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Abstract

Enhanced weathering of mafic and ultramafic rocs lbeen suggested as a carbon sequestration
strategy for the mitigation of climate change. Thiady was designed to assess the potential
drawdown of CQ directly from the atmosphere by the enhanced veesity of peridotites and
basalts in seawater. Pulverized, and ball milleditdy harzburgite and olivine basalt were
reacted in artificial seawater in batch reactoteays open to the atmosphere for two months.
The results demonstrate that the ball-milled duaitel harzburgite changed dramatically the
chemical composition of the seawater within a fewns, inducing C@drawdown directly from
the atmosphere and ultimately the precipitatioarafonite. In contrast, pulverized but unmilled
rocks, and the ball-milled basalt, did not yieldy angnificant changes in seawater composition
during the two-month experiments. As much as 1Qgltepercent aragonite was precipitated
during the experiment containing the finest-graigeahite. These results demonstrate that ball
milling can substantially enhance the weathering @ peridotites in marine environments,
promoting the permanent storage of £43 environmentally benign carbonate minerals tjnou
enhanced weathering. The precipitation of Mg-siéoelay minerals, however, could reduce the

efficiency of this carbon sequestration approacér tanger timescales.

Keywords: Enhanced weathering; Basalts; Peridotites; Carbapture and storage (CCS);

Mineral carbonation; Clay minerals

1. Introduction
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Human activities over the past century, particyléoksil fuel consumption, have caused a
dramatic increase of GQroncentration in the atmosphere (e.g. IPCC, 2@@lkers and Cole,
2008). This anthropogenic impact on the global eartycle is considered to be the main reason
for the observed climate change over the past @sc@@®CC, 2005; Solomon et al., 2009).
Global climate change has been linked to variodgerophenomena, including hurricanes,
droughts, floods, glacier retreat, and rising se&els (Emanuel, 2005; Rignot, 1998;
Schiermeier, 2011; Trenberth et al., 2014). As slmiye efforts have been made to develop
effective carbon capture and storage (CCS) mettimtgemove C@from the atmosphere (e.g.
Gerdemann et al., 2007; Gislason and Oelkers, 20dekner et al., 1995; Matter and Kelemen,
2009; Matter et al., 2016; Michael et al., 2010jk@es et al, 2008; Power et al., 2013, 2016;
Wilson et al., 2014).

Chemical weathering is a slow process that conatitsospheric C@concentrations over
geological time scales. A number of scientists hanmposed accelerating chemical weathering
to counter global climate change (Griffioen, 20H&rtmann et al.,, 2013; Kohler et al., 2010,
2013; Lackner, 2003; Montserrat et al., 2017; Sofgiand De Boer, 2011; Schuiling and
Krijgsman, 2006; Seifritz, 1990; Taylor et al., B)1The goal of enhanced weathering is to
hasten silicate mineral weathering rates to acatléhe removal of Crom the atmosphere as
dissolved inorganic carbon and/or as carbonate nalmeBecause of their relatively rapid
dissolution rates, enhanced weathering has focasedafic and ultramafic rocks (Hartmann et
al., 2013; Hauk et al., 2016; Moosdorf et al., 20Renforth, 2012; Taylor et al., 2016).
Experimentally measured dissolution rates of WBIlenisch et al. (2011) suggest that ground
mafic and ultramafic rocks could lead to the eéfiticarbon dioxide mineralisation in seawater.

One method to accelerate weathering rates is tease rock surface area by crushing, grinding,
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and/or milling (Renforth, 2012). The grinding presecan increase specific dissolution rates
through “mechano-chemical activation” (Balaz et 2008; Gerdemann et al., 2007). Past studies
have also demonstrated that milling can dramayidaltrease the reactivity of Mg-silicates by
reducing particle size to >dm (e.g. Haug et al., 2010; Rigopoulos et al., 2@18,6a, 2016b;
Turianicova et al., 2013). The effect of mechaniaativation on the carbon sequestration
efficiency of ultramafic rocks/mine waste materiaés been reported by Li and Hitch (20164, b;
2017a, b). Schuiling and De Boer (2011) suggestateven relatively large olivine grains might
completely dissolve within 1-2 years in high-enegipallow marine environments. In contrast,
Hangx and Spiers (2009) estimated that olivineigdag of 10um need approximately 23 years
to completely dissolve, although Renforth (2012ygmsted this estimate was 30% too high.
Moreover, Kohler et al. (2013) suggested that atiljine particles with a grain size on the order
of 1 um would sink slowly enough to enable their neadynplete dissolution.

The goal of this study is to assess the potentiatife enhanced weathering of peridotites
and basalts in seawater to facilitate the drawdofvatmospheric C@® Towards this goal, we
reacted two ultramafic rocks and one mafic roclaitificial seawater in open system reactors.
The rock samples were subjected to different degogeball milling to produce powders of
distinct sizes and surface area. The purpose sfcthinmunication is to report the results of this
experimental study and to use these results tmiifiate the potential role of enhanced ultramafic

and mafic rock weathering in seawater as a viakl& @chnique.

2. Materials and methods

2.1. Sample selection, preparation and charact¢iora
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The rocks used in this study were collected from Tmoodos ophiolite complex; this
complex was formed in a supra-subduction zone enment around 92-90 Ma ago (Mukasa
and Ludden, 1987; Robertson, 2002; Robinson ang&4al1990). In the present study, two
peridotites were collected from the Troodos mas#etion: one dunite and one harzburgite,
both of which are partially serpentinized. Addittly, an olivine basalt was collected from the
“Upper” Pillow Lava unit of the Troodos ophioliteThe mineralogical and textural
characteristics of these rock samples were detedniy petrographic analysis of representative
thin sections using a polarizing microscope (F§5-S3 in the electronic supplement). Whole-
rock chemical analyses were also performed using ca@mbination of lithium
metaborate/tetraborate fusion inductively coupléalsmpa (ICP), inductively coupled plasma
mass spectroscopy (ICP-MS) and instrumental newdativation analysis (INAA) techniques
(Tables S1 and S2 in the electronic supplementle-Grained samples were initially prepared
using a stainless steel pulverizer and then si¢veubtain the 104-15Qm size fraction. This
fraction was cleaned ultrasonically ten times imaebl to remove fine particles; and then dried
overnight at 50 °C. The specific surface area isffifaction for each rock sample was measured
by the BET method (Table 1). A portion of this siraction was used directly in the
experiments, while the remainder was ball-milleduxher reduce its grain size as described in
section 2.2. The non-ball-milled size fraction enbeforth referred to as “unmilledAdditional

enhanced weathering experiments were performed) seilected ball-milled samples.

2.2. Ball milling
Ball milling (BM) was performed using a Fritsch Retisette 6 planetary mono mill. The

optimum milling conditions for basaltic and ultraiicarocks were applied, based on the results
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of previous studies (Rigopoulos et al., 2015, 201®he peridotites and basalt were wet-milled
in an 80 mL tungsten carbide bowl using ethangbrasess control agent (PCA). The selection
of this PCA is based on recent experimental reqiigopoulos et al., 2015, 2016a), which
demonstrated that the use of ethanol during bdlingipromotes the formation of smaller, more
uniform and rounded particles compared t®HIn our experiments, the ball-to-powder mass
ratio was 20:1 w/w, the fluid-to-powder mass ratias 1:2 and the rotation speed was 300 rpm.
The process was performed using 30 tungsten caldatie with a 10 mm diameter. Tungsten
carbide bowl and balls were used to avoid posstoietamination due to the hardness of
ultramafic and mafic rocks. Ball milling was autdmally interrupted every 5 min for 5 min to
avoid sample heating. This periodic interruptiomids phase transformations and reduces the
evaporation of the PCA. After milling was completee recovered rock powders were dried
overnight at room temperature. The enhanced weath@xperiments described below were
performed using the ball-milled samples with thghleist BET specific surface area (see Fig. 1).
For the dunite, an additional ball-milled sampleswssed to clarify the role of ball milling
duration on chemical weathering rates. The coimglatbetween the specific surface area and the
ball milling duration for each rock type are shoinrfig. 1. Initially, an increase of milling time
yields higher specific surface areas; however,almssitive trends may become negative with
additional milling (Fig. 1). This behavior can bgributed to particle agglomeration occurring
after a few hours of milling (Rigopoulos et al., 1) 2016a, 2016b). The milling conditions and
specific surface areas of the studied rock mateaed summarized in Table 1.

[Insert Fig. 1 approximately here]

2.3. Experimental design
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Experiments were performed in 1000 mL polypropyldvesch reactors at ambient
temperature and pressure conditions (T: 23.5+1,%°Q atm; Fig. 2). Initially, each reactor was
loaded with 1.6 g of rock material and 800 mL difigial seawater (rock/fluid ratio: 2 g/L). The
artificial seawater was prepared based on the ceitipo of Millero et al. (2006) (Table S3 in
the electronic supplement). Artificial seawater wasised in this study to exclude any potential
biological processes that would increase the coxitglef the results. Prior to the experiments,
laboratory air was bubbled through the artifickehwater solution for ~24 h to reach equilibrium
with respect to atmospheric GQas confirmed by dissolved inorganic carbon measents of
the initial solution. The reactors were continugusthaken using orbital shakers (KS 260 basic
IKA®) with a rotational speed of 200 rpm to mimic waaeion. The rock materials remained
largely in suspension throughout the experimentstduthe relatively low rock/fluid ratio. The
goal was to mimic the coastal ocean, where the noaterial would be in suspension due to the
action of waves and currents. Each experimentda&t@onths, and each reactor was open to the
atmosphere during the experiments (Fig. 2). Thepsag outlet of each reactor was loosely
covered to prevent dust entry, but allowing gasarge with the atmosphere. A total of 16 fluid
samples (volume of each sample: ~8 mL) were catedtom each experiment using filtered
polypropylene syringes, at selected times. Consetyle-16% of the reactive fluid was removed
via sampling by the end of the experiment. As thiels largely remained in suspension during
sampling, there was not a significant change inrtek/fluid ratio in the reactors. The fluid
samples were subsequently filtered using @@Ralumina based membrane filters. An aliquot
was acidified to 2% HN®prior Si, Mg and Ca concentration analysis, whilke remainder was

stored with no headspace for dissolved inorganibara (DIC) analysis. At the end of the
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experiments, the solids were collected using vaciiltration and dried for a few days at room
temperature.
[Insert Fig. 2 approximately here]
A total of eight experiments was performed: onet@dnexperiment containing only
artificial seawater, three experiments with unndill®ck materials, two experiments with ball-
milled dunite after distinct ball milling durationene experiment with ball-milled harzburgite,

and one experiment with ball-milled olivine bagake Table 1 for further sample details).

2.4. Fluid and solid sample analyses

The reactive fluid pH was measured in the reaaisnisg a Metrohm 913 pH-meter and a
Metrohm combined electrode (6.0234.1000). Beforhemse, the electrode was calibrated using
three NIST buffer solutions (pH 4.008, 6.865, antB9 at 25 °C, Fluka). The concentrations of
total dissolved inorganic carbon (DIC) in all flushmples were measured using a Shimadzu
TOC-Vcsy analyzer, in combination with an ASI-V automatangpler. The dissolved Si, Mg
and Ca concentrations were determined on the sddgamples using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Mingaturation states of the reactive fluids
were determined using measured pH, and DIC, Si, &g, Ca concentrations, together with
PHREEQC V3 and its lInl database (Parkhurst and eipp2013). Detection limits and
uncertainties of these analyses are provided itiosed of the electronic supplement.

The precipitation of carbonate minerals during #eeriments was investigated by
measuring the total inorganic carbon in the sobd$ore and after the experiments using a
Horiba EMIA-320V Carbon/Sulfur analyzer. Furthermpthe solids were characterized by

powder X-ray diffraction (PXRD), scanning electronicroscopy (SEM) and energy dispersive
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spectroscopy (EDS). In addition, conventional tnaigsion electron microscopy (TEM), as well
as high-resolution transmission electron microscGdRTEM) studies were performed (see

electronic supplement for detailed methods).

3. Results and discussion
3.1. Fluid chemical compositions

The initial pH of the artificial seawater in egbilium with atmospheric COwas 8.06,
within the pH range of natural seawater (Marioralet2011). Fig. 3 illustrates the evolution of
pH during the 2-month experiments (see also Tablen$he electronic supplement). The pH of
the fluids containing the three different unmilleatk materials did not show any significant
changes over time (Fig. 3a and b). In contrastbtdemilled dunite and harzburgite induced a
substantial increase of pH near the beginning ef éRperiments (Fig. 3a and b). This pH
increase could be attributed to the dissolutiorolofine and other Mg-silicate minerals (e.g.
Casey and Westrich, 1992; Declercq et al., 2013jcHén et al., 2006; Johnson et al., 2014;
Oelkers, 2001; Oelkers et al., 2015; Pokrovsky 8nbott, 2000; Wang and Giammar, 2013).
After 6 hours, the most milled dunite provoked gneatest pH increase, followed by the milled
harzburgite and the less milled dunite. The pH teareased over time in these experiments.
This pH decrease occurred earlier in the experimhtthe less milled dunite compared to that
with the most milled dunite (Fig. 3a), indicating impact of milling duration on the reactivity of
ultramafic rocks in seawater. In addition, the ieartlecrease of pH in the milled harzburgite
experiment compared to that with the most milleditdu(Fig. 3a and b) could be attributed to

the higher olivine content and lesser degree gfesgimization in the dunite (see Petrography in
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the electronic supplement). In contrast, little radpa in fluid pH was documented for either the
milled or the unmilled basalt sample (Fig. 3b).
[Insert Fig. 3 approximately here]

The DIC concentrations of the fluids in the unndligeridotites and basalt experiments did
not exhibit any significant variations over timegF4; Table S5 in the electronic supplement;
see also the calculated total alkalinity in Tab®.Note that the DIC values of the reactive
fluids in the unmilled sample experiments are cltwséhe initial DIC concentration (~25 ppm)
(see Table S3 in the electronic supplement) througkhe experiments. In contrast, the fluid
samples collected from the milled dunite and hargibei experiments first show a decrease in
DIC followed by an increase towards the initial DdGncentrations (Fig. 4a and b). The highest
DIC values for these experiments were attained fitaid samples collected after over 500 hours
of reaction. The initial decrease of DIC from tlha&ds collected from the most milled peridotite
experiments suggests that precipitation of carlgonaherals began within the first few hours.
The fluids collected from the milled harzburgitedahe less milled dunite experiments attained
their lowest DIC values after 24 h (Fig. 4a andNte that the most milled dunite experiment
attained a substantially lower DIC value than athepexperiment (Fig. 4a and b), suggesting
that this ultrafine sample facilitated the greatgstipitation of carbonate minerals. On the other
hand, the DIC concentrations in the reactive fluatdlected from the unmilled and milled
olivine basalt experiments do not show any notiteeabmporal evolution, with similar DIC
concentrations as the control throughout the erpent (Fig. 4b). Such results are coherent with
the observation that the milled peridotites causstarp increase of seawater pH within the first
few hours of the experiments, whereas the basahali (see Fig. 3).

[Insert Fig. 4 approximately here]
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The temporal evolution of Si, Mg and Ca concemntratiin the reactive fluids can be seen
in Fig. 5, and the results are summarized in TaBlésnd S8 in the electronic supplement. The
Si trends indicate a large difference between theotution rate of the unmilled and ball-milled
rocks. This observation is consistent with Hange &piers (2009), who concluded that the
dissolution rate of olivine is markedly enhancedewtts grain size is <1@m. Meysman and
Montserrat 2017) argued that the dissolution ratesld be further enhanced under natural
conditions through various forms of biological aiti in marine sediments, despite the fact that
a number of studies suggest that microbes tendow sather than accelerate Mg-silicate
dissolution reactions (Shirokova et al., 2012; Gart al., 2013; Oelkers et al., 2015). The
milled basalt experiment exhibited lower reactiked Si concentrations compared to the milled
ultramafic rocks, indicating its lower reactivitythe aforementioned difference between
peridotites and basalts is in agreement with tbeiresponding pH and DIC trends (see Figs. 3
and 4). Nevertheless, there is a significant diffiee in the reactive fluid Si concentrations
between the unmilled and ball-milled basalt expentas (Fig. 5a), implying that ball milling
enhanced the dissolution rates of this sample. Mewyehis is not accompanied by a noticeable
increase of pH (Fig. 3b), suggesting that the a®eel Si concentrations in the milled basalt
experiment are not only attributed to the enhartissblution of olivine, but also of other silicate
minerals (e.g. augite, chlorite; see Petrographtheelectronic supplement), which may limit
the pH increase. As illustrated in Fig. 5a, thectiea fluids become more concentrated in Si over
time; however, the fluids in the experiments witlke tmost milled dunite and the milled
harzburgite show a sharp decrease of Si duringfitte73 and 50 hours, respectively. This

decrease is most pronounced for the most milledteluim both experiments, a second stage of
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decrease can be observed later. This suggestsSithatbeing removed from solution due to
precipitation of Si-bearing secondary phases.

The Mg concentrations do not exhibit clear temparahds, presumably due to the high
initial Mg concentration of the artificial seawatgee Table S3 in the electronic supplement).
Nevertheless, a moderate increase in Mg concemtiiatian be observed over time, primarily in
the milled sample experiments (Fig. 5b). In additia decrease in Mg concentration is observed
in the most milled dunite and milled harzburgitepestiments after 819 and 437 hours,
respectively. These reduced Mg concentrations alnerent with the reduced Si concentrations
after 819 and 437 hours in the same experimenésKge 5a), suggesting the precipitation of a
Mg-silicate phase.

The reactive fluid Ca concentrations collected frima experiments with the unmilled
rocks and the milled basalt remained relativelynamged during the 2-month experiments (Fig.
5¢). In contrast, the reactive fluids from the expents with the milled dunite and harzburgite
show an appreciable Ca concentration decreasetwith This decrease is coincident with the
initial negative DIC trends of these fluids (seg.H). These observations suggest that the milled
ultramafic rocks promote the reaction between the Bre-existing in the artificial seawater and
the dissolved inorganic carbon, leading to Ca@€cipitation. This Ca concentration decrease
is most pronounced in the most milled dunite experit (Fig. 5c).

[Insert Fig. 5 approximately here]

According to mineral saturation state calculatigfi@bles S9-S15 in the electronic
supplement), aragonite and calcite were supergatuia all reactive fluid samples, consistent
with natural seawater. However, the saturation xnd@elues of these minerals were not

substantially elevated. Notably, the temporal pH; Bnd aqueous Ca trends (see Figs. 3, 4 and
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5c) of the milled dunite and harzburgite experirseate consistent with CaG@recipitation
(Fig. 6). In addition, speciation calculations sesgfgthat magnesite [MgGPwas supersaturated
during all experiments (Tables S9-S15 in the eteitr supplement), though consistent with past
studies (e.g. Saldi et al., 2009) it was not fosadform during any experiment. Moreover,
sepiolite, a Mg-silicate clay mineral, was supersgted in the experiments with the milled
samples, and especially in the experiments withntlbst milled dunite and milled harzburgite
(Fig. 6f and i). Similarly, Okland et al. (2014)paated that sepiolite was supersaturated in the
reactive fluids of low temperature dunite dissauatexperiments, implying that its precipitation
was thermodynamically possible.

[Insert Fig. 6 approximately here]

3.2. Solid compositions

The total inorganic carbon content of the solidfotee and after the experiments was
measured. These results, as well as the calculsight percent of CaC{are listed in Table 2.
The unmilled samples show only small changes i@ tobrganic carbon during the experiments.
This is in agreement with Montserrat et al. (201w)p performed similar enhanced weathering
experiments using forsteritic olivine. In contragte milled ultramafic rocks exhibit a large
increase of total inorganic carbon during the eixpents, with the most milled dunite having the
highest amount of CaC{i.e., 10 wt%), consistent with observed fluid quositions (Table 2).
This result clearly shows that carbonation increasetably with increasing milling time for
ultramafic rocks. This is also consistent with tiesults acquired through G@hemisorption
followed by temperature-programmed desorption fTOD) experiments in dunites

(Rigopoulos et al., 2016a). The substantial reducif particle size (see Fig. 7) and the
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distortion of the mineral structure as evidencedh® XRD patterns shown in section 7 of the
electronic supplement after ball milling is likellye reason for the enhanced carbonation rates.
Note also that the absence of carbonate mineralseiniltramafic rocks before the experiments
(see Table 2), excludes the idea of a seeded petmp due to the availability of carbonate
surface area (Renforth and Henderson, 2017). Tésepce of Mg-rich minerals, however, has
been shown to enhance the nucleation of Gaft@n mildly supersaturated aqueous solutions
(Stockmann et al., 2014). Although the formatiéiCaCQ; in this system does fix securely €0
as a stable mineral phase, its formation in seawakeases protons thereby lowering the overall
efficiency of enhanced weathering compared to flastaddition of alkalinity. It seems likely
that this process could be optimized by changirggrttineral surface area to seawater ratio to
alter the degree of supersaturation of secondaagem the fluid.

The results obtained for the milled olivine basddow that the content of total inorganic
carbon increased only to a small extent duringetkigeriment, consistent with the minor change
of the reactive fluid composition of this experimeflthough milling led to an increased rate of
Si release from the basaltic sample, its dissatutim not drive an increase in fluid pH, likely
due to the dissolution of other silicate phaseg. (@ugite or chlorite), rather than olivine. This
observation is in agreement with the results regblly Taylor et al. (2016), who reported that
the CQ consumption induced by terrestrial weatheringwiites and harzburgites is about twice
that of basalts.

[Insert Fig. 7 approximately here]

Note that the measured total carbon contents ofetb@vered solids are in good agreement

with corresponding CaC{contents calculated from the temporal reactivel fcompositional

evolutions (Fig. 8; Table 2). Furthermore, thes@dflcomposition trends indicate that most
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carbonate mineral precipitation occurred within fliet hours of the experiments containing
milled ultramafic rocks, while subsequently theegtslow dramatically (Fig. 8). The rapid
precipitation of CaC@in the most milled dunite and milled harzburgitgperiments is also
accompanied by a sharp decrease of the reactiiek id (Fig. 3). The abrupt reduction of
CaCQ precipitation rates could be attributed to theda@Pe* removal from solution during the
first hours of the experiments, which decreasessttaration index of CaCG(phases towards
equilibrium (see Fig. 6). Note also that the sokdsibited a rusty color after the experiments,
suggesting that minor Fe-hydroxide precipitatiomldobe an additional reason for the slower
carbonation rates over time. Although the carbonatesral precipitation almost stops near the
beginning of the experiment with the less millednhitks (Fig. 8a), the most milled dunite
experiment shows a continuous, albeit slow, in@eat CaCQ over time (Fig. 8b), thus
confirming the positive effect of milling duratioon mineral carbonation. In addition, the fast
CaCQ precipitation near the beginning of the experirmemésults in a reduced DIC
concentration (Fig. 4), indicating that minerallmawation rates may be limited by the supply rate
of CO, from the atmosphere to the aqueous solution. iEhionsistent with observations of
accelerated carbonation in mine tailings (Harrispral., 2013; Wilson et al., 2010, 2014) and
field-scale experimental basalt weathering (vareHat al., 2017).

[Insert Fig. 8 approximately here]

XRD patterns of the rock materials were acquirefbieeand after ball milling. Milling
caused a substantial reduction in the intensitglioKRD peaks and led to the disappearance of
some smaller peaks (Figs. S4-S6 in the electrarpplement). These observations suggest the
structural disordering of the constituent silicatmerals, which is considered as one of the most

important factors for enhancing carbonation reasti(Kleiv and Thornhill, 2006; Li and Hitch,
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2016a; Munz et al., 2012; Rigopoulos et al., 20IBlmjanicova et al., 2013). The reduction in
peak intensity due to ball milling is less evidemtthe milled basalt compared to the milled
dunite obtained after the same milling duratiomgpare Figs. S4a, b and S6a, b in the electronic
supplement); this is consistent with the substintibwer reactivity of the milled basalt
compared to the milled peridotites. The distinchdgor of basalt could be attributed to the
presence of an appreciable amount of chlorite Bsteography in the electronic supplement),
which is flexible and tends to absorb the applieess (e.g. see Rigopoulos et al., 2013), thereby
increasing the resistance of the rock material &zhanical deformation. Although the dunite
and harzburgite contain serpentine, the mechablhvior of which is similar to chlorite, its
amount is smaller compared to that of chloriteasdit.

In addition, XRD analyses were performed for eachdssample before and after the
experiments. The results confirmed that the Ca@Cthe milled ultramafic solids during the
experiments was aragonite (Fig. S7 in the eleatrauipplement). Note that aragonite has a
higher solubility compared to calcite and for aegiypCO, it may sequester less carbon than
calcite (Sun et al., 2015). Nevertheless, thisat expected to affect the carbon sequestration
efficiency of the enhanced weathering approachriest here, as aragonite is relatively stable
over geologic time. The formation of aragonite ur @xperiments is consistent with previous
observations of CaCQOprecipitation from Mg-rich fluids; a Mg/Ca fluidoacentration ratio
greater than 2 favors aragonite precipitation (bewlens-Sanchez and Gonzalez, 2009; Morse
et al., 1997, 2007; Sun et al., 2015). In our expents, the Mg/Ca ratios of all reactive fluid
samples range between 3.09 and 5.35 (see TablaeadS28 in the electronic supplement). The
saturation index of aragonite was found to decrdase0.2 in the milled dunite and milled

harzburgite experiments after ~400 h (Fig. 6a,d&ghcident with the decrease of pH, recovery
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of DIC concentrations towards the initial valuesd aeductions in the rate of Eaemoval from
solution (Figs. 3, 4 and 5c). This suggests that élxtent of carbonate precipitation was
controlled by the aragonite saturation state; assituration index of aragonite declines towards
equilibrium, precipitation rates slow to negligiblalues. Thus, although the short-term (hours to
days) precipitation rates may be limited by thee rat CQ uptake into fluid, the longer-term
(weeks to months) rates are limited by the ratenoferal dissolution to release cations and
increase fluid pH.

Chemical mapping by SEM/EDS confirmed that Ca wdsundant and fairly
homogeneously distributed in the milled ultrama8olids recovered at the end of the
experiments (Fig. S8 in the electronic supplemédwever, it was not possible to obtain clear
images of individual aragonite crystals using SEMe to their small size. Consequently, TEM
and HRTEM studies were also performed, which reackéthat aragonite exists in the form of (i)
up to 300 nm crystals (Fig. 9a), and (ii) nano@lgstith sizes in the range of 5-16 nm (Fig. 9b).
The larger aragonite crystals are highly crystallias illustrated by HRTEM imaging (inset in
Fig. 9a). EDS point analysis results confirmed that newly formed aragonite is pure CaCO
The HRTEM images also show that the olivine in blad-milled rock samples was structurally
disordered (Fig. 9c); this disordering is likelyspensible for the fast mineralization that took
place near the beginning of the milled peridotitepegiments. In addition, TEM/EDS
observations revealed that a small amount of s&pifiMg,SisO;5(OH),-6HO] precipitated
during the most milled peridotites experiments (Figl). The precipitation of this poorly
crystalline secondary Mg-silicate (see the diffuistensity rings of the selected area diffraction
(SAD) pattern inset of Fig. 9d), is consistent witte decreasing Si concentration observed

during the most milled dunite and milled harzbwgikperiments (see Fig. 5a), as well as with
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the calculated sepiolite saturation state (Figi).6Although sepiolite remains supersaturated
throughout the experiments (Fig. 6f,i), its pretpon is followed by a recovery of Si
concentrations towards the initial values (Fig.. 5d)is is coincident with the fast pH decrease
(Fig. 3), suggesting that the precipitation of tbécondary mineral is favored in seawater with
high pH values. These results are also in agreemghtprevious studies, which report that
sepiolite is found in marine environments with @ie+rich ultramafic rocks (Bonatti et al.,
1983). Recently, Griffioen (2017) concluded thatiskte precipitation is unfavourable for GO
storage during enhanced olivine weathering in neagnvironments, as its formation reduces
significantly the consumption of G@er unit olivine. Although only a small amountsapiolite
was precipitated during our experiments, its foraratvould reduce the efficiency of this carbon
sequestration approach by consuming protons aneriogvpH, particularly over the longer term
as clay minerals have far slower precipitationgadkan carbonate minerals.

[Insert Fig. 9 approximately here]

4. Implicationsfor carbon capture and storage

One of the major challenges of enhanced weathésitige scale of mining and milling of
rock materials. Several studies focused on thé ¢okrgy requirements of enhanced weathering
(Hangx and Spiers, 2009; Moosdorf et al., 2014)géneral, C@ emissions and the associated
costs increase with decreasing grain size. AccgrtbnrHangx and Spiers (2009), for final grain
sizes larger than ~40m, the CQ sequestration efficiency is reduced by less tiH4n 2owever,
the CQ emissions resulting from mining, crushing and imglto achieve a final grain size on
the order of 1Qum, comprise between 5 and 11% of the total amotisequestered COIn

addition, Kohler et al. (2013) concluded that thergy consumption for milling to adm grain
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size can reduce carbon sequestration efficiency3d®po. Furthermore, the transportation of the
rock material from the mine to the enhanced weatfesite will further reduce the efficiency by
1.6-11.0 kg CQ@100 km/tonne C@sequestered or by 0.1-1% (Hangx and Spiers, 20083.
indicates that carbon sequestration via enhancetheeng in seawater would be more efficient
by using rocks located near coastlines. As suahhtgh cost and COemissions related to the
production and transportation of ultrafine rocksyrfimit the large-scale implementation of this
enhanced weathering approach. The efficiency af dpproach could be further reduced by the
potential intense wear of the ball milling equipmdéklaug et al., 2010). Additionally, the
efficiency of comminution processes is very lowg(eRadziszewski, 2013). All of these studies
indicate that the mining, crushing, milling and nisportation steps related to enhanced
weathering must be optimised before its large-sapjdication.

Despite the energy required to produce ultrafinevgers, our results suggest that the
enhanced weathering of milled ultramafic rockseawsater could facilitate GGstorage through
mineralization. Note that mineral carbonation im experiments occurred at ambient conditions.
Although carbon storage via dissolved bicarbonétesincrease of seawater alkalinity) may be
more efficient as it requires less rock material pele of CQ stored (e.g. Hangx and Spiers,
2009), mineral carbonation insures a long-term amate secure COstorage. Once CLOis
transformed into carbonate minerals, leakage gsdiminated and any monitoring program can
be reduced, potentially rendering this CCS approaxire cost-effective. In addition, our
experiments were not performed using pure olivioe fgartially serpentinized peridotites that,
although less reactive compared to fresh ultramaioks, are readily available on the Earth’s
surface (e.g. see the peridotite distribution nmapatter and Kelemen, 2009). This potentially

reduces the transport distances from the mine @oetthanced weathering site and therefore

18



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

facilitates the potential application of this apgeb on a global scale. Note also that the energy
required to reduce the grain size of altered pétekis substantially lower compared to that
required for harder fresh ultramafic rocks. Funhere, this enhanced weathering process
removes carbon directly from the atmosphere, pingidapture and storage in a single step.

The enhanced weathering of ultramafic rocks in seé@wmay also help avert ocean
acidification, which has drastic consequences farime ecosystems (Doney et al., 2009; Hoegh-
Guldberg et al., 2007; Orr et al., 2005). Oceaunlification also entails a reduced saturation of
surface seawater with respect to CaCthreatening coral reefs with extinction (Caldegnad
Wickett, 2003; Ricke et al., 2013). Here, we dent@ted that the distribution of milled
peridotites in marine environments favors aragopregipitation, thereby potentially helping to
maintain the viability of coral reef ecosystemse(sglso Taylor et al., 2016). Enhanced
weathering approaches may also affect marine tifeinanticipated ways. The dissolution of
olivine leads to an increase in dissolved Si. Thiscess would alter marine biology because Si
is the limiting nutrient for diatom growth over ¢g@ sections of the oceans (Dugdale and
Wilkerson, 1998; Ragueneau et al., 2006). Suchoagss could shift phytoplankton species
composition towards diatoms, thus altering thedgadal carbon pumps (Kohler et al., 2013).
Note that our experiments were performed in theemabs of biological activity, which may
influence, somewhat the rates and reactions péttie studies reactions.

