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Thesis abstract

Thesis abstract

Human-induced climate change is currently considered as the biggest global threat to
natural ecosystems and human societies. To mitigate its adverse impacts, it is essential to
limit global warming to well below 2 °C, ideally 1.5 °C. Achieving this climate goal requires
drastic reductions in anthropogenic greenhouse gas emissions and gigaton-scale
atmospheric carbon dioxide removal (CDR). One proposed CDR method is ocean alkalinity
enhancement (OAE) via coastal enhanced silicate weathering (CESW), which aims to
accelerate the natural CO.-consuming weathering of silicate minerals by distributing
finely ground olivine (MgxFe(2-xSiO4) rich rock in dynamic coastal environments. Olivine
has received most attention for CESW application due to its global abundance, relatively
fast dissolution rate, and theoretically high CO, sequestration potential. However, the in
situ CO; sequestration potential remains uncertain due to limited experimental data
under environmentally relevant conditions. Additionally, olivine contains high levels of
nickel (Ni) and chromium (Cr), which could be toxic to marine biota during large-scale
coastal applications. Yet, the effects of olivine exposure on marine biota are poorly
understood, preventing accurate ecological risk assessment. This thesis aimed to advance
our understanding of olivine dissolution and CO; sequestration kinetics under the

influence of hydrodynamics and assess potential ecotoxicological effects of CESW.

The impact of grain collisions on olivine reactivity in natural seawater was investigated
during a 70-day experiment using benchtop rock tumblers (Chapter 2). Continuous
physical agitation resulted in olivine dissolution rates which were 8 to 19 times higher
than those observed under stagnant conditions, most likely attributed to advective pore
water flushing. Consequently, coastal areas with high bed shear stress and pore water
exchange rates (e.g. nearshore zones) can be considered as suitable olivine deployment
sites. To subsequently bridge the gap between laboratory experiments and complex field
studies, a 175-day flume experiment was conducted in which the effect of current on

olivine dissolution in permeable sediment was investigated (Chapter 3). Although the
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current stimulated alkalinity release from natural sediment, olivine dissolution was more
than one order of magnitude lower than expected. Air-seawater CO; equilibration did not
limit mineral dissolution and passivating layers were absent. Pore water saturation and
secondary calcium carbonate (CaCOs) precipitation could not be confirmed due the lack
of pore water chemistry data and abundance of CaCOs originally present in the natural
sediment. Hence, the reason for the low olivine reactivity remains unknown and requires

further research.

In Chapter 4, an initial assessment of the environmentally safe olivine deployment scale
was conducted based on existing environmental quality standards for Ni and Cr in
seawater and marine sediment. Calculations made under the assumption that all trace
metals released during olivine weathering would either remain in the sediment, or get
flushed into the overlying water, showed that benthic biota would be at highest risk for
trace metal toxicity. Depending on the background sedimentary Ni concentration, only
0.059 to 1.4 kg of olivine m™ of seabed could be supplied without future exceedance of
existing sediment Ni quality guidelines. These results indicate that trace metal toxicity
effects could possibly limit the sustainable CDR potential of CESW, signifying the need for
more in-depth studies on olivine exposure effects on marine biota. Coastal olivine
deployments would change local sediment physicochemical properties, which could alter
habitat suitability and possibly result in community composition changes. The degree of
olivine avoidance in the marine gastropod Littorina littorea and amphipod Gammarus
locusta was investigated during several short term choice experiments (Chapter 5). Pure
olivine was avoided by both species, while natural sediment with 3 or 30% w/w olivine
added was not. Littorina littorea avoided pure olivine due to its pale green colour (i.e.
positive scototaxis), while G. locusta possibly tried to minimize trace metal exposure.
Furthermore, the distance to a food source was found to be an important factor
controlling the degree of olivine avoidance in L. littorea. Overall, the results indicate that
relatively coarse olivine will not be significantly avoided by L. littorea and G. locusta at
environmentally relevant concentrations and that environmental factors such as food or

shelter availability could affect the avoidance response. Finally, short term (24 to 72 h)
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bioaccumulation and chronic (35 d) olivine toxicity were investigated in G. locusta
(Chapter 6). The accumulation of Ni was found to be significantly higher compared to Cr
in both seawater and olivine-exposed amphipods, indicating that most Cr remained in
particulate form of low bioavailability. Metal bioaccumulation was inversely related to
olivine grain size, and thousands of olivine grains (mainly < 10 um) were ingested upon
exposure. Chronic fine-grained olivine (3 — 99 um) exposure reduced amphipod survival,
reproduction, and growth, likely as a result of metal-induced ionoregulatory disruption
and oxidative stress. Amphipod reproduction was adversely affected at olivine
concentrations of 10% w/w and higher. Following the arbitrary assessment factor
method, a very low predicted no-effect concentration of 0.01% w/w olivine was derived.
These findings highlight the need for additional olivine toxicity data (especially for Ni-
sensitive species) to accurately derive the environmentally safe coastal olivine

deployment scale.

Overall, our work provides valuable novel insights into the stimulating effect of
hydrodynamics on olivine reactivity in marine environments and shows possible trace
metal related adverse ecological impacts of CESW (Chapter 7). The observed low olivine
dissolution rate in natural permeable sediment and ecotoxicological effects at relatively
low olivine concentrations highlight the need for additional research on the
environmental safety and in situ CO; sequestration potential of CESW. Specifically,
additional large-scale mesocosm and flume experiments in combination with small field
trials are needed to assess olivine reactivity and CO; sequestration efficiency under
environmentally relevant conditions. Further research on in situ olivine Ni and Cr release
rates, environmental fate, bioavailability, and potential mixture toxicity are also
warranted to ultimately derive robust, bioavailability-based, site specific coastal olivine

application guidelines for climate change mitigation.
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Nederlandstalige samenvatting

Door de mens veroorzaakte klimaatverandering wordt momenteel beschouwd als de
grootste wereldwijde bedreiging voor natuurlijke ecosystemen en menselijke
samenlevingen. Om de nadelige gevolgen ervan te beperken, is het essentieel om de
opwarming van de aarde te beperken tot ruim onder de 2 °C, idealiter 1,5 °C. Het
bereiken van dit klimaatdoel vereist ingrijpende verminderingen van antropogene
broeikasgasemissies en grootschalige verwijdering van koolstofdioxide uit de atmosfeer
(CDR). Een voorgestelde methode voor CDR is alkaliniteitsverhoging van de oceanen
(OAE) via versnelde silicaatverwering in kustzones (CESW), die tot doel heeft de
natuurlijke COj-verbruikende verwering van silicaatmineralen te versnellen door
fijngemalen olivijn (MgxFe-xSiOs) rijk gesteente te verspreiden in dynamische
kustomgevingen. Olivijn heeft de meeste aandacht gekregen voor toepassing in CESW
vanwege zijn wereldwijde abundantie, relatief snelle oplossingssnelheid en theoretisch
hoog CO;-vastleggingspotentieel. Toch blijft het in-situ CO,-vastleggingspotentieel van
olivijn onzeker vanwege beperkte experimentele data onder milieurelevante
omstandigheden. Daarnaast bevat olivijn grote hoeveelheden nikkel (Ni) en chroom (Cr),
die toxisch kunnen zijn voor mariene biota tijdens grootschalige toepassing aan de kust.
De effecten van olivijnblootstelling op mariene biota zijn echter grotendeels ongekend,
waardoor een nauwkeurige ecologische risicobeoordeling onmogelijk is. Dit proefschrift
had tot doel onze kennis van olivijnoplossing en CO;-vastleggingskinetiek onder invloed
van hydrodynamica te verbeteren en potentiéle ecotoxicologische effecten van CESW te

onderzoeken.

De impact van korrelbotsingen op de reactiviteit van olivijn in natuurlijk zeewater werd
onderzocht tijdens een experiment van 70 dagen met behulp van steenpolijsttrommels
(Hoofdstuk 2). Continue fysieke beweging resulteerde in olivijnoplossingssnelheden die 8
tot 19 keer hoger waren dan die waargenomen onder stilstaande omstandigheden,

hoogstwaarschijnlijk toe te schrijven aan advectieve poriewaterverversing. Daarom
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kunnen kustgebieden met hoge bodemspanningen en verversingssnelheden van
poriewater (bv. nearshore zones) beschouwd worden als geschikte locaties voor
olivijndistributie. Om de kloof tussen laboratoriumexperimenten en complexe veldstudies
te overbruggen, werd een flume experiment uitgevoerd van 175 dagen waarbij het effect
van stroming op olivijnoplossing in permeabel sediment werd onderzocht (Hoofdstuk 3).
Hoewel de stroming de afgifte van alkaliniteit uit natuurlijk sediment stimuleerde, was de
oplossing van olivijn meer dan één grootteorde lager dan verwacht. De lucht-zeewater-
COz-equilibratie beperkte de mineraaloplossing niet en passiverende oppervlaktelagen
waren afwezig. Poriewater verzadiging en secundaire calciumcarbonaat (CaCO3s)
precipitatie kon niet worden bevestigd vanwege het gebrek aan chemische poriewater
data en de overvloed aan CaCOs dat oorspronkelijk aanwezig was in het natuurlijke
sediment. De reden voor de lage olivijnreactiviteit kon daarom niet worden bevestigd en

vereist verder onderzoek.

In Hoofdstuk 4 werd een initiéle beoordeling uitgevoerd van de ecologisch veilige schaal
voor olivijndistributie, gebaseerd op bestaande milieunormen voor Ni en Cr in zeewater
en marien sediment. Berekeningen onder de aanname dat alle sporenmetalen die tijdens
de olivijnoplossing worden vrijgegeven in het sediment blijven, of naar het bovenliggende
water worden gespoeld, toonden aan dat benthische biota het grootste risico lopen op
metaaltoxiciteit. Afhankelijk van de achtergrondconcentratie van Ni in het sediment kon
slechts 0,059 tot 1,4 kg olivijn per vierkante meter zeebodem worden uitgespreid zonder
toekomstige overschrijding van de bestaande normen voor Ni in sediment. Deze
resultaten geven aan dat toxische effecten van metalen mogelijk het duurzame CDR-
potentieel van CESW kunnen beperken, wat indiceert dat verder onderzoek naar de
effecten van olivijnblootstelling op mariene biota noodzakelijk is. Olivijndistributie in
kustzones zou lokale fysicochemische eigenschappen van het sediment wijzigen, wat
habitatgeschiktheid zou kunnen veranderen en mogelijk tot wijzigingen in de
samenstelling van de levensgemeenschap zou kunnen leiden. De mate van
olivijnvermijding door de mariene gastropode Littorina littorea en de amfipode

Gammarus locusta werd onderzocht tijdens verschillende korte keuze-experimenten
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(Hoofdstuk 5). Beide soorten vermeden puur olivijn, terwijl natuurlijk sediment waar 3 of
30 massapercentage olivijn was aan toegevoegd niet werd vermeden. Littorina littorea
vermeed puur olivijn vanwege zijn lichtgroene kleur (i.e. positieve scototaxis), terwijl G.
locusta mogelijk metaalblootstelling probeerde te beperken. Bovendien bleek de afstand
tot een voedselbron een belangrijke factor te zijn die de mate van olivijnvermijding bij L.
littorea beinvloedde. Globaal gezien geven de resultaten aan dat relatief grofkorrelig
olivijn niet significant wordt vermeden door L. littorea en G. locusta bij milieurelevante
concentraties, en dat omgevingsfactoren zoals voedsel- of schuilplaatsbeschikbaarheid de
mate van vermijdingsreactie kunnen beinvloeden. Tenslotte werd de korte termijn (24 tot
72 uur) bioaccumulatie en chronische (35 dagen) olivijntoxiciteit onderzocht bij G. locusta
(Hoofdstuk 6). De accumulatie van Ni bleek significant hoger te zijn dan die van Cr in
zowel zeewater als in amfipoden, wat aangeeft dat het meeste Cr in een partikelvorm
met lage bio-beschikbaarheid bleef. De metaalbio-accumulatie was omgekeerd evenredig
met de korrelgrootte van olivijn, en duizenden olivijnkorrels (voornamelijk < 10 um)
werden ingenomen bij blootstelling. Chronische blootstelling aan fijnkorrelig olivijn (3 - 99
um) leidde tot verminderde overleving, voortplanting en groei van de amfipoden,
waarschijnlijk als gevolg van door metaal geinduceerde ionoregulatorische verstoring en
oxidatieve stress. De voortplanting van de amfipoden werd negatief beinvioed bij
olivijnconcentraties van 10% w/w en hoger. Volgens de arbitraire beoordelingsfactor
methode werd een zeer lage voorspelde concentratie zonder effect van 0,01% w/w olivijn
afgeleid. Deze resultaten benadrukken de noodzaak van aanvullende data over
olivijntoxiciteit (vooral voor Ni gevoelige soorten) om nauwkeurig de ecologisch veilige

schaal voor olivijndistributie in kustzones te bepalen.

Over het geheel genomen biedt ons werk waardevolle nieuwe inzichten in het
stimulerende effect van hydrodynamica op de reactiviteit van olivijn in mariene
omgevingen en toont nadelige ecologische effecten van CESW die mogelijk verband
houden met metalen (Hoofdstuk 7). De waargenomen lage oplossingssnelheid van olivijn
in natuurlijk permeabel sediment en ecotoxicologische effecten bij relatief lage

olivijnconcentraties benadrukken de nood aan verder onderzoek rond de ecologische

21



Nederlandstalige samenvatting

veiligheid en het in-situ CO,-vastleggingspotentieel van CESW. Specifiek zijn aanvullende
grootschalige mesocosm- en flume-experimenten in combinatie met kleine veldproeven
nodig om de reactiviteit van olivijn en de efficiéntie van CO,-vastlegging onder
milieurelevante omstandigheden te beoordelen. Verder onderzoek naar in-situ
afgiftesnelheden van Ni en Cr, verspreiding in het milieu, bio-beschikbaarheid en
potentiéle mengseltoxiciteit is ook noodzakelijk om uiteindelijk robuuste, bio-
beschikbaarheid-gebaseerde, locatiespecifieke richtlijnen voor olivijndistributie in

kustzones te ontwikkelen in het kader van klimaatmitigatie.
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1.1 The Earth’s climate

The stable and mild climate conditions on Earth have ensured the availability of liquid
water, making the development and sustenance of life possible (Henderson-Sellers and
Meadows, 1977; Clarke et al., 2013). The climate in a given region is defined by the
average atmospheric conditions (e.g. temperature, humidity, wind) over a period typically
longer than 30 years and is controlled by the radiation balance (Hartmann et al., 1986;
Serreze, 2010). This balance between the incoming radiation from the sun and outgoing
radiation to space depends on various factors such as the solar irradiance, the Earth’s
orbit, and degree of radiation reflection and absorbance. The latter is affected by cloud
coverage, surface albedo, and atmospheric aerosol and greenhouse gas (GHG)

concentrations (Serreze, 2010).

Greenhouse gases absorb infrared radiation from the sun and re-emit a fraction to the
Earth’s surface causing an increase in temperature. This phenomenon is known as the
greenhouse effect and is responsible for the hospitable average temperature of 14 °C on
the Earth’s surface compared to -19 °C in case greenhouse gases would be absent. The
main gases in the atmosphere responsible for this greenhouse effect are water vapour
(H20), carbon dioxide (CO3), methane (CHa), nitrous oxide (N20), and ozone (O3) (Kweku
et al.,, 2018; Tuckett, 2019).

Throughout Earth’s climate history, colder periods with significant ice coverage across the
globe known as icehouse states were alternated by warmer periods known as greenhouse
states as a result of changes in the radiation balance (Serreze, 2010). For example, the
widespread glaciation during the Makganyene “snowball Earth” period (~2.3 — 2.2 billion
years ago) could have been caused by the oxidation-induced drop in atmospheric CHa
concentrations after the evolution of oxygenic photosynthesis (Kopp et al., 2005).
Furthermore, several sudden short (0.1 — 0.2 million years) temperature rises occurred
since the Mesozoic era. For instance, during the Paleocene-Eocene Thermal Maximum

around 55.8 million years ago more than 10,000 gigatons of carbon were released to the

24



General introduction

atmosphere resulting in an estimated 4 to 5 °C average global warming over a period of
around 200,000 years (Cui et al., 2011; Jones et al., 2013; Gutjahr et al., 2017). This event
was possibly caused by volcanism during the formation of the North Atlantic Ocean
(Gutjahr et al., 2017) and led to mass extinction of marine foraminifera and drastic shifts

in marine and terrestrial ecosystems (Mclnerney and Wing, 2011).

The global average temperature has risen by an estimated 1.1 °C since 1850 according to
the Intergovernmental Panel on Climate Change (IPCC). This rate of climate change is
unprecedented and can be entirely ascribed by greenhouse gas emissions from human
activities such as agriculture, deforestation, and burning of fossil fuels (Figure 1.1A) (IPCC,
2021). Industrialization has benefitted human societies by increasing living standards,
economic growth, technological developments, and facilitating transportation (Das,
2014). Nevertheless, the large scale combustion of coal, oil and natural gas for energy
production has already led to a rise of atmospheric CO; concentrations from 286 ppm in
1850 to around 420 ppm in 2023 (Figure 1.1B) and a resulting 1.1 °C global warming.
Depending on future anthropogenic greenhouse gas emissions, average global
temperatures could rise by up to 4.4 °C by 2100 if humankind remains heavily reliant on

fossil fuels during the 215 century (IPCC, 2021).
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Figure 1.1: (A) Observed and simulated annual average change in global surface temperature in the
presence of human and natural (orange) or only natural (green) factors since 1850. (B) Keeling curve
showing the daily atmospheric CO: concentration (ppm) measured since 1956 at the Mauna Loa

Observatory (Hawaii, USA). Figures were adapted from the Sixth Assessment report by the IPCC (IPCC, 2021)

and the keeling curve website (https://keelingcurve.ucsd.edu/) maintained by Scripps Institution of

Oceanography at UC San Diego.

1.2 Global warming risks and policy

Global warming can pose a range of risks to human societies and the environment. These
risks include increased frequency and intensity of extreme weather events (e.g. heat
waves, droughts, storms), sea level rise, ecosystem function and structure disruption, and
loss of biodiversity. Furthermore, global warming would increase water scarcity, affect

agricultural productivity, reduce societal and economic stability, and directly or indirectly
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endanger human health (Kim et al., 2014; IPCC, 2022a). These impacts of climate change
are already apparent across the globe today and will increase in intensity with every 0.1
°C of additional global warming (Hashim and Hashim, 2016; IPCC, 2022a). Moreover, it is
important to mention that temperature thresholds, known as climate tipping points, exist
above which adverse consequences are irreversible (Lenton et al., 2019). For example,
the western Greenland Ice Sheet (GrIS) has melted to a point where recovery might not
be possible (Boers and Rypdal, 2021). Complete melting of the GrlIS would lead to a rise in
global sea level up to 7 m and disruption of the Atlantic Meridional Overturning
Circulation via the large freshwater influx in the North Atlantic which could trigger a
cascade of other climate tipping points (Aschwanden et al., 2019; Orihuela-Pinto et al.,

2022).

The problem of climate change was already discovered in the 19t century, but it was only
first discussed globally in 1979 at the World Climate Conference in Geneva (Switzerland)
(WMO, 1979; Gupta, 2010). Afterwards, several other international conferences were
organized and the IPCC was formed in 1988 by the United Nations Environment
Programme and the World Meteorological Organization to provide policymakers scientific
assessments of the knowledge and state of global warming on a regular basis. The first
IPCC report about the state of global warming, future risks, and need for mitigation
measures was released in 1990 (IPCC, 1990; Gupta, 2010). In 1992, the United Nations
Framework Convention on Climate Change (UNFCC) was signed by 154 countries with the
main aim to keep atmospheric GHG concentrations below a level that would lead to
dangerous anthropogenic interference with the climate system. In 1995, the Conference
of the Parties (COP) was established to monitor and review the implementation of the
UNFCC on a yearly basis. During the third COP in 1997, the international Kyoto protocol
was adopted with individual targets to reduce GHG emission in developed countries by
4% compared to 1990 emissions in the period from 2008 to 2012 (Nations, 1998; Gupta,
2010; Mor et al., 2023). This protocol was implemented in 2005 and the progress was
discussed at the 215t COP in Paris where the Paris Agreement was adopted by 196

countries (UNFCC, 2015; Mor et al., 2023).
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The Paris Agreement is a milestone in global climate efforts since it was the first universal
legally binding agreement with the ambitious goal to keep average global temperature
rise well below 2 °C, ideally 1.5 °C compared to pre-industrial levels. In contrast to the
Kyoto protocol, countries are free to set their own climate change mitigation targets
under the Paris Agreement. Nevertheless, these targets are revised every five years to
pressure for more ambitious climate change mitigation and adaptation measures

worldwide (UNFCC, 2015; Falkner, 2016).

1.3 Climate change mitigation

Keeping global warming below the 2 °C will require drastic reductions in anthropogenic
GHG emissions in the coming decades. The European Union pledged to reduce GHG
emissions by at least 55% (compared to 1990 levels) by 2030 and achieve net zero
emissions by 2050 (Skjeerseth, 2021). This necessitates a decarbonization of the energy
sector by transitioning from fossil fuels to renewables such as solar, wind and
hydroelectric energy. Furthermore, energy efficiencies should be improved by for
example developing energy efficient technologies and improving insulation of buildings
(Noailly, 2012; Al-Ghussain, 2019; IPCC, 2022b). Additionally, sustainable land use should
be practiced and a circular economy should be promoted (IPCC, 2022b). Moreover, both
financial and policy support are needed to facilitate the transition to a net zero emissions
economy and people should try to reduce their carbon footprint by for example eating
less meat and reducing flying for business trips or holidays abroad (Whitmarsh et al.,

2021; IPCC, 2022b).

In addition to drastic GHG emission cuts, active removal of atmospheric CO, and storage
in geological, terrestrial or ocean reservoirs is needed on a gigaton scale to meet the
climate goals (Minx et al., 2018; IPCC, 2022b). Specifically, carbon dioxide removal (CDR),
also known as negative emission technologies (NETs), are required to offset residual GHG
emissions from hard-to-abate sectors such as aviation, agriculture, and steel industry and

to compensate for carbon budget overshoot. An estimated cumulative 25 to 800 Gt or

28



General introduction

115 to 1180 Gt of CDR is needed to keep global warming below 2 °C, or 1.5 °C,
respectively depending on the rate of conventional mitigation (Gasser et al., 2015; Minx
et al., 2018). Achieving this scale requires urgent implementation of CDR methods and
yearly gigaton scale atmospheric carbon removal between 2030 and 2050 (Minx et al.,
2018). Various CDR methods have been put forward (Figure 1.2) and will be briefly
introduced in the next paragraphs. Importantly, the dependence on these CDR techniques
to achieve the climate goals should be kept to a minimum given their relatively high cost
(ranging from < $20 to $1000 t! CO,), and currently uncertain CO, sequestration
potential, and environmental safety. Furthermore, a portfolio of CDR techniques should
be implemented to achieve the required CDR targets in order to minimize the scale of

each individual technology (Minx et al., 2018).
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Figure 1.2: Proposed carbon dioxide removal (CDR) technologies in the 6 assessment report of the IPCC
(Cross-Chapter box 8, Figure 1) adapted from Minx et al. (2018). The CO2 removal process (grey shaded
boxes), storage time and medium (yellow/brown shaded boxes) and implementation option(s) (white boxes)

are given for each CDR technology.
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A range of terrestrial and marine CDR techniques with a megaton to gigaton scale
mitigation potential have been proposed (Figure 1.2). Terrestrial options include planting
trees, soil carbon sequestration, biochar, bioenergy with carbon capture and storage
(BECCS), direct air capture and storage (DACCS), enhanced weathering, and restoration of
wetlands and “blue carbon” ecosystems (i.e. mangroves, tidal marshes, seagrasses) (IPCC,
2022b). Most terrestrial CDR methods have the possible co-benefits that they could
enhance biodiversity and improve soil quality (e.g. increase soil pH and nutrient content
and retention) and associated crop productivity when implemented correctly. However,
competition for land with agriculture and biodiversity conservation could prevent large
scale implementation. Furthermore, terrestrial carbon storage is generally more prone to
disturbance (e.g. forest fires, drought, diseases) compared to marine or geological storage
and hence potentially less reliable for long term carbon storage (Fuss et al., 2018; IPCC,

2022b).

Marine CDR methods comprise of “blue carbon” ecosystem restoration and conservation,
ocean fertilization, and ocean alkalinity enhancement. These methods have the benefit
that they do not compete for land and aid in counteracting ocean acidification (OA).
Furthermore, blue carbon ecosystems could improve coastal protection and biodiversity
and ocean fertilization could potentially enhance fisheries by providing additional
biomass for consumption at the base of the marine food web. Nevertheless, seawater
chemistry changes (e.g. pH, mineral saturation states, trace metal concentrations) could
also be potentially harmful for marine biota above certain thresholds (IPCC, 2022b).
Furthermore, marine CDR methods do not directly remove CO, from the atmosphere in
contrast to most terrestrial CDR methods, but rely on creating a seawater CO; deficit (via
photosynthetic CO. fixation or CO; conversion to HCO3") to achieve atmospheric CO;

drawdown (Bach et al., 2023).

30



General introduction

1.4 Ocean alkalinity enhancement via enhanced weathering

The ocean serves as the Earth’s largest carbon sink (~93% of total C storage) and currently
takes up approximately 25% of the yearly anthropogenic CO; emissions (Holmén, 1992;
Heinze et al., 2015). This ocean carbon cycling is governed by three pumps, namely the (l)
the biological pump, () the carbonate pump, and (lll) the solubility pump. The biological
and carbonate pump are driven by photosynthesis of phytoplankton and CaCOs formation
by calcifying organisms (e.g. molluscs, corals, coccolithophores), respectively (Heinze et
al., 2015; Duan et al., 2022). The solubility pump is the result of CO; dissolution in
seawater (Eg. 1.1 and 1.2) which is affected by seawater temperature, salinity, partial
pressure of CO; (pCOz), pH, total alkalinity (TA), and ocean circulation (Zeebe and Wolf-
Gladrow, 2001).

CO,(atm) = CO,(aq) [1.1]
CO,(aq) + H,0 = HCO3 + H* = CO%™ + 2H* [1.2]

Ocean alkalinity enhancement (OAE) aims to enhance the solubility pump by increasing
seawater TA. The TA (Eq. 1.4) can be interpreted as the acid buffering capacity of
seawater and is formally described as “the number of moles of hydrogen ion equivalent
to the excess of proton acceptors (bases formed from weak acids with a dissociation
constant K < 10 at 25 °C and zero ionic strength) over proton donors (acid with K > 10°
43)in 1 kilogram of sample” by Dickson (1981). TA addition to seawater would shift the
partitioning of inorganic carbon species by proton consumption, which would lower
dissolved CO; concentration (CO2(aq)) (Eg. 1.2) driving atmospheric CO, drawdown (Eq.
1.1) (Meysman and Montserrat, 2017). The sequestered CO2 would remain in seawater as
dissolved inorganic carbon (DIC) (Eq. 1.3) over time scales associated with alkalinity

cycling in the ocean, on the order of up to 100,000 years (Middelburg et al., 2020).

DIC = XCO, = [CO,] + [HCO3] + [CO%7] [1.3]

31



General introduction

TA = [HCO3] + 2[CO2"] + [B(OH);] + [OH™] + [HPO2™] + 2[P0O3~] + [SiO(OH)3] +
[NH;] + [HS™] + -+ — [H*]g — [HSO;] — [HF] — [H3PO,] — - [1.4]

Seawater TA can be increased electrochemically by various methods which rely on the
splitting of water molecules with renewable electricity in H* and OH" ions at the cathode
and anode, respectively. The OH" rich water can be discharged in the ocean to increase
seawater TA, while the acid stream can be neutralized with for example alkaline silicate
minerals (Rau et al., 2018). Additionally, alkaline materials such as hydrated lime
(Ca(OH)2) or olivine (Mg,,Fe,1_x)Si0,) release alkalinity upon dissolution (Eq. 1.5 and

1.6) and could therefore potentially be used for OAE (Renforth and Henderson, 2017).

Ca(OH), + 2C0, — Ca?* + 2HCO3 [1.5]

Mg, Fe,_,Si0, + 4H,0 + 4C0, —» xMg?* + (2 — x)Fe?* + H,Si0, + 4HCO3 [1.6]

The chemical weathering of silicate rocks is an important carbon sink over geological time
scales (thousands to millions of years) and is responsible for the relatively constant
climate on earth during the past 4 billion years despite a steady (~¥30%) increase in the
sun’s luminosity (Penman et al., 2020). Currently, chemical weathering of silicates
consumes an estimated 0.26 Gt of carbon per year (Hartmann et al., 2010). Coastal
enhanced silicate weathering (CESW) aims to accelerate this climate regulating process to
human time scales by distributing finely ground (ultra)mafic silicate rocks rich in fast
weathering minerals (e.g. olivine) in the dynamic coastal environment (Figure 1.3)
(Meysman and Montserrat, 2017). Dunite rock has received most attention for this
technique due its global abundance and fast weathering kinetics of the most abundant (>
90%) mineral olivine (MgxFe-xSiOs) present in this rock type (Kohler et al., 2010;
Schuiling and De Boer, 2011; Rimstidt et al., 2012; Hartmann et al., 2013; Taylor et al.,
2016; Meysman and Montserrat, 2017; Caserini et al., 2022; Fuhr et al., 2022). During

olivine dissolution in seawater (Eq. 1.6), protons are consumed which increases seawater
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alkalinity and subsequent seawater CO, uptake (Figure 1.3). The geochemical properties

of olivine are discussed in more detail in section 1.5.
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Figure 1.3: Schematic representation of the CO: sequestration mechanism (section 1.4) and possible
beneficial (green text) and adverse (red text) ecosystem impacts from changes in seawater chemistry

(section 1.7) during coastal enhanced olivine weathering.

Continental shelf seas could be suitable for enhanced silicate weathering (ESW) because
of the large surface area (24-29 x 10°% km?) and relatively easy implementation of olivine
spreading in existing coastal zone management practices (e.g. beach nourishment, land
reclamation) (Mackenzie and Lerman, 2006; Meysman and Montserrat, 2017; Montserrat
et al.,, 2017). Furthermore, the natural grinding of rocks by waves and currents and
proportionally large mixing layer where CO, exchange between the atmosphere and TA-
enriched seawater is possible, favour the distribution of olivine in coastal areas compared
to the open ocean (Schuiling and De Boer, 2011; Koéhler et al.,, 2013; Meysman and
Montserrat, 2017). Moreover, porewater flushing by coastal hydrodynamics and benthic

macrofauna (i.e. bio-irrigation) could prevent porewater saturation effects that would
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hamper olivine dissolution (Meysman and Montserrat, 2017; Montserrat et al., 2017).
Finally, microbial porewater acidification and passage of olivine through the acidic,
bacteria rich guts of deposit feeders could potentially enhance mineral reactivity since
acidic conditions are known to accelerate olivine dissolution (Needham et al., 2004; Rao

et al., 2012; Meysman and Montserrat, 2017; Oelkers et al., 2018).

1.5 Olivine

Olivine represents a group of magnesium-iron silicate minerals (MgxFe(2-xSiO4) which are
formed deep in the Earth’s upper mantle (Harben and Smith jr., 2006; Kremer et al.,
2019). Forsterite (Mg2SiOa4) is the magnesium rich end-member, while fayalite is the iron
rich end-member (Fe;SiO4). On the earth’s surface olivine with a Mg-to-Fe ratio of 1.6:0.4
(Mg1.6Fe0.4Si04) is most common, which has an olive green colour from which the
mineral’s name is derived. Olivine naturally occurs in (ultra)mafic (£ 55% SiO; content)
magmatic rocks and certain metamorphic rocks and is most commonly present in
peridotite rocks such as dunite and serpentinite (Kremer et al., 2019; Caserini et al.,
2022). Currently, approximately 8 Mt of olivine is mined each year mainly for
metallurgical use as a slag conditioner in iron and steel industries, refractory, foundry
sand, and as a fertilizer. Additionally, the low free silica content (<1%), Mohns hardness of
6.5 to 7.0, specific gravity of 3.3 g cm=, conchoidal (i.e. curved, shell-like) fracture, and
light coloured dust make it attractive for use as an airblast abrasive, filtration medium,
and weighting agent in concrete oil-production platforms (Olerud, 1993; Harben and

Smith jr., 2006).

From the yearly olivine production, roughly 3.5 Mt originates from the 2000 Mt high
quality dunite bodies of the Fjordane Complex in Norway. Japan is the second largest
olivine producer with 2 Mt per year from serpentine reserves (~100 Mt) in the Horoman
Hill region. Other countries such as Austria, Argentina, Brazil, Italy, Korea, Mexico, Spain,
Taiwan, and the United States (US) also mainly rely on serpentine reserves for olivine

production. In Italy, olivine reserves are estimated at 650 Mt and located in the Piedmont
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region. For the US, olivine is only produced in relatively small amounts (0.1 Mt per year)
in the Cascade Mountains of Washington State and Smoky Mountains of North Carolina.
The latter location contains several bodies of dunite and serpentine, with the largest one
estimated at 300 Mt. Furthermore, a huge body of 200 Gt unaltered dunite is believed to
be present in the Twin Sisters Mountains (Harben and Smith jr., 2006; Kremer et al., 2019;
Caserini et al., 2022). Overall, the estimated gigaton scale CDR potential of coastal
enhanced olivine weathering should not be limited by suitable rock availability if the
estimated reserves are correct (Kohler et al., 2010; Renforth, 2012). However, significant
upscaling of the mining operations and world fleet size for olivine distribution would be

required (Hangx and Spiers, 2009).

The experimental work of this thesis was conducted with various grain sizes of
VANGUARDE® refractory grade dunite sand from Sibelco’s Aheim mining site in Norway
(Figure 1.4). The mineral and elemental composition of this dunite sand as given by the
manufacturer, reported by previous studies and measured in the current study are shown
in Table 1.1 Norwegian dunite contains on average 92% olivine, of which 94% is forsterite
and 6% is fayalite according to Olerud (1993). Kremer et al. (2019) and Santos et al. (2015)
reported a ferroan-forsterite (i.e. forsterite with iron substitution) content of 75 to 80%
and 84.5%, respectively in Norwegian dunite based on X-ray diffraction (XRD) analysis.
Here, we measured a similar ferroan-forsterite content via XRD analysis ranging between
69 and 86% (Table 1.1). Dunite is primarily composed of Mg, O, Si, and Fe as can be seen
from the chemical formula of olivine (Eg. 1.5) (Table 1.1). Additionally, several trace
elements are present of which Ni and Cr are of potential ecotoxicological concern (see
section 1.7.4). Throughout this thesis, “olivine” will refer forsterite rich dunite unless

specified otherwise.
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Table 1.1: Mineral and elemental composition of Norwegian dunite analysed via X-ray diffraction (XRD) and
ICP-MS or ICP-OES, respectively. All concentrations are given in wt%. Values for the current study are
averages for the different grain sizes. Note that oxygen makes up the remaining ~40 wt% of the dunite

elemental composition. N.A. = not available, N.D. = not detected.

Mineral Unit Manufacturer Santos et al. Kremeretal. Current study
composition (2015) (2019)
Ferroan-forsterite wt% N.A. 84.5 75-80 69 — 86
Enstatite “ N.A. N.D. 10-15 5-8
Antigorite “ N.A. N.D. N.D. 1-6
Chlorite “ N.A. N.D. N.D. 2-9
Hornblende “ N.A. N.D. N.D. 1-2
Talc “ N.A. 0.5 N.D. 1-7
Quartz “ N.A. 0.2 N.D. <1
Lizardite “ N.A. 2.7 <5 N.D.
Fayalite “ N.A. 2.5 N.D. N.D.
Clinochlore “ N.A. 21 N.D. N.D.
Tirodite “ N.A. 3.1 N.D. N.D.
Magnesian calcite “ N.A. 1.0 N.D. N.D.
Magnesite “ N.A. 0.2 N.D. N.D.
Periclase “ N.A. 0.1 N.D. N.D.
Brucite “ N.A. 0.7 N.D. N.D.
Chromite “ N.A. 11 N.D. N.D.
Elemental

composition

Mg wt% 30.4 27.2 24.8 22.0-304

Si “ 26.6 20.7 22.7 N.A.

Fe “ 5.0 3.7 5.5 3.6-5.0

Cr “ 0.30 0.24 N.A. 0.11-0.30

Ni “ 0.25 0.27 0.94 0.21-0.25

Al “ 0.081 0.17 0.26 0.00081 -
0.0032
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Mn “ 0.068 0.09 N.A. 0.062 - 0.068
Co “ 0.011 0.02 N.A. 0.0093 -
0.011

Figure 1.4: Picture of the experimental Norwegian dunite sand (93 — 332 um) and a detailed scanning
electron microscope image of a singular olivine grain that is covered with fine (<10 um) olivine particles

originating from the industrial grinding process.

In addition to the global abundance, olivine is one of the fastest weathering silicate
minerals (Hartmann et al., 2013; Oelkers et al., 2018). This fast dissolution rate is the
result of olivine’s relatively simple structure comprised of silicate (Si0;) tetrahedra
connected by divalent cations Me?* (e.g. Mg?*, Fe?*, Ni%*) via ionic bonds. These ionic
Me?*-0O bonds are easier to break compared to the covalent Si-O-Si bonds typically found
in other silicate minerals, resulting in a relatively fast dissolution rate (Oelkers et al.,
2018). Laboratory olivine weathering experiments have shown that the olivine dissolution

rate is mainly influenced by mineral reactive surface area and solution pH and
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temperature (Rimstidt et al., 2012; Oelkers et al., 2018). Olivine grains dissolves faster
when they are ground to a small size (large surface area) and exposed to acidic, high
temperature conditions (Oelkers et al., 2018). These conclusions were drawn from
experiments conducted in simple salt (e.g. NaCl) or acid (H2SO4) solutions rather than
actual seawater (Golubev et al., 2005; Kleiv and Thornhill, 2008; Rimstidt et al., 2012).
Currently, only four studies have investigated olivine dissolution in artificial or natural
seawater (Montserrat et al., 2017; Rigopoulos et al., 2018; Fuhr et al., 2022; Fuhr et al.,
2023). Furthermore, the possibly stimulating effect of bioturbation and coastal
hydrodynamics (i.e. waves and currents) on olivine reactivity (see section 1.4) has not
been investigated. Therefore, in situ olivine dissolution rates remain uncertain, which
prevents accurate assessment of the CO, sequestration potential of coastal enhanced

olivine weathering in the 215t century (Meysman and Montserrat, 2017).

1.6 Marine CO; sequestration potential with olivine

The potential contribution of coastal enhanced olivine weathering to climate change
mitigation depends on the rate of atmospheric CO2 removal R¢o, (umol CO2 m-2 seafloor
s1) which can be calculated from the net CO; sequestration efficiency y&‘jtz (umol CO;
umol? olivine) and olivine (ol) dissolution rate Ro (umol olivine m seafloor s) (Meysman

and Montserrat, 2017) according to:

Rco, = ¥Co,Ro1 = [(8DIC /ST A)pco,arad(1 — &)] [katA(1 — 2)C] [1.7]
Where y(G; represents the net amount of CO; that is sequestered upon dissolution of a
given amount of olivine, and is dependent on the seawater CO; sensitivity (6DIC/
0T A)pco,, the alkalinity release during olivine dissolution, and the CO2 emissions during
mining, grinding and transport of the olivine, which are accounted for by the
dimensionless factors at and ¢, respectively. The olivine dissolution rate Rl is depended
on the olivine dissolution rate constant ko (umol olivine m2 s), mineral reactive surface
area A (m? g?t), mass of supplied olivine C (g m? of seafloor), and the pore water
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saturation state with respect to olivine £2 (dimensionless). The CO. sensitivity can be
accurately quantified when local seawater conditions (e.g. pH, salinity, temperature) at
the olivine deployment site are known (Hofmann et al., 2009). Similarly, CO, emissions
associated with mining, grinding, and transport of the olivine can be assessed with
relatively low uncertainty (Moosdorf et al., 2014; Meysman and Montserrat, 2017).
However, the alkalinity release during olivine dissolution at, remains uncertain due to
possible serpentinization of olivine and formation of secondary minerals that scavenge

alkalinity (Table 1.2) (Griffioen, 2017; Fuhr et al., 2022).

Various secondary mineral have been hypothesized and observed to form during olivine
dissolution in seawater including calcium carbonates (mainly aragonite), iron
(hydr)oxides, and phyllosilicates (e.g. sepiolite and talc) (Table 1.2) (Griffioen, 2017;
Rigopoulos et al., 2018; Fuhr et al., 2022). The rate of secondary mineral precipitation is
dependent on the mineral saturation state Q, and the quality and quantity of nucleation
sites where mineral formation is initiated (Moras et al., 2022; Hartmann et al., 2023). The
dimensionless mineral saturation state Q is defined as the quotient of the ion activity
product (IAP) and the solubility product Ks. The IAP is equal to the product of the
activities of the dissolved ions involved in the mineral precipitation reaction, while Ky, is a
thermodynamic constant that indicates the equilibrium solubility of a specific mineral in a
solution with a given temperature, salinity, and pressure (Doney et al., 2009; Griffioen,
2017). Significant secondary mineral formation is expected in solutions with high levels of
supersaturation (i.e. high Q) and an abundance of high-quality nucleation sites (Hartmann
et al.,, 2023). However, knowledge about the kinetics and critical saturation state
thresholds for secondary mineral precipitation is largely lacking (Moras et al., 2022).
e

Consequently, the yé‘otz for coastal enhanced olivine weathering can currently not be

accurately estimated.

Table 1.2: Possible secondary mineral formation reactions during olivine dissolution in seawater reported by

previous studies (Griffioen, 2017; Rigopoulos et al., 2018; Fuhr et al., 2022). The formation of these minerals
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is undesirable since it would reduce the net CO: sequestration efficiency of coastal enhanced olivine

weathering.

Aragonite/ Ca%* + 2HCO3 - CaCO5 + CO, + H,0 [1.8]

calcite

Amorphous Fe?+ + %02 + H* + 3H,0 - Fe(OH)5 + 3H* + 0.5H,0 18]

ferrihydrite

Sepiolite 2Mg?* + 3H,Si0, —» Mg,Si30,5(0H)(H,0)3 + 4H* + 0.5H,0  [1.9]

Talc 3Mg?* + 4H,Si0, + 4H,0 — Mg3Si,0,,(0H), + 6H* [1.10]

Chrysotile 3Mg?* + 2H,Si0, + H,0 » Mg;Si,0(0H), + 6H* [1.11]

Serpentinization 3Mg,Si0,4 + 4H,0 + Si0, —» 2Mg;Si, 05(0H), [1.12]
2Mg,Si0, + 3H,0 — Mg;Si,0:(0OH), + Mg(OH), [1.13]

To date, olivine dissolution rate constants have mainly been derived from laboratory
experiments where olivine is weathered in idealized solutions, rather than in actual
seawater as mentioned in section 1.5. Furthermore, the impact of biota and coastal
hydrodynamics on olivine dissolution could potentially be significant, but has not been
experimentally studied (Meysman and Montserrat, 2017). Finally, limited knowledge on
changes in reactive mineral surface area during olivine dissolution prevent accurate
predictions of temporal changes in olivine dissolution rates (Oelkers et al., 2018; Strefler
et al., 2018). Overall, various crucial parameters needed to accurately assess the
atmospheric CO; removal rate of coastal enhanced olivine weathering are currently
poorly constrained, signifying the urgent need for additional experimental work on this

topic.

1.7 Ecological impacts of coastal olivine spreading

Environmental changes induced by coastal enhanced olivine weathering need to be
carefully assessed to ensure that the technique will be deployed at a scale where benefits
significantly outweigh any potential adverse ecosystem effects. Coastal olivine spreading

will result in both physical and chemical environmental changes that could affect marine
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biota either positively or negatively (Hartmann et al., 2013; Kohler et al., 2013; Bach et al.,
2019). An overview of the possible co-benefits and ecological risks of coastal enhanced
olivine weathering that have currently been recognized will be provided in the following

sections.

1.7.1 Physical perturbations

Dedicated studies about the physical impacts of coastal enhanced olivine weathering are
currently lacking. However, it is reasonable to anticipate that these impacts would be
comparable to those of beach nourishment and be dependent on the olivine supply rate
and grain size. Mortality through burial is an immediate threat to benthic fauna during
beach nourishment that is dependent on the thickness of the deposited sediment layer
(Speybroeck et al., 2006; Schlacher et al., 2012). Typically, during beach nourishments,
sediment layers ranging from 1 to 2.5 m in thickness are supplied, resulting in mortality of
all resident benthic biota (Speybroeck et al., 2006). For CESW, the olivine supply rate
should ideally be chosen based on the local environmental conditions to minimize the risk
of secondary mineral precipitation and adverse ecosystem impacts (Riebesell et al., 2023).
The supplied olivine layer needed to achieve gigaton-scale atmospheric CO; removal
would likely only be a couple cm thick at most, depending on how homogenously it would
be spread along coastal zones (Kohler et al., 2013). Mobile benthic organisms such as
polychaetes would therefore be at minor risk of burial-induced mortality, although the
survival of less mobile taxa such a microphytobenthos might be compromised

(Speybroeck et al., 2006).

Olivine particles larger than 10 um would likely quickly sink to the seafloor (within days),
while very fine particles (£ 1 um diameter) could theoretically remain in suspension for
several years (Kohler et al., 2013). Suspended olivine particles would increase seawater
turbidity and potentially reduce light transparency in low-productive ocean waters
(Kohler et al., 2013). However, due to the low photosynthetic activity in these areas, the

impact on the biological carbon pump would likely be limited (Kéhler et al., 2013).
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Furthermore, limited shading would be expected for coastal zones in Europe, since
suspended particulate matter concentrations (~0.02 — 50 g m™3) would typically be higher

than olivine input rates (Kohler et al., 2013).

Additionally, suspended olivine particles could potentially physically damage marine biota
through grain abrasion and adversely affect the feeding efficiency of marine suspension
feeders (e.g. bivalves, sponges, and tunicates). For examples, Cheung and Shin (2005)
observed a significant depletion in cilia on the gill lamellae of the green-lipped mussel
(Perna viridis) during a 14-day exposure to suspended marine sediment at concentrations
500 mg L* and higher. Notably, adverse effects were found to be dependent on the grain
size, with increased damage during exposure to larger grain sizes (Cheung and Shin,
2005). A strong correlation between suspended sediment concentrations and structural
gill damage (including epithelium lifting and reduction of epithelial volume) was also
observed for the green grouper Epinephelus coioides after a six-week exposure (Au et al.,
2004). Sponges exhibit little particle selectivity during filter feeding and are therefore
prone to ingest olivine particles that could damage and clog their feeding structures (Bell
et al., 2015; Godefroy et al., 2019). Additionally, suspension feeding bivalves are known to
be vulnerable to elevated concentrations of suspended solids, which can adversely affect
various physiological processes including clearance rate, oxygen consumption and growth
(Bricelj et al., 1984; Grant and Thorpe, 1991; Ward and MacDonald, 1996; Cheung and
Shin, 2005). Moreover, suspended sediments can also adversely affect adult corals by
reducing solute exchange (smothering), decreasing feeding activity, and increasing energy
expenditure for self-cleaning (Jones et al., 2016). These adverse effects on lower trophic
levels could potentially also reduce prey availability for marine mammals and fish
(Kjelland et al., 2015; Todd et al., 2015). Hence, dedicated experiments on the effects of
suspended olivine particles on marine biota may be warranted if large amounts of olivine

would be deployed.

Once olivine gets mixed in the seafloor through biological and hydrodynamic processes, it

would alter the physical and chemical characteristics of the surficial sediment. Olivine
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grains would possibly be smaller and less rounded compared to local sediment grains.
Additionally, the density of olivine grains (3.3 g cm™3) could be higher than most minerals
that naturally occur in the sediment at the deployment site (e.g. quartz, 2.65 g cm3)
(Veerasingam et al., 2014; Kermani et al., 2016; Montserrat et al., 2017). These changes in
the physical sediment properties could lead to increased compaction of the sediment,
which would alter sediment porosity, permeability, capillarity, and exchange of gases and
nutrients (Speybroeck et al., 2006). Furthermore, sediment compaction could adversely
affect the feeding of wading bird and movement of infauna (Speybroeck et al., 2006).
Moreover, changes in sediment grain size distribution would change the habitat
suitability for marine biota and thus possibly result in changes of the benthic community
species composition (Speybroeck et al., 2006; de Schipper et al., 2021). Changes in
sediment colour resulting from the addition of light green coloured forsterite sand could
also possibly have ecological consequences (Speybroeck et al., 2006). Organisms that are
unable to change their colour to match the environment could for example be at a higher
risk of predation by visual predators (Johannesson and Ekendahl, 2002). In addition to
these physical changes, olivine addition could reduce the organic matter concentration in
the surface sediment and increase the concentration of trace metals, notably nickel (Ni)
and chromium (Cr) (Speybroeck et al., 2006; Hartmann et al., 2013). Dilution of the
sediment organic matter content through olivine addition could temporarily reduce the
food availability for benthic deposit feeders (Lopez and Levinton, 1987). The ecological
risks of trace metal release during olivine dissolution are discussed in detail in section

1.7.3.

1.7.2 Ocean alkalinization and fertilization

Coastal enhanced olivine weathering changes the seawater carbonate chemistry (i.e.
increased pH, TA, and DIC after atmospheric CO; equilibration) and results in the release
of various elements (mainly Mg, Si, Fe, Ni, and Cr) to the marine environment. These
chemical changes could have a range of effects on marine ecosystems and

biogeochemical cycling therein (Hauck et al., 2016; Meysman and Montserrat, 2017; Bach
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et al., 2019). Findings from both in silico and in vivo experiments will be described in the

following paragraphs.

Rising atmospheric CO; concentrations have resulted in increased anthropogenic CO;
uptake by the oceans which reduces seawater pH and lowers the CaCOs3 saturation state
(Doney et al., 2009). This process of OA has resulted in a decrease of seawater pH by 0.1
units (from approximately 8.21 to 8.10) since the industrial revolution, which could
further decline by 0.3 to 0.4 units in the 215t century if anthropogenic CO, emissions
continue to rise (business-as-usual scenario) (Orr et al., 2005). Ocean acidification most
notably reduces the calcification and growth rate of shell forming organisms including
planktonic species (e.g. coccolithophores and foraminifera) and benthic invertebrates
(e.g. molluscs, echinoderms, and corals) (Doney et al., 2009; Das and Mangwani, 2015;
Meyer and Riebesell, 2015). However, other marine organisms are also affected by OA
either directly (e.g. increased N; fixation by cyanobacteria, or increased growth of
seagrasses) or indirectly (e.g. through habitat loss) (Hutchins et al., 2007; Palacios and

Zimmerman, 2007; Nagelkerken and Connell, 2022).

A proposed co-benefit of coastal enhanced silicate weathering is mitigation of OA via
proton consumption during olivine dissolution in seawater (Eq. 1.6) (Hartmann et al.,
2013; Meysman and Montserrat, 2017). However, biogeochemical modelling by Koéhler et
al. (2013) showed that seawater pH would only increase by 0.007 units after yearly
homogeneous application of 3 Gt olivine over the global ocean. Similarly, Hauck et al.
(2016) concluded that the mitigation of OA through olivine dissolution is limited after
seawater CO; equilibration with the atmosphere. Additionally, OAE from CESW increases
seawater CO%~ concentrations and thus elevates the CaCO; saturation state. Therefore,
coastal enhanced olivine spreading could improve CaCOs; formation in calcifying
organisms (Bach et al., 2023). However, at mineral dissolution hotspots phytoplankton
growth could potentially decrease if seawater pCO, falls below approximately 100 patm

due to poor seawater mixing and slow CO; in-gassing (Bach et al., 2011; Bach et al., 2019).
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The number of experimental studies about the effects of ocean alkalinity enhancement
on marine biota has risen significantly during the past years, but remains limited (Cripps
et al,, 2013; Gore et al., 2019; Ferderer et al., 2022; Subhas et al., 2022; Ferderer et al,,
2023; Gately et al., 2023; Guo et al., 2023). Increased seawater TA (by ~1000 pEq L%?)
enhanced CaCOs production by 60% in the red calcifying algae Corallina sp. with no
significant effects on respiration, primary production, or photophysiology during the 21-
day exposure (Gore et al., 2019). Moderate (~700 umol kg?) and high (~2700 umol kg)
alkalinity additions did not significantly alter the growth rate or elemental ratios of the
diatom Chaetoceros sp. and coccolithophore Emiliania huxleyi during single species
laboratory experiments (Gately et al., 2023). Similarly, mostly negligible responses were
observed on natural microbial communities of the oligotrophic North Atlantic Subtropical
Gyre exposed to various total alkalinity additions (~¥512 to 2050 peq kg?) during a 4-day
microcosm experiment at sea (Subhas et al., 2022). In contrast to these positive or neutral
effects, Ferderer et al. (2022) observed a reduction in silicic acid drawdown and biogenic
Si build-up by diatoms during a 22-day microcosm experiment in which a coastal plankton
community was exposed to alkalinity enriched seawater (+500 umol kg?). In a follow-up
pelagic mesocosm experiment in Norway, silicate- and calcium-based mineral OAE (0 to
600 umol kg TA additions and corresponding Ca or Mg addition) had limited genus-
specific impacts on diatoms (Ferderer et al., 2023). Observed effects included increased
diatom silicification for the silicate-based OAE treatment and increased silicification of
diatoms from the genus Pseudo-nitzschia at elevated seawater total alkalinity (Ferderer et
al., 2023). Furthermore, enhanced seawater alkalinity through addition of 0.28 or 0.54
mmol L Ca(OH); resulted in disruption of acid-base regulation in acutely (6 h) exposed

green crabs (Carcinus maenas) (Cripps et al., 2013).

A range of elements (mainly Mg, Si, Fe, Ni, and Cr) are released during olivine dissolution
in seawater (Meysman and Montserrat, 2017). Magnesium is considered of low ecological
importance, since the expected release would be relatively low compared to the high
background concentration in seawater (~55 mmol L) (Meysman and Montserrat, 2017;

Bach et al.,, 2019). Iron is an essential co-factor for many enzymes involved in
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photosynthesis, respiration, and nitrogen fixation and considered as a limiting
micronutrient for phytoplankton growth in various oceanic regions (Behrenfeld et al.,
2009; Smetacek et al., 2012). Iron addition via olivine dissolution could therefore enhance
primary production if other essential elements are not limited (Hauck et al., 2016; Bach et
al., 2019). Additionally, N»-fixing cyanobacteria (e.g. Trichodesmium spp.) could
potentially benefit from the higher Fe and Ni availability, further stimulating CO;
drawdown via photosynthesis (Bach et al., 2019). Model results from Hauck et al. (2016)
indicated that Fe fertilization could account for up to 37% of the global CO, uptake by
olivine dissolution (5.8 to 7.8 Gt C yr! for 3 Gt olivine dissolution yr!). However, at least
40% of the fertilizing effect occurred in the Antarctic Ocean, which is likely not a suitable
olivine deployment site due to its poor accessibility and low seawater temperatures that
would reduce olivine reactivity (Kohler et al., 2013; Hauck et al., 2016). Additionally, iron
concentrations are higher in coastal regions compared to the open ocean due to riverine
input and release from sediment resuspension (Boyd and Ellwood, 2010). Hence, the
fertilizing effect of Fe addition through coastal olivine spreading could be lower than

expected (Bach et al., 2019).

Silicon is an essential element for marine silicifiers, of which diatoms are the most
important group. Diatoms sustain the marine food web and significantly contribute to the
biological carbon pump (Struyf et al., 2009; Tréguer et al., 2018). However, Si availability
limits diatom productivity over large parts of the global ocean (Sarmiento et al., 2004).
Olivine weathering would supply Si to coastal environment in amounts that could
potentially exceed natural aeolian and riverine inputs (Struyf et al., 2009; Bach et al.,
2019). Hence, coastal enhanced olivine weathering may feasibly enhance growth of
marine silicifiers (Hartmann et al., 2013; Kéhler et al., 2013; Bach et al., 2019). Bach et al.
(2019) hypothesized that silicifiers would benefit more from CESW than calcifiers,
resulting in the transition to a more productive “green(er) ocean” where diatoms would
be more dominant than they already are today (Bach et al., 2019). The impact of coastal
olivine spreading on the frequency of harmful algal blooms (HABs) is currently unknown,

but possibly limited. This is because dinoflagellates, the primary phytoplankton species of
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concern in HABs (Hallegraeff, 2003), are not anticipated to benefit significantly from
changes in seawater chemistry induced by olivine weathering. However, certain diatom
species from the genus Pseudo-nitzschia and the cyanobacterium Nodularia spumigena
are also associated with HABs (Hallegraeff, 2003) and may potentially benefit from
coastal enhanced olivine weathering (Bach et al., 2019). Therefore, research on the
olivine exposure effects in these HAB-associated species is recommended to gain a more
comprehensive understanding of potential environmental risks of coastal enhanced

olivine weathering.

The shift in phytoplankton community composition could also have important
implications for the CO; sequestration potential of coastal enhanced olivine weathering. If
production and burial of CaCOs would be reduced by for example 10%, then the seawater
total alkalinity and olivine CO2 sequestration efficiency would remain 20% higher (Bach et
al.,, 2019). Additionally, increases in diatom biomass could possibly enhance the ballast
potential of biogenic Si (BSi) for export of organic carbon from the surface ocean to the
deep ocean for long term storage (Bach et al., 2019). If true, these benefits for oceanic
CO;, sequestration would favour the use of silicates rather than carbonates for OAE.
However, modelling of marine particle cycling by Fakhraee et al. (2023) indicated that a
low applications (100 g m2 yr! or 6.2 Gt yr?) of fine grained olivine (D80 = 10 um) along
coastlines within the 60°N/S could reduce the organic matter content of marine particles
by over an order of magnitude, which would significantly reduce zooplankton feeding and
fecal pellet production. These changes could have significant implications for the

biological carbon pump and ocean trophic structure (Fakhraee et al., 2023).

Currently, only four studies have experimentally investigated the effects of olivine
exposure on aquatic biota (Ren et al., 2021; Guo et al., 2023; Hutchins et al., 2023; Xie et
al., 2023). Ren et al. (2021) observed an increase in the abundance of marine biofilm-
forming particle attached microbes during a 10-day laboratory exposure to 1% w/w fine
grained olivine (D50 = 30 um) in natural seawater. Furthermore, the growth of the

freshwater green microalgae Chlamydomonas reinhardtii and Chlorella pyrenoedosa was
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increased during a 9-day exposure to 8 g olivine L' as a result of the increased Mg
availability (Xie et al., 2023). Neutral to positive physiological responses were observed
for two silicifying diatoms, a calcifying coccolithophore, and three cyanobacteria species
exposed to a range of olivine dissolution product concentrations (Hutchins et al., 2023).
Silicifiers and calcifiers benefitted from additional Fe and Si availability or enhanced
alkalinity, respectively, while metals such as Ni and Co promoted cyanobacterial growth
(Hutchins et al., 2023). The diatom Ditylum sp. did not outcompete the coccolithophore
Emiliana huxleyi during co-culturing in contrast to the “green ocean” hypothesis by Bach
et al. (2019), but both species benefitted from the available olivine dissolution products
(Hutchins et al., 2023). Finally, after a 21-day exposure to olivine particles (D10 — D90 = 22
— 228 um) at a concentration of 1.9 gram per liter in natural seawater, Guo et al. (2023)
observed significant changes in the abundance of several phyto- and zooplankton taxa.
Particularly, small (<20 um) phytoplankton taxa and the dinoflagellate Noctiluca
scintillans increased in abundance, while ctenopods (Penilia sp.) and tunicates
(Oikopleura sp.) reduced in number. The authors hypothesize that the observed effects
may be attributed to the adverse impact of suspended olivine particles on the grazing

efficiency of the different zooplankton taxa (Guo et al., 2023).

1.7.3 Trace metal toxicity risk

Enhanced silicate weathering would release various trace metals to the environment,
with the specific metals dependent on the composition of the source rock (Hartmann et
al., 2013; Dupla et al., 2023). Notably, dunite rock contains relatively high amounts of Ni
(0.17 to 0.94 wt%) and Cr (0.0001 to 0.30 wt%) (De Hoog et al., 2010; Keefner et al., 2011;
Kleiv and Thornhill, 2011; Santos et al., 2015; Shur and Perchuk, 2015; Lynn et al., 2017;
Montserrat et al., 2017; Kremer et al., 2019). During dissolution in a marine setting, these
trace metals could accumulate in seawater and sediment to levels that significantly

exceed natural background concentrations (Meysman and Montserrat, 2017).
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Nickel is classified as a transition metal and is essential as a cofactor in urease and
hydrogenase enzymes for both terrestrial and aquatic plants (Yusuf et al.,, 2011).
Additionally, microorganisms also employ nine Ni-containing enzymes involved in carbon,
oxygen, and nitrogen cycling (Mulrooney and Hausinger, 2003). However, the essentiality
of Ni for aquatic animals is debated, since no studies have shown Ni deficiency or Ni-
depended biochemistry in aquatic organisms, although Ni is actively regulated in aquatic
invertebrates and fish (Muyssen et al., 2004; Blewett and Leonard, 2017; Nielsen, 2021).
Nickel is naturally present in the Earth’s crust, often in oxide and sulphide forms. Its
release to the environment occurs via processes such as weathering of Ni-bearing rocks,
forest fires, and volcanic eruptions (Genchi et al., 2020). Nickel concentrations are
generally between 1.7 and 8.5 nmol L in seawater and 0.20 to 1.3 mmol kg in pristine

marine sediment (Cempel and Nikel, 2006; Birch, 2017).

Nickel serves diverse functions in both commercial and industrial sectors, notably in
stainless steel and nickel alloy production (Cempel and Nikel, 2006). As a result of diverse
usage, Ni release to the environment is enhanced via multiple anthropogenic sources,
including burning of fossil fuels, mining, smelting, municipal and industrial waste, steel
manufacturing, and cement production (Shahzad et al., 2018). Consequently, High Ni
concentrations have been documented in seawater and marine sediment at human-
impacted coastal regions. For example, at the Alang-Sosiya ship scrapping yard in the gulf
of Cambay (India) Ni concentrations up to 16 umol L* and 2.9 mmol kg* have been
reported in coastal seawater and sediment, respectively (Reddy et al., 2004; Reddy et al.,

2005).

