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ABSTRACT: Ocean alkalinity enhancement (OAE) via olivine addition is a

.. Oli Powd
promising carbon dioxide (CO,) removal strategy, yet its impact on & {ane Eoudes

. . . . O
phytoplankton-driven biogeochemical processes remains unclear. We PR ¢00°
investigated the effects of olivine on the diatom Thalassiosira pseudonana 025;; R ereet Call-Olvine

(T. pseudonana) and the coccolithophore Emiliania huxleyi (E. huxleyi;calci- P
fying and noncalcifying strains). Olivine addition increased total alkalinity ¥ v |
across all cultures, although the increase was less pronounced in calcifying E. Sinking T e Org Sinking
) .. . . A Into aster
huxleyi. Notably, olivine stimulated growth and particulate organic carbon The
production in T. pseudonana and calcifying E. huxleyi, while noncalcifying Deep
strains showed no significant response. Olivine addition dramatically Sea
accelerated sinking rates, which increased 9.36-fold for T. pseudonana and
2.39-fold for calcifying E. huxleyi. This enhancement was driven by distinct
mechanisms: silicon-mediated ballasting in diatoms and extracellular polysaccharide-induced cell—olivine aggregation in
coccolithophores, alongside minor silicon deposition on coccoliths. These results indicate that olivine-based OAE could increase
CO, drawdown through two independent mechanisms and may potentially strengthen the biological pump by accelerating organic
matter export. Our findings suggest that olivine addition could serve as a potent approach for enhancing carbon export efficiency,
with diatoms exhibiting a stronger response than coccolithophores, although its ecological impacts will require further investigation.

COt:coIlthophores
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1. INTRODUCTION pseudonana (T. pseudonana) from the silicate and iron released
by olivine dissolution.”® Another study also indicated that
artificially synthesized olivine leachate had positive effects on
the diatoms Ditylum brightwellii and Nitzschia punctata.” Li et
al.” found that olivine particle addition enhanced the growth of
the coccolithophore Gephyrocapsa oceanica, although the
impact was not as pronounced as with diatoms. Similar results
were observed with artificially synthesized olivine leachate and
the coccolithophore Emiliania huxleyi (E. huxleyi;Gephyrocapsa
huxleyii).9 In contrast, an artificial alkalinization solution
comprising Na,CO; and CaClH,O, had neutral effects on
the growth rates and elemental ratios of the coccolithophore E.
huxleyi and the diatom Chaetoceros sp.'

A fraction of the biomass produced by phytoplankton
photosynthesis sinks, exporting carbon to the deep ocean and

Ocean alkalinity enhancement (OAE) involves artificially
enhanced weathering of alkaline materials, resulting in an
increase in seawater total alkalinity (TA) and CO, uptake,
thereby both sequestering carbon and counteracting ocean
acidification.” Olivine is recognized as one of the most
promising minerals for OAE due to its theoretical high CO,
absorption efficiency and widespread availability.”

Marine phytoplankton play a crucial role in the global
carbon cycle by carrying out half of all photosynthetic carbon
fixation,” so it is essential to fully understand their likely
responses to any contemplated OAE efforts. Coccolithophores
and diatoms are ecologically and biogeochemically dominant
primary producers. Coccolithophores are the major producers
of biogenic calcite (CaCOj,) in the oceans,” while diatoms are
pivotal in regulating the ocean’s biogenic silica (BSi) cycle and
are key exporters of particulate organic carbon (POC) within Received:  February 9, 2026
the marine ecosystem.5 Revised:  March 10, 2026

Bach et al. speculated that the implementation of OAE using Accepted:  March 11, 2026
olivine might lead to a proliferation of diatoms and a decline in
coccolithophore populations.” Recent laboratory studies have
highlighted significant benefits to the diatom Thalasiossira
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potentially to the ocean sediments for centuries to millennia.""

This process is influenced by phytoplankton community
structure, POC remineralization by bacteria and zooplank-
ton,'> and a suite of other environmental factors.'”'* Rapid
sinking is essential for the effectiveness of this oceanic
“biological carbon pump.” Slow sinking rates result in rapid,
shallow bacterial decomposition of phytoplankton-derived
POC, either converting carbon into dissolved organic matter
or releasing it as CO,, 16

The “ballasting effect” is driven by relatively dense, mineral-
rich particles from silicified diatoms and calcified coccolitho-
phores accelerating the sinking rates of oceanic organic
matter.'” Even a 1% increase in the density of phytoplankton
can double the sinking speed.'® The frustules of diatoms are
composed of SiO,-nH,O and thus have low solubility and a
higher density (2.1-2.3 g/cm®) than seawater, which allows
them to sink quickly and contributes significantly to the ocean
carbon sink."”~> Coccolithophores generate calcite-coccoliths
on their cell walls, which have a density even greater than silica
relative to seawater (2.7 g/cm?), facilitating rapid sinking of
any associated POC. Coccolithophores are a primary driver of
the “carbonate pump,” which converts seawater bicarbonate
into CO, through calcification, which lowers dissolved
inorganic carbon (DIC) concentrations in the upper ocean
while simultaneously leading to the evasion of CO, from the
ocean to the atmosphere.”' The opposing processes of primary
production and calcification in coccolithophores can be
represented by the ratio of particulate inorganic carbon
(PIC) to POC. The PIC/POC ratio reflects the balance
between calcification and photosynthesis and determines
whether their growth acts as a net CO, sink or source.”””’
The calcification process in coccolithophores leads to a
decrease in seawater TA, which may counteract the effects of
the OAE that aim to increase alkalinity. On the other hand, an
increase in alkalinity due to OAE could potentially influence
calcification, which in turn might affect the carbon sink
through coccolithophores.’ The interplay between OAE and
calcification remains poorly understood and requires further
exploration.

