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Abstract

Ocean alkalinity enhancement (OAE) isapproach to marine carbon dioxide remavaCDR)that leveragethe
large surface area and carbon storage capacity of the oceans to sequester atmosp®dis§&ived bicarbonate

(HCGOy). One OAE methodhvolves the production of an acid (HCI) and a base (NaOH) from seawater, the return

of the base to the oceaard the removal or neutralization of the acidhe resulting increase in seawater ghtl
alkalinity causes a shift in dissolved inorganic carbon (DIC) speciédiward carbonatand a decrease in the
surfaceoceanpCO,. The shift in thgpCO; results in enhancetetuptake of atmospheri€O;, by the seawater due to
gas exchangén this study, we systematically test the efficiencyC@h uptake in seawater treated with NaOH at
aquaria (15L) and tank (6000L) scales to establish operational deesmdor safety and efficiency advance of
mesocosm studies asdaling up to field experiments. G@quilibration occurred on order of weeks to months,
depending on circulation, air forcing, and air bubbling conditions within the test tanks. An increase@B~adl
DIC/ mol added alkalinity (in the form of NaOH) was observed through analysis chtdwottle samples and pH
sensor dataconsistent with the value expected givenwaleies of the carbonate system equilibricaiculationsfor
therange of salinities and temperatures teskéideral precipitation occurregdhen thebulk seawater pi(total

scale pHexceededOa n daagoXreexceeded 30. This precipitatioras dominated by Mg(OHpver hours to 1 day
before shifting to CaC®Qaragonitfrecipitation. These data, combined with models of the dilution and advection of
alkaline plumes, will allow for estimation of the amount of carbon dioxide renexysctedrom OAE pilot

studies. Future experiments should better approximate field corglitioluding sediment interactions, biological
activity, oceancirculation air-seagas exchange ratesnd mixingzone dynamics.

Keywords

Ocean Alkalinity Enhanceme(®AE); marine carbon dioxide removahCDR); ocean carbon dioxide removal
(ocean CDR)

1 Intro duction

The Sixth Assessment Report of the Intergovernmental Panel on Climate Gleaogted that in addition to a
drastic decrease in G@missions, active removal 6f15 Gt of atmospheric Ceper year by 2100 is necessary to
constrain averagglobal warming to less than 1-2 °C (hoting that the magnitude of carbon removals varies by
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climate scenaridPCC, 2022; Rogelj, 2018). A wide variety of negative emissions technologies (NETSs) are under
development to meet this enormous challenge (Mirad., 2018; NASEM, 2019; NASEM, 202Rueda et al.,
2021; Vitillo et al., 2022).

A suite of promising approaches to £®moval termed ocean or marine carbon dioxide remaxealan CDR or

MCDR, respectivelyleverage the enormous surface area and catiooage capacity of the ocean (Boettcher et al.,
2019; NASEM, 2021). Ocean alkalinity enhancement (OAE) im@DR method that aims to store atmospheric

CQ,in a dissolved phase in the ocean as bicarbaoasgHCOys), thereby accelerating a natupdnetary CQ

regulation mechanism, the carbonatigcate cycle (Berner, 1983; Isson et al., 2020). OAE has the potential to scale
to gigatons of C@removal per year (He and Tyka, 2023), but development of this approach requires careful
consideration ofthe methods and materials used to source and process alkalinity; the form and method of delivery
of alkalinity to the surface ocean (for example, aqueous or solid phase); and selection of appropriate geographic sites
for alkalinity dispersal (Oschlies at., 2023). OAE methods under exploration include: mining and crushing

alkaline minerals (e.g., olivine, basalts) to be spread via ship or in coastal environments (e.g., beach restoration, or
salt marsh distribution) (Feng et al., 2017; Kohler, Hartmana Vsol-Gladrow, 2010; Monserrat et al., 2018;
Rigopoulos et al., 2018); the mining or industrial production of MggiHmining CaC®@and calcining it to CaO

or Ca(OH}, with theMg(OH), or Ca(OH} spread via ship or coastal outfall pipe (Harvey, 200#a et al., 2013;
Kheshgi, 1995; La Plante, 2023; Moras et al., 2022; Nduagu, 2012; Rau, 2008; Renforth and Henderson, 2017,
Shaw, 2022); and the electrochemical conversion of saltwater into aqueous hydroxides and dispersal via coastal
outfalls (de Lanng et al., 2018Eisaman et al., 2018y et al., 2022; Tyka, Van Arsdale, and Platt, 2022; Eisaman

et al., 2023Eisaman, 2024

Many of these approaches and technologies are at a nascent stage and we must move quickly to quantitatively test
and characterize their performance to determine which, if any, justify lacgér deployment. The electrochemical
conversion of salt (NaClpto aqueous alkalinity (NaOH) has mapgtential @vantagesn scaling considerations

including simplified distribution of a liquid product to the ocean, aana ofmining and the transportation of the
alkalinity source over long distangemdavoidane of potentially harmful impurities present in mined alkalinity

sources (NASEM, 2021; Caserini, Storni, and Grosso, 2022).

Total alkalinity (TA) is defined as the excess of proton acceptors over proton donors in an aqueous Eqlutjon (
where ellipsesepresent neglected acids and bases (Dickson 1981; Dickson 199Z5Muibw et al., 2007). A
higher TA value for a seawater sample indicates that it has a higher buffering capacity than a sarajpdeveith
TA value.

TA = [HCOs] + 2 [CO2] + [B(OH)4] + [OH] + [HPO2] + 2 [PQ2]  +-[HE] -[HSOs]-é (1)

Most of theOH from NaOH addition rapidly reacts with other molecules in seawater, but Eq. (1) is formulated so
the total remains unchanged through these reactoos Eq. (1), we setheadditionalOH in a treated seawater
solutioncorresponds to a salt solution with increased alkalinity relative to the starting salt solbhB@tTeacts

with and consumes free'Hthereby increasing theeawater pHThe OH also accepts protons fromicarbonate and

the carbonic acid formed from the reaction with,@@d HO, resulting in a shift of the dissolved inorganic carbon
(DIC) speciation towards carbonatecording to the net reactiaons

OH +HCOs Y 0 + CQ? (29)
OH+COaqY HGO (2b)

The concentration of dissolved @as (CQ .9 in thisalkalinity-enhanced seawater is less than it would be if it
were in equilibrium with atmospheric G{Equation 2b). Over the longer timescale required fosed gas

exchange weeks to months (Wang et al., 2023) or months to years (He and Tyka, 2028Jlidgpon location the
disequilibrium in the surface ocean resulting from the alkalinity addition drives the invasion of atmospheric CO
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into seawatefor lessens the outgassing of £t@m the surface ocean to the atmospheséiere it reacts with
carbonate and is stor@dimarily in the stable bicarbonate phase (Jones et al., 2014; Bach et al., 2023; Renforth and
Henderson, 201 Eisaman et al., 2023

COY C@ ) (3a)
COpaq+ COZ+H:0 Y  2HCO (3b)

As net reaction (2b) takes significantly longer than net reactionttsaprocess may have the potential to locally
and transiently mitigate the elevatedO, and loss of carbonate ioassociated with ocean acidification (NASEM,
2021; Cross et al., 2023; Butenschon et al., 2@2&h though most of the carbonate ion tkanitially produced (in
Eq. 2a) is eventually consumed (in Eq..3Bfter equilibrium has been reach®dE results in an increase in the
DIC in seawater on the order€8.7-0.9 molesof DIC per mole of NaOH addediepending on seawater conditions.
Following equilibration after OAE, the finaHpand carbonate ion concentrations are slightly increasative to

the initial value (He and Tyka, 2023)

It is possible thagir-sea gas exchange will not completely drivedbawatepCO; to the initial unperturbed value

before the seawatsinks into the ocean interior and logesmtact with the atmosphefer hundreds to thousands of
years. ThereforeheDIC anomalyrelative to the alkalinityanomaly presenwhen the seawater sinks into the ocean
interior may be used to assess #iffective impact of th©AE for captuing atmospheric Ceon the 0100 year

timescales that are most important for climate interventidaployingthis OAE proces# the ocearor coastal

waterswill require an understanding of carbonate chemistry in seawater in the ocean volume under consideration, as
well as thresholds for safe operation. For example, at the point of alkaline dispersalhére is the maximum

change in seawater chemisttlye rate of alkalinity additiormust be controlledelative to the rate of mixing and

dilution in the ocean to avoid the precipitation of Mg(@bh) CaCQ (Hartmann et al., 2023; Moras et al., 2022).

