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Abstract. Ocean alkalinity enhancement (OAE) is consid-
ered for the long-term removal of gigatonnes of carbon
dioxide (CO,) from the atmosphere to achieve our climate
goals. Little is known, however, about the ecosystem-level
changes in biogeochemical functioning that may result from
the chemical sequestration of CO; in seawater and how sta-
ble the sequestration is. We studied these two aspects in
natural plankton communities under carbonate-based, CO;-
equilibrated OAE of up to a doubling of ambient alkalinity
(+2400 peq kg_l, Qaragonite ~ 10) in the nutrient-poor North
Atlantic. During our month-long mesocosm experiment, the
majority of biogeochemical pools, including inorganic nu-
trients, particulate organic carbon and phosphorus, and bio-
genic silica, remained unaltered across all OAE levels. No-
ticeable exceptions were a minor decrease in particulate or-
ganic nitrogen and an increase in the carbon-to-nitrogen ra-
tio (C : N) of particulate organic matter in response to OAE.
Thus, in our nitrogen-limited system, nitrogen turnover pro-
cesses appear more susceptible than those of other elements,
which could lead to decreased food quality and increased or-
ganic carbon storage. However, alkalinity and chemical CO,
sequestration were not stable at all levels of OAE. Two weeks
after alkalinity addition, we measured a loss of added alka-
linity and of the initially stored CO, in the mesocosm where
alkalinity was highest. The loss rate in this mesocosm ac-
celerated over time and amounted to ~ 10 % of stored CO,
within 4 weeks after alkalinity enhancement. Additional tests
showed that such secondary precipitation can be initiated by
particles acting as precipitation nuclei and that this process
can occur even at lower levels of OAE. In conclusion, in

scenarios like our study with carbonate-based OAE, where
the carbon is already sequestered, the risk of major and sus-
tained impacts on biogeochemical functioning may be low
in the nutrient-poor ocean. However, the durability of car-
bon sequestration using OAE could be constrained by al-
kalinity loss in supersaturated waters with precipitation nu-
clei present. Our study provides an evaluation of the ecosys-
tem impacts of an idealised OAE deployment for monitor-
ing, reporting, and verification in an oligotrophic system.
Whether biogeochemical functioning is resilient to more
technically simple and economically viable approaches that
induce stronger water chemistry perturbations remains to be
seen.

1 Introduction

There is growing recognition that removal and long-term se-
questration of carbon dioxide (CO;) is needed in order to
remain within the carbon budget of cumulative emissions to
restrict warming to 1.5 °C (Rogelj et al., 2018). While dras-
tic CO, emission reductions are essential and urgent, certain
anthropogenic activities have a residual carbon emission that
cannot be eliminated via emission reduction alone. These
residual emissions hence require active carbon dioxide re-
moval (CDR) to reach net-zero CO, targets.

A variety of ecosystem-based and technological ap-
proaches have been proposed to remove and durably store
carbon (C). Ocean alkalinity enhancement (OAE) is one ap-
proach currently under investigation for its potential to chem-
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ically bind CO; in seawater (Hartmann et al., 2013; Kheshgi,
1995; Rau and Caldeira, 1999). Through concurrent shifts
in multiple chemical equilibria, OAE increases the amount
of dissolved inorganic carbon (DIC) that can be stored in
seawater. This essentially mimics natural rock weathering,
which is the major alkalinity input to the ocean (Macken-
zie and Garrels, 1966; Middelburg et al., 2020) and happens
on timescales of 10 000-100 000 years. Each year, this nat-
ural chemical weathering process already sequesters around
0.25 GtC (Hartmann et al., 2009). Modelling studies have
indicated a high potential for the acceleration of this pro-
cess using negative emission technologies (NETs) to se-
quester carbon on the gigatonne scale (Keller et al., 2014)
and thereby stabilise future atmospheric CO, concentrations
(Ilyina et al., 2013). Additionally, OAE increases the capac-
ity of seawater to buffer changes in pH, possibly counteract-
ing ocean acidification in vulnerable ecosystems (Feng et al.,
2016; Mongin et al., 2021).

OAE can be achieved on much shorter timescales in many
ways using a range of materials and implementation strate-
gies (NASEM, 2022). Some approaches propose utilising
widely available materials such as natural minerals or in-
dustrial by-products (Renforth and Henderson, 2017). Both
carbonate- and silicate-based minerals are abundant and
commonly considered as alkalinity sources. These materi-
als also contain biologically active elements (micronutrients
and trace metals, e.g. nickel, magnesium, iron) which leach
from the mineral concurrently with alkalinity (Montserrat
et al., 2017). Despite higher energy production costs, elec-
trochemically generated hydroxide solutions are chemically
simpler and, as such, do not contain these additional com-
ponents (NASEM, 2022). OAE can be implemented in a
non-equilibrated fashion (Hartmann et al., 2023), where the
chemical CO; uptake occurs at the rate of natural gas ex-
change between the atmosphere and the ocean. This ap-
proach initially induces substantial perturbations to seawater
carbonate chemistry (high pH, low pCO;, high calcium car-
bonate saturation state or Q2caco3) that gradually diminish
with progressive CO; in-gassing and water mixing, which
can take months to years (Bach et al., 2023; Jones et al.,
2014). In addition, seawater pH and calcium carbonate sat-
uration may reach thresholds where spontaneous precipita-
tion of carbonates, and hence a loss of alkalinity, may oc-
cur (Chave and Suess, 1970). Ideally, OAE is implemented
where the chemical binding of CO; has already occurred in
the dissolved inorganic carbon (DIC) pool before release into
the ocean. In other words, the seawater pCO> is already equi-
librated with the atmospheric pCO,, and the carbonate sys-
tem changes in the implementation area are stable and mod-
erate. This approach has the additional benefit that the chem-
ically sequestered carbon can be easily quantified, a valu-
able consideration for monitoring, reporting, and verification
(MRV) requirements. Consequently, the way OAE is applied
will affect potential biological responses in marine ecosys-
tems. Many economically attractive and technologically fea-
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sible OAE approaches generate increased complexity in the
concurrent chemical perturbations, which may increase the
probability of ecosystem responses and greater uncertainty
in the potential environmental impacts. Crucial factors for
ecosystem-level responses include the type, magnitude, and
stability of seawater chemistry perturbations induced.

