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Effects of ocean alkalinity enhancement
on plankton in the Equatorial Pacific
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Ocean alkalinity enhancement is a potential strategy for gigatonne-scale atmospheric carbon dioxide
removal. It uses alkaline substances to convert seawater carbon dioxide into (bi)carbonate, enabling
uptake of additional carbon dioxide from the atmosphere. A critical knowledge gap is how ocean
alkalinity enhancement could influence marine plankton communities. Here we conducted 19 ship-
based experiments in the Equatorial Pacific, examining three prevalent alkaline substances (sodium
hydroxide, olivine, andsteel slag) and their effects onnatural phytoplanktonpopulationsunder realistic
andmoderate alkalinity enhancements (16–29 μmol kg−1). Resultsdemonstrate that sodiumhydroxide
had a negligible effect on phytoplankton while providing predictable alkalinity. Conversely, olivine
disrupted plankton, especially cyanobacteria, heterotrophic bacteria, and picoeukaryotes while only
providing 0.06mmol alkalinity g−1 olivine. Steel slagmoderately changed phytoplankton communities
and fertilized growth while delivering 8mmol alkalinity g−1 slag. Our study helps to determine which
alkaline substance could be suitable for application in the Equatorial Pacific.

Keeping global warming within 1.5 to 2 °C requires a rapid reduction in
greenhouse gas emissions and atmospheric carbon dioxide removal (CDR)
between100and1000Gtcarbondioxide (CO2)before 2100

1.Gigatonne-scale
CDR could be achieved with a portfolio of methods2–4. Ocean alkalinity
enhancement (OAE) is an emerging marine CDR method. OAE requires
alkalinematerials which convert seawater CO2 into bicarbonate (HCO3

-) and
carbonate (CO3

2−), thereby enabling the uptake and storage of atmospheric
CO2 for ~100,000 years

5. The scaling potential of OAE is considered high due
to the vastness of the ocean and its surface area where OAE could be
implemented globally2,6,7.

There are different types of alkaline substances that can be used for
OAE. These include natural alkaline rocks containing olivine (Mg2SiO4)

8,9,
alkaline by-products like steel slags containing CaO9,10, or alkaline liquids
like sodium hydroxide (NaOH)11,12. Alkaline substances differ in how they
are sourced and processed, how efficient they are in releasing alkalinity, and
how they may impact the marine environment following application. Oli-
vine and steel slag are solid materials sourced from land deposits and
industrial applications and need to be pulverized before their application to
accelerate dissolution and subsequent delivery of alkalinity. NaOH is
sourced from seawater, and its production through electrochemistry
requires substantial renewable energy and neutralization of acidic by-
products7. Due to the different sources, delivery approaches to the ocean (as

solid or as liquid) and the added alkalinity level, each of these materials has
specific environmental effects. NaOH can affect marine organisms through
abrupt changes in carbonate chemistry, while olivine and slag dissolvemore
slowly and not only modify carbonate chemistry but also liberate alkaline
earth metals, silicic acid, phosphate, and a range of trace elements into the
marine environment13,14.

Phytoplankton communities in the surface ocean are the base of almost
the entire marine food web and are strongly regulated by seawater chem-
istry; therefore, the feasibility of OAE strongly depends on the effect it will
have on these crucial organisms. All OAE feedstocks can affect phyto-
plankton by increasing dissolved inorganic carbon concentrations and pH.
Some solid-phase OAE feedstocks may also release elements which are
scarce in seawater, so their additions may preferentially enhance or inhibit
the growth of some phytoplankton species more than others15,16. Further-
more, the addition of particles to seawater (e.g. rock dust) could affect light
availability and the grazing of phytoplanktonby zooplankton, bothofwhich
could affect phytoplankton productivity and community structure. Thus, it
is important to identify winners and losers in marine ecosystems to OAE
approaches to enable informeddecisionsonwhichOAEmethods could lead
to a net benefit for the climate and the environment.

