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ABSTRACT

Carbon dioxide removal (CDR) technologies at a gigaton scale need to be developed and implemented within the
next decades to keep global warming below 1.5 °C. Coastal enhanced silicate weathering is one of the proposed
CDR techniques that aims to accelerate the natural process of COj-sequestration during marine chemical
weathering of silicate minerals. To this end, finely ground rock containing olivine (MgyFez_,SiO4) could be
dispersed in dynamic coastal environments, where local biotic and abiotic factors potentially enhance the
weathering process. However, accurate predictions of the olivine dissolution rate and the associated COy
sequestration under in situ conditions are currently lacking and ecosystem impacts remain to be assessed. Pre-
viously, it has been hypothesized that in situ grain collisions, induced by bed load transport due to currents and
waves, could accelerate the in situ chemical weathering of olivine particles. To examine this, we investigated the
effects of continuous grain tumbling on olivine dissolution in natural seawater. A 70-day experiment was con-
ducted in which forsterite olivine sand was continuously tumbled in filtered seawater at different rotation speeds,
and dissolution rates were measured on a weekly basis. Results showed that continuously tumbled olivine dis-
solved 8 to 19 times faster compared to stagnant (no rotation) conditions. Olivine dissolution was complete and
stoichiometric (except for Ni release), air-seawater CO2 exchange was not significantly rate limiting, and minimal
particle fragmentation and secondary mineral formation were observed. Hence, we infer that olivine weathering
was mainly enhanced via advective pore water flushing, which limits saturation effects at the grain scale.
Overall, this study provides evidence that ambient physical stresses in coastal environments could enhance
marine silicate weathering, which has implications for both the natural silicon cycle as well as the use of
enhanced coastal weathering of silicates as a CDR technique.

1. Introduction

Montserrat, 2017; Minx et al., 2018). The underlying idea is that rela-
tively coarsely ground particles (<150 um grains) of suitable silicate

To constrain the adverse effects of climate change, the Paris Agree-
ments foresee strong carbon dioxide (CO2) emission cuts (UNFCC,
2015). Yet, such traditional mitigation in itself will not be enough, as
climate stabilisation by 2100 also requires the implementation of active
and large-scale carbon dioxide removal (CDR) from the atmosphere
(Minx et al., 2018). A proposed technique for large-scale CDR is ocean
alkalinization via coastal enhanced silicate weathering (CESW) (Hangx
and Spiers, 2009; Schuiling and De Boer, 2011; Meysman and
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rock are distributed in coastal environments, and that the local dynamics
within these systems (including currents, waves, biota) help to speed up
the process of natural chemical weathering (Meysman and Montserrat,
2017). During chemical weathering of a silicate mineral, alkalinity is
released (i.e. protons are consumed), which drives additional transfer of
atmospheric COs to the surface ocean followed by storage as bicarbonate
(HCO3) (Eq. (1) and (2) of Table 1) (Schuiling and Krijgsman, 2006;
Meysman and Montserrat, 2017). Olivine (Mg,Fes_,SiO4) has received
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Table 1
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Chemical reactions relevant for enhanced olivine weathering in seawater. The olivine dissolution, seawater acid-base equilibrium, and possible secondary mineral

formation reactions are shown.

Olivine dissolution
Seawater acid-base equilibrium

Aragonite/calcite

Ferrous iron (Fe®") oxidation
Iron(IIl) hydroxide

Sepiolite

Serpentine (chrysotile)

Mg, Fey »SiO4 + 4H"— x Mg?* + (2 — x)Fe?* + H4SiO4 m
CO,(aq) + H,0=HCO; + H*=C0% + 2H" @)
Potential secondary mineral formation

Ca?* + 2HCO; »CaCO; + CO, + H,0 ©)]
Fe*t + 0.250, + HY 5Fe®* + 0.5H,0 4
Fe** + 3H,0—Fe(OH); + 3H' (5)
2Mg?* + 3H,48i04—Mg,Si307.5(OH)(H20); + 4H* + 0.5H,0 (6)
3Mg2* + 2H4Si04 + H,0—Mg;SiOs5(0H), + 6H" 7
3Mg2* + 4H,4Si04 + 4H20—-Mg;SisO10(OH), + 6H* ®

Talc

most attention for CESW application, as it is globally abundant and
combines a relatively fast weathering rate with a theoretically high CO5
sequestration potential (Schuiling and Krijgsman, 2006; Hangx and
Spiers, 2009; Kohler et al., 2010; Schuiling and De Boer, 2011; Hart-
mann et al., 2013; Taylor et al., 2016; Meysman and Montserrat, 2017;
Montserrat et al., 2017). However, before CESW can be utilised as a CDR
approach, two main uncertainties remain to be addressed, namely
environmental impacts and the effectiveness of CO; sequestration
(Meysman and Montserrat, 2017).

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

The CO; sequestration rate of olivine (Rco,) describes the amount of
CO, that is removed from the atmosphere during olivine dissolution
within a given application area per unit time (e.g. umol CO; per m? of
application area per second). It can be written as:

net

Reo, = 78,Ri = [(6DIC/8TA) co,amad(1 — &)] A (1 - @)C] ©

net

This expression features the net COy sequestration efficiency yy,
(umol CO; sequestered per pumol of olivine dissolved) and the olivine
dissolution rate R; (Meysman and Montserrat, 2017). The former de-
scribes the net amount of CO5 that is sequestered upon dissolution of a
given amount of olivine, and can be written as
7¢6, = (8DIC/STA) o, ara4(1 —€) (Moosdorf et al., 2014; Meysman and
Montserrat, 2017; Fuhr et al., 2022). In this ((SDIC/(STA)pCOZ represents
the amount of atmospheric CO3 sequestered upon the addition of 1 pmol
of alkalinity to the coastal ocean (umol DIC umol ™! TA). This thermo-
dynamic quantity is dependent on the partial CO, pressure (pCO53) in the
atmosphere, and the salinity, temperature, and chemical composition of
the local seawater (Hofmann et al., 2009). Likewise, the dimensionless
factor ar, accounts for the alkalinity released during olivine dissolution.
In the idealized case, 4 umol of alkalinity are released per umol of olivine
(Egs. (1) and (9)), though in practice, dissolution may not be complete
(e.g. providing serpentine rather than dissolved silicate) or secondary
reactions may scavenge alkalinity (Fuhr et al., 2022). The factor ars
accounts for this and ranges between 0 and 1, where the maximum value
1 is attained at complete olivine dissolution and no secondary reactions
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removing alkalinity. The factor ¢ accounts for CO emissions resulting
from mining, grinding, and transportation (Moosdorf et al., 2014). The
olivine dissolution rate R; is in itself dependent on the olivine dissolu-
tion rate constant k; (pmol olivine m=2 s71), the reactive surface area A
(m? g1), the pore water saturation state £ with respect to olivine, and
the olivine loading C, which represents the amount of olivine per unit of
area (g per m? of application area) (Eq. (9)) (Meysman and Montserrat,
2017). The olivine loading depends on the amount of source rock
deployed per unit area and the silicate rock composition (i.e. the olivine
content).

To properly assess the feasibility of coastal enhanced silicate
weathering, all the factors featured in Eq. (9) should be properly con-
strained under realistic application conditions. Olivine dissolution rate
constants have been extensively investigated under idealized laboratory
conditions (i.e. ara = 1 and Q = 0), as reviewed previously (Pokrovsky
and Schott, 2000b; Hangx and Spiers, 2009; Rimstidt et al., 2012;
Oelkers et al., 2018). The main factors influencing k; are solution pH and
temperature (Rimstidt et al., 2012; Oelkers et al., 2018). Note however
that most data originate from laboratory experiments with idealized
electrolyte solutions (e.g. NaCl solutions), rather than actual seawater.
Currently, only three studies have investigated olivine dissolution in
artificial or natural seawater (Montserrat et al., 2017; Rigopoulos et al.,
2018; Fuhr et al., 2022).