Two decades of research into the impacts of ocean acidifi-
cation on marine phytoplankton has demonstrated physiolog-
ical sensitivity to changes in seawater carbonate chemistry,
in particular, CO, concentration and pH. This sensitivity of-
ten differs between distinct phytoplankton groups (Kroeker
et al., 2013; Paul and Bach, 2020); hence merely the per-
turbations in the seawater CO, system induced by OAE may
cause species-specific responses (Bach et al., 2019a; Ferderer
et al., 2024). Enhanced alkalinity changes the availability of
the two key substrates for carbon fixation, bicarbonate ions
(HCO3) and CO,, both of which can be utilised by phyto-
plankton. To improve carbon uptake, many phytoplankton
groups additionally developed carbon-concentrating mech-
anisms, which differ between species in terms of their effi-
ciency and energetic costs (Colman et al., 2002; Giordano
et al., 2005). Changes in seawater CO, due to OAE may
thus influence the phytoplankton composition by making the
carbon uptake conditions more or less favourable for cer-
tain phytoplankton groups or species (Pierella Karlusich et
al., 2021). Furthermore, OAE increases the seawater pH and
thus reduces the potential negative impacts of higher [H] on
plankton physiology, particularly on calcifying phytoplank-
ton such as coccolithophores (Bach et al., 2015; Paul and
Bach, 2020). In theory, calcifiers may benefit from this in-
crease in pH as a result of both lower energetic costs for cal-
cification and reduced chemical dissolution of their calcium
carbonate structures. While OAE may benefit calcifying or-
ganisms, the process of calcification again consumes alkalin-
ity, so the proliferation of calcifying phytoplankton would
reduce the efficiency of OAE as a CDR method. Overall,
OAE may shift the composition of marine plankton commu-
nities, with potential consequences for key biogeochemical
processes including nutrient cycling and primary production,
as well as carbon storage and sequestration in the ocean. Cur-
rently, the potential of OAE is assessed on modelling studies
that, as previously described, predict a reasonable potential
of this method to counter climate change. Field-based assess-
ments to evaluate potential impacts on nature and verify its
potential are still in their infancy. With this study, we aim to
help change that.

Here, we carried out a mesocosm experiment to inves-
tigate how a nutrient-poor plankton community responds
to carbonate-based, CO;-equilibrated OAE. This idealised
OAE represents a best-case scenario from both a CDR verifi-
cation and an environmental impact perspective. We focused
on changes in the biogeochemical element pools that would
be induced by shifts in primary producers in a natural plank-
ton assemblage from the subtropical eastern North Atlantic
Ocean. We assessed the risk of potentially undesired changes
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in nutrient and organic matter partitioning and durability of
CO, storage due to loss via precipitation. This type of infor-
mation is essential for supporting evidence-based decisions
on the safe deployment of OAE within a portfolio of CDR
approaches.

2 Methods
2.1 Mesocosm experiment design and setup

Nine mesocosms were deployed in Taliarte Harbour on the
eastern coast of Gran Canaria in the subtropical North At-
lantic Ocean. The mesocosms were supported by floating
frames from which a flexible bag of 4 m length was sus-
pended and enclosed at the bottom with a conical-shaped
sediment trap (Bach et al., 2019b; Goldenberg et al., 2022;
see photos in Fig. S1). These were filled on 10 Septem-
ber 2021 with water pumped from outside the harbour from
2-10m deep using a peristaltic pump and large-diameter
hoses to gently transfer the plankton organisms into the
mesocosm bags (14 m3 h~!, KUNZ SPF60, Flexodamp FD-
50). The collected water was distributed equally across all
mesocosms during the filling period using digital flow me-
ters with final volumes ranging between 8001-8051 L.

A gradient design was used in this experiment, with
seawater alkalinity ranging between ambient (0peqkg™!
added alkalinity, OAE0) and 2400 ueqkg™! additional al-
kalinity (OAE2400). The alkalinity levels increased in
equal intervals of 300peqkg™' across nine mesocosms
(OAEO, OAE300, OAE600, OAE900, OAE1200, OAE1500,
OAE1800, OAE2100, OAE2400). We selected this wide
range of alkalinity levels to specifically examine the po-
tential for any adverse impacts, with the upper limit of
+2400 ueqkg™! informed by the saturation state of cal-
cite (2cy), which, when Qc, = 15-20, can lead to sponta-
neous precipitation (7 = 25 °C; Morse and He, 1993). This
upper limit also corresponded to double the ambient sea-
water alkalinity in all mesocosms measured on days 1-3
(2397.7 £ 3.6 peqkg ™", mean + SD). Seawater alkalinity in
the mesocosms was enhanced by the addition of 22kg of
NaHCO3 and 22 kg of Nay,COj3 solution on Day 4. Each salt
was weighed and dissolved separately into 22 kg of deionised
water, with the precise amounts corresponding to the alkalin-
ity to be added with final treatments. Salinity was adjusted to
35 gkg~! using NaCl, taking into consideration the amount
of alkalinity adjustment. Finally, the respective alkalinity so-
lutions were added to the mesocosms. CTD profiles with the
attached pH sensor (see Sect. 2.2 for CTD and sensor details)
were taken directly after addition to ensure that the alkalinity
adjustment was successful, in addition to discrete samples
taken for DIC analyses from the three highest OAE treat-
ments (1800, 2100, 2400 peqkg ™).
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2.2 Mesocosm sampling and maintenance

The mesocosms were regularly sampled from surrounding
platforms that were attached to the pier, with daily sampling
from days 1-3, followed by sampling every second day from
Day 3 onward. An overview of experimental activities and
the timeline is provided in Fig. 1. Discrete water samples for
nutrient, particulate matter, and Chlorophyll a (Chl @) anal-
yses were collected between 08:00—-10:50 local time (LT).
These water samples were collected in multiple deployments
with depth-integrating sampling tubes between the surface
and 2.3 m depth and then filled into 10L plastic cannisters
for transport to the laboratory and subsampling. CTD pro-
files (CTD 60M, Sea & Sun Technology), including addi-
tional sensors for dissolved oxygen (O), pH and photosyn-
thetically active radiation (PAR), were carried out between
0.5-3.0m deep after the discrete water sampling and con-
cluded around 11:00 LT.