Upon olivine dissolution in seawater, Ni is liberated as Ni%* ions which can remain as free
metal ions or form complexes with organic (e.g. dissolved organic carbon (DOC)) and
inorganic (e.g. SO%~, CI, and C0O%™) ligands (Blewett and Leonard, 2017). The free metal
ion is generally considered the most bioavailable and thus potentially toxic chemical
species (Blewett and Leonard, 2017). Complexation of Ni with DOC has been shown to

reduce Ni toxicity in mussels and sea urchin early life stages, with the degree of
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protection being inversely related to the DOC concentration and dependent on the DOC
quality (Nadella et al., 2009; Blewett et al., 2016; Blewett et al., 2018). Similarly, Ni is
expected to be less bioavailable and toxic at higher salinity due to complexation with
S04% and CI and competition with Ca and Mg for uptake (Leonard et al., 2011; Blewett
and Leonard, 2017). The effect OAE on marine Ni bioavailability and toxicity remains
unclear due to a lack of experimental data. A potential reduction in Ni bioavailability at
elevated total alkalinity would be expected as a result of Ni?* complexation with HCO3"
ions (Kozlova et al.,, 2009). However, freshwater Ni toxicity tests at different alkalinity
levels show that the effect of alkalinity on Ni toxicity is more complex than hypothesized
and remains poorly understood (Hoang et al., 2004; Deleebeeck et al., 2007; Deleebeeck
et al., 2008; Kozlova et al., 2009). Finally, differences in osmoregulation strategies among
species and salinity levels can affect Ni uptake rates and potential toxicity (Leonard et al.,

2011; Henry et al., 2012; Blewett et al., 2015).

The exact mechanisms for uptake of free Ni** ions by aquatic biota remain unclear, but
likely occurs via the following three routes. Existing transepithelial transporters for the
uptake of essential ions such as Ca®* and Mg?* could be exploited by Ni?* via a process
referred to as ion mimicry. Furthermore, Ni may be taken up via non-specific metal
carriers such as the divalent metal transporter (DMT1). Finally, Ni could potentially enter
via the spaces between cells where tight junctions are not completely impermeable

(Blewett and Leonard, 2017).

Accumulation of Ni in metabolically active compartments of the body can result in toxic
effects (e.g. reduced survival, growth, or reproduction) once metal concentrations exceed
species specific thresholds (Adams et al., 2011). Four main mechanisms of Ni toxicity have
been put forward for aquatic organisms, including (I) ionoregulatory disruption (mainly
Ca?, Mg?, and FeZ/3*), (ll) respiratory toxicity as a result of allergic reactions at
respiratory epithelia, and (lll) disruption of energy metabolism, and (V) oxidative stress

(Blewett and Leonard, 2017; Brix et al., 2017). However, the relative importance of the
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different mechanisms in explaining toxic effects remains unclear for marine biota

(Blewett and Leonard, 2017).

Ecological risk assessment aims to derive threshold contaminant concentrations below
which no adverse effects are expected for aquatic organisms (ECHA, 2008; Sorgog and
Kamo, 2019). This threshold concentration is referred to as the predicted no-effect
concentration (PNEC) and is compared to the predicted environmental concentration
(PEC) to determine the risk of toxicological effects. A PEC/PNEC ratio larger than 1
indicates a potential toxicological risk and need for further assessment and potential risk
management measures (Sorgog and Kamo, 2019). PNEC values are generally derived from
data of laboratory ecotoxicity tests in which individual biological species are exposed to
single contaminants under optimal conditions (ECHA, 2008). The assessment factor (AF)
method and species sensitivity distribution (SSD) method are the two main approaches
used to derive PNEC values (Sorgog and Kamo, 2019). For the AF method, the lowest
effect concentration (e.g. highest no observed effect concentration (NOEC), or 10% effect
concentration (EC10)) from the available ecologically relevant toxicity data is divided by
an arbitrary AF between 10 and 10,000 to obtain the PNEC (Chapman et al., 1998; ECHA,
2008). Mortality, immobilisation, growth, development, population growth, and
reproduction or the equivalent are considered ecologically relevant endpoints (Gissi et al.,
2016). The AF depends on the number and quality of the available toxicity data and is
used to account for the uncertainty when extrapolating findings from laboratory toxicity
data for a limited number of species to complex natural ecosystems (ECHA, 2008). When
sufficient chronic high-quality ecologically relevant toxicity data are available, an SSD can
be constructed to derive the hazardous concentrations for 5% of the species (HC5)
(Posthuma et al., 2019). This HC5 value is then divided by an AF between 1 and 5 (justified
on a case by case basis) to derive a PNEC value (ECHA, 2008; Sorgog and Kamo, 2019).
PNEC values are ultimately used by industries, governments, and environmental agencies
to set environmental quality standards (EQS) to protect natural ecosystems (Lepper,

2005).

51



General introduction

We constructed species sensitivity distributions for Ni(ll) and Cr(Vl) with marine
ecotoxicity data collected from the ECOTOXicology knowledgebase, risk assessment
reports, and relevant research articles on Web of Science and Google Scholar (Figure 1.5
and 1.6). Only chronic no-effect or negligible-effect data (i.e. NOEC and <10% effect data)
for ecologically relevant endpoints that passed the quality criteria by Gissi et al. (2016)
were included for SSD construction. For certain data incorporated in the marine Ni SSDs
constructed by DeForest and Schlekat (2013) and Gissi et al. (2020), original research
articles were not accessible. Despite the unavailability of the original research articles,
these data were included for SSD construction since data quality was already assessed in
those studies. Data were considered chronic when the test duration was longer than the
times defined in Table 1.3 or when an adverse sublethal effect was investigated on a
sensitive early life stage (Gissi et al., 2020). For each species, the geometric mean was
calculated if multiple chronic NOEC or EC10 values were available for the same endpoint
(e.g. growth or reproduction). When several NOEC or EC10 values were available for
different toxicological endpoints or organism life stages, the lowest value was determined
based on the geometric mean of the toxicity data for the most sensitive endpoint (Tyle
and Scott-Fordsmand, 2008; Gissi et al., 2020). The ssdtools package was used to plot
SSDs in R and derive HC5 values. The best fitting distribution for the Ni(ll) (log-normal)

and Cr(VI) (log-logistic) toxicity data was selected based on the lowest aicc value.
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Figure 1.5: Nickel (Ni) species sensitivity distribution for marine species. Shaded band reflects the 95%

confidence interval. The dotted line indicates the 5% hazardous concentration (HC5) of 0.16 (0.066 — 0.42)
umol L,

Significant research efforts during the past 10 years have resulted in a substantial
increase in high-quality chronic marine Ni toxicity data that can be used to conduct
rigorous risk assessment (Gissi et al., 2020). From the constructed marine Ni SSD we can
see that there are considerable differences in Ni sensitivity among the 45 included species
and even within taxa (Figure 1.5). The included species that are most sensitive to Ni
exposure are the sea urchin Diadema antillarum with a 40-h EC10 value for larval
development of 0.049 umol L and the copepod Acartia sinjensis with an 80-h EC10 value
for larval development of 0.094 umol L* (Figure 1.5) (Bielmyer et al., 2005; Gissi et al.,

2018). The most tolerant species include the green algae Dunaliella tertiolecta with a 72-h

53



General introduction

EC10 value for specific growth rate of 306 umol L and the sheepshead minnow
(Cyprinodon variegatus) with a 28-d EC10 value for larval growth of 354 umol L (Figure
1.5) (DeForest and Schlekat, 2013). An HC5 value of 0.14 (0.058 — 0.38) umol L was
derived (Figure 1.5). This HC5 value is similar to the value of 0.099 (0.048 — 0.26) umol L*
reported by Gissi et al. (2020) but significantly lower than the HC5 value of 0.29 umol L*
that was used in 2008 to set the current European marine Ni-EQS of 0.15 umol L (AF of 2
applied) (Tyle and Scott-Fordsmand, 2008). Differences in HC5 values among studies can
be explained by differences in the included data and model selection to construct the SSD
(Wheeler et al., 2002). All data used to construct the marine Ni SSD can be found in

Supplementary Table Al.

Table 1.3: Criteria for characterizing data as chronic based on taxa-specific test durations, modified from
Posthuma et al. (2019). Shorter tests that investigated adverse sublethal effects on sensitive early life stages

were also included for SSD construction (Gissi et al., 2020).

Species group Chronic test duration
Algae >12 h
Bacteria >12h
Unicellular animals >24 h
Crustaceans >48 h
Fish >7d
Molluscs, Worms, etc. >7d

Chromium is a transition metal that is naturally present as chromite (FeCr;04) and other
chromium spinels in mafic and ultramafic rocks, including dunite (Saha et al., 2011; Santos
et al., 2015). Natural (ultra)mafic rock weathering and volcanic emissions form the main
natural sources of Cr to the environment (Saha et al., 2011). Chromite is mined for
metallurgical (67%), refractory (18%), and chemical (15%) usage. Anthropogenic activities
such as electroplating, tanning, industrial water cooling, paper pulp production, and
petroleum refining can lead to elevated Cr emissions to natural environments (Saha et al.,
2011). Chromium occurs as Cr(lll) and Cr(VI) species in seawater, which differ in their

54



General introduction

environmental and biological behaviour. Low solubility of Cr(lll) species (mainly present as
Cr(OH); in seawater) infer low bioavailability and toxicological concern (Pettine, 2000;
Aharchaou et al.,, 2018). Moreover, Cr(lll) is considered an essential micronutrient for
metabolism of glucose, lipids, and proteins in humans and other animals (Eastmond et al.,
2008; Monga et al., 2022). On the contrary, Cr(Vl) is primarily present as CrO%~ and
Cr,0% ions in seawater, which can readily be taken up by aquatic organisms through
carboxylate, sulphate, and phosphate transporters and are considered highly toxic
(Pettine, 2000; Dayan and Paine, 2001). Once inside a cell, Cr(VI) undergoes rapid
reduction to Cr(lll) which generates reactive oxygen species (ROS). When antioxidant
responses are insufficient, these ROS can damage DNA, RNA, proteins, and mitochondria
(Dayan and Paine, 2001; Singh et al., 2022). Dissolved concentrations of Cr in seawater
typically range from 0.08 to 2.5 nmol L for Cr(lll) and 0.23 to 3.8 nmol L for Cr (VI)
(Cranston and Murray, 1978; Jeandel and Minster, 1984; van den Berg et al., 1994). The
background Cr content of marine sediment typically varies between 0.15 and 1.7 mmol
kg (Birch, 2017). Anthropogenic inputs can however lead to significantly elevated Cr
concentrations. For example, total dissolved Cr concentration up to 14.7 pmol L and
sedimentary Cr concentrations up to 5.6 mmol kg! have been measured at the highly
contaminated Alang—Sosiya ship breaking yard in India (Reddy et al., 2004; Reddy et al.,
2005).

The presence of Cr in the form of chromite (Cr(lll) oxidation state) in dunite rock implies
low bioavailability and toxicological concern for marine biota (Santos et al.,, 2015).
However, potential oxidation of chromite nanoparticles could significantly elevate Cr(VI)
exposure concentrations for marine biota (Gunkel-Grillon et al., 2014; Das et al., 2021).
Hexavalent chromium is currently not considered as a priority substance globally (e.g. not
in Europe), which is reflected in the lower abundance of high quality NOEC/EC10 toxicity
data compared to Ni(ll) (Figure 1.5 and 1.6). Significant differences in Cr(VI) sensitivity can
be observed among species (Figure 1.6 and Supplementary Table A2). The most sensitive
marine species to Cr(VI) include the red macroalgae Champia parvula with a geometric

mean NOEC value for cystocarp production after 48 h of exposure of 0.019 umol L and
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the marine diatom Thalassiosira pseudonana with a 15-d NOEC value for growth of 0.19
umol L (Figure 1.6) (Frey et al., 1983; Jop, 1989). The most tolerant species to Cr(VI)
exposure included the coho salmon (Oncorhynchus kisutch) with a 11-d NOEC value for
juvenile survival of 342 umol L and the sea urchin Arbacia punctulata with a geometric
mean NOEC value for fertilization after 1 h of exposure of 2859 umol L (Figure 1.6)
(Holland, 1960; Jop, 1989). An HC5 value of 0.12 (0.025 — 0.70) pmol L't was derived from
the SSD (Figure 1.6). This value is significantly lower than the marine Cr(VI) EQS of 0.96
umol L that is currently in place in the USA and higher than the marine Cr(VI) EQS of
Canada (0.029 pmol L) and Australia (0.085 pumol L) (USEPA, 1995; CCME, 1999;
ANZECC and ARMCANZ, 2000). Variation in EQS among regions can be explained by
differences in the methods and data used for guidelines derivation. Insufficient high

quality NOEC/EC10 marine ecotoxicity data were available to construct an SSD for Cr(lll).
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Figure 1.6: Hexavalent chromium (Cr(VI)) species sensitivity distribution for marine species. Shaded band
reflects the 95% confidence interval. The dotted line indicates the 5% hazardous concentration (HC5) of 0.13

(0.026 — 0.72) umol L.

Overall, an abundance of marine Ni(ll) and Cr(VI) toxicity data are available from single
species laboratory toxicity tests conducted under optimal conditions. However, during
olivine dissolution in a marine environment, trace metals would be released as a mixture
(including Ni, Cr, Fe, Mg, ...) accompanied by changes in seawater carbonate chemistry
(e.g. pH and TA) (Hartmann et al., 2013; Meysman and Montserrat, 2017). Currently,
olivine trace metal release rates and environmental partitioning remain uncertain.
additionally, little is known about the bioaccumulation potential and possible toxic effects
of olivine and its dissolution products for marine biota (Ren et al., 2021; Hutchins et al.,
2023). Robust ecological risks assessment of coastal enhanced olivine weathering is
therefore currently not possible. Hence, additional olivine effects data for a range of
marine biota are urgently needed to accurately determine the scale at which coastal
enhanced olivine weathering could be safely deployed for climate change mitigation

(Meysman and Montserrat, 2017).

1.8 Aim and outline of the thesis

Rising atmospheric CO, concentrations necessitate the large scale deployment of carbon
removal technologies in the coming decades to keep global warming below the Paris
Agreement targets of 2 °C, ideally 1.5 °C (UNFCC, 2015; IPCC, 2022b). Ocean alkalinity
enhancement via coastal enhanced olivine weathering has been put forward as a
promising CDR method (Meysman and Montserrat, 2017). However, the CO;
sequestration potential and ecosystem impacts of the technique remain uncertain due to
the paucity of empirical data. Therefore, the present work aimed to experimentally assess
the CO; uptake associated with coastal enhanced olivine weathering and quantify
possible trace metal related toxicological effects during olivine dissolution. It is important

to note that OAE is an emerging field of research, marked by numerous unresolved

57



General introduction

questions and uncertainties that could not all be addressed within the scope of this
exploratory work. Nevertheless, we remain confident that the results presented herein
will play a pivotal role in advancing our understanding of the CDR potential of coastal

enhanced olivine weathering.

Chapter 2 and 3 represent two large experiments that were conducted to investigate the
potential stimulating effect of coastal hydrodynamics (i.e. waves and currents) on the
olivine dissolution and CO; sequestration kinetics. Chapter 2 describes a 70-day
laboratory study in which olivine was weathered in natural seawater continuously
exposed to various degrees of physical agitation via rotary tumblers. The aim of this study
was to assess whether continuous grain-grain collisions would enhanced olivine
dissolution. Seawater chemistry changes (i.e. TA, DIC, pH, temperature, salinity,
elemental concentrations) were measured weekly, and olivine grain morphology and size
distribution were studied to quantify olivine dissolution, CO, sequestration, and trace

metal release rates.

In Chapter 3, we bridged the gap between laboratory experiments and complex field
studies by conducting a 175-day flume experiment. The overall goal of this study was to
assess the effect of high water current on olivine dissolution kinetics in permeable marine
sediment. The experimental set-up consisted of four racetrack flumes which were filled
with an approximately 16 cm beach sediment layer and natural seawater. 3.1% w/w
olivine was added and a continuous turbulent current was induced in two raceways.
Temporal changes in seawater TA, DIC, pH, temperature, salinity, turbidity, and element
concentrations were monitored at multiple time points. Furthermore, suspended
particulate matter, flume wall precipitates, and sediment grains were examined for the
presence of dissolution features and secondary minerals. Mineral saturation indices were
calculated for both experiments to assess the possibility of secondary mineral

precipitation.
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In Chapter 4, existing Ni and Cr EQS values were used to derive a first estimate of the
maximum amount of olivine that could be supplied to coastal oceans without posing
toxicological risks for marine biota. Due to the lack of knowledge on trace metal
environmental fate during in situ olivine dissolution, calculations were made for the end-
member scenarios in which all released trace metal either end up in the water column or
the sediment. Subsequently, the CO; sequestration potential of coastal enhanced olivine
weathering in the 21t century was estimated to assess whether the derived olivine

guideline would limit the climate change mitigation potential of this CDR technique.

For Chapter 5, we investigated the avoidance response of the marine amphipod
Gammarus locusta and marine gastropod Littorina littorea to sediments containing
olivine. Short-term choice experiments were conducted using various mixtures of
relatively coarse olivine (83 — 332 um diameter) and natural marine sediment. We
assessed the impact of distance to a food source on sediment avoidance in L. littorea and
studied the effect of sediment colour on avoidance behaviour for both species. Finally,
implications of the observed findings for coastal enhanced olivine weathering were

discussed.

Chapter 6 outlines the assessment of acute bioaccumulation, chronic toxicity, and
bioaccumulation of olivine in the marine amphipod G. locusta. The effect of olivine grain
size on trace metal bioaccumulation was studied during a 24-hour exposure followed by a
24-hour depuration period. Additionally, the uptake and depuration kinetics of fine-
grained (3 — 99 um diameter) olivine were investigated during a 7-day experiment. The
grain size distribution of ingested olivine grains was quantified and their importance as a
trace metal exposure pathway was theoretically explored. Finally, juvenile amphipods
were exposed to mixtures of fine-grained (3 — 99 um diameter) olivine and natural marine
sediment for 35-days to assess olivine toxicity. Amphipod survival, growth, reproduction,
and whole body element and thiobarbituric acid reactive substances (TBARS)

concentrations were measured at the end of the experiment. Olivine NOEC and EC10
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values were derived and the assessment factor approach was used to obtain a

preliminary olivine PNEC value.

Chapter 7 serves as a comprehensive conclusion where we bring together the key
findings from all the previous chapters. Implications of the accumulated data for the CDR
potential of coastal enhanced olivine weathering are discussed. Additionally, suggestions

and ideas for further research on coastal enhanced silicate weathering are provided.
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Abstract

Carbon dioxide removal (CDR) technologies at a gigaton scale need to be developed and
implemented within the next decades to keep global warming below 1.5 °C. Coastal
enhanced silicate weathering is one of the proposed CDR techniques that aims to
accelerate the natural process of CO;-sequestration during marine chemical weathering
of silicate minerals. To this end, finely ground rock containing olivine (MgxFe»-xSiO4) could
be dispersed in dynamic coastal environments, where local biotic and abiotic factors
potentially enhance the weathering process. However, accurate predictions of the olivine
dissolution rate and the associated CO; sequestration under in situ conditions are
currently lacking and ecosystem impacts remain to be assessed. Previously, it has been
hypothesized that in situ grain collisions, induced by bed load transport due to currents
and waves, could accelerate the in situ chemical weathering of olivine particles. To
examine this, we investigated the effects of continuous grain tumbling on olivine
dissolution in natural seawater. A 70-day experiment was conducted in which forsterite
olivine sand was continuously tumbled in filtered seawater at different rotation speeds,
and dissolution rates were measured on a weekly basis. Results showed that continuously
tumbled olivine dissolved 8 to 19 times faster compared to stagnant (no rotation)
conditions. Olivine dissolution was complete and stoichiometric (except for Ni release),
air-seawater CO, exchange was not significantly rate limiting, and minimal particle
fragmentation and secondary mineral formation were observed. Hence, we infer that
olivine weathering was mainly enhanced via advective pore water flushing, which limits
saturation effects at the grain scale. Overall, this study provides evidence that ambient
physical stresses in coastal environments could enhance marine silicate weathering,
which has implications for both the natural silicon cycle as well as the use of enhanced

coastal weathering of silicates as a CDR technique.

Keywords: olivine, ocean alkalinization, silicate weathering, climate change mitigation
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2.1 Introduction

To constrain the adverse effects of climate change, the Paris Agreement foresees strong
carbon dioxide (CO2) emission cuts (UNFCC, 2015). Yet, such traditional mitigation in itself
will not be enough, as climate stabilisation by 2100 also requires the implementation of
active and large-scale carbon dioxide removal (CDR) from the atmosphere (Minx et al.,
2018). A proposed technique for large-scale CDR is ocean alkalinization via coastal
enhanced silicate weathering (CESW) (Hangx and Spiers, 2009; Schuiling and De Boer,
2011; Meysman and Montserrat, 2017; Minx et al., 2018). The underlying idea is that
relatively coarsely ground particles (< 150 um grains) of suitable silicate rock are
distributed in coastal environments, and that the local dynamics within these systems
(including currents, waves, biota) help to speed up the process of natural chemical
weathering (Meysman and Montserrat, 2017). During chemical weathering of a silicate
mineral, alkalinity is released (i.e. protons are consumed), which drives additional transfer
of atmospheric CO; to the surface ocean followed by storage as bicarbonate (HCO3) (Eq.
2.1 and 2.2 of Table 2.1) (Schuiling and Krijgsman, 2006; Meysman and Montserrat,
2017). Olivine (MgxFe2,Si04) has received most attention for CESW application, as it is
globally abundant and combines a relatively fast weathering rate with a theoretically high
CO; sequestration potential (Schuiling and Krijgsman, 2006; Hangx and Spiers, 2009;
Kohler et al., 2010; Schuiling and De Boer, 2011; Hartmann et al., 2013; Taylor et al.,
2016; Meysman and Montserrat, 2017; Montserrat et al., 2017). However, before CESW
can be utilised as a CDR approach, two main uncertainties remain to be addressed,
namely environmental impacts and the effectiveness of CO, sequestration (Meysman and

Montserrat, 2017).

Table 2.1: Chemical reactions relevant for enhanced olivine weathering in seawater. The
olivine dissolution, seawater acid-base equilibrium, and possible secondary mineral

formation reactions are shown.

Olivine dissolution Mg.Fe,_.Si0, + 4H* > xMg?* + (2 — x)Fe?* + H,Si0, [2.1]
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Seawater acid-base CO,(aq) + H,0 = HCO3 + H* = CO0%™ + 2H™ [2.2]

equilibrium

Potential secondary mineral formation

Aragonite/calcite Ca%* + 2HCO3 - CaCO5 + CO, + H,0 [2.3]
Fe?* oxidation Fe?* + 0.250, + H* - Fe3* + 0.5H,0 [2.4]
Iron(lll) hydroxide Fe3* + 3H,0 — Fe(OH); + 3H* [2.5]
Sepiolite 2Mg?* + 3H,Si0, » Mg,Siz0, <(OH)(H,0)s + 4H* + 0.5H,0  [2.6]
Chrysotile 3Mg?* + 2H,Si0, + H,0 > Mg;Si,05(0H), + 6H* [2.7]
Talc 3Mg2* + 4H,Si0, + 4H,0 > MgsSi,0,,(0H), + 6H* [2.8]

Environmental impacts of coastal enhanced olivine weathering can be geophysical,
chemical and biological in nature. From a chemical perspective, the seawater composition
can change through addition of dissolved products released during olivine dissolution,
including total alkalinity (TA), dissolved inorganic carbon (DIC), Mg, Si, Fe, and potentially
toxic Ni and Cr (Montserrat et al., 2017; Flipkens et al., 2021). However, some of these
components could be retained within the seafloor, and at present, little experimental
data is available on weathering products released under actual in situ conditions.
Currently, most studies on the environmental impacts of coastal enhanced olivine
weathering have been solely computational (Kéhler et al., 2013; Hauck et al., 2016; Taylor
et al.,, 2016; Bach et al.,, 2019; Flipkens et al., 2021), and only a limited number of
experimental studies are available, mainly focused on the effects of increased seawater
TA and pH (Cripps et al., 2013; Albright et al., 2016; Gim et al., 2018; Gore et al., 2019;
Ren et al., 2021; Ferderer et al., 2022; Guo et al., 2022).

The CO2 sequestration rate of olivine (R¢o,) describes the amount of CO, that is removed
from the atmosphere during olivine dissolution within a given application area per unit

time (e.g. umol CO2 per m? of application area per second). It can be written as:
Reo, = ¥&5;Ri = [(BDIC /8T A)peo,arat(1 — )] [kiA(1 — 2)C] [2.9]
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This expression features the net CO» sequestration efficiency y{§

> (umol CO; sequestered
per umol of olivine dissolved) and the olivine dissolution rate R; (Meysman and
Montserrat, 2017). The former describes the net amount of CO; that is sequestered upon
dissolution of a given amount of olivine, and can be written as y¢5, = (6DIC/
6T A)pco,aTa4(1 — €) (Moosdorf et al., 2014; Meysman and Montserrat, 2017; Fuhr et
al., 2022). In this (8DIC/6TA)pco, represents the amount of atmospheric CO;
sequestered upon the addition of 1 umol of alkalinity to the coastal ocean (umol DIC
umol ™ TA). This thermodynamic quantity is dependent on the partial CO2 pressure (pCO,)
in the atmosphere, and the salinity, temperature, and chemical composition of the local
seawater (Hofmann et al., 2009). Likewise, the dimensionless factor ats accounts for the
alkalinity released during olivine dissolution. In the idealized case, 4 umol of alkalinity are
released per umol of olivine (Eq. 2.1 and Eq. 2.9), though in practice, dissolution may not
be complete (e.g. providing serpentine rather than dissolved silicate) or secondary
reactions may scavenge alkalinity (Fuhr et al., 2022). The factor at, accounts for this and
ranges between 0 and 1, where the maximum value 1 is attained at complete olivine
dissolution and no secondary reactions removing alkalinity. The factor € accounts for CO;
emissions resulting from mining, grinding, and transportation (Moosdorf et al., 2014). The
olivine dissolution rate R; is in itself dependent on the olivine dissolution rate constant
k; (umol olivine m s?1), the reactive surface area A (m? g~1), the pore water saturation
state Q with respect to olivine, and the olivine loading C, which represents the amount of
olivine per unit of area (g per m? of application area) (Eq. 2.9) (Meysman and Montserrat,

2017). The olivine loading depends on the amount of source rock deployed per unit area

and the silicate rock composition (i.e. the olivine content).

To properly assess the feasibility of coastal enhanced silicate weathering, all the factors
featured in Eqg. 2.9 should be properly constrained under realistic application conditions.
Olivine dissolution rate constants have been extensively investigated under idealized
laboratory conditions (i.e. atp = 1and 2 =0 ), as reviewed previously (Pokrovsky and

Schott, 2000b; Hangx and Spiers, 2009; Rimstidt et al., 2012; Oelkers et al., 2018). The
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main factors influencing k; are solution pH and temperature (Rimstidt et al., 2012; Oelkers
et al., 2018). Note however that most data originate from laboratory experiments with
idealized electrolyte solutions (e.g. NaCl solutions), rather than actual seawater.
Currently, only three studies have investigated olivine dissolution in artificial or natural

seawater (Montserrat et al., 2017; Rigopoulos et al., 2018; Fuhr et al., 2022).

Within actual CESW applications, olivine dissolution will occur on or in a coastal seabed,
where biological and hydrodynamic processes could significantly affect olivine dissolution
and associated CO; sequestration (Meysman and Montserrat, 2017). Overall, the effect of
these natural biological and hydrodynamic processes on key parameters in Eqg. 2.9,
related to kinetics (k;), effective alkalinity release (at4) and potential saturation effects
(£2), remain largely unexplored. Yet, this information is critically needed for relevant
application conditions as to make accurate predictions on the CO; sequestration potential
and environmental impacts of coastal enhanced olivine weathering (Meysman and

Montserrat, 2017).

One important aspect is physical grain abrasion. In shallow marine systems, current and
wave induced sediment saltation could potentially lead to significant grain abrasion and
development of cracked surfaces (Schuiling and De Boer, 2011; Madhavaraju et al., 2021).
This grain abrasion could prevent formation of cation depleted layers, which are known to
slow down olivine dissolution (by decreasing k;), or prevent secondary surface
precipitates, which could scavenge alkalinity (by decreasing art,) (Meysman and
Montserrat, 2017; Oelkers et al., 2018). Furthermore, grain fragmentation would increase
the olivine surface area exposed to seawater (increasing A), and therefore enhance the
olivine dissolution rate (see Eq. 2.9) (Oelkers et al., 2018). Once olivine becomes mixed in
the surface sediment, saturation affects which slow down olivine dissolution could be
prevented by advective pore water flushing (decreasing £2) (Schuiling and De Boer, 2011;
Meysman and Montserrat, 2017). Finally, waves and currents are essential for ocean
mixing (Bates et al., 2001), which is needed to transport CO, deficient (i.e. TA rich)

bottom water to the ocean surface for atmospheric CO, uptake and equilibration (Bach et
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al., 2023). This CO; uptake constraints the seawater pH increase (and k; decrease) as seen

from Eq. 2.2.

Here, our aim was to investigate the effect of continuous grain collisions on the kinetics of
olivine dissolution and metal ion release kinetics in natural seawater by conducting a
long-term weathering experiment (70 days) with sequential sampling. We hypothesized
that increased grain collisions would result in enhanced olivine dissolution, and so
currents and waves could enhance olivine dissolution in CESW via grain abrasion induced

during bedload transport.

2.2 Material and Methods

2.2.1 Agitation experiments

A 70-day experiment was conducted, in which a mixture of dunite sand and natural
seawater was continuously agitated in commercially available rotary tumblers (“Rock
Tumbler”, Shandong Qiyang Tools Co.,Ltd) (Figure 2.1). The experiment was conducted in
a darkened and temperature-controlled (15 °C) room under ambient pressure (~1 atm)
and ambient CO; levels (¥415 ppm). VANGUARD refractory grade dunite sand was
obtained from the Sibelco mine in Aheim (Norway). This dunite sand is composed of
90.54 wt% olivine, of which 93.4% is forsterite (Mg2SiOs) and 6.6% is fayalite (Fe2SiO4)
(Table 2.2; see supplementary section B.1.1 and B.1.2 for characterization procedure),
and the experiments using this sand will be further referred to as “olivine treatments”.
Natural seawater (salinity 33 + 0.3 %o) was collected two weeks prior to the start of the
experiment from the North Sea coast (Sea Life Centre, Blankenberge, Belgium). Seawater
was filtered through 0.2 um pore-size cellulose acetate filters (OE66, Whatman) and
stored in 20 L high density polyethylene (HDPE) containers in the dark at 15 °C until
further use. Before experimental use, all equipment was immersed in 2% V/V HCI (VWR
International) for at least 24 h and subsequently thoroughly rinsed with ultrapure Milli-Q

(MQ) water (Merck).
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Table 2.2: Characterization of the forsterite dunite sand used in the experiment. Mineral
composition (based on TIMA high-resolution mapping), elemental composition (ICP-OES
analysis), and textural composition, including grain size distribution (laser diffraction
particle size analysis), specific surface area (geometric and Brunauer-Emmett-Teller
(B.E.T.)), and mineral density are given. Details about the geochemical analyses of the
olivine are given in supplementary section B.1.1 and B.1.2. Note that oxygen makes up the

remaining approximately 44 wt% of the dunite elemental composition.

Mineral composition Unit Value
Olivine (Foes) wit% 90.54
Enstatite “ 6.02
Diopside “ 0.86
Clinochlore “ 0.85
Biotite “ 0.15
Pentlandite “ 0.05
Pyrope “ 0.02
Quartz “ 0.01
Others “ 1.48

Textural composition

D10 pm 84+1

D20 pm 99+1

D50 pm 136 +1

D80 um 1862

D90 um 2162
Geometric specific surface area m2g? 0.0161 + 0.002
B.E.T. specific surface area m2g? 09+0.1
Mineral density gcm?3 3.3

Elemental composition

Mg wit% 30.4
Si “ 20.0
Fe “ 5.0
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Cr “ 0.30
Ni “ 0.25
Al “ 0.081
Mn “ 0.068
K “ 0.025
Ca “ 0.018
Co “ 0.011
Ti “ 0.0060
Zn “ 0.0066

At the start of the experiment, HDPE bottles (2 L volume, Lamaplast, VWR International)
were filled with a fixed mass of dunite sand (149.53 + 0.01 g) and fixed amount of filtered
natural seawater (718.2 £ 0.1 g or 700.0 = 0.1 ml). This resulted in a ~1 cm of water-
saturated sediment layer (~0.49 porosity) with a ~3.2 cm layer of overlying water on top
(Figure 2.1). This ~1 cm layer of mobile sediment mimics a rather intense bedload regime
(Pruszak and Zeidler, 1994). Subsequently, bottles were inserted in the rock tumblers and
rotated at a constant speed of 18 or 54 rotations per minute (RPM). This rotation speed
falls within the range of natural gravity wave frequencies (2 to 60 waves per minute)
(Toffoli and Bitner-Gregersen, 2017). These treatments will be respectively referred to as
the “low rotation” and “high rotation” treatments. In addition, a “stagnant” treatment
with olivine but no agitation (0 RPM) and a rotation treatment with only seawater (54
RPM; referred to as “seawater”) were used as controls. Olivine treatments were
conducted in triplicate and the seawater control in duplicate. A small hole was made in
the bottle cap to allow gas exchange with the atmosphere, so that O, and CO;

concentrations could remain at atmospheric levels.
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Stagnant olivine

—

Seawater

Low rotation High rotation
olivine olivine

2-L HDPE bottle ... . > (for gas exchange)

Rotated at a speed of
0, 18, or 54 RPM

Figure 2.1: Experimental set-up consisting of 11 bottles filled with a fixed amount of
dunite sand and a fixed volume of filtered natural seawater. Bottles are rotated in
commercial rock tumblers. Olivine treatments were conducted in triplicate and rotated at
a rotation speed of 0 (stagnant), 18 (low rotation), or 54 (high rotation) rotations per

minute (RPM). A seawater control without olivine was set up in duplicate and rotated at
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54 RPM. A hole in the bottle cap allows gas exchange with the atmosphere during

incubation.

To determine the olivine dissolution rate as a function of time, consecutive accumulation
sessions were performed, which each lasted one week. At the end of each session, water
samples were taken from the overlying water of each bottle and the remaining water was
replaced (so a new accumulation session could start). Water samples were analysed in
duplicate for conductivity, pH, dissolved inorganic carbon (DIC), total alkalinity (TA), grain
size distribution of suspended sediment, as well as dissolved metal concentrations.
Additionally, sediment was collected at the start and end of the experiment to examine
grain size distribution, secondary mineral formation, grain surface dissolution features,

and to quantify total extractable metal concentrations.

The weekly water sampling was conducted according to the following procedure.
Immediately after removing the bottle from the rock tumblers, 50 mL of seawater was
collected with a 20 mL syringe and filtered (0.2 um pore size, Chromafil XTRA PES-20/25,
Macherey-Nagel) for DIC analysis. This filtered seawater was stored in 50 mL Falcon tubes
without headspace at 4 °C until further analysis within a week. Subsequently, the HDPE
bottle was briefly put on a magnetic stirrer to create a homogeneous suspension. This
was done to take standardized samples for the analysis of suspended sediment (and
hence to verify whether abrasion led to small particle fragments). After allowing the
majority of the sediment to settle for 20 seconds, either 140 or 220 mL (depending on the
sample turbidity) of the supernatant was transferred to a 250 mL glass beaker. Water
samples were always collected while the HDPE bottle was positioned on a balance

(Sartorius CP4202S) to accurately determine the mass of seawater removal.

Subsequently, while stirring the supernatant solution in the glass beaker, a 40 ml sample
was passed through a 0.2 um pore size filter (OE66, Whatman) for dissolved metal
analysis. Next, a volume of 20 ml or 100 ml (depending on the sample turbidity) of the

unfiltered sample was collected for suspended sediment particle size analysis.
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Afterwards, the stirring was halted and the solution in the glass beaker was allowed to
settle for 10 minutes before an unfiltered 20 ml seawater sample for pH and conductivity
measurements was taken. Finally, the remaining 60 ml of seawater was filtered with 0.2

pm PES membrane filters and stored at 4 °C for TA analysis the subsequent day.

After sampling, the remaining seawater in the HDPE bottle (~400 mL) was gently removed
with minimal loss of sediment (as discussed in supplementary section B.2.4). The mass of
the HDPE bottle was again determined to assess seawater removal. Subsequently, new
filtered seawater was added to a total water volume of 700 ml, and HDPE bottles were

put back onto the rock tumblers. This way, a new accumulation session could be started.

2.2.2 Geochemical solute analyses

Seawater salinity was determined using a CDC401 conductivity electrode coupled to a
HQ30D portable multimeter (Hach). Calibration of the electrode was performed with a
NIST conductivity standard (12880 uS/cm; VWR International) on each sampling day. pH
was measured with a FiveEasy pH meter and LE438 pH electrode (Mettler Toledo). The pH
electrode was calibrated before each use with three NIST buffers (pH 4.00, 7.00, and
10.01). Furthermore, pH of a TRIS (2-amino-2-hydroxy-1,3-propanediol) and AMP (2-
aminopyridine) buffer, prepared according to the procedure by Dickson et al. (2007),
were measured to convert pH data to the total hydrogen ion pH scale (Dickson et al.,

2007).

The DIC concentration was determined with a Total Organic Carbon Analyzer (Shimadzu
TOC-VCPH). For quality control, an ultrapure MQ water sample and 50 mg C L TIC
standard (Bernd Kraft) were included at the start and end of the analysis. The relative
standard deviation (RSD) was better than 7.1% for all samples. Total alkalinity (TA) was
analysed via an open cell potentiometric titration with 0.1 M HCl using an automated
titrator setup (888 Titrando, Metrohm). The TA was determined from the titrant volume
and electromotive force measurement by the pH electrode using a non-linear least-

squares method according to Dickson et al. (2007) with RSD values smaller than 1.6%.
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Seawater samples for dissolved metal analysis were acidified with TraceMetal™ Grade 67-
69% nitric acid (Fisher Scientific) to a final acid concentration of 1.4% V/V and stored at -
20 °C to minimize adsorption before further processing. Samples were diluted 20 times or
100 times (only for Na) with 3% V/V HNOs to minimize matrix effects during analysis.
Element concentrations were analysed by HR-ICP-MS (Element XR, Thermo Scientific). For
quality control, NIST SRM 1640a certified reference samples (Merck) and procedural
blanks (3% V/V HNOs) were included in the analysis. A maximum RSD of 5% was allowed

for the measurements.

2.2.3 Solid phase analysis

Grain size distribution was determined for the suspended sediment during weekly
sampling (see section 2.2.1) as well as for the bulk sediment at the start and end of the
experiment. Suspended sediment was not pre-treated before analysis. Recovered bulk
olivine sediment was gently rinsed with MQ water and dried at 60 °C for three days. Grain
size distribution was determined with a laser diffraction particle size analyzer (Mastersizer
2000, Malvern Panalytical) according to standard operating procedures. Measurement

RSD was lower than 16% for all grain size classes.

Total inorganic carbon (TIC) of 66 + 9 mg fresh and weathered olivine samples was
determined in triplicate with an elemental analyzer (Flash 2000 CN Soil Analyser,
Interscience). Prior to analysis, samples were dried at 105 °C for 12 h and subsequently
combusted in a muffle furnace at 375 °C for 17 h to remove the organic carbon (Wang et
al., 2012). Since samples were homogeneous, no sample grinding was required. Results

are expressed as a function of the sample dry weight.

2.2.4 Grain surface imaging

Grain morphology, magnesium to silicon (Mg/Si) ratios at the grain surface, and the
presence of secondary minerals were investigated with a Phenom ProX scanning electron
microscope (SEM) with energy dispersive spectrometer (EDS). To this end, dry olivine
grains were fixed on aluminium (Al) pin stubs with double sided carbon tape. The atomic
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Mg and Si percentage was determined for 5 spots on the surface of 20 fresh and 10
weathered olivine grains with the accelerating voltage set to 15 kV. Microstructural
changes and potential secondary mineral precipitation in the olivine grains were
investigated using a Tescan MIRA3 SEM equipped with a Field Emission Gun (FEG) and
EDS capability. Samples were fixed on an Al pin stub with double sided carbon tape to
study surface features or embedded in an epoxy resin (EpoFix Resin and EpoFix Hardener,
Struers), polished and carbon coated to study cross sections. For polishing, sand wetted
with deionized water was first ground by hand on silicon carbide grinding paper (grit 500,
1000 and 2400) and subsequently polished on polishing cloths with Tegramin (Struers)
using a diamond solution (DiaDuo-2, 6 um, 3 um, and 1 um, Struers). Polished sand was
rinsed with deionized water and dried before analysis. The polished cross sections allow

for investigating microstructural changes inside an olivine grain.

2.2.5 Olivine dissolution and CO2 sequestration rate calculations

Olivine dissolution was tracked in weekly accumulation sessions, during which weathering
products could accumulate in the overlying seawater. Concentrations of specific
compounds Cik (umol L, with i = TA, DIC, DSi, DNi) were measured at the end time point
t,. of each session k (Cf = C;(tx)). The accumulation AN/ (expressed in umol) of a given

compound j within a given session k is given by the mass balance expression

AN = Vow (tr-1) (Ci(t) — AW O™l (6)) + Vpw (tx-1) (Ci(t) — Ci(tx—1))  [2.10]

Here we assume that during water renewal, the pore water retains the concentration
from the previous session C;(t;_1), while the overlying water is replaced with new stock
solution. Furthermore, CASWcontrol(¢ y represents the concentration in the seawater
control at timepoint t;. The quantity Vow (tx_1) represents the volume (expressed in L) of
stock seawater solution added at the start of a new session and is determined from the
added seawater mass mow and the seawater density psw (Vow = mow/pPsw). The volume

of pore water that remained in the sediment Vpy(tx_1) was calculated from the mass of
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the filled (msr) and empty (mge) bottle, the initially added olivine mass (molivine), and the

seawater density according to

VPW(tk_l) — mBF(tk—l);:"‘flE_mOliVine [211]

The accumulation ANik was subsequently normalized to the molar amount of olivine via

ANE = o AN 2.12
i — MqunitePolivine [ : ]
Molivine

Where A]Vl-k is the normalized accumulation (umol mol™? olivine), Mqunite the mass of
dunite sand (expressed in g), @oiivine its olivine fraction (0.9054, Table 2.2), and Mojivine the

molar mass of the Foes olivine Moiivine (144.88 g mol?).

The pH excursion ApH (t) is defined as the pH difference with reference to the pH of the

added seawater pHgy,

ApH(ty) = pH(ty) — pHsw [2.13]

Using expression [10], we can calculate the compound specific olivine dissolution rate

(expressed in pmol of olivine s!) via

k
AN}

_—t 2.14
Vi(tk—tk-1) [ ]

Ri(ty) =
where v; represents the theoretical stoichiometric coefficient (expressed in pmol umol
olivine) for the specific compound in the olivine sand that we used (vy4 = 3.73, vp;c =
3.06, vps; = 1, and vpy; = 0.0061; Section B.1.2 provides details on the derivation of
these stoichiometric coefficients). The session time (t, —t;x_;) was equal to 7 days
(604800 s). In general, the olivine dissolution rate can be described by the kinetic rate

expression
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Ri(tk) = molivineki(tk)A(tk)(l - -Q(tk)) [2.15]

In this, mgivine represents the initial mass of olivine derived from the mass of dunite sand
and its olivine fraction (Mgjivine = MdunitePolivine), Ki(tx) is the dissolution rate constant
(umol olivine m2 s), A is the specific surface area of the mineral grains (m? g'') and 2(t;,)
is the mineral saturation state (dimensionless). Using equation [15], we calculated k;
values from R; values, assuming that solutions were always far from equilibrium (2(t;)
<< 1) and using the geometric surface area Aceo (0.0161 m? g?) of fresh olivine as
calculated from the measured grain size distribution (see Supplementary Section B.1.3).
Experimentally determined k; values were compared to those predicted by the empirical
rate expression for the olivine dissolution rate constant (mol m=2 s!) given by Rimstidt et

al. (2012)

3465
_ 10*07-0256pH(t)~=F~ [2.16]

kolivine

In which pH(t) is the pH of the environment at a given time and T is the temperature

(expressed in K).

The CO; sequestration rate (expressed in pmol CO2 d!) can be calculated from the

alkalinity release rate via

Rco, = Yco,Rta [2.17]

In this, yco, denotes the CO, sequestration efficiency, i.e., the molar amount of CO>
sequestered (expressed in umol) per umol of TA released during olivine dissolution. The
CO; sequestration efficiency can be directly derived from the accumulation data of DIC

and TA as

Yco, = ANfic/ANfs [2.18]
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For comparison, the CO; sequestration efficiency was also theoretically calculated from
the applicable carbonate system relation in seawater, ie. as y¢o, = (dDIC/
0TA)pco,=420 ppm at the incubation temperature (15 °C) and salinity (33 %o) using the R

package AquaEnv (Hofmann et al., 2010).

Finally, the seawater pCO; values were calculated using the carb function of the seacarb
package in R with measured seawater pH and TA as input values. Additionally, seawater
salinity, temperature, hydrostatic pressure (0 bar), and dissolved Si concentrations were

taken into account and other settings were kept default.

2.2.6 Saturation state calculations

For a given mineral, the saturation state (2 is the ratio of the actual ion activity product
and the solubility product. Mineral 2(t;) values were calculated in PHREEQC Interactive
(version 3.7.3-15968) using the thermodynamic data from the LLNL database (Parkhurst
and Appelo, 2013). The saturation index was subsequently calculated as SI(t;) =
log10(2(t;)) (undersaturation occurs at S/(t;) < 0, supersaturation at SI(t;) > 0). Weekly
measured values of seawater temperature, TA, pH, and concentrations of major (Cl, Na,
Mg, SO, K, Ca) and minor and trace elements (Ni, Cr, Mn, Fe, Cu, Zn, Pb, Cd, Si) were used
as input data for the calculation of 2(t;). Concentrations of Cl and SOs were not
analytically determined but derived from the chemical composition of natural seawater

(fixed ratio with measured Na concentrations) (Hem, 1985).

2.2.7 Modelling olivine dissolution and secondary mineral formation

Rates of olivine dissolution and secondary mineral precipitation were modelled with
Wolfram Mathematica using the kinetic box model presented by Fuhr et al. (2022). This
model implements olivine dissolution via the rate equation provided by Rimstidt et al.
(2012), and accounts for precipitation of the secondary phases aragonite/calcite,
sepiolite, chrysotile, talc and Fe(OH)s through saturation state calculations. The model
was adapted to the current conditions accounting for the rock water ratio, flask and

sample volumes used in the experimental set-up.
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The exchange of the entire water volume after each accumulation session may have led
to the removal of small colloids, thus diminishing the available nuclei for formation of
secondary mineral phases. For secondary precipitation reactions, the pre-factor &preq,
that defines when and how fast precipitation of mineral i starts in equation (3) by Fuhr et

al. (2022) was changed to:

1 —
€pre1; = kprei (1 - T@) (2 kzpreit) [2.19]

1+e Pi

Where kprei is a kinetic rate constant, a; defines the time delay of the precipitation and
Bi steers the speed of the precipitation reaction. The tuning variable k2., was added to
the original equation (4) by Fuhr et al. (2022) to simulate a decrease in precipitation rates
which can occur after the exchange of the water volume. Thus, with the combination of
the two terms the model can simulate secondary mineral precipitation over a certain
period of time. The other equations were used as in the original (see Fuhr et al. (2022)
and Supplementary Section B.1.5 for details). The constants used for the model

calculations are listed in Supplementary Table B.6.

2.2.8 Statistical analyses

All data are reported as mean and range values. Figures were constructed in GraphPad
Prism version 9.4.0 for Windows. Statistical analyses were conducted in RStudio (version
1.2.5001) using R version 4.2.1 (R Core Team, 2022). To avoid the assumption of normally
distributed data based on few replicate measurements, a non-parametric Kruskal-Wallis
ANOVA was used to investigate differences in Mg/Si ratio, Aceo, TIC, and olivine weight
loss among treatments. Equal variance of residuals (i.e. homoscedasticity) was assessed
visually with residual plots and statistically with Levene's test. Post hoc multiple
comparisons were performed with the Dunn's multiple comparisons test. Adjustment of
p-values was done using Benjamini-Hochberg’s method. Results were considered

statistically significant when p-value < 0.05.

78



Enhanced olivine dissolution through continuous grain collisions

2.3 Results

2.3.1 Olivine dissolution in seawater under agitated conditions

Our results show a clear impact of continuous tumbling on the olivine dissolution rate, as
shown by the accumulation of the two main weathering products DSi and TA (Figure 2.2).
In the stagnant treatment, significant DSi and TA accumulations were only observed
during the first week (Figure 2.2A and 2.2C). In contrast, weekly accumulation values Aﬁik
for DSi and TA were significantly higher in the rotation treatments compared to the
stagnant treatment on most sampling days (Figure 2.2A — 2.2D). At day 70, cumulative TA
accumulation was respectively 5.3 and 6.8 times higher in the low and high rotation
treatment compared to the stagnant treatment (Figure 2.2B). Similarly, continuous
rotation enhanced DSi accumulation by a factor of 4 to 5.6 compared to stagnant

conditions (Figure 2.2D).

The olivine dissolution rate showed a marked dependence on time. Immediately after
adding seawater to olivine, we already observed a notable increase in DSi and TA (Figure
2.2A and 2.2C). Moreover, at the first consecutive sampling point (day 7), accumulations
of TA and DSi were considerably higher compared to most other sampling days (Figure
2.2A and 2.2C). After two weeks, TA and DSi accumulations remained relatively constant
in time in the low rotation treatment (Figure 2.2A and 2.2C), thus providing linear
cumulative curves (Figure 2.2B and 2.2D). In the high rotation treatment, there was a
decreasing trend in TA and DSi accumulations (Figure 2.2A and 2.2C), which resulted in a
flattening of the cumulative curve near the end of the experiment (Figure 2.2B, 2.2D).
Negative accumulation values are the result of uncertain pore water reaction product

concentrations (Eq. 2.10) and possible phyllosilicate formation (Section 2.3.2).

DSi and TA accumulations were strongly correlated, thus suggesting stoichiometric olivine
dissolution (Figure 2.2E). Theoretically, 4 moles of TA and 1 mole of DSi should
accumulate upon complete dissolution of 1 mole of forsterite olivine in the absence of

secondary mineral formation (Table 2.1). However, in addition to Mg-bearing forsterite,
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olivine contains a fraction of Fe-bearing fayalite (here 6.6%). Under oxic conditions, the
Fe?* released during dissolution of fayalite will be oxidized, which reduces the TA/DSi
release ratio to 3.73 for the experimental olivine (dashed line in Figure 2.2E;
Supplementary section B.1.2). While there is some variability, this expected relationship

compares well with the experimentally observed TA/DSi ratio (slope = 3.43), thus

Enhanced olivine dissolution through continuous grain collisions

suggesting stoichiometric olivine dissolution for TA and DSi.
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Figure 2.2: Weekly (A, C) and cumulative (B, D) accumulation of (A, B) total alkalinity (TA)
and (C, D) dissolved (< 0.2 um) silicon (DSi) in natural filtered (<0.2 um) seawater. Mean
values with range (N = 3) are shown. (E) The theoretical (black dashed line, TA/DSi ratio =
3.73) and observed relationship between TA accumulation (umol) and DSi accumulation
(umol) is given. (A, C) Dashed lines for TA and DSi accumulation represent kinetic box

model results.

2.3.2 Potential of secondary mineral formation

The pH response is fully in line with the expected response of the seawater carbonate
system towards TA changes (i.e. higher TA induces higher pH at constant pCO).
Immediately after olivine addition, the pH of the overlying seawater became significantly
elevated (ApH(t, = 0) = 0.19 — 0.24) in all olivine treatments compared to the seawater
control (Figure 2.3A). At subsequent sampling times, the observed pH excursion ApH (t;)
gradually decreased in the stagnant treatment (Figure 2.3A). For the low rotation
treatment, ApH (¢, ) varied between 0.14 and 0.39 with peak values on day 7 and day 63.
For the high rotation treatment, ApH(t,) varied between 0.09 and 0.35, and showed a

peak value on day 7 and a decreasing trend on later sampling days (Figure 2.3A).

Changes in seawater chemistry during olivine dissolution can alter saturation indices of
various mineral phases (e.g. aragonite and phyllosilicates) (Griffioen, 2017; Fuhr et al.,
2022). The aragonite SI(t;) was positive for all treatments throughout the experiment
(Figure 2.3B). Little variation in aragonite SI was observed in the seawater control (SI(t;)
= 0.29 — 0.42 or N(t;) = 1.9 — 2.6). Immediately after the start, the stagnant olivine
treatment showed a marked increase in aragonite SI(t;) (SI(t;) = 0.58 or 2(t;) = 3.8)
compared to the seawater control (Figure 2.3B), after which it gradually decreased to the
seawater control values (Figure 2.3B). In the low rotation and high rotation treatments,
the aragonite SI(t;) also showed a steep initial increase, but remained elevated and

varied between 0.49 and 0.90 (2(t;) = 3.1 to 8.0) (Figure 2.3B).
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The SI(t;) for forsterite (Mg;SiOs) remained relatively constant and was negative
throughout the experiment, thus indicating conditions that promote olivine dissolution
(Figure 2.3D). Between day 14 and 35, DSi concentrations dropped below the detection
limit (0.36 umol L) thus providing anomalous SI(t;) values in the controls. The SI(t;)
for amorphous ferrihydrite was negative for the seawater control and close to 0 for the
olivine treatments throughout the experiment (Figure 2.3C). However, these SI(t;)
values should be interpreted with caution since high dissolved Fe concentration in olivine
treatments (Supplementary Figure B.3D) suggest sampling of nanoparticulate Fe(OH)s.
The SI(t;) for sepiolite was relatively constant in the rotation treatments and remained
at an elevated values (SI(t;) = 1.5 to 7.8 or Q(t,) = 32 to 6.3E+07) throughout the
experiment (Figure 2.3E), thus signifying the potential of sepiolite formation. The SI(t;)
values of talc (MgsSisO10(OH)2), chrysotile (MgsSi2Os(OH)s4), calcite (CaCOsz) and

amorphous silica (SiO2(am)) are shown in Supplementary Figure B.2.1.
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Figure 2.3: Weekly excursion of (A) seawater pH, and temporal evolution of (B) aragonite,
(C) Fe(OH)s, (D) forsterite (Mg2SiO4), and (E) sepiolite saturation indices calculated from
experimental data in PHREEQC V3 using the LNLL database. Mean values with range for

olivine treatments (N = 3) and seawater control (N = 2) are shown.
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2.3.3 Grain scale dissolution features

The olivine surface Mg/Si ratio was analysed to assess the presence of cation depleted
layers which could significantly reduce mineral reactivity (Meysman and Montserrat,
2017; Oelkers et al., 2018). The Mg/Si ratio on individual olivine grains showed
considerable variation, ranging between 1.0 and 3.1 in all olivine treatments (Figure
2.4A). The median Mg/Si ratio was significantly higher in the stagnant (2.26, P < 0.001),
and high rotation (2.25, P = 0.0071) treatment, but not the low rotation treatment (2.16,
P = 0.23) compared to fresh olivine (2.12) (Figure 2.4A). It is important to note that
differences in median Mg/Si ratios were relatively small, even though they were found to
be statistically significant. Fresh olivine grains analysed via SEM-EDX showed
smooth/featureless grain surfaces, angular edges, and a large variation in grain shapes
(ranging from rod-like to spherical) (Supplementary Figure B.8A — C). The fresh olivine also
showed a small amount of alteration products (possibly hydrous minerals like serpentine,
chlorite, or amphibole), which likely developed during natural long-term weathering
before the dunite was mined (Supplementary Figure B.9) (Jung et al., 2020; Jung et al.,
2021). Some of the fresh olivine grains exhibited cracks and damaged grain edges, which
may originate from the mechanical crushing process during dunite sand production
(Supplementary Figure B.9). Olivine grains that were retrieved from the rotation
treatments at the end of the experiment showed an increase in surface dissolution
features (e.g. etch pits and striation-like features) compared to fresh and stagnant olivine
(Figure 2.4C — E and Supplementary Figure B.8 and B.9). Additionally, damaged grain
edges and a higher abundancy of microcracks were observed inside some of the
weathered olivine grains compared to fresh olivine grains (Figure 4B and Supplementary
Figure B.9). Still, we could not establish a significant statistical difference in microcrack

frequency or size between stagnant and rotation treatments (Supplementary Figure B.9).
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Figure 2.4: (A) Box and whisker plots of the magnesium to silicon (Mg/Si) ratio on the
surface of fresh (N = 100 spots) and experimental olivine grains (N = 50 spots), and
scanning electron microscopy (SEM) images of (B) a cracked olivine grain of the high
rotation treatment, olivine grain of the (C) fresh, (D) stagnant, and (E) high rotation
treatment. Note the presence of small adhering particles on fresh olivine (C) and etch pits
(E-1) and striation-like features (E-2) on weathered olivine. Whiskers in (A) represent the

minimum and maximum Mg/Si ratio.

SEM images of fresh olivine grains revealed the presence of small (< 10 um) adhering

olivine particles on larger grains (Figure 2.4C and 2.5A). These small particles were absent

on olivine recovered from stagnant and rotation treatments at the end of the experiment

(Figure 2.4D-E and 2.5A). The median (D50) and 90™ percentile (D90) grain diameter

decreased significantly in the stagnant (D50 = 133 um, P = 0.049, D90 = 210 um, P =
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0.010) and low rotation (D50 = 134 um, P = 0.024, D90 = 210 um, P = 0.0070) treatments
compared to fresh olivine (D50 = 136 um, D90 = 216 um). For the 10" percentile grain
diameter (D10), no significant differences among treatments were found (H(3) =3.74, P =
0.29). No significant difference in D10, D50, or D90 was observed among recovered

experimental olivine samples (Figure 2.5A).

Over time, a shift towards larger suspended sediment particles was observed in the high
rotation treatment (Figure 2.5B). SEM-EDX analysis showed that suspended particles were
mainly olivine (Figure 2.5C). Secondary minerals were not found, although they were
possibly present in minor amounts given the supersaturated conditions (Figure 2.3). At
day 0, water samples taken after stirring and subsequent settling for 20 s were dominated
by olivine particles smaller than 16 um (Figure 2.5B-C). The median suspended grain
diameter increased from 10 um at day 0 to 51 um at day 70 (Figure 2.5B). Similar trends
were observed for the stagnant and low rotation treatments and are discussed in
supplementary section B.2.4. Loss of suspended particles during weekly sampling and
water renewals likely explains the shift towards larger suspended grains. According to
Stokes’ law, all grains with a diameter smaller than 70 um (6% of the total sediment
volume) could have been removed during sampling (Supplementary section B.2.4).

However, observed total loss of dunite mass was more limited (2.1 + 0.44 wt%, Table B.3).
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Figure 2.5: (A) Volumetric dunite grain size distribution of fresh (N = 5) and weathered (N =
6) dunite grains (mean and range). (B) Volumetric grain size distribution of suspended
sediment for the high rotation treatment at different time points (Mean and range, N = 1
— 3). (C) scanning electron microscopy (SEM) image of representative grains from the

suspended sediment in the high rotation treatment at day 7.

2.3.4 Trace metal release

A relatively constant weekly Ni accumulation was observed in the stagnant treatment
(AN]S‘Ni = 1.2 umol mol* olivine; range 0.59 — 1.7 umol mol™* olivine) (Figure 2.6A). Until
day 28, dissolved Ni accumulations did not differ significantly among olivine treatments

(Figure 2.6A). Afterwards Ni accumulations were significantly higher in the rotation
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treatments compared to the stagnant treatment, following a similar temporal trend as

dissolved Si accumulations (Figure 2.2C).

Dissolved chromium (DCr) accumulation was approximately 10 times lower than DNi
accumulation (Figure 2.6B). It was elevated, but variable at the start of the experiment,
and then decreased, with no significant difference among olivine treatments (AN]’)‘Cr= -
0.017 — 0.31 pumol mol? olivine) (Figure 2.6B). From day 49 onwards, DCr concentrations
remained below detection limit (0.38 nmol L?) in all treatments (Figure 2.6B). Results for
other metals (Fe, Cu, Cd, Zn, Pb, and Mn) and major elements (Na, Mg, Ca, and K) can be

found in supplementary information (section B.2.2).

DNi accumulation
(umol mol™?* olivine)
DCr accumulation
(umol mol™* olivine)

OC—T—T——T—T—T—T T TT
0 7 14 21 28 35 42 49 56 63 70 0 7 14 21 28 35 42 49 56 63 70

Incubation period (days) Incubation period (days)

—o— Stagnant olivine —O— Low rotation olivine —#— High rotation olivine

Figure 2.6: (A) Weekly evolution of dissolved (<0.2 um) nickel (DNi) and (B) chromium
(DCr) accumulation in natural filtered (<0.2 um) seawater. Mean values with range (N = 3)

are shown.

2.3.5 CO2 sequestration
Our results showed that CO, was sequestered from the atmosphere in response to an
increased TA accumulation. DIC accumulation in the stagnant treatment remained low

throughout the experiment (Figure 2.7A). The limited DIC accumulation during the first
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days of the experiment can be explained by the relatively slow CO; invasion in seawater
given the reduced pCO; values in all olivine treatments compared to the seawater control
(Figure 2.7C) (Kuss and Schneider, 2004; Sarmiento, 2013). DIC accumulations were
significantly higher in the rotation treatments and peaked at day 7. The mean DIC
accumulation was 457 umol mol ™ olivine (ANK;. = 58 — 791 umol mol™ olivine) in the low
rotation and 624 pmol mol™ olivine (AN, = 67 — 1297 umol mol? olivine) in the high
rotation treatment (Figure 2.7A). Similar to the DSi and TA results, mean DIC
accumulation was significantly higher in the high rotation compared to the low rotation

treatment until day 42 (Figure 2.7A).

