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ABSTRACT

Ocean alkalinity enhancement, one of the ocean-based CO, removal techniques, has the potential to assist us in
achieving the goal of carbon neutrality. Olivine is considered the most promising mineral for ocean alkalinization
enhancement due to its theoretically high CO, sequestration efficiency. Olivine dissolution has been predicted to
alter marine phytoplankton communities, however, there is still a lack of experimental evidence. The olivine
dissolution process in seawater can be influenced by a range of factors, including biotic factors, which have yet to
be explored. In this study, we cultivated two diatoms and one coccolithophore with and without olivine particles
to investigate their interactions with olivine dissolution. Our findings demonstrate that olivine dissolution
promoted the growth of all phytoplankton species, with the highly silicified diatom Thalassiosira pseudonana
benefiting the most. This was probably due to the highly silicified diatom having a higher silicate requirement
and, therefore, growing more quickly when silicate was released during olivine dissolution. Based on the
structural characteristics and chemical compositions on the exterior surface of olivine particles, T. pseudonana
was found to promote olivine dissolution by inhibiting the formation of the amorphous SiO; layer on the surface
of olivine and therefore enhancing the stoichiometric dissolution of olivine. However, the positive effects of

Received 28 July 2023; Received in revised form 6 October 2023; Accepted 12 November 2023

Available online 17 November 2023

0048-9697/© 2023 Elsevier B.V. All rights reserved.


mailto:xinlinulm@xmu.edu.cn
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.168571
https://doi.org/10.1016/j.scitotenv.2023.168571
https://doi.org/10.1016/j.scitotenv.2023.168571
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.168571&domain=pdf

C. Lietal

Science of the Total Environment 912 (2024) 168571

T. pseudonana on olivine dissolution were not observed in the coccolithophore Gephyrocapsa oceanica or the non-
silicate obligate diatom Phaeodactylum tricornutum. This study provides the first experimental evidence of the
interaction between phytoplankton and olivine dissolution, which has important implications for ocean alka-

linization research.

1. Introduction

Annual carbon dioxide (CO,) emissions have exceeded 40 Gt
(Friedlingstein et al., 2022), significantly contributing to global warm-
ing. To keep warming well below 2 °C, annual 5 Gt CO2 by 2050 should
be removed from the atmosphere (IPCC, 2022; Rogelj et al., 2018). To
meet this goal, negative emission technologies (NETs) must be deployed
quickly and widely (Hilaire et al., 2019; Rockstrom et al., 2017). Among
the proposed carbon dioxide removal (CDR) strategies (National Acad-
emies of Sciences E, Medicine, 2021; Pozo et al., 2020), ocean alkalinity
enhancement involves the addition of alkaline substances to seawater to
enhance the ocean's natural carbon sink and alleviate ocean acidifica-
tion (Gonzalez and Ilyina, 2016; Kheshgi, 1995). The silicate mineral
olivine (Mg, Fe),Si0y) is considered a promising candidate mineral for
ocean alkalization due to its high carbon sequestration per mole, long-
term carbon sequestration, widespread availability, and high abiotic
dissolution rate per unit surface area (Goll et al., 2021; Oelkers et al.,
2018; Rigopoulos et al., 2018).

The chemical equation for olivine dissolution is:

(Mg, Fe),Si0, + 4H,0 + 4C0,—2(Mg, Fe)*" +4HCO;~ + H,SiO0, €h)

Thus theoretically, 4 mol of protons are consumed for each mole of
olivine dissolved, thus producing 4 mol of alkalinity, and absorbing 4
mol of CO; (Bach et al., 2019). The impacts of abiotic factors on olivine
dissolution in fresh water and terrestrial systems, such as mineral types
reactivity, grain sizes, temperature, salinity, CO, pressure and pH have
been widely studied (Hangx and Spiers, 2009; Prigiobbe et al., 2009;
West et al., 2005). Biological activity can greatly accelerate the weath-
ering of olivine and the uptake of CO5 (Schuiling and Boer, 2011). Both
positive and negative effects of microorganisms such as fungi and bac-
teria on the dissolution or weathering of other minerals have been re-
ported (Gerrits et al., 2020; Jongmans et al., 1997; Oelkers et al., 2015;
Seiffert et al., 2014; Shirokova et al., 2012; Vicca et al., 2022).