Mesocosms were cleaned inside, using a pool brush, and
outside by scuba divers, including the sediment trap funnels,
to remove wall growth and minimise any shading effects (see
Fig. S1 in the Supplement for photos) during the study pe-
riod. Biofilm material removed during mesocosm cleaning
remains in the enclosed mesocosm, either suspended in the
water column or collected in the sediment trap. In both cases,
this material is included in particulate matter analyses. Sed-
iment trap material procedures and analyses are reported in
Suessle et al. (2025).

2.3 Incubation study design and sampling procedures

We carried out an incubation study starting on Day 35 to
investigate potential mechanisms of a key observation that
emerged during the mesocosm study from Day 21 onward.
In the highest manipulated mesocosm, OAE2400, a decrease
in alkalinity was observed, and calcium carbonate precipi-
tation occurred in the form of white flakes that collected at
the mesocosm walls and in the sediment trap. The alkalinity
decreased continuously until the end of the experiment and
even fell below concentrations of the second-highest meso-
cosm (OAE2100), in which, however, no alkalinity decrease
or carbonate precipitation was observed. The aim of this side-
study was to understand why the alkalinity decrease and car-
bonate precipitation only occurred in these mesocosms and
whether this was due to precipitation nuclei, which (i) were
already present in the seawater, (ii) occurred only in that sin-
gle mesocosm due to a wall effect or whether they were ac-
tually caused by the high alkalinity alone.

For the incubation study, the two highest alkalinity lev-
els (OAE2400 and OAE2100) were chosen in order to trig-
ger precipitation in at least one of these treatment levels.
For each OAE level, mesocosm water that already had en-
hanced alkalinity (pre-adjusted) was used, along with fresh
oligotrophic seawater collected at 4 m depth in the vicinity of
Taliarte Harbour (27°59'24” N, 15°22/8” W; east coast Gran
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Figure 1. Experimental timeline for the mesocosm and incubation studies indicating sampling, cleaning, and other activities.

Canaria, Spain, TA ~ 2411 pequ_l, S ~36.6, T ~23°C,
pH =~ 8.15, on 30 September 2021). The seawater was fil-
tered through a 55 um gauze to exclude larger organisms
and particles, and the alkalinity was adjusted to 42100 and
+2400 yeqkg ™! using NaHCOj3 and NayCOs as described
for the mesocosm study (Sect. 2.1). White crystalline mate-
rial was collected from the walls of the mesocosm and was
added as seeding material (120 mg wet weight to each treat-
ment). To test the effect of precipitation nuclei, both meso-
cosm and fresh seawater treatments were further divided into
“seeded” and “non-seeded” treatments. Each treatment was
carried out in duplicate in 8 L plastic bottles (PET).

All bottles were submerged at about 1.5 m depth in Tal-
iarte Harbour, attached to the pier in random order. Sam-
ples were taken in the morning at the start of the experiment
(Day 0) and every second day, with final sampling on Day 10.
Sterile filtered (polyethylsulfone cartridge, pore size 0.2 pm,
Sarstedt, Germany) subsamples of 150 mL were taken to ex-
amine carbonate chemistry variables and alkalinity changes
during the 10d study period, and the flexible PET bottles
were compressed to minimise headspace. Temperature, pH,
and salinity were analysed with a WTW multimeter (Xylem
MultiLine® Multi 3630 IDS pH probe with a SenTix 940
pH electrode and TetraCon 925 cell). The pH probe was cali-
brated with WTW buffer solutions in four steps (1.679-9.180
at 25 °C) according to NIST/PTB, and values were recalcu-
lated according to Badocco et al. (2021). For the TetraCon
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925 cell, 0.01 mol L~! KCl calibration standards for conduc-
tivity cells (WTW, traceable to NIST/PTB) were used. Alka-
linity measurements were carried out as for mesocosm sam-
ples (Sect. 2.4.2).

2.4 Measured variables

2.4.1 Nutrient concentrations

Subsamples for nutrients (combined nitrate + nitrite, nitrite,
phosphate, silicate) were collected in acid-cleaned poly-
carbonate bottles directly at the pier and filtered (0.45um
Sterivex, Merck) before analysis spectrophotometrically us-
ing an autoanalyser (QuAAtro autoanalyser, SEAL Analyt-
ical) using an autosampler (XY2 autosampler, SEAL An-
alytical) and a fluorescence detector (FP-202, JASCO) ac-
cording to Hansen and Koroleff (1999). Limits of detection
(LODs) were determined daily as the variability (u +30) in
the concentration of the lowest standard in the calibration
series because this was deionised water which should have
contained no nutrients. Nitrite was very low during the study
(< 0.04 pmolL_l); hence we report combined [NO,] that
was directly quantified spectrophotometrically as the sum of
nitrate + nitrite.
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A. J. Paul et al.: Ocean alkalinity enhancement in an open-ocean ecosystem 2753

2.4.2 Carbonate chemistry

Samples for dissolved inorganic carbon (DIC) and total al-
kalinity (TA) analyses were collected directly from the inte-
grating water samplers in 250 mL glass flasks. Separate sub-
samples for DIC and TA were filtered (polyethylsulfone car-
tridge, pore size 0.2 um, Sarstedt, Germany) before analysis
to remove particulate inorganic carbon (PIC). Care was taken
during sampling and filtering to keep the samples bubble-free
and minimise contact with the atmosphere.

TA concentrations were determined by potentiometric
titration with HCI using a Metrohm 862 Compact Titrosam-
pler, Aquatrode Plus (Pt1000), and a 907 Titrando unit, as de-
scribed in Chen et al. (2022). Variability in TA measurements
over the first 3 sampling days before alkalinity manipulation
was a maximum of 6.5 umolkg™! (indicated by the standard
deviation of TA on days 1-3). DIC concentrations were anal-
ysed by infrared absorption (LI-COR LI-7000, AIRICA sys-
tem, MARIANDA, Kiel). Seawater standards were used to
determine the accuracy of TA and DIC analyses (batches 143,
190; Dickson, 2010). DIC variability over the first 3 sampling
days for a given mesocosm, indicated by the standard devia-
tion of DIC on days 1-3, was a maximum of 10.2 umolkg~!.

