cGENIE (72, 73). The ocean physics and climate model components of cGENIE comprise a
reduced physics (frictional geostrophic) 3-D ocean circulation model coupled to a 2-D energy-
moisture balance model (EMBM) and a dynamic-thermodynamic sea ice model (74, 75). Heat,
salinity, and biogeochemical tracers are transported via parameterized isoneutral diffusion and
eddy-induced advection (74-76). 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
precipitation occurring above a given relative humidity 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 Refs. 74 and 75. 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 stoichiometrically to biomass that is then partitioned into particulate or dissolved
organic matter for downstream advective transport, sinking, and remineralization 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 remineralized within the ocean interior following an exponential decay
function with a specified remineralization length scale. The ocean biogeochemistry also contains
a fully coupled carbonate system, which tracks individual dissolved inorganic carbon (DIC)
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 depending on ambient temperature, pressure, and carbonate chemistry
(77). Detailed description and validation of biogeochemistry in cGENIE is provided in (73, 78).

The model climate system and carbonate cycle are spun up as a closed system for 20 kyr with
atmospheric abundances of CO2, CHs, 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 CO2, CH4, and N>O (79). Time-varying atmospheric abundances of CHs4
and N>O are imposed according to a given RCP/ECP trajectory for all simulations, while
atmospheric CO> abundance is emission-driven. The emission trajectory 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 cGENIE for each RCP/ECP
pathway. Concentration-driven and inverted emission-driven atmospheric compositions are shown
in Fig. S17. Temperature trajectories are compared to CMIPS5 results in Fig. S18 for the moderate-
emissions (RCP4.5) and high-emissions (RCP8.5) pathways, while surface ocean carbonate
system parameters are compared to gridded observational data in Fig. S19.

We use IOTA to compute the depth-integrated alkalinity release during CaO dissolution within
the upper 80m of a coastal marine water column at three different application rates referred to here
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as “low” (100 g m? y!), “moderate” (300 g m? y!), and “high” (500 g m 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 (80). 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 according to two different idealized
deployment scenarios (Fig. S20). 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 Fig.
S21-S22.

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). Results of
deployment scenarios are shown in Fig. S23. 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,
respectively. This corresponds respectively to 10.3, 31.0, and 51.8% of current (2020) raw mineral
(non-metallic) and ore use (87), and to 5.6, 16.9, and 28.3% of estimated raw mineral and ore use
in 2060 (82). For comparison, current global cement production is ~4 Gt y™!' (83) and has been
projected to roughly double by 2100 (84, 85), while global available carbonate mineral deposits
shallower than 25m and within 50 km of coastlines amount to ~570 Gt y!' of raw feedstock
potential if deployed between 2030-2100 (86).
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Table S1. The probability, P, for a type of particle to be produced and range of values for different
conditions, different types of primary particles with the amount of material in each particle (pmol
particle!) and their densities. Particle types: C is coccolithophorid, A is Aragonite forming
phytoplankton, Di is diatom, Pi is picoplankton, D = dust, Ca is calcite.

Type P Range OrgC Calcite  Aragonite bSi Clay p(gem?)
C 0.06  0-0.25 7 1.5 0 0 0 1.92
A 0.06  0-0.25 7 0 1.5 0 0 1.92
Di 0.02  0-0.15 15 0 0 5 0 1.24
Pi 0.7 0.3-0.9 1 0 0 0 0 1.06
p o015 % o 0 0 0 28 265
Ca 0.01  0-0.05 0 2.5 0 0 0 2.55
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Table S2. Default parameters for stochastic model of sinking rates of aggregates and parameter
ranges used in sensitivity analysis (SA).