While Mg(OH), readily redissolves, an increase in turbidity due to precipitation may negatively affect marine
organisms (Bainbridge et al., 2018; Broderson et al., 2@y7¢ontrast CaCQwill generally not redissolvan the

surface ocean without biologitmediation and runaway precipitation, where alkalinity removed by precipitation
exceeds that added by the OAE treatment, can occur under conditions of increased aragonite saturatioin state and
the presence of mineralicleation sitegn the water colmn (Moras et al., 2022). CaG@recipitationcould

counteract the intended effect of the OAE intervention by removing alkalinity from the surface ocean and releasing
CO; gas viaEq.5 (Zeebe and WoltGladrow, 2001):

Ca +2HCO? Y CaCQ(s) + CQ(g) + HO (5)

Upon dispersal to the ocean through a coastal outfall pipe, the added alkalinity is adveotededagvay from the
point source, becoming increasingly dilutacer time Because the timescale for-aga gas exchanged re
equilibration described by Eq. (2) is longer than the characteristic timescale for dilution driven by tides, currents,
and weather, most of the G&moval occurs far from the mixing zone. Dilution will spread the impacts over a
sufficiently broad a@ea that it is unlikely that the impacts on the DIC distribution can be quantifiedardindirect
measurements given eant instrument resolution and the typical dynamic range of natural variability (Wang et al.,
2023). In general, options for measueety reporting, and verification (MRV) of OAE will therefore rely on (Ho et
al., 2023): experimentation in laboratory and mesocosm setingh as the work we describe heéoegstablish

CO; removal dynamics under conditions of OAE; direct monitorinthefrate and characteristics of alkalinity
addition into seawater; monitoring teeawatecarbonate and environmental chemistry in the immediate vicinity of
the outfall via sensors and sampling (Cyronak et al., 282Bulz et al., 2023and ocean modelg to estimate

CDR beyond the range of direct detection (Fennel et al., 2023).

While some work has investigated various aspects of Ne&ded ocean alkalinity enhancement in microcosms
(Ferderer et al., 2022; Hartmann et al., 2028 mesocosms (Groen et al., 2023), atiter work has studied the
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release of NaOtdver natural coral reefss a method of local ocean acidification mitigatiatbright et al., 2016), a
systematic characterization of the efficiency and kineti@SAE as a @inction ofkey process parametehsis not yet

been performedHere we report the first tardcale tests of OAE that use aqueous hydroxide (NaOH) to enhance the
alkalinity of natural seawater, a process that mimics @ialectrochemical bringo-alkalinity conversionOur
experiments, conducted in 6,000 liter tanks using seawater pumped from Flax Pond on Long Island Sound in Stony
Brook NY, quantify the magnitude and timescale of the @&®noval from the air and storage as seawater DIC by
monitoring the aiseawater requilibration aftemninitial alkalinity perturbation. In addition, our use of both
laboratoryprocessed bottle samples and fidiebloyable sensors to measaral overconstrairthe carbonate

chemistry response allows us to assesstitability of certain sensing platforms for MRV. Finally, we investigate

safe thresholds for the rate and concentration of alkalinity addition to avoid: (1) the precipitation and redissolution of
Mg(OH), that can lead to local, temporary increases iniditsty and (2) the precipitation of CaGQwhich partially
reverses the intended OAE effect by removing alkalinity from, and releasinga30nto, the surrounding seawater.

Using this approach, weddresshe following key questions:

(1) How much additinal atmospheric C£s stored in seawater as DIC in response to a given alkalinity
perturbation?

(2) What is thd¢imescale foIlCO, removal from the aifor these tanksand how does it depend tire pHr following
OAE and the magnitude of alkalinignhancement?

(3) What are the conditions foéig(OH), precipitationupon addition of NaOH to seawaker

(4) What are the threshold values fdtr and aragonite saturation state beyond which undesired £aCO
precipitation will occur?

Answering these questioiskey to assessing the viability of this approach and to optimizing its eventual
deploymentThe large tank experiments presented in this manuscript provide a stepping stone betwesocabench
experiments and isitu mesocosms or field pilgtand are awng the largest experiments that can be conducted with
a control seawater reference reserviiren if these experiments simply confirm stoichiometric and modeled
expectations, this is critical information in the design and implementation ofdepalByments. This work is a
necessary part of the growing scientific body that will allow for field trials to progress.

2. Methods
2.1 Experimental procedure
We investigated the carbonate chemistry changes resulting from the addition of.alOtturalseawater over

timescales ranging from 2 weeks to 2 months in a series of experiments at two scales: (1) two large (~6200 L)
indoor tanks, and (2) multipleblL aquaria(Fig. 1).
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Figure

1: (a, b) Flax Pond Marine Laboratory is located on Long Isl&odnd, New York, USA© Google Earth

2022) (c) The ~6000 L control and experiment tanks were instrumented with a series of oceanographic sensors and
sampled routinely for DIC/ TA analyses to allow for measurement of carbon uptake over time followintitian ad

of alkal
monito

linity in the form of NaOH. The ~15 L aquaria were instrumented with stagtissbH electrodes and
red with routine TA analyseBhe Forced air* and Ambient air streams* indicate their use in some but not all

experiments, as noted liater sections.

This st

udy was conducted at the Flax Pond Marine Laboratory at Stony Brook University, NY. All experiments used

natural seawater collected from Flax Pond, partt&acresalt marsh tidal wetlands connected to the Long Island

Sound

. The surface areas of the tanks and aquaria were %@n@ 0.1 rf respectively. The tanks had a diameter

of 2.4 m, a total height of 1.52 m, and were typically filled to a height of ~1.38lowing for a corresponding
seawater volume of 6185 [he aquaria had a diameter of 0.3 m and were typically filled to a height of ~0.23 m, for

a total

seawater volume of 15 The large tank volumes were chosen to limit interactions with walls while

increasing the aiseawater boundargnd to lose a smaller fraction of their volume to evaporalibese tanks
allow for in-situ oceanographic sensor deployment and frequent bottle sampling while retainirmpseniled
temperature, mixing, filtration,ra biological control. The inherent limitations of these tank tests include limited air

sea int

eraction, unrealistic light levels and circulation, and biological responses that are not a perfect representation

of natural seawater in the ocean, but sena stepping stone to mesocosm and eventual field experingnts.
average, the large (@0 L) tank experiments took “Hweeks after dosing with NaOH to reach 90% of the

cal

cul ated or extrapol ated asy mp bieseawateegpibbriutn/aswillbed di t i on

discussed in Section 3. Therefore, in addition to the large tank tests, we conducted a series of smaller aquaria

alkalini
limited
occurs

ty additions to increase our capacity for experimental test.cEsedimitations of the aquariaclude
sensor options, unrealistic circulation, and limited biological conwalle it is expected that equilibration
more rapidly in the small aguaria than in the large tanks, the results from these cases shoulddfeesimilar

both exgriment types have been allowed to fully equilibrate @Joss the aiseavaterboundary. However, we



184 note that some variation is expected due to limited sensing and sampling options in the smaller aquaria and the
185 greater potential for biological growth the large tanks over longer timescales.