The oceanic surface waters are a potentially feasible location for OAE
and could overcome scalability limitations of the approach17, circumvent
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efficiency losses related to OAE in sediments18–20, and avoid adding further
pressures to coastal ecosystems where stakeholder engagement is typically
higher than in the open ocean21. Here, we present results from 19 shipboard
incubation experiments where we investigated physiological and ecological
effects of three OAE substances (NaOH, olivine, and steel slag) on phyto-
plankton communities from the Equatorial Pacific, a region where biological
productivity is primarily limited by trace metal availability22. Our dataset
covers a wide range of environmental conditions from eutrophic coastal and
equatorial upwelling to oligotrophic conditions in the western Pacific. We
aimed for comparable levels ofOAE (around 23µmol kg-1 alkalinity increase)
between treatments to facilitate the comparability between the three
approaches. Our results fill a critical knowledge gap on the effects of an
emerging atmospheric CO2 removal method in the tropical ocean.

Results
Physiochemical environment of incubation experiment
The experiments were conducted on R/V Sonne (SO298) during the
GEOTRACES Equatorial Pacific Ocean transect from Ecuador to Australia
(from 81.902°W to 161.732°E). The on-deck incubation experiments were
carried out between 16th April 2023 and 27th May 2023. The cruise com-
menced inGuayaquil (Ecuador) and passed theGalapagos Islands steaming
west along the equator (Fig. 1a). Coastal experiments were conducted close
to Ecuador (experiments 1,2), where average nitrate and nitrite (NOx

−),
silicic acid (Si(OH)4), and phosphate (PO4

3−) concentrations were 0.4, 1.6,
and 0.2 µmol L−1, respectively. The macronutrient concentrations (Sup-
plementary Data 1) were highest west of Galapagos (experiment 3-5) and
remained relatively high further west for experiments 6-18 (2.7–5.5 µmol
L−1 NOx

−, 1.6–2.4 µmol L−1 Si(OH)4, and 0.4–0.6 µmol L−1 PO4
3−, Fig. 1b).

A strong linear relationship was found between the NOx
− and PO4

3− con-
centrations (R2 = 0.97).Concentrationsofmacronutrients and chlorophyll a
(Chl-a) decreased to lower levels at experiment 19 furthest west on the
transect (1.5 µmol L−1 Si(OH)4, 0.2 µmol L−1 PO4

3− with NOx
− below the

detection limit), which was similar to experiments 1 and 2.
In each experiment, a control and three OAE treatments were con-

ducted in triplicate. Alkalinity at the experimental sites ranged from 2215 to
2335 µmol kg−1, which represents alkalinity in the control and before
treatment manipulation (Fig. 1b). OAE treatments with 300 µL L−1 0.1M
NaOH (NaOH-OAE), 0.4 g L−1 ground olivine powder (olivine-OAE) and
0.002 g L−1 of steel slag powder (slag-OAE) enhanced the alkalinity by
29 ± 2, 24 ± 2, and 16 ± 1 (mean ± standard error) µmol kg−1, respectively

(Fig. 2a). This corresponded with increases in pHT from 7.950 ± 0.007 to
8.009 ± 0.006 (NaOH-OAE), 7.989 ± 0.005 (olivine-OAE), and
7.987 ± 0.005 (slag-OAE).Note that the pHT increase in slag-OAE is similar
to olivine-OAE despite lower alkalinity enhancement because slag fertilized
growth (Fig. 2c), leading to a pHT increase due to photosynthetic activity.Of
the two tested solid OAE materials, slag released 8mmol of alkalinity g−1

while olivine released 0.06mmol g−1. Slag was therefore ~130 times more
effective for OAE (per weight) within the 48 h of experiment. Slag and
olivine also increased Si(OH)4 concentrations by 2.6 and ~10.5 µmol L−1

respectively, and the slag increased PO4
3− by 0.1 µmol L−1 (Supplementary

Fig. 1). Slag-OAEresulted in0.4 ± 0.1 µmolL−1moreNOX
−drawdown than

the control and other treatments over the course of the study.
To determine the release of trace metals from alkaline materials we

conducted a dissolution experiment using artificial seawater23 using the
same experimental conditions as the incubation experiment (300 µL L−1

