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Abstract

Over the last 120 years, a steady increase in atmospheric CO, and an associated increase in mean
global surface temperatures has amplified the need to not only reduce CO, emissions but also to
establish negative emission technologies (NET) in order to limit global warming. This thesis delves
into the potential of enhanced benthic weathering (EBW), which has amongst other NETs been
proposed as a viable strategy for carbon dioxide removal (CDR) in the Baltic Sea. A series of three
laboratory experiments and a long-term benthocosm study were therefore carried out to shed light on
the dissolution behavior of various potentially usable alkaline minerals, under controlled and quasi-

natural conditions.

Initially, experiments focused on the dissolution kinetics of olivine contained in ultramafic sand
(UMS), in artificial seawater, revealing intriguing patterns of total alkalinity (TA) decline attributed to
the precipitation of several secondary minerals in the form of calcium carbonate, phyllosilicates and
iron hydroxide. These unexpected findings highlighted the complex interplay between mineral
dissolution and secondary phase formation, challenging conventional assumptions about TA
production solely from mineral dissolution. Furthermore, they underpinned the idea of EBW on
organic rich sediments, where metabolically formed CO, might inhibit secondary mineral
precipitation. In light of these findings, biogeochemical processes within surface sediments were
explored in the framework of an incubation experiment under oxygenated conditions to understand
alkaline mineral dissolution in natural sediment from Boknis Eck (Baltic Sea, Germany). Microbial
activity emerged as a key driver of enhanced weathering, with distinct microbial communities
impacting pH dynamics and mineral dissolution rates. In contrast, experiments simulating late
summer conditions characterized by hypoxia to anoxia showed that corrosive bottom waters with
respect to calcite are the ultimate driver for dissolution kinetics. Calcite and dunite exhibited elevated
dissolution rates, compared to the oxygenated experiment, indicating the potential for enhanced CO,
uptake and alkalinity release during anoxic phases. Quantitative assessment of dissolution kinetics
yielded first-order rate constants consistent with literature values, supporting their applicability in
EBW modeling efforts. During a long-term benthocosm experiment, mineral dissolution rates closely
followed temperature as long as bottom waters were oxygenated. This, combined with the fact that the
temperature sensitivity was stronger than reported for laboratory experiments in the absence of biota,
substantiates the principle function of the benthic weathering engine in the investigated sediments. A
modelling approach assessing the efficiency of EBW in a potential application area in Eckernférde Bay
and subsequent economic analysis underscored the cost-effectiveness of calcite as a preferred material
for EBW, offering promising prospects for marine CDR implementation in coastal environments in
the Baltic Sea.

Overall, the findings of this thesis provide valuable insights into the feasibility and efficiency of EBW
as a practical approach for climate change mitigation in Baltic Sea sediments and, potential, to fine-
grained coastal sediments in general. By elucidating the underlying mechanisms driving mineral
dissolution and assessing economic viability, the results described here further augment the perception
of EBW as a CDR method and inform future modeling and implementation efforts.
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Zusammenfassung

In den letzten 70 Jahren hat ein kontinuierlicher Anstieg von atmosphérischem CO, und eine damit
verbundene Zunahme der mittleren globalen Oberflichentemperaturen die Notwendigkeit verstarkt,
nicht nur Emissionen zu reduzieren, sondern auch negative Emissionstechnologien (NET) zu
etablieren, um die globale Erwdrmung zu begrenzen. Diese Arbeit untersucht das Potenzial der
verstarkten benthischen Verwitterung (VBV), die neben anderen NET's als eine mogliche Strategie zur
Entfernung von Kohlendioxid (EKD) in der Ostsee vorgeschlagen wurde. Eine Reihe von drei
Laborversuchen und eine langfristige Benthokosmos-Studie wurden daher durchgefithrt, um das
Losungsverhalten verschiedener potenziell verwendbarer alkalischer Minerale unter kontrollierten
und quasi-natiirlichen Bedingungen zu beleuchten. Zunichst konzentrierten sich die Experimente auf
die Losungskinetik von Olivin, der in ultramafischem Sand (UMS) enthalten ist, in kiinstlichem
Meerwasser, wobei interessante Muster des Gesamtalkalitdt (TA)-Riickgangs auf die Ausfillung
mehrerer Sekunddrminerale in Form von Calciumcarbonat, Phyllosilikaten und Eisenhydroxid
hinwiesen. Diese unerwarteten Ergebnisse betonten das komplexe Zusammenspiel zwischen
Mineralauflosung und Bildung sekundérer Phasen und revidierten herkémmliche Annahmen iiber die
TA-Produktion aus Mineralauflosung. Dariiber hinaus untermauerten sie die Idee der VBV in
organisch reichen Sedimenten, wo metabolisch gebildetes CO, die Ausfillung sekundarer Minerale
hemmen konnte. Darauthin wurden biogeochemische Prozesse in Oberflichensedimenten im
Rahmen eines Inkubationsexperiments unter oxischen Bedingungen erforscht, um ihren Einfluss auf
die Auflosung alkalischer Minerale zu verstehen. Mikrobielle Aktivitdt erwies sich als treibende Kraft
fiir eine verstarkte Verwitterung, wobei unterschiedliche mikrobielle Gemeinschaften pH-Dynamik
und Losungsraten der Minerale beeinflussten. Im Gegensatz dazu zeigten Experimente, die
spatsommerliche Bedingungen in der Ostsee simulierten, gekennzeichnet durch Hypoxie bis Anoxie
und korrosive Bodenwasserchemie, dass letztere der ultimative Treiber fiir die Losungskinetik ist.
Calcit und Dunit wiesen erhohte Losungsraten im Vergleich zum sauerstofthaltigen Experiment auf,
was auf das Potenzial fiir eine verstirkte CO,-Aufnahme und Alkalinitdtsfreisetzung wéhrend
anoxischer Phasen hindeutet. Eine quantitative Bewertung der Losungskinetik ergab Konstanten erster
Ordnung, die mit Literaturwerten ibereinstimmen und ihre Anwendbarkeit in der VBV -Modellierung
unterstiitzen. Wéahrend des langfristigen Benthokosmos-Experiments folgten die Losungsraten der
Temperatur, solange das Bodenwasser sauerstoffhaltig war. In Kombination mit der Tatsache, dass die
Temperatursensitivitdt stairker war als in Laborversuchen ohne Biota, untermauert dies die prinzipielle
Funktion des ,benthischen Verwitterungsmotors“ in den untersuchten Sedimenten. Ein
Modellierungsansatz zur Bewertung der Effizienz von VBV in einem potenziellen Anwendungsgebiet
in der Eckernférder Bucht und anschlielende Okonomische Analysen unterstrichen die
Kosteneffizienz von Calcit als bevorzugtem Material fiir VBV und bieten vielversprechende Aussichten
fir die Implementierung von EKD in marinen Umgebungen. Insgesamt liefern die Ergebnisse dieser
Arbeit wertvolle Einblicke in die Durchfithrbarkeit und Effizienz von VBV als praktischem Ansatz zur
Minderung des Klimawandels in Ostseesedimenten und &hnlichen Kiistenumgebungen. Durch die
Aufkldrung der zugrunde liegenden Mechanismen der Mineralauflésung und die Bewertung der
wirtschaftlichen Tragfahigkeit tragen sie dariiber hinaus zum Verstandnis von VBV als EKD-Methode
bei und unterstiitzen zukiinftige Modellierungs- und Umsetzungsprojekte.
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I. Introduction
I.1. Theoretical background and state-of-the-art

I.1.1. Climate change and negative emission technologies

Over the past 120 years, mean global surface temperatures have steadily increased along with increasing
CO, concentrations in the atmosphere (Hansen et al., 2010; Howe, 2015; Keeling et al., 2001; MacFarling
Meure et al., 2006; Petit et al., 1999; Valipour et al., 2021). The first observations of a causal link between
these two variables was first established in 1896 (Arrhenius, 1896). CO, has by now been identified as a
major driver for the ‘anthropogenic greenhouse effect” (Krupa and Kickert, 1989; Lindzen, 2007; Solomon
etal., 2009). The term describes the portion of global warming that is not caused by natural variability, but
by human activity (Wigley and Raper, 1990). Due to the severe consequences of the observed temperature
increase (Hansen and Stone, 2016; Magnan et al., 2021), a 1.5 °C goal was declared during the 2015 Paris
Climate Change Conference COP21. This goal can only be reached if zero net emissions of CO, are attained
between 2030-2050 (Rhodes, 2016). Thus, in addition to a drastic reduction of emissions, it is necessary to
actively sequester CO, from the atmosphere in form of negative emissions (Friedlingstein et al., 2011; IPCC,
2018) to remove past CO, contributions, but also to out-balance future emissions that are difficult to abate,
for instance from shipping and aviation. A significant number of studies have aimed to evaluate different
strategies to achieve these negative emissions via carbon dioxide removal (CDR) (Campbell et al., 2022;
Feng et al., 2017; Fuss et al., 2018; lizuka et al., 2004; Lackner, 2003; Lal, 2004; Saran et al., 2017) and
implemented them in integrated assessment models (IAMs) (Azar et al., 2006; Kriegler et al., 2014, 2013;
van Vuuren et al., 2007). The techno-economical focus of these IAMs clarifies that negative emission
technologies (NET's) do not only have to fulfill the requirement to reduce atmospheric CO, but also need
to be economically feasible and competitive on a growing negative emission market (Carton et al., 2020).
To assess these extended requirements, it is necessary to identify the target residual emissions that a certain
method is capable to reduce. These target residual emissions can be categorized as point-sourced and non-
point-sourced (Buck et al., 2023; Feng et al., 2023; Luderer et al., 2018; Woodard et al., 2014). For point-
sources, carbon capture and storage (CCS) has been identified as a techno-economically feasible
technology, where emitted CO, is captured directly at the source, liquified and stored in underground
geological formations (Anderson and Newell, 2004; Budinis et al., 2018; Leeson et al., 2017). Alternatively,
reactor based solutions have been proposed, where CO, is neutralized via carbonization (Santos et al.,
2013). These methods, however, cannot address non-point-sourced emissions as they rely on already
purified CO,. To tackle these diffuse emissions, it is hence necessary to either extract CO, from the
atmosphere or create a sink for atmospheric CO.,.

One proposed NET to achieve the former is direct air capture and carbon storage (DACCS). This process
extracts CO, from the air either physically via membranes, or chemically, e.g. by carbonizing and
decarbonizing quicklime or adsorption on suitable resins (Ignatusha et al., 2024; Okesola et al., 2018). Yet,
these technologies are rather energy-intensive and costly (Fuss et al., 2018). The expansion of natural sinks
for CO, has therefore gained attention as these methods rely on processes that in principle take place
without human assistance, which is why the only energy demand would be the enhancement of the existing
sink, rather than the process itself. The biosphere has been identified as a major sink for atmospheric CO,
(Taylor and Lloyd, 1992). Hence, afforestation has been proposed as a possible measure to mitigate climate
change with the co-benefit of restoring valuable ecosystems (Zomer et al., 2008). For this approach, spatial




limitations may lead to conflicts in land use and compromise the overall uptake potential (Doelman et al.,
2020). Furthermore, the storage time of CO, in biomass is relatively short and the effect of these measures
therefore short-lived (Kemena et al., 2018). A more promising idea is increasing the biomass stored in the
ocean, e.g via iron fertilization, where addition of the micro nutrient Fe** added to Fe-limited waters fosters
phytoplankton blooms and thus CO, sequestration from the atmosphere (Martin et al., 1990). Critical
analysis of this idea, though, has revealed that CO, leakage, deoxygenation and increased ocean
acidification may be adverse side effects (Oschlies et al., 2010). These have also been identified as possible
negative impacts of artificial upwelling that aims to foster primary production in the surface waters by
transporting nutrient rich deep water to the surface via wave-driven pumps.

On geological timescales, a major driver for atmospheric CO, levels is terrestrial rock weathering (Chenot
et al., 2018; Cox et al., 2016). Boosting natural weathering has thus been proposed as a possible CDR
method. The potential of enhanced weathering (EW) to serve as a cheap and effective way to support
climate mitigation has been subject to a vast amount of studies (Amann et al., 2020; Harrington et al., 2023;
Hartmann and Kempe, 2008; Minx et al., 2018; Renforth, 2012; Renforth et al., 2015; Renforth and
Henderson, 2017; Strefler et al., 2018 and cited therein). The idea was initially raised by Schuiling and
Krijgsman (2006), who suggested enhanced weathering of olivine on land as a possibly cheap and effective
way to reduce atmospheric CO,.

The theoretical approach is that the process produces dissolved cations which are ultimately transported
to the ocean and thus contribute to ocean alkalinity (Dickson, 1981; Wolf-Gladrow et al., 2007). Ultimately,
EW is therefore one way to achieve CO, uptake via ocean alkalinity enhancement (OAE) as originally
proposed by Kheshgi (1995).

1.1.1. CO; in the ocean: The carbonate system and alkalinity

Based on the solubility of ideal gases in water (Bohr, 1899), the ocean has long been known to be in
chemical equilibrium with the atmosphere and therefore constitutes a sink for CO, added to the
atmosphere by the consumption of fossil fuels (Revelle and Suess, 1957). In the aqueous phase, CO, reacts
with water to form carbonic acid which subsequently dissociates as described by e.g. Kanwisher (1960) in
three steps, following:

CO, + H,0 & H,CO; (1)
H,CO; & H* + HCO3 (2)
HCO3 & H* + C0%~ (3)

As inferable from the involvement of protons (H"), these reactions are pH sensitive and at the same time
buffer the sea water to pH values where bicarbonate (HCO5) is the prevailing species. The relatively low
CO, concentrations in the atmosphere lead to an average surface pH of 8.1 in sea water (Zeebe and Wolf-
Gladrow, 2001a). Equations 1 — 3 also imply that the amount of CO, that can be dissolved in sea water is
dependent on the proton activity, which again is driven by the activity of proton acceptors. This activity of




proton acceptors has been described as alkalinity by Rakestraw (1949), and later been redefined by Dickson
(1981) as total alkalinity (TA) following:

TA = HCO3 + 2C02™ + OH™ + B(OH); + HPOZ™ + 2P0}~ + HySi0; + 2H,Si0?~ + NHy + HS™ +
252~ — H* — HF — HSO; — 2H,50, — HyPO, — HNO, — HNO; (4)

This definition clarifies that in sum, reactions 1 — 3 do not change alkalinity. That also implies that an
increase of alkalinity will lead to a chemical imbalance of these reactions, and the subsequent outbalancing
will cause an uptake of CO, and subsequent conversion to HCO;'.

I.1.1.  Ocean alkalinity enhancement and enhanced benthic
weathering

OAE can be separated into two major groups: liquid-based and solid-based (Eisaman et al., 2023). For
liquid-based solutions, the primary sources are either brines or minerals that have been dissolved in
reactors (Caserini et al., 2021a; Eisaman et al., 2023; Rau et al., 2007; Rau and Caldeira, 1999). In both cases,
the actual production of alkalinity consumes energy which either produces CO, directly or indirectly, as
long as the energy mix is not entirely based on renewables. This excess CO, then either diminishes the
efficiency or needs to be stored via CCS (if point-sourced). A further problematic aspect of liquid-based
alkalization is the actual insertion into the ocean. Most commonly discussed options for this step are either
distribution with ships, which could also be used to carry the reactor itself, or pipelines that disperse the
alkalized liquid in the near-shore ocean (Caserini et al., 2021b; Eisaman et al., 2023). Either way, the
formation of carbonate nuclei can lead to a ‘runaway precipitation’ of aragonite (Moras et al., 2022) in the
reservoir in the direct proximity of the outlet either of the ship or the pipeline, which would diminish
uptake efficiency, or in the worst case lead to an actual production of CO,. To avoid this, the amount of
alkalinity that is added and the dilution below critical TA concentrations must be well-constrained
(Hartmann et al., 2023).

The materials used for solid-based solutions for OAE, again, can be divided into two groups: highly-
reactive and low-reactive. Highly reactive materials such as lime (CaO), portlandite (Ca(OH),), periclase
(MgO), however, do not occur naturally and thus need to be produced artificially, which again lowers the
overall efficiency (Renforth and Henderson, 2017). Additionally, the precipitation of aragonite in the
diffusive boundary layer around the grain, where very high oversaturation with respect to aragonite can
occur, can lead to similar release of CO, as described for liquid based point sources of alkalinity (Bach et
al., 2019; Moras et al., 2022). Using slower dissolving materials such as olivine, calcite would avoid these
problems.

The dissolution reaction of these minerals can be described as:
Forsterite: Mg,SiO, + 4H,0 + 4C0O,(aq) — ZMg2+ + H,Si0, + 4HCO; (5)
Calcite: CaCO; + H,0 + CO,(aq) — Ca?* + 2HCO;~ (6)

Where Forsterite is the magnesium rich endmember of the olivine mixing row.




Due to the lower reactivity, however, these materials would need to be ground to very small grainsizes to
achieve the desired alkalization in the water column (Foteinis et al., 2023; Hangx and Spiers, 2009; Kohler
etal., 2013; Strefler et al., 2018). For calcite, the bigger problem is that the surface oceans are oversaturated
with respect to calcite, which means that it would not dissolve at all when added (Feely et al., 2023). This
implies that these materials will eventually sink to the sea floor and, depending on the chemical conditions,
dissolve in the sediment (Figure I 1). This idea of enhanced benthic weathering (EBW) has been promoted
as a potentially effective way to achieve OAE as the “benthic weathering engine”, a mix of micro- and
macrofaunal activity, combined with oxidation processes, is supposed to foster the dissolution of added
minerals (Meysman and Montserrat, 2017). The conceptual idea is that, firstly, larger invertebrates mix the
sediment and by doing so pass mud — and likewise added minerals — through their guts several times a year
(Meysman and Montserrat, 2017). These gut transits with high enzyme activity and additional abrasion
then lead to enhanced dissolution of olivine, as the kinetics of the process increase with lower pH values
(Rimstidt et al., 2012). Secondly, in surface sediments, organic matter is respired to CO,, which lowers the
pH (equations 1,3), fostering dissolution. Thirdly, the oxidation of sulfide (H,S) via long distance electron
transport has the potential to lower the pore water pH down to values of ~5 (Meysman et al., 2015), which
is much lower than usually observed in organic rich sediments (Preisler et al., 2007). These low pH values
not only fuel olivine dissolution, but also lead to undersaturation with respect to calcite and allow for its
dissolution, even if overlaying bottom waters are oversaturated. Thus, the potential for intra-sedimentary
weathering might be very high not only for olivine, but also for calcite. Despite the fact that ‘metabolic
calcite dissolution’ driven by CO, respired from organic carbon is well established (Rao et al., 2012), to
date, calcite has not gained much attention as a potential material for EBW.

I.1.1. EBW research, gaps in knowledge and scope of this thesis

Dedicated studies investigating EBW are scarce. Since Meysman and Montserrat (2017) suggested the
concept and deepened their efforts in one follow-up study (Montserrat et al., 2017), only a few studies have
investigated the possible effect of alkaline mineral addition to marine sediments (Bice et al., 2024). Still,
there are several studies that tried to assess the potential, the efficiency and cost for coastal weathering,
which, according to Meysman and Montserrat (2017), is largely comparable to EBW (Eisaman et al., 2023;
Feng et al., 2017; Foteinis et al., 2023; Hangx and Spiers, 2009; Kanzaki et al., 2023; Tan et al., 2022; Wang
et al., 2023). A major problem inherent with these studies is that they mainly rely on assumptions when it
comes to the precise dissolution kinetics of the different minerals under in-situ conditions. For olivine, the
dissolution kinetics in seawater have been investigated in only a handful of studies (Montserrat et al., 2017;
Rigopoulos et al., 2018), which report different results for the precise weathering mechanism and possible
side-effects under different conditions. This implies that a better understanding of dissolution kinetics of
olivine in seawater is indispensable for further investigations towards EBW. For calcite, the situation is
different due to its importance for ocean biogeochemistry. The dissolution kinetics have been well
described under different saturation states and different temperatures (Naviaux et al., 2019a, 2019b). Still,
these studies are based on laboratory experiments under conditions that are largely different compared to
those prevailing during EBW. Porewater chemistry differs from idealized sea water, organic compounds
could inhibit or foster dissolution, the grains on and in the sediment are exposed to the ‘benthic weathering
engine’ and thus to low pH values and unknown interference with macro- and microbiological activity.
These factors raise the question whether the current knowledge base is sufficient to allow for accurate
estimates on the efficiency and economic feasibility of EBW. The aim of this thesis is to shed light on these
unknowns and to clarify how (i) olivine (the major component of dunite) dissolves when exposed to




seawater, (ii) calcite and dunite react on and in organic rich sediments under controlled redox conditions,
and (iii) these materials dissolve over the course of a year in a long-term experiment. Based on these new
insights, this study further aims to assess the potential, the efficiency and the cost of enhanced benthic
weathering using dunite and calcite.

CcO

Enhanced dissolution due to

the,benthic weathering engine“ T e
. + +
and subsequent TA production : 40, + Mg,SI0,+4H,0

\ Ca + 2HCO; = 2Mg* +H,Si0, ¥ 4HCO;

POC —> CO,

Figure I 1: Principle function of EBW: Primary production (PP) binds CO; in form of
particulate organic carbon (POC), which is subsequently remineralized to metabolic CO; in the
sediment. There, the CO, combined with the activity of the benthic weathering engine leads to
the dissolution of alkaline materials (calcite and dunite).

I.2. Study area

In order to conduct the different experiments, sediments were retrieved from a shallow basin in the
Eckernférde Bay in the south western Baltic Sea. The Baltic Sea features several unusual geochemical
properties. The limited water exchange via the Danish Straits in combination with low evaporation and
high freshwater input leads to a lateral salinity gradient that stretches from ~3 in the Gulf of Finland to ~18
in the Danish Straits, with the strongest gradient between the Danish Straits and the Arkona Sea (Feistel et
al., 2010; Lass and Matthidus, 2008). Additionally, the Baltic Proper features a vertical salinity gradient that
ultimately derives from the water exchange mechanism with the adjacent North Sea via the Kattegat and
Skagerrak. This exchange predominantly occurs via outflow of fresher water at the surface and intrusion of
saltier North Sea water at greater depths (Feistel et al., 2006; Lass and Matthéus, 2008; Schmidt et al., 1998,
Figure 2). This leads to a strong stratification as dense inflowing waters accumulate in the deeper basins,
creating a density gradient that inhibits mixing with overlaying waters and thus the ventilation of bottom
waters, which fosters hypoxia and anoxia in deeper basins (Mohrholz et al., 2015). This anoxia is
additionally increased by fluvial nutrient input, which causes enhanced primary production near the
surface, and a subsequent deoxygenation of deeper waters due to the microbial consumption of detrital




organic material (Meier et al., 2017). The complex hydrography of the Baltic Sea has important implications
for adjacent coastal bays.

The precise location, where the sediments were retrieved is Boknis Eck, a seasonally hypoxic, muddy
basin in Eckernférde Bay with water depths of ~28 m. The entire inlet, is governed by a net quasi-upwelling
which is induced by dense waters that invade the bottom layer of the adjacent Kiel Bight and subsequently
of the inlet in spring and early summer (Figure I 2). These water masses displace the overlaying water and
cause a near surface outflow and at the same time an initial stratification that is subsequently enhanced by
the warming of surface waters and their refreshment via rain and groundwater. This leads to relatively
stable barocline that develops in ~15 m water depth. In autumn and winter, storms mix the water column
and oxygenate bottom waters (Dietze and Loptien, 2021). The transport of nutrient rich deeper waters to
the surface fosters primary production (Balzer, 1984; Lennartz et al., 2014; Melzner et al., 2013). The
subsequent accumulation of particulate organic carbon (POC) followed by its degradation lead to high CO,
partial pressure (pCO,) in bottom waters that lowers the saturation state with respect to calcite ({ca). The
burial of approximately one fifth ~20 % of the POC that is exported from the surface layer to the deeper
water body, combined with natural benthic TA flux partly derived from carbonate weathering and burial
of sulfides (Wallmann et al., 2022), leads to a natural uptake of CO, (Balzer, 1984).

Google Earth

Figure I 2: Map of the study area. Red arrows indicate inflow path of salty bottom waters from
the North Sea, Green arrows denote surface out-flow. Red dot shows the location where
sediments for the studies in this thesis were obtained.




I.3. Chapter synopsis, connection and author contributions
I.3.1. Chapter 2

In a first set of experiments, dunite was exposed to artificial seawater to understand the precise
dissolution kinetics and investigate possible side-effects (Fuhr et al., 2022). The results of these experiments
made clear that, despite the relatively low reactivity of olivine, a set of secondary minerals precipitated
presumably in the diffusive boundary layer around and on the grains, which reduces the CO, uptake
efficiency. The fact that the major secondary mineral was aragonite suggested that dunite dissolution is
most probably more efficient in environments where pore waters and bottom waters are undersaturated

with respect to aragonite, again pointing towards EBW as a possible applications scenario.

A promising area featuring this specific demand are shallow depocenters of the Baltic Sea. Subsequently,
a set of three experiments were conducted on organic rich sediments from the Baltic Sea, which are known
to feature pore waters that are undersaturated with respect to calcite and aragonite (Preisler et al., 2007).
This geochemical feature also led to the consideration of calcite as a potential source material for EBW in
these environments and to the subsequent comparison of calcite and dunite with regards to their respective
CO, sequestration efficiency.

I.3.2.  Chapter 3

In the first of two incubation experiments conducted under controlled laboratory conditions, sediment
cores from the Baltic Sea were amended with calcite and dunite in fully oxygenated and oversaturated (Qcy
> 1) bottom waters (Fuhr et al., 2023). These redox conditions reflect the major states of the natural system
in Boknis Eck during winter and spring. During these experiments, the added material was quickly worked
into the sediment and subject to dissolution via the “benthic weathering engine”. The results highlighted
the importance of the microbial activity on pore water pH values that lead to very high dissolution rates of
natural calcite. The associated background fluxes combined with a relatively low through-flow complicated
the evaluation and interpretation of the results. Additionally, pore waters were altered due to the incubation
over a longer period (85 days in total) which was subsequently considered for further incubation

experiments.
I.3.3.  Chapter 4

The second set of incubation experiments was performed under anoxic to hypoxic conditions and in
undersaturated bottom waters ({dcy < 1), which reflects typical conditions in Boknis Eck during summer
and autumn (Fuhr et al., 2024). Based on experiences from the first incubation (Chapter 3), the time of
incubation was shortened (25 days) and a higher flow rate was applied. A first important finding of this
study was that the added minerals were not worked into the sediment, but remained on top of it, over entire
incubation due to a lack of bioturbation. Secondly, due to the improved set-up, the fluxes of weathering
products of both materials could be quantified, and dissolution kinetics could be calculated. These were in
good agreement with published literature values, which implies that literature values for dissolution

kinetics in the water column are also valid under the respective chemical conditions.




The first two experiments shed light on the weathering behavior of calcite and dunite under controlled
temperature and and redox conditions. The also made clear that EBW involves a variety of processes that
eventually affect mineral dissolution rates. These again can vary spatially and temporally. This elucidated
the need to investigate these processes over a longer period of time and on a larger spatial scale. Especially
the impact of changing redox conditions and temperature is crucial to understand and was not reflected in

the incubation experiments.
I.3.4.  Chapter 5

In a final experiment, the dissolution of dunite and calcite was investigated in a benthocosms over the
course of a year (Fuhr et al., submitted). For this purpose, sediment was transferred into large boxes with
supernatant bottom waters from Kiel Fjord pumped through continuously. These sediments were amended
with calcite and dunite respectively and the dissolution monitored over an entire annual September —
September cycle. The results made clear that the dissolution under oxygenated conditions is primarily
driven by temperature rather than pore water saturation state. The fact that the temperature sensitivity is
higher than found in previous studies underpins that a variety of temperature-dependent processes is
operating, which substantiates the principle function of the “weathering engine”. These insights, combined
with findings from Chapters 2 - 4 were used to model a possible mineral application scenario in
Eckernforde Bay. The model calculated potential uptake of CO, and allowed for a first realistic assessment
of efficiency and costs of EBW on organic sediments of the Baltic Sea. These results help to understand the
global scalability of EBW for climate change mitigation.

1.3.5. Author contribution

Chapter 2: MF conducted the experiments, carried out most of the measurements, evaluated the results
and wrote the manuscript.

Chapter 3: MF conducted the experiment, took the samples, evaluated the result and wrote the

manuscript.

Chapter 4: MF conducted the experiment, took the samples, evaluated the result and wrote the

manuscript.

Chapter 5: MF conducted the experiment, took most of the samples, evaluated the result and
conceptualized the model. Additionally, MF helped with cost calculations and efficiency estimates for
calcite based EBW.

1.3.6. Publications and outreach

1.3.6.1. Publications from this thesis:

Fuhr, M., Geilert, S., Schmidt, M., Liebetrau, V., Vogt, C., Ledwig, B., Wallmann, K., 2022. Kinetics of
Olivine Weathering in Seawater: An Experimental Study. Front. Clim. 4:831587.

https://doi.org/10.3389/fclim.2022.831587




Fuhr, M., Wallmann, K., Dale, A.W., Diercks, 1., Kalapurakkal, H.T., Schmidt, M., Sommer, S., Béhnke, S.,
Perner, M., Geilert, S., 2023. Disentangling artificial and natural benthic weathering in organic rich

Baltic Sea sediments. Front. Clim. https://doi.org/10.3389/fclim.2023.1245580

Fuhr, M., Wallmann, K., Dale, A.W., Kalapurakkal, H.T., Schmidt, M., Sommer, S., Deusner, C., Spiegel,
T., Kowalski, J., Geilert, S., 2024. Alkaline mineral addition to anoxic to hypoxic Baltic Sea
sediments as a potentially efficient CO2-removal technique. Front. Clim.

https://doi.org/10.3389/fclim.2024.1338556

Chapter 5 is being submitted for publication in Nature Climate Change

1.3.6.2.  Additional publications

Fuhr, M., Laukert, G., Yu, Y., Nirnberg, D., Frank, M., 2021. Tracing Water Mass Mixing From the
Equatorial to the North Pacific Ocean With Dissolved Neodymium Isotopes and Concentrations.

Front. Mar. Sci. 7, 1261. https://doi.org/10.3389/fmars.2020.603761

Wallmann, K., Diesing, M., Scholz, F., Rehder, G., Dale, A.W., Fuhr, M., Suess, E., 2022. Erosion of
carbonate-bearing sedimentary rocks may close the alkalinity budget of the Baltic Sea and support
atmospheric =~ CO2  uptake in  coastal seas. Front. Mar. Sci.  9:968069.

https://doi.org/10.3389/fmars.2022.968069

Flipkens, G., Fuhr, M., Fiers, G., Meysman, F.J.R., Town, R.M., Blust, R., 2023. Enhanced olivine dissolution
in seawater through continuous grain collisions. Geochim. Cosmochim. Acta 359, 84-99.
https://doi.org/https://doi.org/10.1016/j.gca.2023.09.002

Spiegel, T., Diesing, M., Dale, AW, Lenz, N., Schmidt, M., Sommer, S., Béttner, C., Fuhr, M., Kalapurakkal,
H.T., Schulze, C.-S., Wallmann, K., 2024. Modelling mass accumulation rates and 210Pb rain rates
in the Skagerrak: lateral sediment transport dominates the sediment input. Front. Mar. Sci.

https://doi.org/10.3389/fmars.2024.1331102

1.3.6.3. Outreach

Lecture on CO, cycle and sink for “Climate School”:

https://publicclimateschool.de/schulprogramm/stundenplan-mai-22/co2-senken/

Presentation on CO, cycles, sinks and anthropogenic CO, at the Young Climate Conference “LCOY”:

https://Icoy.de/rueckblick/lcoy2022 ?22022=&tab=1

Presentation of mineral dissolution and EBW at the “GEOMAR science Day”.
Podcast on “Littoral weathering and academic culture” with “Reviewer 2 does geoengineering”:

https://open.spotify.com/episode/2KEVbonoRgX3C9SHWTKjC
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Abstract

Enhanced weathering of mafic and ultra-mafic minerals has been suggested as a strategy for carbon
dioxide removal (CDR) and a contribution to achieve a balance between global CO, sources and sinks (net
zero emission). This study was designed to assess CDR by dissolution of ultramafic sand (UMS) in artificial
seawater (ASW). Fine grained UMS with an olivine content of ~75% was reacted in ASW for up to 134 days
at 1 bar and 21.5 — 23.9°C. A decline in total alkalinity (TA) was observed over the course of the
experiments. This unexpected result indicates that TA removal via precipitation of cation-rich authigenic
phases exceeded the production of TA induced by olivine dissolution. The TA decline was accompanied
by a decrease in dissolved inorganic carbon and Ca concentrations presumably induced by CaCO;
precipitation. Temporal changes in dissolved Si, Ca, Mg and TA concentrations observed during the
experiments were evaluated by a numerical model to identify secondary mineral phases and quantify rates
of authigenic phase formation. The modeling indicates that CaCO;, FeOOH and a range of Mg-Si-phases
were precipitated during the experiments. Chemical analysis of precipitates and reacted UMS surfaces
confirmed that these authigenic phases accumulated in the batch reactors. Nickel released during olivine
dissolution, a potential toxic element for certain organisms, was incorporated in the secondary phases and
is thus not a suitable proxy for dissolution rates as proposed by earlier studies. The overall reaction
stoichiometry derived from lab experiments was applied in a box model simulating atmospheric CO,
uptake in a continental shelf setting induced by olivine addition. The model results indicate that CO, uptake
is reduced by a factor of 5 due to secondary mineral formation and the buffering capacity of seawater. In
comparable natural settings, olivine addition may thus be a less efficient CDR method than previously
believed.

II.1. Introduction

The CO, content in the atmosphere has continuously increased over the last 120 years to a current
maximum of 412 ppm (Howe, 2015; Keeling et al., 2001; MacFarling Meure et al., 2006). Since CO, acts as
a greenhouse gas (Feldman et al., 2015), it is mainly responsible for the anthropogenic greenhouse effect
(Lindzen, 2007; Solomon et al., 2009). The 2015 Paris Climate Change Conference COP21 agreed on
limiting global warming to less than 2 °C compared to the preindustrial level. Furthermore, it was stated
that reaching this goal can only be reached if zero net emissions of CO, are attained between 2030-2050
(Rhodes, 2016). The 2018 IPCC (Intergovernmental Panel on Climate Change) special report ‘Global
Warming of 1.5 °C’ has made clear that this goal is only achievable if in addition to the reduction of CO,
emissions, CO, is actively sequestered from the atmosphere in form of negative emissions (Friedlingstein
etal., 2011; IPCC, 2021).
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A vast variety of carbon dioxide removal (CDR) techniques has been proposed and critically reviewed
over the last 20 years (Fuss et al., 2018; Iizuka et al., 2004; Lackner, 2003; Lal, 2004; Saran et al., 2018).
Amongst other methods, CO, sequestration by alkalinity enhancement through silicate weathering has
been highlighted as an affordable and effective CDR technique (Hartmann and Kempe, 2008; Montserrat
et al., 2017; Oelkers, 2001; Renforth and Henderson, 2014). The general concept behind this technique is
the chemical reaction of an idealized magnesium silicate, i.e. forsterite (Mg,SiO,), with water, following:

Mg,Si0, + 4H,0 + 4C0, —» 2Mg?* + H,Si0, + 4HCO,~ (11)

This reaction has been thoroughly studied in soils on land (Amann et al., 2020; Oelkers, 1999; Oelkers et
al., 2015; Olsen and Rimstidt, 2008) but to a smaller extent in seawater, despite the fact that enhanced
olivine weathering would have a triple positive effect if applied in the ocean: 1) CO, would be sequestered
from the atmosphere into the ocean, 2) the acidification of the oceans would be reduced and 3) the supply
of silica and iron, which are limiting nutrients in many parts of the ocean, would increase primary
production and could lead to further CO, uptake (Hartmann et al., 2013; Montserrat et al., 2017). The idea
behind this concept is to distribute fine grained olivine (Strefler et al., 2018) in coastal areas, along beaches
and/or on shelf regions (Meysman and Montserrat, 2017; Montserrat et al., 2017). Subsequently, olivine
dissolves following equation (1) and thus takes up CO, by contributing total alkalinity (TA) to the water
column. A vast number of studies have investigated or reviewed the dissolution kinetics of olivine in
aqueous solutions (Davis et al., 2009; Maher et al., 2016; Méheut and Schauble, 2014; Oelkers, 2001; Oelkers
et al., 2018; Pokrovsky and Schott, 2000; Rimstidt et al., 2012) including filtered seawater (FSW)
(Montserrat et al., 2017) and artificial seawater (ASW) (Montserrat et al., 2017; Rigopoulos et al., 2018).
Montserrat et al. (2017) showed that during the dissolution of olivine in SW and ASW the amount of TA
increase is up to ~80% lower than theoretically expected. This TA deficit was left unexplained but loosely
related to the possible but not observed formation of secondary minerals. Other studies suggested that the
low TA increase was caused by lower dissolution rates due to the formation of passivating surface layers
that either consist of a deprotonated surface complex (Palandri and Kharaka, 2004; Pokrovsky and Schott,
2000) or repolymerized silicic acid (Maher et al., 2016) or the formation of secondary mineral phases on
the olivine grains, which reduce the reactive surface (Béarat et al., 2006; E. King et al., 2010; Oelkers et al.,
2018; Sissmann et al., 2013). These secondary minerals, including the formation of CaCOj3, have also been
linked to direct TA loss and thus low TA increase observed in several studies (Béarat et al., 2006; Hangx
and Spiers, 2009; Kohler et al., 2013; Meysman and Montserrat, 2017; Montserrat et al., 2017; Sissmann et
al., 2013). However, the rates and mechanisms of their formation are poorly constrained especially in SW
and ASW. Furthermore, the release of toxic elements such as nickel has been subject to speculations about
a possible negative effect on the environment if olivine is applied in coastal ecosystems (Flipkens et al.,
2021; Montserrat et al., 2017).

In this study, batch experiments were carried out in which ultramafic olivine sand was weathered in ASW.
A special focus is laid on the formation of secondary phases and their impact on the CO, sequestration
efficiency. The implications for the application of enhanced olivine weathering as a CDR measure for
climate change mitigation are assessed. Furthermore, the release of potentially toxic elements such as nickel
is investigated, which allows a better assessment of environmental risks associated with enhanced olivine

weathering.
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I1.2. Materials and Methods
11.2.1. Materials

Commercially available ultra-mafic sand (UMS) was received from AdL Sandstrahltechnik, which,
according to oral information from the company, ultimately derives from several quarries in northern Italy,
presumably located in the mafic-ultramafic complex near Vidracco (Kremer et al., 2019). The olivine
content of UMS was determined as 74.6 wt-%. For a detailed chemical composition see Tables 1 and 4S
(supplement (suppl.)).

The UMS was milled and subsequently sieved to separate grains with a diameter of 100 — 125 pm , based
on the recommendation by Strefler et al. (2018). The 100 - 125 pum fraction was then thoroughly washed
with ASW until the supernatant was clear. Subsequently, the diluted salts were removed by at least three
wash cycles with deionized water (18.2 MQ-Milli-Q system, hereafter: MQe) until the supernatant was
clear. The composition of ASW was calculated for a salinity of 35.0 (Millero et al., 2008). Additionally, 2.3
mmol/l NaHCO; were added to reach an alkalinity of ~2.3 mmol/l. All chemical componentslisted in Table
3S (suppl.) were dissolved in MQe. The initial Ca content was lower than listed (~320 mg/l instead of 422
mg/l). After day 50, the ASW used for replacement after sample taking contained the correct amount of Ca
(422 mg/1). The lower initial Ca content was applied to keep the saturation state with respect to aragonite
and calcite within natural ranges of the surface ocean (Feely et al., 2012) and to avoid strong oversaturation
that can appear during the early stage of the experiment due to rapid dissolution of high-energy surface
sites created during the milling process.

I1.2.2. Experimental setup

The UMS was permitted to react with artificial seawater in 250 ml polyethylene (PE) batch reactors. Three
different batches with variable amounts of UMS were prepared, each containing three replicates (n = 3) to
verify the reproducibility of the experiments. The amount of ASW was 200 ml for all replicates and batches.
50 ml of ambient air were included to allow for equilibration with the atmosphere. The amount of UMS
was varied from 20 g for Batch20 to 10 g for Batch10 and 5 g for Batch5 in order to investigate the effect of
the solid/liquid ratio. The air was partly exchanged with the laboratory atmosphere every time samples
were taken. All batch reactors with artificial seawater, UMS and gas phase were subjected to constant
movement in Heidolph™™ Reax2® over-head shakers at ~40 rpm. The experiment was conducted under
controlled laboratory conditions (p = 1 bar, 21.5 °C < T < 23.9 °C).

I1.2.3. Sampling procedure from batch reactors and water analysis

For each sample (23 in total), two aliquots (2 ml and 5 ml) were taken for further measurements and the
same volume of artificial seawater was added to ensure a constant solid/liquid ratio. For the same reason it
was made sure that no UMS grains were removed via sample taking. Sampling intervals increased from
minutes to hours during day one to every two weeks between day 50 and day 134. The 5 ml aliquot was
filtered through a 0.2 um cellulose membrane filter and refrigerated in 5.2 ml Zinsser " scintillation bottles.
The 2 ml aliquot was used for direct pH measurements (see below) and not filtered to ensure a pristine
chemical milieu. At the end of the experiments, the ASW in the batch reactors was carefully decanted over
a 0.2 um regenerated cellulose filter to recover the greyish suspended matter that had formed in the batch
reactors during the experiment. Fine particles possibly stuck to the UMS grains were eluted by refilling the
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batch reactor with fresh ASW, shaking and decanting it. This procedure was repeated until the supernatant
was clear. Withal, it was made sure that all precipitates, which left the bottles, were recovered on the filters.
Subsequently, the wet cake was rinsed with pH neutral MQe to elute dissolved species (e.g. salinity).
Furthermore, the UMS used in Batch20 was recovered, very carefully rinsed with pH neutral MQe (to only
elute salinity), and dried for scanning electron microscope energy-dispersive X-ray spectroscopy
(SEM-EDX).

The water samples were analyzed for pH following Dickson (1993). TA was analyzed by titration with
diluted HCI to an end point of pH = 4.5 (Stumm & Morgan, 1996; Gieskes et al., 1991) and element
concentrations were determined using inductively coupled plasma optical emission spectrometry (ICP-
OES).

