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Abstract

Abstract

The crystallization of ikaite (CaCO3;:-6H20) instead of less soluble calcium carbonate
polymorphs has important implications for formation pathways of calcium carbonate minerals,
carbon dynamics in polar regions of Earth or paleoclimatic reconstructions. However, the
crystallization of ikaite is far from fully understood. Although several conditions that promote
the formation of ikaite have been identified, the occurrence of ikaite remains unclear, as
fundamental kinetic aspects of the crystallization of ikaite remain largely unexplored to date.
In order to contribute to a better understanding of the occurrence of ikaite, this doctoral thesis
investigated the crystallization of ikaite by unraveling key aspects of nucleation, growth and

persistence using experimental approaches.

As mineral surfaces are potentially effective for heterogeneous nucleation, the formation
of ikaite was investigated in the presence of quartz and mica substrates at 0 °C. The study
showed that mineral surfaces are an important formation parameter, which can promote the
nucleation of ikaite: At supersaturations with respect to ikaite Qixie = 15, ikaite was formed
irrespective of the presence of these mineral substrates. At Qinite < 15, in contrast, ikaite
precipitated only in the presence of the mineral substrates, while precipitation experiments in
absence of these surfaces revealed the formation of the anhydrous CaCO3 minerals vaterite and
calcite. Thus, the promotion of ikaite nucleation by quartz and mica prevented competing
precipitation of anhydrous CaCO3; minerals and led to ikaite formation within a supersaturation

range, which was much wider than under pseudohomogeneous conditions.

Furthermore, induction periods measured in both supersaturation regimes enabled the
determination of the interfacial energy of ikaite nucleation. Using classical nucleation theory,
the interpretation of induction periods from ikaite-forming precipitation experiments
(Qixaite 2 8) yielded an effective interfacial energy of nuclei of 15 * 3 mJ/m2. This interfacial
energy of ikaite nuclei is significantly lower than values reported for anhydrous CaCO3 phases
and, therefore, may support the hypothesis of a low energy formation pathway of ikaite via an
ordering of aqueous ion pair complexes without extensive dehydration. Moreover, such a
formation mechanism is corroborated by the results of the study of ikaite growth kinetics in
phosphate containing solutions at 1 °C. Applying the empirical equation R = k(2 — 1)",
measured growth rates yielded a rate constant k = 0.10 + 0.03 umol/m2/s and a reaction order
n = 0.8 + 0.3. This reaction order implies a transport- or adsorption-controlled growth
mechanism which supports the formation of ikaite involving the assemblage of aqueous ion

pair complexes.

Apart from this finding, the experimental growth rates of ikaite provided no sign that
ikaite growth is retarded by the presence of phosphate. A potential depletion of aqueous
phosphate due to incorporation into ikaite was not detected. Thus, it must be assumed that
carbonate anions in ikaite are not substantially substituted by phosphate, which supports the
key role of phosphate as an inhibitor of anhydrous CaCO3 mineralization and as a powerful

promotor of ikaite formation.
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Without such an inactivation of anhydrous CaCO3; mineralization, the occurrence of ikaite
was generally transient in precipitation experiments at different solution temperatures
(0-20 °C). The persistence of ikaite decreased from 28 h at 0 °C to less than 4 min at 20 °C due
to concomitant nucleation of less soluble vaterite and calcite. This concomitant multiphase
nucleation indicated a limited applicability of Ostwald’s rule of stages. Applying classical
nucleation theory, an adequate fit of nucleation rates was obtained for T = 0 °C with a kinetic
pre-factor A of ikaite being at least 3 orders of magnitude larger than A of vaterite and calcite.
Such a kinetic advantage of ikaite potentially originates from the specific nucleation mechanism

without dehydration.

Furthermore, the ephemeral occurrence of ikaite between 0 and 20 °C supports that
nucleation of ikaite is not limited to near-freezing environments per se. However, low
temperatures are important for a prolonged persistence of ikaite. In order to ensure the
persistence of ikaite, an inactivation of competing precipitation, for example by inhibitors,
might be indispensable. An inhibition ensuring persistence of ikaite, though, most likely

becomes more complex to achieve with temperature.

In summary, the studies showed that the fundamental crystallization kinetics of ikaite
differs significantly from anhydrous CaCOs; minerals. The specific formation mechanism of
ikaite involving the assemblage of aqueous ion pair complexes might be essential for the
crystallization. The investigations also revealed that mineral surfaces have a substantial effect
on ikaite formation and play a more important role for the nucleation of ikaite in manifold
environments of Earth than previously assumed. Furthermore, the relation between
temperature and ephemerality of ikaite was shown for the first time in detail. The observed
ephemerality indicated that the extent of ikaite persistence decreases significantly with
temperature. Therefore, pseudomorphs after ikaite (glendonites) very likely may serve as

reliable proxies of low temperatures in most cases.
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1 Introduction

1 Introduction

1.1 Calcium carbonate crystallization

Crystallization of calcium carbonate (CaCO3) minerals is a ubiquitous process. Huge amounts
of CaCO3 minerals crystallize from abundant biotic and abiotic sources in manifold
environments of Earth. Particularly the extensive precipitation in sea water has led to a massive
occurrence of CaCOz minerals on the Earth’s surface (Morse et al.,, 2007). This omnipresence of
CaCO3 minerals has a tremendous impact on chemistry of marine systems due to large-scale
mineral-fluid interactions (Morse et al., 2007). In this regard, calcium carbonate crystallization,
in combination with weathering, contributes to a substantial carbon exchange, which is
considered as an important part of the ocean ecosystem and, moreover, of the global carbon
cycle (Millero, 2013; Ridgwell and Zeebe, 2005). Therefore, important implications for the
ocean ecosystem can be derived from the response of CaCOz minerals to changes in the marine
carbonate system, such as the increased uptake of atmospheric CO due to rising anthropogenic
emissions (e.g. Caldeira and Wickett, 2003; Doney et al., 2009; Guinotte and Fabry, 2008).

Furthermore, the crystallization of CaCO3 minerals is a key concern in various industrial
applications. The deposition of calcium carbonate minerals often appears as an undesirable
process (scale formation) that causes technical and costly harms (MacAdam and Parsons,
2004). Thus, the inhibition of the mineralization of calcium carbonate is an important
operational challenge in a wide range of industrial applications such as oil and gas production
(Kamal et al., 2018) or water heating and cooling systems (Karabelas, 2002; Kavitha et al,,
2011). Conversely, the occurrence of calcium carbonate minerals also provides important
technical and economic benefits. In manufacturing, readily available calcium carbonates are
used as a feedstock for a variety of purposes. These purposes include the extensive use as a raw
material for the production of construction materials (Jimoh et al., 2018) or the application as

fillers in plastics, paints, ceramics, pharmaceutics, etc. (Brecevi¢ and Kralj, 2007).

The great ecological and societal relevance of the formation of calcium carbonate
minerals has led to a considerable interest in their multifaceted crystallization processes.
Although thermodynamic considerations provide distinct stability conditions of the limited
number of known calcium carbonate minerals (e.g. Chaka, 2018; Marland, 1975), the highly
complex crystallization kinetics causes a broad distribution of the actual occurrence depending
on the formation environment (Morse et al., 2007). Hence, a fundamental understanding of the
kinetics of the crystallization is essential to predict the appearance of different CaCO3 minerals
and to improve models of complex natural and applied systems that involve the mineralization

of calcium carbonate.
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1.2 The highly hydrous calcium carbonate mineral ikaite

To date, six different forms of calcium carbonate crystals are known (Zou et al., 2019). These
include the three anhydrous CaCO3; polymorphs calcite, aragonite and vaterite and the three
hydrous forms hemihydrate (CaCO3-%2H.0), monohydrocalcite (CaCO3-1H,0) and ikaite
(CaCO3-6H20) (Zou et al, 2019). Furthermore, solid calcium carbonate appears as an
amorphous phase (amorphous calcium carbonate, ACC), which most likely involves different
identities due to the incorporation of varying amounts of water (e.g. Addadi et al,, 2003;
Cartwright et al., 2012; Lazar et al,, 2023; Zou et al., 2018).

Among these calcium carbonate phases, the mineral ikaite stands out due to its highly
hydrous nature. The occurrence of ikaite is less frequent relative to abundant anhydrous CaCO3
polymorphs. Furthermore, the crystallization of ikaite generally leads to a fragile metastable
phase at the Earth’s surface (Marland, 1975). Nevertheless, substantial amounts of ikaite occur
in low temperature environments of Earth (T < 9 °C) and provide a significant impact on
ecological systems (e.g. Geilfus et al.,, 2016; Huggett et al., 2005; Stockmann et al., 2022). For
instance, the formation and dissolution of ikaite in (near-)freezing environments has important
implications for the polar carbon cycle (e.g. Delille et al., 2014; Dieckmann et al., 2010; Geilfus
etal,, 2013; Geilfus et al,, 2016; Jones et al.,, 2023a, 2023b; Rysgaard et al.,, 2012, 2013, 2014):
The precipitation of ikaite from sea ice brines may induce seasonal partitioning of alkalinity
and thus contributes to polar carbon dynamics in surface oceanic water (Dieckmann et al,,
2008; Jones et al,, 2023b; Rysgaard et al., 2007). Moreover, the appearance and disappearance
of ikaite in sea ice might also contribute to CO; fluxes at the air-ice and the ice-water interface
(Dieckmann et al,, 2008; Fransson et al., 2011; Jones et al., 2023b; Rysgaard et al., 2007). In this
context, model calculations suggested that these CO; fluxes potentially may be an effective sea-
ice driven carbon pump that might be capable of sequestering CO; to the ocean (Rysgaard et
al.,, 2007).

In addition to carbon dynamics, nutrient dynamics in polar surface oceanic water might
be associated with the formation of ikaite in sea ice. The growth of ikaite within sea ice might
lead to a significant depletion of aqueous phosphate due to incorporation, which may support
the enrichment of phosphate in sea ice relative to surface oceanic water (Hu et al., 2014; Jones
et al,, 2023b). Such a contribution could provide an important abiotic process for seasonal
nutrient cycling in polar regions of Earth that complements the impact on polar nutrient

dynamics by microbial activity (Jones et al., 2023b).

Apart from these dynamics, ikaite has been considered as an important transient
intermediate or precursor phase for the crystallization of less soluble calcium carbonate
minerals. As ikaite usually appears as a metastable phase that readily decomposes into less
hydrous CaCO3 minerals in aqueous solutions (e.g. Besselink et al., 2017; Ito, 1996; Purgstaller
et al,, 2017; Stockmann et al,, 2022), formation pathways of anhydrous CaCO3; minerals may
proceed along the formation of ikaite. Nevertheless, the appearance of ikaite in the course of

the crystallization of less soluble CaCO3z minerals has hardly been investigated so far, although
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studies on the nucleation and growth of calcium carbonate minerals in recent decades have
indicated that formation pathways can be manifold and may involve different intermediates
(e.g. Cartwright et al,, 2012; De Yoreo et al,, 2015). Furthermore, numerous findings of the
appearance of ikaite (see chapter 1.3) indicate that the contribution of ikaite to formation

pathways has potentially been underestimated to date.

Likewise, the paleoclimatic significance of ikaite might be considerable, but remains
poorly constrained yet. The occurrence of ikaite has usually been reported at low temperature
environments. Therefore, it has been suggested that ikaite is a powerful indicator of near-
freezing temperatures of water and may be a useful paleoclimatic proxy to reconstruct
temperature conditions (e.g. Shearman and Smith, 1985; Suess et al., 1982; Swainson and
Hammond, 2001). However, studies on the appearance of ikaite in nature and in laboratory
syntheses provide an ambiguous picture of the temperature-dependent occurrence of ikaite, as
the appearance of ikaite has not been observed exclusively at temperatures close to the freezing
point of water (Purgstaller et al.,, 2017; Rogov et al,, 2023; Stockmann et al,, 2018; Tollefsen et
al,, 2020). Hence, further studies on the temperature dependence of the persistence of ikaite
are inevitable in order to gain a profound understanding of the applicability of ikaite as an

indicator of low temperature environments.

1.3 Occurrence of ikaite

While the appearance of ikaite in laboratory syntheses was already reported in the 19t century
by Pelouze (1865), the natural occurrence of ikaite was unknown at that time. Also later, when
the formation of calcium carbonate hexahydrate was achieved in further laboratory syntheses
at near-freezing temperatures of water (Hume and Topley, 1926; Johnston et al., 1916; Krauss
and Schriever, 1930; MacKenzie, 1923), the natural occurrence remained unrecognized. It took
until 1963 for the mineral to be determined for the first time in a natural environment, namely

in the Ikka fjord (Greenland), which gave rise to the mineral name ikaite (Pauly, 1963).

The precipitation of ikaite in the Ikka fjord is triggered by mixing of solutions due to
subaquatic seeping spring water (Bischoff et al., 1993b; Stockmann et al., 2022; Tollefsen et al.,
2019). Conditions that enable the precipitation of ikaite in nature, however, are not exclusive
to Ikka fjord. Rather, it has become clear that growth sites of ikaite are manifold. These growth
sites include different saline lakes (Bischoff et al., 1993a, 1993b; Council and Bennett, 1993;
Oehlerich et al., 2013; Shearman and Smith, 1985), cold saline springs (Ito, 1996; Omelon et al,,
2001), or unique settings like a concrete river basement (Boch et al,, 2015), steel-slag leachate
(Bastianini et al., 2024) or a tree wound (Garvie, 2022).

Furthermore, the precipitation of ikaite has been corroborated by widely distributed
occurrences of pseudomorphs after ikaite (glendonites) (e.g. Kennedy, 2022; Morales et al,,
2017; Peckmann, 2017; Rogov et al,, 2021; Selleck et al., 2007; Swainson and Hammond, 2001;
Vickers etal., 2022; Wang etal., 2017). Especially in boreal regions of the Northern Hemisphere,
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these pseudomorphs appear frequently (Kennedy, 2022). The formation of ikaite as precursor
mineral of glendonites has usually been associated with sedimentary environments, where
precipitation has been suggested to be triggered by a release of bicarbonate resulting from
sulfate reduction (Qu et al,, 2017), methane release (Schubert et al,, 1997), or authigenic
diagenetic decomposition (Suess et al., 1982). In addition to glendonites, the above-mentioned
findings of ikaite in Arctic and Antarctic sea ice (see chapter 1.2) further indicate a widespread
formation (Dieckmann et al., 2008; Dieckmann et al., 2010; Fischer et al., 2013; Geilfus et al,,
2013).

1.4 The fragile structure of ikaite

The low stability of ikaite relative to its less hydrous CaCO3s polymorphs can be ascribed to the
highly structured binding of water through a weak hydrogen bond network (Chaka, 2018).
Unlike anhydrous CaCOs minerals, Ca?* ions in ikaite crystals are eightfold coordinated by two
oxygens of the CO3 anion and by six oxygens of water molecules which gives a coordination of
isolated bidentate contact CaCO3 ion pairs enveloped by water molecules (Fig. 1, inset) (Chaka,
2018; Demichelis et al., 2014). These Cacog ion pairs are arranged in rows, where the calcium,
carbon and one oxygen of the carbonate group are located in the ab-plane of the lattice (Fig.1)
(Demichelis et al., 2014). The surrounding water molecules connect the CaCo?3 ion pairs with
each other due to the formation of a complex hydrogen bond network (Demichelis et al., 2014).
In this network, all hydrogens of water molecules act as donors of hydrogen bonds, while
acceptors are two-thirds of the oxygen of water molecules and all oxygens of the carbonates,
i.e. twice the bidentate contact oxygen of the carbonate and four times the third oxygen, which
is not coordinated by the Ca?* ion (Demichelis et al., 2014).

Crystallographic data from single crystal X-ray structure analysis of a natural sample of
ikaite at 248 K by Hesse et al. (1983) were in agreement with structural data of synthetic ikaite
specimen (Dickens and Brown, 1970). The refined lattice parameters of the monoclinic (C2/c)
unit-cell of ikaite (weighted R, = 0.028) are a = 8.792(2) A, b = 8.310(2) A, c = 11.021(2) 4,
B =110.53(5)° (Hesse et al., 1983). For the bond length of the mean C-0 distance of the planar
carbonate group, a value of 1.286(1) A was reported, which agrees with mean values of
previously reported bond lengths in carbonate groups (Hesse et al., 1983). The bond length of
bidentate Ca-0 contact of the CaC0J ion pairs was specified with 2.442(2) A, while the Ca-0
distances to the oxygens of six water molecules were 2.387(1) A (2x), 2.544(1) A (2x), and
2.516(1) A (2x) (Hesse et al.,, 1983). 0-H distances within water molecules range from bond
lengths of 0.728(19) A to 0.825(17) A, whereas hydrogen bonds provide lengths between
1.922(18) A and 2.184(19) A for O---H. These bond lengths led to distances of 2.709(1)-
2.906(1) A between different oxygens of water (Hesse et al.,, 1983).
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Figure 1. Projections of the crystal structure of ikaite (light blue: calcium, brown: carbon, red: oxygen,
dark blue: hydrogen). Inset shows the hydrated CaCO(3) ion pair in ikaite: Ca?* ions are eightfold

coordinated by two oxygen of one CO%" group and by six oxygen of water molecules. The large section of
the ikaite structure shows the arrangement of calcium, carbon and one oxygen of the carbonate group

in rows in the ab-plane which are interlinked by extensive hydrogen bonding (dotted lines).

1.5 Decomposition of ikaite

The extensive hydration of the structure of ikaite is essential for the stabilization of CaCo? ion
pair complexes, however, the hydrogen bond network merely provides a fragile crystal
structure (Chaka, 2018; Demichelis et al., 2014). Even minor changes of physicochemical
conditions can induce the dehydration and subsequent decomposition of ikaite into less
hydrous calcium carbonate phases (Buchardt et al., 2001; Chaka, 2018; Demichelis et al., 2014;
Marland, 1975; Stockmann et al., 2022; Tang et al., 2009; Tollefsen et al., 2020; Vickers et al,,
2022). Furthermore, the persistence of ikaite can be limited through the competing formation
of anhydrous CaCO3; minerals, as simultaneous precipitation might lead to undersaturation of
ikaite. This becomes more pronounced with increasing temperatures because of the inversely
correlating solubility behaviours of ikaite and anhydrous CaCO3 minerals (e.g. Clarkson et al,,
1992; Rodriguez-Ruiz et al., 2014).

Although from a perspective of structural controls, the conversion of ikaite into vaterite
might be favourable (Tang et al., 2009), the temperature-induced transformation of ikaite is not
limited to the conversion into vaterite. The transformation of ikaite into aragonite (Purgstaller
et al,, 2017), monohydrocalcite (Stockmann et al., 2022) and calcite (Besselink et al., 2017;

Purgstaller et al., 2017) in aqueous solution has also been reported. Most likely, the product
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phase selectivity of the transformations of ikaite is considerably affected by composition of
aqueous solution. It has been shown, for instance, that the formation of calcite and aragonite

after ikaite depends on the aqueous Mg2+/Caz2+ratio (Purgstaller et al., 2017).

In contrast to the transformations in aqueous solution, only the formation of vaterite or
calcite after ikaite has been obtained under air exposure (Purgstaller et al., 2017; Sanchez-
Pastor et al,, 2016). For these conversions, a dissolution-precipitation reaction at the crystal-
liquid interface that originates from surface moisture or release of structural water has been
proposed (Purgstaller et al., 2017; Sdnchez-Pastor et al., 2016). This mechanism coincides with
that suggested for the transformation of ikaite in aqueous solution, however, it remains open
whether the dehydration of ikaite in aqueous solution provides a similar crystal-liquid
interface as in air (Besselink et al., 2017; Purgstaller et al., 2017). A different crystal-liquid
interface has been suggested for transformations of ikaite under vacuum or in polar organic
solvents (Lazar et al.,, 2023; Zou et al,, 2018). Under these conditions, accelerated dehydration
may inhibit the dissolution-precipitation reaction and ikaite transforms into ACC due to partial

release of structural water (Lazar et al., 2023; Zou et al,, 2018).

1.6 Crystallization of ikaite

1.6.1 The complex formation conditions of ikaite

The stabilization of ikaite is largely unknown yet. However, it has been shown that specific
conditions are capable of promoting the formation of ikaite. In this context, natural occurrences
and laboratory syntheses of ikaite have indicated that the conditions that support the
formation of ikaite include near-freezing temperatures (e.g. Bischoff et al., 1993a; Boch et al,,
2015; Buchardt et al.,, 1997; Clarkson et al., 1992). This finding has been associated with the
prograde solubility of ikaite that contrasts the retrograde solubility of less hydrous CaCO3
minerals (Bischoff et al.,, 1993a; Clarkson et al., 1992).

Furthermore, inhibitors that suppress competing nucleation and growth of anhydrous
CaCO3 minerals but do not interfere equally with the formation of ikaite have been found to be
highly effective in supporting the formation of ikaite (Bischoff et al., 1993b; Clarkson et al.,
1992; Hu et al,, 2015; Purgstaller et al., 2017; Stockmann et al., 2018; Tollefsen et al., 2018). In
natural environments, particularly Mg2+ and phosphate ions (Bischoff et al., 1993a; Lin and
Singer, 2006; Morse et al,, 2007; Tadier et al., 2017) are known inhibitors that suppress the
nucleation and growth of anhydrous CaCO3z minerals. Even minor amounts of phosphate (< 1
uM) can selectively retard the formation of anhydrous CaCO3z minerals (Lin and Singer, 2006;
Tadier et al., 2017) and thus promote the precipitation of ikaite. Similarly, the presence of ionic
aqueous Mg species, which are abundant in sea water, may support the formation and
persistence of ikaite due to growth retardation of calcite (e.g. Buchardt et al., 1997; Stockmann
etal., 2018; Tollefsen et al., 2018).
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Likewise, alkaline conditions may promote the formation of ikaite. This was derived from
laboratory precipitation experiments (Hu et al., 2015) and was also implied by the impact of
microbial biofilms on ikaite precipitates in nature (Trampe et al., 2016). However, as the pH of
solution increases, the supersaturation with respect to all calcium carbonate minerals
increases. Therefore, ikaite is not favoured per se. Instead, the cause for the promotion of ikaite
formation by high pH is assumed to be the increased activity of the CaCOY ion pair (Chaka,
2018). Increased activity of the CaCOY ion pair may support the formation of six-fold
coordinated hydrated CaCO$ ion pair complexes, which most likely play a key role for the
crystallization of ikaite (Chaka, 2018).

1.6.2 Nucleation of ikaite

The nucleation of ikaite most likely deviates significantly from known formation pathways of
anhydrous CaCOsz polymorphs (Chaka, 2018). Due to the highly hydrated nature of ikaite, the
above-mentioned key role of the aqueous CaCo? ion pair complex was suggested for the
nucleation of ikaite (Buchardt et al.,, 2001; Chaka, 2018; Stockmann et al., 2018). This was
corroborated by density functional theory (DFT) calculations which obtained that the
nucleation of ikaite could proceed via a low energy pathway of crystallization through the
arrangement of aqueous CaCO3 ion pair complexes in solution (Chaka, 2018). Electrostatic
forces might provide a sufficient driving force for the arrangement of CaC03-6H,0 complexes
in clusters, similarly to the alignment of the crystal structure of ikaite (Chaka, 2018).

Consequently, extensive dehydration of complexes prior to incorporation is not required.

A separate kinetic model that describes the nucleation via such unique formation
mechanism is largely lacking to date. Nevertheless, an acceptable approximation of the
nucleation kinetics might be given by classical nucleation theory (CNT, e.g. Kashchiev, 2000;
Sangwal, 2007). Although in the macroscopical consideration of classical nucleation theory
(CNT), single steps of nucleation can generally be insufficiently captured, previous studies have
shown that CNT-based calculations can provide a useful approximation of the overall
nucleation kinetics for the formation of various minerals from aqueous solution. These include
anhydrous CaCOs polymorphs (e.g. De Yoreo et al., 2013; S6hnel and Mullin, 1978; Verdoes et
al, 1992) as well as phases involving potentially more complex nucleation steps (e.g. van
Driessche et al., 2019).

For the model considerations by CNT, it is essential to distinguish between homogeneous
(volume) and heterogeneous nucleation, as the presence of active foreign surfaces
tremendously modifies the free energy of nucleation (Kashchiev, 2000; Kashchiev and van
Rosmalen, 2003). Particularly in natural environments, impurities (e.g. foreign particles or
surfaces) are usually widespread and may provide active sites for heterogeneous nucleation
(Kashchiev, 2000). This heterogeneous type of nucleation is frequently favoured over

homogeneous nucleation because bonds between molecules in nuclei and substrates provide
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stronger bond strengths than solvation, which leads to a lower enthalpic contribution to free
energy (De Yoreo et al., 2013). Therefore, the energy required to form an interface in the
heterogeneous case is lower than in absence of effective foreign surfaces (De Yoreo et al., 2013).
As interfacial energy has a tremendous impact on the activation barrier of nucleation, even
slightly reduced interfacial energies may favour heterogeneous over homogeneous nucleation
(De Yoreo et al., 2013).

In nature, mineral surfaces are ubiquitous and thus provide widespread potential
effective surfaces for heterogeneous nucleation. For the crystallization of calcium carbonate
minerals, it has been shown that foreign minerals are capable of supporting nucleation: The
nucleation of calcite and vaterite on foreign mineral substrates of quartz or mica, for example,
indicated significantly reduced interfacial energies relative to the homogeneous nucleation of
calcite or vaterite, respectively (Li et al., 2014). Therefore, it must be assumed that foreign
mineral surfaces can support essentially the nucleation of anhydrous CaCO3z minerals in natural
environments. For ikaite, however, it remains unknown so far, whether mineral surfaces
similarly support the nucleation of ikaite by reducing interfacial energies. Although studies on
the growth of ikaite in presence of calcite substrates (Marland, 1975) and on the precipitation
of ikaite on substrates of functionalized polymers (Dalas, 1992; Malkaj et al., 2002) imply that
foreign surfaces might be effective for the nucleation of ikaite, the impact of the omnipresence
of foreign mineral surfaces in nature on the nucleation of ikaite remains largely unknown to
date.

1.6.3 Crystal growth and persistence of ikaite

Analogous to the proposed unique nucleation mechanism of ikaite, it can be suggested that the
growth of ikaite proceeds via the incorporation of hydrous CaCo} ion pairs without massive
dehydration. However, the growth kinetics has not been extensively studied yet. So far, growth
rates of ikaite have only been determined in one laboratory study on the precipitation of ikaite
from highly saline seawater-derived brines at sub-zero temperatures (Papadimitriou et al,,
2014). The results of this study implied the rapid formation of ikaite in sea ice, but implications

for the growth mechanism of ikaite in diverse natural settings remained ambiguous.

The investigation of the growth kinetics of ikaite is challenging due to the largely
unknown conditions that ensure sufficient persistence of ikaite for extensive growth. Although
various studies have identified solution conditions which support the precipitation of ikaite
(see chapter 1.6.1), comparatively few findings have been reported on the factors that increase
the persistence of ikaite and, thus, enable extensive growth. Furthermore, the ephemeral
appearance of ikaite resulting from the limited persistence of ikaite has important implications
for the crystallization of calcium carbonate minerals in multi-phase precipitating systems. In
this context, the formation of metastable ikaite, for instance, has been associated with the
empirical approach of Ostwald’s rule of stages (ORS, Chaka, 2018; Rodriguez-Ruiz et al., 2014).

From the perspective of ORS, the phase that nucleates first is not inevitably the most




1 Introduction

thermodynamically stable one, but a metastable one which subsequently transforms into the
next stable phase (Ostwald, 1897). Therefore, the nucleation and growth of ikaite prior to less
hydrous CaCO3; minerals might be in agreement with ORS. However, the applicability of ORS
depends essentially on kinetic arguments (e.g. De Yoreo, 2022; Navrotsky, 2004), which are
poorly constrained for ikaite to date. Hence, further investigations of ikaite formation and
persistence may help to evaluate the capability of ORS for providing an explanation of the

ephemeral appearance of ikaite.
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2 Scope of this thesis
2.1 Aim of this thesis

The crystallization kinetics of ikaite remains largely unexplored to date. Furthermore,
knowledge from the formation kinetics of anhydrous CaCO3 minerals can hardly be transferred
to ikaite, as the crystallization kinetics of ikaite and anhydrous CaCO3z minerals most likely
differs significantly. Therefore, key aspects of ikaite formation, such as the formation
mechanism or the impact of surfaces on nucleation, e.g. by foreign mineral surfaces, remain
ambiguous. Likewise, the transient nature of ikaite and, thus, the controls of ikaite persistence
are far from understood. This lack of knowledge of the formation and persistence of ikaite
impedes estimations of the contribution of ikaite precipitation to polar carbon dynamics and
frequently leaves the role of the appearance of ikaite in the context of crystallization pathways
of more stable CaCOs; polymorphs unclear. Furthermore, the use of ikaite as a powerful
paleoclimatic proxy indicating near-freezing temperatures, remains challenging, as there is no

scientific consensus about the temperature-dependent persistence of ikaite so far.

This doctoral thesis aims to contribute to a better understanding of the crystallization of
ikaite by unraveling key aspects in the nucleation, growth and persistence of ikaite. To this end,
investigations of the nucleation kinetics of ikaite in presence and absence of foreign mineral
surfaces intend to reveal the impact of mineral surfaces on the nucleation of ikaite and to find
out whether the formation mechanism of ikaite coincides with the classical picture of
nucleation. Studies on ikaite growth in the presence of phosphate aim to complement the
investigations of the nucleation kinetics and to explore the effect of potential phosphate
coprecipitation on the formation of ikaite and its environment. Together with investigations of
ikaite persistence, it is also intended to figure out the role of inactivation of anhydrous CaCO3
minerals for the extensive formation of ikaite. Furthermore, investigations of the persistence
aim to contribute to a better understanding of the occurrence of ikaite instead of less soluble
CaCOs3 minerals. In this context, a more thorough understanding of the role of ikaite as a
potential precursor of less hydrous CaCOz minerals at different temperatures is targeted. This
might, for example, help to gain new insights into the applicability of Ostwald’s rule of stages

or the role of glendonites as low temperature indicators.
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2.2 Author contributions

The three studies reported in this doctoral thesis were published as separate articles in

scientific journals after peer review:

Chapter 4.1 was published as
Strohm S.B., Inckemann S.E., Gao K, Schweikert M., Lemloh M.-L., Schmahl W.W,, Jordan G., 2022.

On the nucleation of ikaite (CaCO3x6H20) - A comparative study in the presence and absence of

mineral surfaces. Chemical Geology 611, 121089.
SBS and G]J designed the study. SBS, SEI, and KG performed the precipitation experiments and

the subsequent analyses. M-LL, MS provided the analysis by cryo scanning electron microscopy.
SBS processed the experimental data and drafted the manuscript. All authors discussed the

results and contributed to the final manuscript.

Chapter 4.2 was published as

Strohm, S.B,, Saldi, G.D., Mavromatis, V,, Schmahl, WW,, Jordan, G., 2023. A Study on Ikaite Growth
in the Presence of Phosphate. Aquatic Geochemistry 29 (4), 219-233.

SBS, GDS and GJ contributed to the design of the presented study. SBS conducted the growth
experiments. SBS and GDS performed the analyses of aqueous solutions and precipitates. SBS
evaluated the data and wrote the manuscript. All authors contributed to the discussion of the

results and the final version of the manuscript.

Chapter 4.3 was published as

Strohm S.B., Berghofer S.A., Kaiser C., Jordan G., 2024. On the Ephemeral Occurrence of Ikaite in
Aqueous Solutions between 0 and 20 °C. ACS Earth and Space Chemistry 8 (9), 1725-1736.

SBS, and GJ designed the study. SBS and SAB conducted the CMBR experiments and performed
the solution/solid analyses. CK carried out the analysis by cryo scanning electron microscopy.
SBS evaluated the data and drafted the manuscript. All authors discussed the results and

contributed to the final manuscript.

The sections of the reprints in chapter 4.1 and 4.2 were published by Elsevier and Springer
Nature respectively. Both publications are openly licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). Sections of the publication included in
chapter 4.3 were reprinted and adapted with permission from American Chemical Society,
Copyright © 2024.
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3 Methods

Nucleation of ikaite was studied with experiments in a cryo-mixed-batch reactor (CMBR, see
chapter 3.1). Using CMBR experiments, both heterogeneous and pseudohomogeneous
nucleation of ikaite were investigated in order to reveal the impact of mineral surfaces on
nucleation and to determine the interfacial energy of ikaite nuclei. Likewise, this approach was
used to study the persistence of ikaite. Cryo-mixed-flow reactor (CMFR) experiments were
conducted to determine ikaite growth rates (see chapter 3.2). Analysis of solutions from CMFR
enabled the calculation of growth rates and the detection of depletion of constituents. Both the
CMBR and the CMFR approach were complemented by analyses of precipitates (see chapter

3.3) as well as aqueous geochemical calculations (see chapter 3.4).

3.1 Cryo-mixed-batch reactor experiments

3.1.1 Experimental setup and procedure

Precipitation and monitoring

Cryo-mixed-batch reactors were used for precipitation experiments. The experimental
setup of CMBR consists of a glass reactor vessel (total volume: 250 ml) containing a CaCl,
solution adjusted to an ionic strength of 0.1 M by the addition of NaCl solution (1 M) and to a
pH of 10 by adding NaOH solution (1M). All solutions were prepared by dissolving analytical-

grade chemicals in deionized water with a resistivity of 18.2 MQ cm.

Inside the reactor, rigorous stirring of a PFTE coated stirring bar ensures homogeneous
solution conditions. In order to maintain constant temperature conditions (*0.1 °C), the glass
reactor was submerged in a thermostatic water bath (Lauda alpha RA 8). The solution pH and
Ca?+ concentration was monitored throughout the experiment using ion selective electrodes
sensitive toward the hydrogen ion (calibrated with NIST certified pH 4.01, 7.13 and 10.32
buffer solutions at 0 °C) and the Ca2+ ion, respectively (Fig. 2). These measurements were

conducted with a multiparameter benchtop meter (HANNA instruments HI 5222).

Precipitation of calcium carbonate mineral(s) was initialized by the rapid addition of
NaHCO3/Na,COs solution in the CMBR, which led to a constant volume of the reactive solution
of 200 ml. Continuous stirring inside the reactor by the magnetic stirrer allowed mixing of

solutions in less than 5 seconds. Stirring was maintained throughout the entire runtime.
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Figure 2. Experimental set up of a cryo-mixed-batch reactor (CMBR) experiment (from Strohm et al.,
2022).

Upon the end of each CMBR precipitation experiment, the solids were removed from the
solution within less than 30 seconds by vacuum filtration and immediately rinsed with ethanol
or acetone (T = -18 °C). Solid samples were stored in a freezer (T = -18 °C) for further solid
analyses as described in chapter 3.3. Furthermore, filtered solutions were collected for
measurements of total alkalinity and aqueous Ca concentration. These analyses were applied
to solutions that were retrieved after run times of at least 40 minutes, as these samples provide
a sufficiently decreased reactivity required for ex-situ analyses. Both total alkalinity and
aqueous Ca concentration were analysed by potentiometric end point titrations using an
automatic titrator (SI Instruments TitroLine 7000). Total alkalinity was analysed using a
standard glass electrode calibrated with NIST certified pH 4.01, 7.01 and 10.01 buffer solutions
at room temperature and a 0.01 M HCI standard solution (detection limit: 2 x 10-5M). Aqueous
Ca concentrations were determined by complexometric titration using 0.01 M Na,-EDTA
(ethylenediaminetetraacetic acid) standard solution and a Ca2+ ion selective electrode (Caz2+-
ISE, detection limit: 2 x 10-5 M).

CMBR experiments in presence of mineral substrates

Runs of precipitation experiments as described above were performed in the presence and
absence of mineral substrates (quartz, mica) with experimental run times between < 30 s and
40 minutes (see chapter 4.1). Quartz crystals were added to the reactor in one series of
experiments and mica in a second series prior to triggering precipitation by the rapid addition
of NaHCO3/NaCO3 solution. In a third series aiming at pseudohomogeneous ikaite formation,
no substrate crystals were added. For each condition, experiments were performed in triplicate

(Table 2, chapter 4.1.2). Quartz substrates were prepared by grinding quartz powder from
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Fluka. Mica substrates (Ziegler Minerals, Germany, particle size < 45 pm, chemical composition:
Si0z: 46 %, Al203: 32 %, K20: 11 %, Fe;03 < 5 %, Naz03: 0.3 %, MgO: 0.2 %, TiO2: 0.6 %) were
used without grinding. The powders were washed and decanted with deionized water
(18.2 MQ cm) repeatedly. Specific surface areas of 0.21 m2/g for quartz and 3.97 m2/g for mica

substrates were obtained using krypton gas adsorption following standard BET procedures.

CMBR experiments at different solution temperatures

Apart from nucleation experiments in the presence and absence of mineral surfaces at 0 °C,
pseudohomogeneous precipitation experiments were conducted at T =0, 5, 10, 15 and 20 °C,
with temperatures maintained within a range of £0.1°C by the thermostatic water bath (see
chapter 4.3). Compositions of initial solutions in CMBR experiments are listed in Table 1. A
series of experiments with five different run times (r;-rs) was carried out for each temperature:
run time r;) less than 30 seconds after mixing; r2) 1 < t < 4 min after mixing, when a temporary
slow-down of pH decrease was observed; r3) t = 8 minutes after mixing; r4) t = 40 minutes,
when the pH-decrease was significantly retarded; rs) after 24 hours. Once the designated run
time had been reached, the experiments were terminated, and the reactor contents were
sampled. For this, precipitates were separated from the solutions within 30 seconds and
instantaneously rinsed with acetone to remove adhering aqueous solution (T of acetone
corresponded to the solution temperature), before acetone with a temperature of -18 °C was

used in a second rinse.

Table 1. Compositions of initial solutions in cryo-mixed-batch reactor experiments.

Solution composition Solution speciation? Saturation statea
- CaClz  NaHCO3 Na2CO0s3 Aca2+ Aoz~ Qcacod ¢ ca?* /amz? pH e Oorcte Domtere
[mM] [mM] [mM] [mM] [mM] [mM] 3 (modelled)
0 7.00 3.50 3.50 2.07 056 1.50 3.7 10.01 18 288 65
5 8.70 4.50 4.50 239 065 221 3.7 9.89 18 389 91
10 11.0 6.00 6.00 2.74  0.75 3.31 3.7 9.79 18 550 132
15 14.5 8.25 8.25 322 088  5.06 3.7 9.65 18 794 195
20 18.5 10.9 10.9 3.66  0.99 7.24 3.7 9.53 18 1096 269

a Solution speciation and saturation were calculated using PHREEQC (Parkhurst and Appelo, 2013).
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3.1.2 Determination and interpretation of induction periods

The induction period of precipitation ti.« defines the time interval that elapses from the
moment of supersaturating a solution to the time at which precipitation is detected by solution
monitoring (Gémez-Morales et al., 1996; S6hnel and Mullin, 1988). For the precipitation of
calcium carbonate minerals in CMBR experiments, ti:« can be defined as the duration from the
addition of carbonate to the Ca?* solution until the growth of detectable nuclei that cause a

detectable change of the pH or Ca2+ signal (Fig. 3).

In order to determine tinq, the inflection of the first derivative of a polynomial fit of our
experimental data was used in CMBR experiments. Induction periods determined by pH
monitoring generally agreed well with ti,¢ indicated by Ca2* measurements. However, pH
monitoring provided more precise data compared to Ca2+ measurements due to experimental
conditions including free pH drift at 0 °C. Hence, tin-data from pH monitoring were used for the

determination of all induction periods.

10.4 1

tind
10.2 J——

10 1

pH

9.8 1

9.6 1

9.4 - - . : . . .
0 5 10 15 20 25 30 35
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Figure 3. pH versus time plot for a CMBR experiment with a solution of Qikaite = 5 at T= 0 °C. The decrease
of pH is induced by the precipitation of the carbonate phase (ikaite) and determines the induction period
tina (from Strohm et al., 2022).

The detectable induction period tinq involves the time required for the formation of a
stable nucleus t, from the metastable parent solution and the time elapsed for the growth of
nuclei to a detectable size t; (S6hnel and Mullin, 1988):

ting = tn +1g (3.1)

Because t, and t; cannot be isolated in precipitation experiments (Mullin, 2001), it is

convenient to interpret the sum of the two as a measure of the nucleation process (ti.q). For
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this, both t,, and ty require assumptions, such as a steady-state size distribution of nuclei,
irrespective of supersaturation, and the applicability of the growth kinetics derived from
microcrystals to newly formed nuclei (Mullin, 2001; S6hnel and Mullin, 1988). Furthermore,
the interpretation of any induction periods generally requires standardized conditions, as t;,,4
depends on the latency and resolution of the particular experimental method and, thus, does
not provide a fundamental property of the system (Kashchiev, 2000).

Given standardized conditions including constant volume V, temperature T, and initial
supersaturation (2 of the parent phase and under the assumption of linear growth of nuclei in
regular shape, the induction period t;,,; can be defined for individual systems (Kashchiev et al,,
1991; Sohnel and Mullin, 1988). Two limiting cases can be distinguished, which are considered
as mononuclear (MN) and polynuclear (PN) mechanism (e.g. Kashchiev et al., 1991; Kashchiey,
2000; Sangwal, 2007; S6hnel and Mullin, 1988).

The MN mechanism applies to the case that the formation of the first stable nucleus
terminates the presence of a metastable solution (Kashchiev and van Rosmalen, 2003; Sangwal,
2007). In the MN approach, the probability of the formation of a single nucleus P; within time

t for a constant nucleation rate J is (Kashchiev et al.,, 1991; Toschev et al., 1972):
Pi(t) =1 —exp(—JVt) (3.2)

The mean time of formation of the first nucleus can be defined as
tig = J t dP;(t) (3.3)
0

(Kashchiev et al., 1991; Toschev et al.,, 1972). Thus, inserting the differential dP; with respect
to t from Eq. 3.2 into Eq. 3.3 gives the induction period for the MN mechanism as a measure of

the nucleation rate J:
tha = 1/JV (34)
The other limiting case, given by the PN approach, describes that multiple progressively
growing nuclei bring the solution out of the metastable state (Kashchiev and van Rosmalen,

2003). Assuming linear 3D growth of spherical nuclei, the probability of the formation can be

expressed as
s
P(t)=1—exp (—§R3jt4) (3.5)

where R is the growth rate (Kashchiev et al.,, 1991). Analogously to MN, the induction period of
PN can be defined by the mean time of formation, which yields

1

PN _( 3a )Z (3.6)

ind — m
where «a is the experimentally detectable volume fraction (Vmin/V = 10-7) (Kashchiev et al,,

1991).

Using the classical definition of the steady-state nucleation rate of three-dimensional

nuclei J, tMN and ¢F, can each be expressed as a function of supersaturation 2 (Verdoes et al.,,
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1992). The steady-state nucleation rate of three-dimensional calcium carbonate nuclei can be
represented as
1 3V2f(O)N,
] = A0zexp _ﬁym—f()‘i (3.7)
v2(RT)3In?02

with A: kinetic pre-factor, §: shape factor (16m/3 for a spherical nucleus), Vn,: molecular volume
(114 cm3/mol for ikaite), f{6): correction factor (f{6) = 1 for homogeneous nucleation and
f(6) < 1 for heterogeneous nucleation), Ns: Avogadro number, v: number of ions in a molecular
unit (v = 2 for ikaite), R: gas constant, T: temperature (Mullin, 2001; S6hnel and Mullin, 1988).

The saturation state 2 was defined as

__IAP

= Koy

(3.8)

where IAP stands for the ionic activity product and K, for the solubility product of the mineral
phase. Using equations 3.4 and 3.7, the induction period as a function of supersaturation for

the MN approach can be expressed as

B
log tmd = log2a] — (3.9)
with
1
= log (AN2) (3.10)
and
3V2F(O)N.
_ BrVEf O a1
v2(2.3RT)3

The logarithmic expression (log or In) of Eq. 3.9 is convenient, as it enables the interpretation
of the dependence of ti,s and Q in a plot of log t 1) versus (log 2)~2. Here, the parameter B can
be derived by the best fit of a straight line. Knowing B, the interfacial energy y can be calculated
from equation 3.11 (Mullin, 2001; S6hnel and Mullin, 1988).

Similarly, the polynuclear approach enables the quantification of the interfacial energy.

For this, a growth rate law that expresses the growth rate R as a function of 2 is included:

R =k; f() (3.12)
where k; is the growth rate constant (Gémez-Morales et al., 1996). Inserting equation 3.12 into
Eg. 3.6, the rearranged combination of equations 3.6 and 3.7 yields the induction period as a

function of supersaturation for the PN approach:

1

L) o B (3a ) 3.13
(l‘l‘l.d‘Q f(ﬂ)>_n_{2+l <7rki3A> ( )
where B is
BY*Viif (BN
R (314
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1 3
and can be obtained from a linear fit in a plot of In (tgql\é s f(.Q)Z) versus (In2)72.

Although the PN approach involves the formation of multiple nuclei and their growth to
a detectable size, it does not necessarily provide a better fit to experimental data of induction
periods than the MN mechanism (Gémez-Morales et al.,, 1996; Sangwal, 2007; Verdoes et al,,
1992). This may be associated with deviating contributions of t, and ¢, to induction periods (cf.
Eqg. 3.1, Sangwal, 2007). Consequently, both approaches might allow an applicable

interpretation of induction periods in order to derive interfacial energies of nuclei.

In contrast, the extraction of the supersaturation independent kinetic pre-factor A using
these approaches is more complex. This is reflected by scattered values of A for the nucleation
of anhydrous calcium carbonate minerals in the literature (Bergwerff and van Paassen, 2021;
Cedeno et al.,, 2023; Devos et al,, 2021; Vekilov, 2010). Although equations 3.9 and 3.13 indicate
that the intercept of a linear fit of both the MN and PN approach provide an estimation of 4, the
scattered values of A imply a more limited applicability of the extraction of A from induction

periods compared to that for the interfacial energy y.

3.2 Cryo-mixed-flow reactor experiments

Seed syntheses

Ikaite seed crystals for cryo-mixed-flow reactor (CMFR) growth experiments were synthesized
following the procedure of Bischoff et al. (1993a) by mixing 100 ml each of 0.1 M CaCl; and
K>CO3 solutions into a 0.04 M KOH solution (400 ml) at 1 °C. CaCl; and K,CO3 solutions were
added drop by drop via two separate channels of a peristaltic pump (Ismatec IPC-N) with a flow
rate of 0.8-1 ml/min. K;HPO4 solution was added to the mixture simultaneously, resulting in
phosphate concentrations of 33-200 uM throughout the synthesis. All aqueous solutions for
seed syntheses were prepared by dissolving reagent grade CaCl.x2H>0, K2CO3, KOH and K;HPO,
in deionized water (resistivity 18.2 M) cm). After mixing, the solutions were keptat 1 °C under
stirring for 24 hours before the precipitate was filtered, washed with ethanol (7T = -18 °C) and

stored at -18 °C to ensure the persistence of ikaite seeds.

In addition, calcite seeds were synthesized by temperature-induced transformation of
ikaite in order to yield a synthetically disintegrated ikaite as a proxy for manifold decomposed
ikaite specimens (e.g. Bischoff et al., 1993b; Boch et al., 2015; Németh et al., 2022; Schultz et
al,, 2023; Vickers et al., 2022). For this purpose, ikaite seeds were first synthesized as described
above and then exposed to temperature fluctuations (temperature maximum 10 °C for 24

hours) to induce transformation into calcite.
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Experimental procedure of CMFR growth experiments

Seeded growth experiments were carried out using PFA cryo-mixed-flow reactor (total reactor
volume: 120 ml, Fig. 4) similar to the experiments described in detail by Lindner and Jordan
(2018) and Saldi et al. (2021). Inside the reactor, a seed crystal powder was placed to grow
from solution. 1.5 g of the synthesized ikaite and calcite seeds, respectively, were used for CMFR
growth experiments. The specific surface area of ikaite seed crystals was estimated from cryo
SEM-images (Fig. 14, chapter 4.2.1) applying a cubic shape model. Here, an average crystal

diameter of ~50 pm was approximated, which led to a specific surface area of 984 cm2/g.

After the addition of seed crystals to the reactor, constant flow rates over a total run time
between 22 and 46 hours were applied. Experiments were conducted in a cooling incubator in
order to maintain a constant temperature of 1 °C. The Ca- and bicarbonate- containing growth
solution was injected into the reactor via two separate channels of a peristaltic pump with
constant flow rates (Table 6, chapter 4.2.1). Solutions were prepared using reagent grade
compounds and high-purity deionized water (resistivity 18.2 MQ) cm). Compositions of inlet
solutions are listed in Table 6. lonic strength of solutions was adjusted to 0.1 M with NaCl
solution (1 M). pH was set to ~8.5 using small amounts of 1 M NaOH solution. In the reactor, a
magnetic PTFE coated stirrer allowed rapid mixing of two inlet solutions. The steady outflow
of solution was ensured by an effluent channel, which was equipped with a PTFE membrane

filter (pore size: 0.45 pm) to prevent a loss of crystals from the reactor.

inlet
outlet
_> _»
| —
peristaltic membrane filter
O pump |
’ ’ -
-~ [
y 4
4 - / seed crystals
inlet inlet ‘ s
sol. sol. N
! 2 | stirrer |
PFA cryo-mixed-flow-reactor

cooling incubator

Figure 4. Experimental setup of cryo-mixed-flow reactor (CMFR) experiments.
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The growth of calcium carbonate crystals from a growth solution in the CMFR led to a
depletion of Ca concentrations and total alkalinity in the effluent solution relative to the inlet
solution. Once these parameters indicated constant solution compositions, steady-state

condition was approximated and growth rate of ikaite was calculated using the equation

R_ACaF 3.15

where ACa is the difference of the Ca concentration between inlet and outlet solution, F is the

outlet flow rate, m is the mass of the crystals, and Asis the specific surface area.

To analyse the composition of solutions, samples were taken from the effluent channel
at time intervals of several hours. Immediately after sampling, the pH of solution was measured
at 25 °C using a standard glass electrode calibrated with NIST certified pH 4.01, 7.01 and 10.01
buffer solutions. Total alkalinity was analysed by potentiometric end-point titrations with an
uncertainty of +2% (detection limit: 5 x 10-5 eq/1) using a Schott TA 10plus automatic titrator
and 0.01 M or 0.05 M HCI standard solution. Furthermore, subsamples of solutions were
acidified with ultrapure concentrated HNO3 and used for Ca and P analyses. Ca concentrations
were measured by flame atomic absorption spectroscopy (AAS) using a Perkin Elmer AANalyst
400 atomic absorption spectrometer with an uncertainty of +2% and a detection limit of 1 x
10-6 M. For the analysis of P, inductively coupled plasma optical emission spectroscopy (ICP-
OES; Horiba Ultima 2) with an uncertainty of +1.5% and a detection limit of 1 x 10-6 M was

used. Ca, P and alkalinity analyses of inlet and reactive solutions are listed in Table 6.

3.3 XRD and SEM analysis of precipitates

Cooled precipitates retrieved from CMBR experiments and crystal powders before and after
CMFR experiments were analysed by X-ray powder diffraction (XRD, GE Seifert or Bruker D8
Advance A25, CuKa; radiation, A = 1.5406 A) with scattering angles of 10° < 26 < 60°. In order
to prevent a temperature-induced phase transition during the measurement, sample holders
were precooled (-18 °C) and routine analyses were conducted within a short measurement
time of 12 minutes. In addition to X-ray routine analysis, precipitates extracted from solution
during the initial stage of CMBR experiments (¢ < 8 min) were analyzed within a reduced range
of scattering angles (12° < 26 < 32°) using faster scans (3 min) to identify highly instable

amorphous phase(s).

Furthermore, selected samples of solids from CMBR and CMFR experiments were
visualised using cryo scanning electron microscopy (cryo SEM, Zeiss EVO 15, Quanta 250 FEG
FEI, Thermo Fisher Quattro S equipped with a cool stage). Secondary electron and back

scattered electron signals provided the imaging mode using an accelerating voltage of < 20 kV.
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3.4 Modelling of solution compositions, speciations and saturation states

For both CMFR and CMBR experiments, solution compositions, aqueous speciations and
saturations states of solutions with respect to solid phases of interest (£, Eq. 3.8) were
calculated with the geochemical code PHREEQC version 3.7.0 (Parkhurst and Appelo, 2013)
using the llnl database. The lInl database was modified inserting the solubility constants of
ikaite (log Ksp = 0.15981 - 2011.1/T, Bischoff et al., 1993a), vaterite (log Ksp = -172.1295 -
0.077993 T + 3074.688/T + 71.595 log T, Plummer and Busenberg, 1982), amorphous calcium
carbonate (ACC, log K¢, =-12.919 + 0.054538 T - 0.0001096 T2, Brecevi¢ and Nielsen, 1989),

and the carbonic acid dissociation constants from Millero et al. (2007).
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4 Results and discussion

4.1 Nucleation of ikaite in the presence and absence of mineral surfaces
4.1.1 Results

Precipitated phases

In all CMBR experiments, at least one phase precipitated from supersaturated solution
(Table 2). Ikaite, however, did not crystallize under all conditions. In absence of mineral
substrates, ikaite only formed in solutions with an initial supersaturation Q.. of at least 15
(Table 2, exp. # 16, 19, 22, 25), whereas in solutions with lower Qiwite, calcite and vaterite could
be identified (Fig. 5). In presence of 0.5 g quartz or 0.1 g mica substrates, in contrast, ikaite
precipitated over the whole range of supersaturation 1.6 < Qixaie < 51 (Fig. 6). Experiments with
increased amounts of substrates (5 g, 10 g) did neither cause a change in the phase inventory
nor a significant reduction of tnq (Fig. 7). In order to attain comparable conditions, the
minimum amounts of crystals (0.5 g quartz, 0.1 g mica) have been added to the experiments by
default.

intensity [a.u.]
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Figure 5. X-ray diffractogram (CuKa) of precipitates retrieved from CMBR experiments in absence of
quartz or mica substrates with an initial supersaturation of Qiaite = 11 (exp. # 13.1). Diffraction peaks
correspond to calcite (CC) and vaterite (VA).
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Figure 6. X-ray diffractogram (CuKa) of precipitates retrieved from CMBR experiments in presence of
quartz substrates with an initial supersaturation of Qikaite = 22 (exp. # 23.3). Diffraction peaks

correspond to ikaite (I) and quartz (Q).
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Figure 7. Desupersaturation curves from CMBR experiments with an initial supersaturation of Qikaite =

11. A) In presence of different amounts of quartz. B) In presence of different amounts of mica.

Besides crystalline phases, an amorphous phase was found in X-ray analyses of solids
from CMBR experiments with an initial supersaturation Qe 2 26, if the samples were
retrieved within the first 30 s of the experimental run. During repeated X-ray diffraction scans

(each taken over 3 min at room temperature on a pre-cooled but warming sample holder), the
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amorphous phase transformed into calcite and vaterite (Fig. 8). If the solids were retrieved
from reactor later than 30 s after starting the experimental run, the amorphous phase was no

longer detectable by X-ray analysis.
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Figure 8. Series of three X-ray diffraction patterns (CuKa:) of a powder which was retrieved from CMBR
experiments with Qikaite= 26 (A) and Qiaite= 51 (B) immediately after adding the second solution to the
reactor. Each scan lasted 3 min. Note that the sample temperature increased during the period of data
acquisition causing a transformation of the amorphous phase. This elevated temperature, consequently,
caused the formation of calcite (CC).
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Cryo SEM revealed different morphologies of precipitates depending on the moment they
were retrieved from CMBR (Fig. 9). Precipitates retrieved within the first 30 s after attaining a
supersaturated solution consisted of granules partly forming larger anhedral units or
aggregates with diameters up to 2 um (Fig. 9A). Very few euhedral platelets coexist with the
granular mass at this early stage of experiments (Fig. 9B). In samples which were retrieved at
a later stage of experiments, however, these euhedral crystals became the sole phase while the
granular shaped phase vanished (Fig. 9C, D).

Figure 9. Cryo SEM images of precipitates retrieved from CMBR experiments (Qixaite = 51) at different

moments of desupersaturation. A, B) In samples retrieved within 30 s of attaining supersaturation,
granular shaped fine precipitates forming larger aggregates and very few euhedral platelet-shaped
crystals (white arrows in image B) were detected. C) Samples retrieved between 30 and 60 s of attaining
supersaturation show euhedral platelet-shaped crystals exclusively. D) Samples retrieved after ~ 800 s

of attaining supersaturation did not show any further changes in the phase inventory.
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Desupersaturation of solutions and solubility of precipitated phases

The evolution of pH during precipitation from supersaturated solution led to a reproducible
curve shape in pH vs. time graphs (Fig. 10). The pH values were plotted from the moment of
addition of the carbonate containing solution to the Ca2+* solution within the reactor (0 s). Upon
addition, the pH value increased for a few seconds until the two solutions were homogeneously
mixed within the reactor. In the subsequent period, the curve approached a constant pH until
nucleation of any carbonate containing phase consumed alkaline solutes which then resulted
in a decrease of solution pH. The end of the precipitation process within the reactor is marked
by the two electrodes attaining constant values. These values then reflect that the composition
of solution within the reactor reached the solubility of the precipitated phase. Comparisons of
solution composition are compiled in Tables 3-5. From the data, the solubility constant for
ikaite (T = 0 °C) can be derived:

lOngp ikaite — -7.3 i01

This value agrees well with the value log K, ikaite = —7.2 reported by Bischoff et al. (1993a).

The solubility constant of Bischoff et al. (1993a) is most appropriate for comparison because it

was derived from experiments at temperatures down to 0.3 °C.

Desupersaturation curves originating from pseudohomogeneous precipitation matched
with those recorded in presence of quartz or mica at supersaturations Qiwite = 15 and show the
decrease of pH due to fast ikaite formation (Fig. 10B). In more diluted solutions, however, the
pH evolutions in substrate-free experiments (Table 2, exp. # 1, 4, 7, 10, 13) were different
compared to experiments that contain quartz or mica (Table 2, exp. # 2, 3,5, 6, 8,9, 11, 12, 14,
15). The pH evolution in the substrate-free runs showed a significantly extended induction
time. Furthermore, pH approached a constant value which was lower compared to experiments
with quartz or mica substrates. Correspondingly, precipitates retrieved from substrate
equipped reactors were calcite and vaterite instead of ikaite. Noteworthy, desupersaturation
curves of solutions in presence of quartz compared to mica did not show a significantly

different pH evolution.
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Figure 10. A) Desupersaturation curves from CMBR experiments in presence of quartz substrates (solid
lines) and at pseudohomogeneous conditions (dotted lines). B) Zoom into desupersaturation curves of
(A). The curves shown are from experiments with supersaturations with respect to ikaite Qixaite = 15, 26,
and 51.
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A further detail in the desupersaturation curves needs to be pointed out: In all
experiments with a supersaturation Qiwie 2 18 (irrespectively of the presence of substrates),
the decrease of supersaturation caused by nucleating/growing carbonate phases was coming
to a temporary halt or slow-down resulting in a kink in the shape of the desupersaturation
curves (labelled with arrows in Fig. 11). The halt or slow-down typically took place ca. 1 min
after the start of desupersaturation and lasted for less than a minute until eventually
desupersaturation continued. The phenomenon was clearly detectable in both the pH-value

and the Ca2* concentration resulting from the potential of the Ca2+-ISE (Fig. 11).
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Figure 11. Desupersaturation curves (pH and Ca2*-ISE-potential) from an CMBR experiment with an
initial degree of supersaturation Qixaite = 26. After an initial decrease of pH and mV, the signals remained

constant for a few seconds (arrows) until desupersaturation continued.

Induction periods of ikaite formation (t;.q) and interfacial energy y

In our study, induction periods for ikaite formation were obtained from desupersaturation
curves in experiments covering the range 1.6 < Qiite < 15. At supersaturations Qiiee 2 18, the
occurrence of an amorphous phase along with the kinky shape of the desupersaturation curves
disabled determination of ti,s for ikaite. Table 2 shows the results of all ¢, values for ikaite

precipitation as a function of solution conditions in absence and presence of quartz or mica.

Induction periods of ikaite formation t;.q were plotted versus the reciprocal square of the
logarithm of the supersaturation with respect to ikaite (log Q) -2 (Fig. 12). As shown in Figure
12A, separate linear regressions within two different supersaturation ranges (above and below
log-2 0 =1.23) provide good fits to our data. The interfacial energy y between a spherical ikaite
nuclei (f = 16m/3) and solution was calculated using the slope B from data at
log-2 2 < 1.23. In this range of supersaturations, ti,¢ was not significantly affected by the

presence or absence of quartz or mica. Both types of experiments yielded slopes of
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0.68 < B <0.73 (Fig. 12B). A value of 15 * 3 mJ/m2 resulted for the effective interfacial energy

by using all experimental data (with and without substrates).
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Figure 12. Plot of log tina vs. (log 02)-2 for ikaite formation in absence (grey squares) and presence of
quartz (black triangles) and mica (open circles) substrates, respectively. A) Two dashed lines represent
linear regressions of the data obtained in experiments with log-2 Qikaite > 1.23 (Bmica = 0.04 and Bquartz =
0.06). B) Enlarged illustration of the data obtained at log2 Qiaite < 1.23. The lines represent linear

regressions of the respective data points.

The regression of tingatlog-2 2> 1.23 indicates a decreased interfacial energy. Application
of Eq. 3.11 yielded a value of 6 + 3 m]J/m?2 for the interfacial energy from the regression of the
combined quartz and mica data. It needs to be noted, however, that f{6) = 1 in Eq. 3.11 is only
valid for homogeneous nucleation. In the case of heterogeneous nucleation, a decreased value
for f{0) leads to an increased value for the interfacial energy. At present, however, it remains

unclear by how much f{0) is reduced.

Besides interfacial energies of ikaite, those of calcite and vaterite were calculated using
induction periods from CMBR experiments which led to the formation of anhydrous calcium
carbonates (Qikaite < 11). These calculations are both based on 15 induction periods which were
determined for five different supersaturations in absence of mineral substrates (Table 2,
exp. # 1, 4, 7, 10, 13) (Fig. 13). By using the same experimental ti,« values for both phases,
inserting individual values for the molar volume of calcite and vaterite, respectively, and taking
into account the respective supersaturations, Eq. 3.11 yielded a value of 58 * 3 mJ/m2 for Ycalcite

and 35 * 3 mJ/m2 for Vvaterite-
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Figure 13. Plot of log tind vs. (log 2)-2 for calcite/vaterite formation in absence of mineral substrates.

4.1.2 Discussion

Formation conditions of ikaite

In substrate-free experiments with a supersaturation Qiie < 11 (pH = 10.0), no ikaite but
calcite and vaterite precipitated at T = 0 °C. Ikaite precipitation was observed in substrate-free
solutions with higher supersaturations instead. This finding agrