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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 CaCOg 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
CaCQOg, 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.

Keywords: silicate weathering, carbon sequestration, olivine dissolution, seawater, sequestration efficiency

INTRODUCTION

The CO;, content in the atmosphere has continuously increased over the last 120 years to a
current maximum of 412 ppm (Keeling et al,, 2001; MacFarling Meure et al., 2006; Howe,
2015). 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 <2°C compared to
the preindustrial level. Furthermore, it was stated that reaching this goal can only be reached if

Frontiers in Climate | www.frontiersin.org

1 March 2022 | Volume 4 | Article 831587


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://doi.org/10.3389/fclim.2022.831587
http://crossmark.crossref.org/dialog/?doi=10.3389/fclim.2022.831587&domain=pdf&date_stamp=2022-03-22
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mfuhr@geomar.de
https://doi.org/10.3389/fclim.2022.831587
https://www.frontiersin.org/articles/10.3389/fclim.2022.831587/full

Fuhr et al.

Olivine Weathering (ASW): Experimental Study

zero net emissions of CO, are attained between 2030 and 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 et al.,
2011; IPCC, 2021).

A vast variety of carbon dioxide removal (CDR) techniques
has been proposed and critically reviewed over the last 20
years (Lackner, 2003; Iizuka et al, 2004; Lal, 2004; Fuss
et al, 2018; 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 (Oelkers, 2001; Hartmann and Kempe, 2008;
Renforth and Henderson, 2014; Montserrat et al., 2017). The
general concept behind this technique is the chemical reaction of
an idealized magnesium silicate, i.e., forsterite (Mg,SiOy4), with
water, following:

Mgy SiO4 + 4H,0 4 4CO, — 2Mg*t + HySiO4 + 4HCO;™ (1)

This reaction has been thoroughly studied in soils on land
(Oelkers, 1999; Olsen and Rimstidt, 2008; Oelkers et al., 2015;
Amann etal., 2020) 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 (Pokrovsky
and Schott, 2000; Oelkers, 2001; Davis et al., 2009; Rimstidt et al.,
2012; Méheut and Schauble, 2014; Maher et al., 2016; Oelkers
et al.,, 2018) 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 (Pokrovsky and Schott, 2000; Palandri and Kharaka,
2004) 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; King et al.,
2010; Sissmann et al., 2013; Oelkers et al., 2018).

These secondary minerals, including the formation of CaCOs3,
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; Sissmann et al., 2013; Meysman and
Montserrat, 2017; Montserrat et al., 2017). 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
(Montserrat et al., 2017; Flipkens et al., 2021).

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.

MATERIALS AND METHODS

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 Table1 and
Supplementary Table 4.

The UMS was milled and subsequently sieved to separate
grains with a diameter of 100-125pm, based on the
recommendation by Strefler et al. (2018). The 100-125pm
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 NaHCOs3
were added to reach an alkalinity of ~2.3 mmol/l. All chemical
components listed in Supplementary Table 3 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/l). 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.

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
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TABLE 1 | Mineralogical model for UMS (bulk) combining XRD, WDX, and ICP-OES data.

Species Al Ca Cr Fe K Mg Mn Na Ni Ti Si Oxy % (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
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
0.035 0.034 0.002 0.174 0.000 1.543 0.003 - 0.006 0.001 1.0 3.822

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 (Supplementary Table 5). Opx, Orthopyroxene; Cpx, Clinopyroxene; Amph,

Amphibole. C; pyi (w) represents the calculated bulk concentration of each element normalized to bulk Si, C; yms (W) are measured element concentrations obtained by
Sibuik ums

full digestion of UMS normalized to the measured Si content of the UMS.

three replicates (n = 3) to verify the reproducibility of the
experiments. The amount of ASW was 200 ml for all replicates
and batches. Fifty milliliter of ambient air were included to allow
for equilibration with the atmosphere. The amount of UMS was
varied from 20g for Batch20 to 10g for Batchl0 and 5g 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).

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 2 weeks between day
50 and day 134. The 5ml aliquot was filtered through a 0.2 pm
cellulose membrane filter and refrigerated in 5.2 ml Zinsser™
scintillation bottles. The 2ml 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 wm regenerated
cellulose filter to recover the grayish 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 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 (Gieskes et al., 1991; Stumm and Morgan, 1996)
and element concentrations were determined using inductively
coupled plasma optical emission spectrometry (ICP-OES).

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 40mg of NaOH (Merck™ Suprapure®) and a drop
of MQe were added and the sample set to reflux for 72h at
120°C. Afterwards the sample was diluted with 1 ml MQe and
transferred to a 1.5 ml save-lock tube and centrifuged at 11,000
rpm. The supernatant was separately stored and the undissolved
residues retransferred to the Teflon vial, together with 200 nl of
concentrated HNO3 and set to reflux for 72h at 120°C. After
the second reflux 1 ml 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 4,200 mg lithiumtetraborate (Li, 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
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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 Sampling Procedure From Batch
Reactors and Water Analysis) 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 ~1.5um. The spatial resolution of each measuring
point is ~5um. 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 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 40 kV and 35mA. The samples were finely ground,
pressed on an Si monocrystalline plate and measured with 26 =
[4; 75] at 0.01° steps for 1 s 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 Supplementary Figures 1-4.

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)s; based on saturation
state calculations (Supplementary Section1). 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:

dc
ar = @Yol * To] — Z]’(ﬂm,j * Vinj — Ts % (C—Cin) (2)

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
(rmj) 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 (Cj,).

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 (£2;(¢)):

Tpre; = Epre1, ¥ UnitStep (2 (£) — 1) * [24(t) — 1) (3)

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 (€2;(f) > 1). &pre2, defines the order of the reaction and
Eprel, 18 defined as

1
Eprel; = kpre,- * (1 - fﬂ‘x) (4)
1+efi

Kpre; is a kinetic constant, o represents the time delay until
the precipitation starts and S steers the speed with which the
precipitation starts. &y, 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 pre1,. The kinetic constants kprei (Equation
4) 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:

Ci, s = COHC,’/SiS (5)

mol, . .
where C; g (%) is the concentration of an element
AIS

normalized to the Si concentration in the respective solid S
M0lgtement
mgs

(UMS or precipitates), conc,-( is the concentration

of an element per milligram solid and Sig ( mﬂ:?f) is the Si

concentration in the solid.
In a second step, the composition was calculated following:

Cipulk = Z i (Cimin * foulk) /Sibulk (6)

Ci bulk (%) represents the molar fraction of an element
ibulk

i in the calculated composition normalized to mol of Si;

Frontiers in Climate | www.frontiersin.org

March 2022 | Volume 4 | Article 831587


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Fuhr et al.

Olivine Weathering (ASW): Experimental Study

Cimin (%) is the molar content of the element in a certain

MOlmineral

mineral. fy,k Molmineral | denotes the fraction of a certain mineral
u molpyji

molsiy,
molp, ik

in the calculated composition and Si;mlk< ) represents

the corresponding Si content (Table1). The mineral phases
used for this calculation were estimated from XRD and WDX
measurements. The amount of each mineral (fy,x) was then
iterated until C; 3,5 values for each element were acceptably close
to the measured C; g 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.

RESULTS
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
(Supplementary Table 6). Furthermore, 5% of the UMS
consisted of accessory oxides such as MnO, K,O, CaO, and
Al,O3 which were not accounted for in the manufacturer
information. According to WDX measurements the olivine
used consists of 90.3% forsterite and 9.7% fayalite leading to
the formula (Mg 99Feq.10),Si04 (F090) and based on the simple
mineral model accounts for 74.62% of the UMS (Table 1).
The second largest fraction is Orthopyroxene (Opx) with the
simplified structural formula (MgooFep 1)2(Alp.15S10.85)206
accounting for 15.92% followed by an amphibole
(Amph., likely tremolite) with the structural formula
(Nag.36Ko.14)(Cag.95Mg0.05)2(Cro.014Fe.079 Mgo.79 Alg 087 Tio.03)5
(Siz4Alp6)022(0OH), (541%) and a Clinopyroxene (Cpx)
with 3.5% and the structural formula (CaMg)»(Sip9Alp1)206.
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.