In this study, we assess biogeochemical and physiological
responses to olivine addition in representative species of two
ecologically significant phytoplankton groups: the coccolitho-
phore E. huxleyi and the diatom T. pseudonana, with attention
to changes in their sinking rates. Both calcifying and
noncalcifying E. huxleyi strains were used to elucidate the
interplay between alkalinity enhancement resulting from
olivine addition and the process of calcification. Our findings
are intended to shed new light on the biogeochemical effects of
olivine addition on these key phytoplankton groups and their
roles in the ocean carbon cycle.

2. MATERIALS AND METHODS

2.1. Composition and Particle Characteristics of Olivine
Particles

The theoretical chemical equation of olivine dissolution is (Mg,
Fe),Si0, + 4H,0 + 4CO, = 2(Mg*'/Fe*") + 4HCO,™ + H,Si0, "
The exact mineralogical composition depends on the olivine source,
with the primary variations occurring in trace metal (e.g, Ni, Co, Cr)
concentrations. We procured natural olivine particles (1-3 mm in
diameter) from 3A Materials (CAS: 15118-03-3) and ground them
using a QM-3SP2 planetary ball mill. The resulting olivine particles,
with particle size quantiles of D10 = 1.520 ym, D50 = 6.135 pm, and
D90 = 22439 um, featured a molar Fe-to-Mg ratio of 0.08:0.92,

indicating a forsterite-92 (F092) composition. Further details on the
olivine’s composition and particle characteristics are provided in
Tables S1 and S2.

2.2. Phytoplankton Cultivation and Experimental Design

The calcifying E. huxleyi (CCMP 1516, morphotype A), designated as
E. hux (Cal), was isolated from the Equatorial Pacific (02.6667S,
82.7167W). The noncalcifying E. huxleyi strain CCMP 2090,
designated as E. hux (noncal), was derived from CCMP 1516. In
the ocean, noncalcifying coccolithophores are present but far less
abundant than their calcifying counterparts.”> Coccolith formation is
influenced by environmental factors and can cease under specific
conditions, as reported for E. huxleyi var. aurorae’® In laboratory
cultures, nutrient-replete conditions (N or P) can induce the
noncalcifying form of E. huxleyi.”” Therefore, the noncalcifying strain
used in this study likely resulted from similar nutrient-replete
conditions. T. pseudonana (CCMP 1335, isolated from Moriches
Bay [Long Island, New York]) was obtained from the Center for
Collections of Marine Bacteria and Phytoplankton, designated as T. p.
The phytoplankton were grown in triplicate polycarbonate containers
filled with 2 L of Aquil artificial seawater’ at an initial density of 2 X
10* cells per milliliter. Prior to the experiment, artificial seawater was
first aerated with ambient air to ensure stability of the artificial
seawater—carbonate system. The basal artificial seawater medium was
identical for all of the strains. Silicic acid was added solely to T.
pseudonana cultures to meet its obligate silicon requirement for
growth, a condition not required by the coccolithophore strains.
Therefore, any differential effects of olivine addition on parameters
can be meaningfully compared between the species.” 0.2 g of olivine
particles was introduced into the 2 L phytoplankton cultures.
Phytoplankton cultures without olivine additions were used as the
control. The containers for phytoplankton cultures were capped with
air-permeable films (0.2 pm pore size, 85% air permeability,
BKMAM) to ensure efficient gas exchange. The phytoplankton
cultures were grown at 20 °C and illuminated with saturating cool-
white fluorescent lighting at a photon flux intensity of 110 umol
photons m™ s™* with a 12:12 h light: dark cycle (n = 3). Aliquots
were taken at 24, 72, 96, 144, and 192 h to measure biological and
chemical parameters.

2.3. Measurement of Cell Concentration, Chlorophyll a,
and Photochemical Efficiency

The cell abundance was measured by a flow cytometer (CytoFLEX S,
Beckman Coulter, USA) after filtration through 30 ym innovative cell
filters (CellTrics, Germany). To measure the Chlorphyll a
concentration, samples were extracted using S mL of methanol at 4
°C overnight in the dark. After centrifugation at 8000 g for 10 min,
the optical absorption of the supernatant was measured at 632, 665,
and 750 nm by using a scanning spectrophotometer (DU 800,
Beckman, USA). The Chl a concentration was then calculated using
the equation of Ritchie (2006).>*

2.4. Carbonate System Parameters and SiOH,
Concentration Measurement

An AS-ALK2 TA titrator was used to measure the amount of TA in
the samples (Apollo SciTech, USA) with a precision of better than +2
umol kg™!. An AS-C3 total DIC analyzer was used to determine the
amount of total DIC in the samples (Apollo SciTech, USA) with a
precision of better than +2 umol kg™'. Both DIC and TA
measurements were calibrated with the certified reference material
provided by Dr. Andrew Dickson of the Scripps Institution of
Oceanography to achieve an accuracy better than +2 pmol kg™". The
concentrations of HCO;~, CO, (aq), pCO,, oCa, pH, and CO,*~
were calculated by CO2SYS-v2.3 (a standalone program in the form
of an Excel macro spreadsheet). An automatic nutrient analyzer (AA3,
SEAL, Germany) was used to determine the Si(OH), concentrations
of samples with a precision of +3% (1 standard deviation, 1 SD).

2.5. Particulate C, N, and BSi Measurement
The concentrations of POC and particulate organic nitrogen (PON)

were measured using an Elementar Vario EL cube (Vario EL cube,
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Figure 1. Changes in TA of T. pseudonana (T. p) (a), calcifying E. huxleyi (E. hux) (cal) (b), and noncalcifying E. huxleyi E. hux (cal) (c) during
the culture of three phytoplankton strains with and without olivine addition during the cultivation. Changes in DIC concentrations of T.
pseudonana (T. p) (d), calcifying E. huxleyi, E. hux (cal) (e), and noncalcifying E. huxleyi E. hux (Noncal) (f) with or without olivine during the
cultivation. Data are presented as the mean + SD (n = 3). Significant changes between treatments are shown as symbols (*p < 0.05; **p < 0.01;
*kk p < 0.001). Note that the measured TA at the nominal ‘0 h’ already varied across treatments, as the initial rapid dissolution burst of olivine

occurred during the sample collection window.

Elementar, Langenselbold, Germany) with a precision of < +2%
(1SD) for C and 5% (1SD) for N. The phytoplankton cultures were
filtered through Whatman GF/F filters (25 mm) that had been
precombusted at 450 °C for 5 h, then stored at —20 °C pending
analysis. The filters used for POC analysis were treated with HCI to
eliminate PIC. Conversely, the samples used for total particulate
carbon (TPC) analysis were not treated with HCL PIC was calculated
as the difference between TPC and POC. The samples for BSi
measurement were collected on polycarbonate membranes using a
vacuum filtration pump (<0.01 MPa). The samples were then
transferred into 15 mL centrifuge tubes and dried in an oven (DHG-
91464, Jing Hong, China) at 60 °C. For BSi extraction, 4 mL of 0.2
M NaOH was added to each tube, followed by vortexing and
incubation in a boiling water bath for 30—40 min. After cooling in an
ice bath, the digestion was neutralized with 1 mL of 1 N HCI. BSi was
determined using UV spectrophotometry with a UV spectropho-
tometer (DU800, Beckman, Fullerton, California, USA). BSi was
quantified via a Na,SiF4 standard curve.

2.6. Determination of Sinking Rate

The sinking rate of phytoplankton was measured using the settling
column (SETCOL) method during the light period at 120 h of
cultivation. This technique is widely used for measuring the sinking
13,29-31

rates of phytoplankton cells. Vertically mounted settling tubes
were used for sinking rate determinations, with a capacity of
approximately 385 mL and a height of 0.59 m. After the samples
were shaken (1S s of vortexing plus 15 s of inversion) to ensure a
homogeneous initial suspension, they were transferred to settling
columns for the sinking rate measurements. The sinking rates of cells
were determined by measuring the cell or Chl a concentration at
various vertical positions within the settling tubes, collected from
different outlets following a 2—3 h settling period. Chl a
concentration was considered a biomass index for the determination
of sinking rates. The sinking rate was calculated according to the
following equation:
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Figure 2. Changes in cell concentrations of T. pseudonana (T. p) (a), calcifying E. huxleyi, E. hux (cal) (b), and noncalcifying E. huxleyi, E. hux
(noncal) (c) with or without olivine during cultivation. Changes in chlorophyll a concentration of T. pseudonana (T. p) (d), calcifying E. huxleyi, E.
hux (cal) (e), and noncalcifying E. huxleyi E. hux (noncal) (f) with or without olivine during cultivation. Data are presented as the mean + SD (n =
3). Significant changes between treatments are shown as symbols (*p < 0.05; **p < 0.01; *** p < 0.001).
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where V, (mL) is the volume of the conical section, b, is the Chl a
concentration in the conical section at the end of the settling period,
V, (mL) is the total suspension volume, L (m) is the column height,
and t is the sedimentation time. by, and by, represent the initial Chl a
concentration and that after settling at the bottom, respectively.

2.7. Scanning Electron Microscopy Observation of
Interactions of Olivine Particles with E. huxleyi and T.
pseudonana and Compositional Analysis of E. huxleyi
Coccoliths

Aliquots (10 uL) of calcifying E. huxleyi and T. pseudonana cultures
supplemented with olivine particles were collected, deposited onto
poly-L-lysine (PLL)-coated glass coverslips (1 cm X 1 cm), and
incubated in a humidified chamber at room temperature for 1 h. PLL,
a cationic amino acid polymer, is commonly used to coat glass slides
for cell immobilization by electrostatic adhesion to negatively charged
surfaces for microscopic observation without influencing biological

processes or pre-existing cell—olivine interactions.”* Subsequently, the
samples were dehydrated through a graded ethanol series, with
sequential 10 min immersions in 30, 50, 70, 90, and 100% (absolute)
ethanol solutions. Following dehydration, the samples underwent
critical point drying and were then sputter-coated with a gold—
palladium (Au/Pd) alloy. Visualization of olivine particle interactions
with E. huxleyi and T. pseudonana was performed using a Zeiss HD
scanning electron microscope (SEM, FEI Quanta 650 FEG). Energy-
dispersive X-ray spectroscopy (EDS) coupled with SEM was utilized
to characterize the structural morphology and elemental composition
of E. huxleyi coccoliths.

2.8. Statistical Methods

An analysis of variance (ANOVA) was employed to assess the
statistical significance of the differences across various treatments.
Significance was established at the p < 0.05 threshold. Subsequent to
the ANOVA, Tukey’s honestly significant difference test was applied
for post hoc analysis to identify specific pairwise contrasts that were
significantly different.
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Figure 3. POC content per liter of T. pseudonana (T. p) (a) calcifying E. huxleyi, E. hux (Cal) (b), and noncalcifying E. huxleyi E. hux (Noncal) (c)
cultures (per liter) with or without olivine during cultivation. Changes in PON content per liter of T. pseudonana (T. p) (d), calcifying E. huxleyi, E.
hux (Cal) (e), and noncalcifying E. huxleyi, E. hux (Noncal) (f) cultures with or without olivine during the cultivation. Data are presented as the
mean + SD (n = 3). Significant changes between treatments are shown as symbols (*p < 0.05; **p < 0.01; *** p < 0.001).

3. RESULTS

3.1. Effects of Olivine Addition on the Carbonate System
of Phytoplankton Cultures

TA increased in T. pseudonana and noncalcifying E. huxleyi
cultures but decreased in calcifying E. huxleyi cultures during
cultivation (Figure la—c). Offsets in T, alkalinity between the
olivine-treated and control groups were observed, which can be
attributed to the rapid olivine dissolution of the reactive
amorphous surface layer of the artificially ground olivine
particles upon contact with seawater’>** (Figure 1, Table S3).
Olivine particles significantly enhanced TA in T. pseudonana
and noncalcifying E. huxleyi cultures (Figure la,c). Specifically,
in T. pseudonana cultures with olivine, TA was significantly
elevated compared to controls without olivine (p < 0.05), with
increases of 3.15, 5.32, 6.43, 6.38, and 6.01% (77.40—159.50
umol kg™") at different time points. In the first 24 h, the TA in
the olivine group increased by 74.17 uM, nearly four times the

rate of the control (19.55 uM) (Figure la). Similarly, the
noncalcifying E. huxleyi cultures with olivine addition showed a
much larger increase in TA, reaching 6.8—7.83% (87.81—
160.57 umol kg™') higher levels at various time points
compared to controls (p < 0.05) (Figure 1c). In calcifying E.
huxleyi, however, the effect of the addition of olivine on TA
enhancement was much weaker (Figure 1b). Although a subtle
but consistent and significant increase in TA was observed
relative to the control without olivine (p < 0.05), the increases
were minor, ranging from 0.79 to 2.37% at different time
points (Figure 1b).

Generally, the DIC levels decreased over the course of
cultivation for all three phytoplankton cultures (Figure 1d—f).
The T. pseudonana culture with olivine showed significantly
higher DIC concentrations at 96 (5.80%) and 144 h (4.70%)
(p < 0.05) compared to those without olivine (Figure 1d). In
the calcifying E. huxleyi culture, olivine addition did not
significantly increase DIC above control levels but instead

https://doi.org/10.1021/acs.est.6c02131
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c02131/suppl_file/es6c02131_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c02131?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c02131?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c02131?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c02131?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c02131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

a
4.0 * ——T.p
35k T. p + Olivine

T30t
Q
S25f

52.0 + . 3+

015} o

o

L 10
0.5/

o.o 1 1 1 1 1 1 1 1 1 1 1
0 24 48 72 96 120 144 168 192 216 240

Time (h)

o

i —=— E. hux (Cal)
—e— E. hux (Cal) + Olivine

N w » (3]
T T T T

POC (pmol cell)

-
T

120 14

o

1 1 1
0 24 48 72 96 168 192

Time (h)

-
o

—=— E. hux (Non-cal)
—e— E. hux (Non-cal) + Olivine

*%

POC (pmol cell”')
» o o
T T T

N
T

*%

—9

o
T

1 1 1 1 1 1 1 1 1
0 24 48 72 96 120 144 168 19
Time (h)

0.35 - ——T.p

0.30 | T. p + Olivine
5025+ I
o

©0.20 i

2015 i

5

a 0.10

0.05 -

0 24 48 72 96 120 144 168 192 216 240
Time (h)

0.00

0.9 - —=— E. hux (Cal)
0.8 - —e— E. hux (Cal) + Olivine

~orf
Tosf
Sost
204t
003F
0.2}
01}

0.0 1 1 1 1 1
0 24 48 72 96

Time (h)

120 144 168 19

0.7 - —a— E. hux (Non-cal)

06l —o— E. hux (Non-cal) + Olivine
= o05f
504 r
203
z
8 0.2 %

0.1+

0.0 -

1 1 1 1 1 1 1 1 1
0 24 48 72 96 120 144 168 19
Time (h)

Figure 4. POC concentrations per cell of T. pseudonana (T. p) (a) calcifying E. huxleyi, E. hux (Cal) (b), and noncalcifying E. huxleyi, E. hux
(Noncal) (c) with or without olivine during cultivation. Changes in PON concentrations per cell of T. pseudonana (T. p) (d), calcifying E. huxleyi,
E. hux (Cal) (e), and noncalcifying E. huxleyi, E. hux (Noncal) (f) cultures with or without olivine during the cultivation. Data are presented as the
mean + SD (n = 3). Significant changes between treatments are shown as symbols (*p < 0.05; **p < 0.01; *** p < 0.001).

significantly decreased DIC at 144 and 192 h by 5.39 and
5.48%, respectively (p < 0.05) (Figure le). In the noncalcifying
E. huxleyi culture, olivine addition maintained higher DIC
levels relative to controls without olivine by 1.98, 4.94, 5.51,
and 3.42% at 48, 96, 144, and 192 h (p < 0.05) (Figure 1f).