. Range used in
Parameter Symbol Value Unit the SA
Net primary produc.tion flux NPP 1000 gC m? yr! 100-1000 (87)
Reference net primary NPPres 1000 gC m? yr! 500 & 1000
production flux
Dust flux Fpust 2 gm?yr! 1-10 (88)
Calcite flux Fea 0.01 Pg yr! 0.005-0.05
Silica flux Fiitica 0.005 Pg yr! 0.001-0.01
Mixing depth Lumix 50 m 50-100
Temperature dependency factor Qo 1 - 1.2-2.2 (30, 31)
Depth scale for thermocline Linermo 80 m 80-100
Reference temperature Trer 4 °C 4-25
Aggregation efficiency factor Kager 0.5 - 0.1-1
Fractal dimension Dn 2 - 1.3-3(5)
Seawater surface temperature SST 25 °C 20-28
Seawater surface density SSD 1.0255 g/em’ 1.0253-1.026
Fraction of NPP by _
picoplankton Jpi 0.4 - 04-09
Fraction of NPP by
coccolithophorid Je 0.3 ) 0.1-03
Fraction of NPP by Aragonite
forming phytoplankton Ja 0.3 i 0.1-03
Fraction of NPP by diatom Joi 0 - 0-0.1
-23 2 2 -
Stefan— Boltzman constant kpoitz 138010 m kgl sTK
Reference Varl;Z for collision Brer 1x10°15 s 1x105- 1x10-12
-5 _ -3
Turbulent dissipation rate € 1x107* m?/s? Ix10 ( 5)1 x10
Prosome Length (small
zooplankton) PL - pm 100-500 (23)
Prosome Length (large
zooplankton) PL - pm 300-2000 (23)
Zooplankton gbundance b 05 i 0.2-0.5
coefficient
Fecal pellet porosity Dyecal - - 0.5-0.6 (37-39)
Eddy diffusion coefficient at the Ko sur 5103 /s 107 - 102 (89)
surface
Eddy diffusion coefﬁment at the K- srorm 6x10°4 /s 10 - 10 (89)
thermocline
Eddy diffusion coefficient in the K denp 6x10° /s 107 - 102 (89)
deep ocean
Monod constant for Oz K 2 uM 1 -2 (90)
Iron oxidation rate constant ke 100 1/uM/year 100-500 (90)
Calcium concentration [Ca] 10 mM -
586
587
588
589
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590 Table S3. Summary of rate parameters used in Egs. (34), (36), (38), and (45) to estimate area-
591 normalized dissolution rates of crystalline basalt, olivine (forsterite), MgO, and CaO, respectively,
592  as a function of pH and temperature.

Parameter Symbol Value Unit Source
Crystalline basalt
temperature independent pre-exponential factor (acid) A§B 107176 mol m?2s?  this study
temperature independent pre-exponential factor (neutral) ASB 107626 mol m?2s?  this study
temperature independent pre-exponential factor (basic) ASB 10241 mol m?2s?  this study
apparent activation energy (acid) ECE 32 kJ mol! this study
apparent activation energy (neutral) Eg_‘fl 30 kJ mol! this study
apparent activation energy (basic) E g?, 30 kJ mol! this study
reaction order (acid) ngB 0.8 — this study
reaction order (neutral) nSB 0.0 — this study
reaction order (basic) ngB 0.7 — this study
Olivine (forsterite)
temperature independent pre-exponential factor (acid) AR 1037 mol m?2s?  this study
temperature independent pre-exponential factor (basic) A, 10%3 mol m?2s?  this study
apparent activation energy (acid) EES 70.4 kJ mol! (49)
apparent activation energy (basic) E };‘,’, 60.9 kJ mol! (49)
reaction order (acid) nfe 0.46 — (47)
reaction order (basic) nk° 0.256 — (47)
MgO
temperature independent pre-exponential factor (acid) Ag{go 10357 mol m?2s?  this study
temperature independent pre-exponential factor (neutral) Ag{ﬁo 10077 mol m?2s?  this study
apparent activation energy (acid) E }:I go 59 kJ mol! (40)
apparent activation energy (neutral) E }:I ;(fo 42 kJ mol! (40)
reaction order (acid) nglgo 0.115 — this study
reaction order (neutral) 11\1/lg0 0 — this study
CaO
temperature independent pre-exponential factor A§30 10072 mol m?2s?  this study
apparent activation energy ES?0 13.7 kJ mol! (91)
reaction order nCao 0.04 — this study
593
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595
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598
599
600
601
602
603
604
605
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1
1
EFmineraI(e.g., basalt, olivine, etc)

dz = 1....1000

Fig. S1. Schematic presentation of the stochastic particle model. Fluxes (F;) include
picoplankton, algae, dust, calcite, and mineral feedstocks (e.g., basalt, olivine, MgO, CaO).
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632  Fig. S2. Comparison of settling velocities for marine aggregates in the particle model to