TA increases clearly resulted in DIC increases in the rotation treatments (Figure 2.7B).
Theoretical CO; sequestration efficiency (y¢o,) at the experimental conditions, assuming
a constant seawater CO; fugacity (fCO,) of 420 patm, was on average 0.82 mol CO; mol*
TA (dashed line in Figure 2.7B). This theoretical CO, sequestration efficiency matches the
DIC to TA ratio as seen in the data (Figure 2.7B), suggesting that the seawater solutions
equilibrated with the atmosphere (pCO; = 420 patm) during the rotation experiments.
Equilibration of the seawater carbonate system with the atmosphere was confirmed by
pCO; values that were only slightly lower in the olivine treatments (243 — 514 patm, N =
99) compared to the seawater control (418 — 533 patm, N = 22) on most sampling days
(Figure 2.7C). Notably, the lowest pCO. values were observed in the low rotation

treatment (Figure 2.7C).
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Figure 2.7: Weekly evolution of (A) dissolved (<0.2 um) inorganic carbon (DIC)
accumulation and (C) partial pressure of CO, (pCO;) in natural filtered (<0.2 um) seawater.
Mean values with range for olivine treatments (N = 3) and seawater control (N = 2) are
shown. (B) Theoretical (at fCO, = 420 uatm, black dashed line) and observed relationship

between dissolved inorganic carbon (DIC) and total alkalinity (TA) concentrations.

2.3.6 Olivine dissolution rate constants

Dissolution rate constants k; were derived for different olivine reaction products from
observed weekly accumulations (as shown in Figure 2.8 and Supplementary Figure B.5).
Olivine ki values for DSi, TA and DIC were relatively similar within treatments suggesting
stoichiometric olivine dissolution (Figure 2.8A). Olivine k; values derived from DNi

accumulations were considerably higher and showed more temporal variation than those
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derived for TA, DIC and DSi, as was previously observed in the study by Montserrat et al.

(2017) (Figure 2.8A).

Based on TA, DSi and DIC accumulations, median k; values in the stagnant treatment (0.80
to 1.1 pmol m2 d!) were ~8 to 14 times lower compared to the low rotation treatment
(9.1 to 10.8 umol m2 d), and ~12 to 19 times lower compared to the high rotation
treatment (13.2 to 15.2 umol m2 dt). Therefore, continuous rotation increased olivine k;
values by a factor of 8 to 19 (Figure 2.8A). For the high rotation treatment, median k;
values were up to 1.7 times higher compared to the low rotation treatment (Figure 2.8A).
In comparison to the average predicted ki values by Rimstidt et al. (2012), observed
median k; values were 7 to 10 times lower in the stagnant treatment and 1.3 to 2.8 times
higher in the rotation treatments (Figure 2.8A). Nevertheless, the range of observed k;
values overlap considerably with predictions by Rimstidt et al. (2012), indicating good

agreement between values (Figure 2.8A).

Temporal changes in kra are displayed in Figure 2.8B, while ksi, kpic and kni values are
shown in supplementary section B.2.3. In general, highest values for kta are observed in
the first two accumulation sessions (Figure 2.8B), after which the value in the rotation
treatments remains relatively constant (apart from the conspicuous baseline shift at day
42). The kra in the stagnant treatment gradually decreases over the successive
accumulation sessions. A similar temporal trend was observed for ksi and kopic

(Supplementary Figure B.5).
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Figure 2.8: (A) Box and whisker plots of the olivine dissolution rate constants k; (umol m
d?) in natural filtered (<0.2 um) seawater (N = 30) during the 70-day experiment (whiskers
indicate the range). Values were derived from weekly accumulation of total alkalinity (TA,
in green), dissolved silicon (DSi, in red), dissolved inorganic carbon (DIC, in blue), and
dissolved nickel (DNi, in orange) normalized for reaction stoichiometry (supplementary
section B.1.2). For comparison, olivine k; values derived by Montserrat et al. (2017)
(median and range, N = 4) and Rimstidt et al. (2012) (predicted values and propagated
errors represented as a line and shading in grey) are shown. Values reported by
Montserrat et al. (2017) were temperature normalized (to 15 °C) using the Arrhenius
equation and activation energy (79.5 kJ mol) provided by Wogelius and Walther (1992).
(B) weekly evolution of olivine kra values in natural filtered (<0.2 um) seawater. Mean and
range values are shown (N = 3). Expected weekly olivine ki values by Rimstidt et al. (2012)

and propagated errors are shown in grey (line and shading).

2.3.7 Kinetic model simulations
Modelled TA and DSi accumulations reflect observed values reasonably well, although

temporal fluctuations in the rotation treatments could not be accurately simulated
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(dashed lines in Figure 2.2A and 2.2C). The model underestimated TA production in the
high rotation treatment (Figure 2.2A) and overestimates DSi accumulation in the low
rotation treatment (Figure 2.2C). At the end of the experiment the model predicted a
total amount of dissolved olivine of 0.69, 2.32, and 2.84 mmol in the stagnant, low
rotation, and high rotation treatments, respectively (indicating that 0.07%, 0.25%, and
0.31% of the initially present olivine was dissolved). The rate controlling pre-factor ki
(Supplementary equation B.11) implemented in the rate equation by Rimstidt et al.
(2012) that gave the best model fit to the data was 0.43 in the stagnant, 2.0 in the low

rotation, and 2.3 in the high rotation treatment.

Our model simulations suggest limited secondary mineral precipitation. For all olivine
treatments, 0.12 mol Fe(OH)s precipitation occurred per mol of dissolved olivine (Eg.
(2.20 — 2.22)). In the low rotation treatment, formation of 0.086 mol chrysotile mol*
olivine and 0.10 mol aragonite mol? olivine were simulated (Eq. 2.21). For the high
rotation treatment this was 0.015 mol chrysotile mol olivine and 0.22 mol aragonite mol-
! olivine (Eq. 2.22). In the stagnant treatment 0.069 mol mol* olivine chrysotile formation
was modelled (Eq. 2.20). Overall, modelled secondary mineral precipitation resulted in an
11 to 19% decrease of the TA production by olivine dissolution. The reaction
stoichiometry derived from modelled olivine dissolution and secondary mineral

precipitation is as follows:

Stagnant olivine:

Mg, g,Fe13Si0, + 3.72H,0 + 0.030, + 3.37CO, — 0.12Fe(OH); + 0.86Si(OH), +
0.069 Mg5Si,05(0H), + 0.013Fe3* + 1.66Mg2* + 3.37HCO; [2.20]

Low rotation olivine:
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Mg, g7Fe135i0, + 3.96H,0 + 0.0330, + 3.66C0, + 0.10Ca2* — 0.12Fe(OH); +
1.00Si(OH), + 0.10CaCO5 + 0.000087 MgsSi,0<(0OH), + 0.0073Fe3* + 1.87Mg?* +
3.56HCO; [2.21]

High rotation olivine:

Mg, g,Fe135i0, + 3.77H,0 + 0.0330, + 3.45C0, + 0.22Ca2* — 0.12Fe(OH); +
0.97Si(OH), + 0.0076Fe3* + 1.83Mg?* + 0.22CaC05 + 0.015Mg5Si,0<(0H), +
3.23HCO; [2.22]

2.4 Discussion

2.4.1 Collision enhances olivine dissolution in seawater

We investigated the effect of continuous grain tumbling on olivine dissolution kinetics in
seawater and hypothesized that increasing physical stress would enhance olivine
dissolution through increased particle fragmentation. Significantly higher TA and DSi
accumulation in the rotation treatments compared to the stagnant treatment (Figure
2.2A — D) confirm that continuous grain tumbling enhanced olivine dissolution. Derived
olivine dissolution rate constants showed that continuously tumbled olivine dissolved
approximately 8 to 19 times faster than stagnant olivine (Figure 2.8). Four processes can
potentially explain this enhanced weathering in our study, namely (l) grain fragmentation
induced by abrasion, (Il) removal of passivating layers upon grain-grain collisions, (lll) rate
limiting air-seawater CO; exchange under stagnant conditions, and (IV) flushing of

reaction products from the pore solution by sediment movement.

Grain fragmentation enhances olivine dissolution by increasing the effective surface area
(Oelkers et al., 2018; Rigopoulos et al., 2018). However, no significant change in olivine
grain size distribution was observed (Figure 2.5A), indicating that grain fragmentation was
limited in our 70-day study. Previous studies have observed extensive olivine cracking and
fragmentation at high temperature (200 °C) or low pH (pH = 1.5) solutions (Varadachari et

al., 1994; Lafay et al., 2018). However, in our experiment, olivine dissolution took place at
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seawater pH = 8.2 and ambient temperature of = 15 °C. Under these mild conditions, it is
expected that internal micro cracks and grain fragmentation will only develop over time

scales of years (Hangx and Spiers, 2009).

Continuous grain tumbling can also prevent formation of passivating layers on olivine
grains, such as amorphous silica (SiO2(am)) or iron hydroxides (Fe(OH)s). These
passivating layers slow down dissolution by decreasing the olivine-fluid interfacial area
and increasing the diffusion distance towards the active dissolution zone (Béarat et al.,
2006; Daval et al., 2011; Schuiling and De Boer, 2011; Maher et al., 2016; Griffioen, 2017,
Meysman and Montserrat, 2017). Undersaturation of the bulk solution with regards to
SiO2(am) (Supplementary Figure B.2D) indicates that passivating SiO2(am) layer formation
was implausible. However, the pore water of the stagnant treatment could have been
supersaturated with respect to SiOz(am), resulting in thin passivating layer formation that
could be undetectable with SEM. Nevertheless, removal of brittle SiOz(am) layers during
weekly water renewals likely prevented significant passivation of olivine surfaces (Béarat
et al., 2006). A similar fate is expected for any Fe(OH)s crystals that inevitably formed
given that they were not observed via SEM-EDX analysis. Preferential Mg release at pH <
8.8 can lead to the rapid formation of cation depleted layers on olivine grains (Seyama et
al., 1996; Pokrovsky and Schott, 2000b, 2000a; Montserrat et al.,, 2017). In our
experiment, the olivine surface Mg/Si ratios differed only slightly between treatments
(Figure 2.4A), indicating that extensive cation depleted layers were not formed.
Nevertheless, a relatively large variation in Mg/Si ratio was observed on individual olivine
grains, confirming spatial variability in composition and surface reactivity (Rimstidt et al.,
2012; Oelkers et al., 2018). Overall, we assert that removal of passivating layers was not

the prime enhancement factor of olivine dissolution in our experiment.

Waves and currents are essential for ocean mixing (Moum, 2021), which is a pivotal
process for CESW since it drives transport of alkalinity enriched bottom water to the
surface ocean for CO; uptake and equilibration (Bach et al., 2023). This CO; equilibration

prevents high seawater pH excursions that could be harmful for marine biota and slow
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down olivine dissolution (Bach et al., 2019). Here, seawater pCO; values were lowest in
the low rotation treatment (Figure 2.7C) likely as a result of slower water movement
compared to the high rotation treatment. Importantly, seawater pCO, values in the
stagnant treatment were generally close to atmospheric pCO; (~420 patm) and not
significantly lower compared to the rotation treatments (Figure 2.7C), indicating that low

olivine dissolution rates were not the result of slow CO; equilibration.

Finally, olivine dissolution can be impeded by saturation of the surrounding water, and so
flushing of reaction products from the olivine-seawater interface could enhance
dissolution (Meysman and Montserrat, 2017; Montserrat et al., 2017). Previous studies
have shown that advective pore water flow can enhance solute fluxes to the overlying
water by up to 50-fold compared to stagnant conditions (Precht and Huettel, 2003; Cook
et al., 2007; Santos et al., 2012). Under stagnant conditions, molecular diffusion towards
the grain interface can be rate controlling. We did not directly assess the concentration of
reaction product accumulation and saturation indices in the pore water of the stagnant
treatment. However, given limited particle fragmentation, implausible passivating layer
formation, and no rate limiting seawater CO; influx, enhanced weathering in our rotation
treatments appears to be mainly driven by pore water flushing. This conclusion is
supported by previous studies which showed that silicate weathering rates are directly
proportional to solute transport rates for systems with a water residence time longer

than two days (Maher, 2010; Yu and Hunt, 2017).

2.4.2 Temporal variation in olivine dissolution rates

The rate of olivine dissolution was not constant with time in our 70-day experiment
(Figure 2.8B). An immediate increase in seawater pH, TA and DSi accumulation was
observed in all olivine treatments after adding the olivine to the seawater solution
(Figures 2.2A, 2.2D, and 2.3A). This “dissolution spike” can be explained by the rapid
(within minutes) exchange of Mg?* or other divalent cations (e.g. Ni?*, Fe?*) for protons
(H*) in the first one or two monolayers of the olivine grain surfaces (Luce et al., 1972;
Blum and Lasaga, 1988; Oelkers et al., 2018). However, in our experiment the “dissolution
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spike” was sustained over a much longer period (first two weeks). We also noticed that
fresh olivine grains were covered with fine adhering particles (< 10 um), which likely are
formed during crushing of olivine rich rocks for sand production (Figure 2.4C). Weathering
of these fines likely explains the prolonged DSi accumulation and high TA, pH, and DIC
accumulation within the first two weeks of the experiment (Figure 2.2A, 2.2D, 2.3A, and

2.7A).

A decreased olivine reactivity was observed from day 42 and 63 onwards in the high
rotation and low rotation treatments, respectively (Figure 2.2A, C and 2.8B). Given that
formation of passivating or cation-depleted layers was highly unlikely for rotated olivine
grains, a decrease in surface reactivity could possibly explain the observed results
(Grandstaff, 1978; Wogelius and Walther, 1992; Bandstra and Brantley, 2008; Rimstidt et
al., 2012). Such a decrease in surface reactivity can be caused by variation in dissolution
rates of distinct crystallographic planes (Grandstaff, 1978; Chung-Cherng and Pouyan,
1993; Oelkers et al., 2018). Upon inspection, etch pits were observed on some olivine
grains (Figure 2.4E and Supplementary Figure B.8K), but not all. Furthermore, striation
like features, cracked grain edges and surficial and internal micro-cracks were observed

on weathered and fresh olivine grains (Figure 2.4B, 2.4E and Supplementary Figure B.9).

Our results suggest that stoichiometric olivine dissolution took place in the experiment.
Average AIV{‘A/AIV[’,‘Si ratios in the low rotation (4.3 mol TA mol DSi) and high rotation
treatment (3.7 mol TA mol! DSi) were close to the theoretical value of 3.73 mol TA mol™*
DSi, which accounts for full dissolution of olivine followed by Fe(OH)s precipitation
(supplementary section B.1.2). In previous experiments on olivine weathering in
seawater, Montserrat et al. (2017) and Fuhr et al. (2022) observed AN¥,/AN{; ratios
that deviated significantly from the theoretical value. Deviation of the ANX,/ANX ratio
from the theoretical value can be explained by (1) incomplete olivine dissolution, (2)
dissolution of other minerals in the dunite sand, or (3) precipitation of secondary phases

(Fuhr et al., 2022). Therefore, a multiparameter approach, where DSi, TA, DNi and DIC are
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conjointly measured, seems advised to monitor olivine dissolution and CO;, sequestration

rates under field conditions (Montserrat et al., 2017).

Experimental olivine dissolution rate constants are within the range of previously
reported k; values (Rimstidt et al., 2012; Montserrat et al., 2017). Yet, estimated k; values
are underestimations due to the loss of the finest olivine particles during weekly water
renewals (discussed in supplementary section B.2.4). At the end of the experiment a loss
of olivine mass (by 1.6 to 2.8 wt%, Supplementary Table B.3) and decrease in olivine Acro
(from 0.0161 to 0.0145 m? g, Supplementary Table B.4) was observed which could not
be accurately accounted for in weekly k; value derivation, resulting in an underestimation

of derived values by up to 14%.

2.4.3 Minimal secondary mineral formation

Secondary mineral formation can significantly reduce net alkalinity production and
resulting atmospheric CO, uptake during olivine weathering (Griffioen, 2017; Meysman
and Montserrat, 2017; Montserrat et al.,, 2017; Oelkers et al., 2018). Previous studies
have found contradictory results on the importance of secondary carbonate formation.
Rigopoulos et al. (2018) observed only small TIC changes when dunite was weathered in
artificial seawater (2 g dunite L™ for 60 days). Similarly, Montserrat et al. (2017) did not
observe a significant TIC increase or aragonite precipitation when olivine was weathered
in natural and artificial seawater (8.7 — 29 g olivine L™ for up to 137 days). In contrast,
Fuhr et al. (2022) observed significant aragonite formation after reacting olivine rich

(~75%) sand in artificial seawater (25 — 100 g ultramafic sand L for 134 days).

Here, we observed no increase in olivine TIC content (Supplementary Figure B.10) or
aragonite crystals on weathered olivine grains (Figure 2.4 and Supplementary Figure B.8)
even though aragonite was supersaturated in the overlying seawater (Figure 2.3B). Under
natural conditions, seawater is supersaturated with respect to CaCOs, but precipitation
does not occur due to the lack of mineral precipitation nuclei and presence of dissolved

organic carbon, Mg?* and phosphate which inhibit precipitation (Morse et al., 2007; Pan
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et al., 2021; Moras et al., 2022). The threshold Sl for aragonite precipitation in seawater is
dependent on the availability of precipitation surfaces, being higher in their absence
(Moras et al., 2022). In the absence of precipitation surfaces, homogeneous aragonite
precipitation would occur at a S/ of ~ 1.26 (2 = 18) in 25 °C seawater (Sun et al., 2015). In
the presence of colloids and organic particles, pseudo-homogenous precipitation of
aragonite would be expected at a S/ value of ~1.06 (2 = 11.5) for the experimental
seawater (salinity of 33 %o and temperature of 15 °C) (Marion et al., 2009). Furthermore,
recently Moras et al. (2022) observed heterogeneous (i.e. on mineral phases) aragonite
precipitation on CaO and Ca(OH); particles smaller than 63 um at a S/ value of ~0.85 (2 =
7) in 21 °C natural seawater (salinity of 35 %o). This threshold is very close to S/ peak
values up to 0.9 observed on day 7 and 63 of our experiment, signifying potential
heterogeneous aragonite precipitation. Overall, we can conclude that CaCOs precipitation
was limited in our study given that aragonite S/ values remained below critical thresholds

on most sampling days (Figure 2.3B).

Secondary precipitation of iron(hydr)oxides inevitably occurred, although Fe(OH)s crystals
were not observed through SEM analysis, possibly due to removal during weekly water
renewals. The experimental olivine contains on average 6.6% fayalite, compared to 93.4%
of forsterite (Supplementary Section B.1.2). Under oxic conditions, any Fe(ll) released
during dissolution will be rapidly oxidized to Fe(lll) and precipitated as iron(lll) (hydr)oxide
(Millero, 1998; Griffioen, 2017; Meysman and Montserrat, 2017; Montserrat et al., 2017).
This process hence reduced the total alkalinity production by 6.6% for the olivine

employed here (Griffioen, 2017; Montserrat et al., 2017).

Finally, regarding phyllosilicates, seawater was supersaturated with respect to sepiolite,
talc, and chrysotile on most sampling days in the olivine treatments (Figure 2.3E and
Supplementary Figure B.2). However, similar to Montserrat et al. (2017), no phyllosilicate
precipitates were observed on olivine grains (Figure 2.4B-E and Supplementary Figure
B.8) and formation was expected to be low based on the best fitting models for the

experimental data (Figure 2.2A and 2.2C). The combination of weekly water renewals and
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slow formation kinetics could possibly explain the absence of Mg-silicate precipitates in

our experiment (Baldermann et al., 2018).

2.4.4 Trace metal release

One of the environmental concerns of enhanced olivine weathering in marine conditions
is the accumulation of Ni and Cr within the ecosystem (Montserrat et al., 2017; Flipkens
et al., 2021). In the crystal structure of olivine, Ni?* substitutes for other divalent cations
(e.g. Mg?* and Fe?*) and is present at concentrations ranging from 0.1 to 0.5 wt% (here
0.25 wt%, Table 2.2) (Thompson et al., 1984; Santos et al., 2015; Lynn et al., 2017). Nickel
is an essential trace element for macrophytes and microorganisms, but its essentiality for
aquatic animals remains under debate (Muyssen et al., 2004; Blewett and Leonard, 2017).
Exposure to elevated Ni concentrations can lead to toxicological effects including reduced
growth, reproduction and survival as a result of oxidative stress, disruption of ion
homeostasis and respiratory impairment (Blewett and Leonard, 2017; Gissi et al., 2020).
We observed no significant difference in DNi accumulation among treatments until day
28 (Figure 2.6A), which is possibly explained by Ni adsorption to fine suspended olivine
particles that were gradually removed during sampling (Kleiv and Thornhill, 2004).
Minimal (<1.5%) Ni adsorption to precipitated Fe(OH)s particles was expected according
to PHREEQC diffuse double layer surface-complexation models assuming Fe(OH)s specific
surface area (600 m? g?) and binding site availability (0.005 and 0.2 mol/mol for strong
and weak sites, respectively) according to Dzombak and More (1990). From day 35
onwards, high non stoichiometric Ni release was observed (Figure 2.6A and Figure 2.8A).
In general, our findings are in line with the results of Montserrat et al. (2017), suggesting
preferential release of metal cations (Ni?* and Mg?*) compared to Si at seawater pH
although this was not evident from Mg/Si ratios on weathered olivine grains (Figure 2.4A).
Therefore the reason for the high Ni release remains uncertain and requires further

research.

Chromium (lll) is heterogeneously distributed in olivine containing dunite grains, mainly in
the form of chromite (FeCr0a) inclusions (Santos et al., 2015; Bell, 2021), and hence not
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part of the olivine silicate matrix. Upon olivine dissolution, chromite nanoparticles could
be released, which can interact with Mn(IV) oxides resulting in the dissolution of chromite
and subsequent oxidation to Cr(VI) or precipitation as Cr(lll) hydroxides (Ivarsson et al.,
2011; McClenaghan and Schindler, 2022). However, Mn(IV) oxides were likely not present
in significant amounts in our experiment since their formation is mainly microbially driven
(Tebo et al., 2004). Furthermore, under oxic conditions, Cr(lll) released during dissolution
could be converted to Cr(VI) as indicated by the high Cr(VI) concentrations found in
streams and rivers near chromite and Ni mines (Gunkel-Grillon et al., 2014; Das et al.,
2021). While Cr(VI) is considered as a highly mobile human carcinogen, Cr(lll) is
comparatively less toxic and relatively immobile (Aharchaou et al., 2018). Although the Cr
content of the experimental olivine was relatively high (0.30 wt.%, Table 2.2), dissolved Cr
accumulation was low in all treatments (Figure 2.6B), confirming that most Cr remained in

a particulate form.

Overall, our results confirm that Ni is the trace metal of most concern for future CESW
applications due to its release as a soluble compound (Montserrat et al., 2017; Flipkens et
al., 2021). Low aqueous solubility of Cr3* infers lower bioavailability compared to Ni
(Flipkens et al., 2021), but potential oxidation to Cr® or accumulation of Cr3*
nanoparticles in marine sediment could still pose a risk to marine biota (Gunkel-Grillon et

al., 2014; Kanakalakshmi et al., 2017; Das et al., 2021).

2.4.5 Implications for natural and enhanced marine silicate weathering

The carbonate-silicate geochemical cycle plays a pivotal role in regulating Earth’s climate
over geological time scales (Penman et al., 2020). Coastal enhanced silicate weathering
aims to accelerate this process to help mitigate human-induced climate change
(Meysman and Montserrat, 2017). A thorough understanding of factors controlling
silicate weathering kinetics under marine conditions is crucial to comprehend the natural
carbon cycle and quantify the CDR potential of CESW (Meysman and Montserrat, 2017;
Sun et al.,, 2019). In this regard, our results show that pore water exchange rates can
significantly affect silicate mineral dissolution rates in seawater. Hence, hydrodynamic
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conditions should be considered when quantifying natural silicate weathering rates to
obtain a more comprehensive understanding of the Earth’s carbon cycle (Maher, 2010; Yu
and Hunt, 2017). Additionally, these findings highlight that olivine should ideally be
supplied in coastal areas with high bed shear stress and pore water exchange rates such
as near shore zones, where the seafloor is impacted by wave action and longshore
currents (Jong et al., 2020). This ensures enhanced mineral dissolution and effective CO>

sequestration.

The present study should be seen as a step towards future experimental olivine
weathering studies in flume and mesocosm set-ups that mimic natural conditions more
closely. Furthermore, marine olivine toxicity tests are needed to accurately assess
environmental impacts of coastal enhanced olivine weathering (Flipkens et al., 2021). If
the environmental risk is acceptable larger-scale scale field trials could be set up to
generate field data needed for the more realistic assessment of the CO, sequestration

potential and scalability of CESW.

2.5 Conclusions

Coastal enhanced olivine weathering has been put forward as a way to remove
atmospheric CO; for climate change mitigation. However, the efficiency and
environmental impacts of the technique remain to be assessed, since data on olivine
dissolution in natural seawater conditions is scarce. Here, we investigated the effect of
continuous grain-grain collisions on olivine dissolution and trace metal release kinetics in
natural seawater. Olivine dissolution was complete and stoichiometric, while secondary
mineral precipitation and passivating layer formation were restricted. Olivine dissolution
rate constants were 8 to 19 times higher for rotated olivine compared to stagnant olivine.
Seawater CO; equilibration was not significantly rate limiting, and grain size distribution
analysis suggests that minimal particle fragmentation occurred. Therefore, we infer that
advective pore water flushing was the main process enhancing olivine dissolution during

this experiment. The presence of micro cracks inside olivine grains suggests that physical
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agitation could potentially enhance olivine dissolution over longer time scales. Overall,
this study shows that coastal hydrodynamics could enhance silicate weathering in a
marine environment, which is of importance for both the natural silicon cycle and coastal
enhanced olivine weathering. Therefore, olivine should ideally be supplied in dynamic
coastal areas with high bed shear stress and pore water exchange rates (e.g. nearshore
zones). However, the question remains how olivine dissolution rates in this laboratory
agitation experiment compare to actual rates in coastal ocean settings with complex
hydrodynamical conditions and presence of biological processes (e.g. bioturbation and

microbial acidification).

2.6 Supplementary information

Dunite chemical composition, olivine reaction stoichiometry, specific surface area, and
mass added to the experimental bottles are provided in Appendix B. Furthermore, North
Sea water chemical composition, salinity, and measured trace element (Zn, Cu, Cd, Fe,
and Mn) and major element (Na, Mg, Ca and K) concentrations are shown. To visualize
temporal trends in olivine reactivity, the cumulative dissolved olivine and weekly k; values
are given. A detailed description of model calculation and input data are provided
together with SI(t;) values for several secondary phases. Finally, weekly grain size
distribution of the suspended olivine and grain scale changes of the weathered olivine are

illustrated.
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Chapter3 Effects of current on olivine
dissolution kinetics in permeable
marine sediment: a flume
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Based on:
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Effects of current on olivine dissolution kinetics in permeable marine sediment: a flume

experiment.
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Abstract

Gigaton-scale atmospheric carbon dioxide (CO;) removal (CDR) is needed to keep global
warming below 2 °C. Ocean alkalinity enhancement (OAE) via coastal enhanced olivine
(MgxFe-xSi04) weathering is a proposed strategy to increase the ocean carbon sink for
climate change mitigation. However, the CO; sequestration potential and ecological
effects of the technique remain poorly resolved due to a scarcity of environmentally
relevant experimental data. Here, we conducted a 175-day flume experiment to assess
the effects of water currents on forsterite olivine dissolution in natural permeable beach
sediment. Continuous flow stimulated natural alkalinity release from the sediment.
However, overall accumulation of total alkalinity (TA) and dissolved silicate (DSi) in the
overlying natural seawater was limited, suggesting that olivine dissolution was more than
one order of magnitude slower than expected based on previous laboratory findings. Air-
seawater CO, exchange was not rate limiting and passivating layer formation was not
observed. Pore water saturation effects and the formation of secondary minerals could
not be resolved conclusively due to the lack of pore water chemistry data and a variety
and abundance of mineral phases originally present in the marine sediment. Overall,
olivine reactivity in permeable marine sediment was significantly lower than expected
and could not be explained, highlighting the need for additional research on olivine
dissolution rates under natural marine conditions to assess the efficacy of coastal

enhanced olivine weathering as a CDR technique.

Keywords: olivine, ocean alkalinity enhancement, silicate weathering, climate change

mitigation
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3.1 Introduction

Rapid and substantial reductions in carbon dioxide (CO;) emissions as well as large scale
carbon dioxide removal (CDR) are both needed to keep global warming well below the
goals set out in the 2015 Paris agreement (UNFCC, 2015; Rueda et al., 2021). Ocean
alkalinity enhancement (OAE) via coastal enhanced silicate weathering (CESW) has
attracted attention as a potential CDR technology (Schuiling and De Boer, 2011; Meysman
and Montserrat, 2017; Montserrat et al., 2017; Rigopoulos et al., 2018; Fuhr et al., 2022).
The chemical weathering of silicate minerals, either on land or in the ocean, regulates
atmospheric CO, concentrations over geological time scales (Penman et al., 2020).
Dissolution of silicate minerals in coastal environments increases seawater alkalinity,
which drives uptake of atmospheric CO; by the surface ocean (Eg. 3.1 and 3.2) (Meysman
and Montserrat, 2017; Montserrat et al., 2017). To accelerate this natural process, finely
ground silicate rock can be distributed in dynamic coastal environments, where biological
and physical factors will potentially enhance silicate dissolution (Meysman and
Montserrat, 2017). Magnesium rich olivine (i.e. forsterite MgxFe».xSiO4) has received most
attention for CESW because of its global abundance and relatively fast weathering rate
(Hangx and Spiers, 2009; Schuiling and De Boer, 2011; Hartmann et al., 2013; Meysman
and Montserrat, 2017; Montserrat et al., 2017; Fuhr et al., 2022; Fuhr et al., 2023).

The dissolution rate of olivine has traditionally been studied in laboratory settings,
employing small-scale shaking devices and idealized aqueous solutions (Grandstaff, 1980;
Blum and Lasaga, 1988; Awad et al., 2000; Pokrovsky and Schott, 2000b; Olsen and
Rimstidt, 2008) or filtered seawater (Montserrat et al., 2017; Rigopoulos et al., 2018; Fuhr
et al., 2022; Flipkens et al., 2023a). These studies show that solution pH and temperature
are the main factors driving olivine reactivity (see reviews by Oelkers et al. (2018) and
Rimstidt et al. (2012)). However, studies on olivine weathering kinetics under more
natural marine conditions are limited (Fuhr et al., 2023). Fuhr et al. (2023) conducted an
incubation experiment with organic rich Baltic Sea sediments amended with calcite

(CaC0:s3) or finely ground dunite rock. Their results indicated that microbial activity was
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the main driver of CaCOs dissolution by lowering pore water pH, but strong natural
background fluxes of silicic acid prevented the evaluation of olivine dissolution (Fuhr et
al., 2023). Next to microbial metabolism, processes such as macro-faunal bioturbation
and advective pore water flushing could potentially enhance olivine reactivity (Meysman
and Montserrat, 2017; Montserrat et al., 2017). The importance of these processes has
received little research attention, but is crucial to better estimate in situ olivine
dissolution rates and assess the CDR potential of CESW (Meysman and Montserrat, 2017;
Flipkens et al., 2023a).

Waves and currents could potentially enhance olivine reactivity via bedload transport and
increased grain-grain collisions (Schuiling and De Boer, 2011; Meysman and Montserrat,
2017; Flipkens et al., 2023a). Grain abrasion during advective transport can result in the
development of cracked mineral surfaces and ultimately grain fragmentation, which could
increase olivine dissolution rates by enhancing the reactive mineral surface area (Oelkers
et al., 2018; Madhavaraju et al., 2021; Ramos-Vazquez and Armstrong-Altrin, 2021).
Additionally, grain abrasion could prevent the development of cation depleted layers or
secondary surface precipitates that would passivate olivine surfaces (Béarat et al., 2006;
Meysman and Montserrat, 2017; Oelkers et al., 2018). Once olivine becomes mixed in the
surface sediment, the build-up of reaction products (e.g. dissolved Si (DSi) and alkalinity)
could lead to porewater saturation, which would reduce olivine reactivity. Advective pore
water flushing induced by currents and waves could counteract such saturation effects
(Meysman and Montserrat, 2017; Flipkens et al., 2023a) and also prevent the formation
of secondary mineral phases that scavenge alkalinity (Table 3.1) (Montserrat et al., 2017;
Fuhr et al., 2022). Finally, waves and currents induce turbulence, which aids in the
transportation of alkalinity enriched bottom water to the ocean surface for atmospheric

CO; uptake and equilibration (Bates et al., 2001; Bach et al., 2023).

Table 3.1: Relevant chemical reactions for coastal enhanced olivine weathering. The
olivine dissolution, acid-base dissociation reactions of the seawater carbonate system, and

possible secondary mineral formation reactions are given.
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Olivine dissolution Mg Fe,_,Si0, + 4H* - xMg?* + (2 — x)Fe?* + H,Si0, [3.1]
Seawater acid- CO,(aq) + H,0 = HCO3 + H* = CO0%™ + 2H" [3.2]

base equilibrium

Potential secondary mineral formation

Aragonite/calcite Ca%* + 2HCO3 - CaCO5 + CO, + H,0 [3.3]
Iron hydroxide Fe?* + 0.250, + 3H,0 — Fe(OH)3 + 2H* + 0.5H,0 [3.4]
Sepiolite 2Mg?* + 3H,Si0, > Mg,Siz0, s(OH)(H,0)s + 4H* + 0.5H,0  [3.5]
Chrysotile 3Mg?* + 2H,Si0, + H,0 - Mg5Si,05(0H), + 6H* [3.6]

Two crucial, but understudied aspects of CESW are the extent of secondary mineral
precipitation and ecosystem risks of Ni and Cr release during olivine weathering (Flipkens
et al., 2021; Fuhr et al., 2022). Recently, Fuhr et al. (2022) observed significant formation
of calcium carbonates, phyllosilicates and iron (hydr)oxides during weathering of olivine
rich (~75%) sand in artificial seawater (at 21 to 23.9 °C and 35 %o) for 134 days. Formation
of these minerals consumes alkalinity (Table 3.1) and can thus significantly reduce the CO;
sequestration efficiency of CESW (Griffioen, 2017; Fuhr et al., 2022). However, the
mechanisms and kinetics of their formation remain relatively poorly understood, which
prevents accurate assessment of the CO, sequestration potential of CESW (Fuhr et al.,
2022; Moras et al., 2022; Hartmann et al., 2023). Additionally, the acceptability of coastal
olivine spreading could potentially be limited by accumulation of Ni and Cr to toxic levels
in the marine environment (Montserrat et al., 2017; Flipkens et al., 2021). However,
uncertainties regarding in situ trace metal release rates, environmental fate,
bioavailability, and toxicity prevent derivation of accurate environmentally safe coastal

olivine application guidelines (Flipkens et al., 2021).

To bridge the gap between laboratory experiments and complex field studies, we
conducted a 175-day flume experiment with permeable marine sediments, in which the
effect of water current and pore water advection on the dissolution and trace metal

release rate of olivine was investigated. We hypothesized that advective pore water
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flushing would enhance olivine dissolution and minimize secondary mineral formation by
preventing porewater saturation. Regarding trace metals, we expected an elevated
export of trace metals from the sediment to the water column under high flow conditions

due to increased pore water flushing (Huettel et al., 1998; Flipkens et al., 2023a).

3.2 Material and Methods

3.2.1 Flume experimental design

A 175-day flume experiment was conducted at the Mesodrome facility of the University
of Antwerp (Belgium) from October 2021 until April 2022 to investigate the effect of
water current on the dissolution kinetics of forsterite in natural marine sediment. The
experiment took place at ambient temperature (water temperature = 6.7 — 20.6 °C) and
pressure (~1 atm) conditions. Four racetrack flumes (LxHxW = 395x75x121 cm) were filled
with 630 kg (~ 16.4 £ 1.1 cm sediment layer) of commercial North Sea beach sediment
(Handelsonderneming Hoogerheide, The Netherlands) (Figure 3.1). Subsequently, 20 kg of
VANGUARD dunite sand (Sibelco, Norway) was homogenously mixed in the sediment of
two flumes resulting in a dunite concentration of 3.1% w/w. The other two flumes serves
as controls without dunite addition. Dunite sand will be referred to as olivine throughout
the text. The mineralogical, textural, and chemical composition of the dunite and beach

sediment are given in Table 3.2.

Table 3.2: Geochemical properties of the dunite and beach sediment used in the
experiment. Mineralogical composition (XRD-analysis), element composition (ICP-OES),
and textural composition including grain size quantiles, geometric specific surface area,
mineral density and bulk density are given. Details about the geochemical analyses are

given in Supplementary Section C.1 and C.2. N.A. = not available, ND = not detected.

Mineralogical composition (N = 1) Dunite Beach sediment
Ferroan-forsterite (wt%) 83 ND
Enstatite (wt%) 8 ND
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Chlorite (wt%) 2 ND
Quartz (wt%) 1 88
Antigorite (wt%) 2 ND
Talc (wt%) 1 ND
Hornblende (wt%) 2 ND
Feldspar (wt%) ND 6
Calcite (wt%) ND 3
Others (wt%) 1 3
Textural composition (N = 4) Dunite Beach sediment
D10 (um) 93+6 202 +3
D20 (um) 122 +6 236+3
D50 (um) 189 +5 329+3
D80 (um) 2795 454 +3
D90 (um) 332+5 523 +3

Geometric specific surface area (m2 g?)
Mineral density (g cm?3)

Bulk density (g cm™)

Sediment organic matter (wt%)

Total inorganic carbon (wt%)

0.013 £ 0.0013
3.3

N.A.

0.099 + 0.0065
0.0047 +0.0010

0.0074 + 0.00008
2.65

1.6 £0.020
0.52+0.14

0.64 £0.09

Chemical composition (N = 5) Dunite Beach sediment
MgO (wt%) 39.9 0.062

SiO; (Wt%) 41.8° 100°

Fe 05 (wt%) 5.8 0.22

NiO (wt%) 0.29 0.00022

Al,O3 (Wt%) 0.33 0.49

Cr,03 (Wt%) 0.18 0.00037

MnO (wt%) 0.084 0.0045

CoO (wt%) 0.016 0.00012

ZnO (Wt%) 0.0056 0.00041

aconcentrations of SiO2 were obtained from the manufacturer for dunite and the beach

sediment was assumed to be entirely comprised of quartz (i.e. 100% SiO>).
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At the start of the experiment, approximately 1111 + 19 L of North Sea water was
pumped into all flumes resulting in a 19 to 21 cm layer of water on top of the sediment
with a porosity of 39 to 41% (Figure 3.1B). The seawater was collected from the North Sea
coast (Sea Life, Blankenberge, Belgium) and transported to Antwerp with a tank truck. To
prevent algal growth, the flumes were covered with a black weed mat and white tarp for
blocking and reflecting the sunlight, respectively (Figure 3.1C). Finally, a current velocity
of 0.40 £ 0.13 m s* (mean + S.D., N = 44) was imposed in two flumes (one with olivine and
one control). No flow was induced in the other two flumes. Reynolds number calculations
indicated highly turbulent flow conditions (Supplementary Section C.4). Oceanic bottom
current velocities usually range from 0.01 to 0.2 m s, but can be as high as 3 m s*
(Shanmugam, 2020). Hence, the current velocity used in our experiment can be
considered realistic for a dynamic coastal environment. Flow velocity was measured with
a Model 801 Electromagnetic flowmeter (Valeport) at different locations and heights
above the sediment bed at day 128 (Supplementary Section C.4). Sediment bed
topography was measured at day 105 to determine bed shear stress (Supplementary
Section C.4 and C.5). Overall, the flumes represented four treatments which will be
referred to as the “stagnant sand”, “stagnant olivine”, “flow sand”, and “flow olivine”

throughout the text.

After a couple weeks with minimal TA accumulation in the overlying seawater across all
treatments, the seawater was pumped out of the flumes on day 112. Subsequently, on
day 119, 1213 + 2 L of fresh seawater (~23 cm overlying water layer) was added to initiate
a second measurement series. This was done to investigate the reproducibility of results
due to lack of experimental unit replication. The seawater for the second series was
collected from the North Sea by the RV Simon Stevin (Flanders Marine institute, Belgium)
at station 330 (51.43N, 2.808E) and transported to Antwerp in black cubitainers. Prior to
addition, the seawater was equilibrated to atmospheric conditions for six days with
continuous aeration during the first three days (discussed in supplementary section C.6).
This equilibration period explains the 7-day time gap between the removal of the

seawater from the first measurement series and addition of new seawater to the flumes.
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Figure 3.1: (A) Schematic top view of the experimental racetrack flumes. Red asterisk
indicates sampling location, where samples were collected ~6 cm below the water surface.
(B) Flume side view showing the respective depth of the sediment, seawater and airspace
above. (C) Flumes were covered with black weed mat and white tarp for sunlight

obscuration.

3.2.2 Seawater geochemical analyses

Overlying seawater samples for analysis of pH, conductivity, dissolved inorganic carbon
(DIC), total alkalinity (TA), turbidity and dissolved metal(loid)s were collected in triplicate
with 20 mL syringes (Beckton Dickinson) at various timepoints. Samples were always
collected at the same location (red asterisk Figure 3.1A) and depth (~6 cm below water

surface) in the flumes.

Seawater pH and salinity were measured using a HQ30D portable multi-meter (Hach)

equipped with a PHC101 pH and CDC401 conductivity electrode. The pH electrode was
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calibrated at the start of each sampling day with three NIST buffers (pH 4.0, 7.0, and
10.01). Seawater pH results were converted to the total hydrogen ion concentration scale
based on the readings of a TRIS (2-amino-2-hydroxy-1,3-propanediol) and AMP (2-
aminopyridine) buffer prepared according to Dickson et al. (2007). The relative standard
deviation (RSD) was smaller than 0.14% for all samples. Calibration of the conductivity
electrode was performed with NIST 50 and 12.88 mS/cm conductivity standards (VWR
International) before each use. Measured conductivity values deviated from certified

values by maximally 4% and the RSD was smaller than 0.55% for all samples.

Water samples for DIC and TA analysis were filtered through 0.2 pum filters (Chromafil
XTRA PES-20/25, Macherey-Nagel) and stored in 50 mL Falcon tubes without headspace
at 4 °C. To stop biological activity, 90 pl of mercury chloride solution (7 g L'!) was added to
the DIC samples before storage (Dickson et al., 2007). DIC samples were analyzed with a
Shimadzu Total Organic Carbon Analyzer (TOC-VCPH). For quality control, an ultrapure
MQ water sample and 50 mg L TIC standard (Bernd Kraft) were included at the start and
end of the analysis. The RSD was better than 5.1% for all samples. Seawater TA was
analyzed via an open cell automated potentiometric titration with 0.1 M HCI using an
automated titrator setup (888 Titrando, Metrohm). A non-linear least-squares approach
was used to derive seawater total alkalinity from the titration data (Dickson et al., 2007).

RSD values lower than 1.0% were obtained for all samples.

For dissolved metal(loid)s, 10 ml water samples were filtered through 0.2 um cellulose
acetate filters filter (OE66, Whatman) and acidified to 1.4% V/V nitric acid (HNO3) with
TraceMetal™ Grade 67-69% HNOs (Fisher Scientific) before storage at -20 °C. Samples
were diluted 20 times with 2% V/V HNOs before analysis by HR-ICP-MS (Element XR,
Thermo Scientific). Procedural blanks (2% V/V HNOs) and NIST SRM 1640a reference
samples (Merck) were included in the analysis to check for sample contamination and
accuracy of the analytical results, respectively. A maximum RSD of 5% was allowed for the

measurements.

114



Olivine dissolution in permeable marine sediment

Unfiltered seawater samples for turbidity analysis were analyzed with a Hach DR 2000
spectrophotometer by measuring light absorption at a wavelength of 450 nm (Hach
method 8237). On each measurement day, a two-fold serial dilution (1.56 to 400 FTU)
was made from a 4000 NTU formazin turbidity standard (VWR International) for
calibration (R? > 0.9997). For quality control, a 100 NTU formazin turbidity standard and
ultrapure Milli-Q (MQ) water (Merck) blank were measured after every 12 samples. A
maximal RSD of 66% was obtained for the lower turbidity (<6 FTU) samples and 12% for
higher turbidity (>6 FTU) samples.

3.2.3 Saturation state calculations

Based on the measured seawater chemistry, mineral saturation states as a function of
time (Q(t)) were calculated using PHREEQC Interactive (version 3.7.3-15968) and its LLNL
database (Parkhurst and Appelo, 2013). Mineral saturation states correspond to the ratio
of the actual ion activity product and the solubility product. Subsequently, mineral
saturation indices (S/(t)) were calculated as SI(t) = log10(£2(t)) (undersaturation occurs at
SI(t) < 0, supersaturation at S/(t) > 0). Seawater temperature, density, TA, pH, and total
dissolved concentrations for a range of chemical species (Ca, Mg, Cd, Pb, V, Al, Cr, Mn, Co,
Fe, Ni, Cu, Zn, Si, K, Na, Cl, SO4, and Li) were given as input data for the calculations of
(Q(t)) values. Seawater Na, Cl, and SO concentrations were not analyzed but derived
from the chemical composition of natural seawater assuming a fixed ratio with measured

K concentrations (Hem, 1985).

3.2.4 Solid phase analyses

At the start of the experiment, beach sediment and olivine were sampled for grain size
distribution, elemental, and sediment organic matter (SOM) analysis (Table 3.2). Grain
size distribution was analyzed with a Mastersizer 2000 laser diffraction particle analyzer
(Malvern Panalytical) according to standard operating procedures (SOPs) without
chemical pre-treatment. Beach sediment samples were sieved through a 1 mm mesh size

sieve prior to analysis to remove large shell fragments. Elemental composition was
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determined via ICP-OES (iCAP 6300 Duo, Thermo Scientific) after microwave-assisted acid
digestion according to a modified chromite ore protocol described in Supplementary

Section C.2 (CEM Corporation, 1999).

Sediment organic matter (SOM) content of olivine and beach sediment (expressed in %
w/w) was determined via loss on ignition according to the protocol by Wang et al. (2012).
Briefly, 5.011 + 0.025 g of olivine or beach sediment was dried at 105 °C for 12 hours to
constant weight. Subsequently, organic matter was combusted in a muffle furnace (B180,
Nabertherm) at 375 °C for 17 hours. SOM was calculated as the dry weight loss 375 °C

(d.w.375) compared to 105 °C (d.w.105) as follows:

SOM = {dMa0s—dWszs) 1 [3.7]
d.w.qs
Unfiltered seawater samples for analysis of suspended solids were collected at each
sampling day in 50 mL Falcon tubes and centrifuged at 2773 g for 1 min before decanting
the supernatant seawater. The remaining pellet was subsequently rinsed twice with
ultrapure MQ water and dried at 60 °C for 48 hours. The dried samples were analysed via
both scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDX) and
Raman spectroscopy. For SEM-EDX analysis, dried samples were fixed on aluminium pin
stubs with double sided carbon tape and analyzed with a Tescan MIRA3 SEM equipped
with a Field Emission Gun (FEG) and energy dispersive spectrometer (EDS) capability. For
Raman spectroscopy, a Renishaw inVia Qontor confocal Raman microscope equipped
with 30 mW 405 nm and a charged-coupled device array detector was used for analysis of
20 random points in each sample. For all measurements a 2400 line mm™ grating was
used. The laser power at the sample surface was adjusted to approximately 1.8 mW. The
laser beam was focused onto the sample surface through a Leica HC PL Fluotar 100x and
0.9 NA objective, resulting in a spatial resolution of 275 nm. Prior to the analysis the
energy was calibrated and verified using an internal silicon standard with a Raman shift at
520.2 + 0.5 cm™. The spectral range was set to 93-2390 cm™ for all samples. All data

acquisition was performed using the Renishaw WIRE v.5.6 software package. Cosmic rays
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were manually removed with the ZAP function and the background was subtracted using
least squares polynomial fitting. Obtained spectra were compared to the Renishaw library

for inorganic materials and the RRUFF database.

At the end of the experiment, sediment cores were taken to investigate olivine depth
distribution, secondary mineral formation, olivine dissolution features, sediment bulk
density, and sediment total inorganic carbon (TIC) content. Sediment cores for bulk
density and porosity derivation were taken in the stagnant sand and stagnant olivine
treatment at the end of the experiment. Kopecky rings (@ 53 mm) were inserted in the
top 5 cm (= height Kopecky ring) of the sediment. The cores were transferred to pre-
weighed polypropylene containers and weighed on an analytical balance before and after

drying at 60 °C for 72 h to calculate the bulk density (ps in kg m3) according to following

equation:
pr =77 [3.8]

In which msis the dry weight of the sediment (kg) and Vs is the volume of the sediment
(1.1E-04 cm?3). The porosity (¢ in %) of the sediment was then calculated using the

particle density of quartz (p, = 2650 kg m3) according to following equation:

¢=1—% [3.9]
Sediment cores to assess the olivine depth distribution could not be taken using
conventional sediment corers (e.g. liner sampler) due to sandy North Sea beach sediment.
Therefore, PVC tubes (@ = 1 cm, height = 30 cm) were gently inserted in the beach
sediment and taken out using a gauging trowel. Cores were transported to the lab upright
and stored frozen at -20 °C until analysis via micro computed tomography (micro-CT).
Scanning was performed for one core of the flow olivine and stagnant olivine treatment
using the XRE CoreTOM (Tescan) instrument with a voxel size of 3 um. Both samples were
scanned using the same scanning parameter of 100 kV accelerating voltage, 10 W power,
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225 ms exposure time and 0.5 mm aluminium filter mounted at the source. Radiographs
then were reconstructed using Panthera software by Tescan. The 3D images then were
processed using Avizo 2022.2. The image was filtered using non-local means, segmented
using interactive thresholding, and touching particles were separated by a morphology
operation. Subsequently, the particles were individually labelled and analyzed. Since the
grey values for CaCOs and olivine were similar, particles were differentiated based on the
assumption that olivine particles would be more rounded than CaCOs particles, having a
sphericity larger than 0.6. The analysis procedure and results of sediment TIC content are

given in Supplementary Section C.2.

Finally, the upper 10 cm of the sediment was sampled with a modified (top cut off) 100
mL syringe (Plastipak, Becton Dickinson) and deposited minerals on the flume walls were
collected at the end of the experiment to investigate the presence of olivine dissolution
features and secondary mineral formation. Sediment samples were divided in an upper
(0-5 cm) and lower (5-10 cm) section, carefully rinsed with ultrapure MQ, and dried at 60
°C before SEM-EDX analysis. Mineral deposits on the flume walls were rinsed with

ultrapure MQ, and dried at 60 °C before analysis via SEM-EDX and Raman spectroscopy.

3.2.5 Total dissolved olivine

The amount of dissolved olivine was monitored based on the concentration difference of
specific compounds (i = TA, DIC, DSi, DNi) in the overlying seawater of olivine treatments
compared to beach sediment treatments. The accumulation AN; (expressed in mmol) of a

give compound i at time t (days) was calculated as:

AN;(£) = [Cori(®) = Cos,i () Viotar (1) [3.10]

Where Coi(t) and Cusi(t) represent the concentration (expressed in mmol L?) of
compound j at time t (days) in an olivine treatment (o/) or beach sediment (bs) treatment,
respectively. Viowi(t) is the total seawater volume (expressed in L) in the flumes at time ¢,

which was calculated from the total height (sediment + overlying water) at time t (htotal(t),
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expressed in m), flume surface area (Apume = 3.097 m?), sediment volume (Vseq = 0.39 or
0.42 m3 for bs and ol treatments, respectively) and sediment porosity (® = 0.39 and 0.41

for bs and ol treatments, respectively) according to
Vtotal(t) = (htotal(t)Aflume - Vsed(1 - <D))1000 [3-11]

The sediment volume Vses was derived from the total sediment mass (mtoter = 630 or 650
kg for bs and ol treatments, respectively) and sediment bulk density (Vsed = Miotal/ pp ).
Subsequently, the amount of dissolved olivine N, ;(t) at time t could be calculated using
the theoretical stoichiometric coefficient v; (expressed in mmol mmol? olivine) for a
specific compound i in the experimental olivine (vy4 = 3.73,vp;c = 3.13,v5; = 1, vpyi =
0.0055; Supplementary Section C.1 provides details on the derivation of stoichiometric

coefficients) via

AN;(t)

Noti(t) == [3.12]
Please note that in Eg. 3.10, we make the assumption that concentrations of olivine
reaction products are equal in the overlying water and pore water. It is important to
recognize that this assumption is not valid for the stagnant olivine treatment due to slow
reaction product efflux from the sediment in the absence of water current. However,
since reaction product concentrations were not measured in pore water, adjustments

cannot be made to account for this discrepancy. Consequently, the calculated amount of

dissolved olivine is likely to be underestimated, particularly for the stagnant treatment.

For comparison to laboratory enhanced olivine weathering experiments, the olivine
dissolution rate constant (ko/(t), expressed in mol m= s!) for the seawater temperature (7,
expressed in K) and pH at a given sampling day was derived from the rate equation by
Rimstidt et al. (2012)

3465
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Finally, the estimated amount of dissolved olivine N,;(t) (mmol) at time t (s) was
calculated with the dunite geometric specific surface area Ageo (0.013 m? g1), mass Mqunite

(20000 g), and its olivine fraction ¢, (0.83) according to

Nol(t) = 1000kol(t)mdunite(polAGEOt (3.14]

3.3 Results

3.3.1 Seawater chemistry changes

During the first three weeks of the experiment significant changes were observed in
seawater pH, TA, and DIC (Figure 3.2A-C). A low seawater pH of 7.7 and high DIC
concentration (around 2580 pmol L!) were measured in all flumes at the start of the
experiment (Figure 3.2A and 3.1C). Seawater pH rose to approximately 8.05 after 2 days
in the flow treatments and 17 days in the stagnant treatments (Figure 3.2A).
Simultaneously, DIC concentrations decreased by approximately 300 pmol L (to 2200
umol L1) after 7 days in the flow treatments and 21 days in the stagnant treatments
(Figure 3.2C). A slow and steady increase in TA from 2787 umol L to around 2865 umol L
! was observed for the stagnant treatments, while TA concentrations first decreased from
2787 umol L! at day O to approximately 2625 pumol L at day 7 in the flow treatments

before increasing on subsequent sampling days (Figure 3.2B).

From day 21 until day 112, seawater pH varied from 7.92 to 8.19 in all treatments (Figure
3.2A). On day 70 and 91 onwards, seawater pH was substantially elevated (by 0.15 — 0.26)
in the flow treatments compared to the stagnant treatments (Figure 3.2A). Differences in
pH between the olivine and control treatments were limited (up to + 0.04) for both the
stagnant and flow conditions (Figure 3.2A). Seawater TA continued to slowly increase in
the stagnant treatments to reach approximately 3035 pmol L' at day 112. TA
concentrations increased to 3265 pmol L in the flow sand and 3354 umol L in the flow
olivine treatment at day 81 after which no further increase was observed (Figure 3.2B).

DIC concentrations steadily increased to 2870 pumol L in the stagnant and 3150 pmol L?
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in the flow treatments at day 81 (Figure 3.2C). Afterwards, DIC concentrations remained

stable until day 112 (Figure 3.2C).

After water renewal on day 119, seawater TA and DIC increased until day 129 in all
treatments (Figure 3.2B-C). From day 129 onwards, TA concentrations steadily increased
in the stagnant treatments and remained stable in the flow treatment to reach similar
concentrations (2707 — 2772 umol L?!) at day 175 (Figure 3.2B). Seawater DIC
concentrations remained stable in the stagnant treatments and steadily decreased in the
flow treatments to reach similar concentrations (2191 — 2290 umol L) at day 175 (Figure

3.20).

Both DSi and DCa concentrations varied considerably throughout the experiment, but no
clear temporal trends or differences between treatments were observed (Figure 3.2D-E).
DSi concentrations ranged from 33 to 60 umol L, while DCa concentrations ranged from
6.6 to 11.8 mmol L (Figure 3.2D-E). Concentrations of dissolved magnesium (DMg) and
dissolved potassium (DK) showed similar temporal variation compared to DCa

(Supplementary Figure C.15).
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Figure 3.2: Temporal evolution of (A) seawater pH, (B) total alkalinity (TA), (C) dissolved

(<0.2 um) inorganic carbon (DIC), (D) dissolved calcium (DCa), and (E) dissolved silicon
(DSi) during the 175-day flume experiment.
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3.3.2 Potential of secondary mineral precipitation

The SI(t) for forsterite (Mg,SiO4) and several secondary minerals observed in previous
laboratory marine olivine weathering experiments (Rigopoulos et al., 2018; Fuhr et al.,
2022) are shown in Figure 3.3. Similar trends were observed for the forsterite, aragonite,
and chrysotile S/(t) throughout the first measurement series (Figure 3.3A-C). At day 2, the
Sl(t) of these minerals rapidly increased in the flow treatments and remained elevated
until day 7 (Figure 3.3A-C). From day 10 to 56 the SI(t) of aragonite and chrysotile
remained positive and relatively stable, while the seawater remained undersaturated
with respected to forsterite (Figure 3.3A-C). From day 70 until day 112 significant
temporal variation was observed with elevated S/(t) in the flow treatments compared to
the stagnant treatments (Figure 3.3A-C). The Fe(OH)s SI(t) was negative on most sampling

days with no clear differences among treatments (Figure 3.3D).

After water renewal on day 119, S/(t) fluctuations until day 133 were observed followed
by a continuous increase in the Si(t) of forsterite and all considered secondary minerals
until the end of the experiment (Figure 3.3). The seawater was supersaturated with
respect to aragonite (Figure 3.3B) and undersaturated with forsterite (Figure 3.3A) on all
sampling days. The amorphous ferrihydrite S/(t) was close to equilibrium and the
seawater was supersaturated with respect to chrysotile on most sampling days (Figure
3.3C-D). Overall, the Si(t) of Fe(OH)s, aragonite and chrysotile was positive at the end of
the experiment, elevated under flow conditions on some sampling days, but not

significantly different between olivine and sand treatments (Figure 3.3B-D).
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Figure 3.3: Temporal evolution of seawater (A) forsterite, (B) aragonite, (C) chrysotile, and

(D) Fe(OH)s saturation indices calculated from the experimental data in PHREEQC V3 using

the LLNL database.

3.3.3 Composition of suspended and deposited phases
Significant amounts of particles were suspended at the start of the experiment in the

flumes with current as indicated by the high seawater turbidity of 98 FTU in the flow sand
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and 127 FTU in the flow olivine treatment at day 2 (Figure 3.4). Seawater turbidity
remained low (0.5 to 7 FTU) in the stagnant sand and stagnant olivine treatment
throughout the 175-day experiment (Figure 3.4). Seawater turbidity decreased
logarithmically on subsequent sampling days and levelled off at 13 FTU in the flow sand
and 68 FTU in the flow olivine treatment at day 112 (Figure 3.4). An elevated seawater
turbidity of 34 FTU and 85 FTU was observed in the flow sand and flow olivine treatment
two days after seawater renewal (day 121) (Figure 3.4). Subsequently, seawater turbidity
decreased logarithmically to reach 10 FTU and 31 FTU on day 175 in the flow sand and

flow olivine treatment, respectively (Figure 3.4).
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Figure 3.4: Temporal evolution of seawater turbidity (FTU) during the 175-day flume

experiment.

The suspended mineral matrix was primarily composed of amorphous material containing
a range of elements (O, Mg, K, Si, Al, Ca, Fe) (Figure 3.5C1-C2). These elements could not
be definitively attributed to specific minerals through SEM-EDX analysis. Similarly, Raman

spectroscopy did not yield specific mineral identifications. However, a clear peak at
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approximately 1600 cm™ suggested the presence of amorphous carbon (Dychalska et al.,
2015) (Figure C.10-C.11), indicating that the predominant component of the suspended
material matrix was organic in nature. The nature of the suspended particles did not
differ significantly between flow treatments (Figure 3.5) or sampling days. Next to the
amorphous organic material, some olivine and quartz particles were identified (Figure
3.5C6). Moreover, iron rich particles containing Cr, Ni and S were observed, indicating the
possible presence of chromite, iron sulphides (probably pyrite), and iron (hydr)oxides.
Finally, considerable amounts of rod-shaped calcium carbonate (CaCOs) particles (likely

aragonite) were observed (Figure 3.5C4 and 3.5C5).
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Figure 3.5: Backscattered electron (BSE) scanning electron microscopy (SEM) images of
suspended particles from the (A, C) flow olivine and (B) flow sand treatment on day 2 of
the experiment. (C1-C7) Elemental composition of the suspended particles in (C) measured

via SEM-EDS analysis.
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Deposited particles on the flume walls at the end of the experiment were brown to black
in colour (Figure 3.6A) and consisted mainly of fine (<10 um) particles with different
elemental compositions (Figure 3.6B-D). Particles on the flume walls were visually
observed to be more abundant and darker in colour in the flow treatments compared to
the stagnant treatments. No clear difference in mineral composition of the wall deposits
could be identified between the olivine and sand treatments via SEM-EDX and Raman
spectroscopy. Similar to the suspended matter, the bulk mineral matrix was comprised of
a range of elements (including O, Al, Si, Na, Zn, Cr, and Fe) and organic in nature as
indicated by the distinct amorphous carbon peaks at approximately 1600 cm™ in the
Raman spectra (Figure C.12-C.13). A considerable amount of high atomic number
particles (light coloured in BSE-SEM image) were present in the flow treatments which
were rich in Fe and Cr according to SEM-EDS analysis (Figure 3.6D1, 3.6D4, and 3.6D5).
Additionally, several particles also contained some S and Ni, suggesting that these iron
rich phases could be chromite (FeCr;0a), nickel or iron sulphides, iron (hydr)oxides, or
particles released from corrosion of the stainless steel flume. Moreover, particles rich in
Ca were observed, which were likely CaCO3 minerals that were flushed from the sediment
and settled on the flume walls (Figure 3.6D3). Cubic NaCl crystals, that formed during

sample drying, were also consistently present (Figure 3.6D6).
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Figure 3.6: (A) Dark brown particles distributed across the walls of the flow olivine flume
at the end of the experiment. Backscattered electron (BSE) scanning electron microscopy
(SEM) images of wall precipitates from the (B, D) flow sand and (C) stagnant sand
treatment. (D1-D6) Elemental composition of the wall precipitates in (D) measured via

SEM-EDS analysis.