0.1M NaOH, 0.4 g L-1 ground olivine powder and 0.002 g L−1 of steel slag
powder, n = 3). We observed limited trace metal enrichment with NaOH
but noticeable enrichment with olivine and slag (Supplementary Fig. 2).
Both olivine and slag increased aluminium (Al) (olivine = 532 ± 37
(mean ± standard error) nmol L−1, slag = 42 ± 22 nmol L-1) andMn (olivine
= 39 ± 0.5 nmol L−1, slag = 48 ± 7 nmol L-1), while olivine also increased Co
(2 ± 0.2 nmol L−1), Cu (5 ± 1 nmol L−1), and Ni (57 ± 7 nmol L−1) (Sup-
plementary Fig. 2). Although theΔFe concentrationswere similar inNaOH,
olivine and the slag treatments (i.e., below themeasurable blank limit; 2, and
7.8 nmol L−1 respectively), we hypothesize that the added minerals likely
elevated bioavailable Fe concentrations because the steel slag applied herein
contains 10–35% ironoxide24, which has been reported to be able to increase
dissolved Fe25 and microalgal growth26. Furthermore, we suspect that the
current measurement approach (direct analysis, no matrix removal) could
not detect any associated small changes (likely sub-nanomole scale) in Fe
due to limited detection capacity resulting from the presence of dominant
sea water cations.

Response of phytoplankton communities to OAE
NetChl-a accumulation, a proxy for net phytoplankton communitygrowth,
was on average (19 experiments) unaffected by NaOH-OAE, negatively
affected by olivine-OAE, and positively affected by slag-OAE (Fig. 2c).
However, therewere outliers to these general trendswithin the 19 individual
experiments (Supplementary Data 1). Based on the Tukey post-hoc test
(two-sided; conducted for each experiment), NaOH-OAE increased Chl-a

Fig. 1 | Overview of biogeochemical conditions along the cruise transect.
a Experimental location on the world map and the surface Chl-a data fromMODIS-
Aqua during the research voyage (averaged from 15 April 2023 to 2 June 2023)64.
b Initial nitrate + nitrite (µmol L−1, orange dots) and phosphate (µmol L−1, grey

dots), silicic acid (µmol L−1), and alkalinity concentrations (µmol kg−1) in the
incubation experiments. The bars represent the standard error (n = 3). The numbers
indicate locations where seawater for the respective incubation experiments was
collected.
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accumulation in 3 experiments (3, 4, and 9) and decreased Chl-a in
experiment 8 (p-value < 0.05), while olivine-OAE did not negatively affect
Chl-a accumulation in 5 experiments (1, 4, 6, 7, and 9). Likewise, slag-OAE
had no substantial effect on Chl-a accumulation in 8 experiments (1, 2, 3, 6,
10, 12, 17, and 19). We used a multivariate linear model (Supplementary
Data 4) on the relative change of Chl-a (Δr Chl-a) to explore potential
reasons for the substantial deviations from the mean. The results indicate
that deviations in Chl-a underNaOH-OAEoccurred in areas with higher Si
around the Galapagos Islands (p-value < 0.05). However, deviations could
have also been caused by variability in seawater alkalinity, which happened
to be high in these experiments as well (Supplementary Data 1). Significant
correlation between Δr Chl-a and Δ alkalinity under olivine-OAE was
detected, suggesting a potential dose-dependency of the Chl-a response
(Supplementary Data 4). Under slag-OAE, the relative change of Chl-a was
less pronounced in regions where the initial alkalinity level was higher.

The apparent maximum quantum yield of photosystem II (Fv/Fm), an
indicator of photo-physiological fitness, showed a response consistent with
Chl-a under NaOH-OAE and slag-OAE but not under olivine-OAE. In
olivine-OAE Fv/Fm increased while Chl-a decreased (Fig. 2d). We were
initially suspicious of this result because the olivine treatment contained
olivine particles that may have interfered with fluorescence measurements.
However, an additional experiment to test the effect of olivine particles on
Chl-a measurements (Supplementary Fig. 3a) as well as the red (i.e. Chl-a)
fluorescence emission signal (692 nm) measured by flow cytometry (Sup-
plementary Fig. 3b), confirmed that the result was robust. We attribute the
divergent response between Chl-a and Fv/Fm to the profound shifts in the
phytoplankton community composition observed after the olivine treat-
ment. While nanoeukaryotes increased in abundance in the olivine