Note also that the geoengineering of the marineremment has been controversial. For
example, in 2008 the United Nations Convention @idgical Diversity put a moratorium on all
ocean fertilization activities apart from small sta projects (Tollefson, 2008). Application of
enhanced weathering on a global scale would redgiige amounts of ultramafic rocks (Hangx

and Spiers, 2009; Taylor et al., 2016). Furtheorisf therefore need to be made to assess the

20



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

environmental impacts of enhanced wreathing in meaenvironments towards the potential

public acceptance of this approach.

5. Conclusions

This experimental study demonstrates that the ‘“ecdéd weathering” of ball-milled
peridotites in seawater can induce the drawdowrCo§ directly from the atmosphere. In
contrast, the ball-milled basalt did not yield masignificant changes in seawater composition
due to its distinct mineralogy and higher resistate mechanical deformation compared to
peridotites. In the ball-milled dunite and harzbtegxperiments, the precipitation of carbonate
minerals began within the first few hours. The hssconfirmed that the newly formed Cagio
these experiments was aragonite. The observatatrtiie greatest amount of aragonite formed
during the most milled dunite experiment suggegtestive impact of ball milling duration on
the carbon sequestration efficiency through enhdneeathering of peridotites. All results
indicate that ball milling can substantially enharibe weathering rate of peridotites in marine
environments, promoting the immobilization of £€@s carbonate minerals. However, the
precipitation of sepiolite could reduce the efffig of this carbon sequestration approach over

the longer term.
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FIGURE CAPTIONS

Fig. 1. BET (nf g% specific surface area versus ball milling time tlee studied rock materials
(red circles show the milled samples used durirey ékperiments). The BET values for the
milled basalt and dunite samples were acquired fRigopoulos et al. (2015) and Rigopoulos et

al. (2016a), respectively.

Fig. 2. Experimental design used for the enhanced weathexperiments.

Fig. 3. Temporal evolution of the reactive fluid pH: (apr@rol experiment, and experiments
with unmilled and milled dunite; (b) Control expaent, and experiments with unmilled and
milled basalt and harzburgite.

Fig. 4. Temporal evolution of the reactive fluid dissohMadrganic carbon (DIC) concentration:

(@) Control experiment, and experiments with uredilland milled dunite; (b) Control

experiment and experiments with unmilled and mibadalt and harzburgite.
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Fig. 5. Temporal evolution of the reactive fluid Si (a)gNb), and Ca (c) concentrations in all

experiments.

Fig. 6. Temporal evolution of the aragonite, calcite aepialite saturation indices, for the
experiments with the milled (a-f) dunite, and (gharzburgite. Saturation indices were

determined using PHREEQC V3 and its lInl datab&sekhurst and Appelo, 2013).

Fig. 7. SEM images showing the significant reduction oftipke size after ball milling: (a)
unmilled (SM15), and (b) milled (BM46) dunite; (ahmilled (SM17), and (d) milled (BM72)
harzburgite; (e) unmilled (SM1), and (f) milled (BlYibasalt. The unmilled rock samples were
cleaned ultrasonically in ethanol, thus they aee fof fine particles. The magnification in (a,c,e)

is significantly lower compared to (b,d,f).

Fig. 8. Temporal evolution of solid CaGQontent for the experiments with the milled (a,b)

dunite, and (c) harzburgite.

Fig. 9. Transmission electron microscopy images (clockviieen top left) of the most milled

dunite (sample BM46) after the experiment, depgti(a,b) the precipitated aragonite. Moiré
fringes, such as these pointed by black arrow jnware usually observed and prove that
aragonite crystals are highly crystalline. Whiteoars in (b) denote aragonite nanocrystals (also
circled); (c) the structural disordering of olivindue to the amorphous-like contrast of the

nanopatrticle, and (d) the precipitated sepiolites (black arrows show the crystal boundaries).

29



753 The SAD pattern inset confirms both its chemicahposition [MgSisO15(OH),- 6H,O] and its

754  low crystallinity.
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Tablel

Ball milling conditions and specific surface area values of the unmilled and milled rock materials (data for the milled
samples of basalt and dunite acquired from Rigopoulos et al. (2015a) and Rigopoulos et al. (2016a), respectively).

Sample code _ Ball milling conditior.ls. BET'(r_nZ g9
Milling time (h) Type of milling Specific surface area

SM15 (Unmilled Dunite) - - 04

BM38 (Milled Durnite) 4 Wet (50 wt% Ethanol) 357

BM46 (Milled Dunite) 20 Wet (50 wt% Ethanol) 64.6

SM17 (Unmilled Harzburgite) - - 05

BM72 (Milled Harzburgite) 16 Wet (50 wt% Ethanol) 53.1

SM1 (Unmilled Basalt) - - 20

BM7 (Milled Basalt) 4 Wet (50 wt% Ethanol) 58.9




Table2
Calculations of CaCO; abundance in the studied rock materials based on (i) the content of total inorganic carbon in the solid phase (the
sequestration efficiency of each rock material during the 2-month experiments is also given), and (ii) mass balance from the fluid phase
assuming no change in total solids mass due to dissolution.
CaCOs wt% based on the measured total
inorganic carbon in solids

CaCO; wt% calculated at
the end of the experiment

Sample code/rock material Beforethe  After the g&(i:%tfhogmed 3??;‘:&3“ on based on mass balance
experiment  experiment experiment (9 COy g rock) from the fluid phase

SM15/Unmilled Dunite 01 0.7 0.6 0.003 21

BM38/Milled Dunite 0.8 74 6.6 0.029 10.7

BM46/Milled Dunite 12 11.2 10 0.044 16.6

SM17/Unmilled Harzburgite 0.3 0.6 0.3 0.001 16

BM72/Milled Harzburgite 0.9 7.6 6.7 0.029 10.6

SM2/Unmilled Basalt 04 04 0 0.000 0

BM7/Milled Basalt 0.6 21 15 0.007 0




Specific Surface Area (m°g”)