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 1A).
The highest and lowest values (2.65 &= 0.011 meq/]; 1.266 =+ 0.019
meq/l), were measured in Batch20 (solid/liquid = 1/10) after 1
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 1B). The fastest
increase is observed during the initial stage of the experiment
(e.g., Supplementary Tables 8-10). The rate of [Si] increase then
stabilizes during the experiment to nearly constant values toward
the end. An exception to that trend is visible in Batch5. Here, the
rate increases abruptly around day 78 (Supplementary Table 10)

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] toward the end
of the experiment (Figure 1B). The highest concentrations are
observed at the end of the experiment with a final [Si] of
421.8 £ 1.3 pmol/l (Batch20), 286.6 £+ 6.4 pwmol/l [Batchl0
(solid/liquid = 1/20)] and 190.3 & 42.1 wmol/l (Batch5). Calcium
concentrations [Ca] (Figure 1C) show a common trend for all
three batches: During the early stage of the experiment, [Ca]
stays relatively constant, before the concentrations start to drop.
Toward 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 (Supplementary Figure 5) with a well-pronounced peak
in Batch20 after 115 min 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 1 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 Materials) 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.

For all batches, the model used for the simulation was able
to reproduce measured values very accurately (Figures 1A-C).
The sum of squared errors ranged between 0.03 and 0.52
with highest errors in Batch5. Additional data used in
the modeling are provided and described in detail in the
Supplementary Section 1.

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 2). Saturation states (£2;) were calculated using
PHREEQ (Parkhurst and Appelo, 1999) where values above 1
indicate oversaturation (Supplementary Materials). During all
experiments, DIC calculated from measured TA and pH values
follows the same trend as TA (Figure 1A) and [Ca] (Figure 1C).
In contrast, pH values (Figure 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, this decrease ends first in Batch20
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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 Batch5. After a well-
pronounced peak, pH values decrease in Batch10 and Batch20
toward the end of the experiment. In Batch5 pH values plateau
until day 78 before they slowly decrease toward 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 2C). Following DIC (Figure 2A) and TA,
the saturation states increase toward an initial peak that occurs
first in Batch20, then Batch10 and less pronounced in Batch5.
During the subsequent decrease that persists until the end of the
experiment, the saturation states in all three batches converge
toward 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 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 experiments. Whilst serpentine saturation (Figure 2D)
increases to a state of oversaturation very early in all batches (first
Batch20 after ~0.1 day, latest Batch5 after ~1 day), saturations

with respect to talc increase later and reveal higher differences
between the batches (Figure 2E). A similar trend but with overall
lower oversaturation is visible for sepiolite (Figure 2F). Thus,
saturation with respect to both minerals (talc and sepiolite) rise
above 1 in Batch5 only after day ~50 and day ~80 respectively.

Trace Metal Concentrations

Manganese concentrations [Mn] increase over the first 3 days
during all experiments (Figure 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 1B) and the fact that lowest
final values are observed in Batch20 (~0.3 pwmol/l), whereas
the concentrations in Btach10 and Batch5 are equal within the
error (~0.5 pumol/l).

Despite the larger 2SD compared to [Mn], Ni concentrations
show a clearly increasing trend throughout the experiment
(Figure 3B) with a tendency toward highest values for Batch20
until day 22. A strong final increase for Batch5, that coincides
with the increase in [Si], leads to values that are equal within the
error for all batches (Batch201.23 & 0.26 umol/l, Batch10: 1.31 &
0.23, Batch5: 1.42 4 0.26 pmol/l).

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
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(brown), and Batch5 (green). Error bars in (A) reflect + 2SD that are calculated form the standard deviations of measured pH and TA values.

(Equations 3, 4). 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 modeled

values from measured ones is reached with relatively low rates
for talc and sepiolite precipitation compared to serpentine
formation (Figures 4B-D). It also becomes clear that apparently
phyllosilicate formation is less dependent on the saturation state
compared to aragonite precipitation (Figure 4E; Equations 3, 4;
Supplementary Table 1). The fastest precipitation is applied for
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Fe(OH)3 because dissolved ferrous Fe released from olivine is
rapidly oxidized to ferric iron and precipitated as iron hydroxide
(Figures 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 + (Mgo.soFeq.10),, SiO4 + 0.0550, + 0.89Ca**
+0.53C0; + 0.36HCO3~ — 0.18Fe(OH); + 0.258i(OH)4
40.89CaCO; + 0.025Mg;Si307.5 (OH) (H,0)5
40.32Mg3Si;05(OH) 4 + 0.0090Mg3SisO10(OH), 4 0.016Fe*™
40.77Mg** 7)

Batch10:

0.79H,0 + (Mgo.soFeo.10), SiO4 + 0.0550; + 0.98Ca>"
+0.45C0O; + 0.53HCO3;~ — 0.18Fe(OH); + 0.27Si(OH) 4
40.98CaCO;3 + 0.021Mg,Si307.5 (OH) (H,0)5
40.32Mg3S8i,05(0OH) 4 + 0.0061Mg3SisO19(OH), + 0.012Fe**
+0.77Mg** ®)

Batch5:

0.79H,0 + (Mgo.soFeo.10), SiO4 + 0.0550, + 0.98Ca*"
+0.51CO; + 0.47HCO3~ — 0.19Fe(OH)3 + 0.32Si(OH),
40.98CaC0;3 + 0.007Mg,Si3075 (OH) (H,0)5
40.32Mg3Si;05(OH) 4 + 0.0025Mg3Sis010(OH), + 0.013Fe*™
40.80Mg> " ©)

To verify these model results, the composition of the grayish
suspended matter that had formed in the batch reactors was
determined applying a simple mixing calculation (Equations 3,
4). 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 performed on the precipitate.
Hence, the mixing calculations are only based on XRD scans
(Supplementary Figures 1-4) and full digestion, followed by
ICP-OES measurements (Supplementary Table 6). The results of
the calculations are presented in Table 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 (~3-4%), and Al,O3. Even though AL, O3 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
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FIGURE 4 | Dissolution rate for olivine (A) and precipitation rates for secondary phases (B-F) as calculated via the model for all batches.

indicate that CaCO3 and a range of Mg-Si phases are the major
secondary phases formed during the experiments.

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 5). The WDX measurement
on the blank grain (Figure 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) (Supplementary Table 5).
The secondary mineral phase measured in inundations clearly
indicates calcium carbonate and a very small contribution of iron
(Figure 5al).

In Figure5b, the elementary distribution suggests
orthopyroxene as host mineral for secondary mineral formation
(Figure 5b2). Here again, the data clearly indicate that the
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TABLE 2 | Calculated composition of suspended matter filtered from batch reactors.

Component mol% % (M) mol on filter mg on filter mol % 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
CaCOg 55.40 48.745 0.0572 5.739 75.07
Fe(OH)s 2.35 2.146 0.0024 0.253 3.18
Al,O3 1.20 1.076 0.0012 0.127 1.63
Batch10 ums 37.06 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
CaCOg 43.40 37.172 0.0488 4.885 70.34
Fe(OH)s 2.40 2.133 0.0027 0.280 3.89
Al,O3 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
CaCOg 53.80 47.189 0.0610 12.145 77.75
Fe(OH)s 1.90 1.729 0.0020 0.445 2.75
Al,O3 0.90 0.804 0.0009 0.207 1.30

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

secondary phase is largely composed of calcium carbonate
(Figure 5b1). The cross-section measured on an altered olivine
grain (Figures 5c-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 gray, Figure 5c).
The atomic proportion (relative to 24 oxygen atoms) along
the profile (Figures 5d,e) indicates a smooth transition from
the host material olivine to different Mg-Si phases and back.
The smoothness is an artifact 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 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 5 represent typical patterns obtained during a series
of measurements.

DISCUSSION

Robustness of Modeled and Measured
Results

The consistency of measurements and model results suggests a
step forward toward 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 4A, Supplementary Equation 11), all calculations are
based on the geometrical surface area for spherical grains with
a diameter of ~100 wm. 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 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 (Lerman et al., 1975;
Wolff-Boenisch et al., 2011; Gruber et al., 2019), 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.
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FIGURE 5 | EDX images of reacted UMS grains taken at the end of the experiments. (a) Olivine grain with secondary mineral phases. (a1) 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) llustrates 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 (c). (e) Shows the atomic proportion of minor elements measured along the profile shown in (c). (f)
Shows the atomic proportion of trace elements measured along the profile shown in (c).

Despite these uncertainties, the model is able to reproduce e A kinetic model was specifically designed to provide a deeper
the concentrations of dissolved species measured over the course understanding of the kinetics and overall stoichiometry of
of the experiments (Figure 1). This and the fact that the same authigenic mineral formation.
kinetic rate laws, functions and parameter values were used for
all batches, suggests that the overall stoichiometries derived from
the model are adequate.

The most striking feature in the data presented in this study
are the counterintuitively decreasing TA values (Figure 1A) as
the weathering of olivine is supposed to lead to the exact
opposite (Rimstidt et al., 2012; Kohler et al., 2013; Renforth and
Henderson, 2014; Meysman and Montserrat, 2017; Montserrat
etal., 2017; Fuss et al., 2018; Oelkers et al., 2018; Rigopoulos et al.,
2018). 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
e Commercially available ultramafic sand was used since future ~ ones mainly exist in form of aragonite, calcite and Mg-calcite as

large-scale applications of enhanced silicate weathering as  these are the major authigenic carbonate phases that are formed

CDR measure will rely on widely available rocks rather than in this chemical environment (Lein, 2004; Wallmann et al., 2008;

purified olivine. Schrag et al,, 2013; Torres et al., 2020). Mg-carbonates can be
e Different solid-phase/water ratios were applied to investigate — neglected as they only form under very special conditions mainly

the dependency of secondary mineral formation on  in highly alkaline facies with very high rock/water ratios, which

saturation states. do not match our experimental set-up (Moore et al., 2004; Ferrini

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 ESW. Thus, the experiments were designed to allow
investigating the precipitation of secondary phases under the
following premises:

In order to reduce the number of unknown quantities, ASW
was used instead of filtered seawater.
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et al.,, 2009; Power et al., 2013; Dehouck et al., 2014; Entezari
Zarandi et al., 2017).

Precipitation of CaCO3

The direct comparison of [Ca] and DIC (Figures 1C, 2A) reveals
that the decrease in [Ca] is accompanied by a corresponding
decrease in DIC. Meanwhile, [Mg] concentrations increased
(Supplementary Figure 5). Combined with the low Mg/Si ratios
in the recovered precipitates (Supplementary Tables 6, 7), the
most likely explanation for these values is the formation of
CaCOs 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, Supplementary Table 7) that were
calculated via Equations (5) and (6). 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 (Supplementary Figures 1-3). 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 CaCOs3 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;3 averaged
over all batches, which is very close to the modeled 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 modeled [Ca] and TA
values, aragonite precipitation needed to be considered in the
model used in this study (Figures 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 CaCOj3 precipitation on the surface of
the UMS grains, as for the same saturation stronger precipitation
takes place. 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.

Secondary Phyllosilicate and Fe(OH); Phases

Next to calcium carbonate, phyllosilicates have the potential to
form during olivine weathering (Delvigne et al., 1979; Buurman
et al., 1988; Sudrez et al., 2011; Hellmann et al., 2012; Sissmann
et al., 2013; Griflioen, 2017; Montserrat et al., 2017; Rigopoulos
et al.,, 2018). Hence, precipitation of serpentine, sepiolite and
talc is investigated in this study (Figures4B-D). Calculated
saturation states vary largely for the different minerals (Figure 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) (Table2). Large
discrepancies between the model and the calculated mineral
composition based on measurements occur with regard to the

ep

ratio of sepiolite to serpentine (:e—rp) The numerical model

suggests a (ﬂ> of ~0.066 (average of all batches) whereas the

serp

mineralogic model reveals a (%) of 7.8. The saturation states

(Figure 2) clearly show that ASW was least oversaturated with
respect to sepiolite in all batches and undersaturated in Batch10
and Batch5 for at least half the experimental period. Thus,
sepiolite appears highly unlikely to be the major precipitated
phase (Figure 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 5). Several grains were found that were covered
with secondary phases. Next to CaCO3 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 (H6velmann 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
(Supplementary Figures 1-3).

Similarly to secondary phyllosilicates, Fe(OH)3 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
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phyllosilicates and carbonates, the formation of Fe(OH)3 releases
protons. It is therefore important to consider this process with
regards to the overall efficiency of enhanced silicate weathering.

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 6A,B) 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
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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 (Wolff-Boenisch
et al, 2011; Hellmann et al, 2012; Maher et al., 2016;
Montserrat et al., 2017). Apart from Mg isotopes (Hellmann
et al,, 2012), which 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 NacCl 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 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?T with Mg®" supplied from the
ambient seawater, similar to the process of Mg-replacement by
HT described by Oelkers et al. (2018). Additionally, elevated
(Mg+Fe)/Si ratios point toward 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; 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 6A,B) in the dissolved phase is induced by
the precipitation of secondary phases rather than a decline in
dissolution rate.

Fate of Nickel 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 3B, 6C), though, clearly shows that the
accumulation of Ni is not proportional to the amount of dissolved
olivine calculated by the model (Supplementary Tables 11-13)
and not even proportional to the accumulation of [Si] in solution
(Figures 1B, 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 pmol/l for Batch20, 4.28 pwmol/l for Batch10, and 2.26
pmol/l for Batch5. The measured values were significantly lower
(Figure 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, FeFOOH and CaCO3 and
incorporated in the crystal lattice of calcite and aragonite during
carbonate precipitation (Hoffmann and Stipp, 2001; Lakshtanov
and Stipp, 2007; Lazarevi¢ et al., 2010; Castillo Alvarez et al.,
2020; Alvarez et al., 2021). 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 6C,D) observed at the end of the experiments are due
to uptake of these trace elements in authigenic CaCO3, 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, 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).

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 = (chﬁnul + PICﬁnal) — (DIC;y;
+ > {(DICi; 0.007 — DIC (£) %0.007))  (10)

where DIC4,, is the DIC at the end of the experiment,
PICfuq is the amount of particulate inorganic carbon
in form of CaCOz at the end of the experiment
and DIC;,; is the initial DIC at the beginning of
the experiment. > j(DICini % 0.007 — DIC (t) * 0.007)
represents the amount of DIC added during sample
taking (0.007 1 per sample).

PIC4q was calculated via the entire [Ca] loss during the
experiment following,

PICfpq = [Calini — [Calga + ) ([Caljy () % 0.007

—[Ca] () * 0.007) (11)
where [Cal;,; is the initial Ca concentration, [Calg,q is
the final concentration and [Cal;, (f) 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 (Batchl0), and 0.143 mmol (Batch5). Still,
these values derive from a quasi-closed system with very
limited CO; supply.
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Hence, the efficiency of CO, uptake was investigated using
a 1-box model where olivine with a grain diameter of 100 pwm
is dissolved in a 50m 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 10mg 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 (Batchl0, Equation 8).
Rates of mineral precipitation were calculated from olivine
dissolution rates applying the corresponding stoichiometric
coefficient. The DIC mass balance considers DIC removal via
CaCOs precipitation and DIC gain induced by CO; uptake from
the atmosphere.

Initial values applied in the model (salinity: 34.77,
temperature: 17.88°C, pressure: 1 bar, total alkalinity: 2,308
pmol kg1, total boron: 415 pumol kg~!) correspond to the mean
composition of surface water in the global ocean (Spivack and
Edmond, 1987; Sarmiento and Gruber, 2006). The initial DIC
concentration was set to 2,053 mol 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 = HCO3™ +2C0O3;~ 4+ B(OH),” + OH™ —H" (12)
while CO; uptake from the atmosphere was calculated as:
FCO, = vp(CO; (eq) — CO,) (13)

where vp is the piston velocity [20cm h~! (Sarmiento and
Gruber, 2006)], COz(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 7). The shift in acid-base equilibria
induced by olivine-driven CO, consumption (e.g., 2HCO3~ —
CO, + CO3*~ + H,O0) 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~2 yr~! to a final value of 145 mmol m~2 yr~1.

In a second model run, precipitation of ferric iron oxides and
Si-Mg-phases was implemented employing the stoichiometry
derived from batch experiments (batchl0, Equation 8).
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-Si-phases that consumes large amounts of alkalinity
due to the strong proton release induced by these reactions
(6mol H™ per mol of serpentinite/talc, 4mol HT per mol
of sepiolite).

In a final model run, all secondary phases including CaCO3
are allowed to precipitate. CaCOj3 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. CaCO3 formation has a
smaller effect on CO; fluxes than Mg-Si-phase precipitation even
though CaCOj 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 CaCO3, while
the coeval DIC loss promotes CO; uptake from the atmosphere.

Additional model runs were conducted to explore the effects
of olivine concentration (1-1,000mg dm~2) 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 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
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FIGURE 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, CaCOg) precipitate according to the
stoichiometry observed in our lab experiments. (A) Total alkalinity. (B) Dissolved inorganic carbon. (C) CO, uptake from the atmosphere (FCOs). (D) Efficiency of CO,
uptake is defined as FCO»/RCO, where RCO:s is the depth-integrated rate of CO» consumption induced by olivine dissolution (= 4 x olivine dissolution rate).

dissolution and precipitation reactions. These factors should be
investigated in future lab and field experiments.

Implications for Field Application

The experimental results of this study show that precipitation
of secondary minerals (CaCOs3, Mg-Si-phases, FeOOH)
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 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
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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 CaCOs3
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 CaCO3 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
CaCOs precipitation in these sedimentary environments while
FeOOH formation is limited to surface sediments due to the
reducing conditions prevailing in these deposits (Van Cappellen
and Wang, 1996; Silburn et al., 2017). 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 authigenic mineral precipitation and, hence, the
efficiency of CO, uptake from the atmosphere and the rate of
toxic metal release.

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 CaCO3, 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 CaCO3 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
CaCOs 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 modeling 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 modeling results hence indicate that
it may be promising to also investigate CaCO;3 as alkaline
mineral for CO; removal since secondary mineral formation is
usually not observed during CaCO3 dissolution. CaCO3 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 CaCO3
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
amounts to 80 Tg yr—! (Nilsson et al., 2019). The addition
of a corresponding amount of CaCO3 may thus dramatically
enhance CO, uptake from the atmosphere. Moreover, CaCOs3
addition may support the formation of authigenic carbonate
fluorapatite and could thereby reduce benthic phosphate fluxes
(Ruttenberg and Berner, 1993). Hence, CaCO3 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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