treatments, all smaller phytoplankton (picoeukaryotes and picocyano-
bacteria) declined (Fig. 3a). Nanoeukaryotes have inherently higher Fv/Fm
values than picoeukaryotes and picocyanobacteria27, so that the overall
decline inChl-a due to the decline in picophytoplanktonwas not reflected in
Fv/Fm. This observation is important because Fv/Fm is a widely applied
parameter and a potentially suitable monitoring tool to assess phyto-
plankton fitness over large ocean areas. The disconnect to Chl-a suggests
thatmore challengingmeasurements of community composition,whichare
harder to scale (e.g. flow cytometry), are needed to monitor OAE impacts.

The plankton community composition was determined with flow
cytometry and divided into 6 groups: microeukaryotes, nanoeukaryotes,
picoeukaryotes, Prochlorococcus, Synechococcus (both picocyanobacteria)
and heterotrophic bacteria (Supplementary Fig. 4). Changes in their abun-
dance in response to the treatments are shown for each experiment in
Supplementary Data 2 and Fig. 3a. The initial phytoplankton composition
was similar in experiments 1 and2 (SupplementaryData 3),whichhad lower
NOx

− and were closer to shore (Fig. 1). Here, Synechococcus dominated the
pico-cyanobacteria community by abundance ( >57%), while Pro-
chlorococcus became numerically dominant further into the equatorial
Pacific fromexperiment 3–19. In experiment 19 specifically,Prochlorococcus
accounts for around 95% of the sampled cells. On average, NaOH-OAE did
not significantly affect plankton community composition relative to the
control. However, significant effects of NaOH-OAEwere observed for some
parameters in 3 of the 19 experiments (experiments 3, 4, and 9). The changes
in abundance of Synechococcus, Prochlorococcus and nano eukaryotes under
NaOH-OAE in these experiments coincided with similar changes observed
under slag-OAE, suggesting that these communities were generally more
sensitive to perturbation (Supplementary Data 2). In contrast, olivine-OAE

Fig. 2 |Net change due toOAE relative to the control (Δ) inmeasured parameters.
aAlkalinity (µmol kg−1), b pHT, c Chl-a (µg L

−1), and d Fv/Fm. The data from the 19
incubation experiments were included. Circles represent themean values from three
replicates in each experiment. Box limits show the central 50% of the data, with the

median marked by a central line. Letters shown inside the boxes denote significant
differences between treatments (p-value < 0.05) based on ANOVA and subsequent
Tukey post-hoc tests (two-sided).
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strongly reduced the average abundances of picoeukaryotes (−52.7%),
Prochlorococcus (−95.5%), Synechococcus (−75.0%), and heterotrophic
bacteria (−72.9%) while it increased average nanoeukaryote abundance
(+49.9%). The pronounced average response of the phytoplankton com-
munity to olivine-OAE is reflected in the higher number of individual
experiments where significant effects were observed. The change in com-
munity composition imposed by slag-OAE was more pronounced than
underNaOH-OAEbut less pronounced thanunder olivine-OAE. Slag-OAE
increased the average abundance of microeukaryotes (+94.4%) and
nanoeukaryotes (+83.7%) but decreased the abundance of Prochlorococcus
(−21.2%) and heterotrophic bacteria (−23.6%). Principal Component
Analysis (PCA) (Fig. 3b) revealed that the control and NaOH-OAE clusters
were very similar, slag-OAE clustered slightly differently on Dimension 2
and olivine-OAE clustered very distinctly on both Dimensions 1 and 2.
These insights through multivariate statistics support the conclusion that
NaOH-OAE has limited, slag-OAE has moderate, and olivine-OAE has
strong effect on the plankton communities.