186  2.1.1 Tank experiments

187 Seawater was pumped into the tanks at high tide through a series of sock filters to exclude macroscopic biology. The
188 tanks were then dosed to 40 ppm bleach (sodium hypochlorite) and thetisteded seawater was allowed to

189 circulate through the tanks for ~1 day to limit biological growth. The seawater was then circulated through UV light
190 arrays to break down the bleach over2-Wveeks, as assessed by a standard Hach test kit for free ehluiing

191 this period, seawater was pumped between the two large test tanks (~25 L/min) to increase mixing of the bleach and
192  to homogenize the tanks to similar init@nditions.For the remainder of each experiment, the seawater was

193 continually pumpedhrough the UV sterilizersleasurements of total alkalinity showed no significant differences

194 in the bulk seawater TA before and after the bleaching pratesg experiment or control tank

195 Oceanographic sensors and discrete daily bottle samplingsestaal in Sections 2.2 and 2.3, respectively, were
196 deployed for carbonate chemistry analysis for several piagsto the alkalinity additiomo understand the initial

197 baseline conditions in both tanks. Two submerged pumps were used for water cireuthiioeach tank: the first

198  pump Current &lux DC Flow Pump210 GPH cycled seawater through the UV arrays with an estimated

199  overturning time of the bulk tank on order of 1 day, and a sed¢eds(m Submersible pump60 GPH, mounted

200 at an angle halfwadown the tank wall, allowed for subsurface circulation within the tank to reduce the occurrence
201 of wunmi xed 6dead z ohommendus Eolgicalgrovitls asgassedvisually omthe surface of
202  the water and/or tank liningnitial tank experiments were conducted with a still surface condition, i.e., with no

203  visible water movement across the surface of each fen&xperiments progressed, forced air movement was added
204  across the surfagsf each tank using a stationary fan with a wind speed of ~5THps.was done to control for

205 potential variations in the laboratadVAC systemand to potentially reduce the time to equilibration for the

206  experiments by increasirtige mate of airsea CQ equilibration.In later experiments, air was bubbled into the bottom
207 of each tank at a rate of ~ 30nin? with an estimated surface area of ~ 03 with a goal of further increasing the
208 rate of equilibrationio allow for more rapid throughput of expments.These variations are further discussed in

209  Section 2.4.

210 After baselining, one tank (referred to as the fexperi.
211 Supplementary Materials) to raise the bulk seawatertplhe target pidof interest for a given experiment, and the
212 same volume of DI water was added to the other tank (r

213  typically dosed into the tank via peristaltic pump at a low enough rate (~50 mL/min) that a stegalseinic bulk
214  tank pH was observed, but local piheasured just below the NaOH introduction never exceeded af@D. A
215 pump (~25 L/min) was placed just below the NaOH stream to speed the mixing of NaOH into the bulk tank,
216 increase dilution from thegint source, and to prevent the immediate precipitation of Mg{Opt)n contact of the
217  NaOH with seawateiThis pump was removed after the full volume of NaOH was mixed into the tank.

218 After the alkalinity addition, the tanks were left to equilibrate wii atmosphere and were monitored by sensors

219 and sampling as described in Sections 2.2 and 2.3. The tanks deoesiin the wet laboratory at Flax Pond Marine

220 Lab, such thatemperature and G@oncentratower e moder at ed by t heutvaned!| di ngbés H
221  throughout days and seasons depending on other uses of the lali bpaegeriments were concluded when the

222 observed pHor DIC (calculated from daily piHand frequent TA measurementssp pear ed t o sttt abili ze
223 NO. 05% o r emplixg? @er dyl) Over several dayough we note that early experiments were terminated

224 before full equilibrationThe continuous improvement of experimental meththasgthis study resulted in some

225 minor variations among the methods used for each experiment, including methods of NaOH dosing, tank circulation,

226  and biological control, as discussed where necessary in Section 3 and in the Supplementary Materials.
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Seawater céionate chemistry measurements were used to analyze the uptakgioe@ch tank, primarily relying

on calculations from the NOAA/PMEL DIC and TA analyses of bottle samples when avéilabteibed in Section
2.3)and using sensor pthnd Stony Brook TAneasurements for creserification or to fill in between discrete

DIC samples. DIC and TA data were normalized to the salinity at the start of a given experiment to account for
evaporation (Friis et al., 2003). Carbonate chemistry calculations weredtfemed using CO2SYS (Lewis and
Wallace, 1998), with Lueker et al. (2000) carbonate constants, Dickson (1990) for &@BQ.ee et al. (2010) for
total boron. Wherever possible, a combination of CRM analyses and comparisons between simultarsensopH
and NOAA PMEL bottle samples were used to correct SfiMland spectrophotometric pldensor data for drift.

Changes in the seawater carbonate chemistry over time were analyzed with respect to shifts away from the baseline
within a single control or expienent tank, as well as with respect to the differences between the control and
experimentaltankddenr y6s | aw and CO2SYS calculations were used
condition of each tank experimebiCOR pCO;,mmeasurements were averaged across experiments to a

representative value (421 + 14 ppm), which was used with the initial seawater temperature and salinity to estimate
pCO: seawatedt the beginning of each experiment. The initial equilibrium DIC was etgtthfeom a CO2SYS

calculation using thpCO; seawate@ndnTA,. The final equilibriumnDIC was estimated from a CO2SYS calculation

using the sampCO; scawate@nd thenTA measured just after the NaOH addition, corrected for the linear increase in
salintyover the course of t he e xpbiCrcalcuiztead tit.equilibhiuen withatei o of t he
atmosphere to the addition of alkalinity provides a simple estimate of the expectstbzQe capacity for a given
experiment. The percent equilibratifor each experiment was then estimated from the measured and expected

values for CAR.

2.1.2 Aguaria experiments

The large volume of tank experiments allowed for precise measurement of the seawater carbonate chemistry via
bottle sampling (1L each, sent to NOAA/PMEL for analysis) with high sampling frequency. To compliment these
measurements, we also performed a sesfeexperiments in smaller aquaria (15 L each), which enabled a larger
number of replicates and a faster time to equilibrium when bubbled with sé@ries ofpolycarbonate aquaria were
filled with 15 L of seawater taken from the large control tankgftelr the described bleaching and bleach

breakdown procedure was completed. NaOH was dosed into each aquaria to reach a targetedviithkapH
corresponding volume of DI # added to the control aquaremd then the seawater was allowed to equilibréiie
atmospheripCO, overdays toweeks.The aquaria did not have either UV light arrays for biological control or
aquarium pumps for internal circulation. In most cades afjuariavere bubbled with air (~4 min?) via a standard
aquarium bubbling bar spanning the center diameter ofagdriumto reduce the equilibration time of these
experiments compared to the large tank experinfent! initial pHr conditions investigated.here was no fine

control on air bbbling, but the surface area of all air bubbles in a given aquarium at any point in time was estimated
at ~0.01 ri No sensors were deployed in the aquaria due to their limited size, and seawater chemistry was
established via discrete pldnd TA measuremén (Sect. 2.2).

As shown in EQq. (6), we -tdAf kalki nhhey dRaaeinesd ohCARy DE&EAr b«
molar ratio of the increaseid! C (in units of emol/ kg, normalized to th
evaporation) to the magnitude o fnDIC:hiethelmeasured(viadies e ( T A,
titration) or calculated (via CO2SY&ing measured TA amiHr) DIC valuethat the system reachatithe end of

an experimengPierrot et al., 2006; Van Heuven et al., 2099me experiments were left long enough to achieve

equilibration with atmospheric GObut others were halted early. In these cas€92aSY Scalculation was used to

estimate the DIC increase expected at equilibration given initial seawater conditions, and the difference between this
value and the final recordetDICequwas used to estimate the overall percent equilibration for a giyeriment.

Depending on experimental constraints described in later seatldl{s, may represent either: (1) tfieal nDIC

measured (via titration of bottle samples) or calculated@@2SY Susing seawater TA and pH) ihe control tank,
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or (2) 1 i nEGLefora thesaddition of NaOH to a givaquariaexperimentfor cases where a

corresponding control case may not be availablete that because we are reporting CAR values where the

measured DIC has reached or has letimated ag¢quilibrium,the CAR values we measure and report reflect the

ratio of @DIC to oTA sufficdanttiwafoudir-dea éxehangex rpaehcetudilttiunmndsce n

are equivalent to directly measur i ngastdéfieed byAMangetalgf t he |
2023.