However, a few studies focusing on olivine dissolution in seawater
have been reported. Montserrat et al. (2017) reported that olivine
dissolution in artificial and natural seawater caused a significant in-
crease in alkalinity and dissolved inorganic carbon (DIC) due to CO,
sequestration. It has been predicted that dissolved ions such as bicar-
bonate, silicic acid, and iron released from olivine dissolution, may
promote the growth of phytoplankton, particularly diatoms, leading to
enhanced carbon capture capacity and a shift in phytoplankton species
composition in the ocean (Bach et al., 2019; Hutchins et al., 2023). The
nickel, cobalt, and chromium released from olivine dissolution are
potentially toxic to marine organisms. However, laboratory or field
studies of the effects of olivine dissolution on phytoplankton are still
severely lacking. Although freshwater microalgae have been shown to
enhance the olivine dissolution rate (Xie and Wu, 2014; Xie et al., 2023).
It is still an open question whether marine phytoplankton can promote
olivine dissolution in seawater.

In this study, we cultivated three phytoplankton species, including
two diatoms and one coccolithophore, with and without olivine particles
to investigate the interactions between phytoplankton and olivine
dissolution. Time-resolved chemical parameters in seawater and physi-
ological parameters of phytoplankton were measured. We further
examined the chemical compositions and structural characteristics on
the exterior surface of the olivine in biotic and abiotic conditions. Here,
we would like to address the following questions: (1) Whether olivine
dissolution can promote the growth of phytoplankton in seawater; (2)
Whether diatoms benefit more from olivine dissolution in seawater. To

our best knowledge, this is the first experimental-based study on the
interactions between phytoplankton and olivine dissolution in seawater,
which aims to help us better understand the underlying mechanisms of
olivine dissolution in seawater from a multidisciplinary perspective.

2. Material and methods
2.1. Composition and particle characteristics of olivine particles

Natural olivine particles (1-3 mm diameter) were purchased from 3A
Materials (CAS: 15118-03-3) and were grinded up using a QM-3SP2
planetary ball mill. Olivine particles (particle size quantiles: D10 =
1.520 pm, D50 = 6.135 pm, D90 = 22.439 pm) had a molar Fe-to-Mg
ratio of 0.08:0.92, characterizing the olivine as forsterite-92 (F092).
The details of composition and particle characteristics of olivine parti-
cles are in Text S1, Table S1 and Table S2.

2.2. Strains and culture conditions

The coccolithophore Gephyrocapsa oceanica (G. o), the highly silici-
fied diatom Thalassiosira pseudonana (T. p) and the non-silicate obligate
diatom Phaeodactylum tricornutum (P. t) were used in this study (Text
S2). These phytoplankton were cultured in 1 L polycarbonate bottles
filled with 1 L of artificial seawater (Table S3) at an initial cell con-
centration of 2 x 10* cells mL 1, then 0.1 g olivine particles was added
to 1 L of phytoplankton culture. Culture conditions are shown in Text S2.

2.3. Chl a and PSII photochemical efficiency measurement

The chlorophyll a (Chl a) concentration was calculated by the
following equations: Chl a (pg mL 1) =13.2654 x (Aggs - A7so) - 2.6839
X (Ag32 - A7sp) (Strickland and Parsons, 1972). The maximum Chl a
concentration was calculated based on the fitted logistic equation. PSII
photochemical efficiency (®psy) was determined by a hand-held algal
fluorometer (AquaPen AP110/C) (Genty et al., 1989). Details are in Text
S3.

2.4. Carbonate system parameters and silicate concentration
measurement

An AS-ALK2 TA titrator was used to measure the amount of total
alkalinity (TA) in the samples (APOLLO SCITECH, USA). An AS-C3 total
DIC analyzer was used to determine the amount of total dissolved
inorganic carbon (DIC) in the samples (APOLLO SCITECH, USA). Details
are in Text S4. An automatic nutrient analyzer (AA3, SEAL, Germany)
was used to determine the Si(OH)4 concentrations of samples. Details
are in Text S5.