Within actual CESW applications, olivine dissolution will occur on or
in a coastal seabed, where biological and hydrodynamic processes could
significantly affect olivine dissolution and associated CO, sequestration
(Meysman and Montserrat, 2017). Overall, the effect of these natural
biological and hydrodynamic processes on key parameters in Eq. (9),
related to kinetics (k;), effective alkalinity release (ara) and potential
saturation effects (Q), remain largely unexplored. Yet, this information
is critically needed for relevant application conditions as to make ac-
curate predictions on the CO, sequestration potential and environ-
mental impacts of coastal enhanced olivine weathering (Meysman and
Montserrat, 2017).

One important aspect is physical grain abrasion. In shallow marine
systems, current and wave induced sediment saltation could potentially
lead to significant grain abrasion and development of cracked surfaces
(Schuiling and De Boer, 2011; Madhavaraju et al., 2021). This grain
abrasion could prevent formation of cation depleted layers, which are
known to slow down olivine dissolution (by decreasing k;), or prevent
secondary surface precipitates, which could scavenge alkalinity (by
decreasing ata) (Meysman and Montserrat, 2017; Oelkers et al., 2018).
Furthermore, grain fragmentation would increase the olivine surface
area exposed to seawater (increasing A), and therefore enhance the
olivine dissolution rate (see Eq. (9)) (Oelkers et al., 2018). Once olivine
becomes mixed in the surface sediment, saturation affects which slow
down olivine dissolution could be prevented by advective pore water
flushing (decreasing Q) (Schuiling and De Boer, 2011; Meysman and
Montserrat, 2017). Finally, waves and currents are essential for ocean
mixing (Bates et al., 2001), which is needed to transport CO; deficient (i.
e. TA rich) bottom water to the ocean surface for atmospheric CO5



G. Flipkens et al.

uptake and equilibration (Bach et al., 2023). This CO, uptake constraints
the seawater pH increase (and k; decrease) as seen from Eq. (2).

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

2. Material and methods
2.1. Agitation experiments
A 70-day experiment was conducted, in which a mixture of dunite

sand and natural seawater was continuously agitated in commercially
available rotary tumblers (“Rock Tumbler”, Shandong Qiyang Tools Co.,

Stagnani olivine

Low rotation
olivine

-c----*

2-L HDPE bottle

................ e

High rotation
olivine
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Ltd) (Fig. 1). The experiment was conducted in a darkened and
temperature-controlled (15 °C) room under ambient pressure (~1 atm)
and ambient CO, levels (~415 ppm). VANGUARD refractory grade
dunite sand was obtained from the Sibelco mine in Aheim (Norway).
This dunite sand is composed of 90.54 wt% olivine, of which 93.4% is
forsterite (Mg2SiO4) and 6.6% is fayalite (FexSiO4) (Table 2; see sup-
plementary section SI 1.1 and 1.2 for characterization procedure), and
the experiments using this sand will be further referred to as “olivine
treatments”. Natural seawater (salinity 33 + 0.3%o0) was collected two
weeks prior to the start of the experiment from the North Sea coast (Sea
Life Centre, Blankenberge, Belgium). Seawater was filtered through 0.2
um pore-size cellulose acetate filters (OE66, Whatman) and stored in 20
L high density polyethylene (HDPE) containers in the dark at 15 °C until
further use. Before experimental use, all equipment was immersed in 2
V/V% HCl (VWR International) for at least 24 h and subsequently
thoroughly rinsed with ultrapure Milli-Q (MQ) water (Merck).

At the start of the experiment, HDPE bottles (2 L volume, Lamaplast,

Fig. 1. Experimental set-up consisting of 11
bottles filled with a fixed amount of dunite sand
and a fixed volume of filtered natural seawater.
Bottles are rotated in commercial rock tumblers.
Olivine treatments were conducted in triplicate
and rotated at a rotation speed of 0 (stagnant), 18
(low rotation), or 54 (high rotation) rotations per
minute (RPM). A seawater control without
olivine was set up in duplicate and rotated at 54
RPM. A hole in the bottle cap allows gas exchange
with the atmosphere during incubation.

~4mm hole
(for gas exchange)

w' ~4.2 cm filtered seawater

Lr

"
.
L

“* ~1 cm dunite sand

Rotated at a speed of
0, 18, or 54 RPM
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Table 2

Characterization of the forsterite dunite sand used in the experiment. Mineral
composition (based on TIMA high-resolution mapping), elemental composition
(ICP-OES analysis), and textural composition, including grain size distribution
(laser diffraction particle size analysis), specific surface area (geometric and
Brunauer-Emmett-Teller (B.E.T.)), and mineral density are given. Details about
the geochemical analyses of the olivine are given in supplementary section SI 1.1
and SI 1.2. Note that oxygen makes up the remaining approximately 44 wt% of
the dunite elemental composition.

Mineral composition Unit Value
Olivine (Fog3) wt% 90.54
Enstatite “ 6.02
Diopside 0.86
Clinochlore “ 0.85
Biotite “ 0.15
Pentlandite 0.05
Pyrope “ 0.02
Quartz “ 0.01
Others « 1.48
Textural composition

Dio pm 84 +1
D20 pm 99+ 1
D50 um 136 £1
D80 pm 186 + 2
D90 pm 216 + 2
Geometric specific surface area m?/g 0.0161 £ 0.002
B.E.T. specific surface area m%/g 0.9+ 0.1
Mineral density gem 3.3
Elemental composition

Mg wt% 30.4

Si “ 20.0

Fe 5.0

Cr 0.30

Ni « 0.25

Al 0.081
Mn 0.068

K « 0.025
Ca “ 0.018
Co 0.011
Ti « 0.0060
Zn « 0.0066

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

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

87

Geochimica et Cosmochimica Acta 359 (2023) 84-99

secondary mineral formation, grain surface dissolution features, and to
quantify total extractable metal concentrations.

The weekly water sampling was conducted according to the
following procedure. Immediately after removing the bottle from the
rock tumblers, 50 ml of seawater was collected with a 20 ml syringe and
filtered (0.2 um pore size, Chromafil XTRA PES-20/25, Macherey-Nagel)
for DIC analysis. This filtered seawater was stored in 50 ml Falcon tubes
without headspace at 4 °C until further analysis within a week. Subse-
quently, the HDPE bottle was briefly put on a magnetic stirrer to create a
homogeneous suspension. This was done to take standardized samples
for the analysis of suspended sediment (and hence to verify whether
abrasion led to small particle fragments). After allowing the majority of
the sediment to settle for 20 s, either 140 or 220 ml (depending on the
sample turbidity) of the supernatant was transferred to a 250 ml glass
beaker. Water samples were always collected while the HDPE bottle was
positioned on a balance (Sartorius CP4202S) to accurately determine the
mass of seawater removal.

Subsequently, while stirring the supernatant solution in the glass
beaker, a 40 ml sample was passed through a 0.2 pm pore size filter
(OE66, Whatman) for dissolved metal analysis. Next, a volume of 20 ml
or 100 ml (depending on the sample turbidity) of the unfiltered sample
was collected for suspended sediment particle size analysis. Afterwards,
the stirring was halted and the solution in the glass beaker was allowed
to settle for 10 min before an unfiltered 20 ml seawater sample for pH
and conductivity measurements was taken. Finally, the remaining 60 ml
of seawater was filtered with 0.2 um PES membrane filters and stored at
4 °C for TA analysis the subsequent day.

After sampling, the remaining seawater in the HDPE bottle (~400
ml) was gently removed with minimal loss of sediment (as discussed in
supplementary section SI 2.6). The mass of the HDPE bottle was again
determined to assess seawater removal. Subsequently, new filtered
seawater was added to a total water volume of 700 ml, and HDPE bottles
were put back onto the rock tumblers. This way, a new accumulation
session could be started.