Carbonto-Alkalinity Ratio (CAR)= (nDICeq, - nDIC;)) /T A (6)

Not all aquaria experimentseredirectly comparable to thequariacontrol. Seawater for one control aquarium was

collected in March 2028ndwas monitored for piHand TA changes beginning in March 2023 and concluding in

May 2023. Seawater for the experimental aquaria was collected in three batches between March, April, and May

2023, with only 46 aquaria experiments running in parallel witeach set of experiments due to space and

analytical throughput constraints. Because of this, the experiments started in March 2023 could be compared directly

to the control (target ptB.3, 8.5, 8.5 still, and 8.7), but the rest of the experiments udededif initial seawater

than the control aquaria. The CAR for each aquaria experiment was therefore calculated from changes in DIC and

TA between the initial Obaselined condition and after |
between thexperiment and control cases.

With the exception of a single target p8i5 experiment, all aquaria were bubbled with ambient air, allowing for

rapid CQ exchange, and an optically clear lid was placed on each aquarium to reduce evaporation and splashing
onto nearby equipment. Some evaporation was evident from the rising TA throughout these experiments, but was
not resolvable within the resolution of a lkdaeld salinometer used for these experiments, which ranged from values
of 307 31 during the experiments. Therefore, DIC and TA werenainalized to salinity in these cases.

Temperature was discretely recorded from a combination Ross pH electrode.

Each guaria was gently stirred during the addition of NaOH to prevent Mg(@tdtipitation.After the addition of
NaOH, the aquaria were allowed to equilibrate with atmospheric Si@ilar to the large tank experiments, we
used Henryos | awiomastockstiGaiezhe Migal andafinat eguiliaration condition of each aquaria
experiment. The same averggeO, amof 421 £ 14ppm was used with the initial seawater temperature and salinity
to estimatgpCOz seanate@t the beginning of each experimehhe initial equilibrium DIC wagstimated from a

CO2SYS calculation using thiEC O, seawate@and TA. The final equilibriumDIC was estimated from a CO2SYS
calculation using the sanp€O; seawate@nd the TA measured just after the NaOH addition. The percent equilibration
for each experiment was then estimated between the mea:
bubbling, most experiments approached equilibrium with the atmospftéie 1-7 days, with the exception of the
nonbubbled pH 8.5 experiment that took ~20 days. The surface water of thibulbbled experiment was

stagnant, and the water was only mixed via stirring just before takingmHTA samples.

2.2 Oceanographicsensors

Each tank was instrumented with a series of sensors placed halfway down the wall of the tank near the inlet of the
UV circulation pump. A Seabird 38 Digital Oceanographic Thermometer and Seabird 45 MicroTSG
Thermosalinograph continuously monitorgshwatetemperature and salinity, respectively. Dissolved oxygen was
measured by a PME miniDOT Logger at 10 min resolution. \wis monitored daily by a SAMIH (manufacturer
specified accuracy/precision ~ 0.003/0.001, thaiighaccuracy ifikely an underestimate of the uncertainty given
known challenges for the calibration of thejaHeasurements) and by a seamtomated spectrophotometric (spec

pH) pHr unit (~+ 0.0055/0.0004) as described by Carter et al. (2013). CRM measurements areigytach pid

system at the beginning and end of each experiment and were used alongside discrete samples of DIC and TA as
described in Section 2.3 to constrain the stability of each sensor. The[@Akleasurements were recorded at
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ambient seawater temgure and corrected for-gitu salinity as recorded by the Seabird Thermosalinograph
following best practices from the manufacturer. The ggecanalyses occurred in a jacketed cuvette held at 20 °C
(regulated via water bath) and were corrected torts#i bulk tank temperature and salinity as recorded by the
Seabird Thermometer and Thermosalinograph. Both the S#Mind spe@Hr rely on spectrophotometric

analysis of metacresol purple indicator dye, which adléev pH- measurement within theHr range of

approximately7 to 9. For experiments in which enough NaOH was dosed into seawater to raawsopkl these

limits, a Thermo Scientific Orion ROSS Ultra pH/ATC Triode combination electrode (8157BNUMD) was used to
monitor pHyss at the surface of thank (x0.01 precision), which was then converted te foid comparison with the
other pH measuremergystems.

A LIiCOR LI-850 sensor was used to analyze atmosppé&@ (+1.5% accuracy) above the tanks. The inlet to this
sensor was periodically moved between tanks to ensure that atmog@@sia the vicinity of the control and
experiment tanks was the same. AcuRite Iris weather stations were mounted on the sid¢aoikeacmonitor air
temperature (+2 °C), relative humidity (+3%), and air speed (+0.8)nAH data were compiled on an hourly basis
in a custom R package.

2.3 Discrete sampling

Two types of discrete sampling were used to constrain carbonate chehmstighout these experiments. First, 500

mL of seawater was collected and preserved from eachtigrigally on a daily basis, and as frequently as hourly

during the addition of NaOH, following best practices laid out by Dickson (280lt)ding overflowng of the

sample bottles during collection and addition of 0.2 mL of saturated mercuric chloride)Hg@lpreservative

These bottle samples were analyzed for DIC and TA at N@Aéific Marine Environmental Laboratory

(NOAA/PMEL). DIC concentrations gre measured using a coulometer (UIC Inc.) and Single Operator

Multiparameter Metabolic Analyzer (SOMMA) (Johnson et al., 2983 was determined by an opesll

acidimetric titration (Dickson et al. SOP 3b, 2007). The accuracy of DIC and TA measure@grissessed with

Certified Reference Materials (CRMs, supplied by the Dickson laboratory at Scripps Institution of Oceanography),

and overall uncertainty for both DIC and TA was typical

In addition, discrete seawater samples waayeed for TA viaopencell potentiometric titration at Stony Brook
University. A Thermo Scientific Orion ROSS Ultra pH/ATC Triode combination electrode (8157BNUMD)),
calibrated using three buffer solutiofmnes 4.01, 7, and 10.Qwas used to track thération of a ~20 mL

seawater sample with a dilute HCI solution (~0.1 M in 0.7 M NacCl, calibrated daily with CRM or a secondary
seawater standard) following a modified Gran titration procedure using a Kloehn digital syringe pump (Song et al.,
2020; Wang ad Cai, 2004). The precision of TA measurements waslkgssmol/kg. This TA data was corrected

to that of the bottle samples analyzed via titration at NOAA PMEEre availablésee Supplementary Materials).

There are several differences between the ageaperiments and the larger tank experiments. First, the aquaria
experiments were monitored daily to every few days by discrete measurement of TA at Stony Brook University and
pHnes via Thermo Scientific Orion ROSS Ultra pH/ATC Triode combination electrode (8157BNUMD) (+0.01
precision), which was then converted torfathd corrected against the otherrdnsor systems via occasional

bottle samples for DIC and TA analysis at NOAA PMB/ariations between these experiments are noted in

Section 3where necessary and in the Supplementary Materials.

Samples of mineral precipitation were collected as folldwghe tank pH 10.3 case, discrete samples of the
precipitate were collected atven different times after the bulk pMalue reached 10.3 (Oh, 3h, 24h, 49h, 71h,
145h, 167h see Fig. 6) for XRD and SEM analysig. each timepoint, 0.5 1 L seawater was collected from the
tank sampling porandwasvacuum filtered h r o u g h \ahathan@F5F fileemvia vacuum pump and the
solids were rinsed with DI water 3 times to remove NaCl. The precipitate was dried in an oven at 90 °C, then
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crushed into a uniform powder via mortar and pestle. Samples were analyzed via Hitachi 4800 Scacinimg El
Microscopy (SEM) (5 kV) and Rigaku SmartLabrXy Diffraction (XRD) (CuK, 1. 5401600A 21 0d at
4°/min) at Brookhaven National Laboratory at the Materials Synthesis and Characterization Facility of the Center
for Functional Nanomaterial§Ve note that material that settled to the bottom of the large tanks was not directly
collected, and that only a subset of precipitation was collected at each time point, such that later timepoints may
include solids that had precipitated at the beginning@fixperimentMineral samples from aquaria experiments

were collected less frequently due to the volume of seawater requipedcifitation had visibly settled at the

bottom of the aquaria, this material was stirred into the water column before gafrgifirthe center of the aquaria.