K1 and K2 equilibrium constants from Lueker et al. (2000)
were used to calculate other carbonate system variables
(e.g. pCOy, CO2, Qar, pHsw), as these agree well with di-
rect measurements of DIC, TA, and pCO, (Dickson et al.,
2007), with boron (Bt value) taken from Uppstrom (1974).
The seawater scale is used to report pH as pHgy, .

2.4.3 Particulate matter analyses

Subsamples for total particulate carbon (TPC), particulate or-
ganic carbon (POC), particulate organic nitrogen (PON), and
particulate organic phosphorus (POP) analyses were taken
from the pooled water in the cannisters. Particles were col-
lected by vacuum filtration (p < 0.3 mbar) onto glass fibre
filters (nominal pore size 0.7 um, Whatman GF/F) that had
been pre-combusted at 450 °C for 6 h to remove any organic
material. Filtered volumes ranged between 500 and 1500 mL.
Filters for TPC, POC, and PON were dried at 60 °C before
packing into tin capsules and analysis, with an additional
acidification step prior to drying for POC filters to remove in-
organic particulate carbon. All samples were analysed on an
elemental analyser (Flash EA, Thermo Fisher) connected to a
mass spectrometer (DELTA V Advantage isotope ratio MS,
Thermo Fisher) by a ConFlo IV interface (Thermo Fisher).
Acetanilide and caffeine were used as standard reference ma-
terials for the CN content. PIC concentrations are reported as
the difference in carbon between the TPC concentration and
the POC concentration (acidified filter).

POP concentrations were determined from the filter sam-
ples by oxidising the organic phosphorus in the collected par-
ticles to phosphate using an oxidising decomposition powder
(Merck) in Milli-Q and autoclaving for 30 min. Concentra-
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tions were determined spectrophotometrically according to
Hansen and Koroleff (1999). The detection limit ranged be-
tween 0.00 and 0.01 umol L~! over the study period.

Subsamples for biogenic silica (BSi) were also taken by
vacuum filtration with the particles collected onto a cellu-
lose acetate filter (0.65 um pore size, Whatman). The filters
were leached in NaOH (0.1 mol L™') at 85 °C to dissolve the
biogenic silicate. The leaching was terminated after 135 min
by the addition of acid (0.05 mol L~! H;S0y4), and the dis-
solved silicate concentrations were determined spectropho-
tometrically according to Hansen and Koroleff (1999). The
detection limit ranged between 0.01 and 0.36 umol L~! over
the study period.

2.4.4 Chlorophyll a concentration

Samples for pigment analysis were collected by vacuum fil-
tration onto glass fibre filters (nominal pore size 0.7 um,
Whatman). Filtration volumes ranged between 1000 and
1500 mL. Filters were stored in cryovials at —80 °C until ex-
traction in acetone (100 %, HPLC grade, Merck) as described
in Paul et al. (2015). Analysis of Chlorophyll a concentration
was carried out by high-performance liquid chromatography
with concentrations calibrated against commercial pigment
standards.

2.5 Data analysis

The experiment was separated into two time periods to fa-
cilitate interpretation of the system response: short-term (2—
12 d after treatment, days 7-19) and longer-term (> 14d af-
ter treatment, days 21-33). This phase definition also en-
abled distinction between a period with stable total alkalinity
and low Chlorophyll a (short-term) and a following period
where, in some mesocosms, a significant bloom in Chloro-
phyll a occurred and a decrease in total alkalinity was mea-
sured (longer-term). Each time period contained 7 sampling
days.

Simple linear regressions with ocean alkalinity enhance-
ment (OAE) or measured total alkalinity as the predictor vari-
able were employed. The phase averages of the different sys-
tem properties were the response variables. All data points
that were considered analytically robust were used in the re-
gression analysis to avoid a left-skewing of the data from
zero inflation. This retained the relative treatment differences
of interest, even if the absolute values are not realistic, for
example, negative nutrient concentrations due to issues with
the blank values in the calibration. A few measurements pro-
vided unnatural values and were thus excluded. This outlier
removal at the level of individual days and mesocosms did
not compromise the integrity of the regression analysis con-
ducted on the phase averages. Assumptions of normality of
residuals and heteroscedasticity were assessed visually using
residual and Q-Q plots. Data transformations were applied
where necessary. All data analyses were performed at a sig-
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nificance level of o« = 0.05 using R (version 3.6.3; R Core
Team, 2020).

3 Results

3.1 Verification of alkalinity enhancement, shifts in
seawater chemistry, and carbon storage durability

The nine OAE levels ranged from ambient (~ 2400) up to
~ 4700 peq kg~ ! and indicated successful implementation of
the alkalinity gradient (Fig. 2a). Alkalinity enhancement cre-
ated gradients in the speciation of the seawater carbonate
system (Fig. 2c—f). Overall, doubling alkalinity led to ~ 2x
higher bicarbonate concentrations, an ~ 3x higher satura-
tion state of aragonite ($24;), and ~ 2x lower proton (H)
concentrations (higher pH) than under natural alkalinity. The
minimum 4, was 2.8, indicating supersaturation of arag-
onite (Q2ar > 1). Mean bicarbonate concentrations and 24,
increased, and mean H* concentrations decreased linearly
with increasing seawater alkalinity.

Total alkalinity and dissolved inorganic carbon (DIC) con-
centrations remained relatively constant in each mesocosm
until Day 21. Thereafter, a decrease in alkalinity and DIC
was observed under the highest OAE, which accelerated in
the loss rate over time (Fig. 2a, b). This amounted to a to-
tal alkalinity loss of 270 yeqkg™! and ~ 140 umolkg ™" dis-
solved inorganic carbon by Day 33, with an additional alka-
linity loss of > 350 neqkg™! over 10d between days 35 and
45 (shown separately in Fig. 3b).