To further investigate if the initial plankton community composition
or the initial chemical conditions influenced treatment effects, we used
multiple linear regression models. We analysed the relative changes in
plankton abundance across all 19 experiments (SupplementaryData 4). The
results indicate that the effect of NaOH-OAE on nano eukaryotes abun-
dancewasmore pronounced in environmentswithhigher ambient Si(OH)4
concentrations. In the case of olivine-OAE, effects on plankton abundance
variedmarkedly by location. Specifically, its impact on Prochlorococcus and
Synechococcus was stronger in regions with higher NOx

− concentrations in
the central Equatorial Pacific. Furthermore, the negative effects of olivine-
OAEonheterotrophic bacteria andProchlorococcusweremore pronounced
whenΔalkalinitywasmorepronounced, suggesting thenegative effects scale
with olivine dissolution. In the case of slag-OAE, effects on Synechococcus
were weaker in regions with lower pHT, which were closer to the coast.

Discussion
Previous OAE experiments with plankton have focused on more
extreme OAE simulations, where alkalinity enhancement was generally

≥150 µmol kg−1 14,28–30. Our experiments explored more moderate and
arguably more realistic perturbations (alkalinity increase of ~16–29 µmol
kg−1, Fig. 2a), which is in the range of the sampled regions’ initial alkalinity
variability. Testing relatively small OAE perturbations was guided by the
rapid dilution with unperturbed seawater that can be expected in open
ocean waters17. Under the perturbation levels tested here, we observed
relatively few substantial effects of NaOH-OAE on the plankton groups in
19 experiments along the cruise track in the equatorial PacificOcean and, on
average, none of the plankton groups were affected substantially (Fig. 3a;
with the exceptions mentioned in the previous section). The limited effects
observed here in the open ocean align with limited effects observed in
experiments with coastal plankton communities where the NaOH-OAE
perturbation was much more pronounced ( >150 µmol kg−1 increase in
alkalinity28,31,32). Even for calcifying phytoplankton, the alkalinity changes
tested here were unlikely to have a substantial impact, given that previous
experiments with even higher alkalinity enhancements showed negligible
effects on calcifying phytoplankton33,34. The limited environmental effects in
eithermoderate or highNaOH-OAE scenarios suggest that NaOH-OAE of
realistic and even more extreme magnitude has limited acute effects on
phytoplankton communities. The climatic benefits of NaOH-OAE may
therefore outweigh its associated environmental risks in the Equatorial
Pacific Ocean.

Slag-OAE increased the net growth of nano- and microeukaryotes
while causing a decline in Prochlorococcus. The fertilization of the larger
phytoplankton species and the associated increase in Chl-a over-
compensated for the loss of Prochlorococcus so that overall bulk Chl-a
increased (Fig. 2c). The fertilization of the larger phytoplankton was likely
caused by supply of bio-essential trace metals such as Fe and Mn14,35, con-
sistent with findings from in situ nanomole-level Fe fertilization experi-
ments in the Equatorial Pacific22,36–38. Indeed, larger phytoplankton usually
has a higher demand for these tracemetals due to their lower surface area to
volume ratios, which causes a reduced tracemetal uptake efficiency39,40. The
reason for the decline inProchlorococcus is less clear butwas likely caused by
elevated trace metal concentrations (e.g. Mn and Fe)41,42 or physical dis-
turbance by particles rather than by carbonate chemistry changes since no

Fig. 3 | OAE-effects on phytoplankton community composition. a Percentage of
the changes in the abundance of each plankton group during the OAE experiments
relative to the control (Δr). Circles represent themean values from three replicates in
each experiment. Box limits show the central 50% of the data, with the median
marked by a central line. Letters shown inside the boxes denote significant

differences between treatments (p-value < 0.05) based on ANOVA and subsequent
Tukey post-hoc tests (two-sided). b Principal Component Analysis (PCA) of phy-
toplankton group abundance. Each dot is the average (n = 3) of OAE experiments at
the 19 sites along the cruise transect.
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substantial responsewas observed underNaOH-OAE.Overall, these results
show that slag not only causes abiotic CDR through alkalinity enhancement
(8mmol alkalinity g−1 slag) but also induces bioticCDR through tracemetal
fertilization.While thismay be regarded as an additional benefit, we caution
that such fertilization could entail a suite of complex challenges20,43 such as
accounting formacronutrient reallocation fromdownstream regions44–46, or
potential ocean deoxygenation47. Thus, while our results reveal compara-
tively high abiotic CDR efficiencies of slag-OAE atmoderate environmental
impacts, its biological ramifications due to (un)intentional ocean fertiliza-
tion warrant further attention.