The filtered seawater was immediately analyzed for TA and pH via Ross electrode because the heightened pH was
out of the range of spectrophotometric methods. Bottle samples of filtered seawater were not able to beatinalyzed
NOAA PMEL due to the continued precipitation of Cada@er filtration and preservation.

3 Resultsand Discussion
3.1Large tank experiments

A summary of the range of oceanographic variabiieasuredy sensors and bottle samplealculated via

CO2SYS or extrapolated to equilibration conditions during the large tank experiments is provided in Tihte 1.
summary includes experimentsncluding 3targeting pH 8.5 (still surface water, with forced air, and with forced

air and air bubblingand one (each) targeting pMalues 018.7 (still surface water®.5 (with forced air and air

bubbling) and 10.3still surface water)ln two early experiments in which bulk pias raised from the initial

condition to 83 and t08.7, the initialpHr and TA vaied between the control and experiment tanks as seawater was
pumped from multiple reservoirs and unevenly distributed between the tanks. The experiments were subsequently
refined to allow for several days of crgzsmping between tanks to homogenthe control and experiment

seawater before NaOH was added at the start of an experMwetdetailson experimental variatiorend a larger
summary tablare available in the Supplementary Materisi#hile the initial seawater conditions were similar

between the control and experiment tanks, we note that these cases are not entirely comparable after the termination
of crosspumping between tanks and the subsequent addition of alkalinity. While tanks were initially bleached,
eventually some biologicairowth was noted in each tank with potential differences in spatial and temporal
distribution as well as species and community differences. Herein, we assume that differences between the control
and experiment cases are due to the addition of alkalimbeabut we note that characterization of other potential
confounding factors is a subject for future work.

The initial pHr, TA, and DIC varied across experiments as seawater was collected between March 2022 and May
2023, ranging from pH7.66 (December 2022)7.95 (May 2023), TA 2001 (May 2028)2176 (March 2023)

emol/kg, and DIC 1847 (May 2023)2021 (March 20233 mol/kg. Both measured ar@O2SY S-calculated DIC

and TA values were normalized to salinity to account for evaporatioohwdnove salinity increases ranging from

0.27 7.1 across these experiments.

In all experiments, the absorption of atmospheric B&yan immediately after the NaOH addition, as determined by
decreasing pHa n daagad increasing DIC and seawap€0,. n'TA was fairly stable or increasing (+160 pmol

kg?) after the NaOH addition in all cases except the pH0.3 experimentwhere nTAand DICrapidly decreased

due to runaway CaCG{recipitation A stable TA value is an indicator that significantpersistentmineral

precipitation (e.g., Mg(OH)or CaCQ) has occurredn the absence of active mixing or bubbling, Mg(@H)
precipitation occurred immediately upon the introduction of NaOH to seawater, however the precipitation can be
rapidly dissolved by turbulence (i.e., pumping NaOH directly above a strong circulation pump and/or stream of air
bubbles). No CaCgprecipitaton was observed in the tanks or aquaria for which the bulk seawatemgH:10.0.

The pH = 10.3 experiment was designed to ind@eCQ runaway precipitation, as describi@dSection 3.3.

10
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Y aragfanged from 1.4 2.5 in the control targwith minimal varation over the course of any given experiment.

During the three experiments in which bulkjpMa s i n c r e a ga.gndreased immesliatély, to 6¥6.3 at the
peak of the experiments, before slowly decreasing te 28 as the seawater equilibratgith atmospheric C®

Forthe bulk pH9 . 5 e x p edyincraasedtto, 20.Xand slowly decreased to 5.0 when the experiment was
ended at full equilibratiorMineral precipitation was observed in the bulk;dHO . 3

increased to 30.3 and rapidly (<1 week) fell to 5.2 after the addition of NaOH.

exper iageast ,

wher e

The results of one representative set of tsages measurements from the control and experiment tanks are shown
in Figure2 for the case where ptbf the bulk experimertank was raised to 8.5 then allowed to relax into
equilibration with the atmosphere without the addition of surface air forcing or bubbling-s€iries plots for the

other tankscale experiments are available in the Supplementary Materials.
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Figure 2: Time-series data for the case wherermfithe bulk experiment tank was raised to 8.5 with no forced air

flow and no bubbling (still surface) for control (blue, solid) and experiment (red, dashed)(&mksitinuously

measured air temperatil{p) atmosphericqpCO,, () seawater temperatyrg) salinity, and(e) dissolved oxygen(f)

pHr measured by the SAMIH (circles) and interpolated from the spetitr (line), corrected to bottle sample and

CRM data (g) NOAA/PMEL-measured TA an¢h) DIC from bottle samples and normalized to salinfty;
seawatepCO;and(j)s at ur at i on s tystcaculaied froaringeigpaated MDEC ajdmTA data via
CO2SYS (K) the observed carbon uptake ratio (CAR) @3l Cexpi NDICcontrol)
theoretical CARdashedl from a CO2SY Scalculation using measured TA and the ave@@®2:mto estimate the
equilibriumchange in DICdashed; () the percent equilibration estimated between the observed and theoretical
CAR. Data gaps in panets b, ande are due to connectivity issues while offloading sensor data.

The onTA and @nDI C values

cal

cul ated

NnaoHRidiid(Solid) and the

bet ween3t he
where nTA and nDIC were interpolated between bottle samples measured atRI@BlA and/or were calculated

via CO2SYSusing sensor pHand TA measured at Stony Brook University corrected to less frequent NOAA

PMEL TA and DIC bottle samples. The ratio of tpes DI C

to

t he

addi ti

on

of

al

11

contr

k al

nit



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

on TA, i s i n c3foonal exgeriments éxéept that ef the bulkfiHcrease to 10.3\eglecting
experimentshatwere terminated before full equilibration, the final obser@éd& rangel from 0.75 + 0.04 to 0.87
+ 0.08(Table 1)

An anomalous event was noted in both the experiment and control cases for the tagybtgderiment with

forced air movement across the surface of the tank, wherein an increase in TA and DIC was noted around day 30 of
the experiment. The cause of this event is unclear but could include biological changes in both tanks, the
introduction ofalkalinity from environmental contaminants, or the anomalous delayed release of alkalinity from
suspended solids. This event was not observed in any other case, and highlights the importance of using controls to
understand complex interactions in thespegiments. A timeseries including this event is available in the
Supplementary Materials.

Theinitial CO2SY ScalculatedpCO, seawateas in all cases greater than the atmosplp€i@, seawater indicating

that the seawater was not fully equilibratedhitie atmosphere at the time when NaOH was added, likely due to
respiration and decomposition of biology removed during the bleaching step (Section 2.1), and as such, the tanks
should outgas COThe initial equilibrium DIC estimated from@O2SY Scalculaton usingthe pCO, seawate@nd

NnTA; wasin all cases less than the initidDIC measured or calculated framiA; and pH; (by 297 108 umol kgb).
Theseobservatios underscoréhe importance of having a control tatokcapture natural dynamics of g@gassing

and outgassing to ensure that changes in DIC attributed to OAE are correctly accounted for.

Within the series of experiments with a targeted pH3.5, thetimeline to reach an estimate@® CQ
equilibration decreasl from65 days (with internal circulation but still wer at the surface of the tankd 50 days
(with the addition of forced air movement across the surface of thettaBR)ays (vith the addition of air
bubbling. We note that only the two cases (targeted ptB.5 and 9.5) with the addition of air bubbling reached
full equilibration with the atmosphere.