I1.2.4. Solid phase analysis

Pristine (unused and washed) and weathered UMS as well as the precipitates recovered from the batch
reactors were digested after a modified alkali-fusion method of van den Boorn et al. (2006), in order to
preserve Si, which is lost using conventional HF digestion methods. In contrast to van den Boorn et al.
(2006), we used Teflon beakers on a hot plate instead of an oven. Between 20 and 40 mg of NaOH (Merck™
Suprapure®) and a drop of MQe were added and the sample set to reflux for 72 h at 120 °C. Afterwards the
sample was diluted with 1ml MQe and transferred to a 1.5 ml save-lock tube and centrifuged at 11000 rpm.
The supernatant was separately stored and the undissolved residues retransferred to the Teflon vial,
together with 200pl of concentrated HNOj; and set to reflux for 72 h at 120 °C. After the second reflux 1ml
of MQe was added to the sample and the sample centrifuged and the supernatant removed, as described
above. The entire procedure was then repeated. Subsequently, the dissolved samples (e.g. all aliquots of
each sample) were retransferred to the Teflon beakers and measured with ICP-OES.

Additionally, major and trace elements were determined using the Panalytical Axios Plus X-ray
spectrometer at the Institut fiir Chemie und Biologie des Meeres (ICBM) in Oldenburg. In brief, 700 mg of
freeze-dried and homogenized ultra-mafic sand was mixed with 4200 mg lithiumtetraborate (Li2 B4 O7
Spektromelt) and fused to glass beads. The accuracy and precision were determined by simultaneous runs
of certified sediment standards BE-N and BIR-1 (IGGE; e.g. Govindaraju, 1994) and in-house standard
(PSS) with better than 2.6 % RSD for major elements and 3.3 % RSD for trace elements.

In order to determine the precise composition of the single mineral phases, the UMS before and after the
experiment was investigated using a JXA-8200 SuperProbe high resolution SEM and a WDX/EDX
Combined Electron Probe Microanalyzer (EPMA) at GEOMAR. For this purpose, a small portion of
reacted UMS (see section 2.3) and small portion of fresh UMS were poured on a self-sticking carbon plate.
Thereby it was made sure that both samples did not mix and that the grains were placed solitarily.
Furthermore, fresh UMS and reacted UMS were embedded in resin and the hardened samples were
whetted to create a suitable surface for element analysis along a profile. Afterwards the samples were
evaporated with carbon and placed in the EPMA. A large number of measuring points were evenly
distributed along a profile with a distance between the measuring points of ~1.5 pm. The spatial resolution
of each measuring point is ~5 pm. Hence, neighboring data points overlapped along the profile. The
measured values were reported as atomic proportion normalized to 24 oxygen atoms with an RSD better
than 0.7 % for simultaneously measured standards and better than 1.5 % for major elements. Finally, the
element abundance was normalized to 100 wt.-% and the atomic proportion normalized to 24 oxygen. For
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the analysis of carbonate grains, the carbon content was pre-set to 12.01 wt.-%. Apart from quantitative

measurements, scanning electron microscope (SEM) images were taken with the same device.

In order to verify the mineral composition, the pristine UMS as well as the precipitates recovered from
the batch reactors were measured on a Phillips X-ray diffractometer (XRD) equipped with an automatic
divergency slit, monochromator and a Co-cube at 40kV and 35 mA. The samples were finely ground,
pressed on an Si monocrystalline plate and measured with 20 = [4°; 75°] at 0.01° steps for one second at
each step. The analysis of the XRD diffractograms was performed via the xPowder " software and the
standard PDF2 database. The results and interpretations are shown in Figures 1S - 4S (suppl.).

I1.2.5. Model setup

A dissolution-precipitation model was set up with Wolfram Mathematica to simulate the chemical
reactions for each batch experiment. The kinetic box model considers dissolution of olivine after Rimstidt
et al. (2012), precipitation of the secondary phases aragonite/calcite, sepiolite, crysotile, talc and Fe(OH);
based on saturation state calculations (Section S1, suppl.). The model also calculates the concentration of
dissolved Mg, Si, Ca, Fe as well as TA and is used to infer the overall reaction stoichiometry.

For each species in solution, ordinary differential equations (ODEs) were formulated as:

ac

dt = Qo1 *To1 — Zj OPm,j*Tmj —Ts * (C - Cin) (I12)

where C is concentration of the considered species in the dissolved phase, t is time, ¢,; represents the
abundance of the species in olivine (ol) and r,; is the olivine dissolution rate. Precipitation of secondary
mineral phases (j) is calculated by multiplying the respective precipitation rate (r;) with a corresponding
stoichiometric coefficient (¢ ;) defining the content of the considered element in the respective mineral.
Sampling and replacement by fresh ASW are considered by applying the sampling rate rg and the
concentration difference between sample (C) and unreacted ASW (Cy,).

The model is solved using the solver for ordinary differential equations of MATHEMATICA (version
11.3).

The precipitation rate of secondary minerals depends on the corresponding saturation state ({;(t)):
Tore; = Epre1; * UnitStep(Q;(t) — 1) * |Q;(t) — 1|*Prez (I13)

UnitStep expresses a function that returns 0 for arguments smaller than or equal to 0 and 1 for all
arguments larger than 0. Hence, precipitation was assumed to take place only when the solutions were
oversaturated with respect to the considered mineral (;(t) > 1). €pyez; defines the order of the reaction

and &1, is defined as

1
gprell- = kprel- * (1 - ch) (I14)

1+e Pi
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kypre, is a kinetic constant, & represents the time delay until the precipitation starts and /3 steers the speed
with which the precipitation starts. &,y¢1; was introduced because the solids used in our experiments did
not contain seed material for the precipitation of secondary minerals. Hence, the precipitation did not start
immediately after oversaturation was reached but with a delay expressed by &p;¢1;. The kinetic constants
kyrei (Equation I14) were employed to consider the fact that precipitation rates are not only determined by
the degree of oversaturation but also by kinetic factors that may either slowdown or accelerate the

precipitation reaction.

The oxidation of ferrous iron released during olivine dissolution was simulated applying the kinetic rate
for abiotic iron oxidation (Millero et al., 1987).

The mineralogical composition of the UMS and the precipitates was determined with a simple mixing
calculation. In a first step, element concentrations measured via ICP-OES were normalized to the measured
Si content following:

C;s = conc;/Sig (II5)

mol . . . . . .
where C; ¢ (%) is the concentration of an element normalized to the Si concentration in the
’ mo Sig

molgiement

mg ) is the concentration of an element per
S

respective solid S (UMS or precipitates), Conci(

OlSiS

m
milligram solid and Sig ( s
s

) is the Si concentration in the solid.

In a second step, the composition was calculated following:
Ciputk = Li(Comin * foutx) /Sipuic (116)

mol . .. s
Ci puik (%) represents the molar fraction of an element i in the calculated composition
' MOLSipy ik

moleiement

normalized to mol of Si; C; 1in ( ) is the molar content of the element in a certain mineral.

molmineral

moly,; . . . . s
foutk (%‘m) denotes the fraction of a certain mineral in the calculated composition and
molpyik
Sipuik (
v molpyixk

molg;
M) represents the corresponding Si content (Table 1). The mineral phases used for this
calculation were estimated from XRD and WDX measurements. The amount of each mineral (fp,,;;) was

then iterated until C; ,,,; values for each element were acceptably close to the measured C;¢ values.
Normalization to Si was used to allow comparing concentrations (mol/mg) measured via ICP-OES to
atomic proportions (normalized to 24 O) obtained via WDX and XRD.

I1.3. Result
I1.3.1. Composition of the ultra-mafic sand (UMS)

The major and trace element measurements (ICP-OES and XRF) of the UMS are mainly in good
agreement with the oxide composition provided by the manufacturer (Table 6S). Furthermore, 5% of the
UMS consisted of accessory oxides such as MnO, K,0, CaO and Al,O; which were not accounted for in
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the manufacturer information. According to WDX measurements the olivine used consists of 90.3%
forsterite and 9.7 % fayalite leading to the formula (M gg 99 F€9.10)2Si0,4 (F090) and based on the simple
mineral model accounts for 74.62% of the UMS (Table II 1). The second largest fraction is Orthopyroxene
(Opx) with the simplified structural formula (Mg Fe, 1)2(Aly15510.85).O06 accounting for 15.92% followed
by an  amphibole = (Amph., likely  tremolite) = with  the  structural = formula
(Nao.36K0.14)(Cao.95Mgo.05)2(Cro.o14Feo.079Mgo.79Alo.087Tio.03)5(Si7.4Alo.6)Ozz(OH)z (5.41 %) and a
Clinopyroxene (Cpx) with 3.5 % and the structural formula (CaMg),(SipoAly1),Os. Additionally, WDX
measurements revealed the presence of accessory spinel and Ni and Fe sulfides. The abundance of these
phases was estimated employing ICP-OES data and EDX observations.

Table II 1: Mineralogical model for UMS (bulk) combining XRD, WDX and ICP-OES data.
Element concentrations in minerals are given as atomic proportion relative to 24 oxygen. Oxygen is
not measured but set to 24. The mineral phases were determined based on XRD measurements, the
elementary compositions of mineral phases are based on WDX measurements (Table 5S, suppl.).

molejement

Opx: Orthopyroxene, Cpx: Clinopyroxene, Amph: Amphibole. C; 1k ( ) represents the

molsip i

molejement

calculated bulk concentration of each element normalized to bulk Si, C; yms ( ) are measured

mOISiUMS
element concentrations obtained by full digestion of UMS normalized to the measured Si content of
the UMS.

Species Al Ca Cr Fe K Mg Mn Na Ni Ti Si 0, % (wt.)

Phase
Forsterite  0.002 0.002 1.182 11.02 0.018 0.003 0.036 5.868 24 74.62
Opx 0.663 0.093 0.034 0.767 7.032  0.019 0.055 0.007 0.010 7.504 24 15.92
Cpx 1.104 3.352 0.091 0.288 3.350 0.360 0.005 0.042 7.471 24 3.55
Amph. 1.454 1.905 0.071 0.393 0.174 4.518 0.369 0.008 0.096 7.242 24 5.40
Spinel 10.24 1.603 1.597 4.605 0.015 0.032  0.004 24 0.07
Sulfide 1.900 0.350 0.45
Ci puik 0.039 0.039 0.002 0.174 0.002 1.543 0.003 0.007 0.006 0.001 1.0 3.822 100
Civuums 0.035 0.034 0.002 0.174 0.000 1.543 0.003 - 0.006 0.001 1.0 3.822

I1.3.2. Concentrations of dissolved species measured during the
experiments

All experiments show a common trend of increasing TA in the early stage of the experiment and a
decrease below initial values (2.36 + 0.011 meq/l) after a certain period of time (Figure II 1a). The highest
and lowest values (2.65 = 0.011 meq/l; 1.266 £ 0.019 meq/l), were measured in Batch20 (solid/liquid =
1/10) after one day (highest) and at the very end of the experiment (lowest). Batch5 (solid/liquid = 1/40)
shows the lowest overall temporal gradient. The peak values occur the latest for Batch5, which also shows
the highest final TA values, even though associated with the largest errors. Dissolved silicon concentrations
[Si] increase persistently over the entire experiment (Figure II 1b). The fastest increase is observed during
the initial stage of the experiment (e.g. Tables 8S - 10S, suppl.). The rate of [Si] increase then stabilizes
during the experiment to nearly constant values towards the end. An exception to that trend is visible in
Batch5. Here, the rate increases abruptly around day 78 (Table 10S, suppl.) before a steady increase is
attained. This rate change does not occur in all three replicates, which is reflected in high double standard
deviation (2SD) values for [Si] towards the end of the experiment (Figure II 1b). The highest concentrations
are observed at the end of the experiment with a final [Si] of 421.8+ 1.3 umol/l (Batch20),
286.6 £ 6.4 umol/l (Batch10 (solid/liquid = 1/20)) and 190.3 +42.1 umol/l (Batch5). Calcium
concentrations [Ca] (Figure II 1c) show a common trend for all three batches: During the early stage of the
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experiment, [Ca] stays relatively constant, before the concentrations start to drop. Towards the end of the
experiment, [Ca] increases again. Similar to TA values, the initial decrease appears latest in Batch5 and
earliest and strongest in Batch20. Interestingly, until day three [Ca] follows a pattern that is similar to Mg
concentrations ([Mg]) values (Figure 5S, suppl.) with a well-pronounced peak in Batch20 after 115 minutes
which, at the same time, represents the highest measured [Ca] value of all three batches
([Ca] = 8.26 £ 0.02 mmol/l). However, the temporal changes in [Mg] do not exceed the standard deviation
of the three replicates due to the high [Mg] values in the ASW. In Batch20, [Ca] decreases constantly after
one day from 8.10 + 0.01 mmol/l to a minimum value of 6.58 + 0.01 mmol/l at day 78. The decrease is
weaker after day 50. For Batch10 and Batch5 the [Ca] decrease is less pronounced and occurs with a delay
of 2 days in Batch10 and after 4 days in Batch5. After 50 days, the replenishment of ASW with high Ca
concentrations (see section 2.1) caused an increase in [Ca] in all three batches.

Final experimental [Ca] is 6.83 £0.01 mmol/l for Batch20, 7.32 £0.01 mmol/l for Batch10 and
7.78 £ 0.01 mmol/l for Batch5. Overall, the behavior of [Si], [Ca] and TA reflects the amount of USM used
in the experiments. Elevated solid/water ratios induce high [Si] and low [Ca] and TA values at the end of

the experiments.
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Figure II 1:TA (a), [Si] (b), and [Ca] (c) values measured during the experiments. Symbols indicate
mean values of three replicates for each batch. Error bars are reported as + 2SD of the mean values.
Lines represent modelled concentrations (blue; Batch20, brown: Batch10, green; BatchS). A
logarithmic scale is used for the time axis.

For all batches, the model used for the simulation was able to reproduce measured values very accurately
(Figure IT 1a — 1c). The sum of squared errors ranged between 0.03 and 0.52 with highest errors in Batchs.
Additional data used in the modeling are provided and described in detail in the supplementary material,
section S1.
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I1.3.3. Secondary mineral formation and precipitation rates

The change in water chemistry by dissolution of olivine and the subsequent accumulation of cations

change the saturation state with respect to a variety of mineral phases containing these ions (Figure II 2).
Saturation states (£);) were calculated using PHREEQ (Parkhurst and Appelo, 1999) where values above 1
indicate oversaturation (suppl.). During all experiments, DIC calculated from measured TA and pH values
follows the same trend as TA (Figure II 1a) and [Ca] (Figure II 1c). In contrast, pH values (Figure II 2b)

follow a different trend. In all batches an initial increase in pH can be observed. This increase is strongest

and appears earliest (until day 1) in Batch20. In Batch10 and Batch5 pH values rise less rapidly and highest
values were measured latest in Batch5. Subsequently, the pH values decrease again in all batches. Again,
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Figure 11 2:DIC (a), pH (b) and saturation states with respect to aragonite (c), serpentine (d), talc (e)
and sepiolite (f) as calculated for Batch20 (blue), Batch10 (brown) and BatchS (green). Error bars in
(a) reflect + 2SD that are calculated form the standard deviations of measured pH and TA values.
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this decrease ends first in Batch20 followed by Batch10 and is observed latest in Batch5. Contrary to the
first increase, the subsequent drop has a similar magnitude in all batches which leads to lowest values in
Batchs. After a well-pronounced peak, pH values decrease in Batch10 and Batch20 towards the end of the
experiment. In Batch5 pH values plateau until day 78 before they slowly decrease towards the end. Note
that the standard deviation of the three replicates in Batch5 becomes very large during the last days which
leads to the assumption that an external input might have occurred in one of the Batch5 batch reactors.

In all three batches, the system is oversaturated with respect to aragonite (saturation state >1) over the
entire course of the experiment (Figure II 2¢). Following DIC (Figure II 2a) and TA, the saturation states
increase towards an initial peak that occurs first in Batch20, then Batch10 and less pronounced in Batchs.
During the subsequent decrease that persists until the end of the experiment, the saturation states in all
three batches converge towards a common value of ~1.5.

For the phyllosilicate phases considered in this study (serpentinite, talc, sepiolite), the saturation states,
which depend on [Si], [Mg] and pH, develop differently from saturation with respect to aragonite. Since Si
and Mg concentrations increase persistently, saturations follow this trend which is, though, overlain by
changes in pH values (Figures II 2d-f). The most striking features are the time after which the solution
exceeds oversaturation with respect to the individual minerals (saturation values >1) and the extent of
oversaturation attained at the end of the experiments. Whilst serpentine saturation (Figure II 2d) increases
to a state of oversaturation very early in all batches (first Batch20 after ~0.1 days, latest Batch5 after ~1 day),
saturations with respect to talc increase later and reveal higher differences between the batches (Figure II
2e). A similar trend but with overall lower oversaturation is visible for sepiolite (Figure II 2f). Thus,
saturation with respect to both minerals (talc and sepiolite) rise above 1 in Batch5 only after day ~50 and
day ~80 respectively.

11.3.4. Trace metal concentrations

Manganese concentrations [Mn] increase over the first 3 days during all experiments (Figure II 3a). A
well-pronounced peak is clearly visible in all batches at day 3, followed by a minimum at day 4.
Subsequently, [Mn] values increase again but do not follow a common trend anymore. Important features
are the strong increase in Batch5 between day 46 and day 78 which coincides with a strong increase in [Si]
(Figure II 1b) and the fact that lowest final values are observed in Batch20 (~0.3 pmol/l), whereas the
concentrations in Btach10 and Batch5 are equal within the error (~0.5 pmol/l).

Despite the larger 25D compared to [Mn], Ni concentrations show a clearly increasing trend throughout
the experiment (Figure II 3b) with a tendency towards highest values for Batch20 until day 22. A strong
final increase for Batchs, that coincides with the increase in [Si], leads to values that are equal within the
error for all batches (Batch20: 1.23 £ 0.26 umol/l, Batch10: 1.31+0.23, Batch5: 1.42 £0.26 umol/l).
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Figure II 3: Concentration of dissolved Mn (a) and Ni (b) for Batch20 (blue), Batch10 (brown) and
Batch5 (green). Error bars are reported as + 2SD.

I1.3.5. Model results: composition of precipitates and overall
stoichiometry

The kinetic rate law employed in the model allows for secondary mineral precipitation only after the
solutions reach oversaturation with respect to the considered mineral (equations II3,II4). Precipitation
does not start immediately after oversaturation is reached, since nucleation has to occur before
precipitation can remove substantial amounts of solutes from solution. The time delay accounting for
nucleation and the kinetic constants are derived by fitting the model to the measured dissolved species
concentrations. The least deviation of modelled values from measured ones is reached with relatively low
rates for talc and sepiolite precipitation compared to serpentine formation (Figures IT 4b-d). It also becomes
clear that apparently phyllosilicate formation is less dependent on the saturation state compared to
aragonite precipitation (Figure II 4e; equations 113,114, Table1S, suppl.). The fastest precipitation is applied
for Fe(OH); because dissolved ferrous Fe released from olivine is rapidly oxidized to ferric iron and
precipitated as iron hydroxide. (Figures II 4a,f).

The time-integrated rates of olivine dissolution and secondary phase precipitation calculated in the
model are employed to derive the overall reaction stoichiometry for each of the three batches:

Batch20:

0.77H,0 + (Mgq0oFeq.10)25i0, + 0.0550, + 0.89Ca?* + 0.53C0, + 0.36HCO;~ —
0.18Fe(OH)5 + 0.25Si(0H), + 0.89CaC0; + 0.025M g,Sis0, s(OH)(H,0)5 +
0.32M g5Si,0s(OH), + 0.0090M g5Si,010(OH), + 0.016Fe3* + 0.77Mg2* (117)
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Batch1o0:

0.79H,0 + (Mgo00F€0.10)25i04 + 0.0550, + 0.98Ca?* + 0.45C0, + 0.53HCO;™ —
0.18Fe(OH)s + 0.27Si(OH), + 0.98CaC05 + 0.021M g,Sis0, -(OH) (H,0)5 +
0.32M g5Si,0s(OH), + 0.0061Mg5Si,010(OH), + 0.012Fe3* + 0.77M g2+ (118)

Batchs:

0.79H,0 + (Mgo00F€q.10)25i04 + 0.0550, + 0.98Ca%* + 0.51C0, + 0.47HCO;~ —
0.19Fe(OH)5 + 0.32Si(0H), + 0.98CaC05 + 0.007Mg,Si;0, -(OH)(H,0)5 +

0.32Mg5Si,05(0OH), + 0.0025M g55i,0,,(0OH), + 0.013Fe3* + 0.80M g2+ (I19)
a) olivine dissolution b) talc precipitation
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Figure II 4: Dissolution rate for olivine (a) and precipitation rates for secondary phases (b-f) as
calculated via the model for all batches.

To verify these model results, the composition of the greyish suspended matter that had formed in the

batch reactors was determined applying a simple mixing calculation (equations II3, II4). Especially the
amount of fine-grained UMS in the suspended matter was scrutinized to subsequently estimate the

composition of the actual precipitate. In contrast to the UMS procedure, no WDX measurements were
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performed on the precipitate. Hence, the mixing calculations are only based on XRD scans (Figures 1S -
4S, suppl.) and full digestion, followed by ICP-OES measurements (Table 6S, suppl.). The results of the
calculations are presented in Table II 2 and suggest a molar portion of UMS from 25% for Batch5 to 37.5%
for Batch10. After the subtraction of these portions the result reveals very similar compositions for all
batches with ~16-23 % sepiolite and >70 % aragonite as the major components. Minor phases are chrysotile
(~3-4 %), Fe(OH); (~3-4 %), and Al,O;. Even though Al,O; is unlikely to have formed, it was included for
the precipitates to match the measured compositions. It is most likely incorporated into the different partly
amorphous Mg-Si-phases. Overall, the solid phase data and model results are broadly consistent as both
indicate that CaCO; and a range of Mg-Si phases are the major secondary phases formed during the

experiments.
11.3.6. EDX/WDX observations of weathered UMS

After 134 days of agitation in batch reactors, grains of UMS were distinctively rounded with secondary
mineral phases grown in indentations and fissures (Figure II 5). The WDX measurement on the blank grain
(Figure II 5a2) revealed that the Mg/Si ratio was elevated for the olivine grain (Mg/Si = 2.33) compared to
the pristine value (Mg/Si = 1.78) (Table 5S suppl.). The secondary mineral phase measured in inundations

clearly indicates calcium carbonate and a very small contribution of iron (Figure II 5a1).
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Figure II 5: EDX images of reacted UMS grains taken at the end of the experiments. a) Olivine grain
with secondary mineral phases. al) Atomic proportions in secondary minerals grown on olivine. a2)
Atomic proportion of host mineral. b) Orthopyroxene grain with on-grown aragonite crystal. b1)
Atomic proportion of secondary mineral grown on Orthopyroxene. b2) Atomic proportion of host
mineral for secondary phase (b1). Red circles indicate areas of WDX composition measurements. c)
illustrates the transect through secondary minerals on an olivine grain. The red line denotes the
measured transect. d) shows the atomic proportion of major elements measured along the profile
shown in 5c¢). e) shows the atomic proportion of minor elements measured along the profile shown in
5c¢). f) shows the atomic proportion of trace elements measured along the profile shown in Sc).
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In Figure II 5b, the elementary distribution suggests orthopyroxene as host mineral for secondary mineral
formation (Figure IT 5b2). Here again, the data clearly indicate that the secondary phase is largely composed
of calcium carbonate (Figure II 5b1). The cross-section measured on an altered olivine grain (Figure II 5¢,
Figures II 5d-e) illustrates that the material found on the grains not only consists of calcium carbonates.
Instead, it is a heterogenous mixture of different phases with different densities (indicated by different
shades of grey, Figure II 5¢). The atomic proportion (relative to 24 oxygen atoms) along the profile (Figures
IT 5d-e) indicates a smooth transition from the host material olivine to different Mg-Si phases and back.
The smoothness is an artefact of the measuring precision of the micro-probe indicated by the blurred area
around the profile line. Hence the material is too fine grained to be examined in detail. Still, the asymmetric
increase of Al and Ca indicates the presence of different phases along the profile which is underpinned by
the jagged distribution of trace elements along the profile (Figure II 5f). Overall, the measurements revealed
that the agglomerations are most likely a mix of fine-grained UMS remnants cemented with a mix of
calcium carbonate and hardly determinable secondary Mg-Si-phases. The examples in Figure II 5 represent
typical patterns obtained during a series of measurements. Table IT 2: Calculated composition of suspended
matter filtered from batch reactors. Values represent mean values of three replicates per batch. For the
precise composition of the UMS, see Table II 1.

Table II 2: Calculated composition of suspended matter filtered from batch reactors. Values

represent mean values of three replicates per batch. For the precise composition of the UMS, see
Table II 1.

mol on mg on mol %
Component mol% % (M) filter filter precipitate
Batch5 UMS 25.00 31.721 0.0258 3.735
Sepiolite 12.35 12.229 0.0127 1.440 16.73
Serpentinite 2.60 3.167 0.0027 0.373 3.52
Talc 1.10 0.917 0.0011 0.108 1.49
CaCOs 55.40 48.745 0.0572 5.739 75.07
Fe(OH)3 2.35 2.146 0.0024 0.253 3.18
AI203 1.20 1.076 0.0012 0.127 1.63
Batch10 UMS 37.05 45.762 0.0417 6.014
Sepiolite 14.40 13.304 0.0162 1.748 23.34
Serpentinite 1.10 1.304 0.0012 0.171 1.78
Talc 0.40 0.325 0.0005 0.043 0.65
CaCOs 43.40 37.172 0.0488 4.885 70.34
Fe(OH)3 2.40 2.133 0.0027 0.280 3.89
AlI203 1.25 1.091 0.0014 0.143 2.03
Batch20 UMS 29.90 37.819 0.0675 9.733
Sepiolite 11.10 10.502 0.0190 2.703 16.04
Serpentinite 2.00 2.428 0.0029 0.625 2.89
Talc 0.40 0.332 0.0005 0.086 0.58
CaCOs 53.80 47.189 0.0610 12.145 77.75
Fe(OH)3 1.90 1.729 0.0020 0.445 2.75
Al203 0.90 0.804 0.0009 0.207 1.30
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11.4. Discussion

I1.4.1. Robustness of modelled and measured results

The consistency of measurements and model results suggests a step forward towards the precise
understanding of the processes operating during olivine dissolution in seawater. For the interpretation of
the results, however, it is necessary to shine a light on uncertainties. A crucial aspect is the surface area of
the olivine grains. Rough edges that originate from the grinding process represent high energy sites which
enhance the reactive surface of the grains but are worked off quickly during the early stage of the
experiment. Even though, the initially enhanced reactive surface was considered in the kinetic model
(Figure II 4a, equation 118, suppl.), all calculations are based on the geometrical surface area for spherical
grains with a diameter of ~100 um. Hence, the actual reactive surface is most certainly larger than assumed
in the kinetic model of olivine dissolution. It is thus possible that the dissolution rates were actually higher
than those calculated in the model. Moreover, idealized mineral phases were used in the modeling of
authigenic mineral precipitation whereas the solid phase analyses indicate the formation of amorphous
phases with a poorly defined composition (Figure II 5).

Moreover, the model may not consider all processes occurring in the experiment. In general, olivine was
assumed to be the only mineral phase that dissolves. Despite the considerably lower dissolution rates of
other mineral phases (Gruber et al., 2019; Lerman et al., 1975; Wolff-Boenisch et al., 2011), their dissolution
can play an important role at the beginning of the experiment due to the enhanced surface area. The
admixture of very fine UMS particles that made up to 30 % of the recovered precipitates (Table 2) and
enhanced surface roughness can lead to a large number of possibly fast initial dissolution-precipitation
reactions that might explain fluctuations in elementary concentrations in the early stage of the experiment.

Despite these uncertainties, the model is able to reproduce the concentrations of dissolved species
measured over the course of the experiments (Figure IT 1). This and the fact that the same kinetic rate laws,
functions and parameter values were used for all batches, suggests that the overall stoichiometries derived
from the model are adequate.

I1.4.2. Secondary mineral phases

The major goal of this study was to close the gaps in knowledge regarding the impact of secondary phases
on the sequestration efficiency of enhanced silicate weathering. Thus, the experiments were designed to
allow investigating the precipitation of secondary phases under the following premises:

e Inorderto reduce the number of unknown quantities, ASW was used instead of filtered seawater.

e Commercially available ultramafic sand was used since future large-scale applications of
enhanced silicate weathering as CDR measure will rely on widely available rocks rather than
purified olivine

e Different solid-phase/water ratios were applied to investigate the dependency of secondary

mineral formation on saturation states.

e A kinetic model was specifically designed to provide a deeper understanding of the kinetics and
overall stoichiometry of authigenic mineral formation.
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The most striking feature in the data presented in this study are the counterintuitively decreasing TA
values (Figure II 1a) as the weathering of olivine is supposed to lead to the exact opposite (Fuss et al., 2018;
Kohler et al., 2013; Meysman and Montserrat, 2017; Montserrat et al., 2017; Oelkers et al., 2018; Renforth
and Henderson, 2014; Rigopoulos et al., 2018; Rimstidt et al., 2012). The formation of secondary minerals
has been invoked as a possible mechanism to reduce the net gain in TA during olivine weathering
(Griffioen, 2017; Meysman and Montserrat, 2017; Montserrat et al., 2017; Oelkers et al., 2018; Torres et al.,
2019) but to our knowledge have never been investigated in ASW in great detail. They appear in the form
of phyllosilicates and carbonates. In seawater with a low rock/water ratio, the latter ones mainly exist in
form of aragonite, calcite and Mg-calcite as these are the major authigenic carbonate phases that are formed
in this chemical environment (Lein, 2004; Schrag et al., 2013; Torres et al., 2020; Wallmann et al., 2008).
Mg-carbonates can be neglected as they only form under very special conditions mainly in highly alkaline
facies with very high rock/water ratios, which do not match our experimental set-up (Dehouck et al., 2014;
Entezari Zarandi et al., 2017; Ferrini et al., 2009; Moore et al., 2004; Power et al., 2013)

I1.4.3. Precipitation of CaCO;

The direct comparison of [Ca] and DIC (Figure II 1c, Figure II 2a) reveals that the decrease in [Ca] is
accompanied by a corresponding decrease in DIC. Meanwhile, [Mg] concentrations increased (Figure II
5S suppl.). Combined with the low Mg/Si ratios in the recovered precipitates (Tables 6S, 7S, suppl.), the
most likely explanation for these values is the formation of CaCO; either in the form of aragonite or calcite,
as this process is the only one that has the potential to reduce both C and Ca to an equal amount. This is
underlined by the composition of the precipitates (Table 2, Table 7S) that were calculated via equations II5
and II6. Stockmann et al. (2014) suggest that forsterite has the potential to foster the nucleation of calcite
on its surface. The major difference in the experimental design of Stockmann et al. (2014) and this study is
the reagent in which forsterite was dissolved. Whilst in this study ASW with a pH of ~8 was used,
Stockmann et al. (2014) dissolved forsterite in Na-carbonate and Ca-chlorite solutions at a pH of ~9. XRD
measurements of precipitates recovered from the batch reactors in this study revealed no significant calcite
content but indicated the presence of aragonite (Figures 1S to 3S, suppl.). Despite the fact that these
measurements have a very high noise/signal ratio and are therefore fraught with a very large error this is
consistent with the findings of Rigopoulos et al. (2018), who found aragonite as the only CaCOj; species in
weathering experiments with dunite, and with the fact that aragonite is preferably precipitated in Mg rich
solutions (De Choudens-Sanchez and Gonzalez, 2009; Sun et al., 2015). Mixing calculations revealed that
the precipitates recovered from the batch reactors consisted of ~72 % (molar) CaCO; averaged over all
batches, which is very close to the modelled values of ~65 % (molar) as average for all batches. For natural
seawater, Burton and Walter (1987) ascertained growth rates of aragonite 3 times higher compared to
calcite at 25 °C with highest aragonite dominance for calcite saturations of ~5, which corresponds to the
values during the early stage of the experiment of this study. These findings are supported by
Zhong and Mucci (1989) who used a different rate equation but found very similar total rates. In order to
match measured and modelled [Ca] and TA values, aragonite precipitation needed to be considered in the
model used in this study (Figures II 4e, 6b). When comparing the rate parameters for aragonite
precipitation which lead to the best model fit in this study, with the constants of Burton and Walter (1987),
the values were higher compared to the values of Burton and Walter (1987) for Batch20 and Batch10 but
matched for Batch5. The slightly higher values in this study indicate possible catalyzation of CaCO,
precipitation on the surface of the UMS grains, as for the same saturation stronger precipitation takes place.
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Our data clearly show that, contrary to findings of Montserrat et al. (2017), calcium carbonate is formed
during the experiments and is responsible for most of the observed TA loss.
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Figure II 6: Comparison of measured values (solid lines) for dissolved species and modelled
concentrations that would result from congruent dissolution of UMS without formation of secondary
minerals (dashed lines). a) silicon, b) TA, c) nickel, d) manganese.

I1.4.4. Secondary phyllosilicate and Fe(OH)s phases

Next to calcium carbonate, phyllosilicates have the potential to form during olivine weathering (Buurman
etal., 1988; Delvigne et al., 1979; Griffioen, 2017; Hellmann et al., 2012; Montserrat et al., 2017; Rigopoulos
etal., 2018; Sissmann et al., 2013; Sudrez et al., 2011). Hence, precipitation of serpentine, sepiolite and talc
is investigated in this study (Figures II 4b-d). Calculated saturation states vary largely for the different
minerals (Figure II 2). In the model, the precipitation of each mineral depends on the magnitude of
oversaturation and a kinetic constant (Lasaga, 1998). The best fit to the Si, Mg and TA data was reached
applying a very small rate constant for talc precipitation compared to rate constants for serpentine and
sepiolite. Hence, talc is least represented in the model results (0.25 % (molar), averaged over all models).
This is fairly congruent to the calculated composition of the recovered precipitates where the average
content of talc was 0.89 % (molar) (Table 2). Large discrepancies between the model and the calculated

mineral composition based on measurements occur with regard to the ratio of sepiolite to serpentine
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(SS::;). The numerical model suggests a (%) of ~0.066 (average of all batches) whereas the mineralogic

model reveals a (%) of 7.8. The saturation states (Figure II 2) clearly show that ASW was least

oversaturated with respect to sepiolite in all batches and undersaturated in Batch10 and Batchs for at least
half the experimental period. Thus, sepiolite appears highly unlikely to be the major precipitated phase
(Figure II 4d).

Hence, the remaining explanation is that a major portion of secondary phases with low Mg/Si ratios had
stuck on the grains and was therefore not recovered. This is supported by EDS images (Figure II 5). Several
grains were found that were covered with secondary phases. Next to CaCO; the WDX analysis of these
secondary phases indicates a large variety of Mg-Si-phases. Via their composition, though, these phases
could hardly be identified as any of the Si-phases considered in the model.

Also, XRD measurements do not indicate high amounts of the phyllosilicate phases that were considered
in the model. It is thus likely that the Mg-Si bearing phases in this study show the same amorphous
character as the phases found by Davis et al. (2009) who described a “deweylite assemblage” which stands
for a mix of different Mg-silicates whose precise chemical composition can vary strongly (Hévelmann et
al., 2011). Thus, the mixed composition of all Si-bearing precipitates could be understood as the
composition of a Si-Mg-rich partly amorphous bulk phase, which is well represented by the noisy XRD
diffractograms (Figures 1S -3S, suppl.).

Similarly to secondary phyllosilicates, Fe(OH); seems to have attached to UMS grains, as the measured
(and subsequently calculated) content of Fe(OH); in the suspended matter recovered from the batch
reactors was ~3 % on average and the model calculated ~13 % (averaged over all batches). This is evidenced
by little dense flakes that were found on the weathered grains during EDX/WDX measurements that
consisted mainly of Fe and is supported by the fact that less precipitate was recovered, than the suggested
by the model. Like the precipitation of phyllosilicates and carbonates, the formation of Fe(OH); releases
protons. It is therefore important to consider this process with regards to the overall efficiency of enhanced
silicate weathering.

11.4.5. Dissolution kinetics of olivine

Over the first 2-4 days of the experiments dissolved [Si] and TA values are close to those predicted by the
kinetic rate law for olivine dissolution used in our model (Rimstidt et al. 2012). However, the measured
concentrations are significantly lower than the predicted value over the following period (Figures II 6a,
IT 6b) This observation could in principle either be explained by a decline in the olivine dissolution rate due
to surface passivation/occupation by secondary minerals, or by the removal of Si and TA from solution via
precipitation of secondary minerals.

Montserrat et al. (2017), whose experiment A3 was very similar to the experiments of this study, proposed
a dissolution rate for olivine in dependence of the changing saturation state with respect to olivine that was
calculated after Palandri and Kharaka (2004). For the validation of this hypothesis, they fitted their model

to the accumulation of Si in solution (%), regardless of Si removal by secondary phases. The outcome is

a good approximation of the apparent dissolution rate.
A passivation of the surface as a result of incongruent weathering has previously been invoked as one

explanation for the decrease in dissolution rate over time (Hellmann et al., 2012; Maher et al., 2016;
Montserrat etal., 2017; Wolff-Boenisch et al., 2011). Apart from Mg isotopes (Hellmann et al., 2012), which
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were not measured in this study, one indication for such processes is the cation depletion of the reactive
surface of the olivine grains after the weathering process. Hellmann et al. (2012) as well as Maher et al.
(2016) used HCI and NaCl solutions respectively which did not contain Mg. Likewise, Montserrat et al.
(2017) reported highest Mg depletion on reactive surfaces for experiments with Mg-reduced ASW.
Extensive WDX measurements applied in this study have not revealed such depletion. Instead, highest
Mg/Fe ratios in olivine were measured on blank surfaces of weathered olivine that were not covered with
secondary mineral phases (Figure II 5a2). Thus, the depletion and subsequent passivation of forsterite
surfaces observed in other studies during dissolution seems to be a result of diffusive equilibration between
a depleted reagent and the crystal surface. This effect did not occur in in our study, as the background
activity of Mg is very high in ASW (Millero et al., 2008). Hence, following the idea of an equilibrated steady
state for surface layers (Maher et al., 2016), olivine grains might as well be considered a temporary sink for
Mg, assuming the diffusive replacement of Fe*" with Mg** supplied from the ambient seawater, similar to
the process of Mg-replacement by H' described by Oelkers et al. (2018). Additionally, elevated (Mg+Fe)/Si
ratios point towards the results of Pokrovsky and Schott (2000), who described the preferential release of
Si during the early stage of dissolution (100 days in their experiment) for non-acidic solutions.

Further passivation of the grain surface due to occupation with secondary minerals (Béarat et al., 2006;
E. King et al., 2010; Sissmann et al., 2013; Oelkers et al., 2018) appears unlikely as the portion of reactive
surface covered by authigenic phases was relatively small in this study (data not shown). Considering these
observations and the solid phase data that were obtained in our experimental set-up, it is likely that most
of the Si and TA deficit (Figures II6a, II6b) in the dissolved phase is induced by the precipitation of
secondary phases rather than a decline in dissolution rate.

I1.4.6. Fate of Nickle and its usability as a dissolution proxy

Ni concentrations were suggested as a possible proxy for olivine dissolution by Montserrat et al. (2017).
The comparison of [Ni] values (Figures II3b, II6¢), though, clearly shows that the accumulation of Ni is not
proportional to the amount of dissolved olivine calculated by the model (Tables 11S - 13§, suppl.) and not
even proportional to the accumulation of [Si] in solution (Figures II 1b, II 6a). Incongruent weathering of
olivine (Montserrat et al., 2017) can be excluded as, during the early stage of the experiment and thus before
the precipitation of secondary minerals started, the accumulation of dissolved Si and Mn (which have a
satisfyingly small 2SD) are proportional to the amount of olivine used in the experiments. Now under the
assumption of congruent weathering, the expected [Ni] values would be 5.70 umol/l for Batch2o0,
4.28 umol/l for Batch10 and 2.26 pmol/l for Batch5. The measured values were significantly lower (Figure
IT 3b). Therefore, some removal process must be operating, that is apparently strongest in Batch20 and
weakest in Batch5, leading to values that are identical within the error in all batches at the end of the
experiment. Ni and Mn can be adsorbed on the surface of phyllosilicate phases, FeOOH and CaCO; and
incorporated in the crystal lattice of calcite and aragonite during carbonate precipitation (Alvarez et al.,
2021; Castillo Alvarez et al., 2020; Hoffmann and Stipp, 2001; Lakshtanov and Stipp, 2007; LazareviC et al.,
2010). Carré et al. (2017) even proposed aragonite precipitation as a way to remove dissolved Ni from
seawater. Therefore, it is likely that the Ni and Mn deficits (Figures II 6c, II 6d) observed at the end of the
experiments are due to uptake of these trace elements in authigenic CaCO;, Mg-Si and FeOOH phases.

As a conclusion, it becomes clear that the variety of processes affecting Ni and Mn concentrations in
batch experiments excludes both as a reliable proxy for olivine dissolution rate determination. However,
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the proposed strong Ni uptake in authigenic phases reduces toxic metal release that would limit the
applicability of olivine weathering for CO, sequestration (Blewett and Leonard, 2017).

I1.4.7. Sequestration efficiency

In a first approach the CO, conversion observed in the experiments (Rex) can be expressed as a function
of total inorganic carbon (TIC) following:

Rex = ATIC = (DICfing; + PICsing)) — (DICin; + X j(DICiy; * 0.007 — DIC(t) * 0.007))  (IT10)

where DICfinq is the DIC at the end of the experiment, PICf;y 4, is the amount of particulate inorganic
carbon in form of CaCO; at the end of the experiment and DICy,; is the initial DIC at the beginning of the
experiment. Y, ;(DICp; * 0.007 — DIC(t) * 0.007) represents the amount of DIC added during sample
taking (0.007 1 per sample). PICf;nq was calculated via the entire [Ca] loss during the experiment

following,
PICsina = [Calin; — [Calfina + Xj([Calin(t) * 0.007 — [Ca](t) * 0.007) (I11)

where [Ca]y; is the initial Ca concentration, [Ca] ¢inq is the final concentration and [Ca];, (t) is the
function of the Ca input derived on sample taking that changes over time. The calculated net uptake was
0.21 mmol (Batch20), 0.166 mmol (Batch10) and 0.143 mmol (Batch5s). Still, these values derive from a
quasi-closed system with very limited CO, supply.