2.2. Geochemical solute analyses

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

The DIC concentration was determined with a Total Organic Carbon
Analyzer (Shimadzu TOC-VCPH). For quality control, an ultrapure MQ
water sample and 50 mg C/L TIC standard (Bernd Kraft) were included
at the start and end of the analysis. The relative standard deviation
(RSD) was better than 7.1% for all samples. Total alkalinity (TA) was
analysed via an open cell potentiometric titration with 0.1 M HCI using
an automated titrator setup (888 Titrando, Metrohm). The TA was
determined from the titrant volume and electromotive force measure-
ment by the pH electrode using a non-linear least-squares method ac-
cording to Dickson et al. (2007) with RSD values smaller than 1.6%.

Seawater samples for dissolved metal analysis were acidified with
TraceMetal™ Grade 67-69% nitric acid (Fisher Scientific) to a final acid
concentration of 1.4 V/V% and stored at —20 °C to minimize adsorption
before further processing. Samples were diluted 20 times or 100 times
(only for Na) with 3 V/V% HNOg3 to minimize matrix effects during
analysis. Element concentrations were analysed by HR-ICP-MS (Element
XR, Thermo Scientific). For quality control, NIST SRM 1640a certified
reference samples (Merck) and procedural blanks (3 V/V% HNO3) were
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included in the analysis. A maximum RSD of 5% was allowed for the
measurements.

2.3. Solid phase analysis

Grain size distribution was determined for the suspended sediment
during weekly sampling (see Section 2.1) as well as for the bulk sedi-
ment at the start and end of the experiment. Suspended sediment was
not pre-treated before analysis. Recovered bulk olivine sediment was
gently rinsed with MQ water and dried at 60 °C for three days. Grain size
distribution was determined with a laser diffraction particle size
analyzer (Mastersizer 2000, Malvern Panalytical) according to standard
operating procedures. Measurement RSD was lower than 16% for all
grain size classes.

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

2.4. Grain surface imaging

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

2.5. Olivine dissolution and CO> sequestration rate calculations

Olivine dissolution was tracked in weekly accumulation sessions,
during which weathering products could accumulate in the overlying
seawater. Concentrations of specific compounds C* (umol/L, with i =
TA, DIC, DSi, DNi) were measured at the end time point t; of each session
k (C* = Ci(t)) and are provided in the supplementary Excel file. The
accumulation AN¥ (expressed in pmol) of a given compound i within a
given session k is given by the mass balance expression

AN}: = VOW(tkfl)(Ci(Tk) - CIASW control (g, ) ) + Vow (ti—1) (Ci(t) — Ci(ti1) )
(10)

Here we assume that during water renewal, the pore water retains
the concentration from the previous session C;(t_1 ), while the overlying
water is replaced with new stock solution. Furthermore, CASY «ontrol(g; )
represents the concentration in the seawater control at timepoint t;. The
quantity Vow(tk—1) represents the volume (expressed in L) of stock
seawater solution added at the start of a new session and is determined
from the added seawater mass mgw and the seawater density psw
(Vow = Mow/psw)- The volume of pore water that remained in the
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sediment Vpw (tx_1) was calculated from the mass of the filled (mpg) and
empty (mgg) bottle, the initially added olivine mass (molivine), and the
seawater density according to

) _ mBF(tk—]) — MBE — Molivine

11

Vew (ti1
Psw
The accumulation AN® was subsequently normalized to the molar
amount of olivine via
ANF

Mdunite Polivine

Moivine

AN = 12

where ANT is the normalized accumulation (umol/mol olivine), Mgynite
the mass of dunite sand (expressed in g), @olivine its olivine fraction
(0.9054, Table 2), and Myjjvine the molar mass of the Fogs olivine Myjivine
(144.88 g mol ™).

The pH excursion ApH(t;) is defined as the pH difference with
reference to the pH of the added seawater pHyy,

ApH () = pH (1) — pHsy

Using expression (10), we can calculate the compound specific
olivine dissolution rate (expressed in umol of olivine s via

13

AN

R ==

14

where v; represents the theoretical stoichiometric coefficient (expressed
in umol/umol olivine) for the specific compound in the olivine sand that
we used (vga = 3.73, vpic = 3.06, vpsi = 1, and vpy; = 0.0061; Section
SI 1.2 provides details on the derivation of these stoichiometric co-
efficients). The session time (t; —tx_;) was equal to 7 days (604800 s). In
general, the olivine dissolution rate can be described by the kinetic rate
expression

Ri(t) = Movineki (1) A (1) (1 — Q())

In this, myj,ine represents the initial mass of olivine derived from the
mass of dunite sand and its olivine fraction (Myjivine = Maunite Pojivine)> Ki(tk)
is the dissolution rate constant (umol olivine m 2 s’l), A is the specific
surface area of the mineral grains (m?/g) and Q(t) is the mineral
saturation state (dimensionless). Using Eq. (15), we calculated k; values
from R; values, assuming that solutions were always far from equilib-
rium (Q(t) < 1) and using the geometric surface area Aggo (0.0161 m%/
g) of fresh olivine as calculated from the measured grain size distribution
(see supplementary section SI 1.4). Experimentally determined k; values
were compared to those predicted by the empirical rate expression for
the olivine dissolution rate constant (mol m 2 s~1) given by Rimstidt
et al. (2012)

(15)

— 10*07-0256pH(1) —3463 (16)

koli\'ine

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

The CO, sequestration rate (expressed in umol CO; d™1) can be
calculated from the alkalinity release rate via

RCOg =7co, Rra 17

In this, y¢,, denotes the CO sequestration efficiency, i.e., the molar
amount of CO; sequestered (expressed in umol) per umol of TA released
during olivine dissolution. The CO5 sequestration efficiency can be
directly derived from the accumulation data of DIC and TA as

Yco, = AN]E)IC/AN";'A (18)

For comparison, the CO; sequestration efficiency was also theoreti-
cally calculated from the applicable carbonate system relation in
seawater, i.e. as yco, = (ODIC/0TA) 0, _420,m at the incubation tem-
perature (15 °C) and salinity (33%o) using the R package AquaEnv
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(Hofmann et al., 2010).

Finally, the seawater pCO, values were calculated using the carb
function of the seacarb package in R with measured seawater pH and TA
as input values. Additionally, seawater salinity, temperature, hydro-
static pressure (0 bar), and dissolved Si concentrations were taken into
account and other settings were kept default.

2.6. Saturation state calculations

For a given mineral, the saturation state Q is the ratio of the actual
ion activity product and the solubility product. Mineral Q(t;) values
were calculated in PHREEQC Interactive (version 3.7.3-15968) using
the thermodynamic data from the LLNL database (Parkhurst and
Appelo, 2013). The saturation index was subsequently calculated as SI
(t) = 1og10(Q(tx)) (undersaturation occurs at SI (&) < 0, supersatura-
tion at SI (&) > 0). Weekly measured values of seawater temperature,
TA, pH, and concentrations of major (Cl, Na, Mg, SO4, K, Ca) and minor
and trace elements (Ni, Cr, Mn, Fe, Cu, Zn, Pb, Cd, Si) were used as input
data for the calculation of Q(t). Concentrations of Cl and SO4 were not
analytically determined but derived from the chemical composition of
natural seawater (fixed ratio with measured Na concentrations) (Hem,
1985).

2.7. Modelling olivine dissolution and secondary mineral formation

Rates of olivine dissolution and secondary mineral precipitation
were modelled with Wolfram Mathematica using the kinetic box model
presented by Fuhr et al. (2022). This model implements olivine disso-
lution via the rate equation provided by Rimstidt et al. (2012), and ac-
counts for precipitation of the secondary phases aragonite/calcite,
sepiolite, chrysotile, talc and Fe(OH)3 through saturation state calcula-
tions. The model was adapted to the current conditions accounting for
the rock water ratio, flask and sample volumes used in the experimental
set-up.