Table 1: Range of variables measured, calculated, or extrapolated in large tank experiments, where M denotes direct
measurement, C denotes calculation®@2SYS and E denotesxtrapolation to equilibrium conditionSubscripts

iandfr ef er to initial and final conditions, and o6peakd
NaOH.
pHT target 8.5 8.5 8.5 8.7 9.5 10.3
Surface . . Forced Air and . Forced Air and .
condition Still Forced Air Air Bubbles Still Air Bubbles Still
Tank (C =
control, E = C E C E C E C E C E C E
experiment)
oeTA = N
addition (+ 10| M 0 409 0 462 0 375 0 626 0 1406 0 3305
emol / K
Salinity; (g/kg) | M | 28.7 | 28.7 | 30.2 | 30.2 | 30.4 | 304 26.9 26.8 269 | 26.9 285 28.4
Salinity; (g/kg) | M | 305 | 30.2 | 37.3 | 36.6 | 347 | 337 27.6 27.6 290 | 29.2 28.6 28.6
pHr (+0.005)| M | 7.76 | 7.76 | 7.73 | 7.73 | 7.93 | 7.93 7.92 7.75 7.95 | 7.95 7.70 7.75
pHT,peak(i
0.005) M 8.54 8.58 8.49 8.68 9.51 10.10
pHrs (£ 0.005)| M | 7.88 | 805 | 7.85| 7.99 | 7.99 | 8.01 7.84 8.26 8.01 | 8.21 7.75 9.52
”ST’;; ((:-'Ilol J M | 2049 | 2049| 2069 | 2060 | 2248 | 2248 | 2075 | 2075 | 2007 | 2007 | 2023 | 2025
MMApeak (10 |, 2458 2531 2623 2701 3414 5330
emol / K
”ST'?T; gillo/ J M | 2080 | 2528| 2235 | 2674 | 2246 | 2624 | 2095 | 2696 | 2014 | 3363 | 2041 | 1253
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( ZD:T(]:iO |y M 1944 | 1947 | 1957 | 1996 | 2082 2087 1897 1975 1852 1852 1928 1938
( ZD:T?Z) |y M 1908 | 2280 | 2084 | 2433 | 2027 2365 1937 2336 1832 2977 1947 720
 aragonite,i C 1.39 1.37 1.4 1.1 2.0 2.0 2.4 2.4 1.9 1.9 1.4 1.3
0 aragonite, peak C - 5.9 - 6.0 - 6.2 - 8.8 - 19.3 - 30.3
| aragonite,f C 2.0 3.0 1.7 2.8 2.5 3.0 1.9 4.4 2.1 4.9 1.4 5.2
0.85+ 0.75 + 0.87 0.52 + 0.82+
CARy c ) 0.04| ~ 0.04 ) 0.08 ) 0.07 ) 0.09 ) )
CARequilibium | E - 0.89 - 0.85 - 0.85 - 0.84 - 0.81 - -
% equilibration 95 + 92 +
(time elapsed i E - 10 - 10 - 102 & - 796 - 1047 - (13)
days) 67) 63) 12 (45) (42) (74)
453
. 5(a) (b) (c)
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455 Figure 3: Results of 5 tanlscale experiments in which enough NaOH was added totaakto raise the bulk pH

456  to 8.31 9.7. pH-decreased rapidly in all cases in which air bubbling sped equilibration with atmospheric CO
457 Results include: (a) measured-pib) meaurednTA, (c) measuredDIC or CO2SY Scalculated (for pH9.5 case
458 only), (d)CO2SY S-calculated pC@ (e) the observed carbon uptake ratio (CARNEECexp - NDICconto) /

459  gnTAnaoH addiioniWith horizontal dashed lines representing the expected cfr@y@&0.9 mol CQ uptake / mol NaOH
460 added to seawater, the change im{fA and (g)nDIC compared to the baseline measurements before the addition
461 of NaOH, and the percent equilibration estimated between the observed and theoretical CAR.

462  3.2Aquaria experiments

463  Table 2provides a summary of the range of oceanographic variables quantified for the aquaria experiments.
464  Table 22 Range of variables measured, calculated, or extrapolated in aguaria expeshergsyl denotes direct
465 measuremat, C denotes calculation vi202SYS and E denotes estimation within specified equilibration

466 conditions Subscript§ andfr ef er t o initial and final conditions, and
467  after the addition of NaOH.

0
Control

8.3 8.5 8.5 8.7 9.3 9.5 9.7 9.9 100 | 10.1 | 10.2 | 10.3

pHy target
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484
485
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488

Without
air
bubbles
®TA = N
addition (+ 10 (M 0 187 331 362 543 1409 | 1679 | 2037 | 2216 | 2276 | 2504 | 2796 | 3829
emol / kg
pHri(x 01) M 7.94 7.97 | 7.90 7.86 7.95 7.98 7.98 7.98 8.06 8.04 8.04 8.04 7.95
pHrpeak(x 0.1) |M 8.28 | 8.41 8.40 8.63 9.22 9.43 9.64 9.83 9.91 | 10.23 | 10.32 | 10.20
pHr¢ (x 0.1) M 8.06 8.03 | 8.07 8.11 8.08 8.21 8.20 8.23 8.65 8.96 8.72 9.46 7.99
-grArin(g ::.O/ K g M 2265 2262 | 2250| 2250 2250 | 2393 | 2393 | 2393 | 2531 | 2531 | 2531 | 2531 | 2250
TReea 10 o|M 2449 | 2582| 2611 | 2793 | 3801 | 4072 | 4430 | 4748 | - ; - | 4608
IAr’;((-)t IlO/ K g M 2323 2476 | 2640 | 2645 2822 | 3837 | 4110 | 4420 | 4462 | 1702 | 1835 | 1537 | 2202
DICi( e mol|C 2089 2073 | 2091 | 2107 2070 | 2192 | 2192 | 2192 | 2282 | 2287 | 2287 | 2287 | 2067
DICi( e mo | |C 2113 2246 | 2377 | 2382 2540 | 3372 | 3486 | 3877 | 3389 992 1244 671 2003
Q aragonite C 2.1 2.2 1.9 1.8 2.1 2.34 2.4 2.4 29 2.8 2.8 2.8 2.1
0 aragonitepeak C 4.2 55 55 8.1 19.5 23.1 27.0 29.8 30.2 30.9 32.4 38.9
Q aragonitef C 2.4 2.7 3.1 3.1 3.4 5.9 7.9 7.1 13.7 6.5 5.7 7.0 2.2
CAR c 092:| %87 | 076+ [ 0.87+| 0.84%| 086|084 0| ] ) )
f 0.10 0_06 0.05 0.04 0.02 0.02 0.02 '
CARequilibrium E 0.69 | 0.67 0.64 0.77 0.80 0.80 0.80 0.81 - - - -
% equilibration
- . 130 126 111 104 106 104
((;gg)elapsed in E (40) ae) | (s 116(40) (16) (18) (18) (18) 62(1) Q) 1) 1) (26)
CaCQ . M - No No No No No No No No Yes Yes Yes Yes
precipitation?

The CAR ranged betweénh76+ 0.05and 0.92+ 0.10,excluding cases where mineral precipitation was evident and
for the pH- 9.9 case where the experiment ended after one day due to a sensor loggingfasuséde range in

DIl C/  @TA i s I«ack & a dontrol buaguaria @xpdritmerits)ited number ofTA samples collected
throughout these experiments (daily at best with no duplicates due to the limited yauodh#)e imprecision of
electrodebased phimeasurements relative to the SAPH and spepHr based measurements used in the large
tark experiments.

The initial CO2SY Sestimated equilibrium DIC was in all cases less than the initial DIC calculated froem@A

pHri (by 167 36 umol kg'). This indicates that the seawater was not fully equilibrated with the atmosphere at the
time whenNaOH was added, likely due to respiration and decomposition of biology removed during the bleaching
step (Section 2.1), and as such, the aquaria would be expected to outglN&TH were not added. Absorption

of atmospheric Cebegan immediately aftehé NaOH addition, as determined by decreasing p¥€ note that

there are significant uncertainties in these equilibrium estimates leading to estimates of >100% equilibration. These
estimates would be better constrained with more continuous carbonatstchemgiasurements, particularly

seawater and atmosphegi@O. throughout the experiments that would allow for more direct calculation-sgair

CO;, flux and equilibration, and finer control of bubbling and diffusion rates are necessary to define time tiareli
equilibration within the aquaria.

No CaCQ precipitation was observed in the tanks below a bulk seawatesfd.0, and TA remained stable in
each of these experiments with the exception of some increase driven by minor evaparti®order b+2
umol/kgper day Experiments wher€aCQ precipitationwas induced by increasing the startpigr to values
above 10 are discussed in Sectidh 3.