3.3.4 Olivine distribution and dissolution features

Olivine was relatively homogeneously distributed in the 1 cm wide sediment cores from
the stagnant and flow olivine treatment according to micro-CT scans of sediment cores
(Figure 3.7). However, the overall olivine concentrations of 7.5% V/V in the flow olivine
treatment was significantly higher than the 1% V/V in the stagnant olivine treatment
(Figure 3.7). No clear trend was observed for the CaCOs concentration as a function of
sediment depth in the stagnant olivine treatment (Figure 3.7A). Conversely, CaCOs was
more abundant at a depth of 5 cm (Figure 3.7B), which is supported by visual
observations of large amounts of shell fragments in the top sediment layer from the flow

treatments.
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Figure 3.7: Depth profile of the olivine and CaCO3 concentration (% V/V) in the (A)
stagnant olivine and (B) flow olivine treatment derived from micro-CT scans of sediment

cores collected at the end of the 175-day flume experiment.

Fresh olivine consisted of angular grains of various shapes with sharp edges (Figure 3.8A).
Furthermore, pristine grains were covered with fine (<10 um) olivine particles, likely
originating from the industrial grinding process (Figure 3.8A). At the end of the 175-day
experiment, olivine collected from the top 5 cm of the sediment exhibited a notable
reduction in surface fines in case of the stagnant treatment and virtually no surface fines
in case of the flow treatment (Figure 3.8B-C). Furthermore, these grains did not show a
clear increase in surface dissolution features (e.g. etch pits or surface fractures) or
rounded grain edges compared to fresh olivine (Figure 3.8B-C). Finally, no secondary

mineral coatings were observed on weathered olivine grains (Figure 3.8B-C).
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Figure 3.8: Scanning electron microscope (SEM) images of representative grains of (A)
fresh olivine and weathered olivine from (B) the stagnant and (C) the flow treatment

recovered from the top 5 cm of the sediment at the end of the 175-day flume experiment.

3.3.5 Trace metal accumulation

Dissolved Ni concentrations in the stagnant treatments remained below the detection
limit (0.34 nmol L) until day 70 (Figure 3.9A). Afterwards, concentrations increased up to
0.46 umol L1 in the stagnant sand and 1.2 pmol L' stagnant olivine treatment,
respectively (Figure 3.9A). For the flow treatments DNi concentrations increased from
below the detection limit at day O to approximately 0.85 umol L within three weeks
(Figure 3.9A). Subsequently, DNi concentrations proceeded to increase up to 1.6 umol L?
in the flow sand and 5.4 umol L in the flow olivine treatment (Figure 3.9A). After water
renewal on day 119, DNi concentrations ranged between 0.13 and 0.28 umol L (Figure
3.9A). In the stagnant sand and stagnant olivine treatment concentrations gradually
increased to 0.82 and 0.34 on day 175, respectively (Figure 3.9A). For the flow sand
treatment Ni concentrations increased to 1.2 umol L after one week (day 126) and
remained relatively stable (1.2 to 1.6 pumol L?) until the end of the experiment. For the
flow olivine treatment, a rapid increase to 2.2 umol L't was observed within two days (day
121) followed by a further increase up to 3.3 umol L on day 133. Afterwards, dissolved

Ni concentrations gradually decreased to 2.3 umol L on day 175 (Figure 3.9A).
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Dissolved Cr concentrations were significantly lower than dissolved Ni concentrations for
all treatments throughout the experiment (Figure 3.9B). For the stagnant sand and olivine
treatments, concentrations decreased from approximately 0.020 pumol L at day O to
below detection limit (<0.38 nmol L) until day 70 (Figure 3.9B). From day 70 until day
112 varying concentrations up to 0.047 umol L™ were observed with no clear difference
between treatments (Figure 3.9B). For the flow sand and flow olivine treatment, an initial
increase in DCr concentration up to 0.086 and 0.24 umol L' was observed after 2 and 4
days, respectively (Figure 3.9B). Subsequently, DCr concentrations fluctuated until day
112 from below detection limit to 0.28 umol L in the flow sand and 0.026 to 0.21 umol L°
1in the flow olivine treatment (Figure 3.9B). After water renewal, DCr concentrations
ranged from below detection limit to 0.023 umol L in the stagnant treatments (Figure
3.9B). For the flow sand treatment, concentrations ranged from below the detection limit
to 0.051 umol L? with a sudden increase to 0.34 pumol L' on day 175 (Figure 3.9B).
Dissolved Cr concentrations in the flow olivine treatment were higher compared to the
flow sand treatment on most sampling days ranging between 0.011 and 0.12 umol L

(Figure 3.9B).
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Figure 3.9: Temporal evolution of dissolved (<0.2 um) nickel (DNi) and chromium (DCr)

concentrations (umol L) during the 175-day flume experiment.

3.3.6 Total dissolved olivine

The amount of dissolved olivine based on accumulation of TA, DIC, and DSi were low
during both measurement series for the stagnant and flow olivine treatment (Figure
3.10). For the stagnant olivine a total amount of -10 to 1.1 mmol would have dissolved
during the first measurement series (112 days) and 1.5 to 14 mmol during the second
measurement series (day 119 to 175) (Figure 3.10B). For the flow olivine treatment 1.5 to
37 mmol of olivine would have dissolved at day 112 and -23 to 2.4 mmol at the end of the
second measurement series (day 175) (Figure 3.10B). Please note that negative values for
the amount of dissolved olivine indicate that concentrations of TA, DIC, and/or DSi were
overall higher in the sand control compared to the olivine treatment. These negative

values should not be interpretated as precipitation of olivine.
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The amount of dissolved olivine derived from DNi accumulation was significantly higher
compared to TA, DIC and DSi derived amounts and elevated in the flow olivine treatment
compared to the stagnant olivine treatment (Figure 3.10). At total amount of 158 mmol
olivine would have dissolved until day 112 and -104 mmol from day 119 to 175 based on
DNi accumulation for the stagnant olivine treatment (Figure 3.10A). For the flow olivine
treatment, 641 mmol of olivine would have dissolved during the first measurement series
and 185 mmol during the second measurement series (Figure 3.10B). Importantly,
porewater concentrations from the first measurement series were not measured and
could therefore not be subtracted from measured overlying water concentration in the
second measurement series. Therefore, the amount of dissolved olivine from day 119 to

day 175 is an overestimation.

The average amount of dissolved olivine after 112 days based on the rate equation by
Rimstidt et al. (2012) is equal to 136 mmol (-66 to 338 mmol) for the stagnant olivine
treatment and 132 mmol (-64 to 327 mmol) for the flow olivine treatment (Figure 3.10A).
At the end of the second measurement series (day 175), the expected amount of
dissolved olivine would be equal to 121 mmol (-57 to 300 mmol) for the stagnant and 124

mmol (-58 to 306 mmol) for the flow olivine treatment (Figure 3.10B).
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Figure 3.10: Temporal evolution of total dissolved olivine Noii (mmol) in the (A) stagnant,
and (B) flow treatment derived from weekly concentrations of seawater total alkalinity
(TA), dissolved inorganic carbon (DIC), dissolved silicon (DSi), or dissolved nickel (DNi).
Additionally, the estimated amount of total dissolved olivine (grey line) and associated
propagated errors (grey shading) based on the rate equation by Rimstidt et al. (2012) is

shown.

3.4 Discussion

3.4.1 Low olivine dissolution rates

We investigated the effect of water current on olivine dissolution kinetics in natural
seawater and hypothesized that advective pore water flushing and bedload transport
would enhance olivine dissolution by preventing porewater saturation and the formation

of secondary coatings on mineral grains (Meysman and Montserrat, 2017). Although
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water current enhanced alkalinity release from marine sediment (Figure 3.2B), olivine
addition did not result in significant seawater TA, DIC, and DSi increases compared to the
beach sediment control under both stagnant and flow conditions (Figure 3.2).
Consequently, the total amount of dissolved olivine derived from TA, DIC and DSi
accumulations for both stagnant (maximally 9.6 mmol) and flow (maximally 16 mmol)
treatment was significantly lower than expected based on estimates from the empirical
rate equation by Rimstidt et al. (2012) (around 255 mmol) (Figure 3.10). Four processes
could potentially explain the apparently low olivine dissolution in our study, namely (1)
rate limiting air-seawater CO; exchange, (ll) pore water saturation, (lll) reduced olivine
reactive surface area through for example passivating layer formation, and (IV) secondary

mineral formation.

Olivine dissolution generates alkalinity enriched (i.e. CO, deficient) seawater that needs
to be transported from the seafloor to the surface ocean for CO, uptake to occur via
atmospheric CO; equilibration (Bach et al., 2023). This process, which is enhanced by
currents and waves (Wanninkhof, 2014), is also necessary to prevent high seawater pH
increases that could adversely affect marine biota and reduce olivine reactivity (Bach et
al., 2019). Here, seawater pCO; values were not significantly different among treatments
and relatively close to atmospheric pCO, levels (= 420 patm) on most sampling days
(Figure C.4). At the start of the experiment seawater pCO; was high (1229 + 18 patm , N =
4) in all treatments (Figure C.4), which can be explained by the pressurized seawater
transfer from the tank truck to the flumes which resulted in low seawater pH and high DIC
concentrations (Figure 3.2A and 3.2C). Outgassing of CO2 occurred significantly faster in
the flow treatments (within 2 days) compared to the stagnant treatments (roughly 17
days) (Figure C.4 and Figure 3.2C). Overall, seawater pCO; values indicate that air-

seawater CO; exchange rates did not limit olivine dissolution during our experiment.
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Upon olivine dissolution in a coastal seabed, increases in pore water pH and build-up of
reaction products could reduce olivine reactivity (Meysman and Montserrat, 2017;
Montserrat et al.,, 2017). However, porewater flushing by means of burrowing
macrofauna (i.e. bio-irrigation) and advection by waves and currents could remove olivine
dissolution products more quickly than they are generated (Meysman and Montserrat,
2017). A number of mechanisms drive pore water flow in permeable sediments exposed
to continuous currents, including flow-and topography-induced pressure gradients, ripple
migration, and fluid shear (Santos et al., 2012). Results of a two-dimensional numerical
model approach by (Shum, 1992) indicated that the zone of advection is limited to a few
ripple heights below the ripple surface under a range of different wave and sediment
characteristics. Based on an average measured ripple height of approximately 2.5 cm in
the flow treatments, olivine dissolution possible slowed down in deeper parts of the
sediment due to pore water saturation. However, due to a lack of pore water data, this

hypothesis cannot be confirmed.

The reactive surface area of olivine, interacting with the porewater solution, may have
been considerably lower than the total olivine surface area due to grain-to-grain contact
and the development of passivating mineral coatings (Oelkers et al., 2018). Unfortunately,
the area of touching grain surfaces could not be confidently estimated from sediment
core micro-CT scans due to the difficulty in distinguishing olivine from CaCOs particles.
Thin passivating amorphous Si layers have been observed to reduce olivine dissolution by
several orders of magnitude in previous experiments conducted at elevated pCO, (10 —
247 atm) and temperature (25 — 185 °C) conditions (Béarat et al., 2006; Daval et al., 2011;
Wang and Giammar, 2013; Johnson et al., 2014). Additionally, precipitation of Fe(lll)
hydroxide phases can reduce reactivity of mineral grain surfaces (Schott and Berner,
1985), although its importance during forsterite olivine dissolution remains uncertain
(Oelkers et al., 2018). Nevertheless, undersaturation of the overlying seawater with
respect to amorphous SiO» (Figure C.8C) and current-induced pore water flushing should
have prevented passivating layer formation in the flow olivine treatment. Although

supersaturation of the pore water with respect to amorphous SiO, cannot be ruled out
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for the stagnant treatment, no surface precipitates were observed via SEM-EDX analysis
on recovered olivine grains (Figure 3.8B-C). Yet, these surface layers could have been too
thin (£ 50 nm) to observe via SEM-EDX (Béarat et al., 2006; Daval et al., 2011) or any
loosely adhering surface precipitates could have potentially been washed of during
rinsing of the sediment with ultrapure MQ water before analysis. Overall, passivation of
mineral grain surfaces can likely not explain the low olivine dissolution rates in the flow
olivine treatment and its importance for the stagnant treatment cannot be confidently

inferred.

Finally, secondary mineral precipitation can significantly reduce the net alkalinity
production and subsequent CO; removal during olivine dissolution in seawater (Table 3.1)
(Griffioen, 2017; Meysman and Montserrat, 2017; Fuhr et al., 2022). In our 175-day
experiment, various mineral phases were observed via SEM-EDX analysis on the flume
walls and in the suspended particulate matter of the flow treatments (Figure 3.5 and 3.6).
Iron (hydr)oxides, inevitably formed under oxic conditions, reduced the net TA production
by up to 6.8% for the olivine used in this study (Griffioen, 2017; Montserrat et al., 2017).
We also observed deposited Cr and Fe rich particles on the flume walls of the flow
treatments at the end of the experiment (Figure 3.6D1 and 3.6D4), which likely originate
from corrosion of the stainless steel flume (further discussed in section 3.4.2) rather than

olivine dissolution, as they were also present in the flow sand treatment.

Next to Fe-rich phases, multiple phyllosilicate minerals can form during olivine
weathering (Delvigne et al., 1979; Hovelmann et al., 2011; Hellmann et al.,, 2012;
Sissmann et al., 2013; Griffioen, 2017; Rigopoulos et al., 2018; Fuhr et al., 2022). In our
study, seawater was supersaturated with respect to chrysotile on most sampling days
(Figure 3.3C-D), while supersaturation for sepiolite only occurred in the flow treatments
on a couple of sampling days (Figure C.8B). However, no phyllosilicate minerals were
found via SEM-EDX analysis (Figure 3.5 and 3.6) or Raman spectroscopy (Supplementary
section C.8), possibly due to their slow formation kinetics under the experimental

conditions (Baldermann et al., 2018).The absence of a clear increasing trend in DSi
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concentrations during the experiment (Figure 3.2E) may therefore be due to DSi uptake
by marine silicifiers (e.g. diatoms) (Struyf et al., 2009), despite our efforts to limit their

growth by conducting the experiment in dark conditions (Figure 3.1C).

Finally, loss of alkalinity through CaCOs formation, notably the morphotype aragonite, has
been observed in several laboratory OAE experiments (Rigopoulos et al., 2018; Fuhr et al.,
2022; Moras et al., 2022; Hartmann et al., 2023). Seawater is naturally supersaturated
with respect to CaCOs, but precipitation does not occur due to the absence of
precipitation nuclei and inhibition by dissolved Mg?*, orthophosphate and organic matter
(Morse et al., 2007; Marion et al., 2009). The critical saturation state threshold for CaCOs
precipitation is dependent on various factors including salinity, temperature, and the
concentration and lattice compatibility of (in)organic particles that can act as nucleation
sites (Moras et al.,, 2022; Hartmann et al.,, 2023; Schulz et al., 2023). Notably, CaCOs
precipitation will occur at any saturation index above 0 (2>1) in the presence of CaCOs
seed particles due to perfect lattice compatibility (Zhong and Mucci, 1989; Moras et al.,
2022). Consequently, the abundant rod-shaped CaCOs; particles observed in the
suspended particulate matter from day 2 onwards (Figure 3.5C), signify the possibility of
aragonite precipitation during our study, even at the relatively low saturation levels we
observed (Figure 3.3B). However, the relatively high CaCOs background concentration
(5.4% w/w, as derived from TIC content in Table 3.2) prevented the identification of any

secondary CaCOsz minerals that might have formed during the 175-day experiment.

3.4.2 Trace metal accumulation

The accumulation of Ni and Cr in the marine environment could be a potential risk for
marine biota during large scale coastal olivine applications (Montserrat et al., 2017;
Flipkens et al., 2021; Guo et al., 2022). At low concentrations, Ni is an essential element
for microorganisms and macrophytes (Muyssen et al., 2004; Nielsen, 2021). However,
elevated Ni exposure can result in a range of adverse effects in marine organisms
(Blewett and Leonard, 2017; Gissi et al., 2020). No significant DNi accumulation was
observed in the overlying water of the stagnant olivine treatment compared to the
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stagnant sand treatment (Figure 3.9A), possibly due to limited olivine dissolution and Ni
binding to the sediment matrix (e.g. organic matter, carbonates, Mn-oxides) (Yu et al.,
2001; Fuhr et al., 2022). Elevated DNi concentrations in the flow sand treatment were
unexpected given the low Ni content of the experimental beach sediment (Table 3.2), but
are possibly explained by weathering of the stainless steel flume as a result of sediment
abrasion and seawater corrosion. This hypothesis is supported by the high dissolved Zn
accumulation in all flumes (Figure C.14A) and presence of Cr and Fe-rich particles on the
walls of the flow sand flume (Figure 3.4D). Concentrations of DNi were significantly higher
in the flow olivine treatment compared to flow sand treatment (Figure 3.9A) and higher
than expected based on TA, DIC and DSi accumulation (Figure 3.10B). High non
stoichiometric Ni release was previously also observed by Montserrat et al. (2017) and
Flipkens et al. (2023a) during laboratory olivine weathering experiments in seawater and
was possibly explained by preferential Ni compared to Si release. In our study, increased
abrasion of the metal flume as a result of the higher seawater turbidity in the flow olivine
compared to flow sand treatment (Figure 3.4) possibly contributed to the elevated DNi
concentrations (Figure 3.9A). SEM-EDX results show that secondary mineral phases
scavenged some of the DNi through adsorption or coprecipitation (Figure 3.5 and 3.6)
(Lakshtanov and Stipp, 2007; Lazarevic et al., 2010; Alvarez et al., 2021; Fuhr et al., 2022).
Overall, the difference in Ni accumulation between the flow olivine and flow sand
treatment cannot be confidently assigned to olivine weathering, excluding Ni as a reliable

proxy to determine olivine dissolution rates in our study.

Chromium is present in the form of Cr(lll)-bearing chromite in dunite rock (Santos et al.,
2015). Trivalent Cr is an essential micronutrient which forms complexes with low aqueous
solubility and bioavailability in a marine environment (Pettine, 2000; Das et al., 2021).
Nevertheless, Cr(lll) can be oxidized to the highly bioavailable and toxic Cr(VI) in the
presence of Mn(lV) oxides (lvarsson et al., 2011; McClenaghan and Schindler, 2022). Here,
Mn oxidation and scavenging by secondary minerals occurred given the low dissolved Mn
concentrations in all treatments throughout the experiment (Figure C.14l) (Yavuz et al.,

2003; Anschutz et al., 2005; Son et al., 2019). DCr concentrations were elevated in the
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flumes with current compared to the stagnant flumes and highest in the flow olivine
treatment on most sampling days (Figure 3.9B). However, DCr concentrations remained
relatively low (<0.38 — 339 nmol L, N = 102) compared to DNi concentrations, indicating
that most Cr was present in a particulate form (Figure 3.9B). Weathering of the metal
flume could have accounted for some DCr input given the elevated DCr concentrations

and presence of Cr rich particles (Figure 3.6D) in the flow sand treatment.

3.4.3 Considerations for future research

Results from the current flume experiment, which bridged the gap between poorly
realistic laboratory tests and complex field studies, showed that olivine dissolution
kinetics in permeable marine sediment were more than one order of magnitude lower
than anticipated based on previous laboratory findings. Unfortunately, the reason for this
discrepancy could not be confidently identified with the available data. Additional large
scale flume and mesocosm experiments in combination with field deployments are
therefore crucially needed to further assess the CDR potential of CESW. These follow-up
investigations should adhere to best practice guidelines for ocean alkalinity enhancement
research (Cyronak et al., 2023; Dupont and Metian, 2023; Riebesell et al., 2023; Schulz et
al., 2023; Steenkamp and Webb, 2023) to ensure that the acquired results are accurate
and provide valuable insight into the efficacy and ecological impacts of OAE via CESW.
Pore water chemistry analysis, using discrete sampling and/or micro profiling, depending
on the required spatial resolution, is essential to gain a comprehensive understanding of
the biogeochemical processes occurring in the sediment (Cyronak et al., 2023; Fuhr et al.,

2023; Riebesell et al., 2023).

Regarding dissolved trace metals, the results in the overlying seawater followed the
previously observed trend of high non-stoichiometric Ni and low Cr accumulation
(Montserrat et al., 2017; Flipkens et al., 2023a; Flipkens et al., 2023b). However, it is
important to note that corrosion of the stainless steel flumes prevented the drawing of
meaningful conclusions about trace metal release rates during olivine dissolution in
permeable marine sediment. To address this issue, future work should consider using
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flumes or mesocosms constructed from inert materials to avoid leaching or active
adsorption of substances (Riebesell et al., 2023). Additionally, stable isotope compositions
for elements such as Ni (8°%/58Ni) and Si (63°Si) could potentially be used to distinguish
olivine dissolution from other biogeochemical processes (Ratié et al., 2015; Geilert et al.,
2020). However, experimental verification of this approach is still needed. Lastly, it is
advisable to measure factors that influence metal bioavailability in sediment (e.g. acid
volatile sulphides and organic matter content) (Zhang et al., 2014), and overlying water
(e.g. dissolved organic carbon content) (Sherman et al., 2021) to gain a better
understanding of trace metal environmental fate and possible toxicological risks

associated with CESW (Flipkens et al., 2021).

3.5 Conclusions

Coastal enhanced olivine weathering is a proposed ocean alkalinity enhancement method
for climate change mitigation. However, its CO; sequestration efficiency and
environmental safety remain uncertain due to the paucity of experimental data on the
rates of olivine dissolution, trace metal release, and secondary mineral formation in
seawater. Furthermore, the importance of natural processes such as bioturbation and
hydrodynamics on olivine reactivity in seawater have not been assessed. Therefore, we
conducted a 175-day flume experiment to investigate the effects of water current on
olivine dissolution in natural beach sediment. We hypothesized that advective porewater
flushing would enhance olivine dissolution and minimize secondary mineral formation by
preventing porewater saturation. Water current stimulated alkalinity release from
permeable marine sediment, but olivine addition (at a concentration of 3% w/w) did not
result significant accumulation of alkalinity or DSi in the overlying seawater.
Consequently, the estimated amount of dissolved olivine was more than one order of
magnitude slower than expected from previous laboratory findings. Unfortunately, this
discrepancy could not be explained based on the available data. Nickel accumulation in
seawater was greater than Cr accumulation and was enhanced under continuous current

conditions. However, Ni incorporation in secondary phases and potential release from
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weathering of the metal flume excluded its use as a suitable proxy to derive olivine
dissolution rates. Overall, the low olivine reactivity in the current study highlights the
need for additional olivine weathering experiments that consider the complexity of
natural marine systems to better constrain the CO, sequestration potential and

ecosystem impacts of coastal enhanced olivine weathering.

3.6 Supplementary information

Dunite and beach sand physicochemical properties, olivine reaction stoichiometry,
specific surface area, and North Sea water chemistry are provided in Appendix C.
Furthermore, Seawater hydrodynamics, sediment topography, temporal evolution in
secondary mineral saturation indices, and Raman spectra of the suspended and deposited

mineral phases are given.
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Abstract

Enhanced silicate weathering (ESW) by spreading finely ground silicate rock along the
coastal zone to remove atmospheric carbon dioxide (COz) is a proposed climate change
mitigation technique. The abundant and fast dissolving mineral olivine has received most
attention for this application. However, olivine contains nickel (Ni) and chromium (Cr),
which may pose a risk to marine biota during a gigaton-scale ESW application. Herein we
derive a first guideline for coastal olivine dispersal based on existing marine
environmental quality standards (EQS) for Ni and Cr. Results show that benthic biota are
at highest risk when olivine and its associated trace metals are mixed in the surface
sediment. Specifically, depending on local sedimentary Ni concentrations, 0.059 — 1.4 kg
olivine m2 of seabed could be supplied without posing risks for benthic biota.
Accordingly, globally coastal ESW could safely sequester only 0.51 to 37 Gt of CO; in the
21t century. Based on current EQS, we conclude that adverse environmental impacts
from Ni and Cr release could reduce the applicability of olivine in coastal ESW. Our
findings call for more in-depth studies on the potential toxicity of olivine towards benthic

marine biota, especially in regard to bioavailability and metal mixture toxicity.

Keywords: negative CO, emissions, coastal enhanced silicate weathering, climate change

mitigation, environmental risk assessment, nickel, chromium, olivine, ocean alkalinization
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4.1 Introduction

Achieving the goals set in the 2015 Paris agreement to limit global warming to well below
2 °C will require drastic reductions in anthropogenic greenhouse gas emissions during the
coming decades (Haszeldine et al., 2018). Additionally, carbon dioxide (CO;) will also need
to be captured from the atmosphere by so-called negative emission technologies (NETS)
(Minx et al., 2018). These NETs are needed to be able to achieve net zero CO; emissions
by the year 2050 and net negative CO, emissions during the second half of the 21
century (Gasser et al., 2015; Detz and van der Zwaan, 2019). One of the proposed NETs is
coastal enhanced silicate weathering (CESW). This technique aims to artificially speed up
the natural COz-consuming chemical weathering of a silicate mineral by supplying
gigatons of finely ground source rock to the dynamic coastal environment (Meysman and

Montserrat, 2017).

The mineral olivine (MgaxFez1xSi0s) is a prime candidate for CESW because of its
relatively fast dissolution rate and widespread abundance (Hangx and Spiers, 2009;
Hartmann et al., 2013; Meysman and Montserrat, 2017). Billions of tonnes of olivine are
globally present in mafic and ultramafic igneous rocks and yearly approximately 8 Mt is
mined from dunite (rock containing >90% olivine) or serpentinite (metamorphosed
olivine-rich ultramafic rock) deposits for metallurgical use (Harben and Smith jr., 2006;
Kremer et al., 2019; Scott et al., 2021). Relatively low energy costs and low CO; emissions
associated with grinding olivine source rock to 100 um particles make this a desirable
grain size for use in CESW (Hangx and Spiers, 2009). However, several studies indicate
that grain sizes of 10 um or smaller might be needed to ensure significant olivine
dissolution and CO, uptake in the coming decades (Hangx and Spiers, 2009; Renforth,
2012; Hartmann et al., 2013).

During olivine dissolution, protons are consumed (Eqg. 4.1) which leads to a shift in the
equilibrium of the acid-base reactions of the seawater carbonate system (Eq. 4.2) to the

right. Consequently, seawater total alkalinity (TA) will increase, and additional CO; can be

148



Deriving environmentally safe olivine application guidelines

taken up from the atmosphere (Eq. 4.3) (Meysman and Montserrat, 2017). This artificial
seawater TA increase to drive atmospheric CO, removal is called ocean alkalinity

enhancement (OAE) (llyina et al., 2013; Bach et al., 2019).

MgZXFeZ(l—X)SiO4 + 4‘H+ - 2XMg2+ + 2(1 - X)Fe2+ + H4SIO4 [41]
CO,(aq) + H,0 = HCO3 + H* = CO0%™ + 2H" [4.2]
CO,(atm) = CO,(aq) [4.3]

Combining these reactions gives the overall dissolution reaction of olivine (Eq. 4.4), from
which we can derive that theoretically 4 mol of CO; is sequestered in the form of

bicarbonate (HCO3") per mol of dissolved olivine (Montserrat et al., 2017).
Mg,.Fey(1-4Si04 + 4H,0 + 4C0O, - 2xMg?* + 2(1 — x)Fe?* + H,Si0, + 4HCO3 [4.4]

In addition to CO; sequestration, the proton consumption during dissolution could
counteract ocean acidification. Furthermore, the released iron (Fe) and silicon (Si) are
necessary nutrients for phytoplankton growth and could therefore result in additional
atmospheric CO; uptake and increased abundance of silicifiers (e.g. diatoms), but these
aspects remain to be investigated (Meysman and Montserrat, 2017; Bach et al., 2019). In
contrast to these associated benefits, olivine also contains chromium (Cr) and nickel (Ni),
which are toxic to marine organisms above certain threshold concentrations (Edwards et

al., 2017; Meysman and Montserrat, 2017).

Nickel is a transition metal that is mainly used in the production of stainless steel and
other Ni alloys (Brix et al., 2017). In the crystal structure of olivine, Ni** is homogeneously
distributed in the M1 octahedral binding sites, substituting for other divalent cations such
as Mg?* or Fe?*, thereby forming a nickel silicate (Ni»SiOa) (Bish, 1981; Santos et al., 2015).
The Ni content in olivine ranges from 2.4 to 12 mmol Ni mol* of olivine depending on the

site of origin (Keefner et al., 2011; Santos et al., 2015; Montserrat et al., 2017). Nickel is
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an essential component of nine enzymes associated with carbon, nitrogen and oxygen
cycling in marine microorganisms (Mulrooney and Hausinger, 2003; Ho, 2013). However,
for other marine biota Ni essentiality has not been recognized and the uptake
mechanisms are not well known (Blewett and Leonard, 2017). Exposure to elevated
concentrations of Ni can lead to toxicological effects as a consequence of three main
toxicity mechanisms: (1) ionoregulatory disruption (mainly Ca?*, Mg?* and Fe%/3*), (2)
respiratory toxicity as a result of an allergic type reaction of respiratory epithelia, and (3)
reactive oxygen species-induced oxidative stress (Blewett and Leonard, 2017; Brix et al.,
2017). However, the relative importance of the different toxicity mechanisms is not well

known for marine organisms (Blewett and Leonard, 2017).

In contrast to nickel, chromium is not homogeneously distributed in olivine, but rather
present in iron (Fe) rich areas, likely as Cr3* in the form of water-insoluble chromite
(FeCr,0a) (Santos et al., 2015). Reported Cr concentrations in olivine from the Norwegian
Aheim mine (the largest exploited olivine source) vary considerably, ranging from 0.19
mmol mol? olivine to 6.6 mmol mol™ olivine (Keefner et al., 2011; Kleiv and Thornhill,
2011; Santos et al., 2015; Shur and Perchuk, 2015; Montserrat et al., 2017). In the marine
environment Cr occurs in two stable oxidation states: Cr3* and Cr®, which differ
significantly in their environmental and biological behaviour (Aharchaou et al., 2018).
Hexavalent Cr occurs as chromate (CrOs4%) or dichromate (Cr,07%) anions in aquatic
systems, which can easily cross biological membranes via non-specific anion channels and
are therefore considered highly bioavailable and potentially very toxic (Dayan and Paine,
2001; Aharchaou et al., 2018; Bakshi and Panigrahi, 2018). After entering the cell, Cr(VI) is
reduced to Cr(lll). This reduction is accompanied by the production of reactive oxygen
species (ROS) which can damage cell membranes, proteins and DNA when in excess of
antioxidant molecules (Wang et al., 1997a; Dayan and Paine, 2001). In contrast, trivalent
chromium is predominantly present as Cr(OH)s or Cr(OH)2* in the marine environment,
which are chemical species of less ecotoxicological concern compared to Cr(VI) species

due to their low aqueous solubility (Pettine, 2000; Aharchaou et al., 2018).

150



Deriving environmentally safe olivine application guidelines

A body of literature is available on the acute and chronic toxicity of Ni** and Cr3*/Cr®*
towards marine biota (Reish, 1981; Frey et al., 1983; Missimer et al., 1989; Bielmyer et al.,
2005; Urrutia et al., 2008; Gissi et al., 2018; Panneerselvam et al., 2018; Wang et al.,
2020). Most of the data has been derived from laboratory studies that exposed single
biological species to single metal ions (e.g. Ni** or Cr3*) under optimal conditions (e.g.
constant pH and temperature). Using various approaches, e.g. species sensitivity
distributions (SSDs), these data are used to derive marine metal environmental quality
standards (EQS), which are threshold metal concentrations in seawater or sediment that
are considered to be sufficiently protective for the aquatic environment (Wang et al.,
2014). These EQS are used by industries, the government, and environmental agencies as

a guidance tool in the setting of regulations (Gissi et al., 2016).

It has been predicted that, depending on the weathering rate and the water residence
time, CESW may cause accumulation of Cr and Ni in coastal waters to levels that are well
above the background (Edwards et al., 2017; Meysman and Montserrat, 2017). Currently,
possible negative ecosystem impacts of CESW are unknown since no marine toxicity tests
have yet been conducted with olivine. However, for Ni and Cr considered individually,
marine EQS do exist. Therefore, this study aimed to derive a maximum amount of olivine
that could be supplied to the coastal seas without exceedance of the Ni or Cr EQS. This
olivine guideline provides a first indication of the environmental safety and applicability

of the mineral for employment in global scale CESW.

4.2 Material and methods

All calculations were performed in Microsoft Excel (2016) and figures were constructed in

GraphPad Prism version 9.01 for Windows (GraphPad Software, La Jolla California USA).

151



Deriving environmentally safe olivine application guidelines

4.2.1 Global coastal Ni and Cr concentrations

Data on Ni and Cr concentrations in coastal seawater and sediment was compiled from
primary literature. Coastal waters were defined as those with a water depth up to 200 m,
located on the continental or insular shelves (Mackenzie and Lerman, 2006). Data was
included when the water depth at the sampling location was < 200 m or when it was
specified that the sampling was conducted in bays, lagoons, estuaries, near-shore banks,
harbours, or coastal zones (Mackenzie and Lerman, 2006). For Ni and Cr in seawater, only
data on dissolved metal concentrations (meaning water samples filtered through <0.45
um pore-size filters) was collected. For sediment, metal concentrations on a dry weight
(dry wt) basis measured after microwave-assisted acid mixture digestion of sieved or
unsieved sediment were included. Data collected on a transect along a coastline (e.g. on a
cruise or along an expected pollution gradient) or at different time points or depths on
the same location were summarized using descriptive statistics (supplementary Tables
D.4-D.7 and Figures D.1-D.4). The mean concentrations for each location were then
summarized in the same way to derive median values and percentiles of Ni and Cr in the

coastal environment around the globe.

4.2.2 Deriving a Ni-based guideline for olivine application in coastal

systems

The occurrence of most Cr in olivine as water-insoluble FeCr,04 implies low bioavailability
and lower ecotoxicological concern compared to Ni (Santos et al., 2015). Therefore, the
following calculations were made under the assumption that Ni release from olivine
weathering is the factor of highest concern for the health of marine biota during a
gigaton-scale olivine application in the world’s coastal seas (Hartmann et al., 2013;
Meysman and Montserrat, 2017). The corresponding calculations for Cr are given and

discussed in the supplementary material (Supplementary Section D.6).

Based on the environmental quality standards for Ni in marine water and sediment, the

expected maximum amount of olivine that could be supplied to the coastal zone without
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adverse effects for marine biota was calculated. Calculations were made assuming the
two limiting application scenarios being; all metals released during weathering end up in

either (1) the water column or (ll) the sediment.

4.2.2.1 (1) All Ni ends up in the water column

The maximum amount of olivine, mapp, that could be applied per m? of seabed (kg m™)
without exceeding the Ni marine EQS was calculated from:

Mapp = 12 [4.5]
where cmax is the maximum allowed concentration of olivine (mol I') based on the
European seawater Ni EQS (0.147 umol I!) (Tyle and Scott-Fordsmand, 2008), Vi is the
water volume per m? of seabed (I m™), A is the reactive surface area of olivine (m? kg?), t
is the water residence time (s) and kaiss is the olivine dissolution rate constant (mol m2 s
1). The dissolution of olivine was modelled for two grain sizes, 100 um and 10 um grain
diameter, for both a temperate (15 °C) and a tropical (25 °C) coastal system. For all
further calculations, the dissolution rate constants for olivine were considered to be
5.19x10 mol m? st and 1.58x101° mol m?2 s for the 15 °C and 25 °C scenario,
respectively as derived by Hangx and Spiers (2009) A more detailed description of how

seawater Ni EQS based olivine guidelines were derived is provided in the supplementary

material (section D.1).

4.2.2.2 (l1) All Ni remains in the sediment
For sediment, the maximum amount of olivine, mapp, that could be supplied per m? of

seabed (kg m2) without exceeding the marine Ni EQS for sediment was calculated from:
Mapp = CimaxVeps(1 — @) Mjivine [4.6]

where Cmax is the maximum allowed amount of olivine (mmol kg* dry wt) based on a

sediment Ni EQS (0.729 mmol kg dry wt) (Macdonald et al., 1996), Vs is the volume of
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the sediment in which olivine is mixed per m? of seabed (m3 m2 seabed), ps is the specific
density of marine sediment (2650 kg m3), Moiine is the molecular weight of olivine (kg
mol?l), and @ is the porosity of the sediment. The application of common forsterite
olivine with a molar Mg-to-Fe ratio of 0.94:0.06 (Mg1.ssFeo.12Si04) was assumed, resulting
in a molecular weight of 0.144 kg mol* (Montserrat et al., 2017). The porosity of marine
surface sediment was assumed to be 0.60 based on the predicted global coastal sediment
porosity ranging from approximately 0.50 to 0.85 (Martin et al., 2015). To estimate the
global maximum amount of olivine that could be distributed, the global continental shelf
was assumed to have a surface area of 28x10° km? for all further calculations (Mackenzie

and Lerman, 2006).

4.2.3 Implications of the olivine guideline for CO; sequestration potential

Based on the derived olivine guideline value for CESW, the associated CO, uptake during
the 215t century was calculated to investigate if Ni release would limit the potential of
coastal enhanced olivine weathering as a NET. Under the assumption that olivine grains
are spherical, olivine is not expected to dissolve linearly over the coming decades, but
according to a shrinking core model (Hangx and Spiers, 2009). The volume fraction of

dissolved olivine X(t) at time t can be expressed as:

d3—(do—2KgissVm?)®
d3
0

X(t) = [4.7]
where dp is the starting olivine grain diameter (m); kaiss is the dissolution rate constant of
olivine (mol m2 s%), and Vn, is the molar volume of olivine (4.38x10° m3 mol?). The
dissolution of olivine was modelled for two grain sizes, 100 um and 10 um grain diameter,
for both a temperate (15 °C) and a tropical (25 °C) coastal system. A weekly application of
9.615 Mt of olivine along the global continental shelf was assumed. This would equate to
500 Mt of olivine spread along the coast every year, which was estimated to be logistically

feasible by Hangx and Spiers (2009) assuming significant expansion of the cargo-ship fleet
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size and olivine mining industry. The amount of olivine dissolved as a function of time is

calculated from:

Moa = 2i—o X (t)S with n = the duration of olivine application (weeks) [4.8]

where mo, is the amount of olivine (Mt) weathered at time t (weeks), X(t) is the fraction
of olivine dissolved at time t (weeks) and S is the supply rate of olivine (9.615 Mt week™?)
for an n-week application. In a typical application scenario, the olivine supply will be
stopped after n-weeks, i.e. once the global continental shelf has been covered in olivine
and the expected maximum environmentally safe amount of olivine has been reached.
The weekly amount of dissolved olivine for the next 4160-n weeks (i.e. after olivine

application has stopped) can then be expressed as:

Mos = 1m0 ¥ X (t + i)S with n = the duration of olivine application (weeks)  [4.9]

where mos is the amount of olivine weathered (Mt) at time t+i (weeks) from the moment
olivine supply was halted onwards, i is the index for each week after olivine supply was
stopped, X(t+i) is the fraction of olivine dissolved at time t+i (weeks) and S is the supply
rate of olivine (9.615 Mt week™), for an n-week application. Subsequently, the associated

weekly CO2 uptake was calculated from:

Mco, = Yco,Moa/os [4.10]

Where mc, is the amount of CO, sequestered via olivine dissolution (Mt), y¢o, is the net
CO;-sequestration efficiency, which represents the net amount of CO; that is withdrawn
from the atmosphere upon dissolution of 1 kg of olivine, which was taken to be 1 kg of
CO; based on upper limits of expected values (Meysman and Montserrat, 2017;
Montserrat et al., 2017). Finally, moajos is the amount of olivine dissolved during the

period of application (moa) or after olivine supply was stopped (mos), respectively.
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4.3 Results and discussion

4.3.1 Global coastal Ni concentrations

A literature search was conducted to obtain globally occurring coastal Ni and Cr
concentrations for the derivation of an olivine application guideline. A summary of the Ni
concentrations globally occurring in coastal waters and sediment is shown in Table 4.1. A
summary for Cr and data from individual studies is shown in Supplementary Tables D.1
and D.4-D.7 and Figures D.1-D.4. The median dissolved Ni concentration in seawater for
the 30 coastal locations was 3.92 nmol I'%. This value is similar to the reported dissolved Ni
concentration in open ocean seawater of the Southern Ocean (6.2 + 0.3 nmol I'}) (Wang
et al., 2019) and total Ni concentrations offshore in the North-East Atlantic Ocean (3.9 +
1.6 nmol I'!) (Danielsson et al., 1985). Dissolved Ni concentrations ranged from 0.92 nmol
I in 2002 at the Bay of Bengal in India to 5290 nmol I in 2003 at the Alang—Sosiya ship
scrapping yard in the Gulf of Cambay, India (Reddy et al., 2005; Rejomon et al., 2008).
Generally, human-impacted coastal waters and sediments tend to have elevated and
more variable Ni concentrations than offshore locations due to nearshore mining or

industrial activities (Arikibe and Prasad, 2020; Yunus et al., 2020).

Total recoverable Ni concentrations in 50 coastal sediments ranged from 0.06 mmol kg
dry wt measured along the Eastern Gulf of Mexico , USA (Steffy et al., 2013) to 5.44 mmol
kg dry wt around the thermal power plant on the Tuticorin coast in India (Srikanth et al.,
2014). The median sediment Ni concentration was 0.52 mmol kg dry wt. These relatively
high concentrations show that the sediment serves as a sink for metals in the marine

environment (Partheeban et al., 2021).

Table 4.1: Summary of dissolved (<0.45 um) nickel (Ni) concentrations (nmol I) in
seawater and total Ni concentrations (mmol kg dry wt) in sediment for coastal systems

(water depth < 200 m) around the world.°
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Dissolved seawater [Ni] Total sediment [Ni]
(nmol IY) (mmol kg dry wt)
(n =30) (n =50)
Median 3.92 0.52
P25 - P75 2.81-36.2 0.29-0.70
P5 - P95 1.24 -373 0.14-3.46
Min — Max 0.92 -5290 0.06 -5.44

Number of locations (n), median, percentiles (P), and range (Min — Max) are provided to illustrate
the distribution of the data. Results for Cr and mean data of the individual locations are provided

in supplementary Tables D.1 and D.4-D.7.

4.3.2 Deriving a Ni-based guideline for olivine application in coastal

systems

The expected maximum amount of olivine that can be supplied to the coastal zone
without exceedance of existing marine Ni EQS was derived for the two limiting olivine
application scenarios in which all Ni released during olivine weathering ends up in either

() the water column or (ll) the sediment.

4.3.2.1 (1) All Ni ends up in the water column
The maximum amount of olivine that can be distributed in coastal waters without

exceedance of the European Ni EQS for seawater (0.147 uM) (Tyle and Scott-Fordsmand,
2008) assuming an olivine Ni concentration of 7.5 mmol mol* olivine is shown in Figure
4.1. A seawater Ni background concentration of 3.92 nmol |1 was considered. As
indicated by the study of Hangx & Spiers (2009), based on the Arrhenius equation and an
olivine dissolution activation energy of 79.5 kJ mol in seawater conditions (Wogelius and
Walther, 1992), the dissolution rate of olivine is expected to be approximately three times
higher in tropical (25 °C) compared to temperate (15 °C) coastal waters (Hangx and Spiers,
2009). Furthermore, assuming that the olivine grains are spherical, grains with a diameter
of 10 um are expected to dissolve approximately 10 times faster than grains with a

diameter of 100 um according to basic geometry (see Eq. D.4 in supplementary section
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D.1) (Hangx and Spiers, 2009). If all Ni released during olivine weathering is being
homogeneously mixed in the overlying water, then Ni concentrations will be 10 times
lower at a location with a water depth of 100 m compared to a location with a 10 m water

depth with the same water residence time.

From these assumptions, we can derive that for continental shelf seas with a short water
residence time of two weeks, such as the East Brazil shelf in the South Atlantic Ocean or
the California Current in the Pacific Ocean (Liu et al., 2019), relatively high quantities of
olivine (in the order of 5 — 1.7x10° kg m depending on water depth, temperature, and
olivine grain size) can be distributed without exceedance of the European Ni EQS. For
coastal waters with a relatively long residence time of approximately one year, such as
the North Sea or the East China Sea (Liu et al., 2019), the amount of olivine that can be
distributed is approximately 26 times lower than that for seas with a residence time of

two weeks assuming total coverage of the continental shelf with olivine.

We note that these results were derived from average, laboratory-based olivine
dissolution rate constants for seawater (Hangx and Spiers, 2009). However, when
supplied to the coastal zone, the rate and extent of olivine dissolution could be enhanced
or reduced by several biotic (e.g. bioturbation) and abiotic (e.g. wave induced pore water
flushing or burial by sediment) processes (Meysman and Montserrat, 2017). Furthermore,
in deeper parts of continental shelf seas, released trace metals might not be
homogeneously mixed in the water column due to presence of seasonal or permanent
pycnoclines (boundaries between two water layers of different density) or other oceanic
processes (de Boyer Montégut et al., 2004). Moreover, an olivine Ni concentration of 7.5
mmol mol? olivine was assumed (Montserrat et al., 2017), while concentrations can vary
from 2.4 to 12 mmol Ni mol™ of olivine depending on the origin of the source rock (Santos
et al.,, 2015). Additionally, a low Ni background concentration (3.92 nmol I!) was
considered, while concentrations of up to three orders of magnitude higher have been
observed (Reddy et al., 2005). Finally, the European seawater Ni EQS of 0.147 umol I'* was

used to derive the olivine guideline, but different EQS values are implemented in other
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regions (see Supplementary Table D.2) and Ni concentrations as low as 0.102 pmol I
have been recently recommended to ensure protection of marine biota (Gissi et al.,

2020).

These sources of variation can significantly affect the olivine application guideline and
should therefore be taken into account in the best way possible on a local scale when
determining the amount of olivine that can be supplied to a specific coastal area.
Especially the in situ olivine dissolution and metal release rate remain unknown and

require additional research efforts (Meysman and Montserrat, 2017).
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Figure 4.1: Maximum amount of olivine (kg m™2 seabed) on a logarithmic scale that can be
distributed without exceedance of the European nickel (Ni) environmental quality
standard (0.147 uM) as a function of coastal water residence time (days). Scenarios for
coastal waters with an average water depth of 10, 50 or 100 m located in a 15 °C

temperate region (A, C) or 25 °C tropical region (B, D) are shown. The maximum
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application of olivine with a uniform grain diameter of 100 um (A, B) or 10 um (C, D) is
given. A seawater Ni background concentration of 3.92 nmol I'* and Ni concentration in
olivine of 7.5 mmol mol?! olivine were assumed. As derived by Hangx & Spiers (2009),
olivine dissolution rate constants of 5.19x10"! and 1.58x10° mol m2 s were used for

the temperate (15 °C) and tropical (25 °C) scenario, respectively.

4.3.2.2 (1) All Ni ends up in the sediment

In addition to Ni EQS for seawater, there are also sediment Ni EQS values, of which the
threshold effect level (TEL) and probable effect level (PEL) derived by the Florida
Department of Environmental Protection (FDEP) (supplementary Table D.3) are among
the most widely used (Macdonald et al., 1996; Hiibner et al., 2009). The TEL was derived
to represent the pollutant concentration below which adverse biological effects rarely
occur, while the PEL corresponds to the pollutant concentrations above which adverse
biological effects are frequently expected. In the context of CESW, a conservative
approach would be to halt olivine deposition when future Ni release is expected to
exceed TEL (Macdonald et al., 1996; Hiibner et al., 2009). However, 76% of the collected
coastal sedimentary Ni concentrations are above the TEL of 0.271 mmol Ni kg™ dry wt.
Furthermore, in the biological effects database for sediments, adverse biological effects
were only observed in 9.4% of cases where sedimentary Ni concentrations exceeded the
PEL, whereas for other metals these percentages were a lot higher (e.g. 56% for copper)
(Macdonald et al., 1996). Moreover, Chapman et al. (1999) and Bakke et al. (2010)
derived sediment Ni EQS at which biological effects were unlikely of 0.68 mmol kg dry
wt and 0.78 mmol kg dry wt, respectively. Therefore, the PEL of 0.729 mmol Ni kg dry

wt is a more suitable threshold concentration for deriving an olivine application guideline.
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Figure 4.2: Maximum amount of olivine, mapp, that can locally (A) or globally (B) be
distributed without exceedance of the nickel (Ni) probable effect level (PEL) for marine
biota (0.729 mmol kg dry wt) as a function of sedimentary Ni concentrations (mmol kg
dry wt) for different olivine mixing depths (0.05, 0.1 and 0.5 m). The global continental
shelf was assumed to have a surface area of 28x10° km? and the olivine was assumed to
have a nickel concentration of 7.5 mmol Ni mol* olivine. The worst-case scenario is shown
for which all the nickel released from olivine weathering is assumed to stay inside the

sediment.

The maximum amount of olivine that can be distributed in coastal waters without future
exceedance of the PEL derived for Florida coastal sediments (0.729 mmol kg dry wt) is
shown in Figure 4.2. For the scenario where olivine remains in the upper 5 cm of the
sediment, a maximum amount of 0.69 kg m2 and minimum amount of 0.029 kg m™
seabed can be dispersed without exceedance of the PEL if sedimentary Ni concentrations
are 0.05 or 0.7 mmol Ni kg* dry wt, respectively (Figure 4.2A). In case the olivine gets
mixed to greater depths by wave action or bioturbation in a site with average
sedimentary Ni concentrations of 0.52 mmol Ni kg dry wt, double (0.42 kg m) or 10
times (2.1 kg m2) the amount of olivine can be spread out on the seafloor for a 10 cm or

50 cm mixing depth scenario (Figure 4.2A).
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Importantly, in these calculations the sediment Ni EQS derived for Florida waters was
used while guidelines for a range of locations have been derived in the past ~30 years
ranging from 0.27 to 0.75 mmol kg dry wt to protect local marine biota (Birch, 2018).
Furthermore, marine sediments were considered a static sink for metals, while in reality
metals are constantly exchanged between the sediment and the overlying water column
(Frogner-Kockum et al., 2016). Metal efflux from the sediment is mainly driven by
molecular diffusion but can be significantly enhanced by bioturbation and advection (Van
Cappellen and Wang, 1995; Frogner-Kockum et al., 2016; van de Velde and Meysman,
2016). To take these metal effluxes into consideration when deriving an olivine
application guideline, accurate data on local biological and physicochemical processes in
the sediment would be required. However, in literature these data are scarce and can
show significant temporal and spatial variation (Frogner-Kockum et al., 2016; Solan et al.,
2019). Furthermore, the olivine mixing depth and weathering rate as a function of
sediment depth and time need to be well defined, since they would have a large effect on
the magnitude of the metal influx and efflux. Currently these data are lacking (Meysman
and Montserrat, 2017). Therefore, olivine sediment EQS based guidelines were only
derived under the conservative assumption that all trace metals released during olivine

weathering remain in the sediment.

Collectively, the calculations show that benthic marine biota are at highest risk from Ni
release during a large-scale coastal olivine application in the case where all the released
Ni stays in the sediment. Assuming a mixing depth of 10 cm and a sedimentary Ni
concentration of 0.52 mmol kg dry wt, the maximum amount of olivine that can be
distributed without future exceedance of the Ni guidelines is 0.42 kg m™. When
comparing this amount to the amount needed to surpass the Ni water quality guidelines,
only in the case that very fine-grained olivine (10 um grain diameter) is dispersed in
tropical (25° C) or shallow temperate (15 °C, 10 m water depth) coastal areas with a water
residence time of more than half a year (>181 days), Ni water quality guidelines can be

exceeded by dispersing lower amounts of olivine (Fig. 1D). Therefore, for most locations
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around the world the maximum amount of olivine that can be dispersed should be based

on the local sedimentary Ni concentrations.

4.3.3 Implications of the olivine guideline for CO, sequestration potential

To investigate the potential of CESW as a NET in the 21st century, the dissolution of an
environmentally safe amount of olivine derived from the FDEP sediment Ni EQS and
associated CO; sequestration are shown in Figure 4.3. A CO;-sequestration efficiency of 1
ton of CO, per ton of supplied olivine was assumed (Montserrat et al.,, 2017). A
conservative environmentally safe olivine application of 1.7 to 39 Gt, spread over a period
of 3.4 to 78 years was calculated based on an olivine mixing depth of 10 cm and the
assumption that all trace metals released during weathering remain in the sediment
(Figure 4.2B). This mixing depth was based on the zone in the sediment where most
benthic fauna is present (Simpson and Batley, 2016; Solan et al., 2019). For the larger 100
um olivine grains, 0.51 Gt (~30%) to 6.4 Gt (~16%) of the supplied olivine would have
dissolved by the end of the 21t century in a temperate (15 °C) region (Figure 4.3A) and
1.2 Gt (~71%) to 16 Gt (~42%) in a tropical (25 °C) region (Figure 4.3B). Alternatively, if 10
um grain-sized olivine would be distributed, 1.7 Gt (100%) to 31 Gt (~80%) and 1.7 Gt
(100%) to 37 Gt (~95%) of the supplied olivine would be dissolved at the end of the 21
century for a temperate or tropical zone, respectively (Figure 4.3C and 4.3D). These
results highlight that olivine would have to be ground to very small grain sizes to dissolve
fast enough to achieve significant CO, withdrawal from the atmosphere during the

coming decades (Hangx and Spiers, 2009; Renforth, 2012).
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Figure 4.3: Amount of dissolved olivine (Gt) and associated CO; sequestration (Gt) as a
function of time (years) for a 1.7 to 39 Gt global coastal enhanced olivine weathering
scenario. A constant olivine supply rate (S) of 9.615 Mt per week for a period of 3.4 to 78
years was assumed based on a sedimentary Ni concentration of 0.05 to 0.7 mmol kg dry
wt. The solid black line shows the scenario where 12 Gt of olivine is supplied to an average
coastal sediment (0.52 mmol Ni kg dry wt) for a period of 24 years. Scenarios for a 15 °C
temperate region (A, C) and 25 °C tropical region (B, D) are shown for olivine with a
uniform grain diameter of 100 um (A, B) or 10 um (C, D). Olivine dissolution was assumed
to occur according to a core shrinking model with olivine dissolution rate constants of
5.19x10* and 1.58x101° mol m2 s and activation energy of 79.5 ki mol* (Wogelius and
Walther, 1992) for the 15 °C and 25 °C scenarios, respectively. The COz-sequestration

efficiency was taken to be 1 ton of CO; sequestered for each ton of dispersed olivine.

Based on the environmentally safe amount of olivine that could be applied to the global
continental shelf, a maximum net amount of ~0.51 to 37 Gt CO; could be removed from

the atmosphere during the 215t century using coastal enhanced olivine weathering.
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Narrowing this result down based on the median coastal sedimentary Ni concentration
(0.52 mmol kg dry wt), 3.2 to 12 Gt of CO; could be sequestered in the coming 80 years
depending on the olivine grain size, application location, and net CO;-sequestration
efficiency. The latter is estimated to vary between 0.50 to 1.0 ton of CO, sequestered per
ton of dispersed olivine (Moosdorf et al., 2014; Meysman and Montserrat, 2017). The net
CO;-sequestration efficiency is dependent on the mineral composition of the source rock,
potential secondary mineral formation during olivine dissolution, and CO, emissions from
mining, grinding and transportation of the olivine from its source to the coastal zone
(Hangx and Spiers, 2009; Renforth, 2012; Moosdorf et al.,, 2014; Meysman and
Montserrat, 2017).

To keep global warming below 1.5 °C, all NETs would need to collectively capture
approximately 150 to 1180 Gt of CO; during the 215t century, depending on the rate of
conventional mitigation (Rueda et al., 2021). Therefore, a total CO, capture potential of
0.51 to 37 Gt via coastal enhanced olivine weathering is relatively low. Hence, this first
olivine application guideline shows that additional research on the environmental safety

of the technique is needed.

4.3.4 Future perspectives: the need for site-specific olivine guidelines

Overall, our results show that Ni and Cr release could limit the potential safe usage of the
mineral olivine in coastal enhanced silicate weathering on a global scale. As explained in
more detail in supplementary section D.6, the release of Cr is expected to be of lower
concern compared to Ni. However, the potential of some released Cr3* to be oxidized to
Cr®, which forms anionic complexes in seawater that are highly bioavailable and
potentially synergistically toxic with Ni** implies that Cr3* release during olivine
weathering cannot be disregarded in the risk assessment of CESW (Verriopoulos and

Dimas, 1988; Pettine, 2000; Dayan and Paine, 2001; Aharchaou et al., 2018).

165



Deriving environmentally safe olivine application guidelines

Ecological risk assessment of olivine in CESW s still at a very early stage. Data on olivine
toxicity in marine environments and accurate predictions on in situ olivine dissolution
rates and mixing depths are still lacking (Meysman and Montserrat, 2017). In a coastal
environment, organisms will be exposed to Ni and Cr released in the water (porewater or
overlying water) or in their gastrointestinal tract after ingestion of sediment particles
and/or contaminated food (Adams et al., 2011). The degree of metal uptake will depend
on the exposure concentration and duration, metal speciation, competition with other
ions for uptake, abiotic variables (such as temperature, pH and organic carbon) and the
organism’s physiology (Adams et al., 2011; Adams et al., 2020). Toxicological effects will
occur when metal concentrations in an organism’s biologically active metal

compartments exceed certain threshold values (Adams et al., 2011).

Biotic ligand models (BLMs) have been used to account for site- and species-specific metal
bioavailability in the derivation of the European freshwater Ni EQS and have been
recently validated for Australian freshwater species (Peters et al., 2018; Stauber et al.,
2021). However, for marine systems additional research on the interactions between
seawater chemistry, Ni bioavailability, and toxicity is needed to derive bioavailability

based EQS (Blewett and Leonard, 2017; Sherman et al., 2021).

Differences in biogeochemical processes among coastal sites necessitate the derivation of
site-specific olivine application guidelines. The risk assessment should be based on
multiple lines of evidence (laboratory toxicity testing and field-based studies) to
determine implications of coastal olivine spreading for ecosystem health (Simpson and
Batley, 2016). Potential benefits (counteracting ocean acidification and global warming)
of olivine spreading should also be considered to decide how much olivine will ultimately

be dispersed in a specific coastal sea (Meysman and Montserrat, 2017).

To conclude, we recommend that future studies try to fill in the data gap on olivine
toxicity to marine biota and in situ olivine dissolution rates by conducting (I) laboratory

flume experiments, (IlI) olivine toxicity tests for a range of (benthic) marine organisms
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(algae, invertebrates, and fish) and (lll) monitoring campaigns at natural olivine beaches
(e.g. Papakolea beach, Hawaii) before conducting large-scale field trials. Our work
provides a first conservative coastal olivine application guideline and highlights the need
for additional research to perform an accurate site-specific risk assessment of coastal

enhanced olivine weathering.

4.4 Supplementary information

A more detailed description on how the olivine guidelines were derived based on
seawater EQS for Ni and Cr is provided. Additionally, globally occurring Cr concentrations
in coastal seawater and sediment are shown. Moreover, tables with all literature data
used to derive a summary on global coastal Ni and Cr concentrations are given. Finally, Cr

EQS-based olivine guidelines are shown and discussed.
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Abstract

Gigaton scale atmospheric carbon dioxide (CO2) removal (CDR) is needed to keep global
warming below 1.5 °C. Coastal enhanced olivine weathering is a CDR technique that could
be implemented in coastal management programmes, but its CO, sequestration potential
and environmental safety remain uncertain. Large scale olivine spreading would change
the surficial sediment characteristics, which could potentially reduce habitat suitability
and ultimately result in community composition changes. To test this hypothesis, we
investigated the avoidance response of the marine gastropod Littorina littorea (Linnaeus,
1758) and marine amphipod Gammarus locusta (Linnaeus, 1758) to relatively coarse (83 —
332 um) olivine and olivine-sediment mixtures during short-term choice experiments.
Pure olivine was significantly avoided by both species, while no significant avoidance was
observed for sediment with 3% or 30% w/w olivine. For L. littorea, aversion of the light
green colour of pure olivine (i.e. positive scototaxis) was the main reason for avoidance.
Moreover, olivine was not significantly avoided when it was 7.5 cm (45%) closer to a food
source/darker microhabitat (Ulva sp.) compared to natural sediment. The amphipod G.
locusta possibly avoided pure olivine to reduce Ni and Cr exposure. Yet, a significant
increase in whole body Ni concentrations was observed after 79 h of exposure in the 30%
and 100% w/w olivine treatments compared to the sediment control, likely as a result of
waterborne Ni uptake. Overall, our results are significant for ecological risk assessment of
coastal enhanced olivine weathering as they show that L. littorea and G. locusta will not
avoid sediments with up to 30% w/w relatively coarse olivine added and that the degree
of olivine avoidance is dependent on local environmental factors (e.g. food or shelter

availability).

Keywords: olivine, ocean alkalinity enhancement, nickel, chromium, enhanced silicate

weathering, avoidance behaviour
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5.1 Introduction

Limiting global warming to 1.5°C requires fast reductions of anthropogenic greenhouse
gas emissions to net zero by 2050 (IPCC, 2022b). This primarily requires a shift from fossil
fuels to renewable energy sources and improved energy conservation and efficiency
(Yousefi et al., 2019; IPCC, 2022b). Furthermore, atmospheric carbon dioxide (CO,)
removal (CDR) is needed on a gigaton scale to compensate for carbon budget overshoot
and greenhouse gas emissions from sectors that are challenging to decarbonize (e.g.
aviation, shipping, industrial processes) (Minx et al., 2018; IPCC, 2022b). Ocean alkalinity
enhancement (OAE) is a proposed CDR technique that relies on the increase in seawater
alkalinity after addition of alkaline substances (e.g. olivine, calcite, lime) to drive
atmospheric CO, drawdown and enhance the ocean carbon sink (Renforth and
Henderson, 2017). Spreading finely ground fast weathering silicate rock in dynamic
coastal environments has been put forward as a promising OAE method due the
abundance of suitable source rock, technological readiness, and possible co-benefits
including promotion of primary production and counteracting ocean acidification
(Meysman and Montserrat, 2017; Montserrat et al., 2017; Bach et al., 2019; Caserini et
al., 2022). The silicate mineral olivine (MgxFe2-xSiO4) has received most attention for use in
coastal enhanced silicate weathering (CESW) due to its abundance and relatively fast
dissolution kinetics (Meysman and Montserrat, 2017). However, the CO, sequestration
potential and environmental safety of CESW remain uncertain (Montserrat et al., 2017;

Flipkens et al., 2021; Fuhr et al., 2022).