Hence, the efficiency of CO, uptake was investigated using a 1-box model where olivine with a grain
diameter of 100 pm is dissolved in a 50 m deep water layer representative for the coastal ocean. The model
box defines the seafloor at 50 m water depth. Hence, settling olivine grains that are rapidly deposited at the
seafloor (Kohler et al., 2013) are kept within the system and continuously take part in the dissolution
process. Hence, all olivine grains contribute equally to the overall dissolution rate whether they are kept in
suspension or deposited at the seabed (Feng et al., 2017). Concentration and grain size of olivine were kept
constant over the simulation period, for simplicity reasons. It is, thus, assumed that new olivine is added to
the system to compensate for any olivine loss induced by dissolution. The concentration of olivine in the
model box was set to a constant value of 10 mg dm™ and the box was equilibrated with the atmosphere by
applying a constant atmospheric pCO, of 400 patm.

Mass balance equations (ordinary differential equations) for TA and DIC were set up and solved
numerically to simulate temporal changes in DIC and TA. The TA mass balance considers TA production
via olivine dissolution (4 x olivine dissolution rate) with the olivine dissolution rate depending on olivine
concentration, grain size, temperature and pH (Rimstidt et al., 2012). TA consumption via authigenic
mineral formation is considered applying the stoichiometry derived from dissolution experiments
(Batch10, equation II8). Rates of mineral precipitation were calculated from olivine dissolution rates
applying the corresponding stoichiometric coefficient. The DIC mass balance considers DIC removal via
CaCQ; precipitation and DIC gain induced by CO, uptake from the atmosphere.

43



Initial values applied in the model (salinity: 34.77, temperature: 17.88°C, pressure: 1 bar, total alkalinity:
2308 umol kg, total boron: 415 pmol kg™') correspond to the mean composition of surface water in the
global ocean (Sarmiento and Gruber, 2006; Spivack and Edmond, 1987). The initial DIC concentration was
set to 2053 pmol kg™ to obtain an initial pCO, of 400 patm in surface water. Equilibrium calculations were
conducted using stability constants valid for seawater (Zeebe and Wolf-Gladrow, 2001). Total alkalinity
(TA) was defined as:

TA=HCO;~ +2C0;~ + B(OH),” + OH™ —H* (I112)

while CO, uptake from the atmosphere was calculated as:

where vp is the piston velocity (20 cm h™* (Sarmiento, J.L. Gruber, 2006)), CO,(eq) is the concentration
of dissolved CO, at equilibrium with the atmosphere and CO, is the time-dependent concentration
calculated from TA and DIC (Sarmiento and Gruber, 2006).

In a first model run, olivine dissolution was simulated without secondary mineral formation to constrain
the loss in CO, uptake efficiency induced by the buffer capacity of seawater (Middelburg et al., 2020). The
efficiency (eff) is calculated as the ratio of the CO, uptake flux (FCO,) and the depth-integrated rate of CO,
consumption (RCO,) induced by olivine dissolution (RCO, = 4 x olivine dissolution rate, eff =
FCO,/RCO,). The model was run over a period of 10 years to equilibrate the water column with the
overlying atmosphere (Figure II 7). The shift in acid-base equilibria induced by olivine-driven CO,
consumption (e.g. ZHCO3; — C0, + C03*™ + H,0) reduces the efficiency by about 42 % at the end of
the simulation period. TA and DIC increase continuously due to alkalinity release by olivine dissolution
and CO, uptake from the atmosphere, respectively, while the CO, uptake flux approaches a plateau after
the water column is equilibrated with the atmosphere. The depth-integrated rate of olivine dissolution was
almost constant over the model run. The small increase in pH from 8.035 at the start to 8.075 at the end of
simulation (data not shown) induced a small decrease in RCO, from an initial value of 147 mmol m™ yr'1
to a final value of 145 mmol m™ yr™".

In a second model run, precipitation of ferric iron oxides and Si-Mg-phases was implemented employing
the stoichiometry derived from batch experiments (batch10, equation II8). Precipitation of ferric iron
oxides and Si-Mg-phases strongly affects the model results. The increase in TA and DIC is reduced, whereas
CO, uptake and CO; efficiency are strongly diminished since protons are released during the precipitation
reactions. The efficiency at the end of the model period decreased from 0.58 in the model run without
secondary mineral formation to only 0.25. Most of the efficiency loss is caused by the precipitation of Mg-
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Si-phases that consumes large amounts of alkalinity due to the strong proton release induced by these
reactions (6 mol H' per mol of serpentinite/talc, 4 mol H" per mol of sepiolite).
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Figure II 7: Model experiments simulating the effect of olivine dissolution on seawater composition
and CO; uptake from the atmosphere. Dotted lines show results for a model run without secondary
mineral formation. Broken lines represent model results for the precipitation of ferric iron oxides
(FeOOH) and Mg-Si-phases (serpentinite, talc, sepiolite). Solid lines indicate the results for a model
run where all authigenic phases (FeOOH, Mg-Si-phases, CaCQs) precipitate according to the
stoichiometry observed in our lab experiments. a. Total alkalinity. b. Dissolved inorganic carbon. c.
CO; uptake from the atmosphere (FCO,). d. Efficiency of CO; uptake is defined as FCO, /RCO;
where RCO; is the depth-integrated rate of CO; consumption induced by olivine dissolution (=4 x
olivine dissolution rate).

In a final model run, all secondary phases including CaCO; are allowed to precipitate. CaCO; formation
has a strong effect on solution composition and induces a decline in both TA and DIC. The CO, uptake is
further reduced such that the efficiency drops to 0.21 after 10 years. CaCO; formation has a smaller effect
on CO, fluxes than Mg-Si-phase precipitation even though CaCQO; is the major secondary phase formed
during the experiments. This somewhat surprising model result is related to the acid-base stoichiometry of
carbonate precipitation where only two moles of alkalinity are removed per mol of CaCOj3, while the coeval
DIC loss promotes CO, uptake from the atmosphere.

Additional model runs were conducted to explore the effects of olivine concentration (1 — 1000 mg dm
*) and grain size (10 — 100 pM) on CO, uptake efficiency (data not shown). The experiments showed that
olivine dissolution rates and CO, uptake fluxes strongly increase when higher concentrations and smaller
grain sizes are applied. However, the CO, uptake efficiency was constant (0.21) over the explored parameter
space when the stoichiometry derived from our lab experiments was applied. Hence, the low efficiency
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obtained in the box model simulations seems to be a robust result, if the overall stoichiometry that we
observed in our lab experiments is also valid in the field. There are, however, a number of factors that may
induce a change in the rates of olivine dissolution and secondary mineral precipitation. Hence, the
solid/liquid ratio and the rates of water replacement, CO, uptake from the atmosphere and biological
activity may affect the ratios between dissolution and precipitation reactions. These factors should be
investigated in future lab and field experiments.

I1.4.8. Implications for field application

The experimental results of this study show that precipitation of secondary minerals (CaCO;, Mg-Si-
phases, FeFOOH) compromises the efficiency of CO, uptake by olivine dissolution. It should, however be
noted that the stoichiometry that we observed in our lab experiments may not be valid for all field
conditions. Moreover, we found higher rates of alkalinity removal than previous studies with pure olivine
that were conducted under comparable experimental conditions (Montserrat et al., 2017). This observation
may be due to the high solid/solution ratios applied in our experiments and could be related to the fact that
we used commercially available olivine (UMS) that was not pure but contained a number of accessory
minerals. Our use of ultramafic sand rather than pure olivine may be justified since large-scale CDR will
probably not be conducted with pure olivine but with rocks containing other minerals and impurities. The
range of dissolved Si concentrations attained in our experiments (Figure II 1) is similar to the
concentrations observed in bioturbated surface sediments (Dale et al., 2021). Since grains added to seawater
will rapidly sink to the seafloor where they are mixed into surface sediments by benthic biota, the
experimental conditions may be close to those in benthic habitats where most of the dissolution is expected
to occur.

Precipitation rates of authigenic Mg-Si-phases may be lower than observed in our experiments, though,
when olivine is applied to highly dynamic environments such as the coastal zone (beaches, surf zones),
where dissolution products are rapidly removed (Hangx and Spiers, 2009; Meysman and Montserrat, 2017;
Montserrat et al., 2017). It is, however, possible that CaCOj; precipitation may also occur in these coastal
environments since our data imply that carbonate precipitation is catalyzed by olivine surfaces even at low
degrees of aragonite oversaturation. Further work is needed to scrutinize whether the abrasive effects of
wave action may suppress CaCOj; precipitation (Meysman and Montserrat, 2017).

Anyhow, fine-grained olivine added to the shelf environment will ultimately be transported by bottom
currents to local depo-centers where low bottom current velocities allow for the permanent burial of
sediments. These environments are marked by high accumulation rates of both sediments and organic
matter (De Haas et al., 2002). The low pH values induced by the release of metabolic CO, during organic
matter degradation largely inhibit CaCOj; precipitation in these sedimentary environments while FeOOH
formation is limited to surface sediments due to the reducing conditions prevailing in these deposits
(Silburn et al., 2017; Van Cappellen and Wang, 1996). However, authigenic Mg-Si- phases and clays are
formed in these benthic environments (Michalopoulos and Aller, 1995). Since the formation of cation-rich
phases induces CO, release, the overall efficiency of CO, uptake might be strongly diminished as observed
in our experiments. It is, hence, possible that, when applied in the field, olivine weathering is less efficient
than previously believed. On the other hand, adverse environmental effects may be smaller than previously
anticipated since data obtained during the experiments in this study indicate that Ni and other toxic metals
will largely be fixed in authigenic phases. However, more work needs to be done to explore how variable
conditions in pelagic and benthic environments may affect the ratio between olivine dissolution and
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authigenic mineral precipitation and, hence, the efficiency of CO, uptake from the atmosphere and the rate
of toxic metal release.

I1.5. Summary, conclusion and outlook

This study presents a first dedicated attempt to investigate the formation of secondary mineral phases in
artificial seawater (ASW) during olivine weathering. For this purpose, ultra-mafic sand (UMS) was brought
to reaction with ASW applying different solid/liquid ratios. The results strongly suggest the formation of
CaCQ;, as evidenced by the congruent loss of Ca and DIC observed over the course of the experiments.
XRD measurements suggest, that aragonite is the major CaCOj; species precipitated which is underlined by
the fact that this variation is more likely to be precipitated in Mg-rich solutions. This is further supported
by WDX measurements that showed pure CaCOj; crystals on the surface of weathered olivine grains. These
observations are confirmed by the results of a numerical model that simulated the dissolution of olivine
and the precipitation of several secondary mineral phases including aragonite. Moreover, the model results
allowed estimating the overall stoichiometry of the combined dissolution-precipitation reaction. The
thorough analysis of ASW and precipitates recovered from the batch reactors underline that Si-bearing
phases must also have formed during the experiment. The precise character (amorphous or crystalline) and
chemical composition of these phases, though, afford further dedicated studies. Via the different
accumulation rates of Ni in the different batches, this study revealed that these secondary mineral phases
most likely are a major sink for this toxic element, excluding it as a proxy for olivine dissolution rates. This
makes the precise knowledge of secondary phase formation and characteristics crucial for the feasibility of
enhanced olivine weathering on the one hand and for the understanding of the dissolution kinetics of
olivine on the other. Experimental combined with modelling results suggest that the formation of
secondary phases lowers the overall sequestration efficiency to ~20% during the application of enhanced
olivine weathering in a shallow shelf sea. This bears implications for possible application sites, as not only
physical parameters, but, more importantly, chemical parameters in the field steer secondary mineral
formation and thus the overall efficiency.

Sandy shelf sediments and specifically the surf zone may be appropriate sites for enhanced olivine
dissolution since the flushing of surface sediments by ambient bottom waters may mitigate the
accumulation of dissolution products and the formation of secondary silicate and carbonate minerals in
these permeable and physically dynamic deposits. Alternatively, application sites where pore and or bottom
waters are undersaturated with respect to the major secondary phases would be a promising target for
enhanced coastal weathering of olivine.

Our experimental and modelling results hence indicate that it may be promising to also investigate
CaCQ; as alkaline mineral for CO, removal since secondary mineral formation is usually not observed
during CaCOj; dissolution. CaCO; could be added to sediment depo-centers on the shelf where large
amounts of metabolic CO, are formed (about 3 Pg yr' at global scale) that can be converted into
bicarbonate by CaCOj; dissolution (Dunne et al., 2007). This process would accelerate the CO, shelf pump
(Bozec et al., 2005) and promote further CO, uptake from the atmosphere. This approach may be most
successful in marine environments where bottom waters are enriched in CO, and undersaturated with
respect to calcite and aragonite. These conditions occur e.g. in oxygen minimum zones and partly anoxic
marginal basins such as the Baltic Sea (Tyrrell et al., 2008). The CO, release from Baltic Sea sediments
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amounts to 80 Tgyr' (Nilsson et al., 2019). The addition of a corresponding amount of CaCO; may thus
dramatically enhance CO, uptake from the atmosphere. Moreover, CaCO; addition may support the
formation of authigenic carbonate fluorapatite and could thereby reduce benthic phosphate fluxes
(Ruttenberg and Berner, 1993). Hence, CaCOj; addition may mitigate eutrophication, which is a major
problem in many shelf regions, while olivine addition would promote Si and Fe release and potentially
amplify eutrophication. Further lab studies, field experiments and numerical modeling also focusing on
the biological impact are needed to better constrain the efficiency and environmental effects of these CDR
approaches and their large-scale applicability.
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Abstract

Enhanced mineral dissolution in the benthic environment is currently discussed as a potential technique
for ocean alkalinity enhancement (OAE) to reduce atmospheric CO, levels. This study explores how
biogeochemical processes affect the dissolution of alkaline minerals in surface sediments during laboratory
incubation experiments. These involved introducing dunite and calcite to organic-rich sediments from the
Baltic Sea under controlled conditions in an oxic environment. The sediment cores were incubated with
Baltic Sea bottom water. Findings reveal that the addition of calcite increased the benthic alkalinity release
from 0.4 umol cm™ d™* (control) to 1.4 umol cm™ d™* (calcite) as well as other weathering products such as
calcium. However, these enhanced fluxes returned to lower fluxes after approximately four weeks yet still
higher than the unamended controls. Microbial activity appeared to be the primary driver for lowering
pore water pH and thus enhanced weathering.

In several sediment cores, pH profiles taken at the start of the experiments indicated activity of sulfur
oxidizing Beggiatoa spp, which was verified by RNA-profiling of 16S rRNA genes. The pH profiles
transitioned to those commonly associated with the activity of cable bacteria as the experiments progressed.
The metabolic activity of cable bacteria would explain the significantly lower pH values (~5.6) at sediment
depths of 1-3 cm, which would favor substantial calcite dissolution. However, a high abundance of cable
bacteria was not reflected in 16S rRNA sequence data. Total alkalinity (T A) fluxes in these cores increased
by a factor of ~3, with excess TA/calcium ratios indicating that the enhanced flux originated from calcite
dissolution. The dissolution of dunite or the potential formation of secondary minerals could not be
identified due to the strong natural flux of silicic acid, likely due to biogenic silica dissolution. Furthermore,
no accumulation of potentially harmful metals such as nickel was observed, as highlighted as a potential
risk in other studies concerning OAE.

Given the complexity of sediment chemistry and changes of the benthic conditions induced by the
incubation, it remains challenging to distinguish between natural and enhanced mineral weathering.
Further investigation, including the identification of suitable tracers for mineral dissolution, are necessary
to assess the feasibility of benthic weathering as a practical approach for OAE and climate change

mitigation.
II1.1. Introduction

The 2018 IPCC (Intergovernmental Panel on Climate Change) special report ‘Global Warming of 1.5 °C’
and following reports clearly state that negative emissions will be necessary to keep global warming below
2 °C compared to preindustrial levels (IPCC, 2021, 2018). Thus, many studies have tried to assess and
evaluate different strategies to achieve these negative emissions via carbon dioxide removal (CDR)
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(Beuttler et al., 2019; Campbell et al., 2022; Feng et al., 2017; Fuss et al., 2018; Iizuka et al., 2004; Lackner,
2003; Lal, 2004). Among these methods, ocean alkalinity enhancement (OAE) via enhanced weathering
(EW) of silicate and carbonate minerals was proposed, leading to an envisioned increase of CO,-uptake
into the surface ocean and thus serving as an affordable and effective CDR method (Campbell et al., 2022;
Caserini et al., 2021; Hartmann and Kempe, 2008; Montserrat et al., 2017; Oelkers, 2001; Renforth and
Henderson, 2017).

For example, the dissolution of an idealized magnesium silicate mineral such as forsterite (Mg,SiO,) and
carbonate (CaCQO;) can be summarized as:

Forsterite: ~ Mg,Si0, + 4H,0 + 4C0, — 2Mg?* + H,Si0, + 4HCO;~ (I11)
CaCOj: CaCO3; + H,0 + CO, —» Ca?** + 2HCO5~ (I112)

These equations demonstrate that CO, uptake via forsterite, the Mg-endmember of olivine, is
theoretically four times higher compared to CaCO;. Both reactions have been scrutinized with regards to
their kinetics mainly in aqueous solutions, with only a few in seawater (Flipkens et al., 2023; Fuhr et al,,
2022; Montserrat et al., 2017; Rigopoulos et al., 2018; Rimstidt et al., 2012; Subhas et al., 2015; Walter and
Morse, 1985). During the dissolution of olivine, the release of nickel has been proposed as a potential
toxicant (Flipkens et al., 2021) and as a potential proxy for olivine dissolution (Montserrat et al., 2017).
Furthermore, the formation of secondary minerals such as CaCO; and phyllosilicates has been described
by Fuhr et al. (2022) and Rigopoulos et al. (2018). Their formation depends on the saturation state of the
aqueous solution with respect to these minerals and diminishes the CO, uptake (Béarat et al., 2006; Burton
and Walter, 1987; E. King et al., 2010; Fuhr et al., 2022; Hartmann et al., 2023; Lein, 2004; Moras et al,,
2022; Sternbeck and Sohlenius, 1997). Fuhr et al. (2022) subsequently proposed environments where
bottom waters are undersaturated with respect to secondary minerals to avoid this negative effect. Since
the dissolution of CaCQO;, one of the major secondary phases, is driven by undersaturation, it appears
sensible to also investigate the possible application of this material in such environments.

The Baltic Sea, where organic rich sediments release up to 80 Tg yr ' of CO, (Nilsson et al., 2019), might
offer potential sites for benthic OAE research. Natural CO, production results in high CO, partial pressure
(pCO,) and subsequently seasonally undersaturation with respect to calcite in bottom waters ({lca < 1)
(Melzner et al., 2013) making parts of the Baltic Sea sediments a potential alkaline mineral application site
for enhanced benthic weathering. Additionally, bioturbation might entrain added alkaline substrates into
the surface sediments where microbial activity can lead to very low pH and subsequently low (¢, values,
which may enhance dissolution of both olivine and calcite (Meysman et al., 2015; Meysman and
Montserrat, 2017; Montserrat et al., 2017). However, the shallow sedimentary depocenters in the Baltic Sea
display strong biogeochemical and physical seasonality, which leads to a highly complex chemical system
governed by variable oxygen availability, bottom water temperatures, microbial activities, and organic
matter degradation rates (Dale et al., 2011; Melzner et al., 2013; Perner et al., 2022). Moreover, the large
benthic background fluxes induced by natural CaCOj; input via continental erosion and diatom dissolution
(Borawska et al., 2022; Gasiinaité et al., 2005; Wallmann et al., 2022) constitute further challenges for
disentangling natural and enhanced weathering, as they might overprint potential fluxes induced by
enhanced benthic weathering.

This experimental study examines the geochemical processes affecting enhanced benthic weathering of
calcite and olivine, the major component of dunite, in intact sediment cores derived from Boknis Eck, a
shallow depocenter (~28 m water depth) in Eckernférde Bay (southwestern Baltic Sea) under controlled
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laboratory conditions. The bottom waters of this region are subject to a strong seasonality. During winter,
the entire water column is mixed leading to weak chemical and physical gradients. During summer and
autumn, warm and brackish surface waters over-flow colder and saltier bottom waters. The increasing
stratification induces continuous deoxygenation with depth leading to hypoxic to anoxic conditions with
lower pH values and high pCO2 in late summer and early autumn (Lennartz et al., 2014; Melzner et al.,
2013). In order to understand mineral dissolution processes and to quantify alkalinity enhancement via
enhanced benthic weathering, bottom water and pore water chemistry combined with micro-profiling and
microbial 16S rRNA gene data are used in this study to disentangle natural and enhanced weathering under

predominantly aerobic winter conditions.

II1.2. Materials and Methods
II1.2.1. Materials

Ten sediment cores (50 cm multi-corer) and 120 | of bottom water were recovered from 27 m water depth
(below the euphotic zone) at Boknis Eck, Eckernférde Bay, with FK Littorina on January 13" 2022. These
cores contained 20 - 24 cm of sediment and between 1.51and 21 of bottom water. After recovery, the cores
containing mainly fine-grained sediments of the clay to fine sand fraction, were sealed top and bottom with
rubber plugs, held in upright position, and taken to a cool laboratory (12.5 °C). One core was sliced for
pore water and sediment analyses and one core was subsampled for bacterial 16S rRNA amplicon
sequencing immediately after recovery. They served to provide data characteristic of the initial sediment
conditions. Eight cores were kept for the incubation experiments. Dunite and calcite were used as alkaline
materials to investigate their efficiency with respect to OAE. Dunite (Olivine AFS 80) was obtained from
Sibelco™™ that ultimately derives from several quarries in Arheim (Norway). Via sieving, the 20um — 30um
fraction was extracted. For the mineralogical composition see Table 1S(supplement). Since the dunite used
in this study contains 88.8% olivine (Table 1S, supplement) and this mineral dissolves much faster than the
other components (Pokrovsky and Schott, 2000), it was assumed that olivine is the major dissolving silicate
phase. For correct nomenclature, though, dunite will be used to describe the added material, whereas
olivine will be used to describe the dissolution kinetics and stoichiometry of this mineral. Ground limestone
(CaCOj; > 99%, Jurassic, grain size < 0.1mm) obtained from the German limestone association (Table 28,
supplement) was first rinsed with deionized water (18.2 MQ cm™1-Milli-Q system). In order to avoid an
unknown fine fraction remaining in suspension during the experiment, the material was first mixed with
deionized water in a settling column (height 20 cm), and particles that remained in suspension after 20
seconds were decanted. This procedure was repeated until the supernatant water was clear after 20 seconds
to ensure that after adding the material to the sediment cores, all particles sink to the sediment surface after
several minutes. Due to the high calcite content, this material will henceforth be referred to as calcite.

I111.2.2. Determination of reactive surface

For dunite grains, the reactive surface was calculated as the surface of spherical grains as the majority of
studies report dissolution kinetics based on this assumption (Rimstidt et al., 2012).

For calcite grains, the reactive surface was determined via gas adsorption using the Brunauer-Emmett-
Teller (BET) method following Brunauer et al. (1938) ona Stohlein™ AREA-Meter II. For this method two
equally sized vessels one containing the sample and the other empty, are filled with nitrogen at atmospheric
pressure at room temperature. Subsequently, both adsorption flasks are immersed in liquid nitrogen,
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cooling them to the boiling point of liquid nitrogen. At this temperature, the sample adsorbs nitrogen,
resulting in a pressure difference between the adsorption flask and the reference flask, which is measured
using a differential manometer. The specific surface area is calculated from this pressure difference, the
initial pressure, and the sample weight. Results of the measurements and calculations are summarized in
Table 1.

Table III 3: Overview over different cores, including bottom water (BW) volumes, treatments (Cal = calcite,

Dun = dunite, C = control), BET surface area of calcite (measured) and geometrical surface area of dunite
grains assuming an average grain size of 25 pm.

Core name Call Cal2 Cal3 Dunl Dun2 Dun3 Cl C2
Volume BW 21 21 21 21 21 21 1.51 2l

Mineral/rock: Calcite Calcite Calcite Dunite Dunite Dunite - -

Mass (g): 7.8618 7.8618 7.8618 4.4781 4.4781 4.4781 - -

Grain size (um) | - - - 20-30 20-30 20-30

BET-surf.

(m2g?) 0.45+0.06 0.45+0.06 0.45x0.06 - - - - -

Geom. surf.

(m2g?) - - - 0.073x0.004 0.073+0.004 0.073z0.004 - -

I11.2.3. Experimental setup

The eight sediment cores were placed in a rack in an upright position. The bottom water was carefully
removed via suction and replaced with a known volume (1.51 - 2.01) of filtered (0.2 pm) Baltic Sea bottom
water in order to remove pelagic auto- and heterotrophs and suspended particles. The volume of water
added depended on the height of sediment in each core which varied slightly due to the recovery method.
After this procedure, a gaseous headspace of ca. 10 cm was left in each core. Furthermore, the cores were
equipped with adjustable stirring heads that contained ports for inserting optodes to continuously record
pH and O, concentrations in the overlying water (for details see section 2.4). In order to prevent anoxic
conditions developing, ambient air was bubbled into the water column. The water column in each core was
slowly and continuously flushed with a constant throughflow of 40 ul min™ from a single reservoir of
bottom water. The residence time of the water inside the cores was thus about 4 to 5 weeks.

The cores were kept untreated for three weeks prior to mineral addition in order to equilibrate with the
laboratory environment and to obtain a quasi-steady state natural background for each core. After this
period, calcite (Call — Cal3) and dunite (Dun1 — Dun3) were carefully spread on the sediment surface with
three replicates for each treatment. Two control cores were left untreated (C1, C2). A precise description
of each core is given in Table III 1. The incubation was carried out in darkness for approximately three
months at 12.5 °C.

II1.2.4. Sampling procedure and analysis

Bottom water samples were taken from the outflow of each core over a time period of several hours. Thus,
samples represent the average outflow over the respective time period. Sampling intervals increased from
daily during the first two weeks to every three to four days and weekly towards the end of the experiment.
All samples were filtered through a 0.2 um cellulose membrane filter and refrigerated in 25 ml Zinsser
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scintillation vials. A 5 ml aliquot was frozen directly after the sampling procedure for later nutrient analysis.
Nutrient measurements were performed either via manual photometric measurement (NH,) or using a
Seal — Analytical ™ QuAAtro autoanalyzer (PO,”, NO,, NO;'). Samples for TA were analyzed directly
after sampling by titration of 1 ml of bottom/pore water with 0.02N HCl following Ivanenkov and Lyakhin
(1978). Titration was ended when a stable purple color appeared. During titration, the sample was degassed
by continuous bubbling with nitrogen to remove any generated CO, and H,S. The acid was standardized
using an IAPSO seawater standard. Anion element concentrations (SO,%, CI', Br) were determined using
ion chromatography (IC, METROHM 761 Compact, conductivity mode). Acidified sub-samples (30 pl
suprapure HNO;™ + 3 ml sample) were prepared for analyses of major and trace elements (Si, Na, K, Li, B,
Mg, Ca, Sr, Mn, Ni and Fe) by inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian
720-ES).

At the end of the experiments, the bottom water was removed via suction and the cores were sliced for
pore water, solid phase and bacterial 16S rRNA analysis. The pore waters were recovered by centrifuging
each respective sediment layer in 50 ml falcon tubes at 3000 rpm for 10 minutes. Afterwards, the
supernatant water was transferred to polyethylene (PE) vials in an Ar-filled glove bag to minimize contact
with oxygen. In addition to the parameters listed above, pore waters were analyzed for H,S and Fe*". For
the analysis of dissolved Fe*" concentrations, sub-samples of 1 ml were taken within the glove bag,
immediately stabilized with ascorbic acid and analyzed within 30 minutes after complexation with 20 pl of
Ferrozin. For H,S, an aliquot of pore water was diluted with appropriate amounts of oxygen-free artificial
seawater and the H,S was fixed by immediate addition of zinc acetate gelatin solution. Further details are
described by Dale et al. (2014) and Dale et al. (2016).

Subsamples for bacterial community analyses were collected from surface sediments (0-2 cm) of all
treatments and controls at the beginning of the experiment, after 42 days and at the end of the incubation
(72 days, t6). At the end of the experiment (91 days, t7), not only the surface sediment but the entire core
of one control (C1) was subsampled, with a resolution of 1 cm in the first 4 cm, followed by 2 cm sampling
below the 4 cm horizon. The same resolution was used for the above-mentioned environmental start core
that was also subsampled in a whole. All microbiological samples were immediately frozen at -80°C until
further processing.

Bottom water pH and O, were continuously measured using logging devices (Pyroscience' " PHROBSC-
PK8 and OXROB3, respectively) calibrated following the instructions as provided by the manufacturer.
Three TRIS-buffers were used to calibrate the pH probe for brackish bottom water conditions (Miiller et
al., 2018; Pratt, 2014). pH is reported on the total scale.

IT1.2.5. Solid phase analysis

Total carbon (TC) and total organic carbon (TOC) as well as total nitrogen (TN) and total sulfur (TS)
were measured in freeze-dried and ground sediment samples by flash combustion using the Carlo Erba
Element Analyzer (NA-1500). Total inorganic carbon (TIC) was calculated by subtracting TOC from TC.
The accuracy of the method was tested by method blanks and two reference standards (2.5-Bis(5-tert-
butyl-2-benzo-oxazol-2-yl)thiophene (BBOT, HEKAteck' ") and one internal sediment standard). For
more details see Bohlen et al. (2011) and Dale et al. (2011).
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II1.2.6. Micro profiling

Sediment micro profiling was performed using a motorized Unisense' " micromanipulator (MMS).
Oxygen, pH and H,$S profiles were measured with Unisense' " sensors Ox-50, pH-100 and SULPH-100,
respectively. Vertical step sizes were adjusted to the respective sensor (minimum size was twice the needle
diameter) and desired measuring resolution to keep the time for profiling as short as possible (100 um for
all O, profiles, 250pum for first pH and H.S profiles, later 300 pm). All sensors were calibrated in accordance
with manufacturer recommendations for saline solutions (Unisens' " calibration kit for SULPH-100 with
a calibration concentration of 109 umol I""). Additionally to WTW "™ standard pH buffers (4.01, 7.00 and
10.01), the pH sensitivity of the pH-100 in brackish waters and the off-set was determined using three TRIS-
buffers (Miiller et al., 2018; Pratt, 2014). After obtaining H,S and pH profiles, the total dissolved sulfur
concentration was calculated according to the Unisense' " guidelines based on Millero et al. (1988) and
Jeroschewski et al. (1996). Unless otherwise stated, H,S henceforth refers to total dissolved hydrogen
sulfide (H,S + HS").

II1.2.7. Flux calculations from bottom water concentrations and
oxygen profiles

Solute fluxes were calculated based on concentrations in the inflow and the outflow following:
dce
Fe = ((E +ky X Cour — ki X Cin) X VMUC) [Asea (I113)

. . . 2 -1y dCe .
where F, is the flux of any component (e) over the entire sediment surface (mol cm 2dh, d—: is the

measured concentration change of the respective element over a specific time (mol I d') assuming that
the concentration of this element is not affected by any process in the water column. k,, is the water
exchange rate in d”', C,, is the outflow concentration (mol 1), C;, is the inflow concentration (mol 1),
Vmuc is the bottom water volume (1) in each core and A4 (cm?) is the sediment surface area of each core.

These calculations were performed for all measured solutes except oxygen and H.,S. Additionally,
diffusive fluxes were calculated based on pore water profiles following:

Fseq = _(p X Dg X Z_Z (1114)

where F,q is the flux of a respective solute (umol cm™ d™), ¢ is the porosity, D; is the molecular diffusion
coefficient in the sediment and dC/dz is the concentration gradient where the flux is determined. D, was
calculated as:

D, = 21 (I115)

= ¢1—m

where Dy is the molecular diffusion coefficient in seawater and m is an empirical factor (here m = 3)
(Boudreau, 1997). The Dy values were calculated following Boudreau (1997).

For a clearer visualization, the flux data were smoothened using a moving average. For further
calculations, raw flux data were used (S1.1, Figure 1S, supplement).
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II1.2.8. Temporal segmentation of experimental data

In order to compare results from the different cores, the experiment was segmented into different time
intervals. These time intervals were defined individually for each core in a way that each interval started
intermediate between the times that microsensor profiles were obtained. The time intervals for each core
are listed in Table III 2 and reported as starting time to end time in days after addition of substrates.

Table III 4: Pore water properties of all cores in the upper 6¢cm of the sediment during different time intervals
(t1 to t7). Time intervals were defined around each time a microsensor profile was measured and are reported
as starting time (d) - end time (d). Oz depth describes the depth when oxygen concentrations reached 0 pmol I
1, Disspot is the depth integrated undersaturation with respect to calcite (section 4.4), the average (av.) pH is the
mean value in the upper 6 cm of sediment, HS budget is the H>S inventory in the upper 6 cm of sediment, and
H_>S flux is the flux of H:S from deeper sediments towards the surface based on H:S micro profiles. H2S depth
defines the depth below the sediment surface where concentrations exceeded 1 pmol I'!. TA, Ca and Si fluxes
were calculated based on bottom water concentrations.

time 0, H2S

interval depth Disspet  av. pH budget H,Sflux H,SdepthTAflux Caflux Siflux

(days of (umol cm-2 (umol cm2 (pmol cm2 (umol cm2

experiment) (mm) (cm) (umol cm2)d-1) mm d?) d?) d?)
Call
t1 "-3-1" 1.6 0.24 7.82 0.00 0.07 53.50 0.35 -0.80 0.48
12 "2-5" 2.1 0.01 7.91 0.05 0.39 53.10 2.65 2.73 0.31
t3 "6-14" 1.4 0.04 7.84 0.32 0.69 48.00 1.00 0.81 0.23
t4 "15 - 28" 2.7 0.02 7.89 0.37 0.28 45.00 0.93 0.27 0.30
t5 "29 - 42" 2.4 0.60 7.51 0.90 0.23 27.60 0.80 0.21 0.28
t6 "43 - 56" 3 1.25 7.38 0.73 0.15 25.20 0.91 0.07 0.24
t7 "57 - 69" 3.9 1.43 7.15 0.54 0.14 26.40 0.92 0.19 0.24
Cal2
t1 "-3-0" 2.3 0.60 7.62 0.80 0.73 38.00 0.20 -0.74 0.38
12 "1-4" 1.8 0.12 7.68 2.61 2.72 37.00 2.56 1.65 0.15
t3 "5-13" 1.7 0.00 7.69 2.13 0.53 28.50 0.96 0.80 0.16
t4 "14-27" 2.1 0.02 7.63 2.17 0.32 22.20 0.51 0.42 0.19
t5 "28 - 41" 2.9 0.32 7.44 3.01 0.34 16.50 0.45 0.24 0.16
t6 "42 - 56" 2.6 0.75 7.38 4.23 0.47 12.60 1.13 0.20 0.15
t7 "57 - 69" 3.2 1.43 7.18 2.35 0.39 22.20 2.07 0.54 0.17
Cal3
t1 "-3-2" 1.4 0.45 7.36 2.18 0.41 28.50 1.37 -0.85 0.37
12 "3-6" 2.1 0.17 7.48 3.35 0.55 26.00 1.79 1.23 0.30
t3 "7-15" 2.1 0.41 7.48 2.60 0.37 23.10 1.38 0.30 0.28
t4 "16 - 29" 2.9 0.34 7.34 2.48 0.40 26.70 0.57 0.30 0.30
t5 "30 - 43" 3.1 2.22 7.34 2.47 0.37 18.60 1.16 0.31 0.27
t6 "44 - 57" 3.6 1.43 7.24 191 0.31 23.70 1.09 -0.01 0.15
t7 "58 - 69" 4.6 2.06 7.08 1.31 0.26 23.10 1.13 0.70 0.24
Dunl
t1 "-3-2" 15 0.44 7.81 0.86 2.19 44.50 0.11 0.40 0.42
12 "3-6" 2.2 0.16 7.89 0.79 0.88 44.60 1.06 0.61 0.31
t3 "7-15" 15 0.14 7.94 1.03 0.51 43.50 0.32 0.58 0.26
t4 "16 - 29" 1.6 0.30 7.86 0.99 0.61 39.90 0.86 0.25 0.26
t5 "30 - 43" 3 0.36 7.75 0.93 0.93 35.40 0.45 0.09 0.23
t6 "44 - 57" 3.3 0.20 7.74 1.74 0.27 24.00 0.66 0.14 0.21
t7 "58 - 69" 3.5 1.17 7.38 1.43 0.21 18.60 0.99 0.04 0.22
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time Oxy H2S
interval depth Disspet  av. pH budget H2S flux H,S depthTAflux Caflux Siflux

(days of (umol cm-2 (umol cm2 (pmol cm2 (umol cm2
experiment) (mm) (cm) (umol cm2)d-1) pm d?) d?) d?)

Dun2

t1 "-3-0" 1.8 0.43 7.89 0.62 0.92 42.50 -0.13 -0.81 0.52
12 "1-4" 1.4 0.27 7.81 1.88 2.15 37.20 1.47 0.28 0.24
t3 "5-13" 2.7 0.18 7.83 2.31 0.31 28.50 0.28 0.66 0.26
t4 "14 - 27" 2.2 0.19 7.80 1.39 0.56 33.60 0.85 0.74 0.26
t5 "28 - 41" 2.5 1.00 7.38 1.47 0.35 26.70 1.03 0.24 0.23
t6 "42 - 56" 3 1.77 7.16 1.19 0.32 25.20 1.30 0.26 0.24
t7 "57 - 69" 3.1 1.81 7.16 1.03 0.26 20.40 0.96 0.42 0.25
Dun3

t1 "-3-1" 13 1.99 6.97 2.14 0.82 30.50 2.06 1.09 0.32
12 "2-5" 1 2.15 6.97 1.98 0.42 29.40 3.58 1.36 0.28
t3 "6-14" 1.6 2.25 6.93 2.36 0.51 27.60 3.26 2.07 0.19
t4 "15 - 28" 2.2 2.09 6.94 2.10 0.41 22.80 0.64 0.75 0.28
t5 "29 - 42" 2 0.43 7.19 2.61 0.30 12.00 -0.07 0.37 0.32
t6 "43 - 56" 2.7 0.29 7.28 2.88 0.35 12.90 0.39 0.05 0.27
t7 "57 - 69" 4 0.69 7.19 2.32 0.30 11.00 0.78 0.25 0.24
C1

t1 "-3-0" 1.7 0.37 7.69 0.68 1.76 47.50 0.49 -0.27 0.63
12 "1-3" 13 0.23 7.78 0.83 1.04 43.50 0.04 1.07 0.30
t3 "4-6" 1.6 0.27 7.75 0.80 0.43 46.10 0.85 0.05 0.23
t4 "7-13" 1.6 0.61 7.60 0.76 0.51 41.10 0.23 0.97 0.27
t5 "14 - 27" 2.5 0.65 7.65 0.27 0.46 47.70 0.45 0.48 0.23
t6 "28 - 43" 2.6 1.32 7.42 0.14 0.28 47.10 0.91 0.35 0.27
t7 "44 -56" 3.3 1.12 7.41 0.67 0.28 36.90 1.15 0.32 0.22
t8 "57 - 69" 3.6 1.50 7.25 0.43 0.15 31.50 1.47 0.56 0.27
C2

t1 "-3-0" 1.2 2.41 6.87 2.50 0.77 24.50 2.60 1.58 0.39
12 "1-4" 11 2.39 6.94 2.02 0.24 22.20 6.22 3.07 0.21
t3 "5-8" 2.2 2.99 6.76 2.31 0.48 21.00 5.75 0.95 0.17
t4 "9-15" 1.4 3.32 6.65 1.89 0.52 20.10 4.78 2.70 0.19
t5 "16 -27" 2 3.89 6.51 1.69 0.37 21.60 2.18 1.20 0.16
t6 "28 - 42" 2.7 3.39 6.74 0.28 0.10 19.50 1.41 1.21 0.17
t7 "43 - 56" 4.6 3.43 6.78 0.86 0.39 19.50 0.90 0.92 0.17
t8 "57 - 69" 5.8 3.89 6.74 0.60 0.43 14.70 0.13 0.77 0.20

The pore water O,, H,S and pH were assumed to be constant in each time interval. Subsequently the
fluxes for O, and H.S calculated from the microsensor data were averaged over the respective time interval
to provide values in umol cm™ d™* (Table III 2). The oxygen penetration depth was defined as the depth
where the oxygen concentration reached detection limit (~0.2 uM). pH values are reported as an average
over the entire depth where each profile was obtained. The depth where H.,S first appeared below the
sediment surface was defined as the depth where measured H.S exceeded the analytical precision (~2 pmol
1. H,S inventory for each time period were calculated by integrating bulk sediment concentrations over
the upper 6 cm height and are reported as umol cm™.

IT1.2.9. Sequencing and sequence processing of 16S amplicon data

For studying the composition of the microbial community, a 16S amplicon library compatible with the
[lumina MiSeq System was prepared as described previously (Bohnke et al., 2019; Perner et al., 2022).
Briefly, RNA was extracted from around 300 mg sediment sample using the NucleoBond RNA Soil Mini
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kit (Macherey-Nagel, Diiren, Germany) followed by subsequent DNasel digestion using the RapidOut
DNA Removal kit (Thermo Fisher Scientific GmbH, Waltham, Massachusetts, USA). Total environmental
RNA was transcribed into cDNA with Invitrogen’s SuperScript VILO™ ¢cDNA Synthesis Kit (Life
TechnologieSTM, Darmstadt, Germany). Purified cDNA (Zymo Clean & Concentrator-5, Irvine, CA, USA)
was then used to generate 16S ribosomal amplicons for the bacterial hypervariable V3 and V4 regions using
the primer pairs S-D-Bac-0341-b-S-17 and S-D-Bac-0785-a-A-21 as described by Klindworth et al., (2013).
Sequencing was done in collaboration with the Competence Centre for Genomic Analysis (CCGA) of the
Institute of Clinical Molecular Biology (IKMB, CAU Kiel, Germany) in a 2x300 bp paired-end sequencing
run on the Illumina MiSeq platform (Illumina, St. Diego, USA).

For sequence processing the Qiime2 workflow was applied (Bolyen et al., 2019). Here, filtering and
merging of demultiplexed raw reads were performed using the dada2-plugin with default settings and
removal of the primer sequences (Callahan et al., 2016). For taxonomic assignments, the SILVA database
release 138 (99% OTUs full-length sequences) (Quast et al., 2013) was pretrained with the respective primer
pairs for bacteria (Bokulich et al., 2018; Pedregosa et al., 2011). The assignments were computed using the
feature-classifier plugin (classify sklearn) with default settings and the pre-trained SILVA classifier
(Bokulich et al., 2018). The phylogeny was calculated using the “align-to-tree-maffft-fasttree” pipeline
(Price et al., 2010). Statistical analyses and plots were performed using R software (R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/) using the ‘microeco’ package
(Liu et al., 2021).