The addition of olivine resulted in a significant increase in
the calcium carbonate saturation state (3Ca), pH, and the
concentration of CO;>", as well as a significant decrease in the
concentration of dissolved CO, (aq) and partial pressure of
CO, (pCO,) in cultures of T. pseudonana, calcifying E. huxleyi,
and noncalcifying E. huxleyi (p < 0.0S) (Figures S1 and S2).
3.2. The Effects of Olivine Addition on Cell Abundance
and Chl a Concentration

Adding olivine had more pronounced positive effects on the
cell abundance of T. pseudonana compared to both calcifying
and noncalcifying E. huxleyi. Cell concentrations in T.
pseudonana cultures with olivine addition were slightly but
significantly lower at early time points (24, 72, and 96 h)
(Figure 2a). However, from 120 to 240 h, the group with

olivine addition exhibited significantly higher concentrations,
increasing by 32.70—74.81% (p < 0.05) (Figure 2a). The
calcifying E. huxleyi with olivine addition showed significantly
higher cell concentrations compared to the control group at
various time points with increases of 6.75, 8.07, 15.45, 16.06,
and 37.49%, respectively (p < 0.05, Figure 2b). Noncalcifying
E. huxleyi exhibited higher cell concentrations without olivine
addition between 24 and 72 h compared to the olivine-added
group (p < 0.05). Conversely, from 96 to 192 h, the cell
concentration of olivine-added noncalcifying E. huxleyi was
higher than the control without olivine addition (p < 0.05)
(Figure 2c). Olivine addition significantly increased the Chl a
concentration in the late-stage T. pseudonana culture by 9.54—
16.32% at different intervals (Figure 2d) and in the calcifying
E. huxleyi culture by 6.96, 6.45, and 17.08% at 48, 96, and 192
h, respectively (Figure 2e). Significantly higher Chl a
concentrations in noncalcifying E. huxleyi without olivine
were observed at 24 h (p < 0.05), but no significant differences
were detected at the late stage of cultivation (Figure 2f).
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3.3. The Effects of Olivine Addition on Organic Carbon and
Nitrogen Content

The POC and PON concentrations per liter (#umol/L) in T.
pseudonana and calcifying and noncalcifying E. huxleyi cultures
exhibited distinct responses to olivine addition. In T.
pseudonana, the POC concentration with olivine was 4.79%
higher than that without olivine (p < 0.05), although the
culture without olivine showed higher POC concentrations
during the middle stage of cultivation (Figure 3a). In the
calcifying E. huxleyi, the POC concentrations with olivine were
significantly higher than those without olivine at 24, 96, 144,
and 192 h (p < 0.05), with increases of 71.39, 19.02, 13.19, and
16.53%, respectively (Figure 3b). In contrast, no significant
differences were observed in noncalcifying E. huxleyi (Figure
3c). The PON concentration in T. pseudonana with olivine
was significantly higher at 144 h, with an 11.31% increase (p <
0.05), despite being higher without olivine at 72 h (Figure 3d).
Similarly, the PON content with olivine was significantly
higher at 96, 144, and 192 h, with increases of 44.10, 12.53,
and 30.86%, respectively (p < 0.05) (Figure 3e). For
noncalcifying E. huxleyi, no significant differences in PON
concentrations were observed between cultures with and
without olivine addition, except at 192 h, where the culture
without olivine was slightly but significantly higher (Figure 3f).
However, noncalcifying E. huxleyi generally had a higher POC
content than calcifying E. huxleyi regardless of olivine addition
(Figure 3b,f).

Significant increases in the POC concentration per cell
(pmol/cell) were observed in T. pseudonana, calcifying E.
huxleyi, and noncalcifying E. huxleyi after 24 h of olivine
addition compared to the control without olivine (Figure 4 a—
c). However, in T. pseudonana, significantly higher POC and
PON concentrations per cell were observed in the control
without olivine compared to the olivine-treated group during
the late stage of cultivation (Figure 4a,d). In contrast, the
differences in POC and PON concentrations per cell between
the olivine-treated and control groups were minimal in both
calcifying and noncalcifying E. huxleyi cultures (Figure
4b,c,e,f).

3.4. The Effects of Olivine Addition on SiOH,
Concentration and BSi:POC of T. pseudonana and PIC:POC
of E. huxleyi

The temporal dynamics of Si(OH), concentration exhibited
distinct patterns among different phytoplankton strains. The
Si(OH), concentrations were significantly higher in all cultures
with olivine addition compared to the cultures without olivine
addition (Figure S). The Si(OH), concentration in the T.
pseudonana culture with olivine addition increased from 0 to
24 h but gradually decreased to a very low level. For the T.
pseudonana culture without olivine addition, Si(OH), concen-
tration gradually decreased to a very low level, similar to the T.
pseudonana culture with olivine addition (Figure Sa). In
contrast, the Si(OH), concentrations in calcifying and
noncalcifying E. huxleyi cultures with olivine addition increased
sharply from 0 to 48 h and remained elevated afterward.
Notably, the noncalcifying strain exhibited 2.2-fold higher
Si(OH), concentrations than the calcifying strain at 192 h
(86.79 vs 38.60 umol/L; Figure Sb,c).

The BSi concentration per liter in the culture medium and
per cell of T. pseudonana with olivine addition was significantly
higher than that without olivine addition at most time points
(Figure 6a,b). At 24 h, the olivine-treated samples exhibited
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unexpectedly high concentrations of measured BSi compared
with the control. However, this was followed by a relative
plateau between 24 and 72 h, despite the observed drawdown
of Si(OH), in the medium (Figure 6). Additionally, the BSi/
POC ratio was also significantly higher with olivine addition
from 24 to 240 h (Figure 6¢c), and the BSi was negatively
correlated with POC in T. pseudonana (Figure S3).