2.5. Olivine surface characterization

We used Zeiss HD scanning electron microscopy (SEM) equipped
with energy dispersive spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) to analyze the structural characteristics and chemi-
cal compositions on the exterior surface of olivine particles in biotic and
abiotic conditions. Details are in Text S6.
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3. Results and discussion

3.1. Olivine dissolution can promote the growth of phytoplankton in
seawater

No significant difference in Chl a concentration was detected be-
tween G. oceanica cultures with and without olivine addition (Fig. 1a).
At hours 144 and 192, the Chl a concentration in T. pseudonana culture
with olivine was significantly higher than in cultures without olivine
(Fig. 1b). At hours 144 and 312, P. tricornutum cultured with olivine had
a significantly higher Chl a level (Fig. 1c), but the difference was not as
pronounced as it was in T. pseudonana. No significant difference in @pgyy
was detected between G. oceanica cultures with and without olivine
addition (Fig. 1d). At hours 144, 168, and 192, the ®pg;; in T. pseudonana
culture with olivine was significantly higher than in cultures without
olivine (Fig. 1le). At hour 144, the ®pgy in P. tricornutum culture with
olivine was significantly higher than in cultures without olivine (Fig. 1f),
however, the difference was not as pronounced as it was in
T. pseudonana. Our findings suggest that diatoms benefited significantly
from olivine dissolution in terms of photosynthetic efficiency. The
calculated maximum Chl a concentration based on the fitted logistic
equation was higher in the culture with olivine than without olivine in
three species of phytoplankton. The promotion of phytoplankton growth
by olivine varied: T. pseudonana > P. tricornutum > G. oceanica
(Table S4). The maximum Chl a concentration based on the fitted lo-
gistic equation of G. oceanica culture with and without olivine addition
was 453 pg L1 and 325 pg L™}, respectively, with the culture with
olivine addition having 1.39 times higher Chl a concentration. The
maximum Chl a concentrations of T. pseudonana with and without
olivine addition were 477 pg L' and 201 pg L7}, respectively, with the
Chl a concentrations being 2.37 times higher in the culture with olivine
addition. For P. tricornutum, the maximum Chl a concentration of cul-
tures with and without olivine was 7070 pg L™' and 4508 pg L7},
respectively, with 1.56 times Chl a concentration in the culture with
olivine addition.
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Our results demonstrate that olivine dissolution promoted the
growth of phytoplankton and benefited diatoms more, especially
T. pseudonana with its highly silicified frustule, which is consistent with
a recent study (Hutchins et al., 2023). Our results showed that olivine
dissolution favored diatoms the most while having little influence on
coccolithophores. Therefore, we speculate that the biomass of diatoms
will increase and phytoplankton composition will be altered if we use
olivine for ocean alkalinity enhancement. Our findings are not entirely
consistent with the modeling results, which indicated that coccolitho-
phores will be losers while diatoms will be winners if the olivine dis-
solves in large quantities in the ocean (Bach et al., 2019). The neutral
and positive effects of olivine dissolution on the growth of cyanobacteria
were revealed by (Hutchins et al., 2023) using a synthetic olivine
leachate (OL). It is worth noting that the impacts on phytoplankton
based on the OL may differ from the effects of the olivine dissolution due
to the low dissolution rate of olivine and the mineralization process
during the olivine dissolution. As far as we know, the effects of olivine
dissolution on dinoflagellates were not evaluated, which is worth further
exploring. To better understand the potential ecological implications of
olivine dissolution, additional studies on the effects of olivine dissolu-
tion on marine phytoplankton is necessary.

3.2. The effects of olivine dissolution and phytoplankton's growth on
carbonate system

In the artificial seawater with the presence of olivine and the absence
of phytoplankton, the DIC concentration increased nearly linearly dur-
ing the experiment, whereas the TA concentration increased dramati-
cally from the beginning to hours 48 and then increased slightly to the
end of the experiment (Fig. 2a). This could be a result of the olivine
surface initially having more active sites for the reaction, but as disso-
lution continued and secondary phases were generated, the active sur-
face area diminished, resulting in a slower dissolution rate (Oelkers
et al., 2018). In general, the dynamics of carbonate parameters in
phytoplankton cultures with or without olivine were mainly driven by
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Fig. 1. The chlorophyll a concentration of Gephyrocapsa oceanica (G. o) (a), Thalassiosira pseudonana (T. p) (b), and Phaeodactylum tricornutum (P. t) (c) with or
without olivine during the cultivation. The PSII photochemical efficiency (®psy) of G. oceanica (G. o) (d), T. pseudonana (T. p) (e), and P. tricornutum (P. t) (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; *** P < 0.001).
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Fig. 2. Changes in total alkalinity (TA), dissolved inorganic carbon (DIC), and Si(OH),4 concentrations during the culture of three phytoplankton species with and
without olivine addition. The changes in TA and DIC concentrations in artificial seawater medium without olivine (a), and cultures grown with or without olivine of
G. oceanica (b), T. pseudonana (c) and P. tricornutum (d). The changes in Si(OH)4 concentrations in artificial seawater with olivine (e), and in cultures grown with and
without olivine of G. oceanica (f), T. pseudonana (g) and P. tricornutum (h). 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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the growth of phytoplankton. The TA declined during the cultivation of
G. oceanica with or without olivine, which is consistent with a previous
study showing that G. oceanica consumes 2 mols of TA to produce 1 mol
of calcium carbonate, thereby lowering the TA (Fig. 2b) (Bach et al.,
2019). TA values in T. pseudonana cultures with and without olivine
addition both showed upward trend during cultivation (Fig. 2c). The
photosynthetic activity of T. pseudonana needs protons drawn from their
aquatic environment, which resulted in an increase in the culture me-
dium's TA (Zerveas et al., 2021). The TA values in P. tricornutum cultures
increased gradually but dropped abruptly to a very low level at the late
stage of cultivation, probably due to very active bicarbonate absorption
(Ouyang et al., 2018) by P. tricornutum (Fig. 2d). DIC concentrations in
G. oceanica, T. pseudonana, and P. tricornutum cultures showed an overall
decreasing trend as the phytoplankton absorbed bicarbonate for
photosynthetic carbon fixation (Figs. 2b-d). Collectively, the TA values
and DIC concentrations were generally higher in the phytoplankton
cultures with olivine than in the cultures without olivine at different
time points during the cultivation due to the increase of HCO3 caused by
olivine dissolution (Figs. 2b-d). It is worth noting that olivine dissolved
quite quickly after being added to seawater during the first hours,
causing the carbonate system to change during the sampling process at
our first sample time point.

The strategies of DIC uptake from the external environment to cells
are diverse, ranging from diffuse CO uptake to active transport of HCO3
and CO», and many organisms have external carbonic anhydrases (eCA)
to facilitate HCO3 utilization (Colman et al., 2002; Tsuji et al., 2017).
Although CO3 is considered the major carbon source for algae growth,
most algae are able to actively uptake bicarbonate using bicarbonate
transporters (Giordano et al., 2005). The increase of HCO3 concentra-
tion in the culture medium has been shown to promote the growth of
phytoplankton (Gardner et al., 2012; Huang et al., 2023; White et al.,
2013). In our study, the promotion of phytoplankton growth by olivine
was also probably due to the increase in bicarbonate caused by olivine
dissolution, which is worth further exploration.

3.3. The silicate released from olivine dissolution was absorbed by
T. pseudonana

The olivine dissolution in the artificial seawater without phyto-
plankton led to a sharp increase in silicate concentration within 48 h and
then a slight increase until the end of the experiment, indicating silicate
was released during the olivine dissolution (Fig. 2e). A similar increasing
pattern of silicate concentration during the cultivation of G. oceanica
with olivine indicated that G. oceanica did not absorb the silicate
released from olivine dissolution (Fig. 2f). In contrast, diatoms were able
to utilize the silicate released from olivine dissolution. Diatoms have a
distinctive siliceous frustule, which results in a major silicate require-
ment for diatoms, especially for highly silicified species. Within 96 h, the
silicate concentration in the cultures of T. pseudonana with olivine
addition was significantly higher than that of the culture without
olivine. During the later stages of cultivation, the silicate concentration
in T. pseudonana with and without olivine addition all returned to a very
low level, demonstrating that the silicate was taken up by T. pseudonana
(Fig. 2g). It is considered that P. tricornutum lacks an obligate require-
ment for silicate, and thus frustule formation is facultative (Armbrust,
2009). In our study, P. tricornutum showed remarkable silicate uptake
ability not in the early stage, but rather in the later stage of cultivation
with olivine addition (Fig. 2h). T. pseudonana benefited most from the
addition of olivine, most likely due to its greater silicate demand
compared to the other two phytoplankton species.

3.4. The potential effects of the trace metal released from olivine
dissolution

Mg?* released from olivine dissolution may also contribute to the
enhancement of olivine dissolution by phytoplankton growth. Mg?*, the

Science of the Total Environment 912 (2024) 168571

second most abundant cation in cells (Romani, 2011), is an essential
metal ion in the chlorophyll molecule and affects the growth of phyto-
plankton. Within a certain range, increasing the concentration of Mg%*
can increase the growth rate and biomass of phytoplankton (Ouyang
et al., 2018; Xie et al., 2023). Metals like iron released from olivine
dissolution required by phytoplankton can affect the growth of phyto-
plankton as well. Iron can act as a cofactor for enzymes that catalyze
reactions involving the transfer of electrons such as photosynthesis,
respiration, and the synthesis of essential organic molecules (Gao et al.,
2021). Iron was found to stimulate phytoplankton's growth in iron-
limited sea areas and induce phytoplankton blooms, known as iron
fertilization (Boyd et al., 2007). It is reasonable to speculate that the iron
released from olivine dissolution may stimulate the growth of phyto-
plankton. However, the rapid oxidation of Fe(II) to Fe(IIl) in seawater,
followed by the formation of Fe(Ill)-Si-rich coatings, may prevent
further dissolution of olivine (Saldi et al., 2013). It is thought that di-
atoms are able to absorb and utilize both Fe(II) and Fe(III) (Gao et al.,
2021), theoretically diatoms may be able to help prevent the formation
of Fe(III)-Si-rich coatings.

Mg* (Mg/ (Mg + Fe)) value based on Raman spectroscopy (Mouri
and Enami, 2008) was lower on the surface of olivine without phyto-
plankton after 45 days of dissolution compared to the olivine with
phytoplankton and pristine olivine (Table 1). Based on results derived
from XPS, the pristine olivine had a higher Mg to Fe content ratio
compared to the olivine dissolved in the presence of phytoplankton,
while the lowest Mg to Fe content ratio was found on the olivine that
dissolved in the absence of phytoplankton (Table S5). These results
indicate a relatively higher Fe content on the olivine surface after 45
days of dissolution in the absence of phytoplankton compared to that on
the olivine surface in the presence of phytoplankton. These findings are
probably due to the precipitation of the Fe-containing phase on the
olivine surface in the absence of phytoplankton, also corroborate with
the possible absorption and utilization of Fe(III) by not only diatoms but
also coccolithophores (Gao et al., 2021). Due to the low Fe content of the
olivine we used, Egs. (1)—(3) in Table 1 have limited precision, making
the Mg content different from the Mg: Fe = 0.92:0.08 obtained from the
compositional analysis, and no characteristic peaks of Fe-containing
compounds were read from the Raman data, therefore the type of Fe
compound and the valence of Fe could not be determined.