In conjunction with the decrease in alkalinity and DIC,
precipitation of calcium carbonate occurred from Day 21
on. However, the concentrations of dissolved CO; increased
due to shifts in the carbonate system under lower alkalin-
ity and, unlike other carbonate system variables, did not
display a linear relationship with alkalinity (Fig. 2f). The
loss of alkalinity in the mesocosm OAE2400 had an impact
on the carbon storage stability. Initially, DIC increased by
~ 1700 umolkg~! via the addition of alkalinity on Day 7.
However, a decline in DIC was visible after Day 23, and ap-
proximately 10 % of the initial stored carbon was lost over
the 25 d post-treatment (Day 7). The relative change in TA
and DIC over time was calculated and compared with salinity
changes (~ 1 PSU) to account for evaporation that occurred
during the study. No measurable change in carbon storage
was observed at lower alkalinity that could be attributed to
alkalinity loss (Fig. 2b). The ratio of TA to DIC loss was
~2.5peq: 1 umol and therefore above the ratio indicating
ideal carbonate precipitation (2 : 1). The elevated pCO, of
541 patm in OAE2400 on Day 33 indicates that gas exchange
across the air—water interface in the mesocosm was slower
than the shifts in the carbonate system induced by alkalinity
loss. Hence, the mesocosm became supersaturated in pCO;
compared to the atmosphere.
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In the separate incubation study with the two highest OAE
treatments (OAE2100, OAE2400), measured alkalinity con-
centrations decreased in all seeded treatments, indicating that
alkalinity loss was initiated by the calcium carbonate parti-
cles added, even at a lower alkalinity of OAE2100 (Fig. 3a).
As the initial water enclosed in the mesocosms on Day 0
was the same, the precipitation nuclei must have been pro-
duced in the 2400 OAE treatment at some point during the
mesocosm study and related to OAE2400 treatment applica-
tion. Alkalinity was stable in both unseeded treatments for
both OAE levels (OAE2100, OAE2400) using fresh seawa-
ter. Alkalinity declined in unseeded OAE2400 using meso-
cosm water at a similar rate to the seeded treatments. This
indicates that precipitation nuclei were already present in the
OAE2400 mesocosm water but not in the fresh seawater. We
note that the saturation state of aragonite was very close to
the theoretical threshold for homogeneous carbonate precipi-
tation suggested by Marion et al. (2009), based on Morse and
He (1993) and Morse et al. (2007). The data from the fresh
seawater incubations are already presented in Hartmann et
al. (2023, see Fig. 4).

3.2 Inorganic nutrients

There was no significant relationship between OAE and in-
organic nutrient concentrations measured in either phase.
NO, concentrations remained very low and mostly below
analytical detection limits throughout the 33 d study period
(Fig. 4a). Approximately 0.1 umolL™! inorganic phosphate
(PO?[) was consumed before Day 13, with low and stable
concentrations thereafter (Fig. 4b). Silicic acid concentra-
tions were initially 0.42-0.44 umolL~" (Fig. 4c), and con-
sumption ranged from 0.07-0.22 umolL~! between Day 3
and Day 19, with minimal change thereafter.

3.3 Particulate matter

No relationship between total Chlorophyll @ (Chl a) con-
centration, a proxy for phytoplankton biomass, and OAE
was detected in either response period. Chl a was below
0.5 umol L™!, declined slightly in all mesocosms before al-
kalinity addition, and remained low until Day 21 (Fig. 5a).
After Day 21, Chl a increased in some mesocosms, reaching
up to 5.5ugL~! on Day 27 with a rapid decline in concen-
trations evident by the end of the study period. Bloom occur-
rence and magnitude were not related to OAE (Fig. 5¢) and
occurred despite very low nitrate concentrations.

No evidence for a relationship was detected between OAE
and suspended particle organic carbon (POC) or phosphorus
(POP) concentrations in any phase. However, average PON
concentrations were 19 % lower in the highest OAE treat-
ment compared to ambient before Day 19 (Fig. 5, Table S1).
A similar (negative) relationship was also seen in POC and
potentially in POP concentrations, but this was not statisti-
cally significant. This would indicate a general response in
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Figure 2. Carbonate system variables over time and in response to ocean alkalinity enhancement (OAE). (a) Total alkalinity (TA) and
(b) dissolved inorganic carbon (DIC) under different levels of ocean alkalinity enhancement (OAE). Panels (¢)—(f) show the averages of key
carbonate system variables in response to measured total alkalinity for the two response periods (short-/longer-term).

this experiment that less particulate organic matter was re-
tained in the water column under enhanced alkalinity, even
though this impact was only clear in the PON pool. This im-
pact of OAE was only transiently measured in the PON pool,
and the longer-term OAE response was not significant (Ta-
ble S1).

After Day 21, bloom development unrelated to alkalinity
appeared to be the dominant driver of variability in the partic-
ulate matter concentrations (POC, PON, POP). POC, PON,
and POP followed a similar temporal pattern to Chl a con-
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centrations, with relatively stable measured concentrations
observed until Day 21 and a noticeable increase in POC,
PON, and POP concentrations in the mesocosms with the
highest Chl a concentrations after Day 21 (Fig. 5).

Mean POC : PON was positively correlated with OAE be-
tween days 21-33 (Fig. 6, Table S1), indicating particles
were generally 20 % richer in carbon under higher alkalin-
ity. No linear relationship between PON : POP or POC : POP
and OAE could be detected in either phase. PON : POP and
POC : POP showed no clear temporal trends but were more

Biogeosciences, 22, 2749-2766, 2025



2756 A. J. Paul et al.: Ocean alkalinity enhancement in an open-ocean ecosystem

(a) OAE2100 OAE2400
100 4
o —~
o T
s 2
< g
2
-400- T T T T T T T T T T T T
35 37 39 41 43 45 35 37 39 41 43 45
Day
(b) In situ TA Water source Seeded
100 1
i —— Mesocosm —e— YES
o ~ 0. ------ Fresh seawater no
o T
S o -100 1
8 - 1
< © -200
2 1
-300 1 Mesocosm
-400: —4- OAE2100
35 37 39 41 43 45  —A— OAE2400
Day

Figure 3. Change in seawater alkalinity (mean 4 SD, n =2) be-
tween days 35-45 (a) in response to seeding with calcium carbonate
particles at OAE2100 and OAE2400 in the incubation experiment
and (b) in situ in the two mesocosms with the same alkalinity treat-
ment, which were regularly sampled after the end of the main exper-
iment. One replicate is missing from the seeded OAE2400 incuba-
tion on days 41-45, so no error bars can be given for this treatment.

variable over time compared to POC : PON and indicated
relatively phosphorus-poor organic matter compared to the
Redfield ratio (N : P ~ 16; C: P ~ 106; Fig. 6). POC : PON
was relatively constant throughout the study period with val-
ues around or above the Redfield ratio (C : N = 6.6; Fig. 6a).
After Day 21, PON : POP and POC : POP were highest in the
treatments which also had the highest Chl a concentrations
(OAE1500, OAE 1800; Figs. 5, 6).