The aquaria experimentgth target pH from 8.31 9.9are summarized in Figure
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Figure 4: Resultsof 9 aquaria experiments in which enough NaOH was added to each aquaria to raise the bulk pH
to 8.31 9.9. pHrdecreased rapidly in all cases in which air bubbling sped equilibration with atmospheric CO
Results include: (a) measurpHlr, (b) measured A, (c) CO2SY Scalculated DIC, (dCO2SYScalculated pCQ

(e) the observed carbon uptake ratio (CAR) as (RIDIChaseing /  na@ dadforwith horizontal dashed lines
representing the expected range of@.9 mol CQ uptake / mol NaOH added toaseater, the change in (f) TA and

(g) DIC compared to the baseline measurements before the addition of NaOH, and the percent equilibration
estimated between the observed and theoretical CAR.

In general, the large tanks and aquaria showed reasonable agreaudieving values foCAR within the

expected range of 00.9 (He and Tyka, 2023urt et al., 2021; Wang et al., 2023Vhile the use of aquaria

bubbled with air to speed equilibration alles\for a greater range of data collection within a constrained experiment
timeline,the quality of this data is limited kikie lack of appropriate sensors to fit into these small 15 L aquaria
challenges with establishing control conditioasd fewer bottlsamples due to the reduced quantity of seawate
However, while the large tanks allow fofaagerrange of oceanographic sampling and sensing techniques, it is
more challengingo fully quantify mixing and circulation rates in the curriamgetankexpeaimental setup.

Figure5 shows tle dependence tifie equilibrium values afDIC, CAR, a pHd = (pbkina T pHinital) @s a function
of the alkalinity additiorfor both tank and aquaria experimemtsvhich the final percent equilibration for G@as
estimated at greater than 90Results for tank and aquaria experiments aligned well, with incregsig for
increasing alkalinity additiond’he CAR wasobservedor all experimentso fall within the rangexpectedor
seawar with the temperature and salinity values used in these festxpected froncalculations of the response
of the seawater carbonate buffer system to additions of alkalinéfinal pHr atequilibrium exceeédthe pH- of
the control tank or aguaria thte same timepoinT hat is, even once equilibrium in the alkalinity enhanced
experimentank ha been reached, the ending pH vales slighty elevated relative tboththe startingoHr value
and thepHr of the control While not all ofthese experiments resulted in complete equilibration, a line fit to the
aguarium experimentgas a slope dd.0001which issimilar to the slope of the line that is expected from CO2SYS
when assuming complete equilibration with a 421 ppm &@osphere
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Figure 5: (&) The change in fin&lO2SY Spredicted DIC relative to the initial conditions for tank, aquaria, and
control experiments increases with increasing NaOH additmrsases where the asea CQ equilibration was

estimated at >90% at the termination of each experinfl@n€O2SYSpredicted CAR DI C / Al kal i ni ty

at airsea equilibrium conditions for tank, aquaria, and control experiments, with horizontal dashed lines
representing the @ected range of 0:@.9 mol CQ uptake / mol NaOH added to seawater. (c) Measuredpp H
= (PHiinal, experimend  PHiinal, contro) iNCreasesvith alkalinity addition for both tank and aquaria experiments.

3.3 Experiments exceeding theCaCO:s precipitation threshold

While Mg(OH), precipitation occurs immediately upon introductiorcohcentrated (i.e., ~0.5 NNaOH to still
seawater, it may be rapidly dissolvedavoided entirelypy gentle mixing, including via the use of stirrers,

circulation pumps, or air bubblers. This precipitation and redissolution happgidly enough that it was not
identified in any TA or other variables measured in the aquaria and tank tests. However, in cases where enough
NaOH was added to raise the bakawater piito greater than 10.0.€.,in one large tank test with a target-i

10.3, and in 4 aquaria experiments ranging from J#0-10.3), runawayrecipitation of Mg(OH) andCaCQwas
observed. This was characterized by a sharp reductiooth TA and DIC and an increase in turbidiéyd a

continued depletion of DIC and slow removal of TA as atmosphericfl @@ gas exchange was converted to
additional CaC@ Runaway precipitation has been described as a condition in which more afkalieinoved

from seawater by mineral precipitation than was initially added until a new steady state is achieved (Moras et al.,
2022; Hartmann et al., 2023; Suitner et al., 2023). This can significqadilgethe efficiency of OAE, and has
implications br biological productivity, as increased turbidity may impact photosynthesis or prpdeyor

interactions.

Both XRD and SEM resultsf the mineraprecipitationshowed the dominance of Mg(OHprecipitation

immediately after the alkalintg d di t i on and t he cor r egoponddua of around®)r e as e
though this signal was partially obscured by the presence of other salts. The Mg@iibjtation at this stage was

thick, slurrylike, and difficult to appropriatelyinse. Within hours of the NaOH addition, the runaway CaCO
precipitation began, characterized by fine, light particulates in the water column and a sharp increase in turbidity.
Within ~24 hours of the NaOH additiomostMg(OH). signak haddisappearedeaving only aragonite and calcite

peaks in the XRDThe results of the XRD analysis for the tank ekpent are summarized in Figureahd the

aquarium experiment showed similar resulta.decreased throughout the precipitation of Mg(eaid CaC@Q,

and was below that of the initial seawater within 24 hours of the NaOH addition. In the tank experiment, the initial

i

TA(2025¢ mol)/ kwps r ai sed. bwi 8B0B 83 moay&gthe TA had decrease
continued to decrease throughthet@i nati on of the experiment to 1253 emol

NaOH. The DIC, which wainitially measuredobel 938 e mol / kg, decreased to 720
experiment. This experiment shows that runa®@agZQ can result in a sigficant loss of both efficiency of

alkalinity dosing for OAE projects and of storage of carbon in the form of Bli@jure of timeseries data

collected during the tank experiment is available inSbpplementary Materials
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Figure 6: (a) XRD analysiqtop) of particulates filtered from seawater after the addition of enough NaOH to raise

(d) 3 hr

the bulk seawater pHo 10.3 showed mineral precipitation initially dominated by Mg(&théfore it was overtaken
by CaCQ arag The shaded grey vertical bars highlight peaks characteristic of brucite which typically disappear after
24 hours, and the shaded blue bars represent several aragonite peaks which appear between 3 and 24 hours.
Representative SEM images shfiyy CaCQ aragat the end of the experimemind(c) Mg(OH). captured ~3 hours
after the NaOH additiarPhotographs of the tank experiment show seawdtet3 hours after the NaOH addition,
when runaway CaCf{precipitation became visually appargi@ during NaOH addion into still water (i.e.,

without the use of stirrers, circulation pumps, or air bubblers to break up and redissolve WMgéad(f) before

NaOH addition

In summary, the presence and duration of brucite precipitation upon addifdfaqueous NaOH depends on
the ratio of the NaOH addition rate to the lod#lition rate in the receiving waterButure research using flow
through tanks could help identify thresholsow which brucitgrecipitationcan be avoidedr limited, and the
immediate formation of Mg(OH)may be reversible, as also noted by Suitner et al. (2023) and Cyronak et al.
(2023).At the given initial seawater conditions, the threshold for aragonite precipitatian&dg  @.40f 30,

corresponding to pH>10.Q andc 0 nt i n w.gddcreassd toy~5.Zhis threshold corresponded to an increase in

TA of >2 2 7The petential fdrdngway aragonitprecipitation may be reduced by active mixing at the
point of NaOH introduction, maintaining a mixing volume belowk seawater pHof 10.0, and allowing for
appropriate dilution in flowthrough conditionsparticularly on timescales of hours after alkalinity addition

Characterization of runaway precipitation thresholds at varying temperatures, salinities, amdadgmrticulate
conditions will allow for OAE implementation designs that best avoid this potential risk to OAE efficiency and
ecosystem perturbatioi/e note that these results are only validdpenexperimentsising an aqueous hydroxide
feedstock foralkalinity, andmaynotbe comparabldo benchscaleexperimentsuch as closed bottle incubations,

whereincreased surface area, edge effectssands t ai ned
different thresholds. We also note that do not assume zero aragonite precipitation at conditions below the stated