Olivinewas comparatively inefficient in enhancing alkalinity (0.06mmol
alkalinity g−1 olivine) while showing pronounced adverse effects on some
phytoplankton, notably strongly reducing Prochlorococcus, Synechococcus,
and picoeukaryote populations, especially in the open ocean region where
Prochlorococcus was the dominant species by cell count. It is likely that the
comparative inefficiency of olivine-OAE could be improved through appli-
cation of smaller olivine grains. However, this would also have increased the
release of other dissolution products and thus likely increased adverse effects
on phytoplankton. The reason for the detrimental effects on picophyto-
plankton is unlikely from changes in carbonate chemistry because no such
adverse effects were found in NaOH-OAE where the changes in carbonate
chemistry were somewhat greater (Fig. 2a, b). Instead, olivine-OAE coincided
with the release of potentially harmful trace metals (Supplementary Fig. 2).
While previous experiments with a range of phytoplankton suggest limited
harm by increasing dissolved Ni, Mn and Co concentrations, which were
higher than in our study48–53, Cu can be toxic to picoeukaryotes and cyano-
bacteria even at <10 nmol L−1 40,54–56. Additionally, the abundance of olivine
particles, whichwere considerably higher than in the slag treatment,mayhave
caused physical disturbance to phytoplankton by potentially interacting with
them. Indeed, olivine particles visually increased turbidity in the incubation
bottles throughout the 48 h experimental incubations.

As for the other OAE approaches discussed above, the impact of
olivine-OAE on the phytoplankton community must be compared to its
theoretical CDR potential. Prochlorococcus, Synechococcus, and picoeukar-
yotes are important organisms in the marine food web in the tropical and
subtropical ocean57–59. For example, in subtropical gyre regions Pro-
chlorococcus, Synechococcus, and picoeukaryotes can be responsible for
50–90%, 6–12%, and >80% of the net primary production respectively59.
The pronounced adverse effect of olivine on these critically important
organisms and the associated shifts in the community may be considered a
risk to (sub)tropical ecosystems that donot justify the relatively limitedCDR
achievable with open ocean olivine applications.

Conclusions
This study investigated environmental side-effects of three widely con-
sidered OAE sources across the Equatorial Pacific Ocean. While the
experiments have limitations (48-hour duration of incubations, no con-
sideration of higher trophic levels), they constitute a step forward in our
ability to assess the sustainability of different OAE source materials. Most
importantly, we observed pronounced differences in the efficiency and
environmental side-effects of realistic additions of OAE (i.e., alkalinity
increase 16–29 μmol kg−1). NaOH-OAE had the least environmental effect
of the three substances tested despite the largest degree of alkalinity
enhancement (Fig. 2), pointing towards its sustainability for applications in
the Equatorial Pacific. However, the production of NaOH requires con-
siderable renewable energy and forms equimolar amounts of strong acids so
that its use is associated with other sustainability concerns that can affect
other ecosystems12. When assuming a sequestration efficiency of 0.84mol
CO2 per mol alkalinity60, 1 mmol of NaOH enables 0.037 g CO2 removal
potential. Slag-OAE and olivine-OAE delivered 8 and 0.06mmol
alkalinity g−1, respectively equivalent to 0.3 and 0.002 g CO2 removal
potential g−1 60. Thus, slag-OAE had a 130 times higher CDR potential than
olivine-OAE, while still being associated with lower impacts on plankton
communities (Fig. 3b). This raises the question if olivine-OAE could
become suitable for open ocean applications or if it is reasonable to shift

focus towards the study of other alkaline materials in the pelagic realm.
However, we only tested slag from Whyalla (Australia) and olivine from
Mortlake (Australia) and olivine/slag from elsewhere could have different
efficiencies and environmental effects.

Overall, our study demonstrated highly substrate-dependent envir-
onmental effects of OAE. Thus, a major challenge is the increasing number
of OAEmethods under consideration12, each with particularities that could
uniquely influence their sustainability. The environmental assessmentmust
therefore be informed by progress in OAEmethodology to be able to focus
the limited resources on methods with a plausible chance to succeed. As
such, our study constitutes a step forward in our ability to clearly identify
sustainable OAEmethods for the application in the open equatorial ocean.

Methods
Incubation experiments setup
Nineteen incubation experiments were undertaken to assess the impacts of
NaOH- olivine- and slag-OAE on phytoplankton growth and community
composition. For each experiment, twelve acid-washed 500mL poly-
carbonatebottles (Nalgene)werefilledwith surface seawater collectedwith a
trace metal clean towed water sampling device (so called ‘tow-fish’) after
sunset at ~2m depth. The collection of seawater was conducted in a trace
metal-cleanplastic tent (the ‘bubble’) thatwas over-pressurisedwithHEPA-
filtered air to minimize trace metal contamination. Three bottles were left
unperturbed and sampled immediately to determine the initial conditions
(see below). Three bottles were supplemented with 150 µL of 0.1M NaOH
(Analytical grade); three with 0.2 g of ground olivine powder; three with
0.001 g of slag powder; and three remained unperturbed as control. Both
mineral powders are sieved to a size smaller than 44 µm before the cruise.
These bottles were incubated for 48 h in an on-deck incubator flushed
continuously with surface seawater and screened to receive ca. 35% of
surface incident light61.

Sampling protocol
Initial seawater was stored in darkHDPE bottles beforemeasurements. The
pHT was measured using a pH metre (914 pH/Conductometer Metrohm,
±0.003 accuracy), following the procedural ref. 28. Eight mL of sample was
filtered (0.2 µm) for macronutrient analysis using a QUAATRO39 (Seal
Analytical) autoanalyzer directly after sampling.Alkalinity samples (60mL)
of the control and the NaOH treatment were fixed with 30 µL HgCl2 and
stored for3monthsuntil analysis62.Alkalinity samples of theolivine and slag
treatments were filtered after sampling (0.22 µm PES syringe filters) to
remove remaining particles. In Experiments 3,8 and 9, certain replicate
bottles from both the treatment and control groups exhibited lower alka-
linity, which could be due to rainwater dilution effects that may have
occurred in a patchy manner during seawater collection with the tow-fish.
Therefore, we compared the high and low alkalinity samples in the treat-
ment group with the corresponding high and low alkalinity samples in the
control group to determine the Δ alkalinity values in these specific
experiments.

After 48 h, experimental bottles were removed from incubators, sam-
ples were transferred into dark bottles in the ‘bubble’. Like the initial sam-
ples, the following samples were subsampled from the dark bottles from
each treatment: pHT, flow cytometry (2mL for phytoplankton and 1mL for
bacteria samples), Chl-a (100mL), FRRf (5mL), and total alkalinity
(60mL). Nutrient concentrations of treatment bottles were analysed for six
experiments throughout the voyage using aQUAATRO39 (Seal Analytical)
autoanalyzer.

Flow cytometry
For phytoplankton flow cytometry samples, 2mL of seawater was sampled
with a pipette and fixed with paraformaldehyde to a final concentration of
1%. For heterotrophic bacteria, 1mL of seawater was fixed with glutar-
aldehyde to a final concentration of 0.5%. Flow cytometry samples were
mixed gently and kept at 4 °C in the dark for 15–25min and then stored at
−80 °C until analysis. Bacterial DNA was stained with SYBR Green I
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(diluted in dimethylsulphoxide) and added to samples in a final ratio of 1:10
000 (SYBR Green I: sample) prior to analysis. A Cytek Aurora flow cyt-
ometer (Cytek Biosciences) was used to quantify the abundance of phyto-
plankton and heterotrophic bacteria. Phytoplankton groups were
distinguished based on their auto-fluorescence signal intensity of different
laser excitation/emission wavelength combinations and forward scatter
(FSC). The yellow-green laser (centre wavelength: 577 nm), in combination
with FSC signal strength, was used to separate Synechococcus from other
phytoplankton. The violet laser (centre wavelength: 692 nm) in combina-
tion with FSC was used to distinguish Prochlorococcus, picoeukaryotes,
nanoeukaryotes, and microeukaryotes. The blue laser (centre wavelength:
525 nm) in combination with FSC was used to distinguish heterotrophic
bacteria from other living (i.e., DNA-containing) particles (Supplemen-
tary Fig. 4).

Total chlorophyll a and Fv/Fm measurement
For Chl-a, 100mL of seawater was filtered through glass fibre filters
(Whatman GF/F, pore size 0.7 µm, diameter 25mm) and then stored in
2mL cryovials at−80 °C. The Chl-a was measured on a calibrated Turner
Designs trilogy fluorometer. Samples for Fast Repetition Rate fluorometry
(FRRf; FastOcean Sensor FRRf3, Chelsea Technologies) were dark-
acclimated for more than 30min and measured within 1.5 h. They were
measured using 450 nm excitation light. Filtered (0.2 µm) natural seawater
was used as a blank. Fluorescence transients were fit using
FASTPro8 software (ChelseaTechnologies) for determination ofminimum
and maximum fluorescence (Fo and Fm respectively). Blank fluorescence
was subtracted from Fo and Fm before calculation of Fv/Fm = (Fm-Fo)/Fm.

Trace metal measurement
Dissolution experiments were conducted on land to estimate the trace
metals leached from added minerals. Twelve acid-washed 500mL poly-
carbonate bottles were filled with filtered artificial seawater. The artificial
seawater was made using the Aquil major salt recipe without adding any
macro nutrients or trace metals, and the artificial seawater was passed
through a Chelex column to further reduce potential trace metal con-
centrations. Three bottles received no amendment, and the remaining
bottles were supplemented with NaOH, olivine powder, and slag powder in
triplicate using the same concentrations as the incubation experiments.
After 48 h, under room temperature, the seawater from each bottle was
filtered (0.2 µm acid-washed PES syringe filters) using acid-washed silicone
tubing and a peristaltic pump. Sixty mL of filtered seawater was stored in
acid-washed LDPE bottles and acidified with ultrapure HCl acid (final
concentration of 1%). Samples were diluted 20 times with ultrapure HNO3

(0.01M) and analysed using sector field ICP-MS using increased spectral
resolution, with quantification via comparison to external standards. The
measured values from the treatments were compared with the control to
compute the change in dissolved metal concentrations due to individual
treatments (Supplementary Fig. 2), and values below the measurable blank
levels were replaced with 0.

Data analysis
The net change (Δ) of biological variables (Chl-a, Fv/Fm) or chemical
variables (pHT, alkalinity, tracemetal concentrations etc.) was calculated as:

Net changeðΔÞ ¼ Value t� Value c; ð1Þ

where Value c represents the control level, and Value t represents the
treatment level.

The relative change of each plankton group abundance aswell as Fv/Fm
and Chl-a were calculated using the equation:

Relative change ðΔrÞ ¼ Value t � Value c
Value c

; ð2Þ

whereValue t represents the cell count (or Fv/Fm andChl-a) of the plankton
from the treatment, and Value c represents the cell count (or Fv/Fm and
Chl-a) of the control. Thedatawere used to analyse the relationship between
plankton physiological performance change, ambient chemical environ-
ment and treatments. Multivariate linear regressionmodels were used with
the formula:

Relative change � TAþ TON þ Siþ ΔTAþ T þ pH :

Here, TA refers to the initial alkalinity (µmol kg−1), TON and Si refers
to the initial NOx

− and Si(OH)4 concentrations (µmol L−1), and T and pH
refers to the initial temperature (°C) and pHT (initial meaning values before
perturbation); ΔTA is the change of alkalinity in each experiment between
treatment and the control. The concentration of PO4

3− is not included in the
model because PO4

3− has strong linear relationshipwithNOx
-, whichwould

affect linear model results due to redundant information. All independent
variable data were ln-transformed before fitting into the model. If the
p-value from an environmental variable is <0.05, itmeans that the predictor
variable significantly affects the treatment effect. The coefficient represents
the relationship between the predictor variable and response variable. Please
note that if both response variable and the coefficient are negative then the
response variable enhances the treatment’s negative effect.Data analysiswas
conducted in R studio (R version 4.3.3)63.

Data availability
The research data are stored at IMAS Data portal (doi:10.25959/BMV8-
1K07). The supplementary data are stored at figshare (https://doi.org/10.
6084/m9.figshare.28578467.v1).
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