633  observed settling velocities in the modern ocean. Measured data for sinking velocity are from
634  (33).
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Aggregate porosity

Fig. S3. Modelled porosity of the marine aggregates for the control case with no mineral
addition. Model results indicate that most of the modelled marine aggregates have porosity values
very close to 1.0, consistent with the observations of natural marine aggregates (37-39).
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Fig. S4. Calibration results for water column abundance of particulate organic carbon
(POC). Observations are derived from neutrally buoyant sediment trap data from four different
sites using in the North Atlantic (92).
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Fig. S5. Comparison of model dissolved tracers with observed water column profiles in a
range of marine settings. Observations in panels (a) and (b) are from two different sites in the
Gulf of Mexico (93), while panels (c) and (d) show observations from a costal (94) and an open

ocean site (32) in pacific.
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Fig. S6. Results of model sensitivity analysis showing normalized impact on average sinking
rate of marine aggregates varying parameter ranges according to values shown in Table S2.
While the average sinking rate of marine aggregates is largely insensitive to most model
parameters, the parameters with the largest impact on the average sinking rate of marine aggregates
include: the strength of marine net primary production (NPP) and its reference value (NPPy),
fractal dimension (Dy), coefficient for the decrease of zooplankton abundance with depth (b.00),
prosome length (PL), and fraction of NPP that is produced by picoplankton (f,:), coccolithophorid
(fc), and aragonite forming phytoplankton (f4) have the largest influence.
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752  Fig. S7. Experimental rates of crystalline basalt dissolution as a function of pH and

753  temperature. The symbols correspond to experimentally measured dissolution rates for
754  crystalline basalt at various temperatures as a function of pH reported in the literature (47). The
755  dash-dotted lines are fitted curves for crystalline basalt dissolution kinetics at various temperatures
756  (fuchsia for 5°C, grey for 25°C, green for 50°C, and blue for 75°C) calculated using the Eq. (34)
757  in this study. The R? value for each fitted regression line is labeled besides the corresponding
758  legend. The fitted rate parameters are summarized in Table S3.
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17.5°C Montserrat et al. (2017)
25°C Pokrovsky and Schott (2000)
65°C Chen and Brantley (2000)
65°C Wogelius and Walther (1992)
90°C Hanchen et al. (2006)

120°C Hanchen et al. (2006)
120°C Prigobbe et al. (2009)
150°C Hanchen et al. (2006)

= = = 17.5°C fitting (R? = NA)

— = — 25°C fitting (R? = 0.9282)

J 65°C fitting (R? = 0.8660)

= = = 90°C fitting (R? = 0.9095)

— = = 120°C fitting (R? = 0.9794)

— - — 150°C fitting (R? = 0.9170)
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Fig. S8. Experimental rates of olivine (forsterite) dissolution as a function of pH and
temperature. The symbols correspond to experimentally measured dissolution rates of forsterite
(Fo) at various temperatures as a function of pH that are summarized from the literatures (42, 43,
50, 51, 53). The dash-dotted lines are fitted curves for forsterite dissolution kinetics at various
temperatures (orange for 17.5°C, grey for 25°C, green for 65°C, blue for 90°C, indigo for 120°C,
and purple for 150°C) calculated using the Eq. (36) in this study. The R? value (coefficient of
determination) for each fitted regression line is labeled besides the corresponding legend. The