3.4 Biomineralisation indicators

Higher PIC : POC with higher alkalinity was observed be-
fore Day 19. Other indicators of calcification (PIC, particu-
late inorganic carbon) and silicification (BSi, biogenic silica;
POC : BSi) did not indicate any significant impact of alka-
linity (Fig. 7, Table S1). There was also no clear increase in
either BSi or PIC concentration around days 21-27 in the
mesocosms where the bloom developed and where the shifts
in other particulate matter variables or Chl a were observed.

Biogenic silica (BSi) concentrations were initially be-
low the analytical detection limits, briefly increasing to up
to 0.25 umol L~! until around Day 7, before declining and
reaching a minimum around days 19-23 (Fig. 7a). This de-
cline in BSi concentrations was evident in the POC : BSi sto-
ichiometry during the same period to above 800 mol : mol in
some treatments and suggests that the contribution of silici-
fying phytoplankton to organic matter production was par-
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ticularly low during this period. Particulate inorganic car-
bon (PIC) concentrations were very low throughout the study
period and not detectable (< OumolL™') on many days
(Fig. 7c). This was due to the measured total particulate
carbon (TPC) content being lower than the particulate or-
ganic carbon (POC) content for the same treatment, a result
of method-related variability. PIC : POC was usually also
low (< 0.5 mol : mol), and there were no consistent or clear
changes over time. Both PIC concentrations and PIC : POC
indicate low calcification. SEM photos, in addition to FT-
NIR/EDX analyses of inorganic particles collected from the
mesocosm walls of OAE2400 (Fig. S2), indicate that this was
not biologically controlled carbonate precipitation of arago-
nite (Fig. S3).

3.5 §I5N-PN

There was no relationship between stable isotope abundance
in particulate nitrogen (8'>N-PN) and alkalinity. §'N-PN
was initially around 5 %o and similar across all mesocosms
until around Day 21 (Fig. 6d), indicating nitrogen cycling
was initially similar across all treatments. Thereafter a diver-
gence between mesocosms emerged that was sustained until
the end of the study period (Day 33). A decrease was par-
ticularly evident in the mesocosms where the phytoplankton
bloom was observed. The mesocosms with the lower Chl a
concentration did not show this same decline, and §'°N-PN
was even slightly higher than those after Day 21. These two
observations could indicate that a different N source was
used over time and between the blooming and non-blooming
mesocosms.

4 Discussion

4.1 Doubling of seawater alkalinity had minor impacts
on biogeochemistry in a low-nutrient ecosystem

The detection of only three significant differences in biogeo-
chemical pools suggests that the risk of major changes to
biogeochemical functioning for the applied OAE scenario is
low (Table 1). Our study in a low-nutrient plankton assem-
blage found only a minor impact of carbonate-based, CO;-
equilibrated ocean alkalinity enhancement (OAE) on a suite
of biogeochemical properties that relate to nutrient utilisation
and particulate matter production and stoichiometry. These
findings align with those by Subhas et al. (2022), who stud-
ied microbial communities in the North Atlantic Gyre.

We attribute the biotic response stability in part to the
low baseline nutrient concentrations in both studies. Low
nitrate concentrations mean there was limited potential for
substantial bloom development and the emergence of treat-
ment differences in relevant dissolved and particulate mat-
ter pools. Primary producers were limited in inorganic nu-
trients, but they were not subjected to carbon limitation, a
consequence of the CO;-equilibrated alkalinity addition in
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Figure 4. Nutrient concentrations over time and in response to ocean alkalinity enhancement (OAE). Open symbols indicate data points

excluded from linear regressions.

this particular study. Hence, when nutrients are the ultimate
limiting factor, the response to other drivers like carbon-
ate chemistry may not be visible. Here, heterotrophy drove
the observed ecosystem responses. In nutrient-rich ecosys-
tems, dissolved CO; supply may instead limit or co-limit
phytoplankton growth (e.g. Riebesell et al., 1993). Conse-
quently, the response in biogeochemical variables to drivers
such as OAE could be different, also in magnitude and di-
rection, as has been observed in ocean acidification studies
(Sala et al., 2016; Taucher et al., 2018). This is particularly
likely in a non-equilibrated alkalinity enhancement scenario
and more productive ecosystems, where dissolved CO, con-
centrations may be further reduced through high consump-
tion in bloom periods. Nevertheless, even under nutrient-
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replete conditions, heterotrophic processes in a microbial
food web seem to be even more sensitive to ocean alkalin-
ity enhancement than autotrophic production (Ferderer et al.,
2022). Similar to our findings, heterotrophy also shaped the
stoichiometric response in particulate organic matter to en-
hanced alkalinity.

One particularly intriguing outcome was that two observed
impacts on organic matter were related to nitrogen pools
(PON; POC : PON) in this N-limited plankton community.
Neither POP, N : P, nor C: P were affected by OAE within
the study period, indicating distinct impacts on N turnover
relative to C and P turnover in this plankton community
related to carbonate system changes. Many microbial N-
cycle processes, such as ammonia oxidation, nitrification,

Biogeosciences, 22, 2749-2766, 2025
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Figure 5. Particulate matter concentrations over time and in response
regressions. Note that the Chlorophyll @ y axis is on a logarithmic scale.

and urease activity, are pH-dependent (i.e. dependent on pro-
ton concentration; Beman et al., 2011; Fumasoli et al., 2017;
Pommerening-Roser and Koops, 2005). Hence, this leads us
to the conclusion that heterotrophic turnover of organic ni-
trogen may be particularly influenced by OAE, although the
observed optimal pH usually lies below the modest pH range
implemented in this study.

Ecologically, this measured decrease in particle nitrogen
richness would mean a decline in food quality for higher
trophic levels (Anderson et al., 2005), which depend on the
organic matter created for energy and nutrient provision. This
would be a negative consequence of enhancing alkalinity in
this marine ecosystem. Due to the small response of C: N
to OAE and overall low productivity, the corresponding food

Biogeosciences, 22, 2749-2766, 2025
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web impact would be also minor; hence it is unlikely that this
impact could have been detected in food-web-related vari-
ables such as trophic transfer efficiency. Biogeochemically,
an increase in C : N in the suspended particulate material is
a potential additional carbon sequestration process. Higher
C : N essentially enhances the organically bound carbon con-
tent of particles which may then sink out of the surface ocean
via the biological carbon pump. This would be a co-benefit
of OAE and increase the carbon sequestration efficiency.