II1.3. Results

II1.3.1. Geochemical changes in pore water over time

Pore water analysis of one core was performed at the beginning of the experiment, and in all cores at the
end of the experiment (Figure III 1a). In all cores, SO,” concentrations decreased with depth. In the initial
core, SO,” decreased to < 1 mM. Concentrations and penetration depths increased significantly in all cores
over the course of the experiment, whereas the bottom water concentration increased only slightly from
~17 mmol 1" to ~18 mmol I (Figure IIT 1a). In deeper sediment layers, the concentration increase was
much larger, varying from 3 mmol 1" in Dun3 to 6 mmol "' in Dun2 at 20 cm depth.

This downcore decrease in SO, was mirrored by a downcore increase in H,S (Figure III 1b). At the end
of the incubation, H,S concentrations in all cores were lower compared to initial values. The H,S loss
relative to the initial values was slightly smaller than the SO,* increase with large variations between the
different cores (~800 umol 1™ in Dun2 to ~2000 pmol 1™ in C2 at the end of the experiment compared to
~4000 pmol 1" at the beginning in 20 cm depth). In the initially sampled core, the H,S front (i.e. the depth
where H,S increases sharply) was about 3 cm. By the end of the experiment, this depth horizon had shifted
downwards to ~5 cm and to ~7 cm in the cores Dun2 and C1, respectively. Exceptions to this trend are
Cal2 and Dun3, where no change in the H,S depth horizon from the initial value was observed.

In all cores, TA increased with depth (Figure III 1c), but decreased in each depth layer over the course of
the experiment by 10 mmol 1™ (C2) to 15 mmol 1" (Cal2) compared to the initial values.

64



A different behavior was observed for NH,'. Compared to the initially sampled core, lower
concentrations were measured in the upper sediment sections (0 cm - 7 cm) towards the end of the
experiment in all cores. However, the concentrations in deeper layers did not decrease and fluctuated

around initial values (Figure III 1d).
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Figure I1I 1: SO4*, b) H,S, ¢) TA d) NH4" e) Si and f) Ca concentrations in all sediment cores.
Colored markers indicate concentrations in each core at the end of the experiment. Black crosses
indicate the concentrations in the initial core. Horizontal dashed line represents the sediment
surface. Data above the sediment surface are bottom waters. Error bars report analytical precision.
Initial Si concentrations (Figure III 1le) increased sharply in the upper 5 — 7 centimeters. This
concentration gradient weakened with depth and reached asymptotic values of about 750 pumol I below
15 cm depth. In the cores sampled after the experiment, concentrations in all cores increased to ~850 to
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~950 umol 1" at ~10 cm depth. In the upper 5 cm, concentrations were mostly lower compared to initial
values.

Initial Ca concentrations increased linearly from ~6.4 to ~7.0 mmol 1™ at 7 cm depth, and then fluctuated
around these values in deeper layers. Final concentrations in the upper sediment were markedly higher
than initial ones, and up to ~6.8 mmol I (C1) and ~8.2 mmol "' (Dun3). In most incubated cores, Ca
concentrations showed peaks between 2.5 cm and 5 cm. An exception to this was core C2 with highest
values (~7.8 mmol 1) observed at 10 cm depth. Below the peak, Ca concentrations decreased in all cores
to values between ~6.4 mmol 1" (Dun1) and ~6.8 mmol 1" in C1.

II1.3.2. Fate of added material and solid phase composition

After the addition of calcite and dunite, the substrates initially covered the sediment surface as an
approximately 0.5 mm thick layer. Within the first two weeks the grains had been entrained into the
sediment and were continuously transported further downwards until they reached a depth of 1-2 cm after
about six weeks. By the experiment, the substrates were visible as a brighter layer in the sediment through
the walls of the cores clearly distinguishable from the matrix (Figure 4S, supplement).

In the initially sampled core, TIC content varied between 0 and ~ 4.5 wt.% with a slight increase downcore
(Figure III 2). In calcite-treated cores, TIC content at the surface at the end of the experiment was up to 16
% in the uppermost sample. C1 also showed values of ~6% in the upper 3 cm. After the experiment, TIC
contents in all cores below 3 cm were in the same range, except in Dun3 where TIC contents up to 10%
were measured at 15 cm depth. This core showed overall higher concentrations compared to the other
treatments.

TIC %
0 5 10 15 20
0 : e )
5 b
T 10
S
E
% A call
O 15+ _EE Cal2
_EA cal3
Dun1
=1 Dun2
20 t %DUHS
B4 C
\ c2
* _bET Ini
25 ¢

Figure I1I 2: TIC content in the solid phase of all cores. Colored markers indicate
contents in each core at the end of the experiment. Black crosses indicate the
contents in the initial core. Error bars renort analvtical nrecision.
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II1.3.3. pH shift in pore waters as observed by micro profiling

The pH distribution in pore water profiles was highly dynamic (Figure III 3) with two major regimes that
occurred at different times in nearly all cores (exceptions are Dun3 and C2). Initially, pH decreased by
around 0.5 units in the oxic surface layer (~1- 2 mm, Table III 2) and then increased in deeper sediments
by up to 1.4 units (peaking around 4 cm) before decreasing again below 5 cm. Lowest surface pH (~7.0)
was observed in Dun1 and Dun2 (Figure III 3), along with highest values in deeper sediments (~8.4). Over
the course of the experiment, this distribution gradually shifted to the second major regime that was
initially observed in Dun3 and C2, that is, a clear pH peak with values up to 8.5 (Dun3) just below the
surface. With increasing depth, pH decreased down to values of ~5.6 (C2).
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Figure I1I 3: pH-profiles over the course of the experiment. Solid red and blue lines indicate the
initial (one day before addition of substrates) and final profiles, respectively. Dashed lines represent
the profiles measured in days after addition of alkaline min
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IT1.3.4. Bottom water chemistry and fluxes across the sediment/water
interface

TA concentrations in bottom waters increased over time in all cores over the first month of the
experiments (Figure III 4a). These changes are mirrored by corresponding TA fluxes (Figure IIT 4b).
Addition of alkaline minerals led to an almost immediate increase in TA fluxes for all calcite and dunite-
treated cores. The reference core (C2) and dunite-treated core (Dun3) initially showed a very rapid TA
increase to peak values of 4 mmol 1™ (Dun3) to 5.5 mmol I"* (C2). Towards the end of the experiment, TA
fluxes generally declined to about 1 - 2 umol cm™ d”* for all cores treated with alkaline minerals. The two
reference cores (C1, C2) covered a surprisingly large range in TA concentrations and fluxes despite no
minerals being added.
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Figure I11 4: TA concentrations in bottom waters (a) and fluxes at the sediment surface (b) in all
sediment cores. Positive fluxes denote a flux from the sediment to the bottom water and negative
fluxes vice versa. Dashed lines indicate the addition of substrates. Time is given in days relative to
mineral addition. Error bars on the concentrations denote analytical precision. Fluxes were
calculated from bottom water concentrations (Eq. III3). For clarity, flux data were filtered as
described in the supplement (S1). Note that filtered data is only used for visualization and not for
any further calculations.
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Dissolved silicon concentrations (Figure III 5a) increased in all cores during the early stage of the
experiment to peak values between ~190 uM (Dun3) and ~375 pM (Call). The corresponding fluxes
(Figure ITI 5b) averaged between 0.28 umol cm™ d™ and 0.65 umol cm™ d™" in the respective cores during
this period. During the eight days prior to addition of substrates, the concentrations in all cores slightly
decreased, as reflected in decreasing fluxes. An increase in Si concentrations between day -1 and day 0 was
associated with elevated fluxes just prior to mineral addition. A strong decrease in average fluxes around
day 0 led to a slight decrease in Si concentrations. Afterwards the increasing trend in concentrations was a
common feature for all cores with no significant trend ascribable to a specific treatment. Over the course
of the experiment, the fluxes smoothened out and varied between 0.16 umol cm™ d™* (Cal1) and 0.3 pmol
cm™>d™ (C1).

a) 400 - '

350
300
250

200

Si (umol 1 1)

150

100 239

PO [T S SR T SN AN TN SN SRR TN T SN SN TN SN (NN SR SN SN TN NN SN TR T SO ST TN S S S |
10 20 30 40 50 60 70
Time [d]

50I.|||l||.|

b)

-2 -1
fg (umolem™ d™")

Time [d]

Figure III 5: Si concentrations in bottom waters (a) and fluxes at the sediment surface (b) in all
sediment cores. See Fig. III 4 for further information.

Dissolved calcium (Ca) concentrations showed more muted trends than TA fluxes, yet clearer trends
than Si concentrations (Figure III 6a). Ca concentrations decreased in all cores shortly before mineral
addition and then showed an overall increase in all cores over the course of the experiment. The highest Ca
concentrations were observed in those cores that also reached anomalously high TA values (C2, Dun3,
Figure III 4a, Figure III 6a) The addition of calcite led to an almost immediate increase in dissolved Ca
fluxes (Figure III 6b, Cal1l — Cal3). Ca fluxes decreased after a few days and reached values in the range of
0.3 - 0.8 umol cm™ d”' towards the end of the experiments for all calcite-treated cores. Interestingly a

similar development of fluxes was observed in dunite treated cores.
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Throughout the experiment, nickel concentrations stayed below detection limit (~0.2 pmol 1) both in

pore waters and in bottom waters (data not shown).

Oxygen concentrations in bottom waters (Figure 25, supplement) varied widely during the early stage of
the experiment when oxygen was only supplied by diffusion across the air/water interface. The lowest
concentrations were measured between day 2 and 3 in Cal2 and C1 (~90 umol1™). After bubbling the water
column with ambient air directly in the liners, oxygen concentrations increased and stabilized around full
saturation (~292 umol 1"") in all cores. Higher values probably result from small gas bubbles stuck to the tip
of the optode. Temporarily lower values occurred in Dun3 (~120 umol 1"}, day 69), Cal2 (day 1) and C2
(~90 umol I, day 2).
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Figure III 6: Ca concentrations in bottom waters (a) and fluxes at the sediment surface (b) in all
sediment cores. See Fig. 111 4 for further information.

Bottom water pH increased in all cores over the course of the experiment (Figure 3S, supplement). The
earliest and strongest increase occurred in C2 (pH 8.2 on day 15) and Dun3, in accordance with the high
TA fluxes observed in these cores. Although pH remained at a high level in C2 (~8.15), it decreased in Dun3
after day 15 to values around 7.7. In the other cores, pH values fluctuated around 7.2 — 7.4 until the addition
of substrates and the beginning of the bubbling of bottom waters. Subsequently, a strong increase to values
around 7.9 was observed until day 15 that was most pronounced in the calcite treated cores and C1. The
weakest increase was observed in Dun2 where pH reached values of ~7.75. After day 25, all cores (except
C2 and Dun3) followed a rather similar trend of a slow pH increase. Final values ranged from 7.9 (Dun1)
to 8.2 (C1).
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II1.3.5. Calculated properties of sediment cores over discrete time
intervals

The assessment of the time intervals in each core reveals common trends in all cores except Dun3.
Highest calcite dissolution potentials (Diss,ot, defined in section 4.4) were observed towards the end of the
experiment. The overall range of these values was between 0.0017 cm (Cal2, t3) and 3.8898 cm (C2, t8). pH
values decreased in all cores over the course of the experiment, yet again with the exception of Dun3.
Another common feature is the shallowing of the H,S front between 53.5 mm (Call, t1) and 11.0 mm
(Dun3, t7). This decrease is not clear in all cores, however. The H,S fluxes varied over the course of the
experiment, with a slight tendency towards lower values at the end of the experiment. TA and Ca fluxes
varied with highest values around t2 in most cores. Si fluxes did not show any obvious time dependency.

II1.3.6. Bacterial community compositions and bacterial shifts in
treatments

Based on RNA-profiling of 16S rRNA genes, the active parts of the microbial communities of the different
incubations were dominated by (i) phylogenetically distinct chemolithoautotrophic, sulfide oxidizing
Gammaproteobacteria, primarily related to Beggiatoaceae (mostly Candidatus Parabeggiatoa and
Candidatus Isobeggiatoa), Thiotrichaceae (uncultured), Ectothiorhodospiraceae (mostly Thiogranum) and
Chromatiaceae, (ii) sulfate-reducing Desulfobacterota of the Desulfosarcinaceae and Desulfobulbaceae, (iii)
members of the Planctomycetes, mostly heterotrophic Pirellulaceae (Rhodopirellula, Blastopirellula) and
the Pla4 lineage as well as Cyanobacteria affiliated with Nostocaceae (Aphanizomenon) and Cyanobiaceae
(Figure III 7). Sulfurimonas sp. (Campylobacterota), hallmarked by versatile metabolisms (hydrogen,
sulfur and nitrogen cycling) (Han and Perner, 2015), and the uncultured Sva0081 (Desulfobacteraceae),
which has been suggested as important H,-scavenger in marine sediments (Dyksma et al., 2018), were
abundant throughout the treatments (Figure III 7). Cable bacteria associated with Candidatus Electrothrix
were found in all incubations, albeit in low numbers (Figure III 7). Maximum values at the beginning of
the incubations were found in Cal1 (1.8%), Cal2 (3.6%), Dun2 (2.3%) and Dun3 (1.4%), and after 72 days
of incubation in C2 (1.8%), Cal3 (2.2%), Dun1 (3.0%), Dun2 (1.8%) and Dun3 (1.6%) (Figure III 7).
Abundances of Candidatus Electrothrix in other cores were below 1%.
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Figure I11 7: Heatmap of species abundances for the 50 most abundant genera. The name of the
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abundance of each genus ranging from dark red to dark blue for high and low abundances,
respectively.
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II1.4. Discussion

II1.4.1. Robustness of experimental set-up and data

When interpreting results from laboratory experiments, it is instructive to scrutinize the set-up of the

experiment for deviations from the natural system. Key considerations of potential importance for

interpreting the results of this study include the following:

The cores were recovered in January 2022 with bottom water temperatures of 6.9 °C. For
technical reasons, the laboratory temperature was 12.5 °C. This temperature change accelerates
chemical and biological processes and might lead to an overestimation of weathering rates and a

rapid change in the biochemistry.

During core recovery, the sediments are likely to be slightly disturbed, which is obviously highly
important for assessing benthic weathering. An initially uneven sediment surface may later settle
in the core liner due to gravity and bioturbation. This can lead to a spatial shift in the oxidation
horizons and alter the oxygen exposer or availability in surface sediments. Acidification by
oxidation and altered dissolution of minerals as well as a change in particulate organic matter

(POM) degradation and microbial activity might be a consequence.

After recovery, the cores were sealed with a rubber plug at the bottom. This cuts off geochemical
gradients and fluxes from deeper sediment which will impact the chemical inventory of the
sediment core over time and change availabilities of substrates educts for energy-yielding redox

reactions and thus the microbial community.

A low water through flow rate was applied in order to detect temporal changes in bottom water
TA and other solutes that have a large seawater background. Accumulation or depletion of
solutes in the bottom water will lead to artificial alteration of diffusive fluxes across the sediment-

water interface and thus an underestimation of mineral dissolution rates.

As aresponse to the large decrease in oxygen levels shortly after the beginning of the experiment,
the bottom water was carefully bubbled with air. This reduced the calculated initial pCO, from
around 2000 patm at the beginning of the experiment to ~700 patm after bubbling. Although 700
patm is realistic for the natural system at certain times of year (Melzner et al., 2013), this led,
combined with the accumulation of TA, to stronger oversaturation of bottom waters with respect
to calcite than expected in the natural setting (Figure 5S, supplement). In a natural system
mineral dissolution might thus be higher.

The last geochemical data point was obtained on day 69 after addition of substrates, whereas the
final sampling of the cores took place on days 90 to 92. During this time, the fluxes and
temperature varied largely due to technical problems. Thus, the final pore water data in the very
upper centimeters might have been slightly altered over this period. The effect of this alteration

is difficult to assess, but most likely relatively small.

The pore water chemistry (except from micro profiles) for each core could only be examined at
the end of the experiment. Thus, the comparison with initial conditions obtained from one

reference core needs to be treated with caution.
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e Maintaining near to in-situ bottom water conditions in the laboratory over the course of the
experiment proved to be extremely challenging. Biogeochemical and physical alteration and
artifacts could thus not be avoided.

A careful discussion of pore water alteration is essential when interpreting the results of laboratory
experiments. In this study, several key considerations highlight the importance of assessing the potential
deviations from the natural system. Despite these complexities, it is important to acknowledge that these
challenges are inherent to studies involving such kind of laboratory experiments, and the data obtained
from such experiments thus remain valuable and informative for understanding benthic weathering

processes under experimental conditions.

I11.4.2. Pore water nutrient shifts due to incubation and the impact

on TA

The most striking change in pore water solutes was the loss of H,S and a concomitant increase of SO,
concentrations between the initially sampled core and the final sampling (Figures III 1a,b). H,S production
is mainly driven by the anaerobic oxidation of methane (AOM) and particulate organic carbon oxidation
via SO,” reduction (POCSR) (Barnes and Goldberg, 1976; Froelich et al., 1979; Mark Jensen et al., 2003;
Torres et al., 2020):

AOM:
CH, + SO3~ + H* - H,S + HCO3 (I116)
POCSR:
(CH,0)106(NH3),4(H5P0,) + 53505 + 14H* - 106HCO3 + 16NH} + 53H,S + HPO%~
(1117)

Thus, both processes convert SO, to H,S with the formation of 2 moles (AOM) and 2.28 moles (POCSR)
of TA per mole of SO,

Since the concentration gradients of SO,”” and H,S at the bottom of the initial core were close to zero
(Figures III 1a, b), a reduced H,S flux from deeper sediments as a consequence of plugging the bottom of
the cores can be ruled out as an explanation for the lower final H,S concentrations compared to the initially
sampled core. Towards the end of the experiment, the constant SO,” concentrations down to ~3 cm below
the sediment surface point towards reduced POCSR, which is also observed in the lower NH,"
concentrations (Figure IIT 1d). This decrease is likely a consequence of a lack of supply of fresh POM during
the incubation. The deeper penetration of SO,*” and the lower H,S and TA concentrations below 3-5 cm
could point towards lower POCSR, but the NH," rather indicate little change from the initial POCSR. Thus,
it appears that the production of H,S independently from SO,* was limited during the experiment. The
most likely explanation is that the plug introduced at the bottom of the cores shut down the upward
transport of methane (CH,) from deeper layers as described for Boknis Eck sediment e.g. by Maltby et al.
(2018). This cutoff from CH, supply would result in a decline in AOM rates below 20 cm where the AOM
zone was likely situated. Considering the stoichiometry of AOM (Equation III7), this change allowed for a
decrease in SO,” consumption and deeper SO,” penetration and a decline in dissolved H,S and TA
production rates and concentrations at depth (Equation II17).

The apparently stronger decrease of H,S over time compared to the increase in SO,” may be a
consequence of shifted Fe-H,S balance and a possibly stronger formation of FeS. Also, the elevated
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laboratory temperatures compared to initial in situ conditions can foster the formation of pyrite (Thiel et
al., 2019). The decrease in H,S concentrations and flux to the upper layers of the sediment may have
affected the microbial community and thus the experimental results.

In addition to reduced AOM, the lower TA values in deeper sediment can point towards authigenic
formation of CaCQ;. This is in line with lower Ca®>" concentrations in deeper sediments towards the end of
the experiment (Figure III 1f). This formation does not appear to be influenced by the treatment of the
different cores, but is most likely a consequence of the increase in temperature during the incubation since
CaCQO; solubility decreases with increasing temperature (Zeebe and Wolf-Gladrow, 2001).

I11.4.3. Changes in pore water pH and possible explanations

Overall, the pH profiles of most sediment cores looked very similar at the start of the experiment and
then evolved over time (Figure III 3). Pore water pH is driven by a variety of oxidation and reduction
processes which either release or consume protons. These processes are mainly driven by microbes that
utilize the respective Gibbs free energy that the different chemical reactions yield (Fenchel and Jorgensen,
1977; Froelich et al., 1979).

Previous work has demonstrated that the pH profiles in the organic rich sediments of Boknis Eck
are dominated by Fe’* reduction coupled to H,S oxidation and subsequent Fe*" oxidation via manganese
oxide (MnO,) (Preisler et al., 2007). A suboxic zone between the H,S horizon and the maximum oxygen
penetration depth (Table III 2) is commonly observed in sediments inhabited by the filamentous H,S -
oxidizing bacteria of the family Beggiatoacea that use nitrate to oxidize H,S via Dissimilatory Nitrate
Reduction to Ammonium (DNRA) (Preisler et al., 2007; Schulz and Jergensen, 2001):

H,S + NO3 + H,0 — SO%™ + NH/ (I118)

These bacteria can store nitrate within their intracellular vacuoles and transport it down into the
sediment, leading to the formation of a suboxic zone (Jergensen and Nelson, 2004). H,S oxidation by
Beggiatoa spp. is typically characterized by low pH values in the oxic zone and a clear peak around the H,S
horizon (Jergensen and Revsbech, 1983; Sayama et al., 2005). In most cores (except Dun3 and C1), this
situation is reflected in the initial pH conditions at the beginning of the experiment (Figure III 3) and the
presence of Beggiatoa spp. is supported by bacterial 16S rRNA amplicon sequencing data (Figure III 7 and
Discussion S3.1, supplement).

Over time, though, in all cores except Dun3 and C2, the pH profile shifted towards a shape that was
observed initially in Dun3 and C2, indicating a change in the predominant H,S oxidation pathway. Instead
of decreasing, pH values increased in the upper millimeter of the sediment, peaking at around the
maximum oxygen penetration depth (Figure III 3, Table III 2). These maxima were situated above a very
strong decrease in pH towards the lowest measured values of ~5.7 in core C2. The pH minima were
observed slightly above the H,S horizon. The latter type of profile shape has previously been associated
with the activity of cable bacteria (Malkin et al., 2014; Meysman et al., 2015; Nielsen et al., 2010). Like
Beggiatoa spp., these bacteria oxidize H,S to SO,*, but in two spatially separated reactions, termed long-
distance electron transfer (Meysman et al., 2015; Nielsen et al., 2010; Risgaard-Petersen et al., 2012):

Step one: H,S + 4H,0 — SO%™ + 8e~ + 10H* (I119)
Steptwo: 20, + 8e~ + 8H" - 4H,0 (I1110)
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Step one takes place around the H,S horizon. The electrons released are then transported upwards within
the bacterial filaments to the oxic layer where step two takes place. Thus, per mole of H,S oxidized, 10 moles
of protons are released in deeper sediments and 8 moles of protons are consumed in the oxic surface layer.
The combination of these two processes would explain the pH peak at the surface and low pH values around
the H,S horizon (Figure III 3, Table III 2) (Malkin et al., 2014; Meysman et al., 2015, 2019). Thus, the pH
profiles in cores Dun3 and C2 resemble profiles that would be generated by cable bacteria activity, but over
time this activity appeared to cease, which is shown by the less pronounced surface peak and increasing pH
values in pore waters. This hypothesis stands in contrast to the RN A-profiling data where, according to 16S
rRNA gene proportions, cable bacteria, namely Candidatus Electrothrix increased in C2 and remained
unchanged in Dun3 over time (Figure III 7). Although the pH profiles of most incubations support
increasing activity of cable bacteria over time of the experiments, we could not verify this by identifying
increasing proportions of 16S rRNA genes from known cable bacteria. A detailed discussion on the
microbial development is provided in the supplement (S3.1). With regards to the aims of this study, it is
important to highlight that it cannot be resolved conclusively whether the changes in pore water pH are a
naturally occurring feature or were induced by the laboratory incubation conditions. This will be
considered for the evaluation of enhanced weathering in the further discussion.

I11.4.4. Evaluation of enhanced and natural calcite weathering

The easiest approach to evaluate calcite dissolution is the assessment of bottom water concentrations of
the weathering products (T A and Ca) and the respective fluxes via the sediment surface. Figures III 4a and
b indicate a slightly increased TA accumulation and elevated fluxes in cores Call — Cal3 directly after the
addition of calcite. These fluxes combined with elevated Ca concentrations and fluxes (Figures III 6a,b)
point towards dissolution in bottom waters during addition. Still, with regards to the overall experiment,
there is no clear trend in Ca fluxes, or in TA fluxes or corresponding bottom water concentrations that
could be attributed to a certain treatment. The reason for this observation is obviously the large
inhomogeneity of the different cores with regards to pH values which are a major driver for calcite
dissolution (Walter and Morse, 1985). In order to reliably quantify weathering processes in the different
cores it is necessary to evaluate them under the geochemical conditions that foster or inhibit calcite
dissolution during different time intervals (Table III 2).

The rate of calcite dissolution is driven by saturation state with respect to calcite ({)c; Walter and Morse,
1985 and references therein). In this study, CO5” concentrations were calculated using measured pH and
TA pore water values, leading to estimations of ()¢,

_ [calx[coi™]

Qe = (I1111)

Kscal

where [Ca] and [CO,”] are the concentrations of calcium and carbonate, respectively, and Ks., is the
solubility product of calcite at the respective salinity, temperature and pressure (Zeebe and Wolf-Gladrow,
2001). To provide temporal estimates of (), the initial and final values of TA and Ca were interpolated
linearly for each depth layer We recognize the obvious uncertainty associated with this approach and the
following results should be interpreted with this in mind.

The total amount of calcite that can be dissolved is driven by the degree of undersaturation over the whole
core. Since calcite only dissolves when ambient pore waters are undersaturated with respect to this mineral
(Qeca < 1), a dissolution potential (Disspo: (cm)) was defined by integrating ()., over the region where
undersaturation was observed:
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. N>1
Disspor = fzz((ﬂjl))(l —0.01(2)) dz (1I112)

where ().,(z) is the saturation state at depth z (cm) in the sediment. z({2<1) and z(£1>1) refer to depths
where () values fall below 1 and above 1, respectively. Thus, Dissp, combines the degree of

undersaturation and the depth interval where undersaturation occurs (Figure III 8).
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Figure III 8: Illustrative example for calculation of Disspot on one representative profile
(Profile 3, C2). Horizontal dashed line indicates sediment surface. Vertical solid line
demarks QCal<1. Hatched area depicts the sediment depths where calcite can dissolve.

Disspor values depend on the dynamic interplay between pH and calcite dissolution. When CaCOs;
dissolves in pore waters, the saturation state with respect to CaCO; increases due the accumulation of
weathering products. This has the effect of lowering Diss,. At the same time, a higher sedimentary flux of
the weathering products to the bottom water should be observed. Consequently, Ca and TA fluxes together
with Disspo; values at a given time indicate how much calcite is being dissolved compared to how much
calcite could be dissolved. The higher the calcite content of a sediment that bears a source of protons, the
higher the ratio of Ca and TA fluxes to Diss,q, the more effective is the dissolution process. The maximum
dissolvable calcite content would then be indicated by high fluxes combined with Diss, values close to 0.

Highest Diss,, values are associated with elevated TA and Ca fluxes during the discrete time intervals in
cores C2 and Dun3 (Figures III 9a,b). This clearly indicates that the natural inventory of calcium carbonate
in the form of either calcite or aragonite (Figure III 2) is being dissolved in corrosive pore waters. To
disentangle these natural fluxes from enhanced fluxes induced by the addition of calcite, the pH profiles
were compared to profiles obtained at Boknis Eck in situ under natural conditions (Preisler et al., 2007). At
the time of sampling, these sediments were dominated by the activity of Beggiatoa spp. and were more
similar to the initial profiles in e.g. Dun1 and Cal1. Therefore, based on these in situ profiles and Dun1 and
Cal1 profiles, a realistic maximum value for Diss,, was defined (dashed line in Figures III 9a,b). This
approach was chosen for because it only considers naturally observed and thus unambiguously realistic
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weathering regimes. In addition, not all cores showed extreme Diss,,; values. By considering time intervals

with similar Diss,o; values, comparisons between different treatments are more justified.
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Figure I1I 9: Comparison of Dissp.: to TA fluxes (a) and Ca fluxes (b) during discrete time intervals
and Ca concentration to TA values over entire course of the experiment (c). Dashed lines in (a) and
(b)indicate highest natural Diss, values. Red solid line (¢) indicates a TA/Ca ratio of 2. Blue
markers in (a) and (b) show values from calcite treated cores, green labels show dunite treated cores
and red labels show control cores. Color coding in c) indicates the time at which each sample was
taken relative to addition of substrates. Error bars report 2SD.

For the evaluation of enhanced carbonate weathering, the fluxes of the different cores during time periods
where Disspo was below this value were then averaged and compared (Table III 3). This procedure excludes
values obtained in C2, as in this core pH was very low over the entire course of the experiment. The results
of the comparison show that TA fluxes were 0.961+0.096 umol cm ™ d"* higher in calcite treated cores than
in the control experiment. The ratio of Fra/Fc, of 1.45 (Table III 3) in the calcite treated cores is lower than
the theoretical value of 2 (Equation III2), which points towards a loss of alkalinity which is not associated
with Ca. We suggest that TA derived from CaCOj; dissolution was diminished by the oxidation of reduced
species in the oxic surface sediment (Dale et al., 2021, 2011; Perner et al., 2022; Rassmann et al., 2020;
Wallmann et al., 2008). The AFra/AFc, values which represent the ratio of enhanced fluxes compared to
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the control experiment, though, are close to 2 (1.99), which would be the ratio expected for calcite
dissolution. Hence, the additional fluxes were most likely induced by the addition of calcite to the sediment.
Opverall, it is important to acknowledge that the accumulation of weathering products in bottom waters and
the low pCO, have led to higher (), values than expected in the natural system (Melzner et al., 2013). In
more corrosive bottom waters the dissolution of calcite might be higher than observed in this study.

Table III 5: TA, Ca and Si fluxes in different cores averaged over different treatments during comparable time
intervals. Note that RSD for calcite and dunite treated cores represent relative standard deviation (RSD)
between averages of each core. RSD for control experiments derives from only one core (Table 2) and is thus
larger. AF1a/AFca ratios indicate ratios between difference in flux between treatments and the control
experiment.

Fra RSD Feca RSD Fsi RSD  Fra/Fca AFqa/AFc,
pmol pmol pmol
Treatment em? d-t % em? dt % em2 d %
Calcite: 1.373 10.31 0.944 34.97 0.247 28.04 1.45 1.99
Dunite: 0.634 39.59 0.373 46.34 0.261 4.09 1.70 -2.55
Control: 0.412 73.48 0.460 125.18 0.329 51.14 0.90

To assess the suitability of weathering products as a proxy for mineral dissolution, TA and Ca
concentrations in bottom waters were directly compared over the entire experiment (Figure III 9¢). The
data clearly show that the ratio of TA/Ca is not always 2 (indicated by the thin red line, Figure III 9c¢), as
expected from equation 2. Instead, TA appears to increase before Ca concentrations. This is an especially
well pronounced feature in C2 and Dun3, in which highest TA concentrations were observed during the
early stage of the experiment. In the other cores this enhanced TA/Ca ratio was observed towards the end
of the experiment (color coding in Figure III 9¢).

When comparing the different pH profiles in C2 and Dun3 (Figure III 3), it is clear that very low values
and subsequently high Diss,, values dominated during the early stage of the experiment. During this time,
the TA:Ca ratio in bottom waters is clearly higher than 2:1 (blue to green symbols in Figure III 9¢). In the
other cores, similar conditions appeared later in the experiment (yellow to red symbols in Figure III 9c).
Since the low pH values presumably result from cable bacteria, their metabolism (Equations III9, III10)
might lead to an altered TA/Ca ratio. The different diffusive coefficients of Ca®" and HCO5, which is the
main contributor to TA, might alternatively be responsible for this effect, as D¢, < Duco; (Boudreau, 1997).
This might also explain why the ratio of TA/Ca decreased in C2 and Dun3 towards the end of the
experiment. Along with the higher consistency of measured TA values and calculated fluxes, this suggests
that a combination of TA and Ca may be the best way to assess weathering efforts, even though TA is the
main driver for CO, uptake in the surface ocean (Wolf-Gladrow et al., 2007) and thus of more relevance
with respect to CDR studies.
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II1.4.5. Strong background fluxes disguise olivine dissolution

Dunite is an igneous rock with an olivine content of over 90% (Hochstetter, 1859) and displays rapid
dissolution rates in seawater (Fuhr et al., 2022; Rigopoulos et al., 2018; Rimstidt et al., 2012; Wolff-Boenisch
etal., 2006). Assuming that dunite dissolution represents olivine dissolution, the rate can be described as a
function of temperature and pH (Rimstidt et al., 2012):

3465
log(r,;) = 4.07 — 0.256 X pH — — (II113)
where 1, is the dissolution rate given in mol m™s™, T is temperature in K. In the temperature and pH
range of this study, a pH increase from 7 to 8 would lead to an identical 55 % decrease in rate as a theoretical
temperature change from 12.5 to 6.59 °C. Thus, the pH changes observed in our experiment (Figure III 3)
must play an important role for olivine dissolution.

The chemical process of olivine dissolution ought to lead to an accumulation of magnesium (Mg*"), Si
and TA (Equation III1). The high Mg background of ~32 mmol 1" in seawater at Boknis Eck prevents
detection of the additional Mg due to analytical precision (+ 2%). Hence, the candidate proxies for
detecting olivine dissolution are Si and TA concentrations. However, Si concentrations and fluxes over
entire course of the experiment showed no trends between the differently treated cores (Figure III 5). TA
concentrations and fluxes (Figures III 4a,b) slightly increased directly after the addition of dunite in Dun1
and Dun2, pointing towards olivine dissolution (Fuhr et al., 2022). Since Dun3 was dominated by CaCO;
dissolution in the early stage of the experiment, the TA fluxes from olivine dissolution in this core were
strongly overprinted.

Pore water pH values were compared to Si fluxes averaged for each time step (Figure III 10). A slightly
lower gradient of the linear regression between pH and Si fluxes in cores treated with dunite might be
interpreted as increased contribution from olivine dissolution for lower pH values. Still, the correlation for
all cores is weak (R’ values between 0.241 and 0.072). Overall, the increase in Si flux with higher pH values
in all cores points towards dissolution of either siliceous detrital material or biogenic debris such as
diatomaceous frustules that are highly abundant in Baltic Sea sediments (Gasitinaité et al., 2005; Lewin,
1961). These processes result in a high background signal that overprinted Si contribution by olivine
weathering at lower pH values.

When comparing the different treatments during comparable time intervals (Table III 3), cores treated
with dunite showed slightly enhanced TA fluxes (0.634 pmol cm™ d ™) compared to the control experiment
(0.412 pumol cm™ d). The very large standard deviations of 40 % and 73 %, though, diminish the
significance of these data. Overall, the data does not allow for olivine dissolution to be evaluated in the
experiment neither qualitatively nor quantitatively using these proxies.
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Figure I1I 10: Cumulated Si fluxes via the sediment surface for each time step defined in Table I11 3
versus pH in pore waters. Blue symbols represent calcite treated cores, green symbols show dunite
treated cores and red symbols represent controls. Dashed lines show linear correlations for each
treatment. R2 values represent the fit of each correlation. Error bars represent SD.

Dissolved nickel, which was proposed as a dissolution proxy by Montserrat et al. (2017), was below
detection limit (~0.2 umol1™) in all samples. Consequently, although it cannot serve as a dunite dissolution
tracer, it can likely be excluded as a possible toxic threat to fauna (Flipkens et al., 2021) in the current
benthic environment. Likewise, the formation of secondary mineral formation associated with olivine

weathering (Fuhr et al., 2022) cannot be resolved based on the present data set.

II1.4.6. Challenges for attribution

Marine alkalinity enhancement via enhanced weathering at the seabed requires monitoring to quantify
rates of mineral dissolution and alkalinity production and ultimately the uptake flux of atmospheric CO,
in the ocean induced by deliberate mineral addition. To this end, a methodology needs to be established
and suitable tracers have to be defined that allow for a reliable quantification of mineral dissolution rates.

Dissolved Si would be a suitable tracer to quantify dissolution rates of olivine and other reactive silicate
minerals added to the seabed. However, our experimental data clearly show that benthic Si fluxes are
dominated by the dissolution of biogenic opal and other sedimentary Si phases such that olivine dissolution
rates could not be quantified using this tracer. Since biogenic opal produced by diatoms and other siliceous
plankton is deposited and dissolved in almost all coastal and shelf sediments (Tréguer et al., 2021), the

82



attribution problems that were encountered during this study will very likely also emerge during field
experiments and large-scale application of benthic marine alkalinity enhancement. It may be possible to
solve this attribution problem using stable Si isotopes (8°°Si) since biogenic opal and detrital silicate
minerals have distinct isotopic compositions such that benthic fluxes induced by the dissolution of these
separate phases can be differentiated (Geilert et al., 2020). Future work should, hence, test whether §°°Si
may be a suitable tracer of the dissolution of deliberately added silicate minerals.

Dissolved Ca could be used to quantify dissolution rates of carbonates (calcite, aragonite) added to the
seabed. Data obtained in this study indicate that this may be possible but that the interpretation of benthic
Ca flux data is complicated by the dissolution of calcite delivered by coastal and seabed erosion in the study
area (Wallmann et al., 2022). Similar problems may arise in other coastal and shelf settings where carbonate
minerals produced by erosion and calcareous plankton are deposited and dissolved at the seabed. Since the
stable isotopic composition of Ca and Sr bound in natural and deliberately added carbonate minerals may
differ (Teng et al., 2021), employing these isotope tracers (e.g. §***°Ca, §****Sr) might improve attribution.

According to our experimental results, TA may be the most suitable tracer to quantify the dissolution of
alkaline minerals (olivine, calcite) added to the seabed. However, large TA fluxes were not only induced by
the dissolution of added minerals but also by the dissolution of naturally-occurring carbonate minerals.
Moreover, observed TA was likely consumed via H,S and iron oxidation. The resulting benthic TA fluxes
were, hence, strongly modulated by microbially catalyzed redox reactions and very sensitive to shifts in the
microbial community (primarily Beggiatoa spp. vs. other microbes including cable bacteria). Since these
TA-producing and consuming microbial metabolisms occur in all coastal and shelf sediments (Boudreau,
1997), attribution problems will also arise in field experiments and applications. Attribution of TA fluxes
to the dissolution of added alkaline mineral will, therefore, only be possible after accounting for highly
dynamic natural TA background fluxes that can change on seasonal and shorter time scales in most benthic
environments (Dale et al., 2013). Overall, the difficulties encountered with attribution will subsequently

complicate monitoring, reporting and verification (MRV) in a possible field application scenario.
IT1.5. Summary, conclusion and outlook

This study presents results from an incubation of organic-rich sediment cores recovered from Boknis Eck
in Eckernférde Bay where dunite and calcite were added to assess the potential for benthic alkalinity
enhancement. The incubation of the cores and lack of methane flux from deeper sediments led to a
reduction of AOM, which altered the H,S inventory in pore waters. Additionally, the precipitation of
authigenic carbonates was indicated by reduced TA and Ca concentrations in pore waters towards the end
of the experiment. These alterations and the decline in upward H.,S fluxes may have led to a shift of pH
profiles formed by the activity of Beggiatoa spp. to profiles associated with the activity of cable bacteria. The
altered pH values in pore waters changed the saturation state with respect to calcite ({)ca). In order to
evaluate the enhanced weathering in dunite (olivine) and calcite treated cores, the experimental results
were split into several time steps. The comparison of time intervals with similar chemical conditions
suggests that TA fluxes were significantly increased by the addition of calcite and that TA currently appears
to be the best proxy for evaluating enhanced weathering of calcite, and the most relevant variable for
understanding CO, uptake from the atmosphere. The increase in TA fluxes following the addition of dunite
was too small to be resolved with available proxies due to high background fluxes. The possible formation

of secondary minerals induced by olivine weathering could not be resolved.
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The experiments were conducted in the laboratory under conditions that were as similar as possible to
those in the field during the time of sampling (winter season). However, temperature, oxygen levels and
the pCO, of bottom water can vary largely over the annual cycle in Boknis Eck (Melzner et al., 2013). In
order to understand the weathering behavior of both calcite and dunite (olivine) under natural conditions,
it would thus be necessary to conduct further experiments, such as incubations under anoxic to hypoxic
conditions and long-term experiments that reflect the weathering behavior under more natural conditions.
Experiments in benthocosms might have the potential to reflect natural conditions at least with regards to
temperature, bottom water pH, sediment heterogeneity and POC availability. Still, the fluxes from deeper
sediments would still be difficult to capture realistically. Field experiments and stable isotope tracers may
help to better understand the effect and the impact of enhanced benthic weathering as a CDR measure for
climate change mitigation.
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Abstract

Recent studies have begun to explore the potential of enhanced benthic weathering (EBW) in the Baltic
Sea as a measure for climate change mitigation. To augment the understanding of EBW under seasonally
changing conditions, this study aims to investigate weathering processes under anoxia to hypoxia in
corrosive bottom waters, which reflect late summer conditions in the Baltic Sea. Dunite and calcite were
added to sediment cores retrieved from Eckernférde Bay (Western Baltic Sea) with a constant flow-through
of deoxygenated, CO,-enriched Baltic Sea bottom water. The addition of both materials increased benthic
alkalinity release by 2.94 umol cm™ d™' (calcite) and 1.12 pmol cm™ d™' (dunite), compared to the
unamended control experiment. These excess fluxes are significantly higher than those obtained under

winter conditions.

The comparison with bottom water oxygen concentrations emphasizes that highest fluxes of alkalinity
were associated with anoxic phases of the experiment. An increase in Ca and Si fluxes showed that the
enhanced alkalinity fluxes could be attributed to calcite and dunite weathering. First order rate constants
calculated based on these data were close to rates published in previous studies conducted under different
conditions. This highlights the suitability of these proxies for mineral dissolution and justifies the use of
these rate constants in modelling studies investigating EBW in the Baltic Sea and areas with similar
chemical conditions. Generally stable pH profiles over the course of the experiment, together with the fact
that the added minerals remained on the sediment surface, suggest that corrosive bottom waters were the
main driving factor for the dissolution of the added minerals. These factors have important implications
for the choice of mineral and timing for EBW as a possible marine carbon dioxide removal method in
seasonally hypoxic to anoxic regions of the Baltic Sea.