At 96 h, the PIC content (umol/L) of E. huxleyi without
olivine addition was 2.04 times higher than that with olivine (p
< 0.01). However, by 196 h, olivine-added cultures showed
24.24% higher PIC content (#mol/L) than controls (p < 0.0S,
Figure 6d). The cellular PIC was 2.38 times higher without
olivine addition than in the olivine-added group at 96 h (p <
0.01, Figure 6e). At 96 h, the PIC/POC ratio was significantly
higher without olivine addition than in the olivine-treated
group, remaining consistently below 1 throughout the
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experiment (Figure 6f). A positive correlation between POC
and PIC contents was observed in calcifying E. huxleyi (Figure
S3).

3.5. The Effects of Olivine Addition on the Sinking Rate of
T. pseudonana and Calcifying E. huxleyi

With olivine addition, the sinking rate (m d™') of T.
pseudonana was significantly higher, being 9.64 times (Figure
7a) greater than without olivine (p < 0.05). Calcifying E.
huxleyi with olivine addition also had a significantly higher
sinking rate, with a 2.39-fold increase in those that used
chlorophyll a concentration (p < 0.05) (Figure 7b). In
contrast, the addition of olivine did not result in any significant
changes to the sinking rate of noncalcifying E. huxleyi (Figure
S4).

3.6. SEM Observations of Olivine Interaction with E.
huxleyi and T. pseudonana and SEM-EDS Analysis on E.
huxleyi Coccoliths

SEM observations demonstrated direct attachment of olivine
particles to E. huxleyi cell surfaces, with EPS-like material

bridging olivine particles and algal cells in the olivine-
supplemented E. huxleyi cultures (Figure 7c,d). T. pseudonana
showed no tendency to aggregate with olivine particles
although EPS-like substances were observed on olivine surfaces
in the T. pseudonana culture with olivine addition (Figure 7e,f).

Low silicon content was detected in distinct structural
domains of E. huxleyi coccoliths via SEM-EDS (Figure 8). The
Mg/Si ratio (weight-based) ranged from 0.91 to 1.88 among
analyzed microregions, while the atomic Mg/Si ratio varied
between 1.03 and 2.18. Similarly, the weight-based Mg/Ca
ratio spanned 9.14—18.17, and the atomic Mg/Ca ratio ranged
from 6.34 to 12.89. Although SEM-EDS provides semi-
quantitative elemental analysis, the consistent detection of
silicon across multiple measurement locations suggests some
incorporation of Si into the coccolith structure.

4. DISCUSSION

This study demonstrates that olivine addition significantly
enhances the sinking rates of T. pseudonana and calcifying E.
huxleyi, suggesting its potential to improve the carbon transfer
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efficiency to the deep ocean. Our findings further indicate that
olivine may increase carbon removal efficiency in both diatoms
and coccolithophores, with a more pronounced effect on
diatoms.

Our study reveals that olivine addition significantly increased
the cell concentration and Chl 4 concentration of the diatom
and coccolithophores, with the most pronounced effects
observed for the diatom T. pseudonana and the least
pronounced effects on the noncalcifying E. huxleyi. These
findings align with previous studies suggesting that silicon and
iron released from olivine dissolution play key roles in
promoting phytoplankton growth, with silicon particularly
benefiting diatoms.”® In addition to the direct chemical effects
of olivine addition, the resulting higher phytoplankton cell
density further decreased the concentration of dissolved CO,.
The lower initial Chl a and cell density in the olivine treatment
were likely due to the light-shading effect of olivine particles.
Olivine consistently promoted cell division rates after 120 h. At
high growth rates, cells may prioritize division processes rather

than pigment synthesis, which could account for the observed
divergence between Chl a and cell concentrations after 120 h.

Olivine significantly enhanced POC and PON in calcifying
E. huxleyi normalized by culture volume (umol/L) but had
negligible effects on noncalcifying E. huxleyi at later stages
(Figure 3). We speculate that the increase in POC in calcifying
E. huxleyi with olivine addition can be attributed to its indirect
beneficial effects caused by enhanced calcification with olivine
addition at a late stage of cultivation. Increased bicarbonate
(HCO;") from olivine dissolution, the primary carbon source
for coccolithophore calcification,” likely enhanced calcification
in calcifying E. huxleyi (Figure 6d). Calcification is energeti-
cally costly, consuming approximately one-third of the energy
budget for photosynthesis,*® which aligns with our findings
that noncalcifying E. huxleyi exhibited higher POC content
than its calcifying counterpart (Figure 3).”” On the other hand,
calcification has been shown to promote organic carbon
sequestration by enhancing carbonate transport and increasing
internal CO, availability for organic carbon fixation in E.
huxleyi.”® A positive correlation between POC and PIC
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contents observed in calcifying E. huxleyi in our study further
supports the role of calcification in facilitating organic carbon
fixation (Figure S2).

Olivine addition enhanced sinking rates by 9.64-fold in T.
pseudonana and 2.39-fold in calcifying E. huxleyi, demonstrat-
ing significantly stronger effects on the diatom (Figure 7). The
sinking rate of phytoplankton depends strongly on their
“excess density”—the small but critical difference between
cell/colony density and seawater density.”” For example,
seawater with a density of 1025 kg/m* (18 °C, 35 PSU) and
phytoplankton with a density of 1035 kg/m? yield an excess
density of 10 kg/m>. It has been reported that an 8% density
increase in the diatom Conticribra weissflogii (Thalassiosira
fluviatilis) enhanced its sinking rate by 9.4-fold.”” Based on
SEM observations, which showed no production or aggrega-
tion of transparent exopolymeric particles (TEP) in our
nutrient-replete diatom cultures, it is unlikely that the
increased sinking rate was driven by higher cell abundance,
leading to greater cell aggregation. Instead, the enhanced
sinking rate was primarily attributed to the significant
accumulation of biological BSi. Specifically, the olivine
treatments maintained a markedly higher BSi concentration
in comparison to the control. At 24 h, although amorphous
olivine layers featuring highly reactive sites from initial grinding
caused a transient abiotic BSi inflation (due to the kinetic
similarity between amorphous minerals and BSi during NaOH
extraction) in the olivine-added samples, this interference
stabilized after 48 h, becoming negligible relative to the rapidly
increasing biological signal. By 120 h, the measured BSi
predominantly reflected authentic biological accumulation,

overwhelming any residual abiotic background (Figure 6). This
enhancement was driven by the synergistic coupling between
diatom growth and olivine dissolution: while the high Si(OH),
concentrations in both treatments triggered nonsaturable,
diffusion-driven uptake,*' the biological removal of Si(OH),
by T. pseudonana cells accelerated olivine dissolution (as
established in our previous work), fueling a positive feedback
loop that further stimulated BSi accumulation. We therefore
attribute the significantly enhanced sinking rate in T.
pseudonana with olivine addition primarily to the elevated
BSi content, which increased the cell density and thereby the
ballast effect, a conclusion strongly supported by the increased
BSi/POC ratios (Figure 6).

Olivine addition increased the sinking rate of calcifying E.
huxleyi, though this was less pronounced than that for T.
pseudonana. The PIC content did not increase with olivine
addition (Figure 6), suggesting that alternative mechanisms
contributed to the increased sinking rate. The silicon from
olivine dissolution and its adhesion to or incorporation into
the coccoliths of calcifying E. huxleyi likely partially accounts
for the increased sinking rate. A lower concentration of
Si(OH), was observed in calcifying E. huxleyi cultures (44.46
umol/L) compared to noncalcifying cultures (86.79 ymol/L)
after 192 h of olivine addition (Figure S). The Si(OH),
concentration in phytoplankton cell-free, olivine-added artifi-
cial seawater (86.13 umol/L) matched that observed in
noncalcifying E. huxleyi cultures.” This implies Si incorporation
by calcifying E. huxleyi, though at rates far below those of the
diatom T. pseudonana (Figure S). Further evidence was from
the EDS analysis, which demonstrated a low but detectable Si
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content in the coccoliths of calcifying E. huxleyi (Figure 8).
This is aligned with previous observations using mass
spectrometry.*” The presence of silicon in the calcite
exoskeletons of E. huxleyi was also confirmed by Ratcliffe et
al,” who suggested that it may play a role in facilitating
calcification rather than serving as a structural component of
the coccoliths. In a word, the low but detectable silicon
incorporation by the calcifying E. huxleyi and the EDS-
confirmed silicon deposition on coccoliths support the idea
that olivine addition led to a slight increase in the cell mass of
calcifying E. huxleyi.

Even minor Si incorporation into calcifying E. huxleyi could
contribute to the increase of sinking rate since a 1% increase in
the density of phytoplankton can double the sinking speed."®
Based on the observed 48% lower Si(OH), concentration in
calcifying versus noncalcifying E. huxleyi cultures after 96 h
(43.08 vs 87.50 umol/L), this assimilation by calcifying E.
huxleyi could increase cellular weight by approximately 1 pg/
cell, resulting in an estimated excess density of 30 kg/m*® (Ap
= m/V, assuming a spherical morphology with a mean cell
diameter of S pm). Such density enhancement would account
for the observed 2.4-fold increase in sinking rate (assuming a
seawater density of 1025 kg/m™ (18 °C, 35 PSU salinity) and
a phytoplankton density of 1035 kg/m™). Given that
coccolithophore densities typically surpass the generalized
phytoplankton reference value (1035 kg/m?®), the density-
driven component of sinking rate enhancement is likely less
pronounced than the 2.4-fold projection.

Notably, coccolith-associated polysaccharides (CAPs), a
specialized subclass of EPS in calcifying E. huxleyi with
known adhesive properties,* likely mediated aggregation
between calcifying E. huxleyi cells and olivine particles, likely
contributing to the increased sinking rate of calcifying E.
huxleyi with olivine addition. We observed direct adhesion of
E. huxleyi cells to olivine particles with EPS-like coatings on
mineral surfaces, further facilitating aggregation (Figure 7c,d).
The significantly higher density of olivine particles compared
to phytoplankton cells increases the overall density of the cell—
olivine aggregates, thereby facilitating their sinking through a
mechanism similar to clay flocculation in harmful algal bloom
mitigation.*> While representing a limitation for olivine-based
alkalinity enhancement, incomplete olivine dissolution due to
SiO, passivation” provides persistent ballast that could
potentially enhance vertical flux, facilitating carbon export.
The absence of aggregation between olivine particles and T.
pseudonana cells, despite the presence of EPS on olivine
surfaces (Figure 7e,f), highlights the potentially essential role
of CAPs in mediating cell-mineral adhesion and aggregate
formation.

Overall, olivine addition markedly enhanced the sinking rate
of T. pseudonana via BSi enhancement, whereas the modest
sinking rate increase in calcifying E. huxleyi can be explained by
a slight incorporation of silicon into coccoliths (potentially
increasing cell density), cell—olivine aggregation, and higher
cell abundance that facilitated aggregation. These combined
mechanisms collectively explain the enhanced sinking of
calcifying E. huxleyi with olivine, while no such effect occurred
in the noncalcifying strain due to the absence of coccoliths and
associated CAPs (Figure S4). In the field, when coccolitho-
phore concentrations are high, the likelihood of olivine
particles attaching to the cells increases. Therefore, an
olivine-driven OAE is expected to enhance the sinking rate
of coccolithophores, particularly during blooms of this group.

In natural environments, diatoms readily form TEP,
particularly under nutrient stress.** In contrast, coccolitho-
phores do not typically form algal aggregates in natural
environments, though they are often found in fecal
aggregates.”” Under our laboratory nutrient-replete conditions,
TEP production by diatoms was not induced, which explains
the lack of significant TEP observed in the diatom cultures. In
a real-world application, adding olivine may enhance the
sinking rate of diatoms by facilitating interactions between
olivine particles and the TEP that diatoms naturally secrete.

The efficacy of the biological carbon pump depends on
factors such as POC production, its decomposition by
zooplankton and microorganisms, and the efficiency of POC
transport to the deep sea.'' Faster sinking of organic matter
increases its likelihood of reaching the deep sea before
decomposition and remineralization.”® Furthermore, olivine-
induced increases in BSi and POC could potentially enhance
the export of POC not only from individual diatom and
coccolithophore cells but also at the regional scale through
incorporation into sinking aggregates and marine snow. "%

The application of olivine in productive benthic ecosystems
(100-300 g¢ C m™2 yr')*" and shallow waters may also shift
the microalgal community toward a diatom-dominated
assemblage, thereby potentially greatly increasing sinking
carbon fluxes.” The fraction of water-column phytoplankton
carbon production normally stored in shallow coastal and
estuarine sediments has been estimated at ~20%,”* and our
results suggest that it could be substantially higher with olivine
additions. Although this enhanced sinking carbon flux due to
olivine additions in nearshore waters is unlikely to reach the
deep ocean, it may instead enhance organic carbon storage in
shelf sediments as “Blue Carbon”, albeit for a shorter duration
than in the deep ocean.™

It is also important to consider whether excessively rapid
sinking of phytoplankton could bring unintended ecological
consequences. Greatly increased cellular sinking rates might
have the potential to destabilize marine food webs through the
precipitous declines of primary producers in surface waters.
Further research will be needed both to determine the possible
positive consequences of olivine additions for carbon
sequestration and to test for any potential negative effects on
nearshore food webs and biogeochemistry.

We propose that olivine addition may enhance carbon
sequestration by diatoms through three mechanisms: (1) the
increase in alkalinity from olivine addition, both directly
through dissolution and indirectly via growth promotion
(“enhanced alkalinity feedback effect”); (2) accelerating
sinking rates (“more ballast feedback effect” mainly due to
increased BSi); and (3) boosting organic carbon production
(“more organic carbon feedback effect”). The elevated TA in
the diatom-olivine system was synergistic. Olivine dissolution
initially raised TA directly and indirectly promoted diatom
growth. The resulting increase in biomass further enhanced TA
and sustained olivine dissolution by inhibiting the formation of
a passivating amorphous SiO, layer on olivine surfaces, thereby
establishing a positive feedback loop.”

The effects of the addition of olivine on calcifying
coccolithophores are more complex. Olivine addition enhances
their sinking rates and POC production; however, the
calcification process buffers against alkalinity increases, as
evidenced by only a subtle increase in TA caused by olivine
addition compared to T. pseudonana and noncalcifying E.
huxleyi (Figure 1). Forming one mole of CaCOj; reduces
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alkalinity by two moles, releasing CO,, which offsets the
alkalinity increase from olivine addition.” Although olivine
addition increased the sinking rate and POC production in
calcifying E. huxleyi, the negative impacts of increased
calcification on alkalinity and CO, release need consideration.
The actual ratio of CO, gas produced to precipitated CaCOj
was reported to be 0.6 at 25 °C at the sea surface.”* However,
variability in CO,/ PIC ratios under different conditions™>
introduces uncertainty in estimating CO, emissions from
calcification. Thus, the net carbon sequestration effect depends
on the balance between positive feedbacks (ballast and organic
carbon effects) and negative impacts (reduced alkalinity and
CO, release).”

In the future, we could consider integrating the “organic
carbon feedback,” “ballast feedback,” and “less alkalinity
feedback” processes into larger-scale models to better under-
stand and predict the effects of olivine addition on the
ecosystem. This integration is essential, as it enables the
comprehensive consideration of the intricate biogeochemical
processes that are initiated upon the application of an OAE in
the ocean. Notably, olivine’s rapid sinking and slow dissolution
in deeper waters*® limit its alkalinity release, prompting most
OAE efforts to focus on shallow regions. Future improvements
to olivine’s sinking behavior could enhance its efficiency by
prolonging surface dissolution.

Our findings and previous studies suggest that diatoms could
potentially thrive with the addition of olivine for OAE,
supporting the existing hypothesis.” The observed neutral
effects of olivine addition on noncalcifying and nonsilicified
phytoplankton were observed in our study using a non-
calcifying strain of the coccolithophore E. huxleyi and olivine
particles and with cyanobacteria species like Synechococcus sp.,
Trichodesmium erythraeum, and Crocosphaera watsonii using
synthetic olivine leachate.” It appears that calcifying
phytoplankton might experience greater benefits from olivine
addition than noncalcifying species. It should be noted that the
effects of olivine additions on phytoplankton may be diverse, as
two decades of ocean acidification research have shown that
perturbations in carbonate chemistry disproportionately affect
phytoplankton.”” In the future, enhancing our understanding
of the ecological impacts of the OAE on phytoplankton
communities will be vital for assessing the feasibility and
potential for scaling up this proposed method for carbon
dioxide removal from the atmosphere.
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