The exchange of the entire water volume after each accumulation
session may have led to the removal of small colloids, thus diminishing
the available nuclei for formation of secondary mineral phases. For
secondary precipitation reactions, the pre-factor ¢, that defines when
and how fast precipitation of mineral i starts in Eq. (3) by Fuhr et al.
(2022) was changed to:

1
Eprel; = Kpre, <1 - . ',,"‘) (2—k2m,r)
e’ri

where k., is a kinetic rate constant, a; defines the time delay of the
precipitation and p; steers the speed of the precipitation reaction. The
tuning variable k2., was added to the original Eq. (4) by Fuhr et al.
(2022) to simulate a decrease in precipitation rates which can occur
after the exchange of the water volume. Thus, with the combination of
the two terms the model can simulate secondary mineral precipitation
over a certain period of time. The other equations were used as in the
original (see Fuhr et al. (2022) and supplementary section SI 1.6 for
details). The constants used for the model calculations are listed in
Supplementary Table S6.
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2.8. Statistical analyses

All data are reported as mean and range values. Figures were con-
structed in GraphPad Prism version 9.4.0 for Windows. Statistical ana-
lyses were conducted in RStudio (version 1.2.5001) using R version
4.2.1 (R Core Team, 2022). To avoid the assumption of normally
distributed data based on few replicate measurements, a non-parametric
Kruskal-Wallis ANOVA was used to investigate differences in Mg/Si
ratio, Agro, TIC, and olivine weight loss among treatments. Equal
variance of residuals (i.e. homoscedasticity) was assessed visually with
residual plots and statistically with Levene’s test. Post hoc multiple
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comparisons were performed with the Dunn’s multiple comparisons
test. Adjustment of p-values was done using Benjamini-Hochberg’s
method. Results were considered statistically significant when p-value
<0.05.

3. Results
3.1. Olivine dissolution in seawater under agitated conditions

Our results show a clear impact of continuous tumbling on the
olivine dissolution rate, as shown by the accumulation of the two main
weathering products DSi and TA (Fig. 2). In the stagnant treatment,
significant DSi and TA accumulations were only observed during the

first week (Fig. 2A and C). In contrast, weekly accumulation values Aﬁf
for DSi and TA were significantly higher in the rotation treatments
compared to the stagnant treatment on most sampling days (Fig. 2A-D).
At day 70, cumulative TA accumulation was respectively 5.3 and 6.8
times higher in the low and high rotation treatment compared to the
stagnant treatment (Fig. 2B). Similarly, continuous rotation enhanced
DSi accumulation by a factor of 4 to 5.6 compared to stagnant conditions
(Fig. 2D).

The olivine dissolution rate showed a marked dependence on time.
Immediately after adding seawater to olivine, we already observed a
notable increase in DSi and TA (Fig. 2A and C). Moreover, at the first
consecutive sampling point (day 7), accumulations of TA and DSi were
considerably higher compared to most other sampling days (Fig. 2A and
C). After two weeks, TA and DSi accumulations remained relatively
constant in time in the low rotation treatment (Fig. 2A and C), thus
providing linear cumulative curves (Fig. 2B and D). In the high rotation
treatment, there was a decreasing trend in TA and DSi accumulations
(Fig. 2A and C), which resulted in a flattening of the cumulative curve
near the end of the experiment (Fig. 2B, D). Negative accumulation
values are the result of uncertain pore water reaction product concen-
trations (Eq. (10)) and possible phyllosilicate formation (Section 3.2).

DSi and TA accumulations were strongly correlated, thus suggesting
stoichiometric olivine dissolution (Fig. 2E). Theoretically, 4 mol of TA
and 1 mol of DSi should accumulate upon complete dissolution of 1 mol
of forsterite olivine in the absence of secondary mineral formation
(Table 1). However, in addition to Mg-bearing forsterite, olivine con-
tains a fraction of Fe-bearing fayalite (here 6.6%). Under oxic condi-
tions, the Fe?* released during dissolution of fayalite will be oxidized,
which reduces the TA/DSi release ratio to 3.73 for the experimental
olivine (dashed line in Fig. 2E; supplementary section SI 1.2). While
there is some variability, this expected relationship compares well with
the experimentally observed TA/DSi ratio (slope = 3.43), thus sug-
gesting stoichiometric olivine dissolution for TA and DSi.

3.2. Potential of secondary mineral formation

The pH response is fully in line with the expected response of the
seawater carbonate system towards TA changes (i.e. higher TA induces
higher pH at constant pCO3). Immediately after olivine addition, the pH
of the overlying seawater became significantly elevated (ApH(ty = 0) =
0.19-0.24) in all olivine treatments compared to the seawater control
(Fig. 3A). At subsequent sampling times, the observed pH excursion
ApH(t;) gradually decreased in the stagnant treatment (Fig. 3A). For the
low rotation treatment, ApH(ty) varied between 0.14 and 0.39 with peak
values on day 7 and day 63. For the high rotation treatment, ApH(ty)
varied between 0.09 and 0.35, and showed a peak value on day 7 and a
decreasing trend on later sampling days (Fig. 3A).

Changes in seawater chemistry during olivine dissolution can alter
saturation indices of various mineral phases (e.g. aragonite and phyl-
losilicates) (Griffioen, 2017; Fuhr et al., 2022). The aragonite SI(t;) was
positive for all treatments throughout the experiment (Fig. 3B). Little
variation in aragonite SI was observed in the seawater control (SI(tx) =
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Fig. 2. Weekly (A, C) and cumulative (B, D) accumulation of (A, B) total alkalinity (TA) and (C, D) dissolved (<0.2 pm) silicon (DSi) in natural filtered (<0.2 um)
seawater. Mean values with range (N = 3) are shown. (E) The theoretical (black dashed line, TA/DSi ratio = 3.73) and observed relationship between TA accu-
mulation (umol) and DSi accumulation (umol) is given. (A, C) Dashed lines for TA and DSi accumulation represent kinetic box model results.

0.29-0.42 or Q(tx) = 1.9-2.6). Immediately after the start, the stagnant
olivine treatment showed a marked increase in aragonite SI(t;) (SI(t) ~
0.58 or Q(t) ~ 3.8) compared to the seawater control (Fig. 3B), after
which it gradually decreased to the seawater control values (Fig. 3B). In
the low rotation and high rotation treatments, the aragonite SI(t) also
showed a steep initial increase, but remained elevated and varied be-
tween 0.49 and 0.90 (Q(tx) = 3.1-8.0) (Fig. 3B).

The SI(t;) for forsterite (Mg2SiO4) remained relatively constant and
was negative throughout the experiment, thus indicating conditions that
promote olivine dissolution (Fig. 3D). Between day 14 and 35, DSi
concentrations dropped below the detection limit (0.36 pmol/L) thus
providing anomalous SI(t;) values in the controls. The SI(t;) for amor-
phous ferrihydrite was negative for the seawater control and close to
0 for the olivine treatments throughout the experiment (Fig. 3C).
However, these SI(t) values should be interpreted with caution since
high dissolved Fe concentration in olivine treatments (Supplementary
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Fig. S3D) suggest sampling of nanoparticulate Fe(OH)3.The SI(t) for
sepiolite was relatively constant in the rotation treatments and remained
at an elevated values (SI(tx) 1.5-7.8 or Q(t) 32-6.3E+07)
throughout the experiment (Fig. 3E), thus signifying the potential of
sepiolite formation. The SI(t) values of talc (Mg3Si4O10(OH)2), chrys-
otile (MgsSioOs5(OH)4), calcite (CaCOs) and amorphous silica
(SiOy(am)) are shown in Supplementary Fig. S2.

3.3. Grain scale dissolution features

The olivine surface Mg/Si ratio was analysed to assess the presence
of cation depleted layers which could significantly reduce mineral
reactivity (Meysman and Montserrat, 2017; Oelkers et al., 2018). The
Mg/Si ratio on individual olivine grains showed considerable variation,
ranging between 1.0 and 3.1 in all olivine treatments (Fig. 4A). The
median Mg/Si ratio was significantly higher in the stagnant (2.26, P <
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calculated from experimental data in PHREEQC V3 using the LNLL database. Mean values with range for olivine treatments (N = 3) and seawater control (N = 2)

are shown.