Spreading large amounts of finely ground olivine rich rock in coastal environments could
alter the local habitat of marine organisms. The impacts could resemble those seen in
beach nourishment, encompassing smothering of marine organisms and alterations in
both the physical (such as sediment density, grain size, shape, and colour) and chemical
(including contaminant and organic carbon content) properties of the surficial sediment
(Speybroeck et al., 2006). Freshly ground forsterite olivine sand is typically composed of

green, angular grains with sharp edges (Montserrat et al., 2017). The grain size of olivine
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that would ideally be distributed remains uncertain. Very fine (< 10 um) grains dissolve
and sequester CO, faster than coarser grains (= 100 um), but cost more energy to
produce, are more difficult to transport, and could pose a higher environmental risk
(Hangx and Spiers, 2009; Flipkens et al., 2021; Duan et al., 2022; Foteinis et al., 2023).
Nickel (Ni) and chromium (Cr) concentrations in olivine are typically significantly higher
than in natural marine sediment and could result in toxic effects depending on their
release rate during olivine dissolution and subsequent accumulation by marine biota

(Flipkens et al., 2021).

The effects of olivine exposure on marine biota have only been subject to limited
research, as indicated by a handful of recent studies (Ren et al., 2021; Flipkens et al.,
2023b; Guo et al., 2023; Hutchins et al., 2023). Ren et al. (2021) observed an increase in
the abundance of biofilm forming particle-attached microbes following a 10-day exposure
to 1% w/w olivine in natural seawater. In the study by Hutchins et al. (2023), six
phytoplankton species exposed to synthetic olivine leachates with Ni(ll) and Cr(VI)
concentrations up to 0.13 and 0.12 umol L exhibited neutral to positive physiological
responses. Guo et al. (2023) reported an increase in the abundance of several small (<20
um) phytoplankton taxa and the dinoflagellate Noctiluca scintillans ((Macartney) Kofoid &
Swezy, 1921) after 21 days of olivine exposure in natural seawater. However, ctenopods
(Penilia sp.) and tunicates (Oikopleura sp.) reduced in number, possibly due to impaired
feeding in the presence of suspended olivine particles (at a concentration of 1.9 g L?)
(Guo et al., 2023). Finally, Flipkens et al. (2023b) found significant grain size-dependent
metal accumulation in the marine amphipod G. locusta (Linnaeus, 1758) during acute
olivine exposures lasting 24 to 72 hours. Additionally, chronic exposure to olivine for 35
days reduced the survival, growth, and reproduction of juvenile G. locusta at
concentrations of 10% w/w and higher, likely due to metal toxicity. Overall, these findings
highlight the critical need for further research on olivine exposure effects on marine biota
to ensure that coastal enhanced olivine weathering can be scaled sustainably in the

future for climate change mitigation.
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Avoidance of olivine-rich sediment patches could possibly occur to reduce Ni and Cr
exposure or escape unpreferred substrate types (Araujo et al., 2016). A range of studies
have reported dose dependent avoidance of contaminated sediments by various aquatic
invertebrates and fish (Araujo et al., 2016). Additionally, coarse substrates, which often
have a lower food content in the form of organic material compared to fine substrates,
were significantly avoided by various marine organisms (Moles et al., 1994; Hellou et al.,
2005; Boos et al., 2010). Overall, avoidance of coastal olivine application sites could lead
to changes in local biodiversity, which could severely impact ecosystem structure and
functioning (Lopes et al., 2004; Araujo et al., 2016). Therefore, the behavioural responses
of marine organisms to olivine exposure should be considered in ecological risk

assessment of CESW.

Amphipods and to a lesser extent gastropods have been frequently used as test
organisms in sediment avoidance assays (Aradjo et al., 2016). The gastropod L. littorea
(Linnaeus, 1758) and amphipod G. locusta are widespread along shorelines of the
Northeast Atlantic. They occur in the intertidal and subtidal zone on a range of substrate
types, although L. littorea has preferences for rocky substrates and G. locusta is mostly
found at sheltering structures (e.g. macroalgae and stones) (Costa and Costa, 2000;
Carlson et al., 2006). Both species shape intertidal communities by extensive algae grazing
and are an important food source for higher trophic levels (e.g. fish and aquatic birds)

(Anderson and Underwood, 1997; Costa and Costa, 2000; Andersson et al., 2009).

In this study, we investigated the avoidance response of the periwinkle L. littorea and
amphipod G. locusta to relatively coarse (83 — 332 um) olivine and olivine-sediment
mixtures. These investigations were conducted during several short-term choice
experiments aimed at evaluating the potential impact of coastal olivine spreading on the
habitat suitability for these two benthic macroinvertebrate species. In addition to the
response to equidistant substrates, we investigated whether the degree of pure olivine
avoidance in L. littorea was dependent on the distance to a food source. Finally, the

importance of colour preference on substrate avoidance was assessed for both species.
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We hypothesized that substrates with a high olivine concentration would be avoided by
G. locusta and L. littorea due to their elevated Ni and Cr content. Additionally, we
hypothesized that the distance to a food source could affect the degree of pure olivine
avoidance in L. littorea since movement is likely driven by food availability in this species

(Seuront et al., 2007).

5.2 Material and methods

5.2.1 Test organisms

Adult L. littorea (shell height: 21.4 + 1.3 mm, shell width: 18.2 £+ 1.1 mm, N = 632)
originating from Ireland were obtained from a commercial supplier in the Netherlands. All
data henceforth are presented as mean + standard deviation (S.D.), unless stated
otherwise. Littorina littorea were housed at a temperature of 15 + 1 °C and photoperiod
of 12 h light and 12 h dark (12L:12D) in a 210 L polyethylene (PE) tank (NORAH Plastics)
filled with 200 L of artificial seawater (ASW). The ASW was made by adding 7.15 kg of
seasalt (hw-Marinemix®) to ultrapure water (Eurowater DPRO B1 — 1/1) and aerating the
solution for at least 24 h before use. Littorina littorea were fed Ulva sp. ad libitum. A
trickling filter was used and 30 to 50% water changes were conducted on a weekly basis
to ensure good water quality. Seawater temperature (15 £ 1 °C), pH (8.00 + 0.08), salinity
(33.4 + 1.1 %o), and concentrations of dissolved oxygen (DO) (7.95 + 0.20 mg L) were
measured weekly with a HQ30D portable multimeter (Hach). Approximate concentrations
of nitrate (NOs’), nitrate (NO2) and total ammonia (NH3/NHs*) were determined with
commercial test kits (Tetra). The pH and conductivity electrode were calibrated before
each with standard pH (pH 4.00, 7.00, and 10.01) and conductivity (12.9 and 50 mS cm™)
solutions (VWR international). The oxygen probe (Intellical LDO101, Hach) was used with

factory calibration settings.

Amphipods were collected by hand in the Eastern Scheldt estuary (51°27'31.6"N
4°04'50.4"E, Krabbendijke, the Netherlands) during low tide and transported to the

laboratory in clean HDPE buckets filled with ASW. A subsample of 10 amphipods were
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identified microscopically as G. locusta using the key of Vader and Tandberg (2019). The
animals were maintained in a 210 L PE tank filled with ASW and a 1 cm layer of control
sediment (Section 5.2.2) and stones from the collection site. Amphipods were fed Ulva sp.
ad libitum and Sera Micron Nature (1 mg individual?) three times per week. A trickling
filter and protein skimmer were set up and weekly 15 to 30% water changes were
conducted. Seawater temperature (18.6 + 1.1 °C), pH (8.04 + 0.07), salinity (33.6 £ 0.7 %),
dissolved oxygen (7.37 + 0.25 mg L) and nitrogenous waste products were measured

before each water change.

5.2.2 Sediment collection and characterization

Surficial (< 10 cm depth) North Sea sediment was collected from the intertidal zone at the
Belgian coast (51°14'28.1"N 2°56'01.0"E, Ostend, Belgium) with a shovel and wet sieved
in situ through a 1 mm screen to remove macrofauna. Sediment was brought to the
laboratory in clean, sealed HDPE buckets and stored at 4 °C before use in the olivine
avoidance assays with L. littorea. For the experiments with G. locusta, surficial control
sediment was collected at the amphipod collection site and wet sieved through a 500 pum
screen before storage at 4 °C until experimental use. Norwegian dunite sand was
obtained from Sibelco’s Aheim site. This dunite sand consists mainly (83 — 86 wt%) of
forsterite-rich olivine (Mg1.87Fe0.135i04) and will be referred to as olivine throughout the
text. The mineral characterization of dunite sand is provided in Supplementary Section

E.1.

Experimental sediments were characterized for their sediment organic matter (SOM)
content, grain size distribution and trace metal concentrations. The loss on ignition
method according to Heiri et al. (2001) was used to determine SOM content. Grain size
distribution was measured with a Mastersizer 2000 particle size analyzer (Malvern)
according to standard operating procedures without chemical pre-treatment. The
elemental composition was determined via ICP-OES (iCAP 6300 Duo, Thermo Scientific).
Sediment samples were acid digested according to a modified chromite ore digestion
protocol (CEM Corporation, 1999). Briefly, 1.4 mL of Ultrapure sulphuric acid (>96%,
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Merck) and 2.6 mL of orthophosphoric acid (85%, Honeywell Chemicals) were added to
0.1 g of dry sediment and subsequently heated at 240 °C for 30 min in a Discover SP-D 80
microwave digestion system (CEM Corporation). Afterwards, 2 mL of 67-69% nitric acid
(Fisher Scientific) was added and samples were heated again at 240 °C for 15 min. After
digestion, samples were diluted 8.3 times with ultrapure Milli-Q (MQ) water. Finally, the
supernatant of the samples was collected after centrifugation at 1600 g for 5 min for ICP-
OES analysis. For quality control, certified reference material (SARM-6 NIM-D dunite,
MINTEK) and procedural blanks were included during analysis. Average elemental
recoveries were acceptable for all elements (72 to 93%) except Si due to the insolubility of

silicate in HNO3 (~0.4%).

5.2.3 Littorina littorea olivine avoidance assays

Novel choice experiments were conducted on square Nunc® bioassay dishes (Lx W x H =
24.5 x 24.5 x 2.5 cm) to assess which substrate adult L. littorea avoided to reach a food
source (Ulva sp.) and whether this avoidance was distance or substrate colour dependent.
All experiments were conducted at controlled temperature (15 = 1 °C) and light (12L:12D)
conditions and bioassay dishes were cleaned with 2% V/V HCl (VWR International) and
ultrapure MQ before use. A similar experimental setup was used for all seven
experiments. Namely, dishes were filled with 200 mL of ASW (~6 mm layer) and a ~3 mm
thick circular or rectangular band of different substrates (experiment specific) surrounded
by a ~2 cm wide band (50.0 + 0.04 g) of Ulva sp. (Figure 5.1). The number of dishes was
equal to the amount of substrate patches and dishes were rotated by 360/i degrees, with
i equal to the dish number, in order to exclude the possible effect of directional
preference on test results. Substrate weights for all experiments are provided in

Supplementary Section E.2.2.

At the start of an experimental trial, adult L. littorea were individually placed in the centre
of the dishes with the apex of the shell pointing southeastwards. Subsequently, L. littorea
could move around freely for 10 min after which the first substrate crossed to reach the
Ulva sp. was recorded. Blinding researchers from the experimental substrates was
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unfeasible due to the distinctive morphology of the control sediment and olivine sand.
Next, approximately 95% of the ASW was removed with a syringe and dishes were wiped
with paper towel to remove any mucus trails which could affect the path of subsequent L.
littorea (Erlandsson and Kostylev, 1995). Afterwards, the substrate patches were
rearranged if needed and 200 mL of fresh ASW was added to the dishes to start a new
trial. A total of 20 trials were conducted for each experiment. A light diffuser (Bresser TR-
4) was installed 80 cm above the experimental setup to create soft lighting conditions and

experiments were recorded with a digital camera (Fujifilm FinePix XP60).

In a first experiment, six substrate types including pure (100% w/w) North Sea sediment,
3%, 30%, and 100% w/w olivine, copper (Cu) tape, and a blank patch were put in a circular
band with an inner diameter of 14.5 cm and width of 1.5 cm on the dishes (Figure 5.1A).
The Cu tape served as a positive control since it is known to be avoided by most
gastropod species (Barnes and Hill, 2022), while the blank patch was included in case
sandy substrates would be avoided. For the second experiment, the first experimental
setup was replicated without Cu tape as a substrate (Figure 5.1B), since Cu release could
affect periwinkle behaviour (Barnes and Hill, 2022). This experiment was also repeated
with the substrate band and 200 mL ASW on a second dish beneath the original dish
containing the circular band of 50 g Ulva sp. and 200 mL ASW to assess if sediment

avoidance was colour based (Figure 5.1C).

The width of the circular substrate band was increased from 1.5 to 6.5 cm (decreasing the
inner circle diameter to 5 cm) during the fourth experiment to examine whether the size
of the sediment patch would affect the choice of L. littorea (Figure 5.1D). Only pure North
Sea sediment, pure olivine and a blank patch were included as substrate types in this
experiment. This setup was also replicated with the substrate band in a separate dish
below the original dish, similar to the third experiment, to assess whether L. littorea
exhibited colour preference (Figure 5.1E). During the sixth and seventh experiment,
substrates were positioned in a rectangular formation of different size to assess whether

sediment avoidance was affected by the distance to the food source (Figure 5.1F-G). The
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distance from the periwinkle to the two olivine patches was either half (7.5 cm, Figure
5.1F) or equal to (15 cm, Figure 5.1E) the distance to a 100% w/w North Sea sediment and
blank patch. The width of the sediment patches was equal to 1.5 cm in both experiments
(Figure 5.1F-G). Pictures of the experimental set ups are shown in Supplementary Figure

E.2.

Seawater pH (8.18 + 0.07), temperature (14.8 + 0.4 °C), salinity (33.2 £ 1.1 %o), DO (8.09 +
0.16 mg L1), and nitrogenous waste concentrations were measured at the start of each
experiment. Furthermore, water samples for dissolved metal analysis were collected with
a syringe from all dishes at the end of the first trial and last trial of each experiment.
Water samples were filtered through 0.2 um pore size filters (Chromafil XTRA PES-20/25,
Macherey-Nagel) and diluted 20 times with 2% V/V TraceMetalTM Grade nitric acid
(Fisher Scientific) before analysis via HR-ICP-MS (Element XR™, Thermo Scientific™).
Procedural blanks (2% V/V HNOs) and certified reference material (1643f, NIST) were
included in the analysis for quality control. Dissolved metal results are provided in

Supplementary Section E.2.3.
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Figure 5.1: Schematic representation of the olivine avoidance assays with L. littorea. (A —
G) Square bioassay dishes were filled with 200 mL ASW and a circular or rectangular band
of various substrates (listed in the figure) surrounded by a band of Ulva sp. (details
provided in text). Dotted lines in (C) and (E) indicate that the substrate was put
underneath the dish to assess colour preference. Each set up consisted of three to six
replicates which were rotated (values below subfigures) to avoid that directional
preference would affect the test results. Pictures: Ulva lactuca © Jifi Novdk, Littorina
littorea © WoRMS, Claude Nozéres.
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5.2.4 Gammarus locusta olivine avoidance assays

A bi-compartmented system according to De Lange et al. (2006) was used with minor
modifications to assess olivine avoidance in the marine amphipod G. locusta (Figure 5.2
and Supplementary Figure E.4). A total of 25 glass aquariums (Lx W x H =30 x 20 x 15 cm)
representing 5 treatments were rinsed with 2% V/V HCI, ultrapure MQ and set up in a
temperature controlled room (18.6 + 1.1 °C) with a fixed photoperiod (12L:12D). For four
treatments, aquariums were divided in two equal sections (L x W = 15 x 15 cm) which
were filled with a 5 mm layer (175.6 £ 0.007 g, N = 20) of wet control sediment on one
side, and a 5 mm layer of control sediment, 3% w/w, 30% w/w, or 100% w/w olivine on
the other side (Figure 5.2). For the remaining treatment a 5 mm layer of control sediment
and 5 mm layer of 100% w/w olivine was put underneath the five replicate aquariums to
assess if olivine avoidance was colour based (Figure 5.2). Aquariums were rotated (0, 90,
180, 180, and 270°) to have the sediments face different directions. Sediment weights are
provided in Supplementary Table E.4. Subsequently, 6 L of ASW was added to each
aquarium and continuously aerated with aeration lines fitted with plastic tips positioned 8
cm above the sediment surface. The sediment was then left to settle for 2 days and a 50%
water changed was conducted 24 h before 10 adult amphipods (70 — 80% males) were
added to each aquarium. Survival and position of the amphipods was then recorded three
times per day for three consecutive days. Afterwards, surviving amphipods were collected

to examine whole body trace metal concentrations.

Amphipods for whole body metal analysis were individually rinsed with ultrapure MQ and
dried at 60 °C for 24 h in preweighed 5 mL tubes. Standard reference material (SRM-2976,
NIST) and procedural blanks were included during sample preparation and analysis.
Sample dry weight was recorded with an ultra-microbalance (Sartorius SE2). Next,
samples were digested in 400 pL of TraceMetal™ Grade nitric acid (67 — 69% V/V, Fisher
Scientific) at room temperature for at least 12 h. Afterwards, digestion was continued at
105 °C for 15 min in a SC154 HotBlock® (Environmental Express) (Van Ginneken et al.,

2015; Flipkens et al.,, 2023b). Subsequently, 50 pL of 30 — 32% W/W H,0, (Fisher
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Scientific) was added and samples were left to incubate at room temperature for 10 min.
Finally, the samples were heated at 105 °C for 15 min and subsequently diluted with
ultrapure MQ to a final acid concentration of 2.2% V/V. Elemental concentrations were
analysed via HR-ICP-MS (Element XR, Thermo Fischer Scientific). Certified reference
material (1643f, NIST) was measured every 20 to 22 samples for analytical quality control.
The recoveries of Ni and Cr for SRM-2976 were 80.1 + 7.6% (N = 8) and 49.3 £+ 11.3% (N =
8), respectively. The lower Cr recoveries may be attributed to both the relatively low
certified value of 0.5 pug g* for SRM-2976 and the potential small variations during sample
preparation and analysis. Measured whole body Cr concentrations for G. locusta were not

adjusted to account for the lower SRM-2976 Cr recoveries.

Seawater pH (8.12 + 0.04), temperature (18.4 + 0.1 °C), and salinity (32.7 £ 0.3 %o) were
measured at the start of the experiment and after 48 and 72 h in all aquariums.
Simultaneously, DO (7.7 + 0.1 mg L?) and nitrogenous waste concentrations (NO3 < 12.5
mg L'}, NO; < 0.3 mg L%, and NH3/NH4* £ 0.25 mg L'!) were measured in one replicate of
each treatment. A 50% water change was conducted after 48 h of exposure and 10 mL
water samples for dissolved metal analysis were collected from all aguariums on each

experimental day.
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Figure 5.2: Schematic representation of the olivine avoidance assays with G. locusta. Glass
aquariums (9 L, represented by large rectangles) were filled with 6 L ASW and divided in
two equal compartments with a 5 mm layer of 100% w/w sediment on one side (shown in
white) and (A) 3%, 30%, or 100% w/w olivine (ol, shown in grey) or (B) 100% w/w
sediment on the other side. (C) To assess colour preference, 100% w/w sediment and
100% w/w ol were put underneath the aquarium (indicated by dotted lines). Five
aquariums with 10 amphipods were used for each treatment and rotated by 0°, 90°, 180°,
180°, or 270° (orientation) to exclude the effect of possible directional preference on the

experimental results.

5.2.5 Statistical analyses

Statistical analyses were conducted in RStudio (version 2022.12.0+353) using R version
4.2.1 (R Core Team, 2022) and figures were constructed in GraphPad Prism version 9.5.1
for Windows. For the L. littorea olivine avoidance assays, Pearson chi-square tests were
performed to test whether observed frequencies deviated significantly from expected
frequencies under the null hypothesis that L. littorea did not show substrate avoidance.
Subsequently, squared standardized residuals were used to determine which substrate

types were significantly avoided with the pchisq() function.

For the G. locusta olivine avoidance bioassays, differences in amphipod survival between
treatments were assessed via one-way ANOVA. A binomial generalized linear mixed
model (GLMM) was fit by maximum likelihood (Laplace approximation) to assess the main
and interactive effect of time (fixed factor with four levels) and treatment (fixed factor
with five levels) on the fraction of amphipods in the control compartment. Aquarium ID
and repeated daily observations were included as random factors (25 and three levels,
respectively) in the model. Aquarium ID was nested in treatment and observations were
nested in time. ANOVA tests were performed to simplify the model by removal of a non-
significant (p-value < 0.05) interaction term and explanatory variables. The model was
found to not be overdispersed by comparing the sum of squared Pearson residuals to the
residual degrees of freedom. Furthermore, normality and homoscedasticity of the model

181



Olivine avoidance by Littorina littorea and Gammarus locusta

residuals were visually assessed via quantile-quantile and residuals plots, respectively and
found to be acceptable. The conditional and marginal R? values of the GLMM were
estimated using the “r.squaredGLMM” function of the “MuMIn” package using the delta
method (Nakagawa et al., 2017).

Differences in amphipod whole body metal concentrations among treatments were
investigated with a GLMM using the R package “nlme”. Treatment was considered a fixed
factor and aquarium ID a random factor (25 levels) nested in treatment. Statistical
differences in ASW dissolved metal concentrations among experiments with L. littorea
were analysed similarly. Here, experiment was considered a fixed factor and trial a
random factor (two levels). Normality and homoscedasticity of model residuals were
assessed as described previously. Data were not transformed after violation of the
normality assumption due to the robustness of GLMMs to deviation of model residuals
from a normal distribution (Schielzeth et al., 2020). In case of heteroscedasticity, a
weights argument was added to the model to differentially weight the data of different
treatments. The object containing the weights was created using the “varldent” function.
Post hoc multiple comparisons were performed with the “emmeans” package” to identify
significant differences among treatments. Adjustment of p-values was done using Tukey’s

method.

5.3 Results and discussion

5.3.1 Sediment characteristics

A low average SOM content was observed for the control sediment (0.44% w/w) and pure
olivine (0.28% w/w) used in the avoidance assays with L. littorea (Table 5.1). Both olivine
and control sediment were sandy substrates, but the olivine (D10 — D90 = 83 — 214 um)
was finer than the control sediment (D10 — D90 = 180 — 385 um). The average Ni and Cr
concentrations of pure olivine (42 and 58 umol g* d.w., respectively) were 1150 and 138
times higher those of the control sediment (0.037 and 0.42 pmol g* d.w., respectively)
(Table 5.1).
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For the avoidance assays with G. locusta, the average SOM content was also low for both
the control sediment (1.0% w/w) and pure olivine (0.29% w/w) (Table 5.1). The olivine
used in these tests was slightly coarser (D10 — D90 = 93 — 332 um) than the control
sediment (71 — 222 um) and had average Ni and Cr concentrations (38 and 23 umol g
d.w., respectively) that were 1078 and 26 times higher than those of the control sediment
(0.036 and 0.90 umol g? d.w., respectively). The 60% lower Cr concentration of the
different olivine batch used in the avoidance assays with G. locusta compared to L.
littorea can likely be explained by the heterogeneous distribution of chromite (FeCr;0a) in
dunite rock (Santos et al., 2015). The concentrations of Mg, Fe, Al, Mn, Co, and Zn for the

different experimental sediments are provided in Supplementary Table E.2.

Table 5.1: Geochemical properties of the sediments in the olivine avoidance assays with L.
littorea and G. locusta. Mean and S.D. (N = 3 — 5) are given for the sediment organic
matter content (SOM), volumetric effective grain sizes (D) and sediment nickel (Ni) and
chromium (Cr) concentrations (umol g* d.w.). The grain size distribution of the 3% and

30% w/w olivine was not measured (N.A.) for the olivine avoidance assays with G. locusta.

L. littorea olivine avoidance assays

Treatment 100% sediment 3% olivine 30% olivine 100% olivine
SOM (%) 0.44 £0.029 0.442 0.39° 0.28 + 0.0066
D10 (um) 180+2.0 174+ 1.6 131425 83+0.7

D50 (um) 263+2.6 261+2.4 236+0.9 135+1.0
D90 (um) 385+10 391+35 404 +9.3 214+1.4

Ni (umolg*d.w.)  0.037 £0.0047 1.32 132 42+0.8
Cr(umol gld.w.) 0.42+0.080 2.28 18° 58 +3.4

G. locusta olivine avoidance assays

Treatment 100% sediment 3% olivine 30% olivine 100% olivine
SOM (%) 1.0 £ 0.087 1.0° 0.81° 0.29 + 0.0072
D10 (um) 71+0.80 N.A. N.A. 93+6.9

D50 (um) 126+2.8 N.A. N.A. 189+5.4
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D90 (um) 222+8.1 N.A. N.A. 332£55
Ni (umol gtd.w.)  0.036 +0.018 1.2° 12° 38+0.87
Cr(umolgtd.w.) 0.90+0.16 1.6° 7.8° 23+0.85

aThe SOM content and concentrations of Ni and Cr for the 3% and 30% w/w olivine were
not analytically determined, but derived from the measured concentrations in the 100%

w/w sediment and 100% w/w olivine treatment.

5.3.2 Littorina littorea olivine avoidance

Littorina littorea showed clear avoidance and preference of certain substrate types to
reach a food source (Figure 5.3). The number of L. littorea that crossed the patch without
substrate to reach Ulva sp. was 20% higher than expected in case of no substrate
preference (X? (5, N = 104) = 24.6, p < 0.001) for the experiment with Cu tape and 26%
higher (X? (4, N = 93) = 32.0, p < 0.001) in the replicated experiment without Cu tape
(Figure 5.3A-B). Based on the eye anatomy, L. littorea are expected to have relatively
good vision underwater allowing them to clearly resolve objects of approximately 2 cm in
size up to 72 cm away (SEYER, 1992). Hence, L. littorea could possibly see that no foreign
substrate had to be crossed in order to reach Ulva sp. via the blank patch, which could
explain the higher choice for this substrate type in the current experimental set up.
Conversely, Cu tape was only crossed by 2% of the L. littorea, indicating significant
avoidance (X? (5, N = 104) = 13.6, p = 0.019) (Figure 5.3A). Previous studies have reported
that terrestrial and aquatic gastropods prevent crossing Cu barriers, although the reason

for avoidance remains unknown (Barnes and Hill, 2022).

Littorina littorea did not significantly avoid 100% w/w sediment or sediment with 3% w/w
or 30% w/w olivine in both experiments (Figure 5.3A-B). However, 100% w/w olivine was
significantly avoided, with only 1.9% of the individuals crossing pure olivine in the
experiment with Cu tape (X? (5, N = 104) = 13.6, p = 0.019) and 1.1% in the experiment
without Cu tape (X? (4, N = 93) = 16.7, p = 0.0023) (Figure 5.3A-B). A number of reasons
can possibly explain pure olivine avoidance by L. littorea including high trace metal

concentrations, low sediment organic matter content (food quantity and quality), and
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differences in olivine morphology (grain shape, edge sharpness, size, and colour)
compared to natural sediment (Aradjo et al., 2016). The SOM content of olivine and
control sediment was low and not significantly different (Table 5.1). Hence, olivine
avoidance is likely not the result of differences in substrate SOM content. Furthermore,
during the experiment most L. littorea (initially not located on pure olivine) immediately
moved towards a substrate different from 100% w/w olivine, indicating that pure olivine
was likely not avoided due to its smaller, less rounded grains compared to natural beach
sand (Supplementary Figure E.1A-D). Therefore, olivine avoidance was likely driven by

chemical cues or substrate colour.
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Figure 5.3: Substrate preference of L. littorea during acute olivine avoidance assays.

Choice frequency (%) of different substrates that were first crossed by L. littorea to reach a
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food source (Ulva sp.) are shown for the experimental setups displayed in Figure 5.1.
Subfigure numbers correspond to subfigure numbers in Figure 5.1. Significance compared
to the expected frequency in case of no avoidance (red dotted line): * = p < 0.05, ** =p <

0.01, *** = p < 0.001.

Significant avoidance of 100% w/w olivine (X?> (2, N = 58) = 15.5, p < 0.001) was also
observed when the width of the substrate bands was increased from 1.5 to 6.5 cm (Figure
5.3D). In contrast to previous results, significant preference of the 100% w/w sediment
patch (X? (2, N = 58) = 48.6, p < 0.001) and avoidance of the blank patch (X? (2, N = 58) =
9.20, p = 0.010) was observed (Figure 5.3D). These findings are in line with positive
scototaxis (attraction to dark shapes) previously observed in L. littorea (Moisez and
Seuront, 2020) given the relatively dark colour of the natural sediment and light colour of
the 100% w/w olivine and blank patch (Supplementary Figure E.2). This behaviour is likely
important for L. littorea in its natural environment (typically rocky shores) to find dark
crevices where they are safe from predation, desiccation, and thermal stress (Seuront et
al., 2018; Moisez and Seuront, 2020). The scototactic response is dependent on the
dimensions of the dark shape (Moisez and Seuront, 2020), which could explain why no
significant preference of the 100% w/w sediment was observed when the patch was only

1.5 cm wide (Figure 5.3A-C).

When substrates were put underneath the bioassay dishes, 100% w/w olivine was still
significantly avoided in both the experiment with the wider substrate circle (X? (2, N = 93)
= 15.5, p < 0.001) (Figure 5.3E) and smaller substrate circle (X?> (4, N = 83) = 12.84, p =
0.012) (Figure 5.3C). The relative number of L. littorea that crossed 100% w/w olivine was
very similar in these experiments (1.6 — 2.4%) compared to the previous experiments (1.1
— 3.4%, Figure 5.3A-B and 5.3D). Therefore, we can conclude that pure olivine avoidance
was mainly a positive scototactic response due to the significantly lighter colour of 100%

w/w olivine compared natural sediment (see Supplementary Figure E.2).
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Finally, distance towards the food source significantly affected the substrate choice of L.
littorea (Figure 5.3F-G). Similar to previous experiments with 1.5 cm wide substrate
patches, olivine was significantly avoided (X? (2, N = 78) = 24.6, p < 0.001) and the blank
patch was preferred (X% (2, N = 78) = 38.8, p < 0.001) when the distance between the L.
littorea and the Ulva sp. was equal (15 cm) for all substrate types (Figure 5.3F). However,
no significant avoidance of pure olivine was observed when the distance between the L.
littorea and the Ulva sp. was 45% smaller via the olivine patches (9 cm) compared to the
blank or 100% sediment patch (16.5 cm) (X% (2, N = 75) = 0.60, p = 0.74) (Figure 5.3G).
Hence, we can infer that distance to a food source or darker microhabitat (Ulva sp. in this
case) could significantly affect the degree of pure olivine avoidance in L. littorea (Seuront

et al., 2007; Moisez and Seuront, 2020).

5.3.3 Gammarus locusta avoidance assays

5.3.3.1 Avoidance behaviour
Average amphipod survival ranged between 84 to 90% and was not significantly different

among treatments (F(4, 20) = 0.24, p = 0.91). Overall, control preference was close to 50%
throughout the experiment in the 100% w/w sediment control (average values ranging
between 31 and 53%, N = 12), indicating that amphipods did not exhibit significant
directional preference (Figure 5.4). No significant effect of exposure day (X*=2.22, Df = 3,
p = 0.53) or the interaction between treatment and exposure day (X?>= 8.76, Df = 12, p =
0.72) was observed on amphipod control preference. Therefore, these terms were
removed from the binomial GLMM. No significant preference for the control
compartment was observed in the 3% w/w (B = 0.060, z = 0.14, p = 0.89) and 30% w/w (B
=-0.0033, z = -0.008, p = 0.99) olivine treatments (Figure 5.4). However, pure olivine was
significantly avoided (B = 2.67, z = 5.07, p < 0.001) by amphipods throughout the

experiment (Figure 5.4).

Pure olivine avoidance was not significantly driven by colour preference (B = 0.095, z =
0.20, p = 0.84, Figure 5.4) in contrast to our findings for L. littorea. Differences in food

availability (sediment organic carbon) can also likely not explain the observed 100% w/w
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olivine avoidance, since SOM concentrations were low in all treatments (Table 5.1) and
olivine avoidance occurred within hours (Figure 5.4) while amphipods were fed prior to
the experiment. Furthermore, G. locusta inhabits a wide variety of sediment types (from
gravel to mud) along its natural distribution (Costa and Costa, 2000), and its survival
under laboratory conditions was not significantly affected by the fraction of fine (<63 um)
particles in the sediment during a 10-day exposure (Costa et al., 1996). Therefore, the
limited difference in grain size distribution between pure olivine and control sediment
(Table 5.1) also likely does not explain the observed 100% w/w olivine avoidance.
However, various studies have shown that amphipods significantly avoid contaminated
sediments in a concentration dependent manner (Hellou et al., 2005; De Lange et al.,
2006; Szczybelski et al., 2018). Therefore, G. locusta possibly avoided pure olivine due to
its high Ni (38 umol g* d.w.) and Cr (23 umol g* d.w.) content (Table 5.1) in order to

reduce trace metal exposure (Araujo et al., 2016).
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Figure 5.4: Control sediment preference (%) of G. locusta as a function of time (h) during
the three day bi-compartmented olivine avoidance assays. Mean and range values (N = 5)
are shown for the 100% w/w sediment control and various olivine treatments (3, 30, and

100% w/w olivine) including a pure olivine treatment where the substrate was put
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underneath the aquariums to investigate colour preference (100% olivine colour). The
conditional (R%cimm(c)) and marginal (R%vmm)) coefficients of determination (R?) are also

given.

5.3.3.2 Trace metal accumulation
Whole body Ni concentrations were significantly elevated in amphipods of the 30% w/w

olivine treatment (mean + S.D. = 0.18 + 0.13 umol g* d.w., range = 0.05 — 0.57 pumol g*
d.w., N = 20) and 100% w/w olivine treatment (mean = S.D. = 0.30 + 0.27 umol g d.w.,
range = 0.08 — 1.16 umol g* d.w., N = 18) compared to the 100% w/w sediment control
(mean * S.D. = 0.063 + 0.022 pumol g* d.w, range = 0.04 — 0.13 pmol g* d.w., N = 20) at
the end of the experiment (Figure 5.5A). This increase in whole body Ni concentrations
can be the result of waterborne Ni uptake and dietary Ni uptake via the ingestion of
olivine grains (Adams et al., 2011). However, the number of olivine grains that were
ingested by experimental amphipods was likely limited, since no significant increase in
whole body Cr (F(4,20) = 2.26, p = 0.099) or Fe (F(4,20) = 1.03, p = 0.42) concentrations

was observed (Figure 5.5B and Supplementary Figure E.6A). Hence, the observed Ni

accumulation was mainly the result of waterborne Ni uptake.

Dissolved Ni concentrations in the ASW were elevated in the 100% w/w olivine (112 — 174
nmol L}, N = 10) and 100% olivine colour (107 — 122 nmol L%, N = 15) treatment
compared to the sediment control (42 — 64 nmol L%, N = 10) (Figure 5.5C). Elevated Ni
concentrations in the 100% w/w olivine treatment are the result of olivine weathering
(Montserrat et al., 2017), while potential impurities in the sea salt could explain higher
concentrations in the 100% olivine colour treatment which was tested separately from
the other treatments. Reported waterborne Ni uptake rate constants vary between
0.0052 and 0.24 L g d*! for different aquatic invertebrates exposed to dissolved Ni
concentrations ranging between 0.26 and 767 nmol L (Hédouin et al., 2007; Urien et al.,
2017). Given these Ni uptake rate constants and the observed Ni concentrations in the
ASW, a whole body Ni concentration between 0.090 and 0.18 pmol g d.w. would be

expected in amphipods of the 100% w/w olivine treatment (calculations provided in
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Supplementary Section E.3.4), which was exceeded in 61% of the exposed amphipods
(Figure 5.5A). Exposure to elevated Ni concentrations in the porewater compared to the
overlying water and interindividual differences in the amount of time spent on the olivine
100% w/w olivine compartment could possibly explain the high and variable whole body

Ni concentrations (Figure 5.5A) (Simpson and Batley, 2007).

Whole body Cr concentrations (<0.34 — 827 nmol g d.w., N = 84) were generally lower
than whole body Ni concentrations and did not differ significantly between treatments
(F(4,20) = 2.26, p = 0.099) (Figure 5.5B). The large variation in whole body Cr
concentrations in the 100% olivine colour treatment was unexpected and the cause
remains unknown. Dissolved Cr concentrations in ASW were not significantly elevated in
the olivine treatments (2.2 — 36 nmol L}, N = 40) compared to the sediment control (2.6 —
4.6 nmol LY, N = 10) (Figure 5.5D). The lack of Cr accumulation in the ASW of the olivine
treatments can be explained by low water solubility of chromite (FeCr;04), which is the

dominant Cr-bearing phase in dunite rock (Santos et al., 2015).
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Figure 5.5: Metal accumulation in G. locusta and artificial seawater during olivine
avoidance assays. Box and whisker plots of the whole body (A) nickel (Ni) and (B)
chromium (Cr) concentrations (umol g* d.w.) in G. locusta (N = 10 — 20) at the end of the
three day olivine avoidance assays. Results are shown for the sediment (sed) control and
different olivine (ol) treatment including the 100% w/w olivine treatment to test colour
preference (Colour). Temporal evolution of average dissolved (C) Ni and (D) Cr

concentrations (nmol L) in artificial seawater (N = 2 or 3).

5.3.4 Implications for coastal enhanced olivine weathering
Changes in the physicochemical properties of the surficial sediment (e.g. metal and SOM
content, grain size distribution) after large scale coastal olivine spreading for climate

change mitigation could possibly alter habitat suitability for marine biota and
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subsequently lead to avoidance of olivine rich sediment patches (Araujo et al., 2016).
Here we found that L. littorea and G. locusta significantly avoided 100% w/w olivine sand.
Under the current experimental designs, olivine was avoided due to its light colour
(positive scototaxis) by L. littorea and possibly its high metal content by G. locusta.
However, olivine was not significantly avoided when it was mixed with natural marine
sediment at concentrations of 3% w/w and 30% w/w olivine. Therefore, these benthic
macroinvertebrates will likely not avoid olivine-rich sediment patches after large-scale
coastal deployments of relatively coarse olivine. Nevertheless, an olivine deployment
method suitable for the local beach conditions should be adopted to avoid short-term
disturbance and mortality (e.g. by burial) of marine biota (Speybroeck et al., 2006) in
addition to long term adverse effects (e.g. possible trace metal toxicity and changes in

community composition) (Bach et al., 2019; Flipkens et al., 2021).

For beach nourishment practices, olivine characteristics (e.g. grain size, metal content) in
addition to the scale, timing, and method of deployment likely play an important role to
minimize ecological impacts (Speybroeck et al., 2006). A number of smaller olivine
deployments are generally preferred over a single large deployment, although this would
reduce the net CO; sequestration efficiency of CESW as a result of higher transport
associated CO, emissions (Speybroeck et al., 2006; Hangx and Spiers, 2009). Furthermore,
olivine spreading is preferably done in periods of low biological activity and the type of
deployment (classic, foreshore, or backshore nourishment) should be chosen based on
local biodiversity taking into account social and political acceptance (Speybroeck et al.,
2006; Low et al., 2022). Ideally, olivine with a similar grain size distribution as that of the
local sediment would be dispersed to minimize ecological impacts, although finer grain
sizes are possibly preferred from a climate change mitigation perspective due to their
faster dissolution and CO; sequestration rate (Speybroeck et al., 2006; Hangx and Spiers,
2009; Foteinis et al., 2023). The distribution of fine-grained olivine (<63 um) could affect
the particle-attached microbial community composition (Ren et al., 2021) and sediment
siltation could have adverse impacts on various marine biota including shellfish,

mangroves, and corals (Erftemeijer et al., 2012; Noor et al., 2015; Poirier et al., 2021).

192



Olivine avoidance by Littorina littorea and Gammarus locusta

Finally, the positive (e.g. improved calcification and phytoplankton growth) and negative
effects (e.g. Ni and Cr toxicity) of olivine dissolution products on marine biota and
contribution to climate change mitigation should be considered to assess the scale at
which olivine could be safely deployed in coastal waters (Bach et al., 2019; Flipkens et al.,
2021; Hutchins et al., 2023). Hence, additional studies on olivine exposure effects for
various marine organisms are needed to accurately determine the most suitable, location

specific, olivine deployment strategy for atmospheric CO, removal.

5.4 Conclusions

Coastal enhanced olivine weathering has been proposed as a large scale atmospheric CO;
removal technique for climate change mitigation. However, changes in the surficial
sediment physicochemistry after olivine addition could possibly alter the habitat
suitability and result in avoidance of olivine rich substrates by some marine species. To
test this hypothesis, we conducted several short-term choice experiments to assess the
avoidance response of the marine gastropod L. littorea and the marine amphipod G.
locusta to both pure olivine and olivine mixed with natural sediment. Pure olivine was
significantly avoided by both organisms, while 3% w/w and 30% w/w olivine mixtures
with natural sediment were not. In contrast to our hypothesis, L. littorea avoided pure
olivine due to its light colour rather than its high trace metal content as a result of an
innate attraction to dark shapes (i.e. positive scototaxis). As hypothesized, the degree of
avoidance was dependent on the distance to a food source, since pure olivine was not
significantly avoided when it was 7.5 cm (45%) closer to Ulva sp. than natural sediment.
The amphipod G. locusta did not avoid pure olivine due to its colour, but possibly to
reduce Ni and Cr exposure. Nevertheless, a significant increase in whole body Ni
concentrations was observed in G. locusta of the 30% and 100% olivine treatments
compared to the sediment control after 79 h of exposure. Overall, our results indicate
that G. locusta and L. Littorea would not significantly avoid coastal zones with relatively
coarse olivine mixed in the surficial sediment up to concentrations of 30% w/w olivine.

However, additional research on the effects of long-term olivine exposure on various
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marine biota is needed to accurately determine the scale and suitable deployment
strategy of coastal olivine spreading to maximize the benefits and minimize the ecological

risks.

5.5 Supplementary information

Pictures of the experimental setups, substrate weights, and measured and expected

metal accumulation are given in Appendix E.
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Abstract

Active atmospheric carbon dioxide removal (CDR) is needed at a gigaton scale in the next
decades to keep global warming below 1.5 °C. Coastal enhanced silicate weathering
(CESW) aims to increase natural ocean carbon sequestration via chemical weathering of
finely ground olivine (MgxFe(1-SiOa) rich rock dispersed in dynamic coastal environments.
However, the environmental safety of the technique remains in question due to the high
Ni and Cr content of olivine. Therefore, we investigated the short term bioaccumulation
and chronic toxicity of olivine in the marine amphipod Gammarus locusta. Acute 24-h
olivine exposure resulted in significant grain size dependent olivine ingestion and
subsequent Ni and Cr accumulation in tissues. Thousands of small (mainly £ 10 um)
olivine grains were ingested by G. locusta, but their importance for trace metal
bioaccumulation requires additional research. Most olivine grains were egested within 24
h. Chronic 35-day olivine (3 — 99 um) exposure reduced amphipod survival, growth, and
reproduction, likely as a result of metal induced oxidative stress and disturbance of major
cation homeostasis. Amphipod reproduction was significantly reduced at olivine
concentrations of 10% w/w and higher. In the context of ecological risk assessment,
application of an arbitrary assessment factor of 100 to the highest no observed effect
concentration of 1% w/w olivine yields a very low predicted no-effect concentration
(PNEC) of 0.01% w/w olivine. This low PNEC value highlights the urgent need for
additional marine olivine toxicity data to accurately assess the environmentally safe scale

of coastal enhanced weathering for climate change mitigation.

Keywords: olivine, ocean alkalinization, nickel, chromium, enhanced silicate weathering,

marine ecotoxicology
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6.1 Introduction

Limiting global warming to 1.5 °C requires gigaton scale atmospheric carbon dioxide (CO;)
removal (CDR) in the next decades (Minx et al., 2018). Ocean alkalinization (OA) via
coastal enhanced silicate weathering (CESW) has been proposed as a scalable CDR
strategy to help stabilize global temperatures and minimize adverse effects on natural
ecosystems and human societies (Meysman and Montserrat, 2017). This technique aims
to accelerate natural chemical weathering of silicate minerals by distributing suitable
finely ground source rock in dynamic coastal areas. During silicate mineral dissolution,
total alkalinity in seawater increases via the consumption of protons, which drives
atmospheric CO, drawdown (Meysman and Montserrat, 2017). The relatively fast
weathering kinetics (Rimstidt et al., 2012) and abundance (Caserini et al., 2022) of olivine
(MgxFe(1-xSi0a) rich rock (i.e. dunite) make it an attractive option for CESW. Possible co-
benefits of CESW include counteracting ocean acidification and enhanced primary
production of silicifiers (e.g. diatoms) via proton consumption and supply of iron (Fe) and
silicon (Si), respectively (Bach et al., 2019). In contrast to these benefits, coastal enhanced
olivine weathering could have adverse ecosystem impacts as a result of both geophysical
environmental changes (e.g. sediment siltation and pore space clogging) (Schlacher et al.,
2012) and nickel (Ni) and chromium (Cr) accumulation to potentially toxic levels (Flipkens

et al.,, 2021).

A recent modelling study showed that relatively low olivine applications (0.059 — 1.4 kg m"
2 seabed) could potentially lead to sediment Ni concentrations that exceed existing
environmental quality standards and pose a toxicological threat to benthic marine biota
(Flipkens et al., 2021). Furthermore, smaller olivine particles could potentially be more
toxic than larger ones due to their faster weathering rate and easier ingestion by various
marine organisms (Duan et al., 2022). However, due to the paucity of data on olivine
exposure effects on aquatic biota, currently limited to microorganisms (Ren et al., 2021;
Hutchins et al., 2023; Xie et al., 2023), accurate ecological risk assessment of coastal

enhanced olivine weathering remains impossible.
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Therefore, we investigated the acute 24 to 96 h bioaccumulation and chronic 35-day
toxicity of olivine in the benthic marine amphipod Gammarus locusta. This species has
been reported as the most sensitive European marine Gammarus spp. to environmental
disturbance (e.g. hypoxia and temperature fluctuations) and contaminant exposure (e.g.
oil spills and trace metals) (Costa and Costa, 2000), making it a suitable test species to
examine olivine bioaccumulation and toxicity. Based on the ingestion of 500 x 20 um
polyamide fibers by the freshwater Gammarus fossarum we hypothesized that olivine
grains of comparable dimensions or smaller could be ingested (Blarer and Burkhardt-
Holm, 2016). Furthermore, we expected olivine dose and grain size dependent metal
accumulation and toxic effects (Flipkens et al., 2021; Duan et al.,, 2022). Finally, we
hypothesized lower bioavailability of Cr compared to Ni due to the low aqueous solubility

of chromite, which is the dominant Cr-bearing phase in dunite rock (Flipkens et al., 2021).

6.2 Material and methods

6.2.1 Amphipod collection and housing

Amphipods were collected from the relatively uncontaminated Eastern Scheldt estuary
(51°27'31.6"N 4°04'50.4"E, Krabbendijke, the Netherlands) during low tide where they
were abundantly present on sea lettuce (Ulva sp.) (den Otter et al., 2023). Amphipods
were microscopically identified as G. locusta in the laboratory (Supplementary Section
F.1). Amphipods were cultured and experiments were conducted under controlled
temperature (experiment specific) and light conditions (12:12 h light:dark cycle).
Amphipods were housed in a 210 L polyethylene tank filled with artificial seawater (ASW),
a 1 cm layer of control sediment (see Section 6.2.2.) and stones from the sampling
location. To prepare ASW, seasalt (hw-Marinemix®, 35.75 g L'!) was added to ultrapure
water (Eurowater DPRO B1 — 1/1) and aerated for at least 24 h. Amphipods were fed Ulva
sp. ad libitum and commercial fish food (Sera Micron Nature, 1 mg amphipod™) three

times per week (Neuparth et al.,, 2002). A protein skimmer and trickling filter were
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installed, and weekly 15 to 30% water changes were conducted. Before water renewal,
nitrogenous waste concentrations were measured with commercial test kits (Tetra) and
seawater temperature, pH, dissolved oxygen (DO) and conductivity were measured with a
HQ30D portable multimeter (Hach). The conductivity cell and pH electrode were
calibrated before each use with NIST conductivity standards (12880 uS cm and 50000 puS
cm™, VWR international) and pH buffers (pH 4.00, 7.00, and 10.01, VWR international),
respectively. The pH of a TRIS (2-amino-2-hydroxy-1,3-propanediol) and AMP (2-
aminopyridine) buffer were measured to calibrate pH measurements to the appropriate

total pH scale for seawater (Dickson et al., 2007).

6.2.2 Sediment collection and geochemical analyses

Surficial (<10 cm depth) control sediment was collected with a shovel at the amphipod
collection site. In the laboratory, sediment was wet sieved through a 500 um screen to
remove macrofauna before storage in a clean HDPE bucket at 4 °C until experimental use.
VANGUARD refractory grade dunite sand from Aheim (Norway) was obtained from
Sibelco. This sand is composed of 69 to 86 wt% olivine, of which 93.2 —93.4% is forsterite
and 6.6 — 6.8% is fayalite (characterization procedure in Supplementary Section F.2) and

will be referred to as olivine throughout the text.

For sediment characterization, organic matter (SOM) content was determined via loss on
ignition according to protocol by Heiri et al. (2001). Grain size distribution was analysed
with a laser diffraction particle analyzer (Mastersizer 2000, Malvern Panalytical) according
to standard operating procedures without chemical pre-treatment. Different sizes of
olivine sand will be referred to by their volume-based effective grain size D10 and D90
throughout the text (e.g. 3 — 99 um olivine). Finally, the elemental composition was
determined via ICP-OES (iCAP 6300 Duo, Thermo Scientific) after microwave-assisted acid
digestion following a modified chromite ore digestion protocol that is provided in

Supplementary Section F.2 (CEM Corporation, 1999).

199



Olivine bioaccumulation and toxicity in Gammarus locusta

6.2.3 Acute exposure to different olivine sizes

6.2.3.1 Experimental set-up
For the accumulation phase, adult amphipods (metasomatic length (ML) = 9 — 17 mm)

were individually exposed for 24 h in high-density polyethylene (HDPE) beakers filled with
400 mL ASW and 25 + 0.03 g (~4 mm layer) of different olivine grain sizes (3 —99 um, 93 —
332 um, and 208 — 488 um) (Figure 6.1A). Beakers were randomly assigned to treatments
and rinsed with 2% V/V HCl and ultrapure water before use. Seven replicate beakers, each
comprising one individual (overall total of 3 males and 4 females or vice versa) were set
up for each olivine treatment and an ASW control (400 mL ASW) and continuously
aerated with aeration lines fitted with plastic tips positioned 6 cm above the sediment.
Olivine was allowed to settle for 24 h and amphipods were starved for 24 h prior to
exposure. Amphipods were photographed on 1 mm graph paper for sex and ML
determination. The ML is the distance between the anterior end of the rostrum and the
posterior end of the last metasomatic segment and was measured in Imagel using the
segmented line tool (Supplementary Figure F.2). A clear difference in gnathopod
morphology allowed sex identification of adult G. locusta (Supplementary Figure F.3). For
the depuration phase, adult amphipods exposed to different olivine grain sizes for 24 h
(as described above) were rinsed with ASW and transferred to clean HDPE beakers filled
with 400 mL ASW (Figure 6.1A). Depuration lasted 24 hours with 7 experimental
replicates (3 males and 4 females or vice versa) (Figure 6.1A). Amphipods were collected
at the end of the accumulation and depuration phase for metal analysis as described in

Section 6.2.3.2.

Seawater temperature (17.5 + 0.6 °C), salinity (33 + 0.4 %o), pH (8.1 + 0.06), dissolved
oxygen (7.7 £ 0.1 mg L), and nitrogenous waste concentrations (NO3 = 12.5 mg L', NO3
< 0.3 mg L'}, NH3/NH; = 0.25 mg L'!) were measured in fresh ASW and experimental
beakers after the 24 h exposure and 24 h depuration (individual values provided in
Supplementary Section F.3.1). Simultaneously, 0.2 um filtered (Chromafil XTRA PES-
20/25, Macherey-Nagel) seawater samples were collected for dissolved metal analysis.

After collection, samples were diluted 20 times with 2% V/V TraceMetal™ Grade nitric
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acid (Fisher Scientific) to minimize matrix effects during analysis via HR-ICP-MS (Element
XR, Thermo Fisher Scientific). Procedural blanks (2% V/V HNOs) and certified reference

material (1643f, NIST) was measured for quality control.

6.2.3.2 Amphipod elemental analysis

Amphipods collected for whole body element analysis were rinsed with ultrapure water
and dried in preweighed 5 mL tubes at 60 °C for 48 h. Standard reference material (SRM-
2976 mussel tissue, NIST) and procedural blanks (empty 5 ml tubes) were included for
quality control. Sample dry weight was measured with an ultra-microbalance (Sartorius
SE2). Subsequently, 400 uL of concentrated (67 — 69%) TraceMetal™ Grade nitric acid
(Fisher Scientific) was added to the samples to digest at room temperature for at least 12
h. Next, the samples were heated at 105 °C for 15 min in an SC154 HotBlock®
(Environmental Express). Subsequently, 50 pL of 30 - 32% W/W H,0: (Fisher Scientific)
was added and samples were incubated at room temperature for 10 min before
additional heating at 105 °C for 15 min. After digestion, samples were diluted to 2.2% V/V
HNOs with ultrapure water before elemental analysis via HR-ICP-MS. Certified reference
material (1643f, NIST) was included for analytical quality control. In the different
experiments (N = 3) average element recoveries for the SRM-2976 ranged between 60

and 85% for Ni and 20 to 66% for Cr.

6.2.4 Acute 3 — 99 um olivine uptake and elimination

6.2.4.1 Experimental set-up
For the accumulation phase, clean HDPE beakers were filled with 25 g (~ 2 mm layer) of

dry 3 — 99 um olivine and 800 mL ASW (Figure 6.1B). Beakers were randomly assigned to
treatments and continuously aerated as described previously. Olivine was allowed to
settle and adult amphipods were not fed for 24 h before exposure. Adult amphipods (ML
= 8 — 16 mm) were photographed before exposure for length and sex determination as

described previously. During the accumulation phase, amphipods were not fed and
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exposed to 3 —99 um olivine for 0, 1, 3, 6, 24, 48, and 72 hours with 11 replicate beakers,
each comprising one individual (7 males and 4 females) per exposure time (Figure 6.1B).
for the depuration phase, adult amphipods were exposed to olivine for 72 h as described
above and subsequently transferred to clean HDPE beakers with 800 mL ASW and 100 mg
Ulva sp. (Figure 6.1B). Before transfer, amphipods were rinsed with ASW. Depuration
lasted O, 2, 4, 6, 24, 48, or 96 hours with 12 replicate beakers, each comprising one
individual (7 males and 5 females) for each depuration period (Figure 6.1B). Ulva sp. was

provided ad libitum during the depuration phase.

Seawater temperature (19.1 + 0.4 °C) and pH (8.2 + 0.2) were measured at each sampling
time during the accumulation and depuration experiment (Supplementary Figure F.6).
Furthermore, amphipod survival was monitored and samples for dissolved metal analysis
were collected. Seawater salinity (33 * 0.8 %o), dissolved oxygen (7.5 + 0.1 mg L) and
concentrations of nitrate (< 12.5 mg L), nitrite (< 0.3 mg L!) and ammonium (< 0.25 mg
L'!) were measured at the start and end of the experiment in at least three replicates
(Supplementary Figure F.6). Surviving amphipods were sampled at each timepoint to
determine whole body metal accumulation (6 to 8 individuals) and ingested olivine grain
sizes (1 to 3 individuals). Temporal differences in the ingested olivine grain size

distribution were not investigated due to limited amount of samples per timepoint.

6.2.4.2 Ingested olivine size analysis
Amphipods collected for ingested olivine size analysis were rinsed with ultrapure water,

euthanized with 70% V/V ethanol, and dissected under a stereomicroscope to collect
ingested olivine particles. Then, olivine samples were washed with ultrapure water and
dried at 60 °C for 12 h. Afterwards, dry olivine grains were mounted on aluminium pin
stubs with double sided carbon tape for imaging at 1600x magnification with a Phenom
ProX scanning electron microscope (SEM). The particle size distribution was determined
in Imagel. First, the image was calibrated using the SEM image scale. Afterwards, a
gaussian blur (sigma = 1.5) was applied and the image was thresholded (default option,

Auto threshold). Then, touching particles were separated using the watershed algorithm
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for irregular features (erosion cycle number = 12) before analysis using the “Analyze
Particles” command. Particles on the edge of the image were excluded and interior holes
in grains were filled. Finally, the Feret’s diameter and equivalent sphere diameter were

derived for comparison to laser diffraction data.

6.2.5 Chronic 3 — 99 um olivine toxicity test

6.2.5.1 Experimental set-up
A chronic 35-day olivine toxicity test was conducted according to the study by Neuparth

et al. (2005) with minor modifications. Twenty-four clean HDPE buckets were filled with a
1 cm layer of wet control sediment manually mixed with different concentrations of dry 3
— 99 um olivine (0, 1, 10, 25, 50, or 100% dry w/w, Supplementary Section F.5.1). Four
replicates were used for each olivine treatment and the sediment control. Subsequently,
samples for geochemical analysis (Section 6.2.2.) were collected and 5 small stones (~8
cm? in size) were added to provide shelter. Buckets were slowly filled with 8 L of ASW and
aerated as described previously. The sediment was left to equilibrate for 7 days before

amphipod addition.

The chronic bioassay started when 1 g of Ulva sp. and 35 juvenile amphipods (ML = 1.3 —
4.5 mm) were carefully added to the experimental buckets with a Pasteur pipette.
Amphipod survival and food availability were checked daily. Ulva sp. was provided ad
libitum in portions of 1 g and commercial fish food (Sera Micron Nature, 0.5 mg
amphipod) was provided once a week. Seawater temperature (19.8 + 0.4 °C), pH (8.10
0.06), DO (7.1 + 0.1 mg L}), salinity (33 + 0.5 %o), and nitrogenous waste concentrations
(NO3 <12.5 mg L'}, NO; £0.3 mg L}, NH;/NH7 < 0.25 mg L) were measured twice a
week before conducting a 50% water renewal (Supplementary Figure F.8). Furthermore,
seawater samples for dissolved metal and dissolved organic carbon (DOC) analysis were
collected once a week before and after water change. Additionally, seawater total
alkalinity (TA) was measured on day 14 and 35. Methods and results of DOC and TA

analysis are provided in Supplementary Section F.5.2.
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At the end of the experiment, the contents of the buckets was sieved through 1000 and
250 um mesh sieves to collect surviving adults and juveniles, respectively. The juveniles
were counted and all adult amphipods were photographed on 1 mm graph paper for size
and sex determination. Afterwards, adult males and non-gravid females were rinsed with
ultrapure water and pooled (1 — 4 pools) for metal analysis (4 — 13 individuals, 28 — 166
mg w.w.) and thiobarbituric acid reactive substances (TBARS) determination (3 — 6
individuals, 45 — 171 mg w.w.). Pooled amphipods for TBARS measurements were
immediately frozen in liquid nitrogen and stored at -80 °C until analysis. Gravid females
were preserved in 70% V/V ethanol (VWR International) at 4 °C to study reproductive

endpoints within a week.
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A 24 h exposure 24 h depuration
7x J.
400 mL ASW
Olivine grain sizes: (17.5°C, 33 %o)
3-99 pm .
93-332ym 7% — 25golivine
208 — 488 um 1 amphipod 1 amphipod
(11 mm) (11 mm)
B Exposure Depuration
(0,1,3,6, 24,48,72h) (0,2,4,6, 24, 48,96 h)
11x 12x Jb
800 mL ASW
(19 °C, 33 %o)
25golvine _ T g Ulva sp.
(3=99 um) L P .
1 amphipod 1 amphipod
(12 mm) (12 mm)
C 35 d exposure
Olivine concentrations:
1,10, 25, 50, 100
4X % wiw olivine
8 L ASW
(19.8 °C, 33 %o0) 35 amphipods
(1.3-4.5mm)
1 cm olivine (3 —99 pm) Ulva sp.
sediment mixture

Figure 6.1: Schematic representation of the (A) acute grain size experiment, (B) uptake
and elimination experiment and (C) chronic toxicity test are shown. ASW = artificial

seawater. Pictures: pipette tip © CliniveX, Ulva lactuca © Jifi Novdk, bucket © Jemastock.
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6.2.5.2 Biological endpoints
Several biological endpoints were determined at the end of the 35-day experiment,

including amphipod survival, sex ratio, growth, reproductive traits, whole body trace
metal and major cation concentrations, and lipid peroxidation. The sex ratio was
determined by dividing the number of surviving males by the number of surviving females
for each replicate. The individual growth was determined as the ML of the surviving
amphipods. The number of gravid females was divided by the total number of females in
each replicate to derive the percentage gravid females. The number of juveniles and
embryos in the brood pouch of gravid females was counted to determine the total
juvenile and embryo production. Whole body metal (Ni, Cr, Fe, Cu, Zn, Cd, Mn) and major
cation (Na, K, Ca, Mg) concentrations were measured for pooled amphipods of each
replicate as described previously (Section 6.2.3.2). The TBARS content was quantified
using a thiobarbituric acid reactive substances (TBARS) assay (Cayman Chemical)
following the manufacturer’s guidelines for tissue homogenates. The TBARS levels were
determined spectrophotometrically at a wavelength of 530 nm with a multimode
microplate reader (Spark, Tecan). TBARS concentrations were calculated from an
malondialdehyde (MDA) colorimetric standard curve and expressed per gram of sample

wet weight (umol TBARS g w.w.).

6.2.6 Statistical analyses

Kruskal-Wallis analysis of variance (ANOVA) was performed on data of the acute
experiments to investigate differences in metal accumulation between olivine treatments
and timepoints. A non-parametric test was conducted since model residuals were not
normally distributed according to QQ plots and Shapiro-Wilk tests. Homoscedasticity of
model residuals was assessed via residual plots and Levene’s tests. Relevant post hoc
pairwise comparisons were made using Dunn’s test with “holm” p value adjustment

method.

One-way ANOVA and Dunnett’s Tests were conducted to investigate differences in

amphipod survival, reproduction, trace metal accumulation and major ion concentrations
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between treatments and the control after 35-day exposure. Model assumptions were
assessed and non-parametric tests were conducted if model residuals were not normally
distributed as described in the previous paragraph. Robust standard errors were used to
correct for unequal residual variance (i.e. heteroscedasticity) using the vcov="sandwich”
argument from the ‘sandwich’ package. A linear mixed effects model (ImerTest package)
was fit to investigate the effect of chronic olivine exposure on amphipod growth. Bucket
ID was included as a random effects term and nested in treatment. T-tests using the
Satterthwaite's method were performed to investigate differences between treatments

and the control.