70

60

50

40

30

20

10

—&— Dunite
—— Harzburgite
—A— Basalt

4 6 8 10 12 14 16 18 20

Ball milling time (h)



ACCEPTED MANUSCRIPT

Lid Sampling outlet

Artificial seawater
(800 mL)

Reactor

Rock material
(1.6 g)

Orbital shaker



ACCEPTED MANUSCRIPT

pH

9.2

9.0

8.8

8.6

8.4

8.2

8.0

7.8

+ Control Experiment
e OUnmilled Dunite
® % o, A Milled Dunite (BM: 4h)
E © Milled Dunite (BM: 20h)
y
_;Aﬁ
g ®
u? A, ¢ 3 *
oo Aape

’ . E [} ° 3 o g g
] A A

"

T T T 1
0 400 800 1200 1600

t (hours)

b 92
# Control Experiment
90 - 0 Unmilled Basalt
® Milled Basalt (BM: 4h)
88 - OUnmilled Harzburgite
o ® Milled Harzburgite (BM: 16h)
.
86 -
X
o
8.4 -
o8
.
¢ S
8.2 ° o
o o o o,
oe *
E.D.B.eo.s?ﬁ" ¢
80 o % .
7.8 T T T )
0 400 800 1200 1600
t (hours)



ACCEPTED MANUSCRIPT

a 30 - b =0
25 - A s 25 - g BP9 m
e g * e . » O ° 9 5 o .
IR BT . 2 ceme o ¢ ° g
%® sl . B A Pe® ° L g n ]
20 - s o 20 - o H o
S . e o
E ] E L] L] *
S N S
& 15 44 e 15 °
o 4 ° o
o ° °
10 | _ a 10 e® + Control Experiment
.. 0o © . Control Expel'-lment O Unmilled Basalt
- B Unmilled Dunite @ Milled Basalt (BM: 4h)
5 A Milled Dunite (BM: 4h) 5 O Unmilled Harzburgite
® Milled Dunite (BM: 20h) o Milled Harzburgite (BM: 16h)
0 T T T 1 0 T T T 1
0 400 800 1200 1600 0 400 800 1200 1600

t (hours) t (hours)



Si (ppm)

t) 1500

1400

1300

Mg (ppm)

1200 4

1100

1000

0 400

Cc 500
450

400

350

Ca (ppm)

300

250

200

150

0 400

—&— Control Experiment
—H— Unmilled Dunite

—4— Milled Dunite (BM: 4h)
—&— Milled Dunite (BM: 20h)

1600

t (hours)
800 1200 1600

t (hours)
800 1200 1600

t (hours)

—&— Unmilled Harzburgite

—&— Milled Harzburgite (BM: 16h)
—8— Unmilled Basalt

—&— Milled Basalt (BM: 4h)



Aragonite Saturation Index Aragonite Saturation Index

Aragonite Saturation Index

10
08
06
A
04 A A
A, A
A A A A A
02 A 4
A A
B Milled Dunite (BM: 4h)
0 400 800 1200 1600
t (hours)
10
08
[ ]
06 ® ©
%% o
.
04
L[]
L]
L]
02 °e e ° .
: Milled Dunite (BM: 20h)
0 400 800 1200 1600
t (hours)
10
08
.o
0.4 .
* L]
L] L]
02 o® . e o
L]
: Milled Harzburgite (BM: 16h)
[ 400 800 1200 1600

t (hours)

Calcite Saturation Index Calcite Saturation Index

Calcite Saturation Index

0.8

06

0.4

02

04

02

08

0.6

04

0.2

Milled Dunite (BM: 4h)

400 800 1200 1600
t (hours)
L]
.
.
.
o e o ® . °
Milled Dunite (BM: 20h)
400 800 1200 1600
t (hours)
o0
.
« °,
Ld [
e® . * o
L]

Milled Harzburgite (BM: 16h)
400 800 1200 1600
t (hours)

Sepiolite Saturation Index

Sepiolite Saturation Index

Sepiolite Saturation Index

400

400

400

Milled Dunite (BM: 4h)

800 1200 1600
t (hours)
. o °
Y L]

Milled Dunite (BM: 20h)
800 1200 1600
t (hours)

Milled Harzburgite (BM: 16h)
800 1200 1600
t (hours)






20

a
16
< 12 A
Ay, A A
% A A, AA A
8 A
A
S ° .
A
4
0 < Milled Dunite (BM: 4h)
400 800 1200 1600
t (hours)
b 20
b ™
16 o °
® o
°
—_ o° 0% o
X 12
z ‘e .
d” ®
R 8
(&]
4
0 ¢ Milled Dunite (BM: 20h)
0 400 800 1200 1600
t (hours)
c 20
16
< 12
E o0 [ ]
® [ ]
o
8
S % . ¢
°
o0 o ® °
4 [ 1]
0 < Milled Harzburgite (BM: 16h)
0 400 800 1200 1600
t (hours)

A ® @ Based on mass balance from the fluid phase
< Based on the total inorganic carbon in the solid before the experiment
@ Based on the total inorganic carbon in the solid after the experiment






Highlights

» Enhanced weathering of ultrafine peridotites and basalts in seawater was studied.
» Open system experiments were performed in batch reactors at ambient conditions.

Peridotites induced CO, drawdown directly from the atmosphere via mineralization.

The basalt did not yield any significant changes in seawater composition.

» The precipitation of sepiolite could reduce the carbon sequestration efficiency.