0.001), and high rotation (2.25, P = 0.0071) treatment, but not the low
rotation treatment (2.16, P = 0.23) compared to fresh olivine (2.12)
(Fig. 4A). It is important to note that differences in median Mg/Si ratios
were relatively small, even though they were found to be statistically
significant. Fresh olivine grains analysed via SEM-EDX showed smooth/
featureless grain surfaces, angular edges, and a large variation in grain
shapes (ranging from rod-like to spherical) (Supplementary Fig. SS8A-C).
The fresh olivine also showed a small amount of alteration products
(possibly hydrous minerals like serpentine, chlorite, or amphibole),
which likely developed during natural long-term weathering before the
dunite was mined (Supplementary Fig. S9) (Jung et al., 2020; Jung et al.,
2021). Some of the fresh olivine grains exhibited cracks and damaged
grain edges, which may originate from the mechanical crushing process
during dunite sand production (Supplementary Fig. S9). Olivine grains
that were retrieved from the rotation treatments at the end of the
experiment showed an increase in surface dissolution features (e.g. etch

91

pits and striation-like features) compared to fresh and stagnant olivine
(Fig. 4C-E and Supplementary Figs. S8 and S9). Additionally, damaged
grain edges and a higher abundancy of microcracks were observed in-
side some of the weathered olivine grains compared to fresh olivine
grains (Fig. 4B and Supplementary Fig. S9). Still, we could not establish
a significant statistical difference in microcrack frequency or size be-
tween stagnant and rotation treatments (Supplementary Fig. S9).

SEM images of fresh olivine grains revealed the presence of small
(<10 pm) adhering olivine particles on larger grains (Figs. 4C and 5A).
These small particles were absent on olivine recovered from stagnant
and rotation treatments at the end of the experiment (Figs. 4D-E and
5A). The median (D50) and 90th percentile (D90) grain diameter (D50)
decreased significantly in the stagnant (D50 = 133 pym, P = 0.049, D90
=210 pm, P = 0.010) and low rotation (D50 = 134 um, P = 0.024, D90
= 210 pum, P = 0.0070) treatments compared to fresh olivine (D50 =
136 um, D90 = 216 pm). For the 10th percentile grain diameter (D10),
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Fig. 4. (A) Box and whisker plots of the magnesium to silicon (Mg/Si) ratio on the surface of fresh (N = 100 spots) and experimental olivine grains (N = 50 spots),
and scanning electron microscopy (SEM) images of (B) a cracked olivine grain of the high rotation treatment, olivine grain of the (C) fresh, (D) stagnant, and (E) high
rotation treatment. Note the presence of small adhering particles on fresh olivine (C) and etch pits (E-1) and striation-like features (E-2) on weathered olivine.

Whiskers in (A) represent the minimum and maximum Mg/Si ratio.

no significant differences among treatments were found (H(3) = 3.74, P
= 0.29). No significant difference in D10, D50, or D90 was observed
among recovered experimental olivine samples (Fig. 5A).

Over time, a shift towards larger suspended sediment particles was
observed in the high rotation treatment (Fig. 5B). SEM-EDX analysis
showed that suspended particles were mainly olivine (Fig. 5C). Sec-
ondary minerals were not found, although they were possibly present in
minor amounts given the supersaturated conditions (Fig. 3). At day 0,
water samples taken after stirring and subsequent settling for 20 s were
dominated by olivine particles smaller than 16 ym (Fig. 5B, C). The
median suspended grain diameter increased from 10 pm at day O to 51
um at day 70 (Fig. 5B). Similar trends were observed for the stagnant and
low rotation treatments and are discussed in supplementary section SI
2.6. Loss of suspended particles during weekly sampling and water re-
newals likely explains the shift towards larger suspended grains. Ac-
cording to Stokes’ law, all grains with a diameter smaller than 70 um
(6% of the total sediment volume) could have been removed during
sampling (supplementary section SI 2.6). However, observed total loss
of dunite mass was more limited (2.1 & 0.44 wt%, Table S3).

3.4. Trace metal release

A relatively constant weekly Ni accumulation was observed in the

stagnant treatment (ANEM = 1.2 umol mol™" olivine; range 0.59-1.7
umol mol ! olivine) (Fig. 6A). Until day 28, dissolved Ni accumulations
did not differ significantly among olivine treatments (Fig. 6A). After-
wards Ni accumulations were significantly higher in the rotation treat-
ments compared to the stagnant treatment, following a similar temporal
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trend as dissolved Si accumulations (Fig. 2C).

Dissolved chromium (DCr) accumulation was approximately 10
times lower than DNi accumulation (Fig. 6B). It was elevated, but var-
iable at the start of the experiment, and then decreased, with no sig-

nificant difference among olivine treatments (ANEC, = —0.017 - 0.31
umol mol~! olivine) (Fig. 6B). From day 49 onwards, DCr concentrations
remained below detection limit (0.38 nmol/L) in all treatments
(Fig. 6B). Results for other metals (Fe, Cu, Cd, Zn, Pb, and Mn) and major
elements (Na, Mg, Ca, and K) can be found in supplementary informa-
tion (Sections SI 2.2 and SI 2.3).

3.5. COg sequestration

Our results showed that CO5 was sequestered from the atmosphere in
response to an increased TA accumulation. DIC accumulation in the
stagnant treatment remained low throughout the experiment (Fig. 7A).
The limited DIC accumulation during the first days of the experiment
can be explained by the relatively slow CO invasion in seawater given
the reduced pCO, values in all olivine treatments compared to the
seawater control (Fig. 7C) (Kuss and Schneider, 2004; Sarmiento, 2013).
DIC accumulations were significantly higher in the rotation treatments
and peaked at day 7. The mean DIC accumulation was 457 pmol mol

~k
olivine (ANp. = 58-791 pmol mol ! olivine) in the low rotation and

624 umol mol ! olivine (Aﬁ;lc = 67-1297 umol mol ! olivine) in the
high rotation treatment (Fig. 7A). Similar to the DSi and TA results,
mean DIC accumulation was significantly higher in the high rotation
compared to the low rotation treatment until day 42 (Fig. 7A).
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Fig. 5. (A) Volumetric dunite grain size distribution of fresh (N = 5) and weathered (N = 6) dunite grains (mean and range). (B) Volumetric grain size distribution of
suspended sediment for the high rotation treatment at different time points (Mean and range, N = 1-3). (C) scanning electron microscopy (SEM) image of repre-
sentative grains from the suspended sediment in the high rotation treatment at day 7.
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Fig. 6. (A) Weekly evolution of dissolved (<0.2 um) nickel (DNi) and (B) chromium (DCr) accumulation in natural filtered (<0.2 pm) seawater. Mean values with

range (N = 3) are shown.

TA increases clearly resulted in DIC increases in the rotation treat-
ments (Fig. 7B). Theoretical CO> sequestration efficiency (ycc,) at the
experimental conditions, assuming a constant seawater CO5 fugacity
(fCO2) of 420 patm, was on average 0.82 mol CO2 mol~! TA (dashed line
in Fig. 7B). This theoretical CO5 sequestration efficiency matches the
DIC to TA ratio as seen in the data (Fig. 7B), suggesting that the seawater
solutions equilibrated with the atmosphere (pCO2 ~ 420 patm) during
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the rotation experiments. Equilibration of the seawater carbonate sys-
tem with the atmosphere was confirmed by pCO, values that were only
slightly lower in the olivine treatments (243-514 patm, N = 99)
compared to the seawater control (418-533 patm, N = 22) on most
sampling days (Fig. 7C). Notably, the lowest pCO5 values were observed
in the low rotation treatment (Fig. 7C).
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Fig. 7. Weekly evolution of (A) dissolved (<0.2 um) inorganic carbon (DIC) accumulation and (C) partial pressure of CO, (pCO-) in natural filtered (<0.2 pm)
seawater. Mean values with range for olivine treatments (N = 3) and seawater control (N = 2) are shown. (B) Theoretical (at fCO, = 420 patm, black dashed line) and
observed relationship between dissolved inorganic carbon (DIC) and total alkalinity (TA) concentrations.

3.6. Olivine dissolution rate constants

Dissolution rate constants k; were derived for different olivine reac-
tion products from observed weekly accumulations (as shown in Fig. 8
and Supplementary Fig. S5). Olivine k; values for DSi, TA and DIC were
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relatively similar within treatments suggesting stoichiometric olivine
dissolution (Fig. 8A). Olivine k; values derived from DNi accumulations
were considerably higher and showed more temporal variation than
those derived for TA, DIC and DSi, as was previously observed in the
study by Montserrat et al. (2017) (Fig. 8A).

—o— Stagnant —=— High rotation
—O— Low rotation —— Rimstidt et al. (2012)

40

0 7 14 21 28 35 42 49 56 63 70
Incubation period (days)

Fig. 8. (A) Box and whisker plots of the olivine dissolution rate constants k; (pmol/m’2 d™1) in natural filtered (<0.2 um) seawater (N = 30) during the 70-day
experiment (whiskers indicate the range). Values were derived from weekly accumulation of total alkalinity (TA, in green), dissolved silicon (DSi, in red), dis-
solved inorganic carbon (DIC, in blue), and dissolved nickel (DNi, in orange) normalized for reaction stoichiometry (supplementary section SI 1.2). For comparison,
olivine k; values derived by Montserrat et al. (2017) (median and range, N = 4) and Rimstidt et al. (2012) (predicted values and propagated errors represented as a
line and shading in grey) are shown. Values reported by Montserrat et al. (2017) were temperature normalized (to 15 °C) using the Arrhenius equation and activation
energy (79.5 kJ mol ') provided by Wogelius and Walther (1992). (B) weekly evolution of olivine krs values in natural filtered (<0.2 um) seawater. Mean and range
values are shown (N = 3). Expected weekly olivine k; values by Rimstidt et al. (2012) and propagated errors are shown in grey (line and shading).
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Based on TA, DSi and DIC accumulations, median k; values in the
stagnant treatment (0.80-1.1 umol m~2 d_l) were ~8-14 times lower
compared to the low rotation treatment (9.1-10.8 pmol m 2 d’l), and
~12-19 times lower compared to the high rotation treatment
(13.2-15.2 pmol m2dh. Therefore, continuous rotation increased
olivine k; values by a factor of 8-19 (Fig. 8A). For the high rotation
treatment, median k; values were up to 1.7 times higher compared to the
low rotation treatment (Fig. 8A). In comparison to the average predicted
ki values by Rimstidt et al. (2012), observed median k; values were 7-10
times lower in the stagnant treatment and 1.3-2.8 times higher in the
rotation treatments (Fig. 8A). Nevertheless, the range of observed k;
values overlap considerably with predictions by Rimstidt et al. (2012),
indicating good agreement between values (Fig. 8A).

Temporal changes in kt are displayed in Fig. 8B, while kg;, kpic and
kni values are discussed in detail in supplementary section SI 2.4. In
general, highest values for ks are observed in the first two accumula-
tion sessions (Fig. 8B), after which the value in the rotation treatments
remains relatively constant (apart from the conspicuous baseline shift at
day 42). The kra in the stagnant treatment gradually decreases over the
successive accumulation sessions. A similar temporal trend was
observed for kg; and kpjc (Supplementary Fig. S5).

3.7. Kinetic model simulations

Modelled TA and DSi accumulations reflect observed values
reasonably well, although temporal fluctuations in the rotation treat-
ments could not be accurately simulated (dashed lines in Fig. 2A and C).
The model underestimated TA production in the high rotation treatment
(Fig. 2A) and overestimates DSi accumulation in the low rotation
treatment (Fig. 2C). At the end of the experiment the model predicted a
total amount of dissolved olivine of 0.69, 2.32, and 2.84 mmol in the
stagnant, low rotation, and high rotation treatments, respectively
(indicating that 0.07%, 0.25%, and 0.31% of the initially present olivine
was dissolved). The rate controlling pre-factor k. (supplementary Eq.
(11)) implemented in the rate equation by Rimstidt et al. (2012) that
gave the best model fit to the data was 0.43 in the stagnant, 2.0 in the
low rotation, and 2.3 in the high rotation treatment.

Our model simulations suggest limited secondary mineral precipi-
tation. For all olivine treatments, 0.12 mol Fe(OH)3; precipitation
occurred per mol of dissolved olivine (Egs. (20-22)). In the low rotation
treatment, formation of 0.086 mol chrysotile mol ! olivine and 0.10 mol
aragonite mol ! olivine were simulated (Eq. (21)). For the high rotation
treatment this was 0.015 mol chrysotile mol~! olivine and 0.22 mol
aragonite mol ! olivine (Eq. (22)). In the stagnant treatment 0.069 mol
mol~! olivine chrysotile formation was modelled (Eq. (20)). Overall,
modelled secondary mineral precipitation resulted in an 11-19%
decrease of the TA production by olivine dissolution. The reaction
stoichiometry derived from modelled olivine dissolution and secondary
mineral precipitation is as follows:

Stagnant olivine:

Mg, ¢,Feq.135i04 + 3.72H,0 + 0.030, + 3.37C0O,—0.12Fe(OH),
+0.86Si(OH), -+ 0.069 Mg;Si,0s(OH), + 0.013Fe**
+1.66Mg>" 4 3.37HCO;

(20)

Low rotation olivine:

Mg, ¢,Feo.135i04 + 3.96H,0 + 0.0330, + 3.66CO,
+ 0.10Ca’" —0.12Fe(OH), + 1.00Si(OH), +0.10CaCO;
+0.000087 Mg, Si,Os(OH), -+ 0.0073Fe** + 1.87Mg*"
+3.56HCO;

21

High rotation olivine:
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Mg, ¢, Feo 13810, + 3.77H,0 4 0.0330, + 3.45CO, + 0.22Ca*"
—0.12Fe(OH), + 0.97Si(OH), + 0.0076Fe** + 1.83Mg>"
+0.22CaCO; + 0.015Mg, Si,Os (OH), + 3.23HCO;

(22)

4. Discussion
4.1. Collision enhances olivine dissolution in seawater

We investigated the effect of continuous grain tumbling on olivine
dissolution kinetics in seawater and hypothesized that increasing
physical stress would enhance olivine dissolution through increased
particle fragmentation. Significantly higher TA and DSi accumulation in
the rotation treatments compared to the stagnant treatment (Fig. 2A-D)
confirm that continuous grain tumbling enhanced olivine dissolution.
Derived olivine dissolution rate constants showed that continuously
tumbled olivine dissolved approximately 8 to 19 times faster than
stagnant olivine (Fig. 8). Four processes can potentially explain this
enhanced weathering in our study, namely (I) grain fragmentation
induced by abrasion, (II) removal of passivating layers upon grain-grain
collisions, (III) rate limiting air-seawater CO, exchange under stagnant
conditions, and (IV) flushing of reaction products from the pore solution
by sediment movement.

Grain fragmentation enhances olivine dissolution by increasing the
effective surface area (Oelkers et al., 2018; Rigopoulos et al., 2018).
However, no significant change in olivine grain size distribution was
observed (Fig. 5A), indicating that grain fragmentation was limited in
our 70-day study. Previous studies have observed extensive olivine
cracking and fragmentation at high temperature (200 °C) or low pH (pH
= 1.5) solutions (Varadachari et al., 1994; Lafay et al., 2018). However,
in our experiment, olivine dissolution took place at seawater pH ~ 8.2
and ambient temperature of ~ 15 °C. Under these mild conditions, it is
expected that internal micro cracks and grain fragmentation will only
develop over time scales of years (Hangx and Spiers, 2009).

Continuous grain tumbling can also prevent formation of passivating
layers on olivine grains, such as amorphous silica (SiO2(am)) or iron
hydroxides (Fe(OH)s). These passivating layers slow down dissolution
by decreasing the olivine-fluid interfacial area and increasing the
diffusion distance towards the active dissolution zone (Béarat et al.,
2006; Daval et al., 2011; Schuiling and De Boer, 2011; Maher et al.,
2016; Griffioen, 2017; Meysman and Montserrat, 2017). Under-
saturation of the bulk solution with regards to SiOz(am) (Supplementary
Fig. S2D) indicates that passivating SiOs(am) layer formation was
implausible. However, the pore water of the stagnant treatment could
have been supersaturated with respect to SiOz(am), resulting in thin
passivating layer formation that could be undetectable with SEM.
Nevertheless, removal of brittle SiOy(am) layers during weekly water
renewals likely prevented significant passivation of olivine surfaces
(Béarat et al., 2006). A similar fate is expected for any Fe(OH)3 crystals
that inevitably formed given that they were not observed via SEM-EDX
analysis. Preferential Mg release at pH < 8.8 can lead to the rapid for-
mation of cation depleted layers on olivine grains (Seyama et al., 1996;
Pokrovsky and Schott, 2000b, 2000a; Montserrat et al., 2017). In our
experiment, the olivine surface Mg/Si ratios differed only slightly be-
tween treatments (Fig. 4A), indicating that extensive cation depleted
layers were not formed. Nevertheless, a relatively large variation in Mg/
Si ratio was observed on individual olivine grains, confirming spatial
variability in composition and surface reactivity (Rimstidt et al., 2012;
Oelkers et al., 2018). Overall, we assert that removal of passivating
layers was not the prime enhancement factor of olivine dissolution in
our experiment.

Waves and currents are essential for ocean mixing (Moum, 2021),
which is a pivotal process for CESW since it drives transport of alkalinity
enriched bottom water to the surface ocean for CO; uptake and
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equilibration (Bach et al., 2023). This CO equilibration prevents high
seawater pH excursions that could be harmful for marine biota and slow
down olivine dissolution (Bach et al., 2019). Here, seawater pCO5 values
were lowest in the low rotation treatment (Fig. 7C) likely as a result of
slower water movement compared to the high rotation treatment.
Importantly, seawater pCOy values in the stagnant treatment were
generally close to atmospheric pCO, (~420 patm) and not significantly
lower compared to the rotation treatments (Fig. 7C), indicating that low
olivine dissolution rates were not the result of slow CO5 equilibration.

Finally, olivine dissolution can be impeded by saturation of the
surrounding water, and so flushing of reaction products from the
olivine-seawater interface could enhance dissolution (Meysman and
Montserrat, 2017; Montserrat et al., 2017). Previous studies have shown
that advective pore water flow can enhance solute fluxes to the over-
lying water by up to 50-fold compared to stagnant conditions (Precht
and Huettel, 2003; Cook et al., 2007; Santos et al., 2012). Under stag-
nant conditions, molecular diffusion towards the grain interface can be
rate controlling. We did not directly assess the concentration of reaction
product accumulation and saturation indices in the pore water of the
stagnant treatment. However, given limited particle fragmentation,
implausible passivating layer formation, and no rate limiting seawater
COs, influx, enhanced weathering in our rotation treatments appears to
be mainly driven by pore water flushing. This conclusion is supported by
previous studies which showed that silicate weathering rates are directly
proportional to solute transport rates for systems with a water residence
time longer than two days (Maher, 2010; Yu and Hunt, 2017).

4.2. Temporal variation in olivine dissolution rates

The rate of olivine dissolution was not constant with time in our 70-
day experiment (Fig. 8B). An immediate increase in seawater pH, TA and
DSi accumulation was observed in all olivine treatments after adding the
olivine to the seawater solution (Figs. 2A, D, and 3A). This “dissolution
spike” can be explained by the rapid (within minutes) exchange of Mg?*
or other divalent cations (e.g. Ni2+, Fe*") for protons (H™) in the first
one or two monolayers of the olivine grain surfaces (Luce et al., 1972;
Blum and Lasaga, 1988; Oelkers et al., 2018). However, in our experi-
ment the “dissolution spike” was sustained over a much longer period
(first two weeks). We also noticed that fresh olivine grains were covered
with fine adhering particles (<10 pm), which likely are formed during
crushing of olivine rich rocks for sand production (Fig. 4C). Weathering
of these fines likely explains the prolonged DSi accumulation and high
TA, pH, and DIC accumulation within the first two weeks of the exper-
iment (Figs. 2A, D, 3A, and 7A).

A decreased olivine reactivity was observed from day 42 and 63
onwards in the high rotation and low rotation treatments, respectively
(Figs. 2A, C and 8B). Given that formation of passivating or cation-
depleted layers was highly unlikely for rotated olivine grains, a
decrease in surface reactivity could possibly explain the observed results
(Grandstaff, 1978; Wogelius and Walther, 1992; Bandstra and Brantley,
2008; Rimstidt et al., 2012). Such a decrease in surface reactivity can be
caused by variation in dissolution rates of distinct crystallographic
planes (Grandstaff, 1978; Chung-Cherng and Pouyan, 1993; Oelkers
et al., 2018). Upon inspection, etch pits were observed on some olivine
grains (Fig. 4E and Supplementary Fig. S8K), but not all. Furthermore,
striation like features, cracked grain edges and surficial and internal
micro-cracks were observed on weathered and fresh olivine grains
(Fig. 4B, E and Supplementary Fig. S9).

Our results suggest that stoichiometric olivine dissolution took place

in the experiment. Average AN’;A / Aﬁgsi ratios in the low rotation (4.3
mol TA mol ! DSi) and high rotation treatment (3.7 mol TA mol~! DSi)
were close to the theoretical value of 3.73 mol TA mol~! DSi, which
accounts for full dissolution of olivine followed by Fe(OH)3 precipitation
(supplementary section SI 1.2). In previous experiments on olivine
weathering in seawater, Montserrat et al. (2017) and Fuhr et al. (2022)
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observed ANK, /ANK; ratios that deviated significantly from the theo-
retical value. Deviation of the ANK, /ANK, ratio from the theoretical
value can be explained by (1) incomplete olivine dissolution, (2)
dissolution of other minerals in the dunite sand, or (3) precipitation of
secondary phases (Fuhr et al., 2022). Therefore, a multiparameter
approach, where DSi, TA, DNi and DIC are conjointly measured, seems
advised to monitor olivine dissolution and CO3 sequestration rates under
field conditions (Montserrat et al., 2017).

Experimental olivine dissolution rate constants are within the range
of previously reported k; values (Rimstidt et al., 2012; Montserrat et al.,
2017). Yet, estimated k; values are underestimations due to the loss of
the finest olivine particles during weekly water renewals (discussed in
supplementary section SI 2.6). At the end of the experiment a loss of
olivine mass (by 1.6-2.8 wt%, Supplementary Table S3) and decrease in
olivine Aggo (from 0.0161 to 0.0145 mz/g, Supplementary Table S4)
was observed which could not be accurately accounted for in weekly k;
value derivation, resulting in an underestimation of derived values by up
to 14%.

4.3. Minimal secondary mineral formation

Secondary mineral formation can significantly reduce net alkalinity
production and resulting atmospheric CO5 uptake during olivine
weathering (Griffioen, 2017; Meysman and Montserrat, 2017;
Montserrat et al., 2017; Oelkers et al., 2018). Previous studies have
found contradictory results on the importance of secondary carbonate
formation. Rigopoulos et al. (2018) observed only small TIC changes
when dunite was weathered in artificial seawater (2 g dunite L~ for 60
days). Similarly, Montserrat et al. (2017) did not observe a significant
TIC increase or aragonite precipitation when olivine was weathered in
natural and artificial seawater (8.7-29 g olivine L ™! for up to 137 days).
In contrast, Fuhr et al. (2022) observed significant aragonite formation
after reacting olivine rich (~75%) sand in artificial seawater (25-100 g
ultramafic sand L™ for 134 days).

Here, we observed no increase in olivine TIC content (Supplementary
Fig. S10) or aragonite crystals on weathered olivine grains (Fig. 4 and
Supplementary Fig. S8) even though aragonite was supersaturated in the
overlying seawater (Fig. 3B). Under natural conditions, seawater is su-
persaturated with respect to CaCOs, but precipitation does not occur due
to the lack of mineral precipitation nuclei and presence of dissolved
organic carbon, Mg?" and phosphate which inhibit precipitation (Morse
et al., 2007; Pan et al., 2021; Moras et al., 2022). The threshold SI for
aragonite precipitation in seawater is dependent on the availability of
precipitation surfaces, being higher in their absence (Moras et al., 2022).
In the absence of precipitation surfaces, homogeneous aragonite pre-
cipitation would occur at a SI of ~1.26 (Q = 18) in 25 °C seawater (Sun
et al., 2015). In the presence of colloids and organic particles, pseudo-
homogenous precipitation of aragonite would be expected at a SI
value of ~ 1.06 (Q ~ 11.5) for the experimental seawater (salinity of
33%0 and temperature of 15 °C) (Marion et al., 2009). Furthermore,
recently Moras et al. (2022) observed heterogeneous (i.e. on mineral
phases) aragonite precipitation on CaO and Ca(OH), particles smaller
than 63 pm at a SI value of ~0.85 (Q ~ 7) in 21 °C natural seawater
(salinity of 35%o). This threshold is very close to SI peak values up to 0.9
observed on day 7 and 63 of our experiment, signifying potential het-
erogeneous aragonite precipitation. Overall, we can conclude that
CaCOj3 precipitation was limited in our study given that aragonite SI
values remained below critical thresholds on most sampling days
(Fig. 3B).

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

Finally, regarding phyllosilicates, seawater was supersaturated with
respect to sepiolite, talc, and chrysotile on most sampling days in the
olivine treatments (Fig. 3E and Supplementary Fig. S2). However,
similar to Montserrat et al. (2017), no phyllosilicate precipitates were
observed on olivine grains (Fig. 4B-E and Supplementary Fig. S8) and
formation was expected to be low based on the best fitting models for the
experimental data (Fig. 2A and C). The combination of weekly water
renewals and slow formation kinetics could possibly explain the absence
of Mg-silicate precipitates in our experiment (Baldermann et al., 2018).

4.4. Trace metal release

One of the environmental concerns of enhanced olivine weathering
in marine conditions is the accumulation of Ni and Cr within the
ecosystem (Montserrat et al., 2017; Flipkens et al., 2021). In the crystal
structure of olivine, Ni?* substitutes for other divalent cations (e.g.
Mg?" and Fe?") and is present at concentrations ranging from 0.1 to 0.5
wt% (here 0.25 wt%, Table 2) (Thompson et al., 1984; Santos et al.,
2015; Lynn et al., 2017). Nickel is an essential trace element for mac-
rophytes and microorganisms, but its essentiality for aquatic animals
remains under debate (Muyssen et al., 2004; Blewett and Leonard,
2017). Exposure to elevated Ni concentrations can lead to toxicological
effects including reduced growth, reproduction and survival as a result
of oxidative stress, disruption of ion homeostasis and respiratory
impairment (Blewett and Leonard, 2017; Gissi et al.,, 2020). We
observed no significant difference in DNi accumulation among treat-
ments until day 28 (Fig. 6A), which is possibly explained by Ni
adsorption to fine suspended olivine particles that were gradually
removed during sampling (Kleiv and Thornhill, 2004). Minimal (<1.5%)
Ni adsorption to precipitated Fe(OH)3 particles was expected according
to PHREEQC diffuse double layer surface-complexation models
assuming Fe(OH)s3 specific surface area (600 mz/g) and binding site
availability (0.005 and 0.2 mol/mol for strong and weak sites, respec-
tively) according to Dzombak and More (1990). From day 35 onwards,
high non stoichiometric Ni release was observed (Figs. 6A and 8A). In
general, our findings are in line with the results of Montserrat et al.
(2017), suggesting preferential release of metal cations (Ni%* and Mg?*)
compared to Si at seawater pH although this was not evident from Mg/Si
ratios on weathered olivine grains (Fig. 4A). Therefore the reason for the
high Ni release remains uncertain and requires further research.

Chromium (III) is heterogeneously distributed in olivine containing
dunite grains, mainly in the form of chromite (FeCro04) inclusions
(Santos et al., 2015; Bell, 2021), and hence not part of the olivine silicate
matrix. Upon olivine dissolution, chromite nanoparticles could be
released, which can interact with Mn(IV) oxides resulting in the disso-
lution of chromite and subsequent oxidation to Cr(VI) or precipitation as
Cr(III) hydroxides (Ivarsson et al., 2011; McClenaghan and Schindler,
2022). However, Mn(IV) oxides were likely not present in significant
amounts in our experiment since their formation is mainly microbially
driven (Tebo et al., 2004). Furthermore, under oxic conditions, Cr(III)
released during dissolution could be converted to Cr(VI) as indicated by
the high Cr(VI) concentrations found in streams and rivers near chro-
mite and Ni mines (Gunkel-Grillon et al., 2014; Das et al., 2021). While
Cr(VI) is considered as a highly mobile human carcinogen, Cr(III) is
comparatively less toxic and relatively immobile (Aharchaou et al.,
2018). Although the Cr content of the experimental olivine was rela-
tively high (0.30 wt%, Table 2), dissolved Cr accumulation was low in
all treatments (Fig. 6B), confirming that most Cr remained in a partic-
ulate form.

Overall, our results confirm that Ni is the trace metal of most concern
for future CESW applications due to its release as a soluble compound
(Montserrat et al., 2017; Flipkens et al., 2021). Low aqueous solubility of
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Cr®* infers lower bioavailability compared to Ni (Flipkens et al., 2021),
but potential oxidation to Cr®" or accumulation of Cr®* nanoparticles in
marine sediment could still pose a risk to marine biota (Gunkel-Grillon
et al., 2014; Kanakalakshmi et al., 2017; Das et al., 2021).

4.5. Implications for natural and enhanced marine silicate weathering

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

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

5. Conclusions

Coastal enhanced olivine weathering has been put forward as a way
to remove atmospheric CO; for climate change mitigation. However, the
efficiency and environmental impacts of the technique remain to be
assessed, since data on olivine dissolution in natural seawater conditions
is scarce. Here, we investigated the effect of continuous grain-grain
collisions on olivine dissolution and trace metal release kinetics in nat-
ural seawater. Olivine dissolution was complete and stoichiometric,
while secondary mineral precipitation and passivating layer formation
were restricted. Olivine dissolution rate constants were 8 to 19 times
higher for rotated olivine compared to stagnant olivine. Seawater CO,
equilibration was not significantly rate limiting, and grain size distri-
bution analysis suggests that minimal particle fragmentation occurred.
Therefore, we infer that advective pore water flushing was the main
process enhancing olivine dissolution during this experiment. The
presence of micro cracks inside olivine grains suggests that physical
agitation could potentially enhance olivine dissolution over longer time
scales. Overall, this study shows that coastal hydrodynamics could
enhance silicate weathering in a marine environment, which is of
importance for both the natural silicon cycle and coastal enhanced
olivine weathering. Therefore, olivine should ideally be supplied in
dynamic coastal systems with high bed shear stress and pore water ex-
change rates. However, the question remains how olivine dissolution
rates in this laboratory agitation experiment compare to actual rates in
coastal ocean settings with complex hydrodynamical conditions and
presence of biological processes (e.g. bioturbation and microbial
acidification).
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