The relationship between experimental endpoints and whole body Ni concentrations was
assessed via simple linear regressions and Kendall correlation coefficients to investigate if
adverse effects could be empirically linked to metal toxicity. Kendall rank-based
correlation tests were used since data were not normally distributed according to QQ
plots and Shapiro-Wilk tests. Whole body Cr concentrations were not included in the
linear regressions due to multicollinearity issues. Diagnostic plots were constructed to
assess model assumptions. If needed, the whole body Ni concentrations were log
transformed to improve linearity of the model residuals and robust linear regression was
used to deal with influential outliers (Cook’s distance > 0.5). Results were considered
statistically significant when p value < 0.05. Statistical analyses were conducted in RStudio
(version 2022.12.0+353) using R version 4.2.1 and figures were constructed in GraphPad

Prism version 9.5.1 for Windows.

6.3 Results and discussion

6.3.1 Sediment characteristics

The geochemical properties of Eastern Scheldt control sediment and olivine treatments
are provided in Table 6.1. Overall, the average SOM content of control sediment (1%) and
olivine (0.15 — 1.5%) were relatively low compared to the broad range of total organic

carbon concentrations reported for estuarine sediments (0.3 — 23%) (Ouyang et al., 2006;
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Chakraborty et al., 2015). Average concentrations of Cr were 24 to 33 times higher in
olivine (22 — 30 umol g* d.w.) compared to control sediment (0.9 pmol g d.w.), while
average olivine Ni concentrations (36 — 41 umol g d.w.) were approximately 1000 times
higher than control sediment (0.036 umol g* d.w.). Additionally, significantly higher Mg
and Fe concentrations are found in olivine (respectively 9043 and 652 pumol g* d.w.)
compared to control sediment (respectively 80 and 85 pumol g* d.w.) (Supplementary
Table F.2). However, low aqueous solubility of Fe, high background Mg concentrations in
seawater, and essentiality of both elements infer that these metals are of low
ecotoxicological concern compared to Ni and Cr (Meysman and Montserrat, 2017).
Concentrations of Mg, Fe, Al, Mn, Co, and Zn in olivine and control sediment are provided

in Supplementary Section F.2.

Table 6.1: Geochemical properties of the experimental sediments. Sediment organic
matter content (SOM, expressed in %), volumetric effective grain sizes (D, expressed in
um) and nickel (Ni) and chromium (Cr) concentrations (umol g d.w.) of control sediment
and different olivine (ol) sizes. Data for the different 3 — 99 um olivine concentrations (%

w/w) of the chronic experiment are also provided. Mean * S.D. values are shown (N = 4 —

5).

Sediment type SOM D10 D50 D90 Ni Cr
(%) (km) (um) (um) (mmol g™ (nmol g*

d.w.) d.w.)

Control 1.0+0.04 71+1 12643 222+8 0.036%0.018 0.90+0.16

3-99 um ol

1% w/w 1.01+0.03 69+0.5 125+0.8 220+2 0.40° 1.28

10% w/w 1.14+0.03 33114 116+3 217+3  3.7° 3.8°

25% w/w 1.36+0.03 1242 99+2 2062 9.1° 8.1°

50% w/w 1.34+0.04 5.8+0.2 6213 175+3 18° 152

100% w/w 1.53+0.19 3.23+0.06 24+0.2 99+2 3612 3012

93 -332 umol 0.29+0.04 9317 18945 332+5 38%0.9 23+0.9

208



Olivine bioaccumulation and toxicity in Gammarus locusta

208 — 488 pm ol 0.15£0.04 208+3 3205 488+7 41+0.4 2213

aConcentrations of Ni and Cr for the 1% w/w to 50% w/w 3 — 99 um olivine were not
analytically determined, but derived from the measured concentrations in the control

sediment and 100% w/w 3 — 99 um olivine.

6.3.2 Acute exposure to different olivine sizes

All amphipods survived the acute bioaccumulation experiment. However, olivine
exposure resulted in a significant grain size dependent increase of whole body Ni and Cr
concentrations (Figure 6.2A and 6.2B). Median whole body Ni concentrations were
significantly elevated in the 93 — 332 pum (0.55 umol gt d.w., p =0.011) and 3-99 pm (2.3
umol g d.w., p < 0.001) olivine treatments compared to the ASW control (0.13 umol g
d.w.) after 24 h exposure (Figure 6.2A). Median dissolved Ni concentrations were higher
for smaller grain sizes and were significantly elevated (p = 0.029) in the 3 — 99 um
treatment (0.76 umol L) compared to the seawater control (0.050 pumol L) (Figure
6.2C). Higher dissolved Ni for smaller olivine grain sizes can be explained by the larger
reactive olivine surface area, which enhances olivine dissolution and trace metal release
(Rimstidt et al., 2012). After 24 h depuration, median Ni concentrations remained
significantly elevated in amphipods exposed to 3 — 99 um olivine (0.83 pumol gt d.w., p =
0.0011) compared to ASW control amphipods (0.10 umol g* d.w.) (Figure 6.2A). Dissolved
Ni concentrations in ASW did not differ significantly between treatments (0.029 — 0.079

umol LY, N = 12) at the end of the depuration phase (Figure 6.2C).

Median whole body Cr concentrations were significantly elevated in all olivine treatments
(median values of 0.098 to 0.39 umol g d.w.) compared to the ASW control (0.011 pmol
g d.w.) after 24 h exposure (Figure 6.2B). The median Cr accumulation was 3 to 8 times
lower than the median Ni accumulation (Figure 6.2B), which can partly be explained by
the 1.2 to 1.9 times lower Cr compared to Ni content of the experimental olivine (Table
6.1). Furthermore, dissolved Cr concentrations remained below the detection limit (0.38
nmol L) in all treatments except the 3 — 99 pum olivine treatment (median = 0.048 umol L
1) (Figure 6.2D). After 24 h depuration, the median Cr body burden was still significantly
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elevated in amphipods exposed to 3 — 99 pm olivine (94 nmol g! d.w., p = 0.046)
compared to ASW control amphipods (0.015 nmol g* d.w.) (Figure 6.2B) and dissolved Cr

concentrations remained below the detection limit (Figure 6.2D).

Limited Cr accumulation in ASW is likely explained by the low aqueous solubility of
chromite (FeCr,04), which is the dominant Cr-bearing phase in dunite rock (Flipkens et al.,
2021). Hence, elevated whole body Cr concentrations can be mainly ascribed to olivine
grains in the guts of exposed amphipods. Given the Cr content of the ingested olivine
sizes (Figure 6.4A), more than 450,000 olivine grains would have to be ingested (~3.6% of
gut volume) to result in the Cr concentrations observed in the 3 — 99 um olivine
treatment (Figure 6.2B) (Supplementary Section F.3.3). Based on the potential dissolution
rate of ingested olivine, a dietary Cr exposure rate of 0.17 nmol g d.w. d* was derived
(Supplementary Section F.3.4), which was significantly lower than the estimated
waterborne Cr uptake rate between 1.4 and 4.1 nmol g* d.w. d* (Wang et al., 1997b). A
similar conclusion can be drawn for Ni (Supplementary Section F.3.4). However, after 24 h
depuration median whole body Ni (0.83 umol g* d.w.) and Cr (0.094 pmol g* d.w.)
accumulations were approximately 28 and 20 to 59 (depending on the Cr oxidation state)
times higher than expected assuming the calculated metal uptake rates. Uncertainties
regarding the number of ingested grains, olivine dissolution rate, and waterborne metal
uptake rate likely explain this discrepancy between observed and predicted Ni and Cr
bioaccumulation. Hence, further research is required to assess the importance of olivine

ingestion as a trace metal exposure pathway in marine biota.
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Figure 6.2: Whole body concentration (umol g* dry weight) of (A) nickel (Ni) and (B)
chromium (Cr) in amphipods exposed to various olivine sizes for 24 h and subsequently not
depurated or depurated for 24 h before analysis. Median and IQR are shown (N = 6 or 7).
Dissolved concentrations (umol L?) of (C) Ni and (D) Cr in artificial seawater at the end of
the accumulation and depuration phase (Mean, N = 3). Lower case letters indicate
significant differences (p < 0.05) between experimental phases and capital letters indicate
significant differences (p < 0.05) between olivine treatments within an experimental

phase.

6.3.3 Acute 3 — 99 um olivine uptake and elimination

6.3.3.1 Trace metal accumulation and depuration
Most amphipods survived acute 72-h exposure to 3 — 99 um olivine (93%) and depuration

in ASW (88%). However, lethargic behaviour was observed after 24 h of exposure. Median
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amphipod whole body Ni concentrations rapidly increased upon olivine exposure and
remained stable around 1.0 to 1.4 pmol g d.w. after 24 hours of exposure (Figure 6.3A).
Median dissolved Ni concentrations were elevated at the start of the experiment (0.64
umol L) and further increased up to 1.0 umol L after 72 h as a result of olivine
dissolution (Figure 6.3C). Considerable variation in whole body trace metal accumulation

was observed, likely due to differences in olivine ingestion among individuals.

Median whole body Ni concentrations decreased by approximately 60% from 1.0 to 0.42
umol g d.w. after 6 h of depuration which was still elevated compared to 0.033 umol g
d.w. in unexposed amphipods (Figure 6.3A). Afterwards, whole body Ni concentrations
remained stable and varied little among individuals, suggesting that most olivine grains
were egested within 24 hours (Figure 6.3A). Olivine egestion was confirmed via
microscopic examination, although some olivine grains were still present in the guts after
96 h of depuration, suggesting a long gut passage time or possible reingestion of egested
grains. Dissolved Ni concentrations remained stable (0.056 — 0.20 pumol L, N = 18)
throughout the depuration phase (Figure 6.3C). Previous studies with Gammarus spp.
have reported considerable variation in gut passage time from 0.5 h to more than 64 h
depending on the ingested particle type (Willoughby and Earnshaw, 1982; Straub et al.,
2017). Overall, the observed olivine egestion rate was within the range of egestion rates
reported for other particle types in Gammarus spp. Cr concentrations in amphipods
(Figure 6.3B) and ASW (Figure 6.3D) followed the same temporal trends as Ni
concentrations, although lower accumulation was observed similar to the results of the

acute exposure to different olivine grain sizes (Section 6.3.2).
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Figure 6.3: Temporal evolution of nickel (Ni) and chromium (Cr) concentrations in
amphipods (A, B) and artificial seawater (C, D) during 72 h pure olivine exposure (white
area) and 96 h depuration (grey area). Median and range are shown for concentrations in

amphipods (N = 7 or 8) and mean and range for concentrations in ASW (N = 3).

6.3.3.2 Ingested olivine size distribution
Thousands of olivine grains of various sizes were ingested by G. locusta during the 96-h

exposure experiment (Figure 6.4B). Ingested olivine grains had a Feret diameter ranging
from 0.1 to 185 um and grains with a diameter between 0.3 and 8 um were most
abundant (89% of all particles) (Figure 6.4A). The bulk olivine was comprised mostly (91%)
of very small particles with a diameter between 0.3 and 1 um, which were 64% less

abundant in the guts of exposed amphipods (Figure 6.4A). G. locusta mainly feeds on
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macroalgae and sediment detritus close to the seafloor in the lower intertidal and
subtidal zone (Costa and Costa, 2000), which could explain the lower ingestion of very
fine particles which would be suspended in the water column. Several microplastic
exposure studies have also reported low ingestion rate of 1.0 to 1.6 um (in diameter)
particles in Gammarus spp. (Blarer and Burkhardt-Holm, 2016; Scherer et al., 2017).
Overall, large amounts of small (mainly < 10 um) olivine particles were observed in the

guts of exposed amphipods.
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Figure 6.4: Ingested olivine grains by G. locusta. (A) Number based particle size
distribution for bulk 3 — 99 um olivine (grey, N = 4) and ingested olivine in the guts of
amphipods (black, N = 9 amphipods, 53206 particles measured) exposed for various times
(2 — 72 h). The relative amount of grains (%) for different grain diameters (um) is shown as
median and range values. (B) Scanning electron microscope image of olivine grains

present in the guts of an amphipod exposed to 3 — 99 um olivine for 24 h.
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6.3.4 Chronic 3 — 99 um olivine toxicity test

6.3.4.1 Survival rate
Chronic exposure to 3 — 99 um olivine reduced median amphipod survival by half in the

100% w/w treatment (21%, p < 0.001) compared to the control (44%) (Figure 6.5A). A
significant negative relationship was observed between amphipod survival and whole
body Ni concentrations (t = -0.51, R? = 0.51, F(1, 22) = 23, p < 0.001) (Figure 6.5B),
suggesting that metal-induced toxic effects involving oxidative damage (Figure 6.10) and
disruption of major cation homeostasis (Figure 6.9) were likely the main reason for
decreased amphipod survival in the 100% w/w treatment (Blewett and Leonard, 2017;
DesMarias and Costa, 2019). A slightly higher median survival rate in the 1% w/w
treatment (50%) compared to the control (44%) could be explained by stimulation of
biological processes at low stress levels (i.e. hormesis), although the difference in survival

rate was not statistically significant (p = 0.92) (Figure 6.5A) (Rix et al., 2022).

R2=0.5171=-0.51a=-6.5b=45P =8.8e-05N = 24
100 100
~ 80+ ~ 80
S S
[} Q
= 604 = 60 4
< c ®
g 40 ® E 40+ :' R ° °. ® ° °
=] *% =1
0 204 0 204 o °
0 T T T T 0 | T T
0 1 10 25 50 100 0 1 2 3 4
Olivine concentration (% w/w) Whole body Ni concentration
(umol gt d.w.)

Figure 6.5: (A) Survival rate (%) of G. locusta exposed to natural sediment mixed with
various amounts of 3 — 99 um olivine (expressed in % w/w) for 35 days. Median and range
are shown (N = 4). Significance compared to 0% w/w olivine: * = p < 0.05, ** = p < 0.01,
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*¥** = p <0.001. (B) Linear regression between G. locusta survival rate and whole body Ni
concentration (umol g d.w.). Regression line (blue) with 95% confidence interval (dark
grey shading) is shown. The coefficient of determination (R?), Kendall correlation
coefficient (t), sample size (N), and regression line slope (a), intercept (b), and p value (P)

are given.

Similar to our study, low control survival rates around 50% have been observed in other
chronic laboratory experiments with G. locusta (Costa et al., 2005). This can be explained
by cannibalism (Costa et al., 2005) and the relatively short maximum life span of around
16 weeks at 20 °C and 33 %o (Neuparth et al., 2002). Neuparth et al. (2002) reported an
increase in amphipod life expectancy by at least 4 weeks at a temperature of 15 °C
compared to 20 °C. However, for standardizing tests and reducing costs, Neuparth et al.
(2002) recommended a temperature of 20 °C for routine chronic sediment toxicity
testing. Furthermore, 20 °C represents typical summer water temperatures in the Eastern
Scheldt estuary (Rios-Yunes et al., 2023), which would likely coincide with the period of
highest toxicological risk following olivine spreading. This is due to faster olivine

dissolution and trace metal release during warmer temperatures (Rimstidt et al., 2012).

6.3.4.2 Individual growth
Surviving amphipods from the 25, 50, and 100% w/w olivine treatments were respectively

16 (p = 0.013), 27 (p = 0.0015) and 32% (p < 0.001) smaller (median ML: 6.6 — 8.1 mm)
compared to control amphipods (median ML: 9.7 mm) (Figure 6.6A). A difference in food
availability cannot explain reduced growth, since sediment SOM concentrations did not
differ substantially among treatments (Table 6.1) and food (Ulva sp.) was provided ad
libitum. Furthermore, limited stress is expected from differences in sediment grain size
distribution among treatments, since G. locusta inhabits a wide range of sediment types
and can tolerate exposure to sandy and silty sediments under laboratory conditions

(Costa and Costa, 2000). Therefore, significant metal accumulation (Figure 6.8A and 6.8B)
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likely resulted in oxidative stress (Figure 6.10) and increased energy demand for
detoxification and maintaining ion homeostasis which led to reduced individual growth
(Brix et al., 2017). Amphipods did not compensate for reduced metabolic energy by
increasing their feeding rate (Figure 6.6B). In a natural ecosystem, a reduction in
amphipod growth could have both population and community-level consequences via the
reduction in reproductive output and lower food availability for higher trophic levels (e.g.
fish and shorebirds), respectively (Sibley et al., 1997). Additionally, the important role of
amphipods in nutrient recycling by detritus consumption and shaping of coastal
landscapes through grazing on macroalgae could be compromised (Costa and Costa,

2000).

. 15+ —
S je)
é T " *% E
s 0.9
5 101 iy =
5 S :
o 20.64
5 o i
s : 1
()
= g
0 I I 1 1 1 1 L 0.0 1 1 1 1
0 1 10 25 50 100 0 1 10 25 50 100
Olivine concentration (% w/w) Olivine concentration (% w/w)

Figure 6.6: (A) Box and whisker plots of the metasomatic length (mm) (N = 29 — 68
amphipods), and (B) bar plots of the food uptake (g gammarid?) (median and range, N =
4) for G. locusta exposed to natural sediment mixed with various amounts of 3 — 99 um
olivine (expressed in % w/w) for 35 days. Whiskers in (A) represent the minimum and
maximum length. Significance compared to 0% w/w olivine: * = p < 0.05, ** = p < 0.01,

*%% = p < 0.001.
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6.3.4.3 Reproductive traits
Chronic olivine exposure resulted in significant reproductive impairment in G. locusta at

olivine concentrations of 10% w/w and higher (Figure 6.7A — 6.7C). The median
percentage of gravid females was significantly reduced from 100% in the control to 58 (p
= 0.048), 33 (p < 0.001), and 20% (p < 0.001) in the 10, 50, and 100% w/w olivine
treatments, respectively (Figure 6.7A). Consequently, the median total number of
embryos was only 8 (range: 0 — 35) in the 50% w/w (p = 0.010) and 5 (range: 0 — 35) in the
100% w/w (p = 0.0090) olivine treatment compared to a significantly higher 123 (range:
14 — 159) in the control (Figure 6.7B). The median total number of juveniles was
significantly reduced from 46 (range: 29 — 57) in the control to between 0 and 14 (median
values) in treatments with olivine concentrations of 10% w/w and higher (Figure 6.7C).
From the significant negative relationship observed between reproductive endpoints and
whole body Ni concentrations (Supplementary Figure F.15A and F.16), we infer that metal

toxicity was the driver for reproductive impairment in G. locusta.
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Figure 6.7: (A) Percentage of gravid females, and total number of (B) embryos and (C)
juveniles for G. locusta exposed to natural sediment mixed with various amounts of 3 — 99
um olivine (expressed in % w/w) for 35 days. Median and range are shown (N = 4). (D) The
metasomatic length of surviving females is shown as individual values, median, and IQR
(N = 14 — 34 amphipods). Red dotted line in (D) represents the size of sexual maturity in G.
locusta (7.5 mm) according to Neuparth et al. (2002). Significance compared to 0% w/w

olivine: * =p <0.05, **=p <0.01, *** =p < 0.001.

Female G. locusta need to reach a size of approximately 7.5 to 8.3 mm (ML) to reproduce,
and their brood size is positively correlated with body size (Neuparth et al., 2002). In our
study, approximately 97% of the surviving females in the control reached the estimated

size of sexual maturity (>7.5 mm), while only 90, 82, 69, and 36% of the females in the 10,
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25, 50, and 100% w/w olivine treatments reached this size (Figure 6.7D). Hence, stunted
growth can at least partly explain the lower percentage of gravid females in treatments
with an olivine concentration of 10% w/w and higher. However, only 3.2% of the females
larger than 7.5 mm were not gravid in the control while this was 29, 55, and 60% in the
10, 50, and 100% w/w olivine treatments. This can potentially be explained by increased
brood abortion to preserve energy for individual fitness (Maltby and Naylor, 1990), or a
reduction in pairing behaviour as a result of contaminant exposure (Love et al., 2020).
Results for the number of embryos and juveniles per female are discussed in

Supplementary Section F.5.4.

6.3.4.4 Trace metal accumulation
Olivine-exposed amphipods showed significantly (p < 0.001) elevated whole body Ni (0.17

— 3.7 umol g d.w., N = 24) and Cr (0.049 — 0.65 pmol g d.w., N = 24) concentrations
compared to control amphipods (0.083 — 0.12 umol Ni g d.w. and 0.0059 — 0.017 pmol
Cr gt d.w., N = 4) after 35 days of exposure (Figure 6.8A and 6.8B). Whole body metal
accumulation was dose dependent and Cr accumulation was generally lower than Ni
accumulation, indicating lower Cr bioavailability (Figure 6.8A and 6.8B). Amphipods were
not depurated before analysis, so ingested olivine grains could have contributed
significantly to the observed metal concentrations. However, since SOM concentrations in
sediment (Table 6.1) and DOC concentrations in ASW (Supplementary Figure F.8E) were

low, higher trace metal bioavailability is expected (Blewett and Leonard, 2017).
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Figure 6.8: Whole body concentration (umol g* dry weight) of (A) nickel (Ni), and (B)
chromium (Cr) in pooled G. locusta exposed to natural sediment mixed with various
amounts of 3 — 99 um olivine (expressed in % w/w) for 35 days. Median and range are
shown (N = 4). Significance compared to 0% w/w olivine: * = p < 0.05, ** =p <0.01, *** =
p < 0.001. Temporal evolution of dissolved (C) Ni and (D) Cr concentrations (umol L) in

artificial seawater during the 35 day experiment. Mean and range (N = 2 or 3) are shown.

Dissolved Ni concentrations were relatively stable in the control (0.034 — 0.24 pmol L}, N
= 30) and increased dose dependently in the olivine treatments with concentrations up to
0.64 umol L in the 50% w/w and 100% w/w treatment (Figure 6.8C). Dissolved Cr

concentrations (<0.39 — 51 nmol L1, N = 180) did not differ significantly among

221



Olivine bioaccumulation and toxicity in Gammarus locusta

treatments or sampling days (Figure 6.8D). However, measured dissolved Ni and Cr
concentrations were significantly elevated compared to typical concentrations (<10 nmol
L'Y) for coastal waters (Flipkens et al., 2021). Nevertheless, observed dissolved Ni
concentrations could potentially be reached under realistic 1 to 10% w/w coastal 3 — 99
pum olivine applications in shallow (10 m water depth) temperate (15 °C) coastal seas with
a water residence time of more than one month (Supplementary Section F.5.3) and thus

represent possibly realistic exposure concentrations for G. locusta.

6.3.4.5 Whole body major cation content
Chronic exposure to 100% w/w olivine resulted in a significant 16 to 21% reduction of

whole body Ca, Na, and K concentrations compared to the control (Figure 6.9A — 6.9C).
Whole body Mg concentrations were significantly elevated in amphipods exposed to
olivine concentrations of 25% w/w and higher, likely as a result of olivine ingestion (Figure
6.9D). Disruption of Ca, Mg, Na, and K ionoregulation has been previously observed in
marine invertebrates exposed to Ni concentrations ranging from 0.14 to 51 pmol L via
ion mimicry and inhibition of ion transporters such as the Ca?*- and Na*/K*-ATPases
(Blewett and Leonard, 2017; Brix et al., 2017). Furthermore, both Ni and Cr can induce
oxidative stress, which can cause oxidative degradation of cell membranes (Section
6.3.4.6.) and thus disrupt the activity of transmembrane ion transporters (Lushchak,
2011). Therefore, disruption of ion homeostasis is likely the result of Ni and Cr toxicity in

amphipods exposed to 100% w/w olivine.
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Figure 6.9: Whole body concentration (umol g dry weight) of (A) calcium (Ca), (B) sodium
(Na), (C) potassium (K), and (D) magnesium (Mg) in pooled G. locusta exposed to natural
sediment mixed with various amounts of 3 — 99 um olivine (expressed in % w/w) for 35
days. Median and range are shown (N = 4). Significance compared to 0% w/w olivine: * =

p < 0.05, ** = p < 0.01, *** = p < 0.001.

6.3.4.6 Lipid peroxidation
TBARS concentrations were approximately 1.5 times higher in the 10% w/w olivine

treatment (median = 1.08 umol g* w.w.) and doubled in the 100% w/w treatment (1.54
umol g w.w.) compared to the control (median = 0.74 umol g* w.w.) (Figure 6.10A). A
significant positive relationship (t = 0.69, R?=0.71, F(1, 11) = 27, p < 0.001) was observed
between TBARS concentrations and whole body Ni concentrations (Figure 6.10B),

suggesting metal-induced oxidative damage.
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Figure 6.10: (A) Whole body thiobarbituric acid reactive substances (TBARS) concentration
(umol g w.w.) in pooled G. locusta exposed to natural sediment mixed with various
amounts of 3 — 99 um olivine (expressed in % w/w) for 35 days. Median and range are
shown (N = 4). Significance compared to 0% w/w olivine: * = p < 0.05, ** = p < 0.01, *** =
p < 0.001. (B) Linear regression between whole body TBARS concentration and whole body
Ni concentration (umol g d.w.) in pooled G. locusta. Regression line (blue) with 95%
confidence interval (dark grey shading) is shown. The coefficient of determination (R?),
Kendall correlation coefficient (t), sample size (N), and regression line slope (a), intercept

(b), and p value (P) are given.

Nickel could cause oxidative stress by substituting for Fe?* in the reactive oxygen species
(ROS) producing Fenton/Haber Weiss reactions, inhibiting antioxidant enzyme activity
such as catalase, or by decreasing the ROS scavenging potential of compounds like
glutathione by complex formation (Blewett and Leonard, 2017; Brix et al., 2017). In
previous studies, significant changes in antioxidant enzyme activities and MDA levels have
been observed in Tigriopus japonicus and Mytilus galloprovincialis exposed to Ni
concentrations of 2.1 and 13 umol L during a 12 and 4-day exposure, respectively (Wang
and Wang, 2010; Attig et al., 2014). Additionally, Cr(VI) exposure resulted in lipid

peroxidation at concentrations as low as 0.019 umol L in gills of Venus verrucosa
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exposed for 7 days (Chaabane et al., 2020). Reduction of Cr(VI) to Cr(lll) after cellular
uptake is accompanied by significant ROS production resulting in oxidative stress if
antioxidant responses are inadequate (DesMarias and Costa, 2019). Although Cr is
present as less toxic Cr(lll) in chromite associated with dunite, release and oxidation of
chromite nanoparticles could result in elevated Cr(VI) exposure, accumulation and
potential toxicity (Das et al., 2021; Flipkens et al., 2021). Overall, olivine exposure resulted
in oxidative stress, likely as a result of significant Ni and Cr accumulation (Figure 6.8A and

6.8B).

6.3.4.7 Implications for coastal enhanced olivine weathering
Olivine exposure effects on aquatic biota remain scarcely studied (Ren et al., 2021;

Hutchins et al.,, 2023; Xie et al.,, 2023), preventing accurate assessment of the
environmentally safe CDR scale of coastal enhanced olivine weathering. An increase in
the abundance of biofilm forming particle attached microbes was observed 10 days after
1% w/w olivine addition to natural seawater (Ren et al., 2021). Furthermore, Mg release
from olivine dissolution promoted the growth of the freshwater green microalgae
Chlamydomonas reinhardtii and Chlorella pyrenoedosa during a 9 day exposure 8 g of
olivine L! (Xie et al., 2023). Finally, positive and neutral growth responses were observed
for two marine diatom species, one marine coccolithophore, and three marine
cyanobacteria grown in synthetic olivine leachates with Ni(ll) and Cr(VI) concentrations up

to 0.13 and 0.12 umol L for a maximum of 10 days (Hutchins et al., 2023).

In contrast to the overall neutral to positive effects of olivine exposure reported by
previous studies, we observed reduced survival, growth, and reproduction of G. locusta
chronically exposed to fine-grained olivine. The percentage of gravid females and juvenile
production were significantly reduced at 10% w/w olivine and higher after 35 days of
exposure (Figure 6.7A and 6.7C), resulting in a highest no observed effect concentration
(NOEC) for 1% w/w olivine. Additionally, a 10% effect concentrations (EC10) of 0.99% (0 —
4.4%) w/w olivine for juvenile production and 5.5% (0 — 17%) w/w olivine for percentage

of gravid females were obtained (Supplementary Section F.5.7). In regards to chemical
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risk assessment, an arbitrary assessment factor of 100 would be applied to the lowest
NOEC or EC10 value when only one chronic marine sediment toxicity test was conducted,
resulting in a predicted no effect concentration (PNEC) of 0.01% w/w olivine (ECHA,
2008). This PNEC value is very low, even compared to the conservative olivine application
guideline of 0.059 — 1.4 kg olivine m? or 0.056 to 1.3% w/w derived by Flipkens et al.
(2021) based on existing Ni sediment quality guidelines. Hence, these findings highlight
the need for additional olivine toxicity data for a range of marine species to derive
accurate olivine PNEC values. Research should especially be focused on those species
which are known to be sensitive to Ni exposure (e.g. sea urchin early life stages) (Gissi et
al., 2020). Moreover, molecular endpoints (e.g. antioxidant enzyme expression and
activity levels) should be considered in future olivine toxicity tests to advance the
understanding of molecular mechanisms that drive Ni and Cr toxicity in marine biota.
Furthermore, the effect of grain size on olivine toxicity should also be explored, since
larger grains might be less toxic because they lead to lower metal bioaccumulation (Figure
6.2A-B). Finally, research on the environmental safety of alternative silicates with a lower
trace metal content compared to dunite, such as basalt, kimberlite, or wollastonite for

use in coastal enhanced weathering seems advised.

6.4 Conclusions

Coastal enhanced olivine weathering is a proposed atmospheric CO, removal strategy for
climate change mitigation. However, uncertainties regarding the CO; sequestration
potential and environmental safety prevent fast upscaling of the technique from
laboratory studies to field trials. This study investigated acute 24 to 96 h bioaccumulation
and chronic 35-day bioaccumulation and toxicity of olivine in the marine amphipod G.
locusta. Acute olivine exposure resulted in significant grain size dependent olivine
ingestion as well as whole body and tissue trace metal accumulation in G. locusta. The
tissue bioaccumulation of Ni was 3 to 8 times higher compared to Cr, and limited Cr
accumulation was observed in the seawater dissolved phase, suggesting lower Cr

bioavailability. Thousands of small olivine grains (mainly 0.3 to 8 um in size) were
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observed in the guts of exposed amphipods, but further experimental evidence is needed
to assess their significance as a trace metal exposure pathway. Chronic 35-day exposure
of juvenile amphipods to 3 — 99 um olivine resulted in significant adverse effects on
survival, growth, and reproduction, likely as a result of metal induced oxidative stress and
disruption of Ca%*, Na*, and K* homeostasis. The total juvenile production and percentage
of gravid females was significantly reduced at an exposure concentration of 10% w/w
olivine. From this first sediment olivine toxicity test, application of arbitrary risk
assessment protocols yields a very low PNEC of 0.01% w/w olivine (3 — 99 um),
highlighting the need for additional marine olivine toxicity data to strengthen the derived
olivine application guideline. Furthermore, the CO; sequestration potential and
ecosystem effects of silicates with a lower Ni and Cr content (e.g. basalt, kimberlite, and
wollastonite) should be investigated to assess the scale at which these rocks could be

safely used for coastal enhanced silicate weathering.

6.5 Supplementary information

Gammarus species, sex, and size determination details, sediment and olivine geochemical
properties, and additional results from the different olivine exposure experiments with G.
locusta can be found in the Appendix F. Research data is accessible through the Marine

Data Archive at https://doi.org/10.14284/614.
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Chapter 7 General discussion and future

perspectives

Olivine, the green and revolutionary
mitigator of climate change?
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Climate change has detrimental effects on humankind and natural ecosystems primarily
due to sea level rise, ocean warming and acidification, and increased frequency and
intensity of extreme weather events (IPCC, 2022a). Without substantial reductions in
anthropogenic CO; emissions, global temperature rise could already exceed the Paris
Agreement targets of 1.5 °C by around 2030 and 2 °C by approximately 2050 (Liu et al.,
2022). Therefore, strong greenhouse gas emission cuts are urgently needed to avoid
severe and potentially irreversible impacts of climate change. Additionally, atmospheric
CO; removal is needed on a gigaton scale to compensate for any carbon budget
overshoot and residual CO; emissions from sectors that are difficult to decarbonize (e.g.
aviation and shipping) (Minx et al., 2018). Ocean alkalinity enhancement (OAE) via coastal
enhanced olivine weathering is a proposed carbon dioxide removal (CDR) technique that
can be readily implemented in existing coastal management programmes. However, the
CO; sequestration potential and ecosystem impacts of the technique remain poorly
constrained due to the scarcity of experimental data under environmentally relevant

conditions (Meysman and Montserrat, 2017).

This body of research aimed to advance the understanding of olivine dissolution and CO;
sequestration in seawater, with a focus on the impact of hydrodynamics on the kinetics of
these processes. Additionally, existing marine Ni and Cr ecotoxicity data and
environmental quality standards were consulted and effects of olivine exposure on two
benthic marine invertebrates were empirically assessed to provide an initial indication of
the ecosystem risks of coastal enhanced olivine weathering. In this concluding chapter,
the main experimental findings are discussed and recommendations for future research

are provided.

7.1 Impact of hydrodynamics on olivine dissolution rates

The reactivity of olivine in aqueous solutions has been extensively studied under
laboratory conditions in the past decades due to its relatively simple and consistent

dissolution mechanism, and increasing interest with regards to carbon storage and
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weathering of the surface of Mars (Oelkers et al., 2018). Schuiling and Krijgsman (2006)
proposed that olivine could be used in enhanced weathering for cheap and effective
atmospheric CO, drawdown. As a response, Hangx and Spiers (2009) critically analyzed
the concept and concluded that coastal enhanced olivine weathering was not a viable
method for large scale atmospheric CO, removal due to the slow dissolution rate of
olivine in seawater. Schuiling and De Boer (2010) subsequently commented that the CO;
sequestration potential was grossly underestimated by Hangx and Spiers (2009), since the
possible enhancement of olivine dissolution by biological and physical processes was not

considered in their assessment.

Waves and currents could potentially enhance olivine dissolution in various ways as
described in detail in Chapter 3 and 4. Briefly, grain abrasion from bedload transport
could prevent passivating layer formation on mineral grains and also result in particle
fragmentation, which would enhance the reactive mineral surface area and thus the
dissolution rate (Béarat et al., 2006; Schuiling and De Boer, 2011; Oelkers et al., 2018).
Additionally, advective pore water flow induced by waves and currents would limit the
accumulation of reaction products which would slow down olivine dissolution and
promote the formation of secondary minerals that scavenge alkalinity. (Meysman and

Montserrat, 2017).

The effect of continuous grain-grain collisions on olivine reactivity in natural filtered
seawater was experimentally assessed in Chapter 3 using bench top rock tumblers. The
accumulation of reaction products in the overlying seawater revealed that olivine
subjected to different degrees of continuous physical agitation dissolved 8 to 19 times
faster than olivine in stagnant seawater. Olivine dissolution was found to occur
stoichiometrically, given that similar olivine dissolution rate constants were derived from
the accumulation of different dissolution products (i.e. TA, DIC, and DSi) with the
exception of Ni (discussed in section 7.3). The median olivine dissolution rate constants
for the agitated olivine derived from the TA, DIC, and DSi accumulations (9.1 to 15.2 umol

m=2 d!) were similar to those previously derived from the same parameters in agitated
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seawater media (0.80 to 22.3 pmol m? d!) by Montserrat et al. (2017). Furthermore,
observed dissolution rate constants were relatively close to the average values between
6.9 and 8.6 pmol m=2 d! predicted from the rate equation by Rimstidt et al. (2012). The
latter rate equation was derived based on 125 forsterite olivine dissolution rate constants
observed in various aqueous solutions with a pH greater than 5.6 and temperature
between 0 and 150 °C (Rimstidt et al., 2012). In our study, limited secondary mineral
formation occurred, no passivating layers were observed on olivine grains, and air-
seawater CO; exchange was not rate limiting for the stagnant olivine treatment. Although
development of microcracks was observed inside weathered olivine grains, no significant
changes in the olivine grain size distribution were observed at the end of the 70-day
experiment, indicating minimal particle fragmentation on this timescale. Therefore, we
concluded that olivine dissolution was primarily enhanced through continuous mixing
which prevented the accumulation of reaction products at the grain surface. These
findings highlight that olivine should ideally be supplied in coastal areas with high bed
shear stress and pore water exchange rates, such as nearshore zones, to enhance mineral

dissolution.

An additional factor contributing to the low olivine reactivity in the stagnant treatment,
not addressed in Chapter 3, might be the diminished reactive mineral surface area
resulting from grain-to-grain contact. For future studies, micro-CT scanning of mineral
grain packs could potentially provide valuable insights on the extent of grain-to-grain

contact, providing information on the surfaces that may display reduced reactivity.

A 175-day large scale flume experiment was subsequently conducted to investigate the
effect of current on the dissolution kinetics of olivine in permeable marine sediment
(Chapter 4). Based on previous findings, we hypothesized that advective pore water
flushing would enhance olivine dissolution and minimize secondary mineral precipitation
by preventing pore water saturation. Results showed that continuous flow stimulated
alkalinity release from natural permeable sediment. However, limited accumulation of TA

and DSi was observed in the flume with olivine and current, suggesting that olivine
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dissolution was minimal or that substantial secondary mineral formation occurred. No
passivating layers were observed on recovered olivine grains and possible formation of
secondary minerals could not be confirmed due to the lack of pore water chemistry data,
and high background concentration of CaCOs and other phases in the beach sediment.
Furthermore, the extent of grain-to-grain contact could not be estimated from sediment
core micro-CT scans due to the difficulty in confidently identifying olivine particles in the
sediment matrix. Finally, potential pore water saturation could not be confirmed due to a
lack of pore water chemistry data. Consequently, the exact cause for the limited
accumulation of olivine reaction products in the overlying water cannot be confidently
identified from the available data. Therefore, additional flume, mesocosm, and small field
experiments that follow best practice guidelines (Cyronak et al.,, 2023; Dupont and
Metian, 2023; Riebesell et al., 2023; Steenkamp and Webb, 2023) are required to further
assess the impact of hydrodynamics on the efficacy of olivine dissolution under natural
seafloor conditions. The effect of biological processes on in situ olivine dissolution kinetics
should also be explored. Benthic macrofauna such as the lugworm Arenicola marina could
stimulate olivine dissolution through bioirrigation (Rao et al., 2014) and olivine transit
through its acidic gut environment with high gut enzymatic activity (Mayer et al., 1997
Jansen and Ahrens, 2004; Needham et al., 2004). Additionally, organic matter
decomposition by benthic microorganisms acidifies the pore water solution through
production of CO; and organic acids (Lin et al., 2022). This process has been shown to
enhance carbonate dissolution and could potentially also stimulate silicate dissolution

(Rao et al., 2012; Cyronak and Eyre, 2016).

7.2 CO; sequestration potential of CESW

The potential contribution of coastal enhanced silicate weathering (CESW) to climate
change mitigation during the 215t century remains unclear due to its poorly constrained
CO; sequestration potential under environmentally relevant conditions. As described in
previous chapters (detailed description in Section 1.6), the CO; sequestration potential is

dependent on the net CO, sequestration efficiency )/882 and the olivine dissolution rate.
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The current understanding of olivine reactivity in seawater was discussed in the previous
section (Section 7.1), while state-of-the-art knowledge and our experimental findings

regarding the y&%ﬁ will be reviewed in the following paragraphs.

The net CO, sequestration efficiency is dependent on the seawater CO; sensitivity
(6DIC/8TA)pco,, alkalinity release during olivine dissolution, and CO2 emissions
associated with mining, grinding and transportation of the source rock. According to the
reaction stoichiometry, dissolution of 1 mol of olivine produces 4 moles of alkalinity and
sequesters the same amount of CO, (Eq. 7.1). However, the seawater CO; sensitivity
(6DIC/8TA)pco,Which defines the amount of CO; that is taken up from the atmosphere
for each mole of alkalinity added is typically between 0.8 and 0.9 mol DIC mol* TA due to
buffering by the carbonate and borate buffer systems in seawater (Hoffmann et al., 2012;
Montserrat et al., 2017; Bertagni and Porporato, 2022). Hence, the actual CO; uptake
during olivine dissolution in seawater would be 10 to 20% lower than that expected from
the chemical weathering equation depending on the seawater temperature, salinity and
chemical composition at the deployment site (Hofmann et al., 2009; Bertagni and
Porporato, 2022). This buffering effect was visible for our 70-day weathering experiment
(Chapter 3), where the average observed seawater CO; sensitivity of 0.79 mol DIC mol TA"
! for the rotation treatments matched the expected average value of 0.82 mol DIC mol TA"

! for the experimental conditions quite well.
(Mg, Fe),Si0, + 4H,0 + 4C0, — 2(Mg, Fe)?* + 4HCO3 + H,Si0, [7.1]

Olivine-rich rock first needs to be mined and ground to the desired grain size before it can
be transported to the coastal deployment site of choice for atmospheric CO, drawdown
(Hangx and Spiers, 2009; Foteinis et al., 2023). These different steps in the life cycle of
this CDR technique are accompanied by CO; emissions and environmental impacts that
need to be considered to determine the y(’;’gg and sustainability of the technique (Foteinis

et al., 2023). Small olivine grains are generally assumed to dissolve and drawdown CO;

faster than large olivine grains due to the larger reactive surface area (Hangx and Spiers,
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2009; Foteinis et al., 2023). However, grinding source rock to a very fine grain size of, for
example, 10 um would require several energy intensive grinding steps that result in
significant CO, emissions when fossil fuel generated electricity is used. Overall, the mining
and grinding steps to acquire 10 um grain sized material would reduce ]/882 by between 5
and 11% depending on the fossil fuel source. For grain sizes larger than 40 um no ultra-
fine grinding is needed which significantly reduces the energy costs and decrease of y{;‘Sﬁ
to less than 2% (Hangx and Spiers, 2009). The use of renewable electricity in the future
would undoubtedly reduce the environmental footprint of this energy intensive grinding
process (Foteinis et al., 2023). Transportation of ground olivine to the coastal zone could
be executed by ships, trains, and trucks. This transport is estimated to result in a further
decrease of the net CO; sequestration efficiency by 0.1 to 1% per 100 km (Hangx and
Spiers, 2009). Hence, the mode of transport and distance between the mining site and
deployment location should be carefully considered to limit transport-associated CO;
emissions and maximize environmental sustainability (Hangx and Spiers, 2009; Foteinis et
al., 2023). Environmental impacts associated with mining, such as vibration, dust and
noise pollution, local deforestation, soil Ni and Cr enrichment, and loss of fertile surface
soil layers (Manoj and Prasannakumar, 2002; Guevara et al., 2021) are also important to
consider in the life cycle assessment and ecological risk assessment of CESW (Foteinis et
al.,, 2023). Overall, production and transport related CO, emissions and seawater CO;
sensitivity at a certain coastal site can be relatively accurately quantified before

deployment (Meysman and Montserrat, 2017).

One process that could significantly reduce the CO, sequestration efficiency of coastal
enhanced olivine weathering, but remains poorly understood, is the formation of
secondary minerals (Griffioen, 2017; Fuhr et al., 2022). Geochemical thermodynamic
equilibrium modelling (Griffioen, 2017) and limited experimental studies (Rigopoulos et
al.,, 2018; Fuhr et al., 2022) have shown that iron (hydr)oxides, calcium carbonates
(predominantly aragonite), and phyllosilicate minerals (e.g. sepiolite and chrysotile) could

potentially form during enhanced olivine weathering in seawater. The formation of these
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minerals is undesirable since it consumes alkalinity and therefore reduces the potential

CO; drawdown (Fuhr et al., 2022).

The formation of iron (hydr)oxides during fayalite dissolution under oxic conditions is
inevitable (Griffioen, 2017; Meysman and Montserrat, 2017). Fayalite typically represents
7 to 20% of the olivine present in ultramafic rocks such as dunite and other peridotites
(Griffioen, 2017). The oxidation of Fe(ll) released during fayalite dissolution and
subsequent precipitation as iron(lll) (hydr)oxides would reduce the total alkalinity
production by 7 to 20% depending on the fayalite content (Griffioen, 2017; Montserrat et
al.,, 2017). The ratio between TA and DSi accumulation in the seawater of the rotation
treatments from our 70-day weathering experiment reflects this iron (hydr)oxide
formation as it matched the expected TA/DSi ratio of 3.73 for the experimental Foogs
olivine reasonably well (Chapter 3). Hence, olivine-rich rock with a low iron content
should be used where possible to maximize ocean alkalinity enhancement and

subsequent atmospheric CO, drawdown (Griffioen, 2017).

Seawater is naturally supersaturated with CaCOs, but precipitation does not occur due to
absence of precipitation nuclei, and inhibition by dissolved Mg, orthophosphate, and
organic matter (Morse et al., 2007; Marion et al., 2009). The precipitation rate of CaCOs in
seawater is dependent on the degree of supersaturation with respect to CaCOs; and
abundance and quality of precipitation nuclei (Moras et al., 2022; Hartmann et al., 2023).
The saturation state threshold for CaCOs formation is expected to be lowest in the
presence of mineral phases (i.e. heterogeneous precipitation) with a large surface area of
high quality (Moras et al.,, 2022; Hartmann et al., 2023). However, this threshold for
heterogenous CaCOs precipitation remains poorly constrained (Marion et al., 2009; Moras
et al., 2022). Moras et al. (2022) recently observed aragonite precipitation on fine (<63
pum) CaO and Ca(OH); particles at a S/ of ~0.85 (£2 = 7) in natural seawater (at 21 °C and 35
%o). Furthermore, so-called “runaway precipitation” was observed during which CaCOs
formation removed more alkalinity than was initially added (Moras et al., 2022). Fuhr et

al. (2022) already observed significant aragonite formation at a S/ as low as 0.48 (Q = 3)
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during weathering of olivine rich (~75%) sand, but this occurred in artificial seawater (at
21.5 — 23.9 °C and 35 %o) where inhibitory orthophosphates and organic matter are

absent.

During our 70-day laboratory olivine weathering experiment in natural seawater, olivine
TIC content did not increase and no aragonite crystal formation was observed via SEM-
EDX analysis (Chapter 3). Furthermore, the relationship between DIC and TA
concentrations was as expected in the absence of CaCOs precipitation, and the critical S/
of ~0.85 derived by Moras et al. (2022) was not exceeded on most sampling days. Hence,
collectively these results indicate that minimal CaCOs precipitation occurred. This same
conclusion cannot be drawn for the 175-day flume experiment (Chapter 4). Although the
threshold SI of ~0.85 was not reached in the overlying seawater during the experiment
(maximum S/ value of 0.48), significant amounts of rod shaped CaCOs particles were
observed in the suspended matter of the flow treatments via SEM-EDX analysis from day
2 onwards. Furthermore, olivine addition did not result in significant increases of
seawater TA, DSi or DIC compared to the beach sand control, signifying possible
secondary mineral formation. However, as stated in section 7.1, it cannot be proven that
the observed CaCOs particles were newly formed since the 630 kg of original beach sand
already contained a significant amount (~5.4%) of CaCOs. Under the assumption that all
alkalinity generated from olivine dissolution (following the rate equation by Rimstidt et al.
(2012)) would have been consumed via CaCOs; and Fe(OH)s precipitation, only an
undetectable amount of ~48 mg of CaCOs3 would have formed. Hence, results from the
current flume experiment cannot provide new insights about the possible kinetics of

CaCOs formation during olivine dissolution in permeable marine sediment.

Finally, phyllosilicates such as sepiolite, talc and chrysotile have been observed to form in
relatively small amounts during previous olivine weathering studies in seawater
(Rigopoulos et al., 2018; Fuhr et al., 2022). In our weathering experiments, seawater
supersaturation with respect to these silicate phases was observed. Nevertheless, no

phyllosilicates were observed via SEM-EDX analysis on recovered sediment for both
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experiments. Additionally, Raman spectroscopy did not reveal any phyllosilicates in the
suspended matter or wall precipitates of the 175-day flume experiment. Hence,
phyllosilicate formation was likely limited in both experiments, which could be explained
by the slow precipitation kinetics at ambient temperature compared to carbonate

minerals (Griffioen, 2017; Baldermann et al., 2018).

Overall, kinetics and critical saturation state thresholds for secondary mineral
precipitation in seawater during OAE remain poorly constrained (Fuhr et al., 2022; Moras
et al., 2022; Hartmann et al., 2023). Hence, additional dedicated experiments on this topic
(similar to Hartmann et al. (2023) and Moras et al. (2022)) are needed to accurately
assess the CO; sequestration efficiency and model the global CDR potential of CESW
(Hartmann et al., 2023). Furthermore, detailed knowledge on the hydrodynamics and
atmospheric CO; exchange rates are crucial to determine the in situ dilution potential of
alkalinity-enriched seawater and air-seawater CO; influx (Bach et al., 2023; Hartmann et
al.,, 2023). Finally, the potential reduction of natural alkalinity generation (by biogenic
carbonate mineral dissolution) as a response to anthropogenic alkalinity addition should

be considered and mitigated (Bach, 2023).

7.3 Possible adverse ecosystem impacts of CESW

Large scale coastal olivine deployments would lead to chemical and physical alterations of
the local marine environment. The impact of these changes on marine biota are currently
poorly constrained, preventing accurate assessment of the scale at which coastal
enhanced olivine weathering could be safely implemented for climate change mitigation
(Hartmann et al., 2013; Kohler et al., 2013; Meysman and Montserrat, 2017; Bach et al.,
2019). The possible ecosystem effects that have presently been recognized are reviewed
in the general introduction (Chapter 1). The novel insights we acquired about potential
adverse effects and recommended directions for future work will be provided in the

following paragraphs.
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The potential concern of Ni and Cr accumulation to toxic levels during coastal enhanced
olivine weathering has been raised in several previous studies (Hartmann et al., 2013;
Kohler et al., 2013; Meysman and Montserrat, 2017; Montserrat et al., 2017). Marine
organisms will be exposed to these trace metals via the water (overlying and pore water)
and via ingestion of contaminated food or sediment particles (Adams et al., 2011;
Simpson and Batley, 2016). Metals will be present in various physicochemical forms (i.e.
chemical species) with different bioavailability (Blewett and Leonard, 2017). Free Ni?* ions
released during olivine dissolution can for example form complexes with inorganic (e.g.
S03~, Cl7, HCO3) or organic (e.g. fulvic and humic acids) ligands that potentially reduce
Ni bioavailability and toxicity (Blewett and Leonard, 2017; Adams et al., 2020).

Chemical speciation under different OAE scenarios with olivine was estimated in Visual
MINTEQ (ver. 3.1) using the default settings for DOC (Nica-Donnan model) and the water
chemistry data provided in Supplementary Table G.1. The dominant (> 1% of total
dissolved concentration) Ni species in seawater (34.6 %o) with various olivine reaction
products (Ni, Cr, and TA) and dissolved organic carbon (DOC) concentrations are shown in
in Figure 7.1. The free Ni®* concentration represents 25 to 55% of the total Ni species,
depending on the total dissolved Ni, TA, and DOC concentration (Figure 7.1). The
remaining Ni species mainly consist of complexes with DOC (0 — 55%) and anions such as
SO4% (15 — 34%), CI (1.3 — 2.9%), CO3* (1.8 — 7.3%), and HCO3 (1.6 — 6.3%). Significant
increases in seawater total alkalinity (from 2350 to 4544 umol L) only marginally reduce
the free Ni?* fraction (from 55 to 51%) due to NiCOs and NiHCOs™ formation (Figure 7.1A).
Similarly, at elevated dissolved Ni concentrations, Ni-DOC complexes only represent a
relatively small fraction of the total Ni species (Figure 7.1B-C). Consequently, these
speciation calculations suggest that the protective effect of ocean alkalinity enhancement
and elevated DOC concentrations on marine Ni toxicity is potentially limited. However,
the metal speciation would also be dependent on the type of DOC (here assumed to be
100% fulvic acid), active fraction of dissolved organic matter to DOC (here equal to 1.65),
and variations in seawater pH and salinity (Brown, 1987; Carder et al., 1989; Blewett and

Leonard, 2017; Zhang et al., 2018). Additionally, experimental studies have shown that
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the relationship between Ni toxicity and seawater DOC concentrations is complex and

does not align well with these model predictions (Nadella et al., 2009; Blewett et al.,

2016). This highlights the need for additional work on the factors that influence

in marine environments.
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Figure 7.1: Speciation of Ni in seawater (34.6 %o) with various Ni, Cr,
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In sediment, metals can sorb or bind to several phases (e.g. organic matter, oxides,
sulfides, carbonates, and carbonate or clay minerals), which vary in abundance within and
among coastal sites (Zhang et al., 2014). The uptake and internal accumulation of metals
will only lead to toxic effects in marine biota when concentrations in metabolically active
compartments exceed critical thresholds (Adams et al., 2011). To avoid adverse effects on
aquatic biota, protective values for aquatic life have been used by regulatory agencies for

several decades (Adams et al., 2011; Kwok et al., 2014).

To provide a first indication of the environmental safety of global-scale coastal enhanced
olivine weathering, we derived the maximum amount of olivine that could be supplied to
coastal oceans without exceedance of existing Ni and Cr seawater environmental quality
standards (EQS) and sediment quality guidelines (Chapter 2). Calculations were made for
the two end-member scenarios where all trace metals released during olivine dissolution
would either remain in the sediment or end up in the overlying water column. An
intermediate, more realistic, scenario was not considered due to the lack of knowledge
on trace metal environmental fate during olivine dissolution. Additionally, considerable
variation in physicochemical conditions among coastal sites (Frogner-Kockum et al., 2016;
Solan et al.,, 2019) necessitates the derivation of site-specific olivine application
guidelines. Low aqueous solubility of chromite (Gunkel-Grillon et al., 2014) and higher
EQS for Cr3* compared to Ni%* suggest that Ni is the main metal of concern during coastal
enhanced olivine weathering. Nevertheless, results showed that the large dilution effect
would allow substantial amounts of olivine to be supplied to coastal areas without
exceedance of the European seawater Ni?* EQS (0.147 umol L). However, under the
assumption that olivine would get mixed and dissolve in the upper 10 cm of the sediment,
only 0.059 to 1.4 kg of olivine per m? of seabed (or 1.7 to 39 Gt globally) could be supplied
without future exceedance of the probable effect level (PEL) derived by the Florida
Department of Environmental Protection (FDEP). Overall, these findings indicate that
sedimentary Ni and Cr accumulation could limit the safe usage of olivine in CESW. Hence,
benthic organisms will possibly be at higher risk of metal toxicity compared to pelagic

species. In conclusion, more in-depth studies on the Ni and Cr release rate, environmental
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fate, bioavailability, and potential mixture toxicity are needed to derive accurate site-

specific olivine application guidelines.

The rate of Ni and Cr release during olivine dissolution in seawater has been scarcely
investigated (Montserrat et al., 2017; Fuhr et al., 2022; Guo et al., 2023), but is crucial for
accurate risk assessment of coastal enhanced olivine weathering. During our 70-day
olivine weathering experiment, high non-stoichiometric Ni release was observed from day
35 onwards. Specifically, DNi accumulation was 1.8 to 3.4 times higher than that expected
based on DSi accumulation. Similarly, for the chronic 35-day olivine toxicity test with G.
locusta, DNi accumulation was on average 2.5 times higher than that expected based on
DSi accumulation. This discrepancy between observed and expected DNi accumulation
was even larger (7.3 to 12 times difference) during the acute 24-h olivine bioaccumulation
test with G. locusta. Finally, high DNi accumulation was also observed during the 175 day
flume experiment, but this could not be confidently ascribed to olivine weathering due to
possible Ni release from stainless steel parts of the flumes. Overall, Ni release was
consistently higher than expected based on the dissolution reaction stoichiometry. This
was also observed by Montserrat et al. (2017) and was explained by preferential leaching
of metal cations compared to Si based on the observed significant decrease in Mg-to-Si
ratios on the surface of olivine grains weathered in natural or artificial seawater. During
our 70-day weathering experiment, this decrease in mineral surface Mg-to-Si ratios was
not observed, indicating that additional research is needed to confidently explain the high
non-stoichiometric Ni release. Regardless of the reason, these findings highlight that
model predictions of trace metal accumulation during CESW need to take into account
preferential Ni release and cannot simply assume stoichiometric olivine dissolution.
Additionally, this non-stoichiometric behaviour questions the reliable use of Ni as proxy
for olivine dissolution rate monitoring under in situ conditions (Montserrat et al., 2017;

Fuhr et al., 2022).

In contrast to DNi, DCr accumulation was significantly lower than stoichiometrically

expected in all experiments. These findings were expected given that Cr is predominantly
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present in the form of relatively insoluble Cr-bearing spinel minerals (e.g. chromite and
Cr-magnetite) in dunite rock (Oze et al., 2004; Santos et al., 2015; Chrysochoou et al.,
2016). The negligible leaching of Cr(lll) from chromite is of little ecotoxicological concern
due to the low bioavailability and toxicity of Cr(lll) species (Aharchaou et al., 2018).
However, biogenic Mn(IV) oxides could dissolve chromite nanoparticles under in situ
conditions, resulting in the oxidation of Cr(lll) to Cr(VI) or precipitation as Cr(lll)
hydroxides (Ivarsson et al., 2011; McClenaghan and Schindler, 2022). Hexavalent Cr (VI) is
a highly mobile and toxic chemical species that is recognized as a human carcinogen
(Aharchaou et al., 2018). Therefore, seawater and sediment Cr speciation analysis (Unceta
et al., 2010; Davidson et al., 2020) in follow-up experiments is essential to further unravel

the bioavailability and toxicity of Cr released during olivine dissolution.

The effects of olivine exposure on aquatic biota currently remains poorly studied (Ren et
al., 2021; Guo et al., 2023; Hutchins et al., 2023; Xie et al., 2023). Addition of 1% w/w fine
grained (D50 = 30 um) olivine to natural seawater increased the abundance of biofilm
forming particle-attached microbes after 10 days of incubation (Ren et al., 2021).
Furthermore, Xie et al. (2023) observed increased growth of the freshwater green
microalgae Chlamydomonas reinhardtii and Chlorella pyrenoedosa exposed to 8 g of
olivine per liter for 9 days as a result of Mg?* addition through mineral dissolution.
Moreover, Hutchins et al. (2023) observed neutral to positive physiological responses in 6
phytoplankton species exposed to synthetic olivine leachates with Ni(ll) and Cr(VI)
concentrations up to 0.13 and 0.12 pumol L%, respectively. Finally, Guo et al. (2023)
observed changes in the abundance of several coastal phyto- and zooplankton species
after exposure to 1.9 g forsterite olivine (D10 — D90 = 22 — 228 um) per liter of natural
seawater for 21 days. Specifically, several small (<20 um) phytoplankton taxa and the
dinoflagellate Noctiluca scintillans increased in abundance, while ctenopods (Penilia sp.)
and tunicates (Oikopleura sp.) reduced in number (Guo et al.,, 2023). The authors
hypothesized that the elevated seawater turbidity from suspended olivine particles

adversely affected zooplankton feeding, resulting in reduced abundance of these primary
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consumers and increased abundance of their food source (small phytoplankton taxa)

(Guo et al., 2023).

Next to these more realistic mixture exposures, two recent studies have also specifically
investigated Ni exposure effects on phytoplankton species in light of ocean alkalinity
enhancement with dunite rock (Guo et al., 2022; Xin et al., 2023). Guo et al. (2022)
observed limited growth or photo-physiological effects in 11 marine phytoplankton
species exposed to dissolved Ni concentrations ranging from 0.07 to 50000 nmol L.
Limited Ni effects were explained by the use of nitrate as a nitrogen source the presence
of a high concentration of the synthetic organic ligand (100 pmol L! EDTA) in the growth
medium, which greatly reduced Ni bioavailability through chelation. Finally, Xin et al.
(2023) observed adverse effects of dissolved (< 0.2 um) Ni concentrations up to 81 umol
L' (in a medium with 12 umol L EDTA) on the growth of the marine coccolithophore
Emiliania huxleyi, dinoflagellate Amphidinium carterae and diatom Thalassiosira
weissflogii during a 6 day exposure. Thalassiosira weissflogii was found to be most
sensitive to Ni with an IC50 of 63.9 umol L%, while the IC50 for the other two species
exceeded the highest exposure concentration (of 81 pmol L?). Overall, previous studies
showed that olivine addition could alter the community composition of marine phyto-
and zooplankton. Hence, caution is required with application of Ni-rich source rock to
avoid exceedance of critical Ni toxicity or turbidity thresholds that could perturb the base

of the marine food web (Guo et al., 2022; Xin et al., 2023).

Our conservative estimates of the maximum amount of olivine that could be supplied to
coastal areas without exceedance of existing Ni environmental quality standards
highlighted that benthic organisms are possibly at higher risk of trace metal toxicity
compared to pelagic organisms (see Chapter 2). To advance the understanding of olivine
exposure effects on benthic marine biota, we assessed the avoidance of pure olivine and
olivine-sediment mixtures by the marine amphipod Gammarus locusta and gastropod

Littorina littorea during several short term choice experiments (Chapter 5). Additionally,
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24 h to 96 h bioaccumulation tests and a 35-day toxicity test were conducted with the

marine amphipod G. locusta (Chapter 6).

Changes in surficial sediment physicochemistry (e.g. metal and organic matter content,
grain size distribution) after olivine application could potentially alter habitat suitability
for certain marine species and ultimately result in community composition changes
(Saengsupavanich et al., 2023). Short term choice experiments showed that G. locusta
and L. littorea significantly avoided pure olivine (83 — 332 um), but not realistic olivine-
sediment mixtures with 3 or 30% w/w olivine. Relatively coarse olivine was avoided due
to its light colour (positive scototaxis) by L. littorea and likely its high metal content by G.
locusta. Olivine was not significantly avoided by L. littorea when it was 7.5 cm (45%)
closer to Ulva sp. than natural sediment, highlighting the positive scototaxic behaviour
and food availability driven movement in this species (Seuront et al., 2007; Moisez and
Seuront, 2020). Importantly, these experiments show that L. littorea and G. locusta will
likely not avoid sediments with up to 30% w/w relatively coarse olivine added and that
the degree of avoidance is dependent on other environmental factors (e.g. food or shelter
availability). From a climate change mitigation perspective, finer ground olivine, known
for its accelerated dissolution and CO; sequestration (Hangx and Spiers, 2009; Foteinis et
al., 2023), is preferred. Yet, adhering to best practice guidelines for beach nourishment,
olivine with a grain size akin to native beach sand should be dispersed to limit ecological
impacts and alterations in beach morphodynamics (Benedet et al., 2004; Speybroeck et

al., 2006).