4.2 Alkalinity enhancement efficacy and durability

Our monitoring of the alkalinity pool indicated that carbon
sequestration efficacy, even for the most conservative ap-
proach of enhancing alkalinity (dissolved and equilibrated
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Figure 6. (a—c) Particulate matter stoichiometry and (d) stable isotope abundance in particulate nitrogen (815N) over time and in response
to ocean alkalinity enhancement (OAE). Horizontal dashed lines indicate the Redfield ratio for each element pair (C: N =6.6; N : P = 16;

C:P=1006).

with CO»), is not necessarily durable if certain thresholds
are exceeded (Moras et al., 2022, Hartmann et al., 2023).
Doubling alkalinity was initially effective in maintaining
the amount of carbon chemically bound. However, slow but
accelerating alkalinity leakage was observed within the 2
weeks following doubling of seawater alkalinity. Hence, our
study shows that the runaway process can also occur out-
side of a lab bottle experiment in a closer-to-natural system.
This leakage corresponded to a total 10 % decrease in car-
bon sequestration efficacy in the highest OAE treatment just
25 d after application. Results from the additional incubation
experiment suggest that the loss of TA and DIC continued
until at least Day 45. Sporadic measurements thereafter in-
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dicated this loss continued for more than 90d after the end
of the study but did not lead to the complete removal of
alkalinity (Fig. S4, Supplement). Alkalinity in incubations
with mesocosm water seemed to reach a chemical threshold
of Qaragonite that ranged between 4 and 6. This corresponds
to a loss of around 800-900 peqkg™" TA (Fig. S4, Supple-
ment). Such behaviour would be consistent with further in-
cubation side-experiments conducted during the mesocosm
experiments reported in Hartmann et al. (2023).

Calcium carbonate precipitation is the likely process be-
hind this measurable loss in water column alkalinity and was
confirmed in incubation side-experiments with TA : DIC loss
ratios of about 2 and by examining precipitates (Hartmann

Biogeosciences, 22, 2749-2766, 2025
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Figure 7. (a, b) Indicators of silicification (BSi; POC : BSi) and (¢, d) calcification (PIC; PIC : POC). PIC : POC was sometimes below 0
and is not shown in the temporal plot, but all data are included for the regression plots.

et al., 2023). Analysis of precipitates from the mesocosm
experiment confirmed these were composed of calcium car-
bonate, likely aragonite. While no loss in alkalinity could be
directly quantified in other mesocosms in this study, more
sensitive pools (PIC : POC in suspended and sinking parti-
cles) indicated that particle inorganic carbon content, hence
carbonate precipitation, was higher with increasing alkalin-
ity before Day 21. This precipitation may have even occurred
at lower OAE based on sinking particle carbonate content
collected in the sediment trap (Suessle et al., 2025), even
though there was no measurable loss of alkalinity in the wa-
ter column. Calcifying organisms are scarce in nutrient-poor
seasons around the Canary Islands (Sprengel et al., 2002)
and were not in high abundance in this experiment either

Biogeosciences, 22, 2749-2766, 2025

(Xiaoke Xin and Annegret Stuhr, personal communication,
2023). Precipitation of carbonate is reported during alkalin-
ity enhancement in seawater (Griffioen, 2017; Moras et al.,
2022; Subhas et al., 2022) and can be initiated by the pres-
ence of particles that act as nuclei (Hartmann et al., 2023;
Waurgaft et al., 2021) and circumvented by rapid dilution af-
ter alkalinity increase (Suitner et al., 2024a). Our separate
short-term incubations of mesocosm water showed that suf-
ficient nuclei were already present in OAE2400 to sustain
the precipitation and alkalinity loss we had directly observed
in the mesocosm itself. At slightly lower enhanced alkalin-
ity (OAE2100), no decline in alkalinity was observed until
precipitation nuclei were added. Hence, significant alkalinity
loss appears to depend on the generation or presence of pre-
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Table 1. Impact of alkalinity enhancement on measured biogeochemical variables. = indicates no effect detected. * indicates a function that
is not an ecosystem function but is important in determining the efficacy of OAE.

Associated ecosystem function

Measured biogeochemical property

Impact of OAE

Short-term  Longer-term

— Nutrient cycling Inorganic nutrients

Nitrate = =
Phosphate
Silicate

— Nutrient cycling

— Primary production

Particulate matter concentration

Phytoplankton biomass (Chl a)
Carbon (organic, POC)

Nitrogen (PON) I =

— Carbon storage Phosphorus (POP) - -
— Food quantity for consumers Biogenic silica (BSi) - -
— Nutrient cycling Particulate matter stoichiometry ~POC : PON = 0
Carbon st POC : POP = =

T amonsorse PON : POP - =
— Consumer food quality PON : BSi — —
— Alkalinity loss* Biomineralisation indicators Carbon (inorganic, PIC) = =
— Carbon sequestration PIC: POC t =
POC : BSi = =

cipitation nuclei, which we only observed in the water col-
umn above an apparent threshold (OAE 2100) over the lim-
ited time period in our particular experiment.

The secondary precipitation appears to be primarily con-
trolled by abiotic conditions, namely the saturation state, as
indicated by side-experiments (Hartmann et al., 2023), but
does seem to have originated in a benthic film in OAE2400,
either created abiotically or related passively or actively to
microbial activity (Dupraz et al., 2009) under the higher sea-
water saturation state. We regularly wiped the inside of the
mesocosms to remove growing microbial biofilms from the
submerged parts of the mesocosm walls. However, white par-
ticles were visibly attached to the mesocosm wall material
around Day 28 (see photo in Fig. S2), developing rapidly
in the 6d after the previous cleaning. Cleaning procedures
could have then simply removed the precipitated calcium
carbonates from the walls and transformed these to parti-
cles suspended and sinking in the water column. This appar-
ent primarily benthic origin is in contrast to previous studies
in incubation bottles (~ 2L) where the precipitation nuclei
were first observed in the water column as suspended parti-
cles (Moras et al., 2022). For ocean alkalinity enhancement
implementation, this passive, but biotically related, precipita-
tion (see e.g. Castanier et al., 2000; Hammes and Verstraete,
2002; Novitsky, 1983) on surface biofilms would present
more of an issue for nuclei generation in coastal rather than
open-ocean OAE, when alkalinity is enhanced in a dissolved
form. Shallow coastal ecosystems have large benthic sub-
strate surface areas where biofilms develop rapidly in the
nutrient- and light-rich environment and could potentially
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influence precipitation nucleation and alkalinity loss, as we
suggest occurred in our study.