C 0 nygmal iesulhirs precigitationiag h Y

thresholds, but thatotentialprecipitation is noteadilydetectablevith our expeninental setup. For example,

heterogeneou€aCQ precipitationevents, such as may occur on suspended sediments in the water column, have
been suggested through characteristic changes in seawater TA/DIC ratios in cases of riverine inputs and bottom
sediment resuspension (Bust®errano et al., 2009; Wurgaft et al018; 2021). Suspended sediments in the context

of OAE project sites could influend@AE efficiency andhe potential for runaway precipitation and should be
included in future studie®Bach, 2023)The thresholds determined in this study are significdnigher than those

of some minerab a s e d

OAE

studi es, includi

ng

precipitation
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Ca(OH} mineral additions (Moras et al., 2022). Hartmann et al. (2022) noted precipitation resulting from alkalinity
additiors of>6 0 0 & mo | /,kagd foMrgl th&dlipouslkaline solutions avoided carbonate precipitation

better than reactive alkaline particle additions to seawater. Suitner et al. @@Rf8sted that alkalinity additions >
2000 emol / kg could be achievabl e gi v eTogetherftfesestudesnt di
highlight the need to expand research into runaway precipitation to characterize potential inefficiencies in OAE,
particularly in insitu exgeriments to establish relationships applicable to ocean environments.

5 Summary

These results demonstrate thaean alkalinity enhancement using aqueous sodium hydrioxsgawateresults in

CO; removal from air at an efficiency 6£75 (x 0.04) 0.92 (+ 0.10)with 90% equilibratiortypically achieved

within 7 - 9 weeks (still surface water with ~16 L/min subsurface circulation through UV atoays 5 weeks

(with the addition of ambient air bubbling into the bottom of each)tahthe initialadditionwhen performed in

~6000L tankswith seawatesir contact areas of aroudds m?. These results are in general agreement with ratios
noted in Burt et al. (2021), He and Tyka (2023), and Wang et al., (Z828}hus give no reason to doubt liresea
equilibrium dynamics used in these model based OAE stud@se, uncertainties are driven by sensor precision and
temporal resolution in discrete DIC and TA sampling, the limited number of experiments with minimal
opportunities for duplicates oeplicates, and poorly constrained data on mixing, circulation, and air bubbling rates.
Ongoing experiments seek to improve each of these conditions and should particularly focus on constraining the
movement of water within a given tank to improvessn guilibration estimates and to allow for better

extrapolation from tank to field experiments.addition, a focus of ongoing and future work is to provide rate
estimates for the uptake of atmospheric;@0Oesponse to an NaOH addition, allowing for figtiand extrapolation

of a shortened experiment to equilibration with the atmosphli¢néde the tankto-atmosphes exchangeate is

unlikely to be generalizable to tlheeanseato-air kinetics, it is essential informatidor the storage of high TA
solutions (which will be a common element of many OAE field trials) and for the subset of proposed approaches
that plan to conduct partial pegjuilibration of highTA seawater mixtures before discharge (typically to avoid
creating highpH environmental aoditions).

We relied on several methods to constrain seawater carbonate chemistry. T$eatardkperiments primarily

relied on discreteat mostdaily) DIC and TA sampling (NOAA PMEL), paired with daily measurements from
spectrophotometric pH systems&8I -pH and a sermutomated benchtop spptl system following Carter et al.
(2013)) and local TA measurements. With appropriate calibration or correction of thetsggstems relative to
CRM, there was no significant difference in carbonate calculatising the NOAA PMEL DICTA or speepH-

local TA pairings, though the latter cagpically producedarger uncertainties. Aquaria experiments relied on a
standard glass pH electrods (Mostdaily, corrected to spectrophotometric systems) with discattadstdaily) TA
measurements, which provided reasonable data relative to the tank expementssult, ngoing tankscale
experiments have liited the volume of discrete DIC afidh samples collected for analysis at NOAA PMEL to
allow for faster and lesexpensive monitoring via speéi and local TA titrations. However, we note that the major
limitation in this measurement pathway lies in the gpdanethod, which is typically limited to pHneasurements
ranging from 7 9 for the metacresol purple indiator dye used/Vhile our measurements retained some sensitivity
up to pH 9.5, such a method should typically be considered unrelitlieese pkvalues, and we relied on
frequent correction to CRM and comparison with DIC/TA samglagmol blue is an alternative
spectrophotometric pHndicator dye with sensitivity over the higher pebnditionsobserved during these initial
trials and will be assessed for future experimé€zbang and Byrne, 1996; Liu et al., 2006)

Aqueous NaOH wit concentrations as high as 0.5 M can be added diredtlyltolentseawater wittonly limited
observable precipitation of Mg(OH)In these conditions this precipitated mineral rapiélyissolve®on the

timescales of minutes to secontiaproved controbverthe NaOH dosing rate (in our tank experiments, ~50 mL
NaOH/min) and the turbulence of the receiving water through metered flow through experiments will be valuable in
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extrapolating to field conditions. This precipitation is detectable both visuadlyraough turbidity measurements

and implies that straightforward measurement of pH and turbidity at the dispersal site can be used to adjust the

alkalinity dispersal rate according to local mixing conditions such that Mg(@regipitation isavoidedandor
redissolves when it occurs. No signific8dCQpr eci pi t ati on was H.fpnee30.¢ ed

Runaway CaC@precipitation was observed above these thresholds, where a massive precipitation and settling of

at

Mg(OH), and CaC@®solids results in less alkalinity in the overlying water than at the starting condition. pH and
turbidity sensing combined with discrete TA measurements could be used as a fegghmt alkalinity dosing

into seawater to ensure that the local maxmtbresholdst the dispersal locatiado notapproach oexceed
conditions that promote significant Cag@ecipitation.We note that future investigations seeking to better
approximate field conditions should take into account seasonal and tidalrshéftsperature and salinity, and

varying conditions of suspended sediment in the water column, including that of aerial dust, terrestrial runoff, and

resuspended bottom sediments.

In theseexperiments, the seawater wWitered andbleachtreated prior to experiments limit biological growth
and both tank and aquaria experiments were conducted indoors with limitedNkygetrtheless, in most
experiments, biological growth was obsenradtir a few weeksncluding cyanobacteria and cotitwophores A

series of experiments are underway to testdifference in Ce@removal efficiency for two sidey-side tanks, both
of whicharedosed with NaOH, but only one of which was bleactdliminary results show minimédifference

between the lelached and unbleached tankslicating these experiments agplicable to realvorld conditions, at

least for regions withiological communities similar to & of Long Island Sound, but further investigation is

warranted.

A focus of future work is to consider the potential impacatlettrochemical OABnN local ocean acidification

mitigation efforts. We note that in each constrained tank and aquaria experiment; titeegtiilibrium exceeds the
initial pHt value prior to he addition of alkalinityseeFig. 5¢) A controlled release of alkalinity could theoretically
be configured to maintain a locally elevatedrpidiue relative to pralkaline conditions, with potential uses in

aquaculture and hatchery environments.

These resultprovideclear and practical guidelines for MRgr OAE implementations employing aqueous

alkalinity. First, carbonate chemistry and turbidityeasurementa the alkalinity dispersal locatiotanensure that

seawateparameters sias pHandY aragoniteremain within predetermined safe boundsd that unwanted

precipitation is avoidedsecondfor a given OAE deployment, wheogean modslprovide areasonable certainty

aboutthefraction of the alkalinity plumeemainingin the surfac@verweeks to monthghe CQ removal efficiency
and timescaléor air-seavaterequilibrationprovided by oushallowdepthexperiments can place apperbound on

the amount of C@removal expeted flom that OAE intervention. Expanding these studies from ¢aale to

mesocosm and field experiments will be crucial to understanding biological impacts and constraining realistic air

sea interactions in response to this type of @Echlies et al., 2023)

Data availability

Data are described in the manuscript and provided Supplementary Materials, which includes a .csv file with

processed sensor and sample tsades data at hourly resolution.
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