In a recent study, two silicifying diatoms, a calcifying coccolitho-
phore, and three cyanobacteria showed both positive and neutral re-
sponses but no obvious toxic effects under elevated concentrations of
olivine dissolution products using a synthetic olivine leachate (OL)
based on olivine elemental composition. These findings suggest that
phytoplanktons are likely to withstand the nickel and cobalt produced
by olivine (Hutchins et al., 2023). Another recent study has shown that
11 marine phytoplankton species, especially P. tricornutum, have toler-
ance to very high nickel concentrations (e.g. 50 pmol L) (Guo et al.,
2022). If the olivine particles in our study were totally dissolved, which
was not possible in any case, the Ni concentration would reach 3.35
pmol L~! based on the olivine composition analysis, which is still far

Table 1
The Mg” value was calculated based on the peaks of 847-858 cm™
815-825 cm ™! in the Raman spectroscopy (Mouri and Enami, 2008).

# | —
L]
Mg# = —0.17744 — 0.050049 + 0.0026479? (r* = 0.99) (2)
o=k —kz(cm') (3)

1 and

Group k7 (em™1) k2 (cm™1) w(em™1) Mg”

Olivine with G. oceanica 853.934 821.953 31.981 0.930
Olivine with T. pseudonana 855.098 823.131 31.967 0.928
Olivine with P. tricornutum 855.281 823.301 31.980 0.930
Olivine without phytoplankton 856.777 824.817 31.900 0.920
Pristine olivine 855.098 823.131 31.967 0.928
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lower than the maximum tolerable concentration for 11 phytoplankton
species as shown in Guo et al. (2022). Similarly, the concentration of Co
was 0.18 pmol L™} if olivine particles were completely dissolved, which
is lower than the safe cobalt concentration of 0.31 pmol L™} for three
diatom species, as shown in a previous study (Karthikeyan et al., 2019).
Therefore, the nickel and cobalt released from olivine dissolution likely
did not have had negative effects on the phytoplankton's growth in our
study. Not to be overlooked is the fact that olivine dissolution also re-
leases the trace element chromium. The chemistry of this elements is
complex in the ocean, and the ecological effects of Cr(III) and Cr(VI) on
phytoplankton are not uniform (Flipkens et al., 2021). Their possible
toxicity to phytoplankton needs to be considered in the subsequent
large-scale implementation of ocean alkalinity enhancement.

3.5. Co-culturing the highly silicified diatom with olivine particles
enhanced stoichiometric olivine dissolution

One of the main barriers to olivine dissolution is nonstoichiometric
dissolution, which results in the formation of silica-rich layers on the

Pristine
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surface of olivine at the nanometer scale and prevents further olivine
dissolution (Béarat et al., 2006; Oelkers et al., 2018; Velbel, 1993).
Pristine olivine particles were characterized by smooth surfaces, where
the steps between adjacent terraces of the crystal facets could be visu-
alized in the SEM image (Fig. 3a). The olivine surfaces in controls
without phytoplankton remained relatively smooth (Fig. 3b). The sur-
face of olivine after cultivation of T. pseudonana (Fig. 3c) was relatively
rougher than those seen after growth of P. tricornutum (Fig. 3d) and
G. oceanica (Fig. 3e). The apparent roughening in the former case is
probably due to the utilization of the silicate constituents from olivine
by T. pseudonana. Surface roughening was also revealed in the dissolving
olivine in the presence of P. tricornutum for a different reason, as this led
to the formation of mineral particles covered with fibrous organic
components. It is very likely that these fibrous structures were extra-
cellular polymeric substances (EPS) (Shirokova et al., 2012) secreted by
P. tricornutum. The coverage of individual mineral particles with these
polymeric components may explain the impedance of the continuous
dissolution of olivine in the presence of P. tricornutum.