4.3 Substantial bloom development under nitrate
limitation with enhanced alkalinity

We observed a substantial phytoplankton bloom (Chl a) in
selected mesocosms that was clearly decoupled from inor-
ganic nutrient concentrations (N, P). However, is not clear
why this bloom only occurred in some mesocosms. This
could be a purely coincidental observation, as there was no
clear linear relationship between Chl a concentrations and al-
kalinity treatment. Nevertheless, this bloom only occurred in
mesocosms where alkalinity was increased and the carbon-
ate system shifted (higher bicarbonate and carbonate, lower
HT).

An assessment of previous mesocosm studies carried
out in the same ocean region (Fig. 8) implies that this
nutrient-decoupled bloom is a novel response. Such a sub-
stantial bloom has not been seen in previous nutrient-
deplete experiments or in experimental phases simulating
ocean acidification and where seawater carbonate chemistry
(pH, pCOy) was modified (e.g. Taucher et al., 2018; KOS-
MOS2016/2017: unpublished, see Table S3, Supplement).
Indeed, the bloom magnitude of over 4 ugChl a L™! was
similar to that arising from addition of nutrient-rich deep wa-
ter (Taucher et al., 2018).

It is still uncertain if this bloom was due to the increase
in alkalinity and to what degree production (i.e. bottom-up)
processes or grazing influenced these bloom dynamics. How-
ever, we identified two mechanisms related to nutrient avail-
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Figure 8. Difference in Chlorophyll a concentrations compared to
difference in seawater pH from four mesocosm experiments in the
North Atlantic Ocean, calculated compared to the control meso-
cosm on Day 1. Each point corresponds to one value from one
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ability, which could explain this unusual bloom occurrence
and provide a potential link to OAE. Firstly, plausible direct
links exist between bicarbonate and carbonate ion concentra-
tion and the ability of phytoplankton to access trace metals
or nutrients from the microenvironment surrounding the cell
(Coale et al., 2019; Liu et al., 2022; McQuaid et al., 2018).
Hence, chemical perturbations from OAE have the potential
to modulate microbial nutrient availability and thereby en-
able such blooms in nutrient-poor ecosystems. Secondly, nu-
trient availability for primary producers could be modified
indirectly through the heterotroph response to OAE. Here,
this could be related to microbial turnover of organic nitro-
gen. Impacts of OAE were most clearly observed in nitrogen-
related pools, hence indicating heterotrophs were more sen-
sitive than autotrophs to OAE (see Sect. 4.1). Furthermore,
lower PN enrichment of particulate nitrogen in the blooming
mesocosms points towards the utilisation of a different nitro-
gen source by primary producers in these mesocosms, for ex-
ample, ammonium regeneration (Mercado et al., 2010) or N,
fixation. Although these observations did not necessarily oc-
cur in the same mesocosm, organic nitrogen metabolism and
passive CaCOs3 precipitation can be related processes in mi-
crobes (Achal and Pan, 2011; Vincent et al., 2022). This may
indicate that the response of heterotrophs to OAE may be rel-
evant for the stability of an alkalinity addition. Thus, if this
unusual bloom is a consistent response to increased alkalin-
ity, it will be important to probe the underlying mechanisms
in depth because this indicates that a side effect of alkalinity
enhancement could be increased ecosystem productivity and
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the relief of nutrient limitation in highly oligotrophic regions,
and this may impact the efficiency of OAE implementation.

5 Conclusions

Our study simulated an idealised OAE deployment
(carbonate-based, CO;-equilibrated) in a natural plankton
community. Seawater alkalinity was modified without the ad-
dition of trace metals or other ions that occur in olivine addi-
tion or other enhanced mineral-weathering approaches, and
the CO, was already chemically sequestered. Overall, our
results suggest that, even with a doubling of seawater alka-
linity, there is a low risk of major changes in biogeochemical
functioning. This gives us greater confidence that the alka-
linity perturbation itself will not be the most critical factor
when regarding equilibrated ocean alkalinity enhancement
as a carbon dioxide removal approach. However, our study
demonstrates a risk that added alkalinity may be lost above a
threshold of OAE. Hence, the durability of the chemical CO;
sequestration may be constrained by the degree of alkalin-
ity enhancement implemented due to the generation, or natu-
ral presence, of particles that can nucleate carbonate precip-
itation. The higher the perturbation, the higher the risk that
precipitation at nuclei is initiated and that this rapid leakage
process develops. It is also not yet clear if coastal environ-
ments with high surface areas for nucleation on shallow sub-
merged rocks or coastal vegetation, the presence of calcium
carbonate structures and calcifying organisms (e.g. mussels,
oysters), or particle loads from riverine inputs may also facil-
itate precipitation. Compared to offshore ocean areas where
the surface layer does not include rocks or other major sub-
strates, the relative surface area in coastal ecosystems where
precipitation could be initiated is much higher.

Under nitrate-limited growth in primary producers,
nitrogen-related pools were two of three pools affected in
this mesocosm study. Substantial growth in Chl-a-containing
organisms under nitrate limitation also only occurred in
mesocosms where alkalinity was added. Both observations
suggest some influence of enhanced alkalinity on nutrient
turnover and nitrogen-cycle processes, in addition to the ac-
cumulation of carbon-richer particles under higher alkalinity.
These warrant closer inspection in future studies to clarify
the magnitude of the processes and the interaction with this
novel potential perturbation to the carbonate system in large
ocean areas with low inorganic nitrogen concentrations.

Data availability. All data have been submitted for open
access on the PANGAEA data portal, and the DOIs are
assigned to https://doi.org/10.1594/PANGAEA.966941
(Paul et al, 2024) for the mesocosm study and
https://doi.org/10.1594/PANGAEA.966991  (Suitner et al.,
2024b) for the incubation study and extended measurements.
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