Acute (24 to 72 h) exposure of G. locusta to olivine resulted in rapid ingestion of mineral
grains and significant grain size dependent metal accumulation. For all experiments,
accumulation of Ni was higher than Cr in both seawater and olivine-exposed amphipods,
confirming that most Cr remained in a particulate form with low bioavailability. Metal
bioaccumulation in G. locusta acutely (24 h) exposed to 3-99 um olivine was significantly
higher than expected based on estimated waterborne and dietary metal uptake. Hence,

waterborne and/or dietary metal uptake rates were underestimated. A lack of Cr
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bioaccumulation and better agreement between predicted waterborne Ni uptake and
observed Ni bioaccumulation in G. locusta at the end of the short term (78 h) 93 — 332 um
olivine avoidance test suggest that dietary metal uptake from ingestion of larger olivine
particles was limited. Overall, bioaccumulation results are in line with the hypothesis by
Duan et al. (2022) that smaller particles will be more toxic than larger ones due to their
faster trace metal release rate and easier ingestion by marine biota. A combination of
waterborne exposures to olivine reaction product mixtures (similar to Hutchins et al.
(2023)) and olivine exposures as conducted here could be performed by future studies to
further assess the importance of olivine ingestion as a trace metal exposure pathway for a

range of marine biota.

Chronic 35-d exposure to natural marine sediment mixed with various concentrations of
3-99 um (D10 — D90) olivine resulted in dose dependent whole body Ni and Cr
accumulation and reduced survival, growth, and reproduction in G. locusta. Adverse
effects were likely the result of metal toxicity given the elevated whole body
thiobarbituric acid reactive substances concentration and disruption of whole body major
cation (i.e. Na*, K*, and Ca?*) homeostasis (Blewett and Leonard, 2017; Brix et al., 2017). A
predicted no effect concentration of 0.01% w/w olivine was derived from the 1% w/w no
observed effect concentration (and 10% effect concentration) value for juvenile
production by applying an arbitrary assessment factor of 100 (ECHA, 2008). This very low
predicted no effect concentration (PNEC) highlights the need for additional chronic olivine

toxicity data to derive environmentally safe olivine concentrations.

A variety of species from different trophic levels and functional feeding groups should be
tested under a broad range of representative environmental conditions that could affect
trace metal bioavailability (e.g. pH, dissolved and total organic carbon (DOC and TOC),
acid volatile sulfide (AVS) concentrations) (Schlekat et al., 2016; Simpson et al., 2016).
Metal exposure conditions in the solid and aqueous (i.e. porewater and overlying water)
phase and other key sediment and water chemistry parameters should be thoroughly

characterized (Schlekat et al., 2016). A species sensitivity distribution (SSD) approach
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could be employed to derive an olivine PNEC value if high quality olivine toxicity data are
available for a minimum of 8 species from at least 4 taxonomic groups (Warne et al.,
2014). The need to incorporate bioavailability in ecological risk assessment of metals in
water and sediment is broadly recognized (Schlekat et al., 2016; Vaananen et al., 2018;
Adams et al., 2020). When data on key bioavailability-controlling water and sediment
chemistry parameters are available, bioavailability normalization is possible through
model approaches (e.g. biotic ligand models and linear regression models) (Schlekat et al.,
2016; Peters et al., 2018; Stauber et al., 2021). Importantly, these bioavailability models
should adhere to four key principles: (I) they need to be constructed based on a
comprehensive understanding of metal toxicity mechanisms, (IlI) they should ideally be
relatively user-friendly, (lll) validation (via mesocosm and/or field experiments) and
application should be conducted within the relevant range of water and sediment
chemistry, and (IV) clear rationale for the selection of a specific model needs to be
provided (Schlekat et al., 2016; Adams et al., 2020). Overall, this bioavailability
normalization approach would require a greater amount of data compared to the use of
generic EQS; however, it would enable the derivation of robust site-specific olivine
application guidelines designed to effectively protect local marine biodiversity, ecosystem

functioning and ecosystem services (Vdaananen et al., 2018).

Risk assessment frameworks are currently still primarily based on individual metal
assessments while organisms often face metal mixtures in their natural environment
(Meyer et al., 2015; Nys et al., 2018; Vaananen et al., 2018). The combined toxicity of
metals in such mixtures can be roughly equal to (i.e. additive), larger than (i.e.
synergistic), or smaller than (i.e. antagonistic) the sum of the individual metal toxicities
(Nys et al., 2017). Although synergistic interactions are relatively rare (Nys et al., 2018),
previous studies have reported synergism between Ni(ll) and Cr(VI) in the freshwater fish
Cirrhinus mrigala and marine copepod Tisbe holothuriae (Verriopoulos and Dimas, 1988;
Palaniappan and Karthikeyan, 2009). Therefore, it is crucial to explore the interaction
between Ni and Cr released during marine olivine dissolution via dedicated chronic

laboratory experiments. These experiments could expose marine organisms to individual

246



General discussion and future perspectives

metals and binary mixtures under realistic environmental conditions (Nys et al., 2017).
Experimental findings could enhance our mechanistic understanding of marine olivine
toxicity and enable the proper consideration of interaction effects in ecological risk
assessment of coastal enhanced olivine weathering. This could for example be achieved
through a tiered approach that considers bioavailability-normalized SSDs (Nys et al., 2018)

or via the application of multi-metal biotic ligand models (Santore and Ryan, 2015).

Studies on trace metal cycling and biodiversity richness in ultramafic soils, as well as the
environmental consequences of ultramafic rock mining, can offer valuable insights for
assessing the ecological risks associated with CESW. Ultramafic soils are naturally rich in
trace metals (e.g. Cr, Ni, Mn, and Co), possess a low calcium (Ca) to magnesium (Mg)
ratio, and are deficient in nutrients and organic matter (Kumar and Maiti, 2013; Vithanage
et al.,, 2019; Kierczak et al., 2021). In line with our findings, these soils exhibit a
substantially higher bioavailable fraction of Ni (0.1 — 13 mmol kg') compared to Cr
(0.0004 — 0.3 mmol kg) (Vithanage et al., 2019). However, under oxidizing conditions,
chromite weathering in these soils could be a significant source of the highly mobile and
toxic Cr(VI) to the environment (Pattnaik and Equeenuddin, 2016; Vithanage et al., 2019;
Kierczak et al., 2021). The activity of soil enzymes, which play a vital role in organic matter
decomposition and nutrient cycling, decreased in proximity to chromite mining sites and
was significantly inversely correlated with total concentrations of metals in the soil
(Pattnaik and Equeenuddin, 2016). Moreover, ultramafic soils often exhibit a low
productivity, yet they can support endemic extremophile plant species and diverse
bacterial communities that have adapted to thrive in these metal-rich environments
(Kumar and Maiti, 2013; Vithanage et al., 2019; Kierczak et al., 2021; Lu et al., 2022).
Nonetheless, the accumulation of metals in food crops and water sources could pose a
chronic risk to human health (Vithanage et al., 2019; Naz et al., 2020; Kierczak et al.,

2021).

While previous studies on ultramafic soils and mining sites have primarily focused on

various plant species to assess their potential for phytomining via hyperaccumulation
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(Vithanage et al., 2019), Sgndergaard (2013) monitored metal bioaccumulation in lichens
(Flavocetraria nivalis), seaweeds (Fucus vesiculosus), mussles (Mytilus edulis) and fish
(Myoxocephalus Scorpius) at various distances (0 to 17 km) from the open pit olivine mine
at Seqi in Southwest Greenland, both before (2004), during (2005 — 2009), and after
(2009 — 2011) its operation. Results showed that lichens up to 5 km from the mining site
exhibited significantly elevated metal concentrations (especially Ni, Cr, Fe, and Co)
relative to pre-mining levels, with increases up to 130 times caused by dust dispersion.
Concentrations of Ni and Cr were also moderately elevated in seaweeds and mussels (up
to a factor of 7) in close vicinity (<1 km) of the mine. In contrast, fish did not show
significant metal accumulation. After the mine closed, significant decreases in metal
concentrations were observed in lichens, seaweeds and mussels. By 2011, metal
concentrations were only significantly elevated compared to pre-mining levels in lichens
close (<1 km) to the mining site. Overall, Sgndergaard (2013) concluded that the
environmental impact of the olivine mine at Seqi was relatively low compared to other
mining operations in Greenland (e.g. Pb-Zn mine in Maarmorilik) where significant
contamination of the marine environment persisted for decades after mine closure.
collectively, these studies illustrate the long-term effects of ultramafic rock weathering on
natural ecosystems, potential risk to human health, and underscore the importance of a

comprehensive examination of the ecological impacts associated with CESW.

The climate change mitigation and ecosystem benefits from coastal enhanced olivine
weathering should ideally also be taken into account when setting olivine application
guidelines. The determination of the optimal olivine grain size and concentration should
be site-specific, considering the significant variation in physical, chemical, and biological
conditions among coastal sites. Therefore, a comprehensive characterization of the
olivine application area before deployment, coupled with a profound understanding of
olivine’s environmental fate and ecological effects, is essential for deriving robust, site-

specific olivine application guidelines.
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Overall, our work provides valuable insights in the possible adverse ecological impacts of
coastal enhanced olivine weathering and highlights the need for additional data
(discussed throughout section 7.3) to derive accurate site-specific olivine application
guidelines. A portfolio of CDR techniques will be needed to achieve the gigaton scale
atmospheric CDR that is needed to keep global warming below the Paris agreement
target of 2°C, ideally 1.5 °C (Minx et al., 2018; Rueda et al., 2021). Therefore, research on
the CO. sequestration potential and environmental safety of silicates other than dunite
(e.g. basalt and wollastonite) for coastal enhanced silicate weathering seems advised.
Finally, it is important to reiterate that CDR techniques are too slow, expensive and
technically uncertain to replace the urgent need for comprehensive and rapid
decarbonization (Smith et al.,, 2016). Therefore, the primary focus for limiting global
warming must remain on immediate and aggressive reductions in CO, emissions, with the

implementation of CDR techniques as a secondary, albeit necessary, measure.

7.4 Overall conclusions and future possibilities

Coastal enhanced olivine weathering is a considered scalable atmospheric CO, removal
technique for climate change mitigation. However, its efficiency and ecological impacts
remain uncertain due to limited experimental data. In this work, we investigated how
hydrodynamic processes affect the CO, sequestration potential and evaluated possible
adverse ecological effects of olivine and its associated trace metals on marine biota. Our
weathering experiments clearly demonstrated the significant enhancement of alkalinity
release from marine sediment through advective pore water flushing. Calculated
dissolution rate constants for continuously rotated olivine in seawater were consistent
with previous studies and 8 to 19 times higher than those obtained under stagnant
conditions. The observed CO; sequestration efficiency aligned with theoretical estimates
for the experimental conditions, indicating equilibrium of the seawater carbonate system
with the atmosphere and limited secondary mineral precipitation, primarily as
iron(hydr)oxides which inevitably form during fayalite dissolution under oxic conditions.

However, when olivine was mixed with marine sediment and subjected to continuous
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current, mineral dissolution and associated CO; sequestration were unexpectedly low.
Unfortunately, we could not definitively identify the cause for the low olivine reactivity
based on the available data. Therefore, additional large-scale studies are imperative to
further assess marine olivine reactivity and potential CO; sequestration under conditions

that closely mimic natural coastal systems.

The accumulation of trace metals in marine systems during large-scale coastal enhanced
olivine weathering raises potential toxicological concerns, but has received little research
attention. We concluded that sedimentary metal accumulation could restrict the
environmentally safe olivine application concentration based on existing marine
environmental quality standards for Ni and Cr. However, the conclusion drawn from this
preliminary risk assessment involves considerable uncertainty due to lack of information
on in situ olivine Ni and Cr release rates, environmental fate, bioavailability, and potential

mixture toxicity. Hence, in-depth experimental studies are warranted.

In all our olivine experiments, Ni accumulation in the seawater dissolved phase exceeded
stoichiometric expectations, while dissolved Cr accumulation consistently fell below
anticipated levels, likely due to its release in a particulate form with low bioavailability.
This lower Cr compared to Ni bioavailability was confirmed during acute (24 to 72 h) and
chronic (35 d) exposures of the marine amphipod Gammarus locusta to different olivine
grain sizes and concentrations. Amphipods ingested large amounts of olivine grains and
accumulated trace metals in a grain size and concentration dependent manner. The
importance of olivine ingestion as a trace metal exposure pathway could not be clearly

resolved and requires additional research as specified in section 7.3.

Changes in surficial sediment physicochemistry may lead to certain species avoiding
olivine-rich sediment patches, potentially impacting coastal species richness in the long
term. Our experiments with the marine amphipod G. locusta and gastropod Littorina
littorea revealed significant avoidance of pure olivine (83 — 332 um) due to positive

scototaxis and possible trace metal exposure avoidance, respectively. However, relatively
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coarse olivine mixed with natural sediment at realistic coastal application concentrations
(3 and 30% w/w olivine) did not result in significant avoidance. Overall, experimental
findings suggest that olivine application sites are unlikely to be avoided by G. locusta and
L. littorea and that avoidance is influenced by local environmental parameters such as

food and shelter availability.

Chronic exposure to various concentrations of fine-grained (3 — 99 um) olivine mixed with
natural marine sediment resulted in reduced amphipod survival, growth, and
reproduction, likely due to metal-induced oxidative stress and disruption of major cation
(Ca%*, Na*, K*) homeostasis. A very low PNEC of 0.01% w/w olivine was derived from the
highest no observed effect concentration of 1% w/w olivine for reproduction, using an
arbitrary assessment factor of 100. This low PNEC value underscores the need for
additional marine olivine toxicity data to improve ecological risk assessment of coastal
enhanced olivine weathering. Finally, it is important to consider factors such as trace
metal bioavailability, potential mixture toxicity, and ecosystem benefits from olivine

spreading when establishing robust, site-specific olivine application guidelines.

251



Supplementary information

Supplementary information

252



Appendix A: Chapter 1

Supplementary information Chapter 1

Table A1: Chronic marine nickel (Ni) toxicity data (NOEC and EC10 values) for ecologically relevant endpoints used to construct a
species sensitivity distribution. N.R. = not reported.

Taxon Species Life stage Duration Toxicity measure Ni Ni Reference
concentration concentration
(umol L?) in SSD (umol
L)
Crustaceans Acartia danae Adult 4d NOEC (survival) 5.74 5.74 (Panneerselvam et al.,
2018)
Crustaceans Acartia sinijensis Larvae 3d EC10 (development) 0.094 0.094 (Gissi et al., 2018)
Cnidaria Acropora digitifera Gametes 5h NOEC (fertilization) 16.0 24.7 (Gissi et al., 2017)
Gametes 5h EC5 (fertilization) 28.6
Gametes 5h EC10 (fertilization) 34.1
Cnidaria Aiptasia pulchella  Adult 28 d EC10 (juvenile 1.12 2.10 (Howe et al., 2014)
production)
Adult 28d EC10 (offspring 4.51
production)
Adult 28 d NOEC (juvenile 4.48

production)
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Adult 28d NOEC (offspring 4.48
production)
Crustaceans Americamysis N.R. 7d NOEC (survival) 3.63 1.04 ECOTOX
bahia Knowledgebase
Juvenile 36d NOEC (reproduction) 1.04 (Gentile et al., 1982)
Crustaceans Amphibalanus Nauplii 4d EC10 1.14 1.14 (Gissi et al., 2018)
amphitrite (metamorphosis)
Fish Atherinops affinis  Larvae 40d NOEC (survival) 55.2 58.2 (Hunt et al., 2002)
Larvae 40d EC10 (survival) 61.3
Algae Ceratoneis - 3d EC10 (growth rate) 104 52.3 (Gissi et al., 2016)
closterium
- 3d EC10 (growth rate) 49.4
- 3d NOEC (growth rate) 67.6 (Gissi et al., 2018)
- 3d EC10 (growth rate) 55.4
- 3d NOEC (growth rate) 27.4
- 3d EC10 (growth rate) 43.3
Algae Champia parvula Adult 10d EC10 (reproduction) 2.45 2.45 (DeForest and
Schlekat, 2013)
Algae Coscinodiscus - 4d NOEC (growth rate)  2.04 2.04 (Panneerselvam et al.,

centralis

2018)
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Molluscs Crassostrea gigas  Embryo 2d EC10 (development) 7.3 7.3 (DeForest and
Schlekat, 2013)
Algae Cryothecomonas - 24 d EC10 (growth rate) 20.8 20.8 (Koppel et al., 2017)
armigera
Bacteria Cyanobium sp. - 3d EC10 (growth rate) 63.0 63.0 (Alquezar and
Anastasi, 2013)
Fish Cyprinodon Larvae 28 d EC10 (growth) 354 354 (DeForest and
variegatus Schlekat, 2013)
Echinodermata Dendraster Embryo 2d EC10 (development) 3.3 33 (DeForest and
excentricus Schlekat, 2013)
Echinodermata Diadema Embryo 40 h EC10 (development) 0.049 0.049 (Bielmyer et al., 2005)
antillarum
Echinodermata Diadema savignyi  Embryo 2d NOEC (development) 0.40 0.40 (Rosen et al., 2015)
Algae Dunaliella - 3d EC10 (growth rate) 306 306 (DeForest and
tertiolecta Schlekat, 2013)
Algae Glenodinium halli - “chronic” NOEC (growth rate)  0.68 0.68 (NIVA, 2007)
Algae Gracilaria - 4d NOEC (growth rate)  37.5 37.5 (Haglund et al., 1996)
tenuistipitata
Molluscs Haliotis rufescens  Embryo 22d EC10 0.62 0.37 (Hunt et al., 2002)

(metamorphosis)
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Juvenile 14d NOEC (shell growth)  0.37
Crustaceans Idotea balthica - >21d ECO (survival) 25.6 25.6 (EI-Nady and Atta,
1996)
Algae Isochrysis galbana - “chronic” NOEC (growth rate) 0.68 0.68 (NIVA, 2007)
Algae Isochrysis sp. - 3d EC10 (growth rate) 55.2 55.2 (Gissi et al., 2016)
Algae Macrocystis Zoospores 2d EC10 (germination) 8.4 1.6 (DeForest and
pyrifera Schlekat, 2013)
Zoospores 2d EC10 (growth) 1.6
Crustaceans Melita plumulosa  Adult 4d NOEC (survival) 73.4 14.7 (King et al., 2006)
Juvenile 4d NOEC (survival) 14.7
Adult 10d NOEC (survival) 36.3
Fish Menidia beryllina - 7d NOEC (survival) 128 128 ECOTOX
Knowledgebase
Molluscs Monodonta labio  Juvenile 30d EC10 (survival) 0.97 0.46 (Wang et al., 2020)
Juvenile 30d EC10 (growth rate) 0.58
Juvenile 30d EC10 (shell length 1.6
growth)
Juvenile 30d NOEC (growth rate)  0.37
Juvenile 30d NOEC (shell length 0.92

growth
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Crustaceancs Mysidopsis intii Juvenile 28d NOEC (growth) 0.17 0.35 (Hunt et al., 2002)
Juvenile 28 d EC10 (growth) 0.77
Molluscs Mytilus Embryo 2d EC10 (development) 4.6 4.6 (DeForest and
galloprovincialis Schlekat, 2013)
Molluscs Mytilus trossolus Embryo 2d EC10 (development) 1.0 1.0 (Nadella et al., 2009)
Molluscs Nassarius dorsatus Larvae 4d EC10 (growth) 1.1 1.1 (Gissi et al., 2018)
Annelida Neanthes Juvenile 90d EC10 (reproduction) 0.38 0.38 (DeForest and
arenaceodentata Schlekat, 2013)
Algae Odontella - 4d NOEC (growth rate) 0.27 0.27 (Panneerselvam et al.,
mobiliensis 2018)
Crustaceans Oithona similis Adult 4d NOEC (survival) 8.0 8.0 (Panneerselvam et al.,
2018)
Fish Oryzias Juvenile 21d EC10 (survival) 28.3 20.1 (Wang et al., 2020)
melastigma
Embryo 25d NOEC (survival) 179 (Liu et al., 2021)
Embryo 25d NOEC (development) 20.1
Larvae 5d NOEC (survival) 142
Echinodermata Paracentrotus Embryo 3d EC10 (shell 2.4 1.42 (Novelli et al., 2003)
lividus development)
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Embryo 3d EC10 (development) 1.5
Embryo 1h NOEC (reproduction) 8.5
Embryo 3d NOEC (development) 0.85
Algae Phaeocystis - 20d NOEC (growth rate) 18.2 18.2 (Gissi et al., 2015)
antarctica
Cnidaria Platygyra Gametes 5h NOEC (reproduction) 15.7 15.7 (Gissi et al., 2017)
daedalea
Algae Skeletonema - 3d EC10 (growth rate) 4.5 5.0 (DeForest and
costatum Schlekat, 2013)
EC10 (growth rate) 3.2
EC10 (growth rate) 13.2
EC10 (growth rate) 2.1
EC10 (growth rate) 11.3
Echinodermata Strongylocentrotus Embryo 2d EC10 (development) 5.7 5.7 (DeForest and
purpuratus Schlekat, 2013)
Algae Symbiodinium sp - 3d NOEC (growth rate) 5.3 5.3 (Gissi, 2019)
Crustaceans Tigriopus whole life- 4d Survival 39.7 0.64 (Wang et al., 2020)
japonicus cycle
Nauplii 20-30d EC10 (survival) 8.2
Maturation 20-30d EC10 (survival) 0.75
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stage

Whole life- 20-30d EC10 (population 0.49

cylce growth)

Nauplii 20-30d NOEC (survival) 1.7

Maturation 20-30d NOEC (survival) 0.85

stage

Whole life- 20-30d NOEC (population 0.85

cylce growth)

Algae Tisochrysis lutea - 3d NOEC (growth rate) 4.3 (Gissi, 2019)

- 3d EC10 (growth rate) 5.6

Table A2: Chronic marine hexavalent chromium (Cr(VI)) toxicity data (NOEC and EC10 values) for ecologically relevant endpoints used
to construct a species sensitivity distribution. N.R. = not reported.

Taxon Species Life stage Duration Toxicity measure Cr(VI) Cr(VI) Reference
concentration concentration
(umol LY) in SSD (umol
1)
Crustaceans Acartia tonsa Egg 5d NOEC (development) 6.80 6.80 (Andersen et al., 2001)
Crustaceans Allorchestes Juvenile 40d NOEC (growth) 4.8 4.8 (Ahsanullah and
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compressa Williams, 1991)
Juvenile 40d NOEC (mortality) 4.8
Juvenile 40d NOEC (reproduction) 4.8

Crustaceans Americamysis Juvenile 7d NOEC (growth) 30.8 1.7 (Jop, 1989)

bahia
Juvenile 7d NOEC (reproduction) 30.8
Juvenile 7d NOEC (survival) 30.8
Juvenile 7d NOEC (reproduction) 30.8
Juvenile 7d NOEC (survival) 11.5
Juvenile 7d NOEC (growth) 11.5
Juvenile 7d NOEC (reproduction) 8.1 (Goodfellow and Rue,

1989)
Juvenile 7d NOEC (reproduction) 6.2
Post-larvae  38d NOEC (survival) 17.5 (Lussier et al., 1985)
Post-larvae  38d NOEC (reproduction) 1.7
Echinodermata Arbacia Gametes 1h NOEC (fertilization) 2404 2859 (Jop, 1989)

punctulata
Gametes 1h NOEC (fertilization) 4808
Gametes 1h NOEC (fertilization) 2404
Gametes 1h NOEC (fertilization) 2404
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Crustaceans Artemia salina 7 d Nauplii 15d NOEC (growth) 10.0 10.0 (Umarani et al., 2012)
Annelida Capitella Larvae 150d NOEC (survival) 0.96 0.96 (Reish, 1981)
capitata
Larvae 150d NOEC (reproduction) 0.96
Algae Champia parvula - 2d NOEC (reproduction) 0.0019 0.019 (Jop, 1989)
- 2d NOEC (reproduction) 0.19
Molluscs Chlamys Larvae 2d NOEC (development) 10.2 10.2 (Krassoi et al., 1997)
asperrima
Ascidiacea Ciona intestinalis  Larvae 70 h NOEC (development) 78.8 78.8 (Bellas et al., 2004)
Gametes 20 h NOEC (development) 158
Bacteria Cyanobium sp. - 3d EC5 (growth) 34.0 36.5 (Yamagishi et al., 2016)
- 3d EC10 (growth) 42.1
- 3d NOEC (growth) 33.8
Fish Cyprinodon Larvae 7d NOEC (survival) 271 74.2 (Jop, 1989)
variegatus
Larvae 7d NOEC (growth) 48.1
Larvae 7d NOEC (survival) 144 (McCulloch and Rue,
1989)
Larvae 7d NOEC (survival) 346
Larvae 7d NOEC (growth) 71.2
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Larvae 7d NOEC (growth) 144
Larvae 7d NOEC (growth) 62.5
Larvae 7d NOEC (survival) 298
Larvae 7d NOEC (survival) 346 (Hutchinson et al.,
1994)
Annelida Dinophilus Juvenile 7d NOEC (reproduction) 1.9 1.9 (Jop, 1989)
gyrociliatus
Juvenile 7d NOEC (survival) 19.2
Juvenile 7d NOEC (survival) 19.2
Algae Ecklonia radiata  Zoospore 2d NOEC (germination) 287 152 (Bidwell et al., 1998)
Zoospore 2d NOEC (growth) 152
Algae Gracilaria - 4d NOEC (growth rate) 6.5 6.5 (Haglund et al., 1996)
tenuistipitata
Echinodermata Heliocidaris Larvae 3d NOEC (development) 8.8 8.8 (Doyle CJ 1999)
tuberculata
Crustaceans Idotea balthica N.R. >21d ECO (survival) 28.8 28.8 (EI-Nady and Atta,
1996)
Annelida Neanthes 30-40 >45d NOEC (reproduction) 0.32 0.32 (Oshida and Word,
arenaceodentata segments 1982)
Algae Olisthodiscus - 10d NOEC (growth) 0.96 0.96 (Mahoney, 1982)
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luteus
Fish Oncorhynchus Juvenile 3d NOEC (survival) 612 342 (Holland, 1960)
kisutch
Juvenile 5d NOEC (survival) 342
Juvenile 11d NOEC (survival) 342
Algae Skeletonema - 2d NOEC (growth rate) 3.8 3.8 (Missimer et al., 1989)
costatum
- 3d NOEC (growth rate) 3.8
- 4d NOEC (growth rate) 15.4
Algae Thalassiosira - 15d NOEC (growth rate) 0.19 0.19 (Frey et al., 1983)
pseudona
Crustaceans Tisbe battagliai Adult 8d NOEC (survival) 19.2 6.2 (Hutchinson et al.,
1994)
Adult 8d NOEC (reproduction) 6.2
Nauplii 8d NOEC (survival) 6.2
Crustaceans Tisbe holothuriage F2 females 22.5d NOEC (survival) 9.6 9.6 (Verriopoulos and

Dimas, 1988)
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Appendix B: Chapter 2

B.1 ADDITIONAL METHODS

B.1.1 Elemental composition of dunite sand
The elemental composition for the forsterite dunite sand used in the experiments is

shown in Table B.1. The elemental composition was determined in three different ways:
the composition provided by the manufacturer, and also obtained by digestion and ICP-

OES analysis following two separate protocols.

Table B.1: Molar elemental concentrations (mol mol™ olivine) of the experimental olivine.
Concentrations provided by the manufacturer (Sibelco) and analysed by ICP-OES after
digestion via an alkali fusion (N = 1) or chromite ore protocol (N = 5, mean * S.D.) are
provided. Element concentrations for dunite sand digested according to the chromite ore
digestion protocol were used for calculations in the main text (Table 2.2) and were

calculated assuming a Si concentration of 1.03 mol mol olivine.

Digestion protocol Chromite ore (N =5) Alkali fusion Manufacturer
Element Molar concentration (mol mol™? olivine)

Mg 1.79+0.04 1.70 1.76

Si N.A. 1.03 1.00
Fe 0.130 £ 0.002 0.13 0.13
Cr 0.0083 + 0.0004 0.0070 0.010
Ni 0.0061 + 0.0002 0.0065 0.0062
Al 0.0043 + 0.0002 0.023 0.012
Mn 0.0018 + 0.00004 0.0019 N.A.

K N.A. 0.00094 N.A.
Ca 0.00065 + 0.00010 0.0050 N.A.
Co 0.00045 + 0.00001 N.A. N.A.

Ti N.A. 0.00018 N.A.
Zn 0.00014 + 0.000002 N.A. N.A.
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Protocol 1. A modified chromite ore microwave-assisted acid digestion procedure was
followed (CEM Microwave Sample Preparation Note 50S-47). Briefly, 0.1 g of dried (48 h
at 60 °C) sand was weighed and added to 80 mL quartz pressure vessels (CEM
Corporation). Next, 2.6 mL of Ultrapure ~85% orthophosphoric acid (Honeywell
Chemicals) and 1.4 mL of 296% sulfuric acid (Merck) were added. Subsequently the
vessels were heated at 240 °C for 30 minutes in a Discover SP-D 80 microwave (CEM
Corporation). Afterwards, the vessels were allowed to cool down and 2 mL of
TraceMetal™ Grade 67-69% nitric acid (Fisher Scientific) was added. Next the vessels were
heated at 240 °C for 15 minutes. Afterwards the solution was transferred into 50 mL
polypropylene (PP) vials and ultrapure Milli-Q water was added up to the 50 mL mark.
The vials were centrifuged for 5 minutes at 3000 rpm and the supernatant was
subsequently transferred to new 50 mL tubes before analysis via ICP-OES (iCAP 6300 Duo,
Thermo Scientific). For quality control, reference NIM-D dunite (SARM-6, MINTEK) and
procedural blanks were included during processing and analysis of the samples. Element
recoveries (ranging from 72 to 93%) were acceptable for all certified elements except Si
(~0.4%). A maximum relative standard deviation (RSD) of 5% was allowed for the

measurements.

Protocol 2. Dunite sand was dissolved via a modified alkaline fusion method (ISO 14869-
2:2002). Briefly, about 0.4 g of dried milled (<0.4 mm) sample was weighted and
transferred into a platinum (Pt) crucible. The crucible was placed in a furnace and pre-
ignited at 850 °C for 30 minutes. After the crucible cooled down to room temperature,
the ignited sample was thoroughly mixed with 2 g of lithium metaborate and fused for 15
minutes at 950 °C in a pre-heated muffle furnace. The melt was allowed to cool down for
12 hours after which the crucible was immersed in a 100 ml beaker containing 70-80 ml of
4% nitric acid. The solution was stirred with a magnetic stirrer for 3 to 4 hours until the
solid phase dissolved. Afterwards, the solution was made up to 100 ml, filtered through
prewashed (with 10% HNO3) 0.45 um pore size filter paper and stored for analysis via ICP-
OES (720-ES, Agilent).
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Calculation of elemental concentrations. Concentrations C (ug L) obtained via ICP-OES

were converted to elemental concentrations C,,, expressed in wt% as follows

Cp = ——107* [B.1]

Mdunite

Where V is total sample volume (L), Mdunite is the mass of digested dunite sand (g), and

10000 is the factor to convert from pg g to wt%.

Calculation of metal oxide concentrations. Conversion of elemental concentrations C,,
(wt%) to metal oxide concentration C,,, (Wt%) was done via
Cm

Cmo = T Mm [B.Z]

Mm+M0

In this, M,,, and M, represent the molar masses (g mol?) of the metal atoms and oxygen
atoms present in the considered metal oxide. The metal oxide concentration C,,, (Wt%)
could be converted to a molar oxide concentration Cy;, (mol oxide g olivine) based on

the metal oxide molar mass My, (g mol™?) (Cyo = Cono/Muo)-

Finally, the molar oxide concentrations Cy, (mol oxide g olivine) for a given metal i

could be converted to a molar elemental concentrations Cy, (mol mol? olivine) via

Co = 4Cmo;Nc¢;
v, = o ——
b XL, CmoNo;

[B.3]

Where N¢, is the amount (mol) of metal cations for a given metal oxide i, n is the total
amount of metal oxides for olivine, 4 is the theoretical amount of oxygen atoms in one
mole of olivine (mol O mol™? olivine), and Np, is the amount (mol) of oxygen atoms for a

given metal oxide.
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B.1.2 Stoichiometric model of olivine
Stoichiometric coefficients v; (expressed in umol umol olivine) are calculated below and

provided in Table B.2. Mineralogical composition of the dunite sand was analysed using
the TIMA software of the Tescan SEM (Hrstka et al., 2018). The system operated in high-
vacuum mode at 25 kV and a beam current of 22 nA. Data were collected using high
resolution mapping with 5 pum pixel spacing. Dunite sand was composed of 90.54 wt%
olivine and 9.46 wt% other minerals of which enstatite was the most abundant (6.02 wt%)
(Table 2.2). Forsterite (Mg2SiO4) content Fo (%) of the olivine was calculated from the
molar elemental concentrations Cy;, (mol mol* olivine) of Fe and Mg as

CMmg

Fo =

(CMyg+CMEe)

100 (B.4]

Which resulted in a forsterite content of 93.4%. The fayalite (Fe;SiO4) content Fa (%)
could then be calculated by subtracting the Fo from 100% (Fa = 100% — Fo), resulting in a

fayalite content of 6.6%.

Table B.2: Stoichiometric coefficients v; (umol umol* olivine) for various compounds i (TA,
DIC, DSi, and DNi) of the experimental olivine. The v; values were derived from the

elemental and mineralogical data as described in the text.

Compound Stoichiometric coefficient v; (umol umol™ olivine)
TA 3.73

DIC 3.06

DSi 1.00

DNi 0.0061

Based on the idealized complete dissolution reaction of olivine, 4 umol of alkalinity are
released upon dissolution of 1 umol of olivine (i.e. through consumption of 4 umol of

protons).
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Mg, Fe,_,Si0, + 4H* - xMg?* + (2 — x)Fe?* + H,Si0, [B.5]

Yet, under oxic conditions, ferrous iron will likely be immediately oxidized (Eq. B.6)
resulting in the consumption of 2 umol of TA (i.e. production of 2 umol of protons) upon

precipitation of 1 umol iron(lll) (hydr)oxide.

Fe?* + 0.250, + 1.5H,0 —» FeOOH + 2H* [B.6]

As a result, for olivine with a fayalite fraction of 2 - x = 0.133 (Eq. B.5), the TA production

reducestovry =4 — 2 (2 — x) = 3.73 umol umol? olivine.

The stoichiometric accumulation rate of dissolved Inorganic carbon (DIC) is defined as

vpic = (6DIC/6TA)pco,Vra [B.7]

The seawater CO. sequestration efficiency (6DIC/8TA)yco, specifies the increase in
seawater DIC for each mol of TA increase. It is dependent on the atmospheric partial CO>
pressure (pCO), salinity, temperature, and chemical composition of the seawater
(Hofmann et al., 2009). The theoretical CO; sensitivity for our experimental conditions (T
=15 °C, S = 33.0 %o, TA = 2550 — 5170 umol L, and pCO, = 420 ppmv) computed using
the AquaEnv R package is equal to 0.82 + 0.016 (Hofmann et al., 2010). Therefore, the
expected amount of CO; sequestered upon dissolution of 1 umol of olivine is vp;c = 0.82 *

3.73 = 3.06 umol DIC released per umol of olivine dissolved.

The stoichiometric coefficients v; for DNi and DSi are equal to the molar elemental
concentrations (Table B.1) derived from the chromite ore protocol (vpnj =
0.0061 pmol Ni pmol~! olivine) and manufacturer (vg; = 1 pmol Si pmol~?! olivine),

respectively.
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B.1.3 Dunite mass loss and specific surface area

Table B.3: Initial dunite mass (g) added to the experimental bottles at day 0, and

recovered dunite mass at day 70 for the different olivine treatments : stagnant (SO), low

rotation (LRO), and high rotation (HRO) (numbers 1-2-3 indicate different replicates).

Absolute (g) mass loss and relative (%) mass loss at the end of the experiment are also

shown.

Treatment — replicate Dunite mass day Dunite mass day Absolute Relative
0 70 mass loss mass loss
(8) (8) (8) (%)
SO-1 149.5303 146.9229 2.6074 1.75
SO -2 149.5313 147.1311 2.4002 1.61
SO-3 149.5279 147.1113 2.4166 1.62
LRO-1 149.5262 145.8547 3.6715 2.46
LRO-2 149.5305 146.4817 3.0488 2.04
LRO-3 149.5260 146.4282 3.0978 2.07
HRO -1 149.5292 145.8775 3.6517 2.44
HRO -2 149.5272 145.3903 4.1369 2.77
HRO -3 149.5310 145.6556 3.8754 2.59

Table B.4: Geometric and B.E.T specific surface area (Aceo and Ager, expressed in m? g) of

dunite from the stagnant, low rotation, and high rotation treatment. Mean + standard

deviation (N = 5) values for the fresh (day 0) and weathered (day 70) dunite are shown.

Treatment Aceo day O Aceo day 70 Ager day O Ager day 70
(m?g?) (m?g?) (m?g?) (m?g?)
Stagnant olivine 0.0146 + N.A.
0.00025
0.0161 +0.0016 0.9+0.1
Low rotation olivine 0.0145 + N.A.
0.00011
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High rotation olivine 0.0144 + 0.33+0.03
0.00019

The geometric surface area Aceo (M? g?) of the experimental dunite sand is shown in
Table B.4. It was calculated from the different grain diameter classes i (n = 22, between

1.5 and 330 um grain diameter) of the volumetric particle size distribution (Figure 2.5A) as

Ageo = Xiq L [B.8]

Where ¢; is the volume fraction of olivine of a certain grain diameter class i (e.g. 180 —
200 um), Vaunite (cm3) the total olivine volume in the HDPE bottles calculated from the
olivine mass Maunite (g) and the mineral density pdunite (8 cM™3) (Vdunite = Madunite/Pdunite).
Vgrain; and Agrain, are the volume (cm?®) and surface area (m?) of a single olivine grain
calculated from the average grain diameter of a certain grain diameter class (e.g 190 um

for 180 — 200 um) assuming perfect spherical particles.

B.1.4 North Sea water chemical composition and salinity
Table B.5: Chemical composition of filtered (<0.2 um) North Sea water in the rock tumbler

experiment. The mass concentrations were derived by HR-ICP-MS analysis (N = 4, mean *

standard deviation (S.D.)).

Major Molar mass Mass concentration Molar concentration
element (g mol?) (mgL?) (mmol L?)

Na 22.99 10298 + 264 448 + 11

Mg 24.31 1178 + 38 49+1.6

Ca 40.08 417 £ 15 10+0.37

K 39.10 36910 9.4+0.27

Si 28.09 0.93+0.17 0.035 £ 0.0061
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Fe 55.85 0.029 + 0.0063 0.52+0.11

Cl (#) 35.45 18635 + 478 526 + 28

S04 (#) 96.06 2648 + 68 28+0.7

Minor Molar mass Mass concentration Molar concentration
element (g mol?) (ng L) (umol L?)

Ni 58.69 46+23 0.078 £ 0.040

Cr 52.00 13+9.1 0.25+0.18

Mn 54.94 72126 1.3+0.47

Cu 63.55 0.18 + 0.085 0.0028 + 0.0013
Cd 112.4 2.8+0.23 0.025 + 0.0021

Zn 65.38 15+3.8 0.23+0.057

Pb 207.2 0.19+0.13 0.00089 + 0.00065

# Chloride (Cl) and sulphate (SO4) concentrations were not analytically determined, but
derived from the chemical composition of natural seawater (Hem, 1985) based on

measured Na concentrations.

—0— Seawater —O—Low rotation olivine
—o— Stagnant olivine —=— High rotation olivine

36-
35-
34-
33-

324

Salinity (%o)

314

30 I I I I I I I 1 I 1
0 7 14 21 28 35 42 49 56 63 70

Incubation period (days)
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Figure B.1: Weekly evolution of seawater salinity in the rock tumbler experiment. Mean
values with range for the olivine treatments (N = 3) and seawater control (N = 2) are

shown.

B.1.5 Kinetic box model information
Olivine dissolution, secondary mineral formation and temporal evolution of dissolved Mg,

Si, Ca, Fe, and TA were modelled according to the kinetic box model by Fuhr et al. (2022).
All relevant equations used for the model calculations can be found below. Changes in
chemical species were calculated using differential equations:

ac
— = QPolTo1 — Zi Pm;Tm; — rs(C - Cin) [B.9]

dt

Where C is the dissolved concentration of the considered species (umol L?), t is the
tumbling time (d), ol is the species abundance in olivine (ol) expressed in pmol umol?
olivine, rol is the olivine dissolution rate (umol L d?), rmi is the precipitation rate of
secondary mineral i (umol L d?) and ¢@mi is the species abundance in the respective
secondary mineral (umol pmol? olivine). Weekly water renewal was considered by the
sampling rate (rs, in L d) and concentration difference between the sample (C) and the

fresh natural seawater (Cin). The sampling rate was calculated as:

Vs 1 1
s = ZZ( ity =) [B.10]

1+e0.0001 1+4+e0.0001

With vs the sample volume (set to 2.1 L to indicate complete water renewal), ts the
sampling duration set to md or 2 minutes, t the tumbling time (d) and i the sampling

days.

The olivine dissolution rate constant (ko, mol m2 s!) was modelled with the seawater pH,
temperature (7, expressed in K), according to the rate equation by Rimstidt et al. (2012)

with implementation of a rate controlling pre-factor ki.:
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3465

ko = er104.07—0.256pH(t)—T [B.11]
The ko value was converted to a daily dissolution rate (ro, pmol L'* d!) via:

6
Ty = 10 kolA(;]?/o(t)sﬁ‘wO [B.12]

Where V is the seawater volume in the plastic bottles (0.7 L) and Aceo(t) is the geometric
specific surface area (m?) at time t (d). Fresh olivine was assumed to have an enhanced
reactive surface area resulting from fine adherent particles (Fuhr et al.,, 2022). The

temporal decrease in reactive surface area was accounted for according to:
AGEO(t) = 0'9AGEO(1 + glsuer(_‘ngurf*t)) [813]

Where Aceo is the geometric specific surface area (m?) calculated from the weathered
olivine volumetric grain size distribution and starting weight, 0.9 the forsterite olivine
fraction in the dunite sand, €isus the surface area enhancement factor, and &zsuf the
factor considering the speed of convergence between Aceor and Aceo. Tuning factor

values are provided in Supplementary Table B.6.

The secondary mineral precipitation rate (rm;, pmol L d?) was calculated from the

PHREEQC derived saturation state (Qi(t)):
Ting = Epres, Unitstep(@;(t) — 1)]2,(6) — 1|rex [8.14]

UnitStep expresses a function that returns 0 for arguments smaller than or equal to 0 and
1 for all arguments larger than 0. Therefore, precipitation could only occur in case the
seawater was oversaturated with regards to the considered mineral (Q;(t) > 1). The

reaction order was defined by €,,¢,, and &1, was derived from:
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epret; = kpre, (1 - %) (27%re) [B.15]

1+e Pi

Where k., is the precipitation rate constant (umol L't d!), a is the time delay until the
precipitation starts (days) and 8 determines the speed with which the precipitation starts
(days). k2,,,is a negative constant. Thus, with the combination of the two terms the
model can simulate precipitation that occurs only over a certain time of the experiment.
Reaction rates were determined by tuning the unknown rate parameters until a minimum
misfit between measured and modelled Mg, Si, Ca and TA concentrations was obtained.
Tuning parameters are given in Table B.6. The squared errors summed over time and all
species was employed as merit function where the errors for each species were
normalized using the mean concentration of the respective species (C;(mean)):

SST = % [B.16]
Where C;(t) and C;(t,,) represent the modelled and measured concentration of a species
(), respectively. Ferrous iron oxidation was simulated according to the kinetic rate for
abiotic iron oxidation (Millero et al., 1987). Olivine dissolution and secondary mineral

precipitation were assumed to occur to following chemical equations:

Olivine: (Mgy.035F€0.065),Si0, + 4H* — 1.87Mg?* + 0.13Fe2* + H,Si0, (8.17]
Chrysotile: 3Mg?* + 2H,Si0, + H,0 » Mg;Si,05(0H), + 6H* [B.18]
Sepiolite: 2Mg2* + 3H,Si0, — Mg,Sis0, <(OH)(H,0); + 4H* + 0.5H,0 [B.19]
Talc: 3Mg?*+ + 4H,Si0, + 4H,0 — MgsSi,0;,(OH), + 6H* [B.20]
Fe(OH)s: Fe3* + 3H,0 — Fe(OH); + 3H™ [B.21]
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Aragonite: Ca®* + 2HCO3 — CaCO5; + CO, + H,0 [B.22]

Oxidation of Fe?* to Fe3*: Fe?* + 0.250, + H* — Fe3* + 0.5H,0 [B.23]

Table B.6: Tuning parameter (TP) values of the best fitting models for the stagnant olivine

(SO), low rotation olivine (LRO), and high rotation olivine (HRO) treatment.

Parameter Symbol SO LRO HRO Unit

First TP for olivine surface Exsurf 8 1.5 2 -

Second TP for olivine surface Exsurf 0.46 0.25 0.26 d-?!

TP for olivine dissolution kpre 0.429 2.0 2.292 -

First TP for sepiolite precipitation kprege, O 0 0 pumol I71d1

Second TP for sepiolite precipitation Epre2eep 0.04 0.04 0.04 -

Third TP for sepiolite precipitation k2,00, O 0 0 -

First TP for chrysotile precipitation Kpre,, 4 0.3 252 pumol I71d 1

Second TP for chrysotile precipitation  &prez,,,  0.04 0.04 0.04 -

Third TP for chrysotile precipitation k24, -0.18 -0.18 -0.18 -
First TP for talc precipitation Kpre,y. O 0 0 umol [71d~1
Second TP for talc precipitation Epre2,q. 0-04 0.04 0.04 -
Third TP for talc precipitation k2,06, O 0 0 -
First TP for aragonite precipitation kpre,, O 12.6 10 pwmol I71d 1
Second TP for aragonite precipitation Epre2grg  2-75 2.75 2.75 -
Third TP for aragonite precipitation k2ppe, -1.3 -0.37 -0.2 -
Delay of sepiolite precipitation Usep 0 0 0 d
Delay of sepiolite precipitation Bsep 0 0 0 d
Delay of chrysotile precipitation Acnr 40 18 55 d
Delay of chrysotile precipitation Benr 0.2 5 1 d
Delay of talc precipitation Atalc 0 0 0 d
Delay of talc precipitation Btaic 0 0 0 d
Delay of aragonite precipitation Agra 0 35 55 d
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Delay of aragonite precipitation

.Bara

1.9 1.2 d

B.2 ADDITIONAL RESULTS

B.2.1 Talc, chrysotile, calcite and amorphous SiO; saturation indices

Saturation index talc

Saturation index calcite

Figure B.2: Weekly evolution of (A) talc, (B) chrysotile, (C) calcite, and (D) amorphous silica
(SiO2(am)) saturation indices calculated from the experimental data in PHREEQC V3 using

the LNLL database. Mean values with range for the olivine treatments (N = 3) and

o
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1
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seawater control (N = 2) are shown.
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B.2.2 Seawater elemental concentrations
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Figure B.3: Weekly evolution of dissolved (<0.2 um) (A) zinc (DZn), (B) copper (DCu), (C)
cadmium (DCd), (D) iron (DFe) and (E) manganese (DMn) concentrations in natural filtered
(<0.2 um) seawater. Mean values with range for the olivine treatments (N = 3) and
seawater control (N = 2) are shown. Note that concentrations are given in nmol L for

DZn, DCu and DCd (A, B, and C) and umol L* for DFe and DMn (D and E).
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Figure B.4: Weekly evolution of dissolved (<0.2 um) (A) sodium (DNa), (B) magnesium
(DMg), (C) calcium (DCa), and (D) potassium (DK) concentrations in natural filtered (<0.2
um) seawater. Mean values with range for the olivine treatments (N = 3) and seawater

control (N = 2) are shown.
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B.2.3 Predicted and observed olivine dissolution
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Figure B.5: Weekly evolution of olivine dissolution rate constants (ki, umol m? d?) in
natural filtered (<0.2 um) seawater. Values were derived from the weekly accumulation of
(A) dissolved Si, (B) dissolved inorganic carbon (DIC), and (C) dissolved Ni normalized for
reaction stoichiometry (supplementary section B.1.2). Mean and range values are shown
(N = 3). Expected weekly olivine ki values by Rimstidt et al. (2012) are shown in grey (line

and grey shading).
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Figure B.6: Predicted and observed weekly evolution of total dissolved olivine (umol) in the
rock tumbler experiment. Observed amounts were derived from the measured seawater
total alkalinity (TA, in green), dissolved silicon (Si, in red), dissolved inorganic carbon (DIC,
in blue), and dissolved nickel (Ni, in orange) based on the reaction stoichiometry (Section
B.1.2). Modelled amounts were derived based on the olivine dissolution rate equation by
Rimstidt et al. (2012) (in grey), and the temperature corrected olivine dissolution rate at
seawater (pH = 8.2) derived by Hangx and Spiers (2009)(in purple). Mean and range (N =
3) are shown for the stagnant (A), low rotation (B), and high rotation (C) olivine

treatments.
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B.2.4 Grain size distributions of suspended olivine particles
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Figure B.7: Weekly volumetric grain size distribution of suspended sediment grains for the
stagnant (A), and low rotation (B) treatment. Results for the high rotation treatment are
shown in Figure 2.5B of the main text. Mean and range are shown (N = 1 — 3). Expected
settling time of spherical olivine particles in a 0.1 m stagnant 15 °C seawater water
column according to the stokes’ law (C) is shown. Red dashed line (C) represents the

settling time (20 s) before sampling.

According to the Stokes’ law the gravimetric settling velocity of a spherical particle in

solution is equal to:

_ gdZ(Pp_Ps)
U T e——————

" [B.24]
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where g is the acceleration of gravity (9.81 m? s), d is the particle diameter (m), p, is the
density of the particle (3300 kg m3), psis the density of the solution (1024 kg m™ for 33 %o
seawater at 15 °C), and n is the dynamic viscosity of the solution (0.0012 kg m™ s?2).
Seawater density and dynamic viscosity were derived using the “swRho” and

“swViscosity” function of the “oce” package in R.

Assuming spherical olivine particles, all grains larger than 70 um should have sunk 10 cm
during 20 s (Figure B.7C). Therefore, given the grainsize distribution of the starting olivine
(Figure 2.5A), ~94 + 0.46% of the total particle volume would not be sucked up during
sampling. However, small (<70 um) olivine particles could have been easily removed
during sampling which was observed both visually (decreasing sample turbidity as a
function of time) and from the grain size distribution results of the remaining olivine
(Figure 2.5A). Overall, the loss of dunite sand during sampling was minimal (2.1 + 0.44%,
Table B.3), but removal of small particles (<70 um) occurred and decreased the derived

olivine dissolution rates (discussed in section 4.2 of the main text).
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B.2.5: Olivine weathering at the grain scale

Fresh olivine
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50 pm

Figure B.8: Scanningeléctron microscope (SEM) images of surface features before and
after the experiments. (A, B, C) fresh olivine, (D, E, F) stagnant treatment, (G, H, 1) low

rotation treatment and (J, K, L) high rotation treatment. The fresh olivine is covered by fine
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adhering olivine particles (A-C), of which very few appear in the stagnant treatment (D-F),
and none in the low and high rotation treatment (G-L). Note occurrence of etch pits (H, K),

damaged edges (K) and cracking (L) in olivine grains from the low and high rotation

treatment.
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Figure B.9: Scanning electron microscope (SEM) images of polished cross sections through
fresh and reacted olivine grains from the stagnant and high rotation treatment. Note the
presence of pre-existing cracks and alterations in the fresh olivine grains. Cracking (white

arrows) appears to be more prominent in the high rotation treatment compared to the

fresh olivine and olivine from the stagnant treatment.
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Figure B.10: Total inorganic carbon (TIC, umol g* d.w.) concentration of the fresh and

recovered experimental olivine. Individual data points and mean and range (N = 3) are

shown.
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Appendix C: Chapter 3

C.1 Stoichiometric model of olivine

Stoichiometric coefficients v; (expressed in umol umol™ olivine) are calculated below and
provided in Table C.1. The stoichiometric coefficients v; for DNi and DSi are equal to the
molar elemental concentrations 0.0055 pumol Ni pmol? olivine and 1 umol Si pumol?
olivine, respectively.

Mineralogical composition of the dunite sand was determined via X-ray diffraction (XRD)
analysis with a Bruker D8 ECO Advance equipped with a Cu-anode (40 kV, 25 mA) and an
energy-dispersive position sensitive LynxEye XE detector. The incoming beam was collimated
to a fixed beam length of 17 mm. Before analysis, samples were first pulverized to a grain
size smaller than 500 um and subsequently micronized (<10 um grain diameter) by wet
grinding with ethanol using a McCrone Micronizing mill. Afterwards, the slurry was dried for
XRD-analysis. For each sample, a 2 g aliquot mixed with 5% zincite was included for analysis
to serve as internal standards. Phases were identified using the DIFFRAC.EVA suite. The
spectra were interpreted semi quantitatively using the BGMN Rietveld method with Profex
version 5.0 as user interface (Bergmann et al.,, 1998; Doebelin and Kleeberg, 2015). The
Norwegian dunite sand consisted mainly of ferroan-forsterite (83 wt%) and enstatite (8
wt%). The forsterite (Mg2SiOa) content Fo (%) was derived from the molar concentration Cy,

(mol mol* olivine) of Fe and Mg as

CMM
Fo = g

(CMpg+CMEe)

100 [C.1]

From which a forsterite content of 93.2% and fayalite content Fa (%) of 6.8% was derived (Fa
=100% - Fo).
During complete olivine dissolution without secondary mineral precipitation, 4 umol of

alkalinity would be produced per umol of dissolved olivine via proton consumption (Eq. C.2).

Mg, Fe,_,Si0, + 4H* - xMg?* + (2 — x)Fe?* + H,Si0, [C.2]
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However, ferrous iron oxidation and subsequent precipitation under oxic conditions (Eq. C.3)

would consume 2 pumol of TA per umol of precipitated iron(lll) hydroxide.

Fe?* + 0.250, + 3H,0 — Fe(OH); + 2H* + 0.5H,0 [C.3]

This would result in a 6.8% reduction of the TA production to vy = 3.73 pmol umol? olivine
during Fo93 olivine dissolution.

The stoichiometric coefficient for dissolved inorganic carbon (DIC) can be calculated as

Vpic = (SDIC/(STA)I)COZVTA [C4]

Where the seawater CO. sequestration efficiency (6DIC/6TA)pco, gives the increase in
seawater DIC for each mol of TA increase. It is dependent on the atmospheric partial CO;
pressure (pCO3), salinity, temperature, and chemical composition of the seawater (Hofmann
et al., 2009). The theoretical CO; sensitivity for our experimental conditions (T =6.7 - 20 °C, S
= 29.7 - 35.0 %o, TA = 2278 — 3344 umol L, and pCO, = 420 ppmv) computed using the
AquaEnv R package is equal to 0.84 + 0.0053 (Hofmann et al., 2010). Therefore, the expected
amount of CO; sequestered upon dissolution of 1 umol of Fo93 olivine is vp;c = 0.84 * 3.73 =

3.13 umol DIC released per umol of olivine dissolved.

Table C.1: Stoichiometric coefficients v; (umol umol* olivine) for various compounds i (TA,
DIC, DSi, and DNi) of the experimental Fo93 olivine. The v; values were derived from the

elemental and mineralogical data as described in Section C.1.

Compound Stoichiometric coefficient v; (umol umol™ olivine)
TA 3.73

DIC 3.13

DSi 1.00

DNi 0.0055

C.2 Olivine and beach sand physicochemical properties
Elemental composition of the experimental beach sand and dunite was determined via ICP-

OES (iCAP 6300 Duo, Thermo Scientific) after microwave-assisted acid digestion according to
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a modified chromite ore protocol (CEM Corporation, 1999). Briefly, 0.1 g of dried (48 h at 60
°C) olivine and beach sand was added to 80 mL quartz pressure vessels (CEM Corporation).
Next, 2.6 mL of Ultrapure ~85% orthophosphoric acid (Honeywell Chemicals) and 1.4 mL of
296% sulfuric acid (Merck) were added and the vessels were heated at 240 °C for 30 minutes
in a Discover SP-D 80 microwave (CEM Corporation). After cooling down, 2 mL of
TraceMetal™ Grade 67-69% nitric acid (Fisher Scientific) was added. Subsequently, samples
were heated at 240 °C for 15 minutes. Afterwards, samples were transferred to 50 mL
polypropylene vials and diluted to the 50 mL mark with ultrapure Milli-Q water (Merck). The
vials were centrifuged for 5 minutes at 1600 g and the supernatant was subsequently
transferred to new 50 mL tubes before analysis via ICP-OES. For quality control, reference
NIM-D dunite (SARM-6, MINTEK) and procedural blanks were included during analysis of the
samples. Element recoveries (ranging from 72 to 93%) were acceptable for all certified
elements except Si (~0.4%). A maximum relative standard deviation (RSD) of 5% was allowed

for the measurements. Elemental concentrations are given in Table 3.2 of the main text.

—+— OQOlivine —o— Beach sediment

Total particle volume %

|
400 800
Grain diameter (um)

Figure C.1: Volumetric grain size distribution of the experimental dunite and beach sediment

at the start of the experiment (N = 4, mean + S.D.).

Table C.2: Bulk density and porosity of the top 5 cm of the sediment in the stagnant sand and

stagnant olivine treatment at the end of the flume experiment (N = 6, mean + S.D.).
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Treatment Bulk density (g cm) Porosity (%)
Stagnant sand 1.6 £ 0.020 39+0.75
Stagnant olivine 1.56 £ 0.039 41+15

Total inorganic carbon (TIC) content of 63 + 9 mg (N = 54) fresh beach sediment, and surficial
(0 — 5 cm) weathered beach sediment from the various flumes was analyzed in triplicate
with an elemental analyzer (Flash 2000 CN Soil Analyser, Interscience). Beach sediment
samples were homogenized by manual mortar and pestle grinding before analysis. To
combust organic carbon, samples were dried at 105 °C for 12 h and ignited in a muffle
furnace at 375 °C for 17 h prior to TIC determination (Wang et al., 2012). Results were

expressed in function of the sample dry weight (105 °C) and are shown in Figure C.2.
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Figure C.2: Total inorganic carbon (TIC, umol g* d.w.) concentration of the fresh beach
sediment and recovered sediment from the different experimental treatments at the end of
the 175-day flume experiment. Individual data points, mean, and standard deviation (N = 3)

are shown.

C.3 North Sea water chemistry, temperature, and pCO;

Table C.3: Chemical composition of filtered (<0.2 um) North Sea water used in the first and

second measurement series of the racetrack flume experiment. Concentrations were
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determined by HR-ICP-MS (mean #* standard deviation (S.D.)). (#) Concentrations for Na, C/
and SOs were not analytically determined but derived from measured potassium (K)
concentrations using the conservative element ratios in natural seawater reported by Hem
(1985). BQL = below the quantification limit, which was 0.1 ug L for Al and 0.02 ug L for

the other trace elements.

Major Molar concentration Molar concentration

element (mmol L) series 1 (mmol L) series 2
(N=3) (N=4)

Mg 52+2.8 41+4.38

Ca 12 £0.58 9.1+0.93

K 11+£0.20 8611.1

Si 0.085 + 0.0045 0.0052 + 0.00011

Fe BQL 0.00080 + 0.00028

Na (#) 508 £ 9.6 402 £ 52

Cl (#) 592 +11 469 £ 61

SO4 (#) 31+0.58 24+3.1

Minor Molar concentration Molar concentration

element (umol L) series 1 (umol L) series 2

Ni BQL 0.18 £0.032

Cr 0.066 + 0.034 0.013 £ 0.0038

Mn 0.46 £ 0.0038 0.071+£0.078

Cu BQL 0.49 £0.15

Cd 0.0051 £ 0.0014 0.019 + 0.0066

Zn 0.087 £ 0.0044 0.62£0.12

Pb 0.0020 £ 0.0017 0.0022 £ 0.00098

Li 127+ 16 26+3.5

Al BQL BQL

\Y BQL 0.041 + 0.0040

Sc BQL BQL

Ti BQL 0.27 £0.18
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Figure C.3: Temporal evolution of seawater salinity (%) during the 175-day flume

experiment.
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Figure C.4: Temporal evolution of seawater partial CO; pressure pCO; (uatm) during the 175-
day flume experiment. pCO; values were derived with the carb function in R using the

measured seawater pH, TA, temperature, salinity, hydrostatic pressure (0 bar), and DSi as

input values.

C.4 Seawater hydrodynamics

Flow velocity was measured at different locations (Figure C.5) and depths in the flow sand

flume at day 128 using an electromagnetic flow meter (EMF; Valeport model 801, Totnes,
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UK). Flow velocities were measured at a frequency of 1 Hz for 60 s. Average velocities ranged

from 0.1 to 0.62 m s with an average value of 0.40 m s (Table C.4).

1.205 m
0.96 m

Flow direction

Figure C.5: Schematic representation of the experimental race track flumes with sediment
height measurement areas shown as dotted blue rectangles. Letters B and C match with
subplot labels of Figure C.6. Numbers (1 to 12) represent flow velocity measurement

locations. Flow velocity was measured at 5 cm depth intervals.

Table C.4: Flow velocity (m s) measured at various locations (shown in Figure C.5) and
heights above the sediment (cm) in the flow sand flume at day 128. Mean + S.D. values of 60
measurements (f = 1 Hz) are shown. Flow velocities could not be measured at the same
number of depths in all locations in the flow sand flume due to differences in sediment

topography (see Section C.5).