IV.1. Introduction

In recent years, the pressing need to limit global warming to levels below 2°C compared to preindustrial
times has prompted extensive discussions about the imperative role of Carbon Dioxide Removal (CDR)
strategies (Beuttler et al., 2019; Campbell et al., 2022; Feng et al., 2017; Foteinis et al., 2023; Fuss et al., 2018;
IPCC, 2021). In the pursuit of innovative strategies to mitigate the profound consequences of rising
atmospheric carbon dioxide (CO,) levels and the imminent climate crisis, Ocean Alkalinity Enhancement
(OAE) through enhanced weathering has emerged as a promising avenue. This strategy aims to enhance
CO, storage capacity within the surface ocean, possibly presenting an economical and efficient pathway for
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CDR (Campbell et al., 2022; Caserini et al., 2021; Hartmann and Kempe, 2008; Montserrat et al., 2017;
Oelkers, 2001; Renforth and Henderson, 2017).

Materials used for this approach on the one hand need to consume protons upon dissolution and on the
other hand must dissolve rapidly under the conditions found in the environment where OAE is applied.
Two promising minerals are olivine ((Mg,Fe),Si0,), a fast dissolving nesosilicate, with the two
endmembers forsterite (Mg,SiO,) and fayalite (Fe,SiO,), and calcite, a highly abundant calcium carbonate
(CaCO;) (Kremer et al., 2019; Renforth and Henderson, 2017; Rimstidt et al., 2012; Subhas et al., 2015).
Since olivine is the major component of dunite, an ultramafic, igneous rock, and the purification of the
mineral is cost intense, dunite instead of olivine would be used in an application scenario (Fuhr et al., 2023;
Hochstetter, 1859; Rigopoulos et al., 2018). Still, olivine is the fastest dissolving component of dunite, which
is why for the efficiency and efficacy of enhanced dunite weathering, olivine dissolution is the key process
(Palandri and Kharaka, 2004; Rimstidt et al., 2012). Understanding the kinetics of the dissolution reactions
of forsterite, the most abundant variety of olivine, and calcite is central to the effectiveness of Enhanced
Benthic Weathering (EBW). These reactions can be summarized as follows:

Forsterite: ~ Mg,Si0, + 4H,0 + 4C0,(aq) » 2Mg?* + H,Si0, + 4HCO,;~ (IV1)

Calcite: CaCO; + H,0 + CO,(aq) — Ca?* + 2HCO;~ (IV2)

To date, much of the research on OAE and mineral dissolution in sea water has mainly focused on
laboratory environments with well-defined chemical and hydrological characteristics (Flipkens et al., 2023;
Fuhr et al., 2022; Montserrat et al., 2017; Naviaux et al., 2019; Rimstidt et al., 2012; Subhas et al., 2015;
Walter and Morse, 1985). These studies have revealed complexities, including the potential release of
toxicants like nickel during olivine dissolution (Flipkens et al., 2021; Montserrat et al., 2017) and the
formation of secondary minerals such as CaCO; and phyllosilicates, which can hinder CO, uptake (Béarat
et al., 2006; Burton and Walter, 1987; E. King et al., 2010; Fuhr et al., 2022; Hartmann et al., 2023; Lein,
2004; Moras et al., 2022; Rigopoulos et al., 2018; Sternbeck and Sohlenius, 1997). Importantly, these
secondary minerals can alter the overall stoichiometry of the dissolution process, leading to disparities
between calculated and actual dissolution kinetics (Fuhr et al., 2022). Furthermore, recent studies using
sediments from the Baltic Sea have illuminated the distinctive challenges that arise under conditions closer
to the natural system (Fuhr et al., 2023).

In the Baltic Sea, distinguishing between natural and EBW is difficult, given the substantial benthic
background fluxes driven by natural CaCO; input from continental erosion for calcium and diatom
dissolution for silica that can overshadow potential fluxes induced by enhanced benthic weathering
(Borawska et al., 2022; Fuhr et al., 2023; Gasitnait€ et al., 2005; Wallmann et al., 2022). Furthermore, the
dissolution kinetics of both calcite and olivine remain largely unexplored in the brackish waters of the Baltic
Sea, introducing uncertainty whether dissolution rates assumed in modeling studies based on standard
seawater (Fakhraee et al., 2023; Feng et al., 2017; Griffioen, 2017) can be applied in this specific region.
Despite these challenges, the high organic-rich sediments releasing up to 80 Tg yr" of dissolved inorganic
carbon (DIC) in the Baltic Sea make it an intriguing setting for EBW studies (Nilsson et al., 2019).
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Modeling plays a pivotal role in assessing the feasibility and impact of OAE through EBW as a marine
carbon dioxide removal (mCDR) strategy. Currently existing models rely on dissolution kinetics derived
from studies conducted in marine environments that do not align with the unique chemical and
hydrological properties of the Baltic Sea, where the partly seasonal, partly perennial seasonal stratification
of the brackish water body, combined with limited deep water renewal leads to very low pH values in
bottom waters (Meier et al., 2019; Melzner et al., 2013). This disconnect between the assumptions
underlying many modeling efforts and the specific conditions of the Baltic Sea creates a critical need for
empirical investigations of mineral dissolution kinetics, which can, in turn, inform more accurate and

regionally tailored modeling efforts.

By investigating the efficiency of EBW under conditions of hypoxia to anoxia as well as CO, enrichment,
this study complements a previous study, where calcite and dunite were added to Baltic Sea sediments
exposed to oxic, calcite-oversaturated bottom waters (Fuhr et al., 2023). To this end, sediment cores were
retrieved from Boknis Eck, a shallow, seasonally hypoxic to anoxic depocenter in Eckernférde Bay in the
southwestern Baltic Sea, amended with calcite and dunite and exposed to calcite-undersaturated bottom
waters under controlled laboratory conditions with the aim to simulate conditions prevailing during late
summer in this part of the Baltic Sea (Melzner et al., 2013). The study not only contributes to our
understanding of benthic weathering in the Baltic Sea but also enhances the accuracy and reliability of
modeling approaches for assessing the potential of EBW as a mCDR strategy.

IV.2. Materials and Methods
IV.2.1. Materials

On 26 October, 2022, a total of nine sediment cores (60 cm long) were retrieved from Boknis Eck with a
multiple-corer from a water depth of 27m with the research vessel FK Littorina. Alongside the sediment
cores, 500 liters of bottom water were also collected. The sediment cores contained 20-24 cm of surface
sediment. Immediately after recovery, the cores were sealed at the top and bottom with rubber bungs,
maintained in an upright position, and transported to a temperature-controlled laboratory at 12.5 °C,
which reflects natural summer conditions in the study area (Melzner et al., 2013). One of the cores was
sliced for subsequent pore water and sediment analyses to determine initial natural background conditions.
The results of these measurements are reported in Figure S4 in the supplement.

For the incubation experiments, a total of eight cores were selected. Two different alkaline materials,
dunite and calcite, were added to assess their effectiveness in OAE. The dunite (olivine AFS 80) used was
sourced from quarries in Arheim, Norway, and the 20pm — 30um fraction was isolated through sieving.
The mineralogical composition of the dunite is reported in Table 1S (supplement). The calcite used was
ground limestone provided by the German Limestone Association, with a calcium carbonate content
exceeding 99% (Table 2S, supplement) and grain sizes below 0.12 mm. Prior to the experiment, the calcite
was rinsed with deionized water with a conductivity of 18.2 MQ cm™. To eliminate the fine fraction of the
material, the calcite was mixed with deionized water in a settling column (20 cm height), and particles that
remained in suspension after 20 seconds were decanted. This process was repeated until the supernatant
water became clear after 20 seconds. As a result, all particles were expected to settle on the sediment surface
within a few minutes after adding the calcite to the sediment cores. Grain size distribution and median
grain size after washing are reported in Table IV 1 and Figure S1 (supplement).
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IV.2.2. Determination of reactive surface area

Since the majority of studies used the geometrical surface assuming spherical grains to determine olivine
dissolution (Rimstidt et al., 2012), the surface of dunite grains was determined likewise, assuming a grain
size of 25 pm (Table IV 1).

The reactive surface of calcite grains was determined via gas adsorption following the Brunauer-Emmett-
Teller (BET) method after Brunauer et al. (1938) on a Stohlein' ™ AREA-Meter II.

The findings from the measurements and calculations are presented in Table IV 1.

Table IV 1: Overview on materials used in the experiment, including bottom water (BW) volumes, treatments
(Cal = calcite, Dun = dunite, C = control), BET surface area of calcite (measured) and geometrical surface area
of dunite grains, calculated for an average grain size of 25pum.

Core name | Call Cal2 Cal3 Dunl Dun2 Dun3 C1 Cc2
Volume BW

(dm?) 2.083 2.052 1.942 2.021 2.178 2.060 1.824 2.099
Mineral: Calcite Calcite Calcite Dunite Dunite Dunite - -
Mass (g): 7.8618 7.8618 7.8618 4.4781 4.4781 4.4781 - -
Grain size

(um) Ds0=87 Ds0=87 Dso=87 20-30 20-30 20-30

BET-surf.

(m2g?) 0.45+0.06 0.45+0.06 0.45x0.06 - - - - -
Geom. surf.

(m2g?) - - - 0.073x0.004 0.073£0.004 0.073z0.004 - -

IV.2.3. Experimental setup

Eight sediment cores were positioned vertically in a rack. Since the sediment surface was slightly oxidized
by the bottom water (~125 pumol I upon recovery), the cores were left plugged on the top for 13 days to
settle after recovery until the sediment surface was anoxic. To achieve chemical conditions that are expected
in the natural system (Melzner et al., 2013), 500 | of retrieved sea water were degassed via bubbling with
pure dinitrogen gas in batches of 100 1. Afterwards, between 50 and 60 1 were transferred into an evacuated
gas tight bag. After the transfer, pH and total alkalinity (TA) were measured to determine the DIC of the
water. Afterwards the DIC was increased via adding pure CO, until a CO, partial pressure (pCO,) of ~2300
- ~3300 patm was established mimicking conditions prevailing in Boknis Eck during summer (Melzner et
al., 2013). This mixture is hereafter referred to as modified bottom water. The pCO, was slightly increased
in the reservoir over time to compensate for alkalinity increases in the water overlying the cores due to

benthic anaerobic degradation of organic matter and maintain calcite undersaturation.

Stirring heads were installed on the cores, allowing for the insertion of optodes for continuous
measurements of bottom water pH and oxygen (Pyroscience' " PHROBSC-PK8 and OXROB3-SUB,
respectively). The logging was done on a self-constructed 16 channel device for O, and pH (each parameter
8 channels). For the measurement of O, and pH for each channel, the underwater OEM O2 meter PICO-
02-SUB (Pyroscience) and the underwater OEM pH meter PICO-PH-SUB (Pyroscience) were used,
respectively. Calibration was carried out according to the manufacturer's instructions. For brackish bottom
water conditions, all pH probes including micro-sensors (section 2.6) were calibrated using three TRIS-
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buffers (Miiller et al., 2018; Pratt, 2014). Thus, pH values reported in this study refer to the total pH scale
(pHr, Dickson, 1993). The equilibrium constants for further calculations were chosen accordingly.

To prevent the development of oxic conditions, it was ensured that as little gas phase as possible was left
in the cores. Elimination of pelagic autotrophs, heterotrophs, and suspended particles was achieved by
flushing the cores with modified bottom water for 2 days with a flow rate of 1.5 mml min™". Afterwards, a
continuous throughflow of 700 ul min™ from the reservoir of modified bottom water was applied, leading
to a residence time of approximately 2.1 days inside the cores.

For the experimental incubations, six cores received additions of alkaline materials, three with calcite
(Cal1 - Cal3) and three cores with dunite (Dunl1 - Dun3), leading to three replicates per treatment. Two
control cores remained untreated (C1, C2). The amount of added substrate was based on the rain rate of
particulate organic carbon observed in Boknis Eck (0.5 mmol cm™ a™ Dale et al., 2011), the proton
consumption of each substrate (Equations IV1,IV2) and then doubled to achieve a resolvable weathering
signal. A detailed parameter description of each experiment can be found in Table IV 1. Prior to mineral
addition, the cores were monitored untreated for six days to establish a natural baseline. The incubation
lasted for 25 days. The volume of water in each core was determined at the end of the experiment via
measuring the height of the water column after removing the stirring heads.

IV.2.4. Sampling procedure and analysis

Bottom water samples (12 ml) were collected from the outflow of each core, over several minutes.
Sampling was conducted daily for the first two weeks and then every two days till the end of the experiment.
All samples were filtered using a 0.2 pm cellulose membrane filter and stored refrigerated in Exetainer®
12ml Vials. TA samples (1 ml) were titrated with 0.02N HCl following the method described by Ivanenkov
and Lyakhin (1978), with titration ending upon the appearance of a stable purple color. During titration,
continuous nitrogen bubbling degassed the sample to eliminate any generated CO, and H,S. The procedure
was calibrated using an TAPSO seawater standard. Anion element concentrations (SO,>, CI', Br’) were
determined using ion chromatography (IC, METROHM 761 Compact, conductivity mode). Acidified sub-
samples (3 ml sample and 30 pl suprapure HNO;') were prepared for major and trace element analyses (Si,
Na, K, Li, B, Mg, Ca, Sr, Mn, Ni, and Fe) using inductively coupled plasma optical emission spectroscopy
(ICP-OES, Varian 720-ES).

At the end of the experiments, bottom water was removed via suction, and the cores were sliced for
analysis of pore water and solid phases. Pore waters were obtained by centrifuging each sediment layer in
50 ml Falcon tubes at 3000 rpm for 10 minutes. The resulting supernatant water was filtered (0.2 um
regenerated cellulose syringe filters) and transferred to polyethylene vials within an oxygen-free glove bag
environment. Additional parameters, such as H,S and Fe** were analyzed in the pore waters. For dissolved
Fe’* analysis, 1 ml sub-samples (1 ml) were stabilized with ascorbic acid and complexed with Ferrozin
within 30 minutes inside the glove bag. H,S measurements involved diluting an aliquot of pore water with
oxygen-free artificial seawater and fixing of H,S through immediate addition of zinc acetate gelatin
solution. Further details on these procedures can be found in Dale et al. (2014, 2016). Bottom water solute
concentrations are reported in the supplement.
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IV.2.5. Solid phase analysis

Freeze-dried and ground sediment samples were subjected to flash combustion using the EuroEA 3000
element analyzer (EuroVector, Pavia, Italy) to measure total carbon (TC), total organic carbon (TOC), total
nitrogen (TN), and total sulfur (TS). The total inorganic carbon (TIC) content was determined by
subtracting the TOC value from the TC measurement. Method blanks and two reference standards, namely
2.5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl)thiophene (BBOT, HEKAteck ™), and an internal sediment
standard, were employed to evaluate the accuracy of the analytical method.

IV.2.6. Micro-profiling

To conduct sediment micro-profiling, a motorized Unisense ™ micromanipulator (MMS) was
employed. Oxygen, pH, and H,$ profiles were measured using Unisense' " micro-sensors Ox-50, pH-100,
and SULPH-100, respectively. The vertical step sizes were adjusted based on the sensor specifications (at
least twice the needle diameter) and the desired measurement resolution to minimize profiling time (100
pum for O, profiles, 300um for pH and H.S profiles). Sensor calibration followed the manufacturer's
recommendations, with the Unisense' " calibration kit used for SULPH-100 at a calibration concentration
of 109 umol I,

Following the acquisition of H,S and pH profiles, the total dissolved sulfide concentration was calculated
according to Unisense ™ guidelines based on the work of Millero et al. (1988) and Jeroschewski et al.
(1996). Unless specified otherwise, the term H,S refers to the total dissolved sulfide concentration (= H,S
+ HS’). Micro-profiles were obtained at the beginning of the experiment (t = -6 d), directly before the
addition of substrates (t = 0 d) and at the end of the experiment (t = 19 d). Results of these measurements
are presented in the supplement.

I1V.2.7. Flux calculations from bottom water concentrations and
oxygen profiles

Solute fluxes across the sediment surface were determined by applying the following calculations, which

consider the concentrations of an element in the inflow and outflow:

dce
Fe - ((E + kW X COut - kW X Cin) X VMUC) /Ased (IV3)

. . 2 41, dC
E, represents the element flux across the entire sediment surface (mol cm™ d™), d—: denotes the rate of

concentration change of the specific element over a defined time (mol I d™), k,, represents the water
exchange rate in d”, C,, signifies the concentration in the outflow (mol 17), C;, represents the
concentration in the inflow (mol 1), Ve denotes the volume of bottom water (1) in each core, and A
(cm®) signifies the surface area of the incubated sediment cores.

Calculation of the carbonate system and saturation states

The rate of calcite dissolution, R, is dependent on its saturation state ({.»; Walter and Morse, 1985 and
references therein) following:

R =k(1—0.)" (IV4)
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where k is an empirical rate constant (umol g hr™') and 7 is the reaction order. The 0., values are a
function of Ca’" and CO5” concentrations, where the latter is a function of the carbonate system equilibria
(Zeebe and Wolf-Gladrow, 2001). In this study, CO;>" and hence £.,; were calculated using measured pH
and TA pore and bottom water values, following:

_ [calx[coi7]

'Qcal - (IVS)

Kscal

where [Ca] and [CO;”] are the concentrations of dissolved calcium and carbonate, respectively, and Ks.q;
is the solubility product of calcite at the respective salinity, temperature and pressure (Zeebe and Wolf-
Gladrow, 2001). Due to the experimental set-up, TA and Ca’* concentrations in pore waters could not be
measured over time. Therefore, only initial and final values for both parameters were used and interpolated
linearly for each depth layer between the initial and final concentrations. We recognize the uncertainty
associated with this approach.

Further properties of the carbonate system (pCO,, DIC) were calculated as described by Zeebe and Wolf-
Gladrow (2001).
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IV.3. Results

IV.3.1. Bottom water chemistry and fluxes across the sediment-water
interface

Bottom water TA concentrations averaged over each treatment remained relatively stable around the
reservoir value (2.08 mmol 1) in all treatments before the addition of alkaline materials (Figure IV 1a).
After mineral addition, TA increased in all cores to values between 2.35 + 0.1 mmol 1" (control cores (C))
and 2.45 + 0.1 mmol 1" (dunite treated cores (Dun)). After 5 days, TA values were equal within error in all
treatments. After day five, values dropped to ~2.25 + 0.1 mmol "' in dunite treated cores and to ~2.15 +
0.1 mmol 1" in the control experiments while they remained elevated in calcite treated cores. For the rest
of the experiment, TA concentrations remained relatively stable at values of ~2.39 + 0.05 mmol I (calcite
treated cores(Cal)), ~2.27 + 0.06 mmol 1" (dun) and 2.16 + 0.03 mmol 1" (C).
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Figure IV 1: TA concentrations in bottom waters (a) and fluxes at the sediment surface (b) averaged
over the different treatments. Positive fluxes denote a flux from the sediment to the bottom water
and negative fluxes vice versa. Horizontal dashed line in a) shows concentration in the reservoir.
Dashed vertical lines indicate the addition of substrates. Changes in the reservoir concentration
denote the times a new reservoir was used. Time is given in days relative to mineral addition. Solid
horizontal line denotes fra = 0. Error bars denote one standard deviation (SD) from the average of
the replicates. Fluxes were calculated from bottom water concentrations (Eq. IV3).
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These changes are reflected in corresponding TA fluxes (Figure IV 1b). Before the addition of alkaline
minerals, fluxes varied around ~0.3 + 1 umol cm™ d™' within error in all treatments. The addition of alkaline
minerals led to an immediate increase in TA fluxes for the calcite- and dunite-treated cores to values around
6 + 2 umol cm™ d™' on day one. In the reference cores, fluxes also increased at the time of addition and
peaked at values of ~5+ 1 pmol cm™ d™ on day 3. Towards the end of the experiment, the system
approached a steady state with relatively constant fluxes for each set of the equally treated cores. The highest
values (~3.8 + 0.5 umol cm™ d™') at that point in time were observed in calcite treated cores followed by
dunite treated cores (~1.9 + 0.1 umol cm™ d ™). Lowest final values were observed in the control experiment
with ~0.6 + 0.1 pmol cm™>d™".

Dissolved silicon (Si) concentrations (Figure IV 2a) increased in all treatments during the early stage of
the experiment to peak values between ~65 + 10 umol 1" (Cal) and ~77 + 15 pmol 1! (Dun). Just before the
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Figure IV 2: Si concentrations in bottom waters (a) and fluxes at the sediment surface (b) averaged
over the different treatments. See Figure IV 1 for further information.

addition, Si levels decreased to ~52 #+ 12 umol 1" (Cal) and ~65 + 3 umol 1" (C). After the addition of
alkaline substrates, concentrations increased to slightly higher values in dunite treated cores compared to
the other treatments. Overall, large error bars indicate strong variability within the different treatments,
obscuring clear trends. Over the course of the experiment, bottom water concentrations varied slightly
between ~50 + 3 umol 1" (Cal)and ~70 + 5 pmol I"" (Dun) with one clear peak in all treatments around day

11. During the entire experiment, highest Si concentrations were observed in dunite treated cores. This
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difference became clearer towards the end of the experiment. The corresponding fluxes (Figure IV 2b)
averaged between 0.45 + 0.1 umol cm™ d™' and 0.75 + 0.6 umol cm™ d™' before addition of substrates.
Afterwards, fluxes were overall lower, ranging between 0+ 0.1 umol 1 and 0.55 + 0.3 umol 1", with
decreasing fluctuations and error bars towards the end of the experiment. Again, highest values at a given
time were observed in dunite treated cores with clearly higher values compared to the other treatments

towards the end of the experiment.

Dissolved calcium (Ca) concentrations averaged over each treatment (Figure IV 3a) showed clearer
trends than Si concentrations. Ca concentrations remained fairly constant around ~7.1 #+ 0.5 mmol 1" and
thus slightly above reservoir concentrations before the addition of substrates. After the addition, values
significantly increased in calcite treated cores to concentrations around ~7.17 + 0.05 mmol I whereas in
the other treatments, values dropped slightly and tracked the concentrations in the reservoir. After day 5
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Figure IV 3: Ca concentrations in bottom waters (a) and fluxes at the sediment surface (b) averaged
over the different treatments. See Figure IV 1 for further information.

the reservoir concentrations increased to 7.23 mmol 1. This increase is also visible in bottom water
concentrations in all treatments. On day 11, concentrations in dunite treated cores and the control cores
averaged around ~7.24 +0.06 mmol 1" while concentrations in calcite treated cores reached up to
~7.32 +0.02 mmol 1. Towards the end of the experiment lower reservoir concentrations of 6.94 mmol 1"
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led to lower bottom water concentrations that stabilized at ~7.11 + 0.01 mmol 1" in calcite treated cores
compared to ~7.02 + 0.01 mmol 1" in the other two treatments.

This development is reflected in Ca fluxes. Between day -5 and day 0, values averaged around ~0.5 + 1.5
umol cm™d™', but remained fairly stable within error. Directly after the addition, the fluxes in calcite treated
cores peaked at values around ~2.7 + 0.8 umol cm™ d”". Until day 6 values then decreased to 0.2 + 0.9 cm™
d” to stabilize around 1.2 + 0.2 pumol cm™ d towards the end of the experiment. In the other two
treatments, values fluctuated between -0.1 +0.05 and 1.1 + 1.0 umol cm™ d™ with final values around

0+ 0.2 umol cm™ d”' with a tendency towards slightly negative values in dunite treated cores.

Throughout the experiment, nickel concentrations stayed below detection limit (~0.2 pmol 1) both in

pore waters and in bottom waters.

Oxygen concentrations in bottom waters (Figure IV 4) stayed at ~0 umol I"* in cores Cal1, Dun3 and C1
over the course of the experiment. They varied widely in the other cores. At the beginning of the incubation,
oxygen concentrations were ~0 pmol 1" in all cores except C1 where concentrations were close to the
reservoir concentration of 20 umol 1", but increased to values between 120 pmol I (Dun1) and 23 pmol I
' (Cal2). Between day 0 and day 3 in Cal3 concentrations peaked at ~25 umol I on day two and at 140
umol 1" in Cal2 around day 5. Between day 6 and day 11, reservoir concentrations of 40 umol 1™ were
accompanied by overall higher bottom water concentration of up to 150 ymol 1" in Dun1. Until day 15,
concentrations decreased back to ~0 pmol 1" in C1, Dun1 and Dun2 but remained between 120 pmol 1"
and 130 umol 1" in Cal2 and Cal 3. Towards the end of the experiment concentrations had decreased back
to values below 2 pmol 1" in all cores except from C1, where for the only time during the experiment
concentrations had increased to ~80 umol I during the last day of the incubation.
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Figure IV 4: Oxygen concentrations in bottom waters over the entire time of the experiment for
calcite treated cores (blue circles), dunite treated cores (green crosses) and control experiments
(orange triangles). Measuring accuracy is 0.3 pmol I'', resolution is 0.15 pmol I'' (according to
manufacturer). Vertical dashed line indicates time of addition of alkaline substrates. Thin dashed,
horizontal line denotes oxygen concentrations in the reservoir tank. Changes in the reservoir
concentration denote the times a new reservoir was used

Due to a failure of the pH logging system, bottom water pH values are only available each time a micro-
profile was obtained. To calculate the bottom water carbonate system properties, these pH values were
interpolated linearly between the three obtained data points in each core. Before the addition of substrates,
the calculated pCO, values in all cores fluctuated around the reservoir value (~2350 patm) with a decreasing

trend in all cores (Figure IV 5a). Lowest values just before the addition were observed in dunite treated
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cores (~2000 patm), with highest values (~2400 patm) in the two control cores. At the time the substrates
were added, the new reservoir pCO, was higher (~2950 patm) than the first batch. Subsequently, pCO, in
all cores increased with highest values of ~2800 patm in the two control cores, ~2400 patm in dunite and
calcite treated cores. After the reservoir was changed, they decreased again to ~2300 patm such that the
values in dunite and calcite treated cores were the same after ~5 days. For the rest of the experiment pCO,
remained relatively stable in dunite treated cores at ~2100 patm while values in calcite treated cores
continuously decreased to ~1850 patm on day 19. The highest pCO, at the end of the experiment was
observed in control cores (~2500 patm).
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Figure IV 5: pCO; (a), DIC (b) and Satcaice (¢) values in bottom waters over the entire course of the
experiment. Values are reported as average of each treatment. Error bars report 1 SD of the
averaged values. Vertical dashed lines denote the time of addition of substrates. The horizontal line
in ¢ denotes the saturation with respect to calcite.

Before the addition of substrates, calculated DIC values remained stable within the error around the
reservoir value of ~2.1 mmol 1" (Figure IV 5b). After the addition, values increased in all cores until day 5
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to values of ~2.4 mmol 1"'. After the reservoir was changed between days 5 and 6, DIC decreased to 2.2
mmol I"" in control cores and 2.3 mmol 1"* in dunite treated cores. In calcite treated cores, values remained
significantly higher around ~2.4 mmol 1". Towards the end of the experiment, reservoir values of around
~2.15 mmol 1" led to final values of ~2.16 mmol 1" in the control cores, ~2.25 mmol 1" in dunite treated
cores and ~2.35 mmol 1" in calcite treated cores.

Saturation with respect to calcite remained below 1, implying corrosive bottom waters in all cores over
the entire course of the experiment (Figure IV 5¢). Overall these values mirrored the pCO, values. Before
addition of substrates they were close to the reservoir value of ~0.6. Until the second reservoir change
between day 5 and 6, they increased to values around ~0.8 in calcite and dunite treated cores and ~0.63 in
the control cores. After day 6 in calcite treated cores, values increased continuously to ~0.93. In all other
treatments (dunite and controls) values decreased to ~0.76 in dunite treated cores and 0.6 in control cores,
thus only slightly above the reservoir value of ~0.5.

IV.3.2. Solid phase TIC content and distribution of added material

After mineral addition, calcite and dunite covered the sediment surface as an approximately 0.5 mm thick
layer. This layer remained at the surface throughout the experiment with only very minor visible changes
(Figure S2, supplement).

In the initially sampled core (black line and crosses in Figure IV 6), TIC content varied between ~0.3 and
~ 3.2 wt.% in depths below 2.5 cm. Above this depth to the sediment surface, values increased progressively
to ~9.7 wt.%. In calcite-treated cores, TIC content at the surface was increased up to 28 % in the uppermost
sample (0.5 cm). Directly below this depth (1.5 cm) and further downcore the TIC content varied between
~0and ~8 wt.% in all cores. At the surface, TIC levels in dunite-treated and control cores were significantly
lower compared to the initially sampled core and ranged between ~0 and ~4 wt.%.
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Figure IV 6: TIC content in the solid phase of all cores. Colored markers indicate contents in each
core at the end of the experiment. Black crosses indicate the contents in the initial core. Error bars
report analytical precision.
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IV.4. Discussion

IV.4.1. Changes in bottom water and porewater composition over the
course of the experiments

The data showed a consistent trend between all sediment cores. The cores behaved very similarly, until
the addition of substrates, followed by a phase with more dynamic developments in bottom water
chemistry. Afterwards, the different cores approached a quasi-steady state with similar trends between
equally treated cores. The pore water solute concentrations, as well as the pore water pH profiles (Figures
S3, S4, supplement), did not change significantly over the course of the experiment, which indicates that
sediments were not significantly altered by the incubation. Slightly enhanced Ca concentrations in the
upper sediment of Cal2 and Cal3, compared to all other cores, point either towards diffusion into the
sediment or towards entrainment of calcite grains into the surface sediment and subsequent sedimentary
dissolution in the corrosive porewaters in the upper millimeters, especially in Cal2 (Figure S5, supplement).
The uniformity of pore water solute concentrations in most cores with the initially sampled core suggests
that deviations observed in C1 and Dunl1 reflect the spatial inhomogeneity of the sediment composition,
despite the close proximity of coring locations. In previous experiments conducted under oxic conditions,
drastic changes were observed in porewater composition over the course of the experiments (Fuhr et al.
2023). These changes did not occur in the experiments in the present study which is most likely a
consequence of the shorter incubation time and the fact that the cores were recovered at an ambient
temperature of 10.2 °C, thus closer to the laboratory conditions (12.5 °C), compared to 6.9 °C in the former
experiment. The shift in the pore water pH profiles in Cal2 and Cal3, however, appears very similar to
changes observed in sediments from the same location under oxic conditions (Fuhr et al., 2023). In general,
pH shifts in all cores were low and had a comparably minor impact on sedimentary fluxes and bottom
water chemistry. The stable pore waters combined with the steady state attained at the end of the

experiment, allows for a straightforward interpretation of the data.

IV.4.2. Correlation between oxygen concentrations and TA in
bottom waters

For the assessment of T A that derives from EBW, it is necessary to consider the oxidation state of bottom
waters, which controls the benthic release of reduced substances such as H,S, NH,", Fe’*, Mn®>" and PO,”>
generated during anaerobic organic matter degradation including denitrification (Hiscock and Millero,
2006).

In order to assess the correlation between oxygen and TA concentrations in bottom waters, TA measured
in individual cores (Figure S6, supplement) was plotted as function of the respective oxygen concentrations
(Figure IV 7). Oxygen concentrations in all cores varied between 0 pmol 1" (C1 and Dun3) and 150 pmol
I in Dun1 on day 8. These variations are driven by the supply of oxygen from the reservoir via the
throughflow, invasion of oxygen into the cores along the joints of the stirring heads and oxygen
consumption in bottom waters as well as in the sediments. The reservoir oxygen concentrations slightly
varied as a complete deoxygenation was technically not possible, and minor oxygen invasion during the
transfer into the gastight reservoir bag was inevitable. H,S was not measured in bottom waters or the
reservoir over time. Nevertheless, a sulfidic smell in collected samples indicated its presence in several cores
during phases with very low oxygen concentrations. Furthermore, H,S was detected in bottom waters of
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Dun3 during the initial micro-profiling and in Cal2 during the profile obtained just before the addition of

substrates (Figure S7, supplement).
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Figure IV 7: TA fluxes (fTA) over oxygen concentrations in bottom waters. Horizontal dashed line
denotes fTA=0. Analytical precision (~0.5 pmol cm-2 d-1 for fTA and ~2umol I-1 for O2) are not
shown for clarity.

Additionally, a control measurement on day 5 revealed H.,S in the overlying water in cores Cal1, Dunz2,
Dun3 and C1 during a phase with very low oxygen concentrations in the reservoir and bottom waters
(Figure IV 4). Increased TA fluxes during this anoxic phase together with the increased TA concentrations
in Dun3 before addition of substrates suggests that during anoxic phases, as soon as the available oxygen
had been completely consumed, reduced species such as H,S were released into the bottom waters, and
thus contributed to TA. The reoxidation of these species during phases with higher oxygen availability
subsequently consumed TA (Figure IV 7). During phases with higher oxygen content in bottom waters,
considerable TA fluxes were only observed in calcite and to a lesser degree in dunite amended cores. In

most other cores, higher fluxes only occurred during anoxia.

IV.4.3. Usability of the carbonate system for assessment of enhanced
weathering

The most important limitation for interpreting the bottom water carbonate system is the interpolation of
pH values between the three obtained pH profiles (see section 3.1). The consequence is that possible pH
changes due to temporal TA changes (Figure IV 1) are not considered. It is, hence, possible that the pCO,
and DIC values (Figures IV 5a,b) were lower between day 0 and day 5 in cores where TA was presumably
released from the sediment due to very low oxygen concentrations, whereas ()¢, values were higher (Figure
IV 5¢). This hypothesis is underpinned by the fact that the calculated DIC values increased in all cores
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during that phase and remained elevated on that higher level in calcite treated cores whereas they decreased
in the dunite treated and control cores. The decrease of DIC in dunite treated cores is difficult to reasonably
explain by known chemical processes, since the reservoir as well as the cores were very limited in exchange
with ambient air. Therefore, the phase between day 0 and day 7 will not be considered in further
discussions. In contrast, the calculated bottom water carbonate system properties are more reliable towards
the end of the experiment and less influenced by errors induced due to interpolated pH values.
Furthermore, in a steady state situation, as reflected in TA concentrations and fluxes (Figure IV 1b), the
entire carbonate system should be relatively constant as the reservoir and sedimentary fluxes are the only
sources for DIC.

The low bottom water pCO, (Figure IV 5a) and the corresponding elevated DIC in calcite treated cores
suggest contribution of DIC via CaCOj; dissolution and a subsequent conversion of dissolved CO, to HCO;
. The most important indicator for calcite dissolution is the lcq, especially in the calcite treated cores.
Despite the fact that the interpolated pH values might lead to an underestimation of (¢, values between
day 0 to day 5, the final values of ~0.94 (Figure IV 5c) suggest that in these cores the bottom waters
remained corrosive throughout the experiment, which is important for evaluating the dissolution kinetics
and mechanisms in this study.

IV.4.4. Evaluation of enhanced and natural CaCO; weathering

Despite the aforementioned uncertainties associated with the calculated carbonate system properties over
time, the development of a steady state in the cores towards the end of the experiment implies that it is
reasonable to focus on the last five days of the experiment to disentangle natural and enhanced weathering.
For these days, sedimentary fluxes of corresponding weathering products (TA, Ca and Si) were averaged
and compared (Table IV 2).

Table IV 6: TA, Ca and Si fluxes in different cores averaged for different treatments over the last 5 days of the
experiment. Errors for dunite and calcite represent standard deviation (SD) between averages of each
treatment. Since for the control experiment, only two cores were used, errors indicate the deviation of each
core from the average. AFrta/AFi ratios indicate ratios between flux differences between treatments and the
control experiment.

Fra Fca Fsi AFta/DFca  AFra/AFs;
Treatment pmol cm2d? pmolcm?2d?!  umolcm2d?
Calcite: 3.69+1.15 1.24+0.36 0.33+0.08 2.60 -294.1
Dunite: 1.87£0.26 0.15+0.54 0.45+0.09 28.1 10.2
Control: 0.75+0.34 0.11+0.22 0.34+0.08

If TA is generated via CaCOj; dissolution, the ratio of Fra:Fc, is expected to be 2:1 (Equation IV2). In the
calcite treated cores the uncorrected ratio was ~2.97:1 (not shown in Table IV 2). This ratio is higher than
the expected ratio, since it results from a combination of natural and enhanced weathering as well as TA
fluxes that derive from metabolic processes. The natural background fluxes were considered by subtracting
TA and Ca fluxes of the untreated control cores from the cores with mineral addition (AFts = Fra treated
core — Fra (control), AF¢, = F¢, (treated core) — F, (control), likewise for AFg;), resulting in a corrected
ratio of AFra/AFc, = 2.60:1 (Tab. 2). The remaining excess TA indicates that an additional TA flux of ~1.21
umol d' cm™ was possibly not directly driven by CaCO; dissolution. Thus, it is important to understand
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potential mechanisms that can lead to these elevated TA fluxes. In a previous study investigating
weathering on sediments from the same location under fully oxic conditions (Fuhr et al. 2023), similar
excess TA fluxes were possibly driven by microbial metabolism, which could, in principle, also explain
additional TA fluxes from the sediment in cores Cal2 and Cal3. At the same time, these two cores also
showed enhanced Ca*" pore water concentrations in the upper 3 — 4 cm of the sediment (Figure S4,
supplement). This elevation is not visible in pore water TA values of the same cores (Figure S4,
supplement). It may be possible that the higher diffusion coefficient of HCO; compared to Ca®" (Boudreau,
1997), caused HCO; to diffuse out of the very upper sediment before Ca®", as proposed by Fuhr et al.
(2023). The difference between the excess TA flux observed in controls (~0.53 umol d”* cm™) and calcite
treated cores (~1.21 pmol d™' cm™) is ~0.68 umol d” cm™. The depth-integrated excess dissolved Ca®" in
the upper pore water of these cores (Figure S4, supplement) is ~1.1 umol cm™, which would be an
equivalent of ~2.2 pmol cm™ of TA. Given that these values were obtained over the last five days of the
experiment, this diffusive time lag would explain an additional ~0.43 umol d™* cm™ TA flux and therefore
a significant fraction of the elevated TA:Ca ratio.

With regards to (¢, profiles (Figure S5, supplement), the upper millimeters of the incubated cores were
much less undersaturated with respect to calcite than those previously incubated under oxic conditions
(Fuhr et al. 2023). Hence, dissolution within the sediment is unlikely to significantly contribute to calcite
weathering. This, together with ()., values in bottom waters (Figure IV 5c), implies that the driver for
calcite dissolution under hypoxic to anoxic conditions is the corrosive bottom water. This hypothesis is
corroborated by the very low Ca’* fluxes in dunite treated and control cores (Figure IV 3b, Table IV 2),
despite TIC contents of 3 — 5 % in the sediment solid phase (Figure IV 6).

With this weathering mechanism in mind, it is reasonable to use only Ca*" concentrations and fluxes to
quantify enhanced CaCO; dissolution and not both TA and Ca”" as proposed by Fuhr et al. (2023) for oxic
conditions. This approach avoids uncertainties induced by potential natural benthic weathering and other
processes that may have induced additional TA fluxes. The enhanced Ca®" flux and thus the rate of
enhanced weathering (R.,) can then be described as:

Rew = (FCa(Cal) - FCa(C)) (IV6)

where Fey(cay is the calculated average flux in the calcite treated core and Fyc) is the calculated average
flux in the control cores.

This calculation leads to an enhanced Ca flux and Rey of 1.1240.40 pmol cm™ d” in the calcite treated
cores. Based on this number and the amount of CaCQOs;, it is now possible to estimate a first order
dissolution rate constant (k,) following:

era = idiss (IV7)
Cal

where Ry is the dissolution rate over the entire surface of the sediment of one core (Rpjs = Re X
sediment surface area) and Ac, is the reactive surface of the calcite added on the sediment (BET-surf.,
Table1).

This leads to a rate constant k., of 0.0025+0.0008 pmol cm” d™* and subsequently to a Log;(kec,) of -
13.54+0.12 mol cm™s™ for a mean Qc, value of 0.9 (Fig. 5C). These values are in line with values reported
by Naviaux et al. (2019) of -13.5+0.4 for 0.8<{)c,<1 for in situ dissolution in the North Pacific Ocean. The
conformity of these rate constants estimates implies that the kinetic constant and rate law for calcite
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dissolution assessed in previous studies can be employed to calculate and simulate the dissolution rates of
calcite added to Baltic Sea surface sediments that are exposed to undersaturated bottom waters.

1V.4.5. Assessment of olivine dissolution rates and kinetics

The high olivine content of over 90% in dunite (Hochstetter, 1859), justifies the assumption that olivine
dissolution is representative for dunite dissolution. The dunite dissolution rate can be described as a
function of temperature and pH (Rimstidt et al., 2012).

The high Mg** content in Baltic Sea water (~36+0.72 mmol 1"') excludes its use as a proxy for olivine
dissolution due to the analytical resolution. Thus, excess TA and/or dissolved Si might be reasonable

proxies.

In all cores, background fluxes of Si were observed, which are presumably induced by diatom dissolution
(Dale et al., 2021; Fuhr et al., 2023; Gasitnaité et al., 2005; Rickert, 2000). As performed for calcite treated
cores, these background fluxes for both TA and Si were subtracted from the average fluxes in the dunite
treated cores (Table IV 2). Additionally, the TA flux induced by CaCOj; dissolution was subtracted (twice
Fca). This led to a residual Fra:Fg; ratio of 7.52. Following Equation IV 1, this ratio should be 4 if the olivine
dissolution was the only source of excess TA in dunite treated cores. This suggests that either ~0.39 pmol
d' cm™ of additional TA was released from the sediments, or that the overall stoichiometry of the
dissolution process was altered due to either secondary mineral formation (Fuhr et al., 2022) or
incongruent weathering (e.g. preferential release of Si over Mg or vice versa; Montserrat et al., 2017). The
latter cannot be assessed in the frame of this study and will therefore be accepted as a possible explanation,
but not discussed further. The formation of secondary minerals would explain lower dissolved Si fluxes,
but at the same time also diminished TA fluxes (Fuhr et al., 2022). Additionally, results from studies on
olivine dissolution in an open system (Flipkens et al., 2023) suggest that even when grains are not in
suspension, as in the present study, and in higher saline water, the formation of secondary minerals is very
unlikely to occur. Hence, it can be assumed that the altered Fra:Fg ratios derived from additional
sedimentary TA fluxes are not linked to olivine weathering or CaCO; dissolution, but rather sedimentary
fluxes of reduced species (see section IV .4.2)

With these assumptions in mind, the dissolution kinetics of olivine can be estimated following equations
6 and 7, with Si as a candidate proxy, assuming congruent weathering. Considering the amount and
geometric surface area of the added dunite (Table IV 1), the first order rate constant for olivine dissolution
can be calculated by normalizing the mean observed Si release rate over the last 5 days of the incubations
(Rpiss = 7.17x10"" to 1.48x10"° mol s) with the available dunite surface area (0.574 m* Equation IV7).
The result is a k,s; of 1.822:10"° mol m™s ™' and subsequent Logio(kesi) of -9.76£0.16 (-9.90 < Log,o(kssi) < -
9.59). This value is close to values suggested by Rimstidt et al. (2012) whose rate law yields Logi(ks;) = -
9.96 for the temperature and pH values prevailing during our experiments (12.5°C, pH = 7.44). The slightly
higher observed values may result from the calculations of the reactive surface or enhanced dissolution
along highly reactive sights on the grains (Fuhr et al., 2022). Alternatively, the non-dunite related Si fluxes
might have been slightly higher in dunite treated cores than in the control cores that were employed to
calculate excess fluxes. Still, the conformity of k.s; values suggests that the sedimentary excess Si flux largely
derives from dunite (olivine) dissolution and that the kinetic constant and rate law for dunite dissolution
assessed in previous studies (Rimstidt et al. 2012) can be employed to calculate and simulate the dissolution
rates of dunite added to Baltic Sea surface sediments.
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IV.4.6. Comparison of different dissolution mechanisms and
materials

The evaluation of enhanced fluxes and the fate of the added substrates in this study has revealed that
during anoxic to hypoxic phases the added alkaline minerals remained directly on the sediment surface due
to minimal bioturbation and are dissolved by undersaturated bottom waters. Under oxic conditions (Fuhr
etal. 2023), the substrates were quickly worked into the sediment by bioturbation such that dissolution was
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Figure IV 8: Comparison of enhanced fluxes under oxic (Fuhr et al., 2023) and anoxic to hypoxic
conditions (this study) in calcite (blue) and dunite (green) treated cores. Fluxes under
anoxic/hypoxic conditions were calculated based on excess Ca and Si fluxes. For

governed by intra-sedimentary processes and the resulting chemical conditions of the pore waters.
Dissolution under oxic conditions appears to be slower as the transport of weathering products is driven
by diffusion, whereas dissolution on the sediment implies a fast removal of weathering products directly to
the bottom water. Furthermore, intra-sedimentary dissolution is only possible in the zone where )¢, values
fall below 1 (Fuhr et al., 2023). When the added material is worked into the sediment, it might not be
completely exposed to corrosive pore waters. In contrast, the presented results suggest that minerals located
on top of the sediment and exposed to corrosive bottom waters are more likely to completely dissolve.
These differenceslead to excess TA fluxes (Figure IV 8) that were ~2.5 times higher under anoxic to hypoxic
conditions (2.48 £ 1.15 pmol cm™d™) compared to oxic bottom waters (0.968 + 0.096 pmol cm?d™, Fuhr
et al., 2023) in calcite treated cores.

At the same time, the enhanced TA fluxes induced by the materials are different. Despite the fact that
olivine weathering is 4 times more efficient with regards to TA release compared to calcite weathering
(Equations 1,2), the actual TA fluxes were 4.4 (oxic) to 5.6 (anoxic/hypoxic) times higher in calcite treated
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cores than those in the dunite treatments. The reason for these large differences is based on the different
dissolution kinetics of both materials. Given that the average grainsize of the applied dunite was much
smaller than that of the added calcite (Table IV 1) and that the temperature of 12.5 °C constitutes the
uppermost temperature that can be expected in the natural system at Boknis Eck (Melzner et al., 2013), this
raises the question whether usage of olivine as a material for EBW is sensible in the Baltic Sea. It is possible,
though, that under the confined laboratory conditions the benthic “weathering engine” (Meysman and
Montserrat, 2017) was not as efficient as it might be under natural conditions. Nevertheless, these
differences in condition and material-based efficiency are crucial findings of this study. They suggest that
calcite addition is a more efficient method of EBW than dunite amendment for most seafloor areas in the
Baltic Sea.

IV.4.7. Implications for field and modeling applications

In combination with recently investigated EBW under oxic conditions (Fuhr et al., 2023), it becomes
apparent that in the relatively cold Baltic Sea, calcite addition leads to significant excess TA fluxes which
makes it the candidate material for OAE in this region.

Based on the assessment of different weathering mechanisms and the subsequently much higher excess
TA fluxes under anoxic to hypoxic conditions, the ideal timing for addition of substrates for enhanced
weathering in Boknis Eck would probably be at the beginning of anoxic to hypoxic phases. This would
maximize the time that the added material is exposed to corrosive bottom waters and maximize weathering.
Based on long-term observations in Boknis Eck (Melzner et al., 2013) the best time for addition would
therefore be between June and early September, depending on the onset of anoxia.

Furthermore, the results of the present study reveal that under anoxic to hypoxic conditions the
weathering of calcite and dunite can be traced and quantified based on dissolved Ca and Si, respectively.
The concentration increase for both species was high enough to be detected and distinguishable from the
background flux despite the higher flow rate in this experiment compared to the previous experiments
carried out by Fuhr et al. (2023). This is also due to the fact that under anoxic to hypoxic conditions, limited
macrofaunal activity allows natural and enhanced fluxes of weathering products to be more easily
distinguished. As a consequence, these conditions would facilitate the monitoring during a field application
for example via benthic flux chambers.

The highest TA fluxes were observed during highly anoxic periods of the experiment but were not
accompanied by Ca or Si fluxes which suggests that during these strictly anoxic phases high TA background
fluxes may increase pH values and thus reduce or, in the case of calcite, possibly inhibit dissolution. At the
same, in an open natural system, the dilution and dispersal of the released TA is likely much larger than in
laboratory incubations. Combined with the high concentrations of metabolically formed CO,, this may
lead to seasonal and possibly persistent undersaturation with respect to calcite in strictly anoxic basins (Lass
and Matthaus, 2008, Lencina Avila and Rehder, pers. communication). This would enhance the total area
of sediments suitable for enhanced benthic weathering in the Baltic Sea (Carman and Cederwall, 2001).

An important finding of this study is the fact that the first order rate constants derived from sedimentary
fluxes of dissolved Ca and Si were very close to values that were obtained in other laboratory and field
studies (Naviaux et al., 2019; Rimstidt et al., 2012). This implies that these kinetic constants and the
corresponding rate laws can be employed to simulate EBW and investigate the uptake of atmospheric CO,
induced by OAE in the Baltic Sea and presumably other anoxic to hypoxic ocean basins.
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IV.5. Summary, conclusion and outlook

The present study investigates EBW of calcite and dunite on organic rich sediments from Boknis Eck in
the Eckernforde Bay covered by CO, enriched and de-oxygenated bottom waters, to assess the potential of
these minerals for alkalinity enhancement and thus mCDR. For this purpose, sediment cores were
amended with calcite and dunite and subsequently incubated for 19 days. The bottom water in the cores
was subjected to a constant throughflow from a gas tight reservoir with deoxygenated Baltic Sea water with
a defined pCO,. The addition of both materials led to an increase on weathering products such as TA,
dissolved Ca and dissolved Si compared to untreated control experiments. These fluxes could be attributed
to different sedimentary processes and thus the enhanced fluxes identified and quantified. The first order
rate constants that were calculated based on these enhanced fluxes fit very well to the rate constants and
corresponding rate laws previously published for calcite and olivine dissolution which underlines the
inference that the enhanced fluxes derive from the dissolution of added calcite dunite (olivine) directly at
the sediment-water interface in contact with undersaturated bottom waters.

The fact that excess TA fluxes were ~3 times higher under anoxic to hypoxic conditions compared to oxic
bottom waters, allows narrowing down the ideal timing for a possible application of especially calcite on
seasonally hypoxic sediments of the Baltic Sea. A highlight of this study is the congruence of observed and
previously published dissolution rate constants which underpins the usability of these constants for
modelling approaches towards large scale assessment of EBW as a climate change mitigation measure.

The results of this study suggest that benthic weathering of dunite and calcite can lead to significantly
increased TA fluxes with higher efficiencies observed for calcite. The latter is therefore the candidate
material for EBW on organic rich sediments in seasonally anoxic to hypoxic regions in the Baltic Sea.
Despite the fact that biohazardous elements such as nickel were below detection limit in both bottom and
pore waters in this study, more applied research using larger benthocosms or in situ field experiments will
be needed to exclude negative side effects of dunite addition on the fragile ecosystem in the Baltic Sea. Such
studies would also augment the understanding of natural and enhanced weathering in a close-to-natural
system compared to the laboratory conditions under which these processes were investigated in this study.
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Abstract

Recent studies have proposed calcite and dunite as possible alkaline materials for enhanced benthic
weathering (EBW) in shallow depocenters of the Baltic Sea as a marine carbon dioxide removal (mCDR)
strategy to limit global warming. In this study, new insights on calcite and dunite weathering from
laboratory incubations and long-term benthocosm experiments are combined with a numerical box-
model to assess the CO, uptake potential of mineral addition to organic rich sediments in the SW Baltic
Sea. The results reveal that calcite has an up to 10-fold higher CO, uptake efficiency and is therefore the
preferable material for EBW as a mCDR method, with costs per ton of sequestered CO, ranging between
82 € - 462¢€ for calcite and 558€ - 1920€ for dunite. These findings could be applicable to other areas in
the Baltic Sea and also globally to sediments in the wider coastal shelf with similar geochemical

properties.
V.1. Main text

Against the backdrop of increasing atmospheric carbon dioxide (CO,) concentrations, a fast
development towards net-zero emissions is urgently needed' ™. For achieving this goal, it is necessary to
develop negative emissions technologies to account for residual emissions that cannot be avoided>®. Aside
from established methods, such as carbon capture and storage, the enhanced weathering of rocks in the
ocean is gaining increasingly more attention, as the process consumes CO, via ocean alkalinity
enhancement (OAE)”™°.

Apart from highly reactive hydroxides, calcite (a calcium carbonate) and dunite (a mafic silicate rock that

$11716 Both materials

majorly consists of olivine'’), have been invoked as possible materials for OAE
consume protons upon dissolution, increasing total alkalinity (TA) and subsequently leading to an uptake
of CO, in the water column and storage in the form of dissolved bicarbonate'’. However, the dissolution
of these materials in the water column is either chemically hindered due to oversaturation in the case of

. . .. . . . . . . 18,1
calcium carbonates or, in the case of olivine and dunite, not feasible due the slow dissolution kinetics""’.

A more promising method to achieve OAE, based on calcite or dunite, is enhanced benthic weathering
(EBW). In this approach, the minerals are distributed directly on marine sediments, whereupon they are
exposed to the ‘benthic weathering engine’***’. This describes a combination of benthic processes whereby
particulate organic carbon (POC) is essentially degraded to CO2 thereby lowering the pH of the
sedimentary porewaters. Bioturbation and bioirrigation enable oxygen to penetrate deeper into sediments,
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stimulating POC degradation and thus CO2 production and acidification further. Besides microbes
catalyzing these chemical reactions, invertebrates in- and digest sediment particles, where abrasion

12,20

additionally contributes to mineral dissolution ~*". In the following, the combination of these processes

will be referred to here as bioactivity.

The growing number of publications on marine carbon dioxide removal (mCDR) over the last years
clearly indicates that science is rapidly advancing in this field*. Still, the majority of these studies are based
on models, which use mineral dissolution rates derived from laboratory experiments that do not reflect
natural conditions, which can alter the kinetics of mineral dissolution tremendously”'~>*. This study is the
first to combine data from recent laboratory studies on EBW, where calcite and dunite were added to
organic-rich sediments of the Baltic Sea”** with results from long-term experiments (September 2022 —
September 2023) in benthocosms — large plastic containers (~0.8 m®) that are partly filled with sediments,
with constant through-flow of Baltic Sea bottom water (Fig.1). The sediments were amended with calcite
and dunite in triplicate. Three additional benthocosms were left unamended to serve as controls. These
experiments elucidate the actual weathering behavior of calcite and dunite under conditions as close to the
natural system as possible. These results are subsequently implemented in a 4-box numerical model to
simulate the addition of calcite and dunite to a 25 km” application area in Eckernforde Bay (25 m water
depth), a seasonally stratified and seasonally (~ late July — ~ early October) hypoxic to anoxic inlet in the
southwestern Baltic Sea (Fig. 1). The model simulates the hydrological properties of this study area and
calculates the additional CO, uptake from the atmosphere by EBW as well as the amount of calcite and
dunite that needs to be added to achieve this uptake. Additionally, for both materials, efficiency and cost
calculations were carried out to understand the overall efficiency and costing per ton of sequestered CO,
for each source material. These results reveal that calcite is the more efficient candidate material for EBW
as a mCDR method not only in the German part of the Baltic Sea, but also in any other marine system with

similar geochemical properties.
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Figure V3: Map of the south western Baltic Sea. Blue shading indicates the bathymetry. Red areas denote the
distribution of muddy sediments*>. The adjacent sediment consists of gravel and sand with low organic
carbon content. Yellow, red and green lines describe the approximate spatial extent of the boxes considered
for the box-model (Additional data figure 1), where the yellow area is the area of application. The insert
(upper right) shows a schematic sketch of the benthocosms used for the long-term experiment. Modified after
Eisaman et al. (2023)°.

119



V.1.1. Observed dissolution of calcite and dunite

The TA fluxes measured in mini-benthic chambers that were placed inside the benthocosms (see
methods) follow a clear pattern for the different treatments (Fig. V2a). Within two weeks after the addition
of alkaline minerals (0.36 g cm™ with a mean grain radius of 5.58 um for dunite and 0.22 g cm™ with a
mean grain radius of 19.39 pum for calcite), the TA fluxes increased in both treatment experiments from a
background of 0.6240.00 umol cm™ d™* to 2.9040.72 umol cm™ d™* (calcite) and 1.66+0.36 pmol cm™ d™*
(dunite). In contrast to dunite, the dissolution of calcite is strongly dependent on the saturation state of the
aqueous phase””°. The fact that calcite dissolved despite oversaturated bottom waters after two weeks (Fig.
2b), therefore, indicates that the material must have been worked into the sediment, where undersaturated
pore waters or the benthic weathering engine might have fostered the dissolution'**’. Over the first 224
days of the experiment (until May 2023) the fluxes closely followed the change in temperature under well-
oxygenated conditions (Figs. 2a,c). When oxygen concentrations in bottom waters declined (Fig. 2¢), the
TA fluxes in calcite treatments also decreased. This is likely a result of reduced bioactivity and a less
oxidation in upper sediments, both of which would lead to lower dissolution rates. The undersaturation in
porewaters in the upper 6 cm of sediment, expressed as a term (Disspo) that indicates the extent to which
calcite can dissolve in porewaters” (see Methods), appears to be less critical over the same period (Fig. 2d).
This is emphasized by the fact that in both other experiments (dunite treated and control), high Disspo:
values did not apparently induced measurable natural calcite dissolution. Furthermore, the dissolution
rates calculated based on the TA fluxes are more temperature sensitive compared to previously published
values for both materials®**’(see supplementary Table S1). This suggests that the intra-sedimentary calcite
dissolution is driven by a variety of oxygen- and temperature-dependent processes. Most likely, bioactivity,
which depends on both factors, exacerbates abiotic mineral dissolution above that which is driven by the
ambient pore water saturation state. This clearly substantiates the principle of the “benthic weathering

. »12
engine

Since the material had already been worked into the sediment when the hypoxic phase in the
benthocosms began, the fluxes were not as high as observed in previous studies under these conditions™,
where the material remained on top of the sediment. The TA fluxes induced by calcite addition during the
oxic period were ~2 fold higher compared to dunite treated experiments (Fig. 2a). Overall, the TA fluxes
induced by the addition of calcite and dunite are in good agreement with findings of prior studies on

. . 22,24
weathering on sediments from the same study area

, given the difference in reactive surfaces of the
added material. This, and the fact that the treatment with calcite and dunite was the only difference with
respect to the controls, allows for the assumption that the increased TA flux compared to the control
experiment resulted from the dissolution of the added alkaline minerals — despite the fact that
corresponding cation fluxes (e.g. Ca’’, Si) could not be resolved against the high background

concentrations.
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Figure V4: TA fluxes (bars, a) in comparison to temperature (curve, a), Qca (b), oxygen (c) Disspot values (d) of
bottom waters measured during the benthocosm experiment. Values at t=0 denote data obtained directly before the
addition of alkaline materials. Cal denotes the calcite treatment, dun the dunite treatment and C the untreated
control experiments. Qca is the saturation state of bottom waters with respect to calcite whereas Disspot indicates the
extent of calcite undersaturation in porewaters'. Error bars are reported as SD of the three replicas for each
treatment. Several TA fluxes in the control and dunite-treated experiments were below detection limit (0.62 pmol
cm2 d!) and are therefore not shown in Fig. a. Sampling months are given at the top of the figure.
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V.1.2. Modelled impact of the reactive surface area on the CO,

uptake efficiency

For the assessment of additional CO, uptake induced by calcite and dunite addition to a 25 km®

application site in Eckernférde Bay, the dissolution rates based on the benthocosm experiments and

. . . . . 22,24
previous incubation experiments were used as inputs to a box model™". The model was run for 35 years

with an annual mineral addition in autumn. The model considers two layers in the water column for
Eckernférde Bay and the adjacent Kiel Bight (Fig. 1, Additional data figure 1) as well as dissolution of added

alkaline materials on and within the sediment.

After 35 years, for both dunite and calcite, higher average annual uptake can be achieved via either

increased addition of material or a higher reactive surface, implying a smaller grain size (Figs. 3 a,b). Note

that for dunite the geometrical surface (Agro) was used, which is the theoretical surface if all grains were

perfectly spherical, while for calcite the Brunauer-Emmett-Teller (BET)*® surface is reported, which is the
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Figure V5: Mean additional CO: uptake per year (a,b) and uptake efficiency (c,d) for 30 years of dunite addition (a,c)
and calcite addition (b,d) over an application area of 25 km?2. The width of the lines indicates the geometrical (dunite)
and BET (calcite) surface area, respectively. Color codes of the symbols represent usage of material per ton of
sequestered COz (a,b) and the amount of material added in each model run (c,d). Grey filled symbols indicate the amount
of added material, up to which experimentally derived dissolution Kkinetics are valid. Red circles indicate the maximum
addition that can be applied before reprecipitation of calcite might compromise CO: uptake (see text).
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actual surface of non-spherical grains (Aggr). The latter was ~4.55 times larger than the Aggo for calcite
grains. The ratio of uptake to addition is non-linear. For dunite, the additional uptake induced by higher
additions decreases continuously for all grain sizes (Fig. 3a). For calcite, very low additions (up to ~2500 t
yr'') lead to a fast-increasing uptake, regardless of the grain size. Afterwards, the additional uptake per ton
of added material is smaller, linear and more dependent on the reactive surface area (Fig. 3b). The uptake
efficiency, calculated as the total uptake in tons of CO, per ton of added material indicates that for both
materials a higher mean annual uptake is achieved at the expense of lower uptake efficiency (Fig. 3c,d).
This further requires a higher usage of material, that is, the amount of material needed to sequester 1 t of
CO, (Fig. 3a,b).

Whilst the dependence of the efficiency of dunite weathering on the reactive surface and the amount of
added material follows the expected trends, calcite dissolution shows a surprising behavior. The efficiency
does not change significantly for low additions, and is also not affected by the BET surface of the added
material up to a certain threshold. This pattern can be explained by the fact that in the model, calcite is
added at the beginning of the anoxic phase, which occurs regularly in study area due to seasonal
stratification of the water body”***. Thus, in situ, the added substrate is unlikely to be directly worked into
the sediment, as observed in the benthocosm experiment, but lies on the surface and dissolves at a rate
depending on the bottom water saturation state* (Equation 3, methods). If the reactive surface is large,
calcite dissolves quickly, and bottom waters in the model become oversaturated after a short time, which
inhibits further dissolution. For smaller BET surface areas, the bottom waters remain undersaturated for a
longer period of time, which leads to a longer phase of dissolution. Hence, the amount of calcite that
dissolves before it is worked into the sediment depends solely on the time before oversaturation due to
calcite dissolution is attained, rather than the physical properties of the added material.

These findings imply that the grain size range of added calcite material can be rather large in practice,
which facilitates easier production and lowers costs. The precise amount of calcite that can dissolve in
bottom waters before they reach supersaturation is dependent on the remineralization rate of particulate
organic matter (POC) in bottom waters and surface sediments, which is the major source for CO, in bottom
waters, and thus on the rate of primary production. Moreover, the water exchange rate with the adjacent
sea and the upwelling rate determine the dilution of weathering products in bottom waters, and
consequently the saturation state and the amount of calcite that can dissolve. In the model, mixing in the
two larger Kiel Bight boxes reintroduces alkaline water into the smaller bottom water box (Additional data
figure 1). This can lead to an overestimation of {lc, values and thus diminish calcite dissolution. For this
reason, a hydrologically more accurate model will be needed to assess the precise uptake threshold up to
which EBW in the study area is highly efficient.

After the uptake threshold of ~1000 t yr, dissolution takes place mainly within the sediment, as the
majority of added calcite is worked into the sediment before it can fully dissolve in undersaturated bottom
waters. Since the model does not consider changes in the saturation of pore waters induced by mineral
dissolution, the rate does not change with larger calcite content in the sediment and thus the efficiency
remains almost constant. The dissolution rates in sediments, however, may be higher if microbial activity

leads to higher Dissyo; values induced by extremely low pH values as observed in previous studies™*>**.

The initial addition of calcite and dunite in the benthocosm experiment was 22 mol m™. After 1 year, the
material was mixed into the upper ~3.3 cm of sediment (Additional data figure 2). Hence, the dissolution
rates calculated from the benthocosm experiments are valid for an amount of ~22 mol of calcite in the
upper 3.3 cm of sediment, which subsequently constitutes a threshold up to which calculations by the
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model can be assumed as reliable (grey symbols, Fig. 3). A second threshold is the maximum saturation
state with respect to calcite, above which the spontaneous precipitation of CaCO; can occur diminishing
the uptake efficiency due to the release of CO, (red circles, Fig. 3). This threshold depends on saturation
state, as well as on equilibration with CO, and the used material'>*"**. Since carbonate precipitation was
observed at ¢, = ~6.1 in previous studies’' in the presence of olivine, this value was defined as a threshold
for both material additions, despite the fact that recent studies about the stability of alkalinity observed

precipitation of CaCO; only at values of Qcy > 12 >,

V.1.3. Identification of a candidate material for EBW based on cost
estimates

For the estimation of overall efficiency and costs for the modelled application scenario, the single steps
from the production of a respective calcite and dunite material to the actual spreading process in the
application area were analyzed for their expenditure and their respective CO,-footprint (Tables S8 - S10,
Supplement). As to be expected, the costs per ton of sequestered CO, via addition of calcite and dunite (Fig.
4) follow the inverted uptake efficiency (Figs V3c,d), which explains the constant costs for calcite
application up to ~1000 t annual uptake. For dunite, the lower energy demand for the production of coarser
grains did not compensate for the lower uptake efficiency, which is why the total costs per ton of CO,
decrease with smaller grain size over the grain size range assumed for the model (~5pum — ~30um). Smaller
grain sizes were not considered as these might remain in suspension and would thus not be suitable for
EBW™. In sum, the low uptake efficiency, combined with the high energy demand for grinding exclude
dunite as a potential material for efficient EBW in the investigated study area.

For calcite, these constraints do not apply. The softer material requires less energy for comminution,
which lowers the costs and CO, footprint compared to dunite. Combined with the higher uptake efficiency
(Fig. V3c) this leads to prices between 81.6 — 99.5 € tco,  for a total CO, uptake of up to ~1000 t over the
entire application area (Fig. V4b). For higher, but less efficient total uptake, the costs vary between 172€
tcor (Aper = 3.0 m’ g'l) and 462€ tco, ' (Ager = 0.5 m’ g'l). For this uptake range, the lower uptake
efficiency of the coarser material is — as for dunite — not outbalanced by the lower production costs and

a) b)

2000 r 30 500 r 30
A A
GEO BET

M/O/}’*'O,ﬂ ng" 15 e 7’0.5ng'1 15

oo 022m?g”" 10 i 1.0m?g”" 10

O——0—0—O—0—0-00=0— P e 75 400 b 75
2 1 = 2 -1 e
1500} 0.44 mg 5 L~ 350} 20 mg 5 A
N —055m°g B [ 25m°g o

B —0.66 m? g 3 8 ﬁ | 30m2g’’ 3 9
P e <2300 _o—0—2 £
@ 2.3 & / A -
15 E 15 E
2 M/O 125 7 2 250 / 125 2
o 18 9 70 0= : 1.8
© 1000t NSRS 0755 O 5ol // __o—0—0—=0 0.75 5
05 < / / S S} 05 <
150 | /// v
i 03 1,.% 03
o o O O_ N /'
S
000000 02 100 | g o e o 02
vt
e e =
Bppli— e 01 50 L R N ) 01
10' 102 108 10* 102 10° 104
Mean additional CO2 uptake (t yr'1) Mean additional CO2 uptake (t yr'1)

Figure V6: Mean costs including production, comminution, transport and spreading per ton of sequestered CO: for
dunite (a) and calcite (b) for a 30-year application period. Color codes indicate the annual addition of material. Line
width indicates the geometrical surface (olivine) and the corresponding BET surface (calcite), respectively. Note
different range of x-axis in panels a and b.

124



CO, footprint. Furthermore, the additional uptake for all treatments increased over time for all treatments
(Figs S1, S2; Supplement). Hence, an application over a longer time period would increase the overall
uptake efficiency and lower the costs per ton of sequestered CO.., Especially below the uptake of 1000 t, the
prices for calcite based EBW would be highly competitive, when compared to other technical CDR methods
such as direct air capture (DACCS) and bioenergy with carbon capture and storage (BECCS)>’. Still, the
exact potential for EBW and the precise threshold for high uptake efficiencies need further research before

a final comparison can be made.

V.1.4. Enhanced benthic weathering in a global context

These new findings have implications for the perception of EBW as a climate change mitigation measure.
The Baltic Sea alone comprise 133000 km” of muddy sediments®. Assuming a similar weathering behavior
for calcite as in Eckernforde Bay, this would imply an uptake between ~4.5 and 30 Mt yr'. The latter,
though, with lower efficiency.

Despite the fact that the study area is a rather small inlet, the chemical features bear some similarities to
large-scale upwelling systems where nutrient rich waters transported to the sea surface foster high rates of
primary production and organic carbon rain rates. The export of organic matter leads to high organic
carbon contents in sediments that are similar to those in the study area Eckernférde Bay””*****°. The
degradation of this organic carbon combined with the upwelling of DIC rich waters alters the bottom water
chemistry in a way that makes these large systems comparable to the inlet investigated in this study. Thus,
the presented results may well be extrapolated to a globally relevant scale as the total area of eastern

boundary upwelling systems alone accounts for ~1.0410° km” *!

. When including the highly productive
East China Sea continental margin, the potential application area could be up to ~2.0-10° km’ plus several
smaller upwelling regions*'. Considering a higher, but less efficient uptake of 320 t km™ yr"' and also
including smaller potential application sites, annual global potential CO, uptake might reach several
gigatonnes. Although it is unlikely that EBW will reach a potential to serve as a sole sink for global non-
abatable CO, emissions, it may well be an efficient way to off-set non-point-sourced residual emissions for

countries with upwelling systems or organic rich sediments in their exclusive economic zones.
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V.2. Materials and Methods

V.2.1. Experimental set-up

Between 22 and 24 February 2022, a total of nine polyethylene boxes with a base area of 111cm X 71 cm
were filled with ~20 cm of organic rich sediment from Boknis Eck (Eckernférde Bay, south-western Baltic
Sea) using a sediment grab. Beforehand, a side wall of each benthocosms was drilled with sealable holes to
insert rhizons for porewater extraction and subsequent porewater analysis. The depth of the supernatant
bottom water in each box was ~30 cm. Subsequent to recovering the sediment, the boxes were placed on a
quay in Kiel Fjord adjacent to GEOMAR. In groups of three, the boxes were connected to a header tank
that ensured constant flow rates. From these header tanks, ~10 m” d* of bottom water (~15 m depth) was
pumped into the 9 benthocosms via a dispenser to avoid resuspension of the fine-grained sediment (Fig.1).
The benthocosms were then left for 6 months to equilibrate and to allow for natural chemical pore water
gradients to develop.

On 27 September 2022, 22 mol m™ of limestone (99.8 % calcite, German Limestone Association) and
dunite (90% olivine, Sibelco™ ) powder was distributed evenly on the sediment surface of six benthocosms
with three replicates for each treatment. The other three benthocosms were left unamended to serve as
controls. An overview of the precise treatments is given in the supplementary Table S11.

V.2.2. Sampling and measurements

Benthic fluxes in each benthocosm were measured with sealed polycarbonate mini-benthic chambers
with a base area of 100 cm® and a total volume of 400 cm’. The chambers were placed carefully on the
sediment. A ~0.5 cm rim around the chamber penetrated into the sediment to assure that the chamber
water was isolated from the surrounding water. Directly before deployment, a bottom water sample was
taken to determine initial conditions. After 3 h, a sample from inside the chamber was taken via a PVC tube
that was attached to the chamber in the middle of the side wall. The first 15 ml of water were discarded.
Afterwards, a 20 ml sample was filtered using 0.2 um regenerated cellulose syringe filters and refrigerated
in polyethylene (PE) vials without headspace for further measurements. Total alkalinity (TA) was
determined via titration using 0.02N HCI" as described in previous studies’ . 1 ml of aliquot was acidified
with 10 ul suprapure HNO; for cation analysis via inductively coupled plasma optical emission
spectrometry (ICP-OES, Varian 720-ES).

Before the addition of substrates, pore water samples were taken using 10 cm long 0.15 um standard
rhizon samplers attached to 20 ml PE syringes. After recovery of the pore waters, the syringes were sealed,
refrigerated and transported to the laboratory for further processing. In a N, filled glove bag, the samples
were transferred to 20 ml PE vials. TA and cations were determined the same way as for the benthic
chamber samples.

Micro-profiling of oxygen and pH in each benthocosm was conducted with Unisense' " micro-sensors
Ox-100 and pH-100, mounted on a motorized Unisense' " micromanipulator. To maximize measuring
resolution for oxygen profiles the step size was adjusted to 100 um. Oxygen sensors were calibrated
according to Unisense' " guidelines. For pH profiles the resolution was lowered to 300 um to minimize
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profiling time. In addition to technical buffers (pH 4 and 7), the pH sensors were calibrated with TRIS-
buffers ®’. pH values in this study are reported on the total scale.

Samples for analysis of solid components over the upper 6 cm were taken using cut-off syringes (2.5 cm
diameter). The samples were obtained directly after addition of the alkaline substrates to determine
conditions at the starting point of the experiment as well as the end of the experiment. Sediment samples
were freeze-dried, ground, and analyzed via flash combustion using the EuroEA 3000 element analyzer
(EuroVector, Pavia, Italy) to determine total carbon (TC), total organic carbon (TOC), total nitrogen (TN),
and total sulfur (TS). The total inorganic carbon (TIC) content was calculated by subtracting the TOC value
from the TC measurement. To assess the accuracy of the analytical method, method blanks and two
reference standards were employed: 2.5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl)thiophene (BBOT,
HEKAteckTM), and an internal sediment standard.

V.2.3. Flux calculations from the mini-benthic chambers

Fluxes of solutes, Fso1, were determined from the initial and final concentrations with the following
equation:

dCgop
Fsol = dio X HChamber (Vl)

where dCso1 / dt is concentration change and Hchamber is the height of the overlying water.
V.2.4. Calculation of Disspor values

To assess the impact on porewater saturation state on calcite dissolution, the Dissy, values were
calculated following Fuhr et al. (2023) by integrating ()¢, values over the region where pore waters were
undersaturated as

Disspor = [2970 (A = 000i(2)) dz (V2)

z(2<1)

where ().,(z) is the saturation state at a certain depth and z is the depth in the sediment given in cm.
z({)<1) and z({)>1) denote depths where (), values fall below 1 and above 1, respectively.

Qca values were calculated based on the pH profiles at the respective time step and the porewater TA as
well as pore water Ca concentrations sampled at the beginning of the experiment. To reach the resolution
of the pH profile (300um), TA and Ca concentrations were interpolated linearly. These data are available
online (see data availability statement) and in the supplementary tables S12 and S13.

V.2.5. Box model set-up

To assess the impact of calcite and dunite addition to an application area of 25 km” a numerical box
model was set up using Wolfram' " Mathematica " v12. The model considers four boxes, which represent
a two-layered water body including the mineral application area in Eckernférde Bay and the adjacent Kiel
Bight (Fig. 1, Additional data Fig. 1). Box sizes were chosen accordingly. The water depth was defined as
25 m. A boundary between the upper and lower boxes was defined at 15 m depth as this is the depth where
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the halocline usually occurs during summer®. The Kiel Bight box was considered to be 100 times larger than
the Eckernférde Bay box. The area of the bottom box of Kiel Bight was 34 % smaller than the surface box
in order to represent the area of Kiel Bight that is covered with sandy sediments *~*'. Thus, the benthic
fluxes contributing from sandy sediments '* were not considered for the model. The model considers
primary production (PP) that transports reduced dissolved inorganic carbon (DIC) in the surface layer and
exports it to the lower box as particulate organic carbon (POC), where POC is then remineralized to DIC.
Furthermore, the model accounts for water mass mixing between the upper and lower boxes, as well as
water mass exchange between the two surface boxes. To account for a quasi-upwelling, that is induced by
a saltwater wedge that invades and replaces bottom water in spring’’, the model is equipped with an overall
upwelling term (Additional data Fig. 1). The upwelling flux enters the Kiel Bight bottom box and flushes
the entire system before it exits via the Kiel Bight surface box. Hence, the Kiel Bight bottom box serves to
pre-form the water that circulates through Eckernférde Bay. Accordingly, the model was tuned to produce
naturally prevailing conditions in both bottom boxes ®'*. Hydrological parameters were estimated based
on a 3-D numerical model . Primary production was qualitatively assessed based on chlorophyll
measurements %, normalized and then tuned in such a way that the bottom water properties matched

14
observed values .

The upper two boxes can exchange CO, with the atmosphere, which allows quantifying the natural
(without addition of alkaline materials) as well as the enhanced (induced by addition of alkaline materials)
CO, flux across the sea-atmosphere interface. The lower Eckernférde Bay box includes DIC and TA fluxes
from the sediment that derive from natural CaCOj; dissolution and degradation of sedimentary POC.
Natural background fluxes were determined via the unamended benthocosm experiment. The sediment
model consists of three equally sized layers that describe dissolution of added minerals within the upper 10
cm of the sediment (not shown in the schematic Additional data Fig. 1). Due to the long simulation period
of 35 years, the TA and DIC fluxes from the sediment were assumed to directly enter the bottom water
without delay via molecular diffusion.

The model solves the carbonate system in each of the boxes based on DIC and TA via a set of coupled
mass balance equations (ordinary differential equations) using finite differences and the method-of-lines
approach as implemented in the partial differential equation solver. For simplicity, other chemical
processes such as oxidation and higher-level food chains are not considered in the model. Initial conditions
for carbonate system properties were inferred from long-term observations at Boknis Eck *'*. Salinity,
temperature and oxygen concentrations were implemented as time dependent parameters for upper and
lower boxes. Salinity and temperature were used to calculate the solubility and dissociation constants for
the different carbonate species '°. For bottom water oxygen concentrations, the observed long-term
decreasing trend of -1.4 umol 1" was considered °.

To ensure full equilibration, the model was spun-up for five years before calcite or dunite were added in
July, at the beginning of the anoxic phase, and then every July for another 30 years (Table S2, supplement).
The added materials were assumed to stay on top of the sediment until bottom water oxygen concentrations
reached 100 pmol 1", which is in line with observations from the benthocosm experiment and previous
studies **. Above this threshold, the material is allowed to be transported into the upper 3.3 cm of sediment
by bioturbation. This depth stems from previous reports '’ including our own observations >. The transport
was parameterized using a first-order rate constant that was chosen such that 80% of the material was
worked into the sediment after ~ 3 weeks and 99% after 7 weeks. This is based on observations from the
benthocosm experiment and previous studies >*. For the transport into the deeper sediment (i.e., the third
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layer) the model assumed burial using a sedimentation rate of ~3.3 mm yr" "', Below 10 cm, no further
dissolution was assumed as porewaters below this depth are oversaturated with respect to calcite >* and
bioturbation does usually not reach deeper than 10 cm *°. The combination of sedimentation rate and depth
of bioturbation implies that the residence time of added material in the top 10 cm is ~30 years, which

defines the chosen model simulation period.

For each box, an ordinary differential equation was formulated as

ac;
d_tl = Tupw,i + Tmix,i + Tex,i + FCOZ + Zi Ri (V3)

where i is DIC and TA and Typw Tmix and Tex describe the water transport between adjacent boxes due to
upwelling, mixing and lateral exchange, respectively (additional Data Fig. 1) and R defines changes due to
formation/remineralization of POC and dissolution of minerals. Fco, describes the CO, exchange with the

atmosphere for DIC only.

V.2.6. Dissolution of calcite

in undersaturated bottom waters (2cq<1) was simulated as follows:

CaCO; + H,0 + CO, — Ca?* + 2HCO;~ (V4)
The rate for this dissolution process, I'caipiss> was defined as:

Icaipiss (1) = Calgop(t) X Apgr X Kcaipiss X (1 — {l¢q))"calbiss (V5)

where Caly,p is the amount of calcite on the sediment in mol, Aggr is the reactive surface of the calcite

. . -1 . . . . -1 -1 . . .
grains in cm mol ™, Kcapiss is @ first order reaction constant in mol cm™ d ™, ()¢, is the saturation state with
respect to calcite and ncapiss is the reaction order. kcapiss and ncapiss were dependent on {)¢, following

. . 21 .
previous studies ~ . (¢, was defined as

[ca?*]x[c0%~]

QCal = (V6)

Ksp

[Ca®], [CO,”] and K, are the porewater concentrations of calcium and carbonate ions, and the
p p

solubility product of calcite, respectively *°.

Calcite dissolution in the upper 3.3 cm of sediment (rcaipisssea) Was estimated based on the enhanced TA
fluxes measured during the benthocosm experiments (Table S4, supplement) following:

FcallDissSed (t' Z) = kdepth (Z) X CalSed i(t) X ABET X rTCal (t) X I'mean (V7)

where z denotes the average depth of each of the three sediment boxes, Calseq; (t) is the amount of calcite
in the respective sediment box in mol, Aggr is the reactive surface, rT (t) is the temperature sensitivity
(Supplement) and rpeqn is the mean calculated dissolution rate (Supplement). Since the added material only
mixes into the upper three centimeters of sediment after one year in the benthocosms, the bulk dissolution
kinetics for sedimentary dissolution of calcite is only valid for the upper sediment box. For deeper sediment
layers, an exponential decrease of dissolution was assumed and dissolution was calculated by multiplying
Eq. V5 with a pre-factor kqepn(z):

kdepth (Z) — 10(—0.5382+0.778) (V8)
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where z is the depth in the sediment. kgepin was chosen in a way that it is equal to 1 when averaged over
the upper 3.3 cm and 0.01 at 10 cm depth, which constitutes the depth at which no further bioturbation
and thus dissolution is assumed.

V.2.7. Olivine dissolution

was defined as:
(Mgg .03, Feg 97)2S10, + 4.07H,0 + 0.0350, + 3.72C0, —
1.86Mg2++ H,SIO, + 0.14Fe(OH)5; + 3.72HCO5;~ (V9)

Assuming that olivine consists of 93% forsterite and 7% fayalite, the dissolution rate can be parameterized
following literature values** and adjusted based on sediment incubation experiments for anoxic to hypoxic
conditions * as:

log(ryy(t)) = 4.07 — 0.256 X pH — == (V10)

where 1, is the dissolution rate given in mol m™s™, T is temperature in K and pH is the pH in bottom
waters. Dissolution in the sediment was assumed following the same approach as for calcite, with mean
dissolution rates calculated from benthocosm experiments with dunite addition (Supplement).

V.2.8. pH simulation

TA and DIC were defined as follows:
TA = [HCO; ] +[2C0O5>"] +[B(OH), ] +[OH |- [H'] (V11)
DIC = [CO,] + [HCO; ] + [CO5™] (V12)

Each term on the right-hand side of Eq. V11 was replaced for an expression based on the total
concentration of each weak acid, leading to:

Kq-[H*]:[DIC] 2-K4-K,-[DIC] Kg'[TB] Kw [H*]

TA = [H*]>+[H*]'K1+K1'K; — [HF]2+[H*]'K1+K1 Ko - Kp+[H*] * [HY]

(V13)

The calculation of protons was calculated at each time step by solving Eq. V13 as described by Zeebe and
Wolf-Gladrow'®. Stoichiometric equilibrium coefficients were calculated based on temperature and salinity
following Zeebe and Wolf-Gladrow'®.

The carbonate ion concentration in each box (Eq. V6) was then calculated as:

K1'Kz
[H*]2+[H*]'K{ +K1 'K,

Co3™ = DIC (V14)

and the partial pressure of CO2 we calculated as:

[CO,]

pCO, = < (V15)
0
where KO is the Solubility constant for CO2, and where
—1.rg+
[CO,] = HCOsTHT] (V16)

Ki

Initial conditions for TA and DIC were chosen based on values reported by Melzner et al14 and reported
in the supplementary table 3.
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V.2.9. Additional CO; uptake induced by addition of alkaline

substrates

The model considers equilibration of CO, with the atmosphere to estimate the additional uptake after
addition of alkaline substrates. For this purpose, the model was run for 35 years without addition of alkaline
materials to obtain the natural baseline. Subsequently the natural CO, uptake was subtracted from the
uptake with addition of calcite and dunite, respectively.