fitted rate parameters are summarized in Table S3.
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798  Fig. S9. Experimental rates of brucite (Mg(OH):) and periclase (MgQO) dissolution as a
799  function of pH and temperature. The circles represent experimentally measured steady-state
800  dissolution rates of Mg(OH), at 25°C as a function of pH from (57). Open circles indicate rates
801  measured at far-from-equilibrium conditions and filled circles are measured rates at close-to-
802  equilibrium conditions. All other symbols correspond to measured dissolution rates of MgO at
803  various temperature and pH conditions from the literature (54, 55, 95-97). The dash-dotted line is
804 the fitted curve for Mg(OH): dissolution kinetics at 25°C calculated using Eq. (38) in this study.
805  The fitted rate parameters are summarized in Table S3.
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Fig. S10. Experimental rates of slaked lime (Ca(OH).) dissolution as a function of pH and
temperature. The grey and green circles correspond to experimentally measured dissolution rates
of Ca(OH); at 25°C and 51°C, respectively, as a function of pH reported from the literature (59).
The dash-dotted lines are fitted curves for Ca(OH). dissolution kinetics at 25°C and 51°C,
respectively, calculated using the Eq. (45) in this study. The fitted rate parameters are summarized
in Table S3.
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Fig. S12. The effect of mineral grain size on depth-integrated alkalinity release (ripr). Results
are reported as the depth-integrated rate of mineral dissolution relative to the maximum possible
depth-integrated rate of mineral dissolution where feedstock is completely dissolved in the upper
water column (here between 0-80m depth). The horizontal lines (PSD) correspond to the case
where a mineral size distribution instead of a fixed mineral grain size is used (see above).
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Fig. S13. Impact of operative surface ocean depth on marine particle composition and
zooplankton grazing. (A) Values of average particle organic matter fraction (forg) in the upper
water column 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 100m. Results are shown for an idealized coastal marine ecosystem with a feedstock
application rate of 100 gC m y! and a ratio between feedstock application rate and net primary
productivity (Rmin) 0f 0.1 (g/g). (B) Values of zooplankton fecal pellet production within the upper
100m of the water column compared to those of a control simulation with no feedstock addition.
Fecal pellet production is given as the fraction of encounter events that lead to ingestion and fecal
pellet production (Rfecal). (C) Values of average particle organic matter fraction (forg) in the upper
water column 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 500m. Results are shown for an idealized coastal marine ecosystem with a feedstock
application rate of 100 gC m y! and a ratio between feedstock application rate and net primary
productivity (Rmin) 0of 0.1 (g/g). (D) Values of zooplankton fecal pellet production within the upper
500m of the water column compared to those of a control simulation with no feedstock addition.
Fecal pellet production is given as the fraction of encounter events that lead to ingestion and fecal
pellet production (Rfecal).
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Fig. S14. The impact of mineral addition to the average sinking velocity of marine aggregates.
Each point corresponds to the average sinking velocity of marine aggregates at individual depths
between 0-500m. Results are shown for a ratio between feedstock application rate and net primary
productivity (NPP) of 0.1 (left) and 0.5 (right).
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Fig. S15. The impact of mineral addition on the abundance of organic matter in marine
aggregates. Each point corresponds to the average organic matter content of marine aggregates at
individual depths between 0-500m. Results are shown for a ratio between feedstock application
rate and net primary productivity (NPP) of 0.1 (left) and 0.5 (right).
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Fig. S16. The impact of mineral addition on the rate of fecal pellet production by zooplankton
(a proxy for zooplankton grazing rate and overall biomass/abundance). Each point
corresponds to the average zooplankton fecal pellet production rate at individual depths between
0-500m. Results are shown for a ratio between feedstock application rate and net primary
productivity (NPP) of 0.1 (left) and 0.5 (right).

S33



1013
1014

1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034

Supp. Info. | Fakhraee et al. | Manuscript submitted to Nature Communications Earth & Environment | Confidential

RCP4.5 RCP8.5
600 T T T " 2000 . . B
path | /
. - = = emissions -~ — 1500} '/
£ 500} ; £ /
o} / o}
S ; =
C? / C? 1000}
Q 400] ] y
"' 500' _,"
300F e . : :
2000 T T T T 4000 r
— . 3000}
9 1500} foo M —— 4 g /
o ' a /
= / — 2000} /
1000}
h . <000t .. -
500 - ‘ - : - ‘ - :
400 : : : : : : :
500}
T 350} = %01 )
[oX Q ’
= S 400}
B ) :
% 300t zQ 350}t /
S 300¢ P

250 : ' : : : ' : -
1800 1900 2000 2100 2200 2300 1800 1900 2000 2100 2200 2300
year year

Fig. S17. Atmospheric partial pressures of carbon dioxide (pCOz), methane (pCHa), and
nitrous oxide (pN:20) in the control Earth system model experiments. Trajectories follow
Representative Concentration Pathway (RCP) and Extended Concentration Pathway (ECP) 4.5
and 8.5 (79). Grey curves show simulations in which atmospheric composition is forced (restored)
at each timestep according to a given pathway (‘path’), while dashed red curves show simulations
in which atmospheric CO> is driven by natural and anthropogenic emissions and atmospheric
composition is calculated dynamically (‘emissions’). Note that both CHs and N2O are
concentration-driven in all simulations.
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Fig. S18. Temperature trajectories for historical and future transients in the Earth system
model compared to results from the Coupled Model Intercomparison Project 5 (CMIPS).
Solid lines at left show cGENIE temperature trajectories for the moderate-emissions (RCP4.5) and
high-emissions (RCP8.5) scenarios, while shaded regions show corresponding ranges for CMIP5
models. Box plots at right (ensemble mean, +1SD, and minimum to maximum range) show CMIP5
results for globally averaged temperature for 2080-2099, while filled circles show cGENIE results.
CMIPS results from (98)
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Fig. S19. Surface ocean carbonate chemistry parameters in historical cGENIE simulation
compared to gridded observational data. Shown at left are year 2000 results for concentrations
of dissolved inorganic carbon ([DIC]), alkalinity (JALK]), aragonite saturation state (Qaragonite),
and pH. Shown on the right are observational data from the GLODAPv2 dataset (99).
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Fig. S20. Application scenarios for simulations of carbon dioxide capture (CDR) using ocean
alkalinity enhancement. Filled circles show grid cells in which an alkalinity flux was applied
based on results from the particle model. A global application rate was spread evenly throughout
these grid cells, focused either in coastal settings (‘coastal’; left) or in regions of relatively high
background sea-air outgassing of COz (‘degas’; right). The underlying field shows the background
sea-air flux of COz in model year 2010.
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Fig. S21. Gross carbon dioxide removal (CDR) potential of ocean alkalinity enhancement
using CaO as a feedstock for the ‘coastal’ and ‘degas’ scenarios. Results are shown for a
moderate-emissions pathway (RCP4.5; left) and a high-emissions pathway (RCP8.5; right). Top
panels show rates of CDR over time, computed as the difference in air-sea CO> flux relative to a
control simulation with no alkalinity addition. Bottom panels show partial pressure of atmospheric
COz (pCO») over time for the same feedstock amendment rates (green, blue), compared to a control
simulation with no alkalinity addition (black). Results are shown for “low” (100 g m? y!),
“moderate” (300 g m? y!), and “high” (500 g m y!) rates of CaO addition. Dashed blue lines
show results for “coastal” scenario, while solid green lines show results for “degas” scenario.
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1150  alkalinity enhancement using CaO as a feedstock for the ‘degas’ scenario. Results are shown
1151  for a moderate-emissions pathway (RCP4.5; top) and a high-emissions pathway (RCP8.5; bottom),
1152 with increasing CaO application rate increasing from left to right.
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Fig. S23. Feedstock application rates used for simulations of carbon dioxide capture (CDR)
using CaO as a feedstock for ocean alkalinity enhancement. Black curve shows the globally
integrated feedstock mass flux (in Gt of feedstock per year implied by a given feedstock
application rate (area-normalized) when scaled to the application areas shown in Fig. S17. Filled
circles show fluxes for the “low”, “moderate”, and “high” application scenarios discussed in the
Main Text. Also shown are estimates of raw mineral (non-metallic) and ore use in 2020 (8/) and

as projected for 2060 (82).
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