Based on the EDS finding, the atomic ratios of magnesium and silicon
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Fig. 3. Scanning Electron Microscopy (SEM) images show the microstructural characteristics of olivine surfaces in the absence of phytoplankton: initial (a) and after
45 days dissolution (b), and in the presence of phytoplankton: T. pseudonana (c), P. tricornutum (d) and G. oceanica (e). The values of Mg/Si of different olivine
surfaces with X-ray photoelectron spectroscopy (XPS) and Energy dispersive spectroscopy (EDS) (f). Characterization of different olivine surfaces with Raman

spectroscopy (g).
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(Mg/Si) on the surface of olivine decreased after 45 days of dissolution
without microalgae, which also occurred in G. oceanica or P. tricornutum
induced olivine dissolution (Fig. 3f, Table S5). The lower Mg/Si value on
the olivine surface after dissolution for 45 days was probably due to the
formation and deposition of a silica-rich layer from the silicate released
from olivine dissolution (Bates et al., 1974; Galeener and Mikkelsen,
1981). The Mg/Si on the surface of olivine in the presence of
T. pseudonana was close to that found on the pristine olivine surface
(Fig. 3f, Table S5). The XPS results also demonstrate that the Mg/Si ratio
of the olivine dissolved in the presence of T. pseudonana was close to that
of pristine olivine. In comparison, the Mg/Si ratios of the olivine dis-
solved in the presence of G. oceanica or P. tricornutum and that dissolved
in the abiotic control condition were relatively low, when compared
with the values mentioned above (Fig. 3f, Table S5). Based on results
derived from both EDS and XPS, the Mg/Si value on the surface of
olivine in the presence of T. pseudonana was comparable to that of
pristine olivine, which demonstrates that T. pseudonana facilitated the
stoichiometric dissolution of olivine in seawater.

A peak at 605.9 cm ™! representing the amorphous SiO; layer was
detected by Raman spectroscopy on the surface of olivine in the absence
of phytoplankton and in the presence of P. tricornutum and G. oceanica
(Fig. 3g) (Bates et al., 1974; Galeener and Mikkelsen, 1981). This peak
was not detected on the surface of pristine olivine or olivine in the
presence of T. pseudonana (Fig. 3g). Surface protonation leads to the
release of Mg?™ and meanwhile, promotes the condensed polymeriza-
tion of the SiO%~ groups that evolves into a continuous silica nano-
coating on dissolving olivine (Pokrovsky and Schott, 2000). We
speculate that the formation of amorphous SiO; was due to non-
stoichiometric dissolution and the changes in olivine surface structure
during dissolution. Taken together, our results suggest that olivine
dissolution can be enhanced by diatoms, especially those with thick
siliceous walls, by facilitating stoichiometric dissolution (Fig. 4).

4. Conclusion and perspective

Our study demonstrated that the dissolution of olivine in seawater
can promote the growth of phytoplankton, including diatoms and coc-
colithophores, with more pronounced positive effects on the highly
silicified diatom. Our findings imply that diatoms may outcompete other
phytoplankton, such as coccolithophores, with an increase in primary
production, which is in line with previously predicted ecological con-
sequences of spreading olivine particles in the ocean (Bach et al., 2019).
On the other hand, highly silicified diatoms can promote the

OH
HCO,
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stoichiometric dissolution of olivine, which may also enhance carbon
sequestration. This study is the first to examine the interactions between
marine phytoplankton and olivine dissolution in seawater and provides
valuable insights into ocean-based CDR (Fig. 4).

Although our study demonstrated no negative effects of olivine
dissolution on the phytoplankton strains we examined, the potential
toxicity of olivine dissolution should be further explored. Future studies
should focus on long-term experiments involving not only phyto-
plankton but also other marine organisms. Our findings indicate that the
marine community composition may change if we use olivine to alkalize
the ocean, which may have a significant impact on the marine ecosystem
and biogeochemical cycling. In the future, the impacts of olivine
dissolution in the ocean should be evaluated by lab experiments, mes-
ocosm experiments, and ocean geoengineering scheme field tests.
Additionally, the processes for obtaining small-sized olivine, such as
mineral crushing and transportation, may cause particle contamination
and other environmental problems that may limit its applicability.
Therefore, the large-scale application of marine alkalinity enhancement
using olivine requires an assessment of its carbon balance and potential
negative environmental effects using methods such as Life Cycle Impact
Assessment (LCA) (Foteinis et al., 2023).
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