Location Flow velocity (m s?) at height above the sediment (cm)

5 10 15 20 25 30 35

1 0.27 0.32 0.34 0.27 0.27 0.28 0.27
+0.025 +0.011 +0.007 +0.009 +0.010 +0.010 +0.013

2 0.25 0.16 0.10 0.26 0.20

+0.05 +0.047 +0.03 +0.015 +0.030 / /
3 0.35 0.31 0.28 0.25

+0.01 +0.006 +0.007 +0.010 / / /
4 0.40 0.38 0.33 0.38

+0.008 +0.011 +0.024 +0.011 / / /
5 0.28 0.32 0.38 0.43

+0.020 +0.021 +0.009 +0.005 / / /
6 0.45 0.45 0.44 0.45 / / /

292



Supplementary information Chapter 3

+0.006 +0.006 +0.009 +0.008

7 0.48 0.44 0.43

+0.006 +0.010 +0.009 / / / /
8 0.50 0.57

+0.015 +0.006 / / / / /
9 0.50 0.57 0.57

+0.015 +0.006 +0.006 / / / /
10 0.56 0.62 0.59

+0.033 +0.007 +0.003 / / / /
11 0.56 0.60 0.58

+0.01 +0.006 +0.007 / / / /

The current-induced bed shear stress 7. (N m) was subsequently derived according to
T = pul [C.5]
Where p is the seawater density (1026 kg m™3 at day 129), and wu, is the friction velocity (m s

1) which can be expressed as follows for steady currents:

kU (2)
Uy = 72y
ln(%)

Where « is the von Karman’s constant (0.40), U(z) is the horizontal current velocity (m s!) at

[C.6]

height z above the sediment (m), and zp is the characteristic roughness length (m) (Belliard et
al., 2019). The roughness length zp was taken to be equal to one tenth of the average current

ripple height (of approximately 0.025 m) (Garratt, 1992).

To determine whether the flow was laminar or turbulent, the dimensionless Reynolds

number Re was calculated according to

Re = Ycharac [C.9]

v

Where v is the flow velocity (m s?), dcharac, is the characteristic length (m), and v is the
kinematic viscosity (m? s) (Silinski et al., 2016). The kinematic viscosity was derived by
dividing the seawater viscosity n (0.0013 kg m™ s at day 129) by the seawater density p
(1026 kg m= at day 129) (v =n/p), which were calculated using the “swViscosity” and
“swRho” function in R. The characteristic length was considered to be equal to the hydraulic

diameter dn, which is defined as
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Acnarac = dp = — [C.10]
Where A is cross-sectional area of the channel (m?), and P is the wetted perimeter (m)
(Lewis, 1992). Subsequently, considering the gravitation acceleration g (9.81 m s?), the
dimensionless Froude number Fr was derived according to Eq. C.11 to distinguish between

subcritical and hypercritical flow.

Fr = —— 11
r v 94charac [C ]

Table C.5: Average current induced bed shear stress (N m2) at various locations (shown in

Figure C.5) and heights above the sediment (cm) in the flow sand flume at day 128.

Location Current induced bed shear stress (N m) at height above the sediment (cm)

5 10 15 20 25 30 35

1 1.35 1.22 1.13 0.62 0.56 0.55 0.49
2 1.14 0.32 0.098 0.58 0.31 / /
3 2.25 1.13 0.76 0.55 /

4 2.85 1.77 1.06 1.25 / / /
5 1.46 1.26 1.38 1.60 / / /
6 3.70 2.43 1.91 1.71 / / /
7 4.18 2.31 1.81 / / / /
8 4.59 3.88 / / / / /
9 4.59 3.88 3.18 / / / /
10 5.80 4.64 3.40 / / / /
11 5.67 4.28 3.28 / / / /

The average current-induced bed shear stress in the flow sand treatment ranged from 0.097
to 5.8 N m2 (N = 42) with a median value of 1.7 N m*2 (Table C.5). Current-induced bed shear
stress can vary largely in natural coastal systems (0.001 — 10 N m2) depending on the flow
conditions, bed roughness, and topography (Dufois et al., 2008; Mitchell et al.,, 2010;
Dalyander et al., 2013; Ward et al., 2015; Johnson and Cowen, 2017). Overall, a relatively
high force was exerted on the sediment bed in our experiment, indicating significant
sediment transport in the flumes with current as shown by the relatively high seawater

turbidity (Figure 3.4).
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Table C.6: Average Reynolds number at various locations (shown in Figure C.5) and heights

above the sediment (cm) in the flow sand flume at day 128.

Location Reynolds number at height above the sediment (cm)

5 10 15 20 25 30 35

1 5.8E+04  6.7E+04  7.2E+04  5.7E+04  5.7E+04  5.9E+04  5.8E+04
2 5.0E+04  3.3E+04  2.0E+04  5.2E+04  3.9e+04  / /
3 7.9E+04  6.9E+04  6.3E+04  5.7E+04  /

4 1.1E+05 1.1E+05 9.3E+04 1.1E+05  / / /
5 8.9E+04 1.0E+05 1.2E+05 1.4E+05  / / /
6 1.4E+05 1.4E+05 1.4E+05 1.4E+05  / / /
7 9.7E+04  8.9E+04  8.7E+04  / / / /
8 1.1E+05 1.2E+05  / / / / /
9 9.4E+04 1.1E+05 1.1E+05 / / / /
10 1.1E+05 1.2E+05 1.1E+05 / / / /
11 1.1E+05 1.1E+05 1.1E+05  / / / /

Very high Reynolds numbers were calculated for different locations in the flow sand flume
ranging from 2.0E+04 to 1.4E+05 (N = 42) (Table C.6), which indicate highly turbulent flow
conditions (Raghavan and Bernitsas, 2011).

Table C.7: Average Froude number at various locations (shown in Figure C.6) and heights

above the sediment (cm) in the flow sand flume at day 128.

Location Froude number at height above the sediment (cm)

5 10 15 20 25 30 35
1 0.17 0.19 0.21 0.17 0.17 0.17 0.17
2 0.16 0.10 0.063 0.17 0.13 / /

3 0.21 0.18 0.17 0.15 /

4 0.21 0.20 0.17 0.20 / / /

5 0.14 0.16 0.19 0.22 / / /

6 0.23 0.22 0.22 0.22 / / /

7 0.30 0.27 0.27 / / / /

8 0.30 0.34 / / / / /

9 0.33 0.37 0.37 / / / /

10 0.36 0.40 0.38 / / / /
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11 0.36 0.39 0.37 / / / /

Froude numbers ranged from 0.06 to 0.40 (N = 42) in the flow sand treatment on day 129

(Table C.7), indicating subcritical flow conditions (Silinski et al., 2016).
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1 C.5 Sediment topography
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Figure C.6: (A) picture of sediment topography in the top section of the flow olivine flume at
day 116. Note the presence of sediment ripples, dark brown precipitates, and match with
manual sediment depth measurements in (B). Raster plots of the sediment depth (cm) at
different locations in the straight sections of the flow sand flume at day 103. Subplot labels B

and C match with indicated areas in Figure C.5. Sediment depth was manually measured with
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a 5 cm spatial resolution.
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9 C.6 North Sea water equilibration

Aeration
period

—o— Flow sand ——— Flow olivine

Stagnant sand --v-- Stagnant olivine

w
»
|

Salinity (%o)
w W
T T
\

Seawater pH
© ©
o o
T 7

N

©

al
-

2380

G 2360

O
S 2340+
S

2 2320+,
2300

Total alkalinity

G 13

o 12-]

11

Temperatur
[
o
et

Figure C.7: Temporal evolution of seawater salinity, pH, total alkalinity and temperature
during the equilibration period of the North Sea water before use in the second measurement

series (day 119 — 175) of the 175-day flume experiment. Seawater was continuously aerated

Time (days)

for three days after arrival (grey shading).
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15  C.7 Calcite, sepiolite and amorphous SiO: saturation indices
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16
17  Figure C.8: Temporal evolution of (A) calcite, (B) sepiolite, and (C) amorphous silica

18  (SiOz(am)) saturation indices during the 175-day flume experiment calculated from the

19  experimental data in PHREEQC V3 using the LLNL database.
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20 C.8 Raman spectra of suspended and deposited mineral phases

21

22 Figure C.9: Confocal Raman microscopy images of the suspended particulate matter in (A)
23 the flow olivine treatment, and (B) the flow sand treatment at day 4. Flume wall deposits in
24  the (C) stagnant sand, and (D) flow sand treatment at the end of the 175-day experiment.
25  The composition of 20 random points (in red) was analyzed and the corresponding Raman

26  spectra are given in Figure C.10-C13.
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Figure C.10: Normalized and stacked Raman spectra for the 20 point measurements of the suspended particulate matter in the flow olivine
treatment at day 4. Position of the point measurements are shown in Figure C.9A. Vertical lines represent characteristic wavelengths for phases

given in the top right of the figure. Question marks indicate uncertain mineral identification.
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Figure C.11: Normalized and stacked Raman spectra for the 20 point measurements of the suspended particulate matter in the flow sand
treatment at day 4. Position of the point measurements are shown in Figure C.9B. Vertical lines represent characteristic wavelengths for phases

given in the top right of the figure. Question marks indicate uncertain mineral identification.
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Figure C.12: Normalized and stacked Raman spectra for the 20 point measurements of the flume wall deposits in the stagnant sand treatment

at the end of the 175-day experiment. Position of the point measurements are shown in Figure C.9C. Vertical lines represent characteristic

wavelengths for phases given in the top right of the figure. Question marks indicate uncertain mineral identification.
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Figure C.13: Normalized and stacked Raman spectra for the 20 point measurements of the flume wall deposits in the flow sand treatment at the

end of the 175-day experiment. Position of the point measurements are shown in Figure C.9D. Vertical lines represent characteristic
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C.9 Dissolved element concentrations
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Figure C.14: Temporal evolution of dissolved (<0.2 um) (A) Zn, (B) Cu, (C) Li, (D) V, (E) Al,
(F) Co, (G) Fe, (H) Cd, (I) Mn, and (J) Pb during the 175-day flume experiment. Note that
concentrations for Zn, Cu, Li, Al, Fe, and Mn are given in umol L2, while concentrations for

V, Co, Cd, and Pb are given in nmol L.
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Figure C.15: Temporal evolution of (A) dissolved magnesium (Mg), and (B) potassium (K)

concentrations (mmol L) during the 175-day flume experiment.
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Appendix D: Chapter 4

D.1 Methodology of deriving a seawater metal EQS based olivine guideline
The expected maximum amount of olivine that could be supplied to the coastal zone
without adverse effects for marine biota was calculated based on existing seawater
environmental quality standards. First, the maximum environmentally safe dissolution
rate of olivine, Rmax (mol s m2 seabed) was calculated from:

CmaXVW
Ryax = — [D.1]

C —C
With Cpax = ~EQS™"bg

[D.2]
Where Cmax is the maximum allowed concentration of olivine (mol I%), Vy is the water
volume per m? of seabed (I m?2), t is the water residence time (s), Ceas is the
environmental quality standards for Ni or Cr3* in seawater (mol I), Cypg is the background
concentration (mol I"!) of Ni or Cr3* in seawater and y is the concentration of Ni or Cr3*in
olivine (7.5 or 6.57 mmol mol* olivine, respectively).(Santos et al., 2015; Montserrat et

al., 2017) Generally, the dissolution rate of olivine, R (mol s* m? seabed), is expressed as:
R = kgissAMgyp, [D.3]

with 4 = [D.4]

Zmr3 C .
377" Polivine

where kqiss is the dissolution rate constant of olivine (mol m2 s1), A is the specific surface
area of the mineral grains (m? kg), mapp is the amount of olivine applied to the seabed
(kg m™ of seabed), r is the radius of the olivine grains (m), and poivine is the density of
olivine (3300 kg m) (Montserrat et al.,, 2017). Based on the preceding equations, the
maximum amount of olivine, mapp, that could be supplied per m? meter of seabed (kg m™2)
without exceeding Ni or Cr3* seawater EQS was calculated by substituting the dissolution

rate, R (eq 3) into eq 1 and solving for mapp, to give:
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_ Cmax*Vw

Mapp = — [D.5]

D.2 Summarized global coastal Cr concentrations

A summary of Cr concentrations globally occurring in coastal waters and sediment is
shown in Table D.1. Summarized data from individual studies is shown in Table D.5 and
D.7. Chromium can exist in two stable oxidation states in the aquatic environment:
trivalent (Cr3*) or hexavalent (Cr®*) chromium. Typically, Cr®* is the dominant species for
well oxygenated coastal waters, which is confirmed by collected data showing a median
dissolved Cr3* concentration of 0.84 nmol I'* and Cr® concentrations of 2.42 nmol I
(Table D.1). Based on several studies, it was shown that the Cr®*/Cr3* ratio can range from

<1 to >100 depending on the local redox conditions (Pettine, 2000).

Total Cr concentrations in coastal sediment ranged from 0.03 mmol kg dry wt at the
Tuzla Aydinli Bay in Turkey to 9.73 mmol kg* dry wt at the East Outfall Site of the
Seaplane Lagoon in the San Francisco Bay, California (O'Day et al., 2000; Baysal and
Akman, 2018). This latter location is known to be polluted with several metals due to its
military and industrial history (O'Day et al., 2000). The median total recoverable Cr

concentration in the surface sediments was 1.37 mmol kg* dry wt.

Table D.3: Summary of dissolved chromium (Cr3*/¢*) concentrations (nmol I') in seawater
and total Cr concentrations (mmol kg dry wt) in sediment for coastal systems (water
depth < 200 m) around the world. Number of locations (n)median, percentiles (P) and

range (Min — Max) are provided to illustrate the distribution of the data.

Dissolved seawater [Cr3*] Dissolved seawater [Cr®*] Total [Cr] in sediment
(nmol I) (nmol I) (mmol kg dry wt)
(n =15) (n=12) (n=46)
Median 0.84 2.42 1.46
P25 -P75 0.48-1.49 1.82-2.63 0.53-1.95
P5—-P95 0.26-1.99 0.86-3.35 0.13-7.53
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Min—-Max | 0.08 —2.47 0.23-3.83 ‘ 0.03-9.73

D.3 Coastal Ni and Cr environmental quality standards (EQS)

Marine EQS for Ni, Cr3* and Cr®* in water and sediment are shown in Table D.2 and D.3,
respectively. In different countries/regions specific metals are prioritized in risk
assessment based on the local risk they pose to the marine environment (Tyle and Scott-
Fordsmand, 2008). Furthermore, some seawater EQS are based on total metal
concentrations (e.g. Canadian EQS) (CCME, 1999), while others are based on dissolved
metal concentrations (e.g. USA EQS) (USEPA, 1995). For Ni, the recently derived EQS of
0.102 umol I* by Gissi et al. (2020) is also shown, which was obtained using a species
sensitivity distribution (SSD) approach that combined chronic no-effect or negligible
effect (£20% of individuals affected) data for temperate and tropical species (Gissi et al.,
2020). Exceedance of EQS can lead to a range of toxicological effects in marine biota that
are sensitive to Ni, e.g. sea urchins, copepods, polychaete worms, gastropods and mysid

shrimp (Gissi et al., 2020).

For sediment, only one of the most widely used guidelines as derived by the Florida
department of environmental protection (FDEP) are shown (Table D.3) (Macdonald et al.,
1996; Hibner et al., 2009). In their approach, a Threshold Effect Level (TEL) below which
adverse effects on biota are rare and a Probable Effect Level (PEL) above which adverse
effects occur frequently are derived from the Biological Effects Database for Sediments
containing thoroughly screened reports on the concentration-effect relationships for
marine biota (Macdonald et al.,, 1996; Hibner et al.,, 2009). Unlike for water quality
guidelines, sediment EQS should be used as a preliminary screening tool; meaning that if
total metal concentrations in the sediment exceed the guidelines, further risk assessment
should be conducted by examining the metal bioavailability and site-specific sediment

toxicity (HUbner et al., 2009; Simpson and Batley, 2016).
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Table D.2: Chronic marine environmental quality standards (EQS) for nickel (Ni) and
chromium (Cr®*/Cr?*) in seawater. Nickel EQS as derived by Gissi et al. (2020) which
incorporated recently obtained marine Ni toxicity data is also shown. Metal

concentrations are expressed in umol 1. References are given in parentheses in

superscript.

Country/region/study Ni EQS (umol I2) Cr® EQS (umol I'?) Cr3* EQS (umol I'%)
Europe 0.147 / /

USA 0.140 0.962 /

Canada / 0.029 1.077

Australia and New Zealand 0.119 0.085 0.192

Gissi et al. (2020) 0.102 / /

Table D.3: Sediment environmental quality standards (EQS) for nickel (Ni) and chromium
(Cr) as derived by the Florida department of environmental protection (FDEP) (Macdonald
et al., 1996). Threshold effect level (TEL) below which adverse effects are rarely expected
and probable effect level (PEL) above which adverse effects frequently occur are shown for

both metals expressed in mmol kg™ dry wt.

Metal TEL (mmol kg dry wt) PEL (mmol kg™ dry wt)
Ni 0.271 0.729
Cr 1.006 3.077
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Table D.4: Dissolved nickel (Ni) concentrations (nmol I) in coastal seawater collected from primary literature. The location, sampling

depth, number of samples taken at each site and reference to the study are given. Data from a single location were summarized using

descriptive statistics (mean * standard deviation (S.D.), median and range) where possible.

Location Sampling Sample Mean Median Min Pore size | Reference
depth (m) size (n) S.D. [Ni] [Ni] Max [Ni] filter (um)
(nmol IY) | (nmol IY) | (nmol IY)
Menai straits, Irish Sea, Liverpool | 0 (Surface) 3 8.9+3 7.5 7.2-12 0.45 (van den Berg and
Bay (UK) Nimmo, 1987)
Irish Sea, Liverpool Bay (UK) 0 (Surface) / 3.2 / / 0.45 (Van den Berg and
Nimmo, 1987)
The English Channel (UK) 40 / 3.7 / / 0.45 (van den Berg and
Nimmo, 1987)
South San Francisco Bay (USA) 1 2 54 +5 54 50-58 0.45 (Donat et al., 1994)
Northern 0.1 8 1.47+0.2 | 145 1.19 0.45 (Denton and Burdon-
(Australia) 1.70 Jones, 1986)
Central 0.1 8 1.98+0.5 | 2.04 1.19 0.45 (Denton and Burdon-
(Australia) 2.73 Jones, 1986)
Southern 0.1 8 1.38+0.3 | 1.36 1.02-1.7 | 0.45 (Denton and Burdon-
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(Australia) Jones, 1986)

Hawaii (USA) 1 9 464408 |5.02 335 -0 (Bienfang et al., 2009)
5.83

Oahu (USA) 1 6 571+19 |5.21 3.74 -10.2 (Bienfang et al., 2009)
8.63

Kauai (USA) 1 3 3.79+0.7 |3.96 3.61 -10.2 (Bienfang et al., 2009)
4.87

Southern Caspian Sea coast (Iran) | 0 (Surface) / 169 / / 0.45 (Abadi et al., 2018)

Gorgan bay at Caspian Sea (Iran) | 0 (Surface) / 172 / / 0.45 (Abadi et al., 2018)

Southern Caspian Sea estuaries | O (Surface) / 80.6 / / 0.45 (Abadi et al., 2018)

(Iran)

Chabahar, Oman (Iran) 0.5 6 173 +90 192 49 - 263 / (Mirzaei et al., 2016)

Darwin Harbour (Australia) 0.5 16 3.95 / 2.52 - 0.45 (Munksgaard and Parry,
5.61 2001)

Bing Bong coast (Australia) 0.5 29 2.81 / 2.52 - 0.45 (Munksgaard and Parry,
3.19 2001)

Karumba Offshore (Australia) 0.5 12 2.66 / 1.98 —10.45 (Munksgaard and Parry,
3.66 2001)

northwestern Bay of Bengal | O (Surface) / / / 24.88 - 0.45 (Srichandan et al., 2016)

(India) 60.66
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Sea, Mallorca (Spain) Den Berg, 1997)

Strait of Gibraltar (Spain and |/ 8 3.10£1.1 | 3.11 1.67 -104 (Achterberg and Van

Morocco) 4.54 Den Berg, 1997)

Strait of Sicily (Italy) / 8 3.23+09 |3.32 2.11-42 |04 (Achterberg and Van
Den Berg, 1997)
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Figure D.1: Dissolved nickel (Ni) concentrations (nmol ') in coastal seawater collected from primary literature. Locations where
dissolved Ni concentrations exceed the guideline proposed by Gissi et al. (2020) are shown in orange and red. Individual datapoints

are shown in Supplementary Table D.4. This map was made in QGIS Desktop version 2.16.3.

Table D.5: Dissolved chromium (Cr3*/Cr®*) concentrations (nmol I) in coastal seawater collected from primary literature. The
location, sampling depth, number of samples taken at each site and reference to the study are given. Data from a single location

were summarized using descriptive statistics (mean * standard deviation (S.D.), median and range) where possible.

Location Sampling Sample Mean % | Median Min - | Pore Oxidation state | Reference
depth (m) size (n) S.D. [Cr] | [Cr] Max [Cr] | size (Cré*/Cr**/Total)

(nmol I | (nmol I'!) | (nmol I'?) | filter

) (nm)
Saanich Inlet, oxic zone | / / 1.5+03 |/ / / Crb* (Cranston and
(Canada) Murray, 1978)
Saanich Inlet, oxic zone | / / 0.08 |/ / / Cr3* (Cranston and
(Canada) 0.08 Murray, 1978)
Saanich Inlet, anoxic |/ / 023 |/ / / Cré* (Cranston and
zone (Canada) 0.1 Murray, 1978)
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Chromium oxidation state in coastal waters N\
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Figure D.2: Chromium (Cr) oxidation state (Cr3* or Cr®*) in coastal seawater collected from primary literature. Individual datapoints

are shown in Supplementary Table D.5. This map was made in QGIS Desktop version 2.16.3.
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D.5 Global Ni and Cr concentrations in coastal sediment

Table D.6: Total recoverable nickel (Ni) concentrations (mmol kg dry weight) in coastal sediment collected from primary literature.

The location, sampling depth, number of samples taken at each site, chemical(s) used for metal extraction from the sediment and

reference to the study are given. Data from a single locations were summarized using descriptive statistics (mean * standard

deviation (S.D.), median and range) where possible.

Location Sample Sampling Sediment Mean * | Median Min — Max | Chemical(s) Reference
size (n) depth (m) fraction S.D. [Ni] | [Ni] (mmol | [Ni] (mmol | used for metal
(mmol kg | kgt dry wt) | kg dry wt) | extraction
dry wt)
Berre Lagoon, | 17 0 (surface) Bulk 0.63+0.2 0.60 0.31-0.95 | HNOs, H,0; and | (Accornero et al.,
Marseille (France) HF 2008)
Thames Estuary (UK) | 28 0 (surface) | <63 um 0.36+0.1 / / HNOs and H,0, (Attrill and
Thomes, 1995)
North Sea (Belgium) 16 0 (Surface) | Bulk 0.23+0.1 0.22 0.043 — | HNOs, HF and | (Van Alsenoy et
0.46 HCIO4 al., 1993)
North Sea (Belgium) 16 0 (Surface) | <63 um 0.36+0.1 0.34 0.22-0.65 | HNO;, HF and | (Van Alsenoy et
HCIO, al., 1993)
Baltic proper, Baltic | 59 0-10 <63 um 0.78 £0.5 / / HNOs, HF and | (Hallberg, 1991)
Sea (Sweden) HCIO4
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Figure D.3: Total recoverable nickel (Ni) concentrations (mmol/kg dry weight) in coastal sediment collected from primary literature.
Locations where Ni concentrations exceed the threshold or probable effect level derived by the Florida department of environmental
protection (FDEP) are shown in yellow or red, respectively. Individual datapoints are shown in Supplementary Table D.6. This map was

made in QGIS Desktop version 2.16.3.
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Table D.7: Total recoverable chromium (Cr) concentrations (mmol kg dry weight) in coastal sediment collected from primary

literature. The location, sampling depth, number of samples taken at each site, chemical(s) used for metal extraction from the

sediment and reference to the study are given. Data from a single locations were summarized using descriptive statistics (mean *

standard deviation (S.D.), median and range) where possible.

Location Sample Collection Sediment Mean t | Median Min — Max | Chemical(s) Reference
size (n) depth (m) fraction S.D. [Cr] | [Cr] (mmol | [Cr] (mmol | used for metal

(mmol kgt | kgtdrywt) | kg'dry wt) | extraction

dry wt)
Berre Lagoon, | 17 0 (surface) Bulk 1.97+1.38 1.40 0.73-8.23 | HNOs, H,0, and | (Accornero et al.,
Marseille (France) HF 2008)
Thames estuary, | 28 0 (Surface) <63 um 0.69+0.2 / / HNOs and H,0, (Attrill and
North Sea (UK) Thomes, 1995)
North Sea (Belgium) |9 0 (Surface) Bulk 194+04 1.98 1.33-2.25 | HNOs, HF and | (Van Alsenoy et

HCIO, al., 1993)

Vistula Lagoon | 25 0 (Surface) <63 um 1.76 £ 0.5 1.69 1.31-3.67 | HNOs, HF and | (Szefer et al,
(Poland) HCIO, 1999)
Atlantic Ocean (| 15 0-0.03 <63 um 1.14+0.3 1.21 0.62-1.78 | HNOs and HCIO4 | (Morillo et al.,
Spain) 2004)
Ferrol Ria (Spain) 35 0 (Surface) <63 um 1.73+06 |/ / HNO3 and HF (Cobelo-Garcia
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Chromium concentrations (mmol/kg dw) in coastal sediments \
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Figure D.4: Total recoverable chromium (Cr) concentrations (mmol/kg dry weight) in coastal sediment collected from primary

literature. Locations where Cr concentrations exceed the threshold or probable effect level derived by the Florida department of

environmental protection (FDEP) are shown in yellow or red, respectively. Individual datapoints are shown in Supplementary Table

D.7. This map was made in QGIS Desktop version 2.16.3.
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D.6 Deriving a Cr-based guideline for olivine application in coastal systems

The maximum amount of olivine that can be supplied to the coastal environment without
health risks for marine biota was calculated based on the existing Cr3* environmental
quality standard (EQS) for seawater and marine sediment. Calculations were made
assuming the two limiting application scenarios being; all metals released during

weathering remain in either (I) the water column or (Il) the sediment.

D.6.1 All Cr ends up in the water column
The maximum amount of olivine that can be distributed in coastal waters without

exceedance of the Australian seawater Cr3* EQS (0.192 pumol ') (ANZECC and ARMCANZ,
2000), assuming a Cr concentration of 6.57 mmol mol? olivine (Santos et al., 2015), is
shown in Figure D.5. The obtained environmentally safe amounts of olivine that can be
distributed are 1.5 times higher than those derived based on the European seawater EQS

for Ni (main text, Figure 4.1).
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Figure D.5: Maximum amount of olivine (kg m™2 seabed) on a logarithmic scale that can be
distributed without exceedance of the Australian trivalent chromium (Cr3*) environmental
quality standard (0.192 umol I'?) as a function of coastal water residence time (days).
Scenarios for coastal waters with an average water depth of 10, 50 or 100 m located in a
15 °C temperate region (A, C) or 25 °C tropical region (B, D) are shown. The maximum
application of olivine with a uniform grain diameter of 100 um (A, B) or 10 um (C, D) is
given. A seawater Cr3* background concentration of 0.84 nmol I'* and Cr concentration in
olivine of 6.57 mmol mol* olivine were assumed. As derived by Hangx & Spiers (2009),
olivine dissolution rate constants of 5.19x10"* and 1.58x10° mol m? s were used for

the temperate (15 °C) and tropical (25 °C) scenario, respectively.

For these results, it should be noted that a worst-case scenario is shown, where a
relatively high olivine Cr concentration (6.57 mmol mol™? olivine) and the strict Australian
Cr3* EQS (0.192 pmol I't; see Table D.2) were used for the calculations of the olivine
guideline. Therefore, the amount of olivine that could be safely distributed based on
expected Cr3* release could be higher, depending on the application site and Cr
concentration in the olivine that is supplied. However, some of the dissolved Cr3* could be
oxidized to Cr®* in well oxygenated coastal waters (Pettine, 2000). Hexavalent Cr forms
anionic complexes in seawater that are highly bioavailable and potentially toxic (Dayan
and Paine, 2001; Aharchaou et al., 2018). Furthermore, a synergistic interaction (more
than additive toxicity) between Ni?* and Cr®* has been observed in several organisms
exposed to its binomial mixture, with one study using the marine copepod species Tisbe
holothuriae (Verriopoulos and Dimas, 1988; Dive et al., 1989; Palaniappan and
Karthikeyan, 2009; Karthikeyan, 2014; Gupta and Karthikeyan, 2016). Therefore, more in-
depth studies on the Cr release kinetics, redox chemistry, bioavailability and mixture
toxicity are needed to derive an accurate prediction on the amount of olivine that can

safely be supplied to the coastal oceans.
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D.6.2 All Cr remains in the sediment
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Figure D.6: Maximum amount of olivine that can locally (A) or globally (B) be distributed
without exceedance of the chromium (Cr) Threshold effect level (TEL) for marine biota
(1.006 mmol kg dry wt) as a function of sedimentary Cr concentrations (mmol kg dry wt
1) for different olivine mixing depths (0.05, 0.1 and 0.5 m). The global continental shelf
was assumed to have a surface area of 28 x10° km? and the olivine was assumed to have a
Cr concentration of 6.57 mmol Cr mol* olivine. The worst-case scenario is shown for which

all the Cr released from olivine weathering is assumed to stay inside the sediment.
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Appendix E: Chapter 5
E.1 Marine sediment and olivine characteristics

Mineralogical composition of the dunite sand was determined via X-ray diffraction (XRD)
analysis with a Bruker D8 ECO Advance equipped with a Cu-anode (40 kV, 25 mA) and an
energy-dispersive position sensitive LynxEye XE detector. The incoming beam was
collimated to a fixed beam length of 17 mm. Before analysis, samples were first
pulverized to a grain size smaller than 500 um and subsequently micronized (<10 um
grain diameter) by wet grinding with ethanol using a McCrone Micronizing mill.
Afterwards, the slurry was dried for XRD-analysis. For each sample, a 2 g aliquot mixed
with 5% zincite was included for analysis to serve as internal standards. Phases were
identified using the DIFFRAC.EVA suite. The spectra were interpreted semi quantitatively
using the BGMN Rietveld method with Profex version 5.0 as user interface (Bergmann et

al., 1998; Doebelin and Kleeberg, 2015).

The Norwegian dunite sand used in the olivine avoidance assays with L. littorea and G.
locusta was composed of 83 and 86 wt% ferroan-forsterite, respectively (Table E.1). The
forsterite (Mg2SiO4) content of the olivine Fo (%) was calculated from the molar Fe and
Mg concentration ¢y, (mol mol? olivine) as

CMMg

Fo =

(CMpg+CMEe)

100 [E.1]

And was found to be 93.3% and 93.2% for the olivine used in the L. littorea and G. locusta
olivine avoidance assays, respectively. Subsequently, the fayalite (Fe;SiO4) content Fa (%)

defined as 100% — Fo was equal to 6.7% and 6.8%, respectively.

Table E.1: Mineralogical composition of Norwegian dunite sand used in the olivine

avoidance assays with Littorina littorea and Gammarus locusta.
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Mineral

L. littorea assays

G. locusta assays

Ferroan-forsterite (wt%)
Enstatite (wt%)

Chlorite (wt%)
Antigorite (wt%)
Hornblende (wt%)

Talc (Wt%)

Quartz (wt%)

Magnetite (wt%)

Others (wt%)

86

R R R Z R N R, N
>

Table E.2: Elemental composition of experimental sediments. Concentrations (umol g

d.w.) of magnesium (Mg), iron (Fe), aluminium (Al), manganese (Mn), cobalt (Co), and zinc

(Zn) for the different substrates of the L.littorea and G. locusta olivine avoidance assays.

Mean # S.D. values are shown (N = 4 — 5). Concentrations of Cd and Pb remained below

the detection limit (0.0044 nmol g* d.w. Cd and 0.0024 nmol g™ d.w. Pb).

L. littorea olivine avoidance assays

Treatment 100% sediment 3% olivine 30% olivine 100% olivine

Mg 31+4.1 405® 3775° 12512 + 491

Fe 54+4.5 79° 3052 891 + 28

Al 156 + 21 1527 1187 30+1.1

Mn 25+04 2.8° 5.5° 12+0.2

Co 0.073 £ 0.007 0.19° 1.2° 3.9+0.05

Zn 0.069 £ 0.022 0.097° 0.35° 1.0+0.017
G. locusta olivine avoidance assays

Treatment 100% sediment 3% olivine 30% olivine 100% olivine

Mg 80+1.9 3752 3027° 9901 + 469

Fe 85+2.3 104° 2762 72133

Al 370+ 50 3612 2782 65+2.6
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Mn 2.2+0.18 2.5° 5.1° 12+0.3
Co 0.15+0.008 0.25° 1.2° 3.6+0.08
Zn 0.29 £0.009 0.31° 0.41° 0.69+0.011

aElemental concentrations for the 3% w/w and 30% w/w olivine treatments were not
analytically determined, but derived from the measured concentrations in the control

sediment and 100% w/w olivine.

p———————1 300 um
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Figure E.1: Scanning electron microscopy (SEM) images of the (A, B) experimental olivine
(C, D) North Sea sediment, and (E, F) Eastern Scheldt sediment. Note the scale differences
since the images were not all taken at the same magnification. SEM images of olivine (A,
B) are from the avoidance assays with L. Littorina. Olivine images for the G. locusta

avoidance assays are not shown since grains were similar in shape and size.

E.2 Littorina littorea olivine avoidance assays
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Figure E.2: Pictures of the olivine avoidance assays with L. littorea (A-F). Experimental set-
ups correspond to the schematic representations shown in (A, B) Figure 5.1A, (C,E) Figure

5.1G, and (E,F) Figure 5.1E of the main text. Sed = sediment, ol = olivine.

E.2.2 Substrate weights
The sediment weights of the different olivine avoidance assays with L. littorea are shown

in Table E.3. For olivine-sediment mixtures, dry olivine sand was manually mixed with wet
North Sea sediment. Sediment water content W (%) was calculated from the weight loss

after drying at 60 °C for 72 h via

w = Twe T 10 [E.2]
Myet

Where m,,.; and mgy,., represent the sediment wet weight (g w.w.) and dry weight (g

d.w.), respectively. The water content (21.2 £ 2.2%, N = 10), was used to determine the

weight of dry olivine mo/ (g d.w.) needed to obtain an olivine concentration co of 3% w/w

ol or 30% w/w ol on a dry weight basis after mixing with a given weight of wet sediment

Msed (g W.W.) via

W\ ¢
My = Mgeq (1 - E)Foé (E.3]

Table E.3: Substrate weights (shown as mean * S.D.) of the olivine avoidance assays with
L. littorea. North Sea sediment (sed) wet weight (mg) and olivine (ol) dry weight (mg) for
the different treatments (100% sed, 3%, 30%, and 100% ol) of the seven olivine avoidance
assays with L. littorea. Experiments are indicated by letters that correspond with the set-

ups shown in Figure 5.1 of the main text. The number of bioassay dishes per experiment

(N) is given.
Experiment  100% w/w sed 3% w/w ol 30% w/w ol 100% w/w ol
A(N=6) 3000+ 0.5mgsed 70.9+0.01 mgol 709 + 0.05 mg ol 1600+0.1 mg ol

2910+ 0.4 mgsed 2100+ 0.3 mgsed
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B(N=5) 3600 + 3 mg sed 85.5+0.4 mgol 851+ 0.7 mgol 2160+ 0.2 mg ol
3492 + 5 mg sed 2528 + 4 mg sed

C(N=05) 3602 + 5 mg sed 85.6 + 0.6 mg ol 851+0.2mgol 2160+ 0.3 mgol
3490 + 3 mg sed 2521 + 4 mg sed

D(N=6) 25001 +4mgsed NA NA 13009 + 7 mg ol

E(N=6) 25013 +4mgsed NA NA 13010 + 8 mg ol

F(N=4) 7513 +0.6 mgsed NA NA 4102 + 1 mg ol

each patch
G(N=4) 4100 + 1 mg sed NA NA 3901 + 0.8 mg ol

each patch
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Figure E.3: Dissolved (A) nickel (Ni), (B) chromium (Cr), (C) iron (Fe), (D) copper (Cu), and
(E) zinc (Zn) in artificial seawater of the different experiments with L. littorea depicted in
Figure 5.1. Note that dissolved Cr concentrations are given in nmol L2, while other
concentrations are given in umol L. Experimental letters correspond to subfigure
numbers in Figure 5.1. Concentrations in fresh artificial seawater (ASW) are also given.
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significant differences (p < 0.05) between experiments.
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E.3 Gammarus locusta olivine avoidance assays

E.3.1 Pictures experimental set ups

100% sed

100% sed

Figure E.4: Pictures of the olivine avoidance assays with G. locusta (A-C). (A) Overview of
the experimental set-up and individual experimental aquarium (L x W x H = 30 x 20 x 15

cm) viewed from (B) the side and (C) above. Sed = sediment, ol = olivine.

E.3.2 Substrate weights
Table E.4: Substrate weights (shown as mean #* S.D.) of the olivine avoidance assays with

G. locusta. Eastern Scheldt sediment (sed) wet weight (g) and olivine (ol) dry weight (g) for
the different treatments (100% sed, 3%, 30%, 100% ol, and 100% ol colour) of the
avoidance assays with G. locusta. The amount of dry olivine for the 3% and 30% w/w ol
treatment was calculated based on the water content of the Eastern Scheldt sediment

(mean £ S.D. = 25.6 + 0.9%, N = 15) according to supplementary equation E.2 and E.3.
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Treatment 100% w/w sed patch (N = 5) Treatment patch (N = 5)
100% w/w sed 175.626 + 0.005 g sed 175.626 + 0.005 g sed
3% w/w ol 175.626 + 0.005 g sed 3.906 + 0.005 g ol
170.368 + 0.004 g sed
30% w/w ol 175.632 £ 0.008 g sed 39.194 + 0.009 g ol
122.938 + 0.008 g sed
100% w/w ol 175.630 £ 0.007 g sed 130.642 + 0.008 g ol

100% w/w ol colour

175.634 £ 0.003 g sed

130.646 + 0.001 g ol
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E.3.3 Trace metal accumulation
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Figure E.5: Box and whisker plots of the whole body (A) iron (Fe), (B) copper (Cu), and (C)
zinc (Zn) concentrations (umol g* d.w.) in G. locusta (N = 10 — 20) at the end of the three
day olivine avoidance assays. Results are shown for the sediment (sed) control and
different olivine (ol) treatment including the 100% w/w olivine treatment to test colour

preference (Colour).
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Figure E.6: Temporal evolution of average dissolved (A) iron (Fe), (B) copper (Cu) and (C)
zinc (Zn) concentrations (umol L) in artificial seawater (N = 2 or 3) of the G. locusta

olivine avoidance assays.

E.3.4 Expected whole body Ni concentrations
The expected range of whole body Ni concentrations in G. locusta, cni (umol gt d.w.), at

the end of the 79 h olivine avoidance assays was derived based on the lowest (0.000217 L
g h!) and highest (0.01 L g h!) waterborne Ni uptake rate constant, k, (L g* h'?), for
aquatic invertebrates reported in previous studies (Hédouin et al., 2007; Urien et al.,

2017) according to

79
MNibg+i=o ku(ti=ti-1)Cni,asw;Mamp
Cni = [E.4]

Mamp
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Where mpyibg (Ug) represents the minimum (0.014 pg) or maximum (0.13 pg) background
whole body Ni content in G. locusta which was assumed to be equal to the minimum and
maximum whole body Ni concentration in amphipods from the 100% w/w sediment
treatment. The possible daily waterborne Ni uptake was calculated from the literature
derived k. values, the measured dissolved Ni concentration in the water cy; asw; (18 L)
at each sampling time t; (h) (Figure 5.5C) and the minimum (0.0028 g) and maximum

(0.037 g) amphipod dry weight.
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Appendix F: Chapter 6

F.1 Gammarus species, sex, and size determination

Figure F.1: Morphological identification features of Gammarus locusta according to Vader
and Tandberg (2019). (A) U3 outer ramus with 2 articles, inner ramus of similar length
compared to outer ramus first article. (B) Eyes are kidney shaped, clearly more than two
times higher than wide. (C) All setae on the ventral margin of the third article of the
mandibular palp are of similar length, forming a comb-shaped structure with gradually
longer setae towards the tip of the article. (D) One or two setae groups on article 1 and
article 2 of the A1 peduncle. (E) Urosome segments have clear “humps”. (F) Posterodistal
margin of P7 article 2 with both setae and spines, P7 basis more than 1.5 times longer

than wide. (G) Ep3 has several setae along its hind margin.

351



Supplementary information Chapter 6

Figure F.2: Amphipod metasomatic length measurement in Imagel using the segmented
line tool (yellow line) with 1 mm graph paper as scale. The metasomatic length is the
distance between the anterior end of the rostrum and the posterior end of the last

metasomatic segment (DeWitt et al., 1992).

Figure F.3: Sexual differences in gnathopod morphology of Gammarus locusta according
to Lincoln (1979). (A) Female gnathopod 1 propodus is suboval with oblique palm and
gnathopod 2 propodus is of similar size compared to 1, but elongate rectangular with
transverse palm. (B) Male gnathopod 1 propodus is pear shaped with sinuous palm. Male
gnathopod 2 propodus much broader than 1 and palm is less oblique. Differences in setae
and spine coverage on male gnathopods are described by Lincoln (1979), but were not

used for Gammarus sex identification.
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F.2 Sediment and olivine geochemical properties

The sediment elemental composition was determined via ICP-OES (iCAP 6300 Duo,
Thermo Scientific) after microwave-assisted acid digestion following a modified chromite
ore digestion protocol (CEM Corporation, 1999). Briefly, 0.1 g of dried sediment was
digested with 2.6 mL of 85% ultrapure orthophosphoric acid and 1.4 mL 296% sulphuric
acid at 240 °C for 30 min in a Discover SP-D 80 microwave (CEM Corporation). Next, 2 mL
of 67 — 69% nitric acid was added and samples were heated at 240 °C for 15 min.
Afterwards, samples were diluted 8.3 times with ultrapure water and centrifuged for 5
min at 1600 g. The supernatant was used for elemental analysis. For quality control,
reference NIM-D dunite (SARM-6, MINTEK) and procedural blanks were included during
analysis. Average element recoveries (ranging from 72 to 93%) were acceptable for all

certified elements except Si (~0.4%) due to the insolubility of silicate in HNOs.

Mineralogical composition of the dunite sand was determined via X-ray diffraction (XRD)
analysis with a Bruker D8 ECO Advance equipped with a Cu-anode (40 kV, 25 mA) and an
energy-dispersive position sensitive LynxEye XE detector. The incoming beam was
collimated to a fixed beam length of 17 mm. Before analysis, samples were first
pulverized to a grain size smaller than 500 um and subsequently micronized (<10 um
grain diameter) by wet grinding with ethanol using a McCrone Micronizing mill.
Afterwards, the slurry was dried for XRD-analysis. For each sample, a 2 g aliquot mixed
with 5% zincite was included for analysis to serve as internal standards. Phases were
identified using the DIFFRAC.EVA suite. The spectra were interpreted semi quantitatively
using the BGMN Rietveld method with Profex version 5.0 as user interface (Bergmann et

al., 1998; Doebelin and Kleeberg, 2015).

Norwegian dunite sand was composed of 69 — 86 wt% ferroan-forsterite and 31 - 14 wt%
other minerals of which enstatite (5 — 8 wt%) and chlorite (2 — 9 wt%) were the most
abundant (Table F.1). Forsterite (Mg2SiO4) content, Fo (%), of the olivine was calculated

from the molar elemental concentrations Cy;, (mol mol? olivine) of Fe and Mg as
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CMMg

Fo 100 [F.1]

(CMygtCME,)

which resulted in a forsterite content ranging between 93.2 and 93.4% for the different
olivine grain sizes. The fayalite (Fe;SiOs) content, Fa (%), could then be calculated by
subtracting the Fo from 100% (Fa = 100% — Fo), resulting in a fayalite content between 6.6
and 6.8%.

Table F.1: Mineralogical composition of the different experimental olivine (ol) sizes based

on XRD analysis.

Mineral 3-99 um ol 93 -332 um ol 208 — 488 um ol
Ferroan-forsterite (wt%) 69 83 86

Enstatite (wt%) 5 8 6

Chlorite (wt%) 9 2 4

Antigorite (wt%) 6 2 1

Hornblende (wt%) 2 2 1

Talc (wt%) 7 1 N.A.

Quartz (wt%) 1 N.A. N.A.

Others (wt%) 1 2 2

Table F.2: Concentrations (umol g d.w.) of aluminium (Al), cobalt (Co), zinc (Zn),
magnesium (Mg), iron (Fe), and manganese (Mn) for control sediment and different
olivine (ol) sizes. Data for the different 3 — 99 um olivine concentrations (% w/w) of the

chronic experiment are also provided. Mean * S.D. values are shown (N =4 -5).

Sediment type Al Co Zn Mg Fe Mn
Control 370450 0.15+0.0077 0.30+0.0095  80+2 8512 2.240.18
sediment

3-99 um ol
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1% w/w 367° 0.18° 0.30° 1712 90°? 2.3°
10% w/w 345° 0.47° 0.34° 977° 142° 3.1°
25% w/w 307° 0.94° 0.40° 2321° 227° 4.5°
50% w/w 245° 1.78 0.50° 4562° 368° 6.7°
100% w/w 12043 3.310.22 0.70+0.045 90431488 652+16  11+0.7
93 -332 um ol 65+3 3.6+0.080 0.69+0.011 99014469 721+33  1240.3
208 —-488 umol 9015 3.7+0.034 0.74+0.018 10130+768  712+52  12+0.07

3Elemental concentrations for the 1% w/w to 50% w/w 3 — 99 um olivine were not

analytically determined, but derived from the measured concentrations in the control

sediment and 100% w/w 3 — 99 um olivine.

Concentrations of Cd and Pb remained below the detection limit (0.0044 nmol g* d.w. Cd

and 0.0024 nmol g* d.w. Pb) in all sediment types.
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F.3 Acute exposure to different olivine sizes

F.3.1 Seawater chemistry changes
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Figure F.4: Artificial seawater (A) temperature (°C), (B) pH, (C) salinity (%), (D) dissolved
oxygen concentrations (mg L) and dissolved (< 0.2 um) concentrations (umol L) of (E)
silicon (Si), (F) iron (Fe), (G) zinc (Zn), and (H) copper (Cu) for various olivine grain size

treatments at the end of the accumulation and depuration phase (Mean, N = 1 —4). Lower
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case letters indicate significant differences (p < 0.05) between experimental phases and
capital letters indicate significant differences (p < 0.05) between treatments within an

experimental phase.

F.3.2 Trace metal bioaccumulation
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Figure F.5: Whole body concentration (umol g dry weight) of (A) iron (Fe), (B) copper
(Cu), and (C) zinc (Zn) in amphipods exposed to various olivine sizes for 24 h and
subsequently depurated for 0 or 24 h before analysis. Median and IQR are shown (N = 6 or
7).

F.3.3 Deriving the number of ingested olivine grains
The number of ingested olivine grains Noi (Supplementary Table F.3) was derived from the

whole body Cr or Ni concentration of exposed amphipods Cexp (ug g d.w.) via

Cpgm —Cexpm
Nol: g'"tamp expMamp [FZ]

CexpMol—Mp 01
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Where cpq is the median whole body Cr or Ni concentration of control amphipods (0.55 pg
Cr g! d.w. and 7.6 pg Ni g d.w.), mamp is the median dry weight of an experimental
amphipod (0.008 g), m. is the weighted average weight of an ingested olivine grain (2.3E-
10 g), and my,,, is the weighted average Cr or Ni content of an ingested olivine grain

(3.5E-07 pg Cr or 4.9E-07 pg Ni). The mo was calculated as
Moy = Ximq MyX; [F.3]

Where m; is the average weight of an olivine grain (g) within a certain grain size class i and
X; is its relative abundance in the ingested grain size distribution (Figure 6.4A). The m; was
calculated from the specific density of olivine po (3.3E+06 g m3) and the volume of an
olivine grain V; (m?) within a certain grain size class i (m; = py;V;). Similarly, the my; o, was

calculated from
— n
Muor = Liz1 Mujo1,Xi [F.4]

where My ,01; is the average Cr or Ni content of an olivine grain (ug) within a certain grain
size class i and x; is its relative abundance in the grain size distribution (Figure 6.4A). The
M1, Was derived from the molar Cr or Ni concentration of olivine C,; (30 umol Cr g
d.w. or 36 umol Ni gt d.w., Table 6.1), the molar weight My of Cr (52.0 g mol) or Ni (58.7

g molt) and m; (Mao1; = CumiMay).

Note that Eq. F.2 assumes that the increase in whole body Ni and Cr concentration is
entirely the result of olivine ingestion and does not consider waterborne metal uptake.
Furthermore, complete dissolution of ingested olivine grains is assumed, which might not
be the case given that Ni (85 + 21%) and Cr (59 + 3%) recoveries in the mussel reference
material were smaller than 100%. Hence the derived amount of ingested olivine grains

should be seen as a best estimate given the available data.
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The relative guts volume occupied by ingested grains Vi (%; Supplementary Table F.3)
was derived by dividing the total ingested particle volume Vit (m3) by the average
amphipod guts volume Veuts (8.8E-10 m?) and multiplying by 100 (Vy.¢; = Vio¢/Vaues100).
The Vgus was derived from the average guts length hguss (1.1E-02 m) and guts diameter
dguts (3.1E-04 m) assuming that the guts were perfectly cylindrical in shape and had a
length equal to the metasomatic length (ML). The Vio: was derived from the number of
ingested olivine grains Ny and the weighted average volume of an ingested olivine grain

Vor (6.9E-17 m3) (Vo = N,;1V,;)- The Vo was calculated as

Vol = Z?:l Vixl- [FS]

Where Vi, is the average volume of an olivine grain (m3) within a certain grain size class i
and x; is its relative abundance in the ingested grain size distribution (Figure 6.4A). The
volume of an olivine grain Vi (m3) within a certain grain size class i was derived assuming

that olivine were perfectly spherical.

F.3.4 Deriving dietary metal exposure rates
Amphipod dietary Cr and Ni exposure rates ¢,; (umol g d.w. d, Supplementary Table

F.3) via the ingestion of olivine particles were derived from the olivine dissolution rate Ry
(mol d?), molar mass of Fo93 olivine My (144.8 g mol™), Cv (30 umol Cr g* d.w. or 36
umol Ni g™ d.w., Table 6.1), and mgamp (0.008 g) via

0, = JottlolCu [F.6]

Mamp

The Roi (mol d!) was derived from the rate equation

Ro; = NoiApikoi (1 — 12) [F.7]

Where Ny is the calculated number of ingested olivine grains (see Eq. F.2), Ao is the

weighted average surface area of an individual olivine grain (2.65E-11 m?), Q is the
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mineral saturation state (assumed to be <<1), and ko is the olivine dissolution rate
constant (mol m2 d!) according to the following empirical rate equation by Rimstidt et al.

(2012)

3465
kor = 10*0770259PH""r86400 [F.8]

where pH and T represent the expected pH (6.5) and temperature (17.5 °C) in the gut
environment of the experimental amphipods (Martin, 1966; Monk, 1977) and 86400 is
the amount of seconds in a day. Finally, the A,; was derived from the average surface
area of an olivine grain A (m?) within a certain grain size class i and the relative abundance

of that grain size x; within the grain size distribution (Figure 6.4A) according to
Aavg = ?=1 Al‘xi [F9]

Table F.3: Expected number of ingested olivine grains No; in amphipods exposed to 3 — 99
um olivine for 24 h based on measured whole body Ni and Cr concentrations assuming no
waterborne metal uptake. Estimated relative guts space occupied by ingested grains Ve

(%), and (C) possible dietary Ni and Cr exposure rates ¢,; (umol g* d.w. d1).

Element Ni Cr

No 2,196,168 450,899
Vel (%) 17.3 3.56

@Yor (umol gt d.w. d?) 1.00E-03 1.69E-04
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F.4 Acute 3 — 99 um olivine uptake and elimination

F.4.1 Seawater chemistry changes
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Figure F.6: Temporal evolution of artificial seawater (A) temperature (°C), (B) pH, (C)

salinity (%), (D) dissolved oxygen concentration (mg L) and dissolved (< 0.2 um)
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concentrations (umol L) of (E) silicon (Si), (F) iron (Fe), (G) zinc (Zn), and (H) copper (Cu)
during a 72 h pure olivine exposure (white area) and 96 h depuration (grey area) period.

Mean and range are shown (N =3 —11).

F.4.2 Trace metal bioaccumulation
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Figure F.7: Temporal evolution of whole body (A) iron (Fe), (B) copper (Cu), and (C) zinc
(Zn) concentrations (umol g d.w.) in amphipods during 72 h pure olivine exposure (white

area) and 96 h depuration (grey area). Median and range are shown (N = 7 or 8).

F.5 Chronic 3 — 99 um olivine toxicity test

F.5.1 Sediment and olivine weight
The weight of olivine (g d.w.) and natural Eastern Scheldt sediment (g w.w.) that was

manually mixed to obtain the different experimental treatments is shown in Table F.4.
Water content, W (%), of Eastern Scheldt sediment was determined from the weight loss

after drying at 60 °C for 72 h as
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W = TwetTMry 100 [F.10]
Myet

Where m,,.; and mg,, represent the sediment wet weight (g) and dry weight (g),

respectively. The water content of the Eastern Scheldt sediment (23.77 + 1.32%) was used

to determine the amount of wet sediment needed for each experimental treatment to

obtain the set concentration of olivine expressed in % w/w on a dry weight basis.

Table F.4: Weight of olivine (g dry weight) and control sediment (g wet weight) used for
the different experimental treatments of the 35-day 3 — 99 um olivine toxicity test. Mean

and standard deviation values are shown (N = 4).

Treatment 3 -99 um olivine (g d.w.) Control sediment (g w.w.)
0% w/w 0 712.43 £ 0.025

1% w/w 5.51+0.21 705.33 £ 0.013

10% w/w 54.30 + 0.005 641.18 + 0.005

25% w/w 135.77 £ 0.025 534.35+0.013

50% w/w 271.54 £ 0.029 356.24 £ 0.010

100% w/w 543.09 + 0.0058 0

F.5.2 Temporal changes in water chemistry
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Figure F.8: Temporal evolution of artificial seawater (A) temperature (°C), (B) pH, (C)
salinity (%o), (D) dissolved oxygen concentration (mg L), and (E) dissolved organic carbon

(DOC) concentration (mg L1). Mean and range values (N = 2 — 4) are shown.

Filtered (Chromafil XTRA PES-20/25, Macherey-Nagel) ASW were collected at day 14 and
35 for total alkalinity (TA) measurements. An open cell potentiometric titration with 0.1
M HCI was conducted using an automated titrator setup (888 Titrando, Metrohm) and TA

was derived from the titrant volume and pH measurements using a non-linear least-
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squares method according to Dickson et al. (2007). Total alkalinity results are shown in

Figure F.9.
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Figure F.9: Artificial seawater (ASW) total alkalinity (umol L) in different olivine
treatments (% w/w) and fresh ASW at day 14 and 34 of the chronic 3 — 99 um olivine

toxicity test. Median and range values are shown (N = 3 or 4).
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and (D) cadmium (Cd) in artificial seawater. Note that concentrations for Cu and Zn are
expressed in umol L1, while Pb and Cd concentrations are expressed in nmol LL. Mean and

range (N =2 or 3) are shown.

F.5.3 Possible Ni accumulation in coastal waters

The potential seawater dissolved Ni concentration in the water column Cni (umol L) after
application of various amounts my (g) of the experimental 3 - 99 um olivine to a coastal
seafloor was calculated under the assumption that all Ni ends up in the water column

(Flipkens et al., 2021) via
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__ CpgVw+RpitCyMy;
Vw

Cni [F.11]
Where V,, is the water volume per square meter of seabed (L), t is the water residence
time (d), Cw is the Ni concentration of the experimental 3 — 99 um olivine (36.2 pmol g7,
Table 6.1), Mo is the molecular weight of Fo93 olivine (144.8 g mol?), Cp is the
background Ni concentration in seawater assumed to be 3.92 nmol L based on a
previous literature review (Flipkens et al., 2021), and Ro is the olivine dissolution rate

(mol dt). The Ry was calculated from
Ry = komoiAgro (1 — 2) [F.12]

Where ko is the olivine dissolution rate constant (mol m2 d) according the empirical rate
equation by Rimstidt et al. (2012) assuming a seawater pH of 8.1 (Eq. F.8), Acro is the
geometric surface area (0.25 m? g!) derived from the volumetric grain size distribution, Q
is the mineral saturation state (assumed to be <<1), and my is the olivine weight (g)
applied to the coastal seabed. The my was derived from the experimental olivine

concentrations Co/ (% w/w) via

c
myy = Vyps (1 — @) () [F.13]
Where Vs is the sediment volume for 1 m? of seafloor assuming an olivine mixing depth of
10 cm (Vs = 0.1 m3), ps is the specific density of marine sediment (2650 kg m™3), and @ is
the sediment porosity assumed to be 0.60 based on a predicted coastal sediment porosity

ranging from 0.50 to 0.85 (Martin et al., 2015).
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Figure F.12: Possible dissolved nickel (Ni) concentration (umol L) in seawater as a
function of water residence time (days) after application of different amounts of the
experimental 3 — 99 um olivine (0 — 100% w/w) to the upper 10 cm of a coastal seafloor.
Scenarios for a (A,C) temperate (15 °C) and (B,D) tropical (25 °C) deployment site with a
water depth of (A,B) 10 or (C,D) 100 m are shown assuming a background dissolved Ni
concentration of 3.92 nmol L* and an olivine Ni concentration of 5.2 mmol mol™ olivine
(Table 6.1). Note the difference in scale between the 10 m and 100 m water depth
scenarios. Olivine dissolution rates were derived using the empirical rate equation of

Rimstidt et al. (2012) based on a seawater pH of 8.1 and olivine geometric surface area of




Supplementary information Chapter 6

F.5.4 Amphipod sex ratio and reproduction
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Figure F.13: (A) sex ratio, (B) number of embryos per gravid female, and (C) number of
juveniles per surviving female for amphipods exposed to natural sediment mixed with
various amounts of 3 — 99 um olivine (expressed in % w/w) for 35 days. Median and range
(N = 2 — 4) are shown. Significance compared to 0% w/w olivine: * = p < 0.05, ** = p <

0.01, *** =p < 0.001.
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F.5.5 Trace metal(loid) bioaccumulation
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Figure F.14: Whole body concentration (umol g dry weight) of (A) silicon (Si), (B) iron (Fe),
(C) manganese (Mn), (D) copper (Cu), and (E) zinc (Zn) in pooled amphipods exposed to
natural sediment mixed with various amounts of 3 — 99 um olivine (expressed in % w/w)
for 35 days. Median and range are shown (N = 4). Significance compared to 0% w/w

olivine: * =p <0.05, **=p <0.01, *** =p <0.001.

371



Supplementary information Chapter 6

F.5.6 Relationship between endpoints and whole body Ni concentrations
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Figure F.15: Linear regression between experimental endpoints and whole body Ni
concentration (umol g? d.w.) in pooled G. locusta. Regression lines (blue) with 95%
confidence intervals (dark grey shading) are shown for (A) gravid females (%) and (B)
whole body potassium (K) concentration (umol g d.w.). The coefficient of determination
(R?), Kendall correlation coefficient (t), sample size (N), and regression line slope (a),

intercept (b), and p value (P) are given above each plot.
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Figure F.16: Linear regression between experimental endpoints and log transformed whole
body Ni concentration (umol g d.w.) in pooled G. locusta. Robust linear regression lines
(blue) are shown for total number of (A) embryos, and (C) juveniles, while simple linear
regression lines are shown for (B) embryos per gravid female, and (D) juveniles per female.
The 95% confidence intervals (dark grey shading) are given for all regression lines. The
coefficient of determination (R?), Kendall correlation coefficient (t), sample size (N), and

regression line slope (a), intercept (b), and p value (P), are given above each plot.
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F.5.7 Dose response curves
Dose response curves were constructed for the chronic toxicity data using the “drm”

function of the “drc” package in R (Ritz et al., 2015). A 3 parameter log logistic model was
selected for the different effect data based on the AIC value (Figure F.17). The 5% and
10% effective concentrations (EC5 and EC10, respectively) and their confidence intervals
were derived using the “ED” function with the delta method and are shown in
Supplementary Table F.5. Wide confidence intervals were obtained for most effects due
to the low number of replicates, variation among replicates and limited amount of

exposure concentrations.
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Figure F.17: Three parameter log logistic dose response curves (black line) with confidence
intervals (dark grey shading) for amphipod (A) survival (%), (B) percentage of gravid
females (%), (C) total embryos, (D) total juveniles, and (E) amphipod growth (mm).

Table F.5: Chronic highest no observed effect concentrations (NOEC), 5% effect (EC5) and
10% (EC10) effect concentrations (% w/w) for survival and several sublethal effects in

Gammarus locusta exposed to 3 — 99 um olivine for 35 days.

Effect NOEC (% w/w) EC5 (% w/w) EC10 (% w/w)
Survival 50 2.1(0-38.9) 5.7 (0-19)
Gravid females 1 2.8 (0-10) 5.4 (0-17)
Total juveniles 1 0.52 (0-2.7) 0.99 (0—-4.4)
Total embryos 25 1.0 (0-3.5) 1.9(0-5.7)
Growth 10 2.3(0-4.9) 6.3 (1.2-12)
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Appendix G: Chapter 7

Table G.1: Potential seawater chemistry after application of 10% w/w fine-grained (3-99
um, see Table 6.1) olivine in shallow (10 m) tropical (25°C) coastal waters with various
water residence times. Seawater composition reported by (Hem, 1985) is shown with
potential Ni, Cr, and HCOs3 concentrations as calculated in Supplementary Section F.5.3.
Note that Ni and Cr concentrations are given in nmol L* while concentrations for other

elements and compounds are given in mmol L.

Water residence time (days) 0 (background) 1.1 11 100
pH 8.1 8.1 8.1 8.1
Temperature (°C) 25 25 25 25
Na (mmol L?) 457 457 457 457
Mg (mmol L) 55.5 55.5 55.5 55.5
K (mmol L?) 10 10 10 10
Ca (mmol L?) 10.2 10.2 10.2 10.2
Cl (mmol L?) 536 536 536 536
S0, (mmol L?) 28 28 28 28
HCOs (mmol L?) 2.35 2.93 3.65 4.54
Ni (nmol L) 3.9 35 319 2881
Cr (nmol L?) 0.84 12 167 2356
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Figure G.1: Speciation of Cr** in seawater (34.6 %o) with various Ni, Cr, and TA
concentrations in the presence of (A) 0 mg L, (B) 4 mg L, or (C) 8 mg L1 DOC. Chemical
speciation was modelled in Visual MINTEQ using the default DOC settings (Nica-Donnan

model). Water chemistry data is shown in Supplementary Table G.1.
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