The air-sea gas flux (Eq. V3) from surface box i, F(3 ;, was defined as
Feozi = kcoz X Ko X (pCO02q0m — pCOy,) (V17)

where ko, is the gas transfer velocity for CO,, and pCO,4m and pCO,; are the partial pressures of CO,
in the atmosphere and the surface water of box i, respectively. A value of 419 patm was used as the initial
condition for pCO, 4tm. An annual increase of 2.4 patm was assumed **

The gas transfer velocity normalized for CO, at 20 °C and zero salinity (k(600), cm h') was determined
via in-situ measurements in coastal Baltic Sea in June and September 2018 (Dobashi and Ho, in
preparation) and simply parameterized as:

k(600) = 1.26 X uygp, (for ujom < 7 ms™) (V18)
and
k(600) = 8.83 (for uom =7 ms™) (V19)

where u,on, is the wind speed at 10 m height. Subsequently, the k(600) values were corrected for in-situ
salinity and temperature as

1

Kcoz = k(600) x (202 = (V20)

600

where Scco, is the Schmidt number (i.e., kinematic viscosity of water divided by diffusion coefficient of

gas in water) for CO,, which was calculated following Dobiashi & Ho **

Sccoz = 1914.2 + 5.6330 X Sal,, — (123.18 + 0.32481 x Saly,) X Ty, + (4.2040 +
0.010208 x Sal,) X Ty,* — (0.079322 + 0.00018296 X Saly,,) X Ty,* + (0.00062463 +
1.3992 x 107 * Saly,) X Typ* (V21)

where Saly, is salinity in surface waters in PSU and T\, is temperature in °C.

A detailed description of the model, including all model parameters and boundary conditions is provided
in the supplement.

V.2.10. Efficiency and cost assessment

CO, emissions from production, transport and spreading of calcite and dunite were calculated. For
dunite, this assumes production in Aarheim, Norway, a 1400 km transport by ship to Kiel harbor, milling
(at a theoretical facility in Kiel harbour), and spreading by ship in Eckernférde Bay (~150 km in a small
vessel). For calcite, we considered production and milling in a quarry 300 km south of Kiel, transport to
Kiel by train, and subsequent spreading in the application area. Further impacts from mining, such as
altered land use were not considered.
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Based on Strefler et al.*’ the production costs per ton of dunite were calculated excluding grinding
and transport. Additionally, energy demand (E,) in kWh for grinding based on the grainsize (gr) in um
was calculated following™’:

Egr = 6.62 x gr=1162 (V22)

Costs for grinding were then estimated on the current industry electricity price. For these calculations,
we assumed a near-shore grinding facility, negating the need for further transport from the harbor to the
mill and back.

The CO, emissions for the production of raw dunite were added to emissions for grinding estimated
based on the energy demand (Eq. V22) and calculated for the energy mix in Germany in 20207,

For calcite, the production costs and CO, emissions for the different grain sizes were provided by the
German Limestone Association. To these, the costs and emissions for transport and spreading were added.
A precise description of the assumptions made for cost and emission calculations can be found in the
supplement. Finally, the combined emissions for each material were subtracted from the uptake and the
final usage of material multiplied with the total costs per ton of material.

In order to derive comparable efficiency and cost estimates, the geometrical surfaces of dunite grains
were calculated for grain sizes that correspond to the BET surfaces assumed for calcite addition. For this
purpose, we calculated the ratio of Aggr to Agro for calcite and assumed the same ratio for all BET surfaces.
The uncertainty inherent with this assumption needs to be accepted. The Age, was then calculated

accordingly.
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show the rates steering the respective process. Large non-filled arrows describe the overall upwelling.
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Figure 7: Additional data Fig. 2: TIC content in the sediment measured directly, after addition (a), at the
end of the benthocosm experiment (b) and difference in DIC content between beginning and end (c). Error
bars report the SD of the three replicas for each treatment.
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VI. Summary, conclusion and broader implications

VI.1. Summary and conclusion

The aim in this thesis was to assess the potential, the efficiency and thus the techno-economic feasibility
of EBW, based on calcite and dunite addition to organic rich sediments of the Baltic Sea. The key findings
in Chapter two made clear that secondary mineral precipitation can diminish the CO, sequestration
efficiency of dunite weathering. This precipitation was likely fostered by the fact that the experiments were
conducted in a closed system with very limited exchange with the atmosphere and thus low availability of
CO, for equilibration. In equilibration with the atmosphere, this side effect might be negligible.
Nevertheless, during the application in the frame of EBW, the dissolution would likely take place in the
pore space between the grains, where the exchange of water is restricted to diffusion. Hence, the conditions
might be similar to a closed system, which implies that dunite based EBW requires sediments in which CO,
is formed metabolically, or where bottom waters feature high pCO,. Thus, a shallow depocenter, such as
Boknis Eck, would be a suitable possible application site. The fact that bottom and pore waters in the area
are often undersaturated with respect to calcite, suggest additional investigation on calcite as a potential
source material for EBW and comparing its overall CO, uptake efficiency to that of dunite.

The experiments carried out on sediments from Boknis Eck thereupon, revealed that the weathering
regime — namely, whether added materials dissolve on or inside the sediment — plays a key role for the
dissolution kinetics of both materials. Under anoxic to hypoxic conditions, where they remain on the
sediment, bottom water chemistry is majorly responsible for the dissolution. During this time, dissolution
follows closely the kinetics that can be expected from previous studies under the same temperatures and
saturation sates. Under oxic conditions they are soon worked into the upper layer of the sediment. Here,
the dissolution is slower, as the major mechanism responsible for transporting weathering products away
from the weathering site is diffusion. This leads to the formation of diffusive boundary layers around the
grains, which slows down dissolution. During the incubation experiments under oxygenated conditions,
microbial activity lead to extremely low pore water pH values which altered the saturation state with respect
to calcite and governed natural and enhanced calcite dissolution. This leads to the conclusion that the
precise understanding of the microbial community is crucial for evaluating the possible efficiency of EBW
on this sort of sediment. Interestingly, during the long-term benthocosm experiment — under oxygenated
conditions — the best correlation was found between calculated dissolution kinetics and temperature, rather
than pore water saturation state, expressed by Dissp,e values. This implies that either the sampling
resolution was too coarse to capture periods when high Dissp. values governed dissolution, or that due to
the different experimental setups the microbial community during incubation and benthocosm
experiments developed differently. However, the fact that the temperature sensitivity in the benthocosm
experiment was stronger than found by previous studies for dissolution in corrosive water only, suggests
that a second mechanism is operating that is dependent on temperature and oxygen. This clearly indicates
that the macrofaunal activity plays a key role for EBW and does not only substantiate that the benthic
weathering works but that it is also important to consider all aspects of it when evaluating possible
application sites for EBW.

The overall cost and efficiency calculations via a numerical box-model that was based on the combined
findings of all experiments underpinned that calcite based EBW is not only more efficient in terms of the
amount of CO, that can be sequestered, but that it is also more cost-effective compared to EBW of dunite.
This is mainly due to the faster dissolution kinetics and the lower emissions during the production of the
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softer material, which cannot be outcompeted by the theoretically higher uptake efficiency of dunite

weathering.

With regards to the aim of this thesis it can thus not only be stated that calcite is the more suitable material
for EBW, but it has also become clear that calcite based EBW is techno-economically competitive in

comparison to other CDR methods.

VI.1. Broader implications and outlook

The new insights revealed in this thesis change the broader meaning of EBW in the context of CDR.
Considering a potential uptake of ~4.5 and 30 Mt yr' Baltic Sea alone, it becomes clear that via this strategy
a substantial portion of hard-to-abate emissions in Germany could be outbalanced. However, EBW will
not have the potential to serve as a sole NET to achieve net zero emissions on a global scale, mainly because
the areas with suitable sediments are limited. Even when larger productive shelf areas and eastern boundary
upwelling systems should prove usable as an application site, the total amount of sequestered CO, would
most likely not overweigh global residual emissions. Still, since it may be an efficient way to off-set non-
point-sourced residual emissions in regions with suitable application sites, these should be identified and
dedicated research needs to foster the precise understanding of these regions in order to scoop the full

potential of EBW as a climate change mitigation method.
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Supplement

Supplementary Material to “Kinetics of olivine weathering in seawater: an
experimental study”

S1 Supplementary model information

The dissolution of olivine and precipitation of serpentine (chrysotile), sepiolite, talc, Fe(OH); and
aragonite/calcite were applied as followed:

Olivine:

(MgogoFeq11)25i0, + 4HT - 1.78M g?* + 0.22Fe?* + H,Si0, (1S)
Serpentinite:

3Mg?* + 2H,Si0, + Hy0 — MgSi,05(OH), + 6H* 29)
Sepiolite:

2Mg?* + 3H,Si0, = Mg,Sis0,5(0OH)(H,0)5 + 4H* + 0.5H,0 (39)
Talc:

3Mg?* + 4H,Si0, + 4H,0 — Mg3Si,00(0H), + 6H* (4S)
Fe(OH)s:

Fe3*+3H,0 - Fe(OH); + 3H* (55)
Aragonite/Calcite:

Ca?* + 2HCO;™ — CaCOs + CO, + Hy0 (6S)
The oxidation of Fe’* to Fe*" was accounted for with:

Fe?* +0.250, + H* - Fe3* + 0.5H,0 (7S)

Measured and subsequently interpolated temperature and pH values were applied in the modeling
as time-dependent variables. The saturation indices for calcite and aragonite were calculated using
conditional solubility products valid for seawater (Zeebe and Wolf-Gladrow, 2001b).
Thermodynamic solubility products and activity coefficients for dissolved species were used to
calculate saturation states with respect to silicate phases and amorphous Fe(OH)s. They were
taken from the PHREEQC software (Parkhurst and Appelo, 1999).

In order to account for the discontinuous sampling and the subsequent replacement of the sample
volume by fresh ASW the sample rate rs was defined following:

rs=rsv*z( e — 1) (89)

14+e0.0001 1+e0.0001

Where 75, is the theoretical flow rate during sampling defined as:
== (95)
Vg 1s the sample volume (7 ml) and t; is the theoretical duration of sampling, here defined as

1
2430

which samples were taken. Hence the function 7 (¢, i) expresses a flow rate that occurs at each
time i when samples are taken, with the duration of t; and the magnitude of r,,.

rS v

d equaling 2 minutes. ¢ is the time during the experiment and i represents each time step at

For the dissolution of olivine, the kinetic rate law established by Rimstidt et al. (2012) was used,
following

3465
T

log(r,;) = 4.07 — 0.256 * pH(t) — (10S)

. . . . . mol
where the dissolution rate (7,/) is given in ——.
*

mex*s
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The UMS particles were assumed spherical with an average grain radius of 50 um and a geometric
surface area of 150.459 * 10

2
. With a density of 3.27 =% and a molar mass of 143.2 -
g (UMS) cm mol
. : l
the dissolution rate was translated to %.
The enhanced reactive surface of olivine, which is a result of surface roughness and small olivine
particles that had not been removed entirely during the cleaning procedure of the UMS, was

accounted for with an exponential tuning parameter leading to the formulation:
Surfol tot(t) = Surfol * (1 + glsurf_gzsurf*t) (1 IS)

where surfo 0At) is the total surface area that declines exponentially with time due to the dissolution
of fine particles and surface roughness, surfo; is the geometric surface area, €45 represents the
factor by which the total surface is enhanced and €;4,,¢ indicates the speed with which surf, ¢o¢
and surf,; converge (~3 days).

For the carbonate equilibrium system, TA was assumed to result solely from carbonate and
bicarbonate since the ASW used in the experiment contained no borate:

TA=2x[C0,°"|+[HCO57] (12S)
and the subsequent general formulations:
2-1 _ Kx*TA
[CO3 ] T {H*} 424K, (135)
-1 {H™}xTA
[HCO;™ ] = ek, (14S)
. {H*}%xTA
[€0.1 = (H*}+K1+2%K, xK, (158)
and
2-1 _ Ko (£)*TA(t)
[c0s™] = (HHY (O +2+1 (O *psw (165)

where K; and K are the first and second dissociation constants of CO; in seawater taken from
Zeebe and Wolf-Gladrow (2001).

The dissolved inorganic carbon (DIC) was subsequently calculated as

DIC = C05*” + HCO3;™ + CO, (17S)

Reaction rates were determined by tuning the unknown rate parameters until the misfit between the
predicted and measured concentrations of Mg, Si, Ca an TA reached a minimum. The squared errors
summed over time and all species was employed as merit function where the errors for each species
were normalized over the mean concentration of the respective species (Ci(mean)):

(Ci(t)_ci(tm))z (198)

r =
sS Ci(mean)?

where Ci(t) is the modelled concentration of a species (i) and Ci(tm) stands for the measured
concentration at a respective time.

The tuning parameters and the values apply in the modeling are listed in Tab. S1. They include the
kinetic constants (ky.,), the rate order (&,¢7,), and the parameters defining the initial delay before
the onset of precipitation («;, ;). First, the model was tuned for one batch starting with fitting [Ca]
values via aragonite precipitation (as this process is the only one affecting Ca concentrations).
Afterwards, secondary phyllosilicate precipitation was fitted via TA, [Si] and [Mg] values. During
the tuning, we aimed to apply the same values for all three batches.
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S2 Supplementary tables

Table 1S: Values for tuning parameters obtained for the best model fit.

symbo Batch2

Batchl Batch

Parameter 1 0 0 5 nit
first tuning parameter for olivine surface Exsurf 10 8 9 -
second tuning parameter for olivine surface Esurf 2.95 2.95 295 dt
first tuning parameter for sepiolite precipitation Kpregep 1.3 0.7 0.42 u;f—;l
second tuning parameter for sep. precipitation Epre2eep 0.04 0.04 0.04 -
first 'tu'nin'g parameter for serpentine e 10.8 6.96 405 Hmol
precipitation lxd

second tuning parameter for serp. precipitation Epre2eery 0.04 0.04 0.04 -
first tuning parameter for talc precipitation Kprecae 0.3 0.18 0.09 %
second tuning parameter for talc precipitation Epre2eqe 0.04 0.04 0.04 -
first tuning parameter for aragonite precipitation  kpre,,, -1.27 -1.55  -1.85 “;:L;l
second tuning parameter for arag. precipitation Eprezarg 2.4 2.4 1.7 -
delay of sepiolite precipitation Asep 4.4 4.4 4.4 d
delay of serpentine precipitation Aserp 4.4 4.4 4.4 d
delay of talc precipitation Qtac 4.4 4.4 4.4 d
delay for sepiolite precipitation Bsep 0.2 0.2 0.2 d
delay for serpentine precipitation Bserp 0.2 0.2 0.2 d
delay for talc precipitation Braic 0.2 0.2 0.2 d
delay of aragonite precipitation Qara 1.1 1.4 3.9 d
delay for aragonite precipitation Bara 0.1 0.1 0.3 d

Table 2S: Initial conditions and time-dependent input parameters for models of all batches.

Species Value Unit
GCsi(0) 0 umol/l
TA (0) 2.4 meq/1
Cmg(0) 53.4 mmol/l
Cca(0) 7.98 mmol/l
Ceai(t) Coai + 24 % (1 — ﬁ) mmol/l
1+e 01
Cre3(0) 0 nmol/l
Cre2(0) 0 nmol/l
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Table 3S: List of chemical components contained in artificial seawater.

Component g/l
NaCl 22.94
KCl 0.7815
MgCl; 5.1797
CaCl 1.1694
Na,SO4 4.1076
NaHCO:; 0.1933

S 2.1 Supplementary results from solid phase analysis

Table 4S: ICP-OES and XRF measured composition of UMS and calculated composition normalized
to 100% along with chemical composition of olivine as provided by manufacturer in mass %.

Cont. (mg/g) Cont. (wt. %) Cont. (wt. %)

Oxide ICP-OES ICP-OES XRF manufacturer
MgO 292.74 44.61 40.25 49.6
Si02 282.80 43.1 44.14 41.7
FexOs3 58.69 8.95 8.93 7.4
Cr 03 0.83 0.13 0.39 0.31
NiO 2.17 0.33 0.28 0.32
Al>O3 8.31 1.27 2.89 -
CaO 8.90 1.35 2.67 -
K>O 0.00 0.00 2.67 -

Mn,O; 0.96 0.15 0.13 -
UMS 656.09 100 100 100
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Table 5S: Major phases of UMS as measured vie WDX. Atomic proportions are normalized to 24

oxygen.
Forsterite

Elemen El mass (Zx Ngirrr\n Norfn At prop c/1‘<: ‘k_ ‘15_
Na 00083 00112 00082 00110 00031 %877 ¢0001 0009
Ni 02399 03053 02364 03008 00357 131 0o021 0002
Fe 75613 97292 7.4495 95837 1.1820 U9°7 o758 1946
i 18.8806 403900  18.6008  39.7905 5.8677 1985 174 0738
K 0.0015 00018  0.0015 00018 00003 927* ¢0000 ©0-000
Mg 306773  50.8678 302225  50.1151 11016 0964 45y 3191
Cr 0.0099 00145  0.0098 00143 00017 %943 o0001 0018
Mn 0.1117  0.1442  0.1100  0.1421 00178 1048 ooy 0003
Al 0.0065 00123  0.0065 00122 00021 9947 qo001 0001
Ca 00150 00222 00156 00219 00035 9% o2 0001
Ti 0.0044 00074  0.0044 00073 0.0008 2% 0.0000 000
0 43.9863 - 433338 - 24 ] ] ]

Opx

Elemen EL mafs (Zx Ngfrr‘n Nor:n At prop c/1‘<: 1k- ) lf:
Na 0.0411 00554 00411 00554 00149 9932 ggo04 0-04
Ni 0.0542  0.0690  0.0540  0.0687 0.0077 3% 00005 0009
Fe 51560 6.6326 51331 6.6037 076690 1902 00514 1.049
i 253763 542843 252663  54.0491 7.5040 193% 02454 1040
K 0.0024 00028 00024 00028 00005 %2 00000 000!
Mg 205771 341203 204891 339746 7.0322 0% 2156 215
Cr 02122 03102 02113 03088 00339 987 o021 0383
Mn 0.1270  0.1641  0.1265  0.1634 0.0192 1033 0012 0-003
Al 21559 40735  2.1466  4.0564 06635 1978 0200 043
Ca 04488  0.6281 04481  0.6266 00934 1912 00paq 0039
Ti 0.0551  0.0919  0.0549  0.0915 0.009 7% 00006 O-127
0 462269 - 46.0271 - 24 ] ] ]

Cpxl

Elemen El mafs (2x Ngirrr\n Nor:n At prop c/1‘<: ‘k_ ‘15_
Na 0.9431 12708 09497 12798 03598 9977 00096 1031
Ni 0.0228  0.0290  0.0229  0.0291 00034 122 00002 0009
Fe 1.8368 23600  1.8464 23760 02882 1004 o183 0372
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Si 23.9268  51.1860  24.0856  51.5224 7.4706 0780 02440 1034
K 0.0014 00016  0.0014 00017 0.0003 2% 0.0000 0009
Mg 92844 153936 93472 155008 3.3503 0983 o4 0943
Cr 0.5411 07908 05446 07959 0.0912 1098 ¢ gpsq 0-963
Mn 00622 00803 00625  0.0807 00099 97 00006 0001
Al 33956 64160  3.4184 64568 1.1036 0983 00345 0750
Ca 153172 214324 154164 21.5708 33513 001 94530 1357
Ti 02281 03804 02296 03830 00418 1910 goo3 0513
0 437844 - 440736 - 24 i i ]
Cpx2

Elemen ElL mass (2x Ngfrr‘n Nor:n At prop c/1‘<: 1k- ) lf:
Na 09558 12881 09879 13329 03689 93¢ q.0100 1004
Ni 0.0553 00704 00572 00728 00083 130 ¢0005 0-000
Fe 24833 31933 25717 33050 03933 1903 ggp47 0504
Si 23.0300 492683  23.8417  51.0000 7.2420 1008 gpp79 0966
K 0.1383 01665 01426 01718 00318 913 0014 0080
Mg 124333 20.6200 12.8717 213467 45180 0971 01279 1281
Cr 04203 06143 04348 06354 00714 1902 gopap 0732
Mn 00569 00734 0058 00761 00092 196 ogpos 0-001
Al 44283 83700 45800  8.6567 1.4543 Ol o435 0952
Ca 8.6417  12.0900 89400 125117 19050 1902 o859 0763
Ti 05170 08618 05333 08896 00964 1902 ggps2 1180
0 434550 - 449767 - 24 i i ]
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Spinel

Element El mass % Oxmass% Norm El% Norm ox% Atprop c/k-std k-value  k-(std)
Na 0.0115 0.0154 0.0112 0.0151 0.0046 1.0857 0.0001 0.0115
Ni 0.1860 0.2367 0.1829 0.2328 0.0295 1.1083 0.0017 0.0021
Fe 9.6950 12.4800 9.5400 12.2750 1.6195 0.9799 0.0990 2.0190
Si 0.0000 0.0000 0.0000 0.0000 0.0000 0.7777 0.0000 0.0000
K 0.0037 0.0045 0.0036 0.0044 0.0009 1.0003 0.0000 0.0022
Mg 11.8900 19.7150 11.7000 19.4000 4.5600 1.0415 0.1143  1.1450
Cr 8.9200 13.0350 8.7800 12.8300 1.6030 0.9485 0.0941 16.8899
Mn 0.0865 0.1117 0.0852 0.1100 0.0148 1.0218 0.0008  0.0025
Al 29.6400 56.0000 29.1550 55.0950 10.2395 1.0508 0.2828 6.1474
Ca 0.0075 0.0105 0.0074 0.0104 0.0017 0.9727 0.0001 0.0007
Ti 0.0187 0.0312 0.0184 0.0307 0.0037 0.9340 0.0002 0.0458
@) 41.1800 - 40.5200 - 24.0000 - - -
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S3 Supplementary figures

SAMPLE = MF0305SI XPowderX Ver. 2021.04.19

) HM ,

10 20 40 50 60
: 2
R-according factor = 0.2961 Global Rho = 3.013(g/cm-3) Global Mu/Rho = 63.1(cm2 g-1) Amorphous / Crystals relationship = 0.357
Date 17.11.2021 Database : PDF2(1.53-70) Setting: Wavelengths : 1.78896 / 1.79278 / 0.47
Set -File Phase name PIR /| % Weight Line Angle d-Spacing Counts
34 189|Forsterite, syn = Magnesi | 1.000 47.3[30.20%3.30 1 12.37 8.302 55
5 453|#Aragonite, syn = Calcium |1.000| 172.1| 14.508.60 P e 2
29 713|Goethite = Iron Oxide Hyd |1.000| 44.7|13.55%8.10 4 3076 3.372 77
18 1170|Tridymite-\ITM\RG, syn = [1.000| 53.1| 9.92¢8.80 5 31.88 3.257 51
21 543 |4#Chrysotile-2Mcl = Magnes |1.000| 43.8|11.79%8.20 : ;::: ;;:‘2‘ 1:;
13 595|Sepiolite = Magnesium Sil |[1.000| 43.3| 9.18+8.90 8 37.84 2.758 P
19 770|Talc-2\ITM\RG = Magnesium |1.000| 48.1|10.87£8.60 9 38.82 2.691 57
10 41.83 2.505 66
11 42.75 2.454 75
12 45.06 2.334 8
13 53.05  1.971 62
14 61.73  1.743 a7

Figure 2S: XRD measurement of Bottle 2 2 (Batch10) with possible mineralogical composition.
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SAMPLE = MF0308SI

XPowderX Ver. 2021.04.19

109

98

87

76

65

54

43

10

R-according factor =

0.3576

20

Global Rho = 3.020(g/cm-3)

Date 17.11.2021 Database : PDF2(1.53-70) Setting:

Set -File Phase name PIR / | % weight
34 189|Forsterite, syn = Magnesi | 1.000| 47.3|23.11%3.90
5 453|#Aragonite, syn = Calcium |1.000| 172.1|28.51%3.10
29 713|Goethite = Iron Oxide Hyd |1.000| 44.7|14.52%6.60
18 1170|Tridymite-\ITM\RG, syn = |1.000| 53.1| 9.72%7.80
21 543|#Chrysotile-2Mcl = Magnes |1.000| 43.8 5.18+5.20
13 595|Sepiolite = Magnesium Sil |1.000| 43.3|11.23%7.10
19 770|Talc-2\ITM\RG = Magnesium | 1.000| 48.1| 7.72%7.70

i)

b

30

I

, ‘

Global Mu/Rho = 79.6(cm? g-1!)

Wavelengths : 1.78896 / 1.79278 / 0.47

| . H Mi

a0

50

|

Amorphous / Crystals relationship = 0.328

Line Angle d-Spacing Counts | Line Angle d-Spacing Counts | Line Angle d-Spacing Counts | Line Angle d-Spacing Counts | Line Angle d-Spacing Counts
1 4.30 23.842 31 36 17.04 6.03' 20 71 31.42  3.303 29 106 52.71 2.014 21 141 70.18  1.555 28
2 5.02 20.424 28 37 17.07  6.026 26 72 31.88  3.257 a 107 52.82  2.011 20 142 71.21  1.536 22
3 5.79 17.710 30 38 17.09  6.019 20 73 33.31  3.120 97 108 53.95 1.971 a7 143 71.26 1.535 22
4 6.56 15.633 25 39 17.11  6.012 26 74 34.47  3.018 30 109 55.67 1.915 39 144 71.28  1.535 21
5 6.71 15.284 21 40 17.29 5.950 22 75 34.93  2.980 37 110 56.92 1.877 40 145 72.36 1.515 21
6 6.78 15.126 27 41 17.69  5.817 18 76 35.62 2.924 32 111 58.18  1.839 19 146 72.68  1.509 29
7 7.42 13.823 24 42 17.71  5.810 22 77 36.37  2.866 38 112 58.23  1.838 23 147 73.43  1.496 44
8 7.95 12.903 21 43 18.37 5.603 26 78 37.16  2.807 25 113 58.26 1.837 25 148 74.43  1.478 32
9 8.08 12.696 18 44 19.04 5.408 21 79 37.33  2.794 25 114 59.18  1.811 42
10 8.15 12.587 22 45 19.78  5.207 22 80 37.82 2.760 a6 115 60.13  1.785 29
1 8.17 12.556 20 46 20.28 5.080 42 81 38.80 2.692 50 116 60.20 1.783 25
12 8.83 11.619 22 47 20.75  4.966 25 82 41.83  2.505 a1 117 60.33  1.780 28
13 9.3¢ 10.974 21 48 20.77  4.962 19 83 42.39 2.474 27 118 60.37  1.779 22
14 9.61 10.678 22 49 20.79  4.957 22 84 42.73  2.455 a1 119 60.45 1.776 28
15 9.69 10.590 22 50 21.17  4.869 22 85 43.76  2.400 31 120 60.54 1.774 29
16 9.78 10.493 19 51 21.19 4.864 22 86 43.98 2.388 23 121 60.95 1.763 22
17 9.97 10.293 21 52 21.29 4.842 24 87 44.42  2.366 3 122 61.03  1.761 19
18 10.29 9.974 19 53 21.83  4.723 27 88 45.07 2.333 39 123 61.84 1.740 a1
19 10.3¢  9.926 23 54 21.87 4.715 20 89 46.54 2.264 28 124 62.37  1.727 38
20 10.72  9.575 28 55 22.11 4.664 23 90 46.59  2.261 25 125 63.36  1.703 27
21 10.81 9.496 21 56 22.27 4.631 26 91 46.85 2.249 26 126 63.41 1.702 21
22 10.87 9.443 20 57 23.06 4.475 21 92 48.30 2.186 22 127 64.15  1.684 22
23 11.47  8.951 24 58 23.56 4.381 27 93 49.04 2.155 22 128 64.29 1.681 27
24 12.34  8.322 39 59 24.71 4.180 20 94 49.55 2.134 22 129 64.36  1.679 27
25 13.16  7.805 23 60 25.14 4.110 22 95 50.41  2.100 32 130 64.53  1.675 26
26 13.31  7.718 22 61 26.06 3.967 26 96 51.10 2.073 22 131 64.85 1.668 22
27 14.23  7.221 32 62 26.74 3.868 37 97 51.16 2.071 24 132 66.32  1.635 28
28 15.02  6.843 25 63 27.54 3.757 23 98 51.19 2.070 19 133 67.23  1.615 24
29 15.23  6.750 27 64 27.66 3.741 20 99 51.22  2.069 19 134 67.74  1.604 24
30 15.55  6.611 31 65 27.93  3.706 20 100 51.56 2.056 18 135 67.89  1.601 25
31 16.26  6.325 28 66 28.53  3.630 22 101 51.63 2.054 19 136 68.05 1.598 24
32 16.63  6.185 19 67 28.64 3.616 26 102 51.68 2.052 21 137 68.54 1.588 20
33 16.70  6.159 19 68 29.94 3.462 34 103 51.77  2.048 21 138 68.97 1.579 27
3¢ 16.72  6.152 18 69 30.18 3.435 21 104 52.38 2.026 29 139 69.01  1.579 23
35 16.97  6.062 21 70 30.74  3.374 63 105 52.51  2.022 18 140 69.53  1.568 21

Figure 3S: XRD measurement of Bottle 2 3 (Batch5) with possible mineralogical composition.
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Figure 4S: XRD measurement of UMS with possible mineralogical composition after Rietveld quantification.
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Table 7S: Idealized composition of the precipitates as recovered from the bottles, according to the calculation explained in the methods part.

Al Ba Ca Cr Fe K Li Mg Mn Na Ni Sr Ti Si C O H mol-% wt-%
BatchS
UMS 0.035 0 0.034 0.002 0.174 0 0.001 1.543 0.003 0.006 0 0.001 1 0 4.028 31.919
Sepiolit 0.667 1 3.833 2.333 12.193
Chrysotile 1.5 1 4.5 2 3.158
Talc 0.75 1 3 0.5 0.914
Aragonite 1 0 0 1 3 48.604
Fe(OH); 1 3 3 2.139
AlLOs3 2 3 1.073
Cipix 0.080 0 1.370 0.001 0.163 0 0.001 1.256 0.002 0 0.004 0 0.001 1 1.350 8&.154 0.922 100
Ciprec 0.079 0 1.370 0.006 0.165 0 0.001 1.247 0.002 0 0.006 0 0.003 1 1350 4.524 0
Batch10
UMS 0.035 0 0.034 0.002 0.174 0 0.001 1.543 0.003 0 0.006 0 0.001 1 0 4.02 37.05 45.965
Sepiolite 0.667 1 3.833 2.333 144 13.254
Chrysotile 1.5 1 4.5 2 .1 1.299
Talc 0.75 1 3 0.5 0.4 0323
Aragonite 1 0 0 1 3 434 37.033
Fe(OH)3 1 3 3 24 2125
AlLOs3 2 3 1.25  1.087
Cipix 0.072 0 0.844 0.005 0.168 0 0.001 1.298 0.002 0 0.004 0 0.001 1 0.820 6.498 0.816 100 100
Ciprec 0.072 0 0.844 0.005 0.168 0 0.001 1.296 0.002 0 0.007 0 0.003 1 0.827 4.196 0

151



Al Ba Ca Cr Fe Li Mg Mn Na Ni Sr Ti Si C O H mol-% wt-%

Batch20
UMS 0.035 0 0.034 0.002 0.174 0.001 1.543 0.003 0 0.006 0 0.001 1 0 4.02 29.9 38.012
Sepiolite 0.667 1 3.833 2.333 11.1 10.469
Chrysotile 1.5 1 4.5 2 2 2421
Talc 0.75 1 3 0.5 0.4 0.331
Aragonite 1 0 0 1 3 53.8 47.042
Fe(OH)3 1 3 3 1.9  1.724
AlLOs3 2 3 0.9 0.802

Cipix 0.065 0 1.262 0.002 0.163 0.001 1.310 0.001 0 0.004 0 0.001 1 1.24 7.761 0.825 100 100

Ciprec  0.067 0 1.260 0.005 0.162 0.001 1312 0.003 0 0.006 0 0.003 1 124 4.490 0
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Table 8S: Measured mean temperature (T), pH, TA, major and trace element (ICP-OES) for water samples of Batch20. Other values are calculated
according to the methods section.

L i D TA SD [Ni _ [Mn] SD D D D » 5D
Sample t(eilél; tl(lcliq)e (m[jo]l/l) [SSi] (mmol/l) E"A (uEleo}/l) SD [Ni] (p[mol]/l) E/m [Ca] [SCa] [Me] [E/Ig] pH iH (lit(;t?n) (lit(;?nf)
Blank 2150 000 -0.74 055 236 001 00l 015 007 00l 792 002 5334 013 7.94 542.63
I 2147 002 1138 033 246 001 002 020 005 001 805 001 5377 048 802 001 45543  10.59
2 2203 008 2227 044 247 001 017 023 013 001 826 001 5516 131 804 001 427.55 15.17
3 2273 016 3278 083 254 002 022 034 018 001 800 001 5350 044 8.07 001 411.01  7.82
4 2310 034 4825 074 262 001 049 018 027 001 801 001 5363 030 810 000 384.66 10.53
5 2290 095 7582 117 265 001 059 021 039 001 810 001 5425 082 815 001 33747 642
6 2320 126 8391 083 259 001 066 016 039 002 794 001 5360 044 812 000 36455 2.62
7 2317 207 10802 133 229 002 088 018 053 001 777 001 5376 045 7.99 001 46270  7.86
8 2313 305 13052 415 224 00l 096 032 061 00l 772 002 5419 017 798 0.00 461.06  5.09
9 2313 406 14604 212 215 001 105 029 053 001 757 002 5418 044 7.99 000 432.83 524
10 2287 705 18137 125 197 001 121 017 059 002 739 001 5391 047 801 001 37792  7.69
11 2330 1009 20592 050 190 001 127 018 059 002 728 001 5403 0.19 801 001 36241 495
12 2240 1511 24488 220 178 001 135 020 058 001 7.16 002 5424 0.19 802 003 32652 24.95
13 2230 2213 28583 243 165 001 123 031 053 002 695 001 5408 056 810 000 24684  1.69
14 2290 2926 31621 202 159 001 129 022 049 001 684 002 5417 030 811 001 22604 7.73
15 2273 3624 33745 238 150 002 133 017 045 002 681 001 5478 052 815 000 190.79  1.13
16 2253 4329 35545 086 142 000 147 031 044 001 667 001 5417 020 818 002 16542 7.75
17 2253 5018 361.88 262 139 001 145 021 041 002 667 001 5436 041 819 001 15809 634
18 2227 6419 37592 076 136 002 131 022 034 001 661 001 5449 046 822 000 14090 2.77
19 2197 7825 38401 125 141 003 137 013 034 002 658 001 5406 054 824 001 13821 621
20 2190 9233 399.69 853 136 002 129 029 030 002 666 001 5458 016 823 001 14044 3.8
21 2193 10633 40101 522 129 001 112 022 028 001 673 001 5482 022 821 000 138.07  2.55
22 2193 12031 41422 188 129 000 133 015 029 001 677 001 5472 0.18 821 002 137.88  7.91
23 2280 13416 42182 131 127 002 123 026 031 002 68 001 5514 039 821 001 13883 9.52
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Table 9S: Measured mean temperature (T), pH, TA, major and trace element (ICP-OES) for water samples of Batch10. Other values are calculated
according to the methods section.

. . . SD
temp. time [Si] SD TA SD [Ni] . [Mn] SD SD SD SD pCO2
Sample  “ocy (@) (umoll) [Si] (mmoll) TA (umol) SP NI (umoity M € rcap ™MEl g PHO g (Latm) (lit(;?nf)

Blank  21.50 0.00 -0.74 2.36 0.01 0.01 0.15 -0.07 001 792 002 5334 0.13 7.94 542.63

1 21.50 0.03 6.20 0.42 2.46 0.01 -0.17 0.11 0.00 0.00 8.04 0.02 53.83 0.73 803 0.00 443.07 2.09
2 22.23 0.08 10.61  0.50 2.46 0.01 0.14 028 0.03 0.02 8.02 0.02 53.64 044 8.03 0.00 444.34 3.44
3 23.20 0.17 15.45  0.38 2.50 0.01 0.07 -0.01 0.06 0.01 812 0.02 5443 133 804 0.00 436.50 1.95
4 23.50 0.35 2299  0.63 2.50 0.01 023 024 0.12 0.01 798 0.02 5349 0.28 8.05 0.01 420.28 9.47
5 23.33 0.96 37.02  0.67 2.56 0.02 027 017 021 0.01 795 002 5333 044 8.06 0.02 425.28 25.80
6 23.53 1.27 4132 034 2.55 0.02 034 0.18 025 0.02 797 001 5358 022 806 0.03 418.80 35.22
7 23.47 2.07 52.82 131 2.39 0.03 0.61 0.33 0.29 0.02 798 001 53.67 029 804 0.06 420.86 63.98
8 23.33 3.06 63.00 1.16 2.32 0.02 077 031 0.35 0.01 7.86 002 5359 0.02 7.99 0.02 462.81 21.45
9 23.43 4.07 70.65  1.98 2.23 0.01 080 017 0.26 0.02 7.85 001 5443 031 796 0.01 487.34 9.01
10 23.03 7.06 89.91 2.02 2.19 0.03 1.00 0.21 0.37 0.01 7.61 001 5341 021 795 0.01 491.54 15.46
11 2337 10.09 10295 1.75 2.12 0.01 1.14 0.12 042 0.02 7.64 001 5393 0.19 791 0.01 519.99 10.93
12 2237 15.12  121.83 1.57 2.06 0.01 1.17 024 041 0.02 752 001 5356 0.12 7.93 0.00 487.08 4.70
13 2217 22.14 14296 3.25 1.95 0.02 1.04 025 044 0.01 7.44 001 53.57 0.27 795 0.01 43831 4.88
14 2290 2926 160.79 1.72 1.97 0.02 129 019 046 0.02 7.41 002 53.85 0.12 795 0.00 436.43 5.87
15 22770  36.25 176.42 281 1.91 0.02 124 0.18 048 0.01 733 001 5377 029 797 0.00 402.82 4.01
16 22770 4330 188.86 2.73 1.84 0.01 1.08 0.17 046 0.02 726 001 5357 026 797 0.01 375.56 24.18
17 22.63  50.19 198.55 2.20 1.84 0.01 1.10 025 046 0.01 7.28 001 5397 0.17 796 0.01 401.30 11.47
18 2253 6420 223.04 3.65 1.81 0.03 1.10 025 048 0.01 7.28 0.02 5457 0.68 8.00 0.00 351.26 5.04
19 21.87 7825 236.41 6.74 1.81 0.05 1.15 0.10 048 0.01 7.19 0.01 53.82 0.38 8.01 0.01 343.41 15.62
20 22.00 9233 256.55 5.74 1.74 0.02 128 0.21 0.48 0.02 720 0.01 53.77 0.12 800 0.01 339.26 2.36
21 2227 10633 266.13 1.51 1.66 0.02 1.15 0.18 049 0.01 7.26 001 54.08 030 801 0.00 314.77 4.29
22 2227 12031 279.00 6.19 1.62 0.03 139 022 0.50 0.01 7.28 0.02 54.04 0.14 799 0.01 324.64 12.45
23 2290 134.16 286.60 6.44 1.62 0.02 131 0.23 0.49 0.02 732 002 5404 0.16 7.99 0.01 330.85 17.11

154



Table 10S: Measured mean temperature (T), pH, TA, major and trace element (ICP-OES) for water samples of Batch5. Other values are calculated
according to the methods section.

Y i D TA SD [Ni . [Ma] SD D D D » 5D
Sample t?g; tl(lcliq)e (m[jcl)]l/l) [SSi] (mmol/l) E"A (uEleo}/l) SD [Ni] (p[mol]/l) E/m [Ca] [SCa] [Me] [E/Ig] pH iH (lit(;t?n) (lit(;?nf)
Blank 2150 000  -0.74 236 001 001 015 -0.07 001 792 002 5334 0.13 7.94 542.63
I 2063 003 290 025 244 001 -0.12 023 -0.03 002 797 00l 5337 037 800 002 47431  29.76
2 2257 009 510 029 247 000 -009 015 -0.02 -0.01 807 001 5408 046 800 003 481.98  39.24
3 2340 017 747 034 248 001 -005 -020 002 002 804 001 5382 019 800 002 47829  27.62
4 2380 035 1088 044 244 001 008 000 003 000 802 001 5373 056 801 002 462.68 2561
S 2353 096 1864 060 245 001 025 017 010 002 808 001 5420 008 801 002 46325 2420
6 2323 128 2106 053 249 002 014 022 010 002 798 001 5353 028 803 002 44689 2531
7 2367 208 2635 053 251 002 033 015 015 001 810 001 5429 037 803 001 44462  13.62
8 2367 306 3108 076 252 001 053 0I5 009 001 793 001 5355 031 805 001 42241 1231
9 2367 407 3433 087 250 002 053 006 006 002 798 001 5415 089 8.05 001 41685  3.82
10 2327 707 4291 033 239 004 050 0.7 010 002 7.85 001 5377 034 7.99 003 480.10 2371
11 2337 1010 5034 066 227 001 060 011 015 001 773 001 5342 009 7.90 001 57542 1226
12 2227 1512 6008 044 221 001 071 012 022 002 773 002 5357 020 7.89 000 57405  5.34
13 2223 2215 6867 033 218 001 115 028 025 001 7.69 001 5368 0.2 7.89 000 569.15  3.79
14 2290 2926 7659 057 218 001 100 014 027 002 7.65 001 5365 041 7.87 000 60072  4.80
15 2253 3625 8298 050 212 002 093 026 029 002 7.63 001 5366 021 7.88 000 559.65  0.16
16 2233 4330 8798 038 210 001 088 021 030 001 7.63 002 5388 020 7.88 001 57023  19.46
17 2243 5019 9101 019 208 002 078 021 029 001 7.67 001 5425 023 7.87 001 57661 1487
18 2220 6420 102.84 357 207 001 088 020 033 001 761 001 5421 032 7.90 003 52398 3691
19 2203 7825 14494 1821 215 011 125 010 043 001 7.63 001 5410 008 7.82 0.0 689.03 210.17
20 2210 9233 16112 3934 209 0.5 135 024 044 001 7.64 001 5393 026 7.86 0.07 603.63  140.82
21 2200 10633 179.12 4035 204 017 140 020 047 002 7.64 001 5378 036 7.86 0.05 57540 6238
22 2200 12031 18622 4160 201 020 136 0.8 046 001 773 001 5421 018 7.86 0.04 57752  110.60
23 2257 13416 19035 42.10 197 020 142 026 047 001 778 001 5424 040 7.84 0.04 609.50  108.63

155



Table 11S: Total amounts of secondary phases precipitated over model period for Batch20.

Total amount of olivine dissolved over model period in mmol olivine

Total amount of serpentinite precipitated over model period in mmol chrysotile
Total amount of sepiolite precipitated over model period in mmol sepiolite
Total amount of talc precipitated over model period in mmol talc

Total amount of aragonite precipitated over model period in mmol aragonite
Total amount of calcite precipitated over model period in mmol calcite

Total amount of carbonate precipitated over model period in mmol carbonate
Total amount of am. Fe(OH)3 precipitated over model period in mmol Fe(OH)3
DIC loss in mol DIC/(mol olivine dissolved)

TA loss in mol TA/(mol olivine dissolved)

0.59202
0.193342
0.014031
0.002778
0.525497

0
0.525497
0.119815
0.887633
0.297715

Table 12S: Total amounts of secondary phases precipitated over model period for Batch10.

Total amount of olivine dissolved over model period in mmol olivine

Total amount of serpentinite precipitated over model period in mmol chrysotile
Total amount of sepiolite precipitated over model period in mmol sepiolite
Total amount of talc precipitated over model period in mmol talc

Total amount of aragonite precipitated over model period in mmol aragonite
Total amount of calcite precipitated over model period in mmol calcite

Total amount of carbonate precipitated over model period in mmol carbonate
Total amount of am. Fe(OH)3 precipitated over model period in mmol Fe(OH)3
DIC loss in mol DIC/(mol olivine dissolved)

TA loss in mol TA/(mol olivine dissolved)

0.327079
0.10667
0.005981
0.001335
0.316731
0
0.316731
0.067675
0.968363
0.431309

Table 13S: Total amounts of secondary phases precipitated over model period for BatchS5.

Total amount of olivine dissolved over model period in mmol olivine

Total amount of serpentinite precipitated over model period in mmol chrysotile
Total amount of sepiolite precipitated over model period in mmol sepiolite
Total amount of talc precipitated over model period in mmol talc

Total amount of aragonite precipitated over model period in mmol aragonite
Total amount of calcite precipitated over model period in mmol calcite

Total amount of carbonate precipitated over model period in mmol carbonate
Total amount of am. Fe(OH)3 precipitated over model period in mmol Fe(OH)3
DIC loss in mol DIC/(mol olivine dissolved)

TA loss in mol TA/(mol olivine dissolved)

0.172721
0.055401
0.001323
0.000388
0.173486
0
0.173486
0.035582
1.00443
0.416229
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Figure5S: Left: Mg concentrations [Mg] for all batches. a) Batch20, c) Batch10, e) Beatch5. Right:

pCO: for all batches. B) Batch20, d) Batch10, f) BatchS. Diamonds show measured values, solid lines

(a,c,e), represent modelled values. Error bars are reported as £2SD.
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Supplementary Material to “Disentangling artificial and natural benthic
weathering in organic rich Baltic Sea sediments”

S1 Supplementary Methods

S1.1 Visualization of flux data

In order to increase the readability of flux data they were smoothened via gaussian smoothening
method applying a standard deviation of 6. Afterwards, the data was interpolated using the spline
method following Schoenberg (1988). An exemplary impression of the original versus smoothened
data is given in Figure 1S. Note that smoothened data is only used for visualization and not for any

further calculations.

S2 Supplementary Tables

Table 1S: Mineralogical composition of dunite used in the experiment as provided by the

producer (Sibelco™, Olivine AFS 80).

Description (grading) Olivine AFS 80

PR-017377-004
Mineralogical XRD Mineral Unit Results

Quartz % 0.0

Olivine % 88.8

Pyroxene (enstatite) % 6.7

Amphibole % 0.3

Serpentine % 2.3

Chlorite % 1.4

Talc % 0.5

Mica % 0.0

Amorphous % 0.0

Sum 100
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Table 2S: Chemical composition of used lime stone as provided by producer (Sibelco™,
Olivine AFS 80).

Sample
Sample name 05 /g 1 Unit
CO; 43.1 %
SOs 0.02 %
Ca0 54.8 %
MgO 0.24 %
SiO; 1.16 %
Fe;0; 0.14 %
ALO; 0.1 %
Sum 99.86 %
Minor elements

Ba 1.96 mg/kg
Na 51.9 mg/kg

67.1 mg/kg
P 43.6 mg/kg
Sr 75.0 mg/kg

Trace elements

As 1.46 mg/kg
Cd 0.61 mg/kg
Cr 1.54 mg/kg
Hg <0.01 mg/kg
Ni 1.72 mg/kg
Pb 1.13 mg/kg
Sb 0.04 mg/kg
Se <0.02 mg/kg

160



Table 3S: Accession and metadata for BioSamples processed in the present study.

B10-Sa‘mple Sample Name Treatment Sub- Time Date Depth Sample BioProject ID  Organism

accession sample [day]s label

SAMN36035013 B01-DS-L2 Blank t7 91 %8/212 1_ 05- 1-2cm BI1t7 2 PRINA988924 marine sediment metagenome

SAMN36035014 C01-DS-L2 Blank t7 91 %8/212 1_ 05- 2-3cm BI1t7 3 PRINA988924 marine sediment metagenome

SAMN36035015 D01-DS-L2 Blank t7 91 %8/212 1_ 05- 3-4cm B1t7 4 PRINA988924 marine sediment metagenome

SAMN36035016 EO1-DS-L2 Blank t7 91 %8/212 1_ 05- 4-6cm B1t7 5 PRINA988924 marine sediment metagenome

SAMN36035017 F04-DS-L2 Core t0 0 2022-01-13 1-2cm BE1301 2 PRINA988924 marine sediment metagenome

SAMN36035018 G04-DS-L2 Core t0 0 2022-01-13 2-3cm BE1301 3  PRINA988924 marine sediment metagenome

SAMN36035019 HO04-DS-L2 Core t0 0 2022-01-13 3-4cm BE1301 4  PRINA988924 marine sediment metagenome

SAMN36035020 A05-DS-L2 Core t0 0 2022-01-13 4-6cm BE1301 5 PRINA988924 marine sediment metagenome

SAMN37271069 12)380186()35)?2()3Oziigé 44-DL163_S163 Blank t0 0 2022-02-08 0-2cm B1t0 PRINA988924 marine sediment metagenome

SAMN37271070 230800000544~ Blank t0 0 2022-02-08 0-2cm B2t0 PRINA988924 marine sediment metagenome
DS164 23Aug544-DL164 S164 g
230800000544- . .

SAMN37271071 DS171 23Aug544-DL171 S171 Blank t5 42 2022-03-22 0-2cm B1t5 PRINA988924 marine sediment metagenome

SAMN37271072 230800000544 Olivine t5 42 2022-03-22 0-2cm MS5t5 PRINA988924 marine sediment metagenome
DS173 23Aug544-DL173_S173

SAMN37271073 230800000544~ Carbonate t5 42 2022-03-22 0-2cm M2t5 PRINA988924 marine sediment metagenome
DS172_23Aug544-DL172_S172 g

SAMN37271074 12)3801860 ??;gii:s 44-DL165_S165 Carbonate t0 0 2022-02-08 0-2cm M1t0 PRINA988924 marine sediment metagenome
230800000544- . .

SAMN37271075 DS166 23Aug544-DL166_S166 Carbonate t0 0 2022-02-08 0-2cm M2t0 PRINA988924 marine sediment metagenome
230800000544- . .

SAMN37271076 DS167 23Aug544-DL167 S167 Carbonate t0 0 2022-02-08 0-2cm M3t0 PRINA988924 marine sediment metagenome

SAMN37271077 230800000544~ Carbonat t6 72 2022-04-21 0-2 MI1t6 PRINA988924 i diment met
DS176_23Aug544-DL176_S176 arbonate -04- -2cm marine sediment metagenome
230800000544- . .

SAMN37271078 DS177 23Aug544-DL177 S177 Carbonate t6 72 2022-04-21 0-2cm M2t6 PRINA988924 marine sediment metagenome

SAMN37271079 230800000544- Carbonate t6 72 2022-04-21 0-2cm M3t6 PRINA988924 marine sediment metagenome

DS178 23Aug544-DL178_S178
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S3 Supplementary Figures
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Figure 8S: Example of scattered (dots) versus smoothened (lines) flux data (Core C2). Blue
dots and line show TA fluxes. Orange dots and line show Ca fluxes.
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Figure 9S: Oxygen concentration in bottom waters over the course of the experiment in all
cores. Dashed line indicates addition of substrates.
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Time [d]

Figure 10S: pH values in bottom waters over the course of the experiment in all cores.
Dashed line indicates addition of substrates.
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Figure 4S: Close up of Cal2 towards the end of the experiment illustrating the fate of the
added calcite powder (white traces in dark brown sediment) indicated by white arrows.
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Figure 5S: Qcal values in bottom waters over the course of the experiment in all cores.
Dashed line indicates addition of substrates. Solid line shows calcite saturation (Qca = 1).
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Figure 11S: Taxonomy plots of bacterial 16S tags for RNA isolated from the (A) environmental sediment start core and (B) the untreated control
core C1 after 72 days of incubation. The 40 most abundant genera are shown.
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Figure 12S: Weighted (A) and Unweighted (B) Principal coordinate analyses (PCoA) for 16S
rRNA gene analyses of Bacteria. Rarefaction for PCoA analyses was performed with a
subsampling size of 56 333. The first two principal coordinates (PCol and PCo2) are plotted.
Similarities and dissimilarities of the microbial communities are visualized for the untreated
control cores (C, blue) and for the cores to which calcite (Cal, black) and dunite (Dun, green)
were added. The different subsampling time points are color coded with symbols being outlined
in the color associated with the treatment and filled in with the same color for t0 (0 days), gray
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Figure 13S: Differential abundance analyses for Bacteria on the family level for treatments with calcite addition. The name of the family is
shown on the left. Green and orange bars in the left panel show the value for “Mean decrease Gini,” which is a measure for the importance of
the taxon for the difference between the samples. Colored bars in the right panel show the relative abundance per subsample (averages and
standard deviation) for the different taxonomic groups. Stars indicate the significance of the difference between sample time points, with one
star corresponding to a p-value between 0.01-0.05.
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Figure 14S: Differential abundance analyses for Bacteria on the family level for treatments with dunite addition. The name of the family is
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Figure 15S: Heatmap of species abundances for the 50 most abundant families. The name of the family is shown on the left, the subsample
time-point is shown at the bottom and the facet above indicates the treatment including controls (C1 and C2), carbonate (Call, Cal2 and Cal3)
and olivine addition (Dun1l, Dun2 and Dun3). The intensity of the color in the heatmap represents the abundance of each family ranging from
dark red to dark blue for high and low abundances, respectively.
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S3 Supplementary Discussion

S3.1 Bacterial community shifts during incubation

As stated in the main script, a discrepancy between shifting pore water pH profiles, that point
towards cable bacteria and 16S rRNA cannot be denied. Possible explanations could be that
extraction methods and processing of the nucleic acids had a bias against cable bacteria or that this
pH profile is generated by other (uncultured) bacteria. It should be stated though that after 91 days
we did detect Candidatus Electrothrix in one control experiment with up to 16% indicating that our
working procedure can detect known cable bacteria (Figure 6S). At the same time 16S rRNA data
show no strong increase or clear dominance of any uncultured type of bacteria that could be
responsible for the observed pH changes.

Only for the calcite amendments affiliates of Thiotrichaceae, not further classified, increased over
time (72 days) (Figure 8S). This group includes sulfide oxidizing autotrophs, some of which are able
to store nitrate under oxygen low conditions forming cm thick mats (Garrity et al., 2005). In the
dunite treatments affiliates of the Ectothiorhodospiraceae (Thiogranum) and planctomycetes, namely
Pirellulaceae and Pla4 lineage increased over time (Figure 9S). Thiogranum is an obligately
chemolithoautotrophic sulfur oxidizing strain (Mori et al., 2015). Planctomycetes are expected to
degrade organic compounds that are released by phototrophs. In case of Pirellulaceae, a large
number of carbohydrate active enzymes support this idea (Gade et al., 2005; Wegner et al., 2013).

The PCoA clearly demonstrate that at the start of the experiments (t0) the bacterial communities
already differed between the different cores (Figure 7S). Thus, starting conditions varied with respect
to bacterial composition and metabolic activities. The initial heterogeneity between microbial
communities of different sediment cores makes it difficult to draw conclusions about the relationship
between mineral addition and community change. Without considering abundance of 16S rRNA
genes in the bacterial communities the control, calcite and dunite treatments exhibit a clustering after
72 days (Figure 7Sa) suggesting that shifts occurred to a certain degree in relation to the exposed
conditions. However, since starting communities differed it cannot be stated that these are explicitly
linked to the addition of calcite or dunite (Figure 7Sa). In the abundance of 16S rRNA genes in the
bacterial community compositions, no apparent clustering can be observed at all (Figure 7Sb)
indicating that the addition of calcite or dunite did not influence the microbial development.

Some clear trends are visible though for all treatments. The decline of Beggiatoacea primarily
consisting of the large Candidatus Parabeggiatoa and Candidatus Isobeggiatoa, and the rise of
Chromatiaceae in all treatments, independent of mineral addition, is statistically verified (Figure 8S,
9S). Chromatiaceae are purple sulfur bacteria commonly known to perform anoxygenic
photosynthesis, but several species are chemolithoautotrophs or chemoorganoheterotrophs capable of
growing under dark and low oxygen conditions utilizing sulfide and storing elemental sulfur inside
their cells (Dahl et al., 2008; Imhoff, 2014).

In most treatments (except for C1, Cal2 and Dun3), Cyanobacteria - mostly Nostocaceae of the genus
Aphanizomenon) increase over time (Figures 10S, 7 (main script)). This is somewhat surprising since
the treatments were kept in the dark and cyanobacteria are commonly associated with sunlight-driven
energy generation via photosynthesis. It is well known though that under severely light-limiting
conditions, Aphanizomenon show a broader absorption spectrum (De Nobel et al., 1998). More so,
recent work has demonstrated how some cyanobacteria can switch to photosynthesis-alternative
pathways in response to abrupt light-dark transitions (Lu et al., 2023). Recent metagenomic work
with deep subsurface rock samples has shown the ability of some Cyanobacteria species to grow
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independent of sunlight with the potential for hydrogen based lithoautotrophic growth (Puente-
Sanchez et al., 2018). Aphanizomenon is a filamentous colony forming cyanobacterium which
frequently forms blooms and can store inorganic phosphate (Walve and Larsson, 2007). Some
species of this genus can produce toxins (Cirés and Ballot, 2016), which may affect growth in the
treatments. Patterns of cyanobacterial blooms have been demonstrated to align with alkalinity
changes and dissolved silicon in water (cf Zhang, 2023). Recent work has shown that the blooms
draw down dissolved inorganic carbon and increased water pH resulting in calcium carbonate
precipitation (Zhang, 2023).

Overall, all microcosms exhibited shifts in the bacterial community, primarily related to a
diversification of sulfide oxidizing bacteria and of some organic degraders. The microbiology data
demonstrate the heterogeneity and complexity of the system, making such experiments in a
reproducible fashion extremely difficult.
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Supplementary material to “Alkaline mineral addition to anoxic to hypoxic
Baltic Sea sediments as a potentially efficient CO»-removal technique”

Table 1S: Mineralogical composition of dunite used in the experiment as provided by the
producer (Sibelco™, Olivine AFS 80).

Description (grading) Olivine AFS 80

PR-017377-004

Mineralogical XRD Mineral Unit Results
Quartz % 0.0
Olivine % 88.8
Pyroxene (enstatite) % 6.7
Amphibole % 0.3
Serpentine % 2.3
Chlorite % 1.4
Talc % 0.5
Mica % 0.0
Amorphous % 0.0
Sum 100
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Table 2S: Chemical composition of used limestone as provided by the producer.

Sample

Sample name 05/21 Unit
CO, 43.1 %
SOs 0.02 %
Ca0 54.8 %
MgO 0.24 %
SiO; 1.16 %
Fe;0; 0.14 %
AL O3 0.1 %
Sum 99.86 %
Minor elements
Ba 1.96 mg/kg
Na 51.9 mg/kg
K 67.1 mg/kg
P 43.6 mg/kg
Sr 75.0 mg/kg
Trace elements
é(si 1.46 mg/kg
or (1).61 mg/kg
He 54 mg/kg
: <0.01 mg/kg
Ni 1.72 mg/kg
1;1; 1.13 mg/kg
0.04 mg/kg
Se <0.02 mg/kg
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Figure S16: Grain size distribution of the washed calcite material. Vertical dashed line denotes median grainsize
(Dso).
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Figure S17: Exemplary photos of the surfaces of a dunite treated core (left) and a calcite treated core (right) at the
end of the experiment. Darker patches are disturbances caused by removing the bottom water and pushing the
sediment upwards in the cores.
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Figure S18: pH-profiles over the course of the experiment. Solid red and blue lines indicate the initial (seven days
before addition of substrates) and final profiles, respectively. Dashed lines represent the profiles measured directly
before addition of alkaline minerals.
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Supplementary material to “Calcite takes it all: Benthic weathering
potential and costs of alkaline mineral addition to muddy shelf sediments”

S1 Supplementary methods

S1.1 Model set-up
S1.1.10DE system

For the four boxes of the model an ODE system was set up as followed:

ODEs for TA:

ac
Box1: =22 = —71,, X Crpy(£) + Toxe X Craz(8) + i X Crpn (£) — Tpixe X Craq (t)

dt
—Tupw X Z_i X CTAl (t) + Tupw X Z_i X CTAZ (t) (Sl)

.A4Cra2 _ Franat | Fraweath V1 V1
Box2: = R 4 AR 4 i X vy X Crpp () — Tpix X vy X Craz(t) = Typw X Craz(t)

dt 1% 1%
+rupw X CTA4(t) (82)
dc
Box3: d—TtAs = —Tex X Z_i X Craz(t) + Tox X Craz(t) + 1y X Z_: X Craz (t) = Tpix X Z_: X Craq (t)
D V:
—Tupw X i X CTAl (t) + Tupw X i X CTAZ (t) (83)
dc
Box4: d—TtM = Tix X Craz(t) — Tiix X Craq(t) (S4)
ODE:s for DIC:
dc
BoxlI: %Cl = —Tox X Cprc1 () + Tox X Cprez(t) + Tmix X Cpicz (8) — Tipix X Cppeq (8)
PP(t
—Tupw X Z_Z X Cprc1 () + Typw X Z_Z X Cy(t) = Feoz1 — % (S5)
1 1 1
Box2: ngZCZ = FD;C;M + FDIC;;eath + Timix X Z_: X Cprc1(t) = Tpix X Z_: X Cpic2(t)
rpoc(t)xPOCy(t)
—Tupw X CDICZ (t) + Tupw X CDIC4(t) + POCTZ (86)
dc
Box3: %Cs = —Tex X Z_i X Cprc3(t) + 7ox X Cpez(t) + iy X Z_: X Cprca (t) = Tpix X Z_: X Cprcq(t)

v v
—Tupw X i X Cprc1 () + Typw X i X Cpic2(t) — Feozz  (S7)

rPOC(t)XPOC4(t) (88)

dc
B0X43—$C4 = Tmix X Cprcz(t) — Tmix X Cpyea(t) + e

ODEs for POC:
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dPOC,

BOX2. dt = _rpoc(t) X POCZ (t) + (1 - Tr) X PPl(t)
(59)
Boxd: ot = — POC 1-
X4 —— = Tpoc(t) X 4(t) + (1 — 1) X PP3(¢)
(510)

where vi, v2, v and vs are the volumes of the four boxes, defined as 15 m?, 10 m?, 100 m? and 86 m’,
respectively.

ODEs for calcite/dunite in the four sediment layers (M)
Sediment surface: % = —Twmipiss(t) — Keransp X Mi(t) + Tagq (S11)

aM;
Upper (0 —-3.33 Cm): Tllp = —TMiDissSed (tr Z) - ktranspSED X Miup (t) + ktransp X Mi(t) (812)

. dMmi
Middle (333 —6.66 Cm): —id — —TMiDissSed (t; Z) - ktranspSED X MiMid (t) + ktranspSED X

dt
My, (2) (S13)
AMiLow
Lower (666 - 10 Cm): d—i = —TMiDissSed (t; Z) - ktranspSED X MiLow(t) + ktranspSED X
Mipia(t) (S14)

In the above equations, ¢ is time in d and z (cm) is the average sediment depth of each box. Fraweath
and Fpicweath denote, respectively, the combined TA and DIC flux derived from calcite/dunite
dissolution on and in the sediment. Numbered indices correspond to the individual boxes (Additional
data figure 1).

S1.1.2Hydrological boundary conditions

To set up the model, certain assumptions concerning the hydrological properties were made.
These include the parameterization of the water exchange between the different boxes and the
implementation of quasi-upwelling induced by salty and dense waters invading and replacing the
bottom water, which is difficult to assess with fixed box sizes. For this reason, the mixing rate
between the boxes was kept very low during times where the water body is strongly stratified. The
mixing rates (rpremix(t), d™!) were qualitatively estimated based on residence times and age of single
water parcels in Eckernforde Bay determined using a 3-D model by Dietze and Loptien (2021). To
simulate the bottom water pCO> values published by Melzner et al. (2013), the model additionally
included a tuning parameter, leading to the vertical mixing rate rmix (d™!) defined as:

Tmix = kpremix X rpremix(t) (SIS)

where Kpremix (dimensionless) is a tuning parameter and rpremix(t) is the qualitative estimate of mixing
rates for each month. The mixing was subsequently assumed to be lower (factor 0.5) in the two large
boxes, representing the adjacent Kiel Bight (Figure S1). This was done to account for the larger
distance from the coast and to reduce recycling of water in the model.

Additionally, to reflect the quasi-upwelling, the water exchange with Kiel Bight (rex(t) (d™")) had to
be adopted in a way that water exchange was only assumed between the surface boxes and that this
exchange is higher during phases with strong stratification and low during phases with strong mixing.
Subsequently, the overall upwelling regime was introduced via an upwelling term (rupw(d™')) that
transports water from the deeper Kiel Bight into the deeper Eckernférde Bay, upwards to the surface,
and then out of the system via the upper Kiel Bight. This upwelling term was defined as a function of
the vertical mixing rate as:
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rupw = rupwind + kupw X Tmix (816)

where rypwind (d'!) accounts for wind induced upwelling that was assumed to occur constantly
throughout the year and kupw is a dimensionless constant. In order to maintain conservation of mass,
the amount of water in the deeper Kiel Bight was replaced with water that has the same properties as
the deeper Kiel Bight. Box 4, therefore, serves to pre-form the upwelling bottom water entering the
deep Eckernforde Bay box.

51.1.3Geochemical forcing, boundary and initial conditions

The model considers that mineral transport into the sediment by bioturbation is a functions of
bottom water oxygen levels. Dissolved O concentrations were adapted from Melzner et al. (2013)
and recalculated based on the observed temporal decrease reported by Lennartz et al. (2014) as:

OZ(t) = 02(0) —tX Toxy (817)

where Ox(t) is the oxygen concentration in bottom waters in umol I'!, O2(0) is the initial seasonal
concentration in the first year of the model run (Melzner et al., 2013), reported in Table S2, ¢ is the
time in days and royy is the daily decline (d!) based on Lennartz et al. (2014). Since the mineral
addition experiment is assumed to start in 2024, the historical trend in oxygen decrease was imposed
on 2024 values.

The increase in atmospheric CO; concentrations (Lan et al., 2024) was calculated as:

where COx(t) is the CO concentration in the atmosphere in patm, CO>(0) is the CO, concentration at
the start of the model run, and rcoz is the daily increase in d!.

The natural benthic TA fluxes (Franat, pmol cm™ d-!, Table S4) were taken as the average from the
untreated benthocosm experiments. These fluxes were assumed to derive from natural calcite
dissolution and iron sulfide formation at a ratio (ratra = dissolution : sufide formation) derived from
Dale et al. (2024, in review).

Subsequently natural DIC (Fpicnat) fluxes (excluding remineralization) were calculated as:

Fpicnat = Franae X 0.5 X ratr, (S19)

Note that for the model the measured values reported in Table 4S were transposed to mmol m™.

Primary production over the course of a year (PP(t), mol m yr'!) was inferred based on monthly
chlorophyll a concentrations (Chl, ug L!) reported by Lennartz et al. (2014). Subsequently, these
values were normalized by dividing by the sum of all values. Hence, the primary production was
defined as

_ _Chl_
PP(t) = PPy X 5o (S20)

where PP, is the annual mean primary production (mol m2 yr!). This value was adapted in a way
that the bottom water pCO; values corresponded to values reported by Melzner et al. (2013) and were
further verified by comparison to values reported by Balzer (1984) (Table S1).
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The model does not differentiate between PP and export production and assumes that exported
particulate organic carbon (POC) equals PP. The POC degradation rate (rpoc, mmol m? d'!) in the
bottom water box was defined as:

Tooe = (1 - r—b) x £Pa s T (S21)

100 tpoc

tpoc 1s the residence time of POC in the sediment before burial at 10 cm depth defined as:

toc = —— (S22)

Tsed

where rsed is the sedimentation rate in cm d-' (Nittrouer et al., 1998; Whiticar, 2002). The amount of
POC buried below 10 cm depth in the sediment (1, % of POC) was inferred from export production
and carbon burial reported for Eckernforde Bay by Balzer (1984). rT is the temperature dependence
of POC remineralization defined as:

EActPOCX( 1 1 )
TTpoc =€ & Tmean Tdown

(S23)
where Eacroc (J mol!) is the activation energy for POC degradation, R (J mol™ K™) is the ideal gas
constant, Tqown (°C) is the bottom water temperature and Tmean (°C) is the mean bottom water
temperature. Remineralized POC was assumed to directly contribute to DIC in bottom waters. For
the Kiel Bight bottom water box, the residence time for POC was defined 10-fold lower as this box is
supposed to reflect sandy sediments depleted in POC.

Initial conditions for POC, DIC and pCO; were derived by running the model into steady state
with constant atmospheric pCO; and fixed TA. All model parameters are reported in Tables S1 and
S2. Initial conditions are reported in Table S3.

S1.2 Transport of added materials through the sediment

The transport from the sediment surface to the upper sediment layer prior to mineral addition (0 -
3.33 cm) was defined as a first-order rate constant rgansp = 0.07 d-!. Since the upper 3 ¢cm are assumed
to be well mixed, this implies that after 50 days, the material has reached a depth of 3.33 cm. Based
on the residence time of the material in the entire upper 10 cm of sediment (equal to troc), the
residence time of the added material in the lower two sediment boxes is 30 years minus 50 days. For
simplicity reasons, the initial 50 days were ignored. Assuming negligible compaction and
bioturbation in these deeper layers, the residence time (trs) in each of the lower two boxes must be
half as long as tpoc, 15 years. Furthermore, the assumption was made, that after 30 years, only 1% of
the material remains in the sediment box from which it is transported downwards. Subsequently, the
rate constant for the downward transport into deeper sediments (rwanssen, d') was calculated as:

" (%) (S24)

rtranspSED = tres

where Ciy is the initial concentration (100%) and Crinal is the concentration after rres (1%).
The burial of added material from the lower box into deeper sediment was then also defined by

T'transpSed.
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S1.3 Additional calculations

S1.3.1Calculation of calcite and dunite dissolution from the benthocosm experiments

The dissolution of calcite in the sediment was calculated from the TA fluxes measured during the
benthocosm experiments as:

0.5XAFTAmeasured (825)

Tcalmeasured = A
BET

Where AFTameasured (umol cm? d-!) is the difference between the mean flux measured in the three
calcite treated experiments and the mean TA flux measured in the control experiment for each time a
sample was taken and Ager is the BET surface of the used calcite material. 0.5 is a stoichiometric
factor as per mol of calcite, 2 mol of alkalinity are released.

For dunite the procedure was similar. Instead of a stoichiometric factor of 0.25 a factor of 0.268795
was used, based on previous dissolution experiments (Fuhr et al., 2022), to account for the iron
content in the used olivine material and subsequent loss of TA due to iron oxidation.

From these values and the measured temperature, the temperature dependences were defined as:

EActCal/DunX( 1 1 )
R Tmean Tdown

rTCal/Dun =e (826)
Where Eacicavpun (J) is the activation energy for calcite and dunite dissolution, respectively, R (J mol™
K™ is the ideal gas constant, Tmean is the mean absolute temperature in bottom waters and Tdown is the
absolute temperature in bottom waters, both in °C. Eacical was then chosen to achieve the best fit, and

compared to literature values (Naviaux et al., 2019b; Rimstidt et al., 2012). Values used for these

calculations as well as literature values are reported in Tables S4 — S7.

S1.4 Cost and efficiency calculations

51.4.1Costs for transportation

Since the large scale spreading of rock powder by ships has not been undertaken to date, the
assumptions transportation costs were adapted from inland shipping (Hofbauer and Putz, 2020).

51.4.2Cost estimates for dunite production

The primary assumption was that dunite would be acquired from Sibelco™ and produced in their
facilities in Aarheim, Norway, which is the closest available source of quarried dunite and one of the
world’s largest. Based on personal communication with Sibelco™, the CO, footprint of producing 1
mm grain size olivine is 2 kg/t (CO:baseDun). Hence, energy costs and CO»-footprints for
production were not further considered. In a second step, the energy demand for grinding olivine to a
defined grain size was calculated following Eq. 22, which is valid for the feed grain size of 1000 pm
(Strefler et al., 2018). This energy in kWh was then translated into costs and CO> emissions based on
the current energy price for industries and the current energy mix in Germany. The total CO2
footprint per ton of dunite CO:totDun was subsequently calculated as

COytotDun = Eg. X 1oy + CO,baseDun + CO,totTranspDun (S27)
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where Egis the energy for grinding in kWh, 7., is the CO2 emission per kWh of electric energy, and
COxstotTranspDun is the combined emission for transport of dunite (see section S1.3.4).

The base product price (CostBaseDun) was estimated as 30€/t based on pricing suggested by Strefler
et al. (2018). Additionally, the price for electricity and transportation was considered leading to:

CostTotDun = Eg,. X Cep + CostBaseDun + CostTotTranspDun (S28)

where CostTotDun is the final price per ton of dunite, cen is price per kWh of electricity, and
CostTotTranspDun are the total costs for transportation (see section S1.3.4). cen was reported by the
German Limestone Association (GLA) as 0.15 € kWh™!. For ren, a value of 380 g kWh'! was assumed
(Blizniukova et al., 2023). Results of these calculations are reported in Table S8.

51.4.3Cost estimates for calcite production

The cost estimates for grinding and drying of calcite were provided directly by the German
Limestone Association (GLA) and listed in Table S10. Additionally to those costs, 10 kWh for
mining were accounted for with a CO emission of 2.538 kg kWh! (Hangx and Spiers, 2009). The
base price for excavation, investment and maintenance as well as factory margins is 18.01 € t!.
The final costs and CO» emissions were then calculated by summing the respective values from
production and transportation.

S1.4.4Estimates for transport

The costs for transport were based on the location of Sibelco™ in Aarheim, Norway for dunite, and
in a near shore quarry in northern Germany for calcite, respectively. Precise values are provided in
Table S9
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S2 Supplementary Tables

Table S1: Constants used for the box model.

Term Description Value/formula Reference
: : I : 2 1 For Qcu<0.75: 107995 .
Kcaiprss First-order reaction constant for calcite dissolution (mol cm™s™) For Qc>0.75: 1012106 Naviaux et al. (2019a)
. Reaction order of calcite dissolution (- For Qcar<0.75: 4.09 ;
NCalDiss ) For Qcy>0.75:1.92 Naviaux et al. (2019a)
Kpremix Dimensionless mixing rate parameter (-) 0.08 This study
Tupwind Upwelling exchange factor (d") 0.005 This study
Kupw Constant to define upwelling as a function of mixing (-) 0.1 This study
Tox Rate of bottom water oxygen decrease (yr') 1.14 Lennartz et al. (2014)
Ir'co2 Rate of atmospheric CO; increase (yr') 2.4 Lan et al. (2024)
ratra Ratio for TA flux from natural calcite dissolution (-) 0.4 Dale et al. (2024, under review)
. . 2 Box1: 4.8 Fitted to bottom water pCO»
PP Annual primary production (mol m™yr™) Box3:3.9 Based on Balzer (1984): 3.3
Th Burial rate for POC (% of primary production) 17.5 Balzer (1984)
Tsed Sedimentation rate (cm yr™) 0.33 Nittrouer et al. (1998), Whiticar (2002)
Eaciroc Activation energy for POC degradation (J mol™) 70000 Robador et al. (2016)
Tmean Mean bottom water temperature (°C) 7.54 Melzner et al. (2013)
R Ideal gas constant (J K mol™) 8.314 -
. . . 1 This study (best fit)
Eacical Activation energy for calcite degradation (J mol™) 58500 Naviaux et al. (2019b): 25000
EAciDun Activation energy for dunite degradation (J mol™) 98500 This study (best fit)

Rimstidt et al. (2012): 66400




Table S2: Time-dependent model parameters for both upper ( x,p) and lower(Xaown). For daily resolution, these values were interpolated linearly and

repeated each year, except for oxygen (see section S1.1.2)

Time Tup Tdown Salyp Salgown Chl a (01 U10m Ypremix Fex
(@) (°C) (°C) ¢) ¢) pgL” pmol I' ms” d’ d’
0 15 8 15 22.3 3.00 48 8.85 0.003 0.5
31 19 10 16 22.7 3.50 19 8.86 0.003 0.4
62 15 12 17 22.7 4.30 17 7.94 0.003 0.3
92 12 12.5 18 22.1 5.00 80 7.00 0.005 0.05
123 9.5 9.5 19 22 5.80 170 6.77 0.09 0.001
153 5 7 19.5 21 4.50 240 6.52 0.6 0.05
184 4.5 5 19 20.5 5.00 270 6.68 0.05
215 4.5 4.5 18.5 20.3 6.00 320 6.77 0.99 0.05
243 4.7 4.5 17.5 20 10.00 322 7.38 0.6 0.075
274 5.6 4.7 16.2 20.2 5.30 250 8.40 0.2 0.1
304 10 5.2 15 20.2 2.50 180 8.60 0.02 0.21
335 13 7.2 14 21 3.00 121 8.91 0.12 0.35
365 15 8 15 22.3 3.00 48 8.85 0.003 0.5

Table S3: Initial conditions from which all other model variables were calculated.
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Box DIC TA POC PIC
(mmol kg?) (mmol kg?) (mmol m?) (mmol m?)
1 1.742 1.847 - -
2 1.842 1.847 29.1416 0
3 1.742 1.847 - -
4 18.42 1.847 0.637065 0

Table S4: TA fluxes (Fr4u.) measured during the benthocosm experiments in pmol em™2d™'. C (1-3) refers to the control experiment. Cal (1-3) refers
to calcite addition and Dun (1-3) to dunite addition.

Time (d) C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3

0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.0 0.6
15 0.0 0.6 1.2 2.5 3.7 2.5 1.9 1.9 1.2
77 0.0 0.0 0.0 1.2 1.9 1.2 0.6 0.6 0.6
133 0.0 0.0 0.0 0.6 1.9 0.6 0.0 0.0 0.0
183 0.0 0.0 0.0 1.2 1.2 1.9 0.0 0.0 0.0
224 0.0 0.0 0.0 1.9 2.5 1.9 0.6 0.0 1.2
283 0.0 0.6 0.6 1.2 1.9 1.2 0.6 1.9 1.2
345 1.9 0.0 0.0 2.5 1.9 1.2 0.6 0.6 1.2
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Table S5: Bottom water oxygen concentrations in pmol I'' and temperature in °C measured during the benthocosm experiments.

Time (d) | Temperature C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3
0 16.4 261 261 259 204 200 221 224 221 227
77 5.7 245 242 236 237 246 219 238 171 168
133 4.7 230 244 233 230 254 237 250 263 238
183 4.7 235 281 270 277 270 262 269 266 260
224 9.5 195 209 214 204 257 265 246 234 240
283 16.6 88 93 109 88 121 71 69 85 81
345 18.0 88 42 49 42 81 94 99 114 114

Table S6: pH values (total scale) measured in bottom waters during the benthocosm experiments.

Time (d) C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3
0 8.01 8.02 8.05 7.96 7.94 8.04 8.09 8.06 8.06
77 7.87 7.89 7.98 7.98 7.96 7.93 7.94 8.00 7.99
133 7.82 7.88 7.87 7.87 7.83 7.89 7.87 7.87 7.98
183 7.96 7.91 7.94 7.86 7.95 7.93 7.89 7.87 7.83
224 7.47 7.52 7.35 7.61 7.85 7.73 7.48 7.58 7.66
283 7.42 7.45 7.34 7.36 7.26 7.32 7.33 7.33 7.37
345 7.28 7.33 7.31 7.43 7.29 7.39 7.39 7.50 7.40
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Table S7: Bottom water calcium concentrations in mmol I measured during the benthocosm experiment.

Time (d) C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3
0 4.5 4.4 4.4 4.4 4.5 4.5 4.4 4.4 4.5
15 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.7
77 6.2 6.2 6.2 6.2 6.2 6.2 6.1 6.1 6.2
133 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.5 6.6
183 6.3 6.3 6.3 6.3 6.4 6.3 6.3 6.2 6.3
224 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1
283 5.4 53 5.4 5.4 5.4 5.9 5.9 5.9 6.0
345 6.6 6.6 6.6 6.6 6.6 6.5 6.6 6.6 6.6

Table S8: Cost and emission calculations for dunite. Final costs and CO; emissions include base price and emissions as well as costs and emissions

from grinding and transportation.

Aceo Grain size Eq Eq Costs (grinding) CO; (grinding) Final costs Final CO;
cm’ g (nm) (GJth (kWh t) €t (kg th €th kg th
1098.1 29.4 0.13 36.1 54 13.8 45.2 30.4
2196.2 14.7 0.29 80.8 12.1 30.8 51.9 47.4
3294.3 9.8 0.47 129.5 19.4 49.3 59.2 65.9
43923 7.4 0.65 180.9 27.1 68.9 66.9 85.5
5490.4 59 0.84 234.4 35.2 89.3 74.9 105.9
6588.5 4.9 1.04 289.7 43.5 110.3 83.2 126.9
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Table S9: Cost and emission calculations for transport.

Transport CO; Reference Costs Reference Distance (km) CO; (Transport) Costs (Transport)
(kg km™ t1) (€ km™ t1) (kg th €th
Dun Cal Dun Cal Dun Cal
Bulk carrier 0.007 Renforth (2012) 0.005 Renforth (2012) 1400 0 9.8 0 7.00 0
Rail 0.022 Renforth (2012) 0.083 GLA" 0 50 0 1.1 0 4.15
Inland ship 0.032 Renforth (2012) 0.0183 H"fbggggi Putz 150 150 4.8 4.65 2.745 | 2.745
‘German Limestone Association Total: 14.6 5.75 9.75 6.90

Table S10: Cost and emission calculations for calcite. Final costs and CO; emissions include base price and emissions as well as costs and emissions

from transportation.

AgpT G1.rain Drying Grinding Costs (electr.) CO2 (electr.) Final costs Final CO;
em’ g (Tjif) (kWh t') (kWh ') €t (kg t) €t (kg t)
5000 29.4 40.0 10.5 7.6 19.2 32.5 44.5
10000 14.7 40.0 25.2 9.8 24.8 34.7 50.1
15000 9.8 40.0 34.0 11.1 28.2 36.0 53.4
20000 7.4 40.0 40.0 12.0 30.4 36.9 55.7
25000 5.9 40.0 443 12.6 32.1 37.5 57.3
30000 4.9 40.0 47.5 13.1 333 38.0 58.6

Table S11: Overview of treatments in the benthocosm experiment.
Experiment Cal (1-3) Dun (1-3) C(1-3)
Addition (g cm %) 0.22 0.36 -
Agpr (m? cm™) 1.82 - -
Agro (m* cm™) 0.400 0.699 -
Grain size Dso=19.39 | Dso=5.85 -

Table S12: Pore water calcium concentrations in mmol I'' measured at the beginning of the benthocosm experiments. Depth 0 cm denotes bottom
water concentration. (-) denotes depths where no sample could be taken.
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Depth (cm) | C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3
0 4.44 4.43 4.42 4.39 4.41 4.39 4.40 4.40 4.39
0.5 4.45 4.43 4.44 4.42 4.42 4.39 4.38 4.40 4.38
1.5 4.44 4.42 4.50 4.42 4.47 4.41 4.41 4.41 4.41
2.5 4.45 4.46 4.58 4.55 4.61 4.42 4.53 4.46 4.42
3.5 - 4.64 5.19 4.67 4.70 4.59 4.45 4.58 4.77
5.5 4.54 4.79 5.32 4.74 5.12 4.85 5.27 4.60 5.55
7.5 4.48 5.07 5.84 4.95 5.54 - 5.81 5.40 5.74

Table S13: Pore water TA concentrations in mmol I measured at the beginning of the benthocosm experiments. Depth 0 cm denotes bottom water
concentration. (-) denotes depths where no sample could be taken.

Depth (cm) | C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3
0 1.90 1.94 1.92 1.90 1.92 1.86 1.88 1.98 1.90
0.5 1.98 1.86 1.86 1.86 2.06 2.00 1.90 1.88 1.98
1.5 2.08 1.96 2.31 1.98 2.17 2.06 1.96 2.06 2.00
2.5 2.08 2.04 2.56 2.86 2.63 2.33 2.75 2.27 2.19
3.5 - 2.54 5.09 3.55 2.88 3.07 2.11 2.69 4.05
5.5 2.17 2.67 6.90 3.96 4.40 3.48 5.44 2.71 6.26
7.5 2.29 3.17 14.60 4.65 6.48 - 7.92 - 6.96
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Table S14: Dissyoc values (cm) calculated based on the pH profiles obtained during the benthocosm experiments.

Time (d) C1 C2 C3 Call Cal2 Cal3 Dunl Dun2 Dun3
0 3.0 1.8 1.3 24 2.9 1.8 1.4 2.6 0.8
77 1.7 1.5 0.4 0.3 1.6 0.1 0.8 0.1 0.2
133 1.6 3.1 1.8 1.5 2.5 0.2 1.2 0.5 1.2
183 0.1 0.3 0.2 0.6 0.7 0.0 0.3 0.5 0.2
224 2.5 33 2.8 23 1.5 0.1 3.0 1.1 1.6
283 0.1 0.1 0.4 0.4 0.7 0.3 0.7 0.5 0.4
345 2.5 24 0.7 0.1 1.7 0.1 0.2 0.0 0.7
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S3 Supplementary figures
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Figure S1: Additional CO; uptake for all BET surfaces and calcite addition scenarios over the
entire modelling period. Thickness of lines represents the amount of added material.
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Figure S2: Additional CO; uptake for all geometrical surfaces and dunite addition scenarios
over the entire modelling period. Thickness of lines represents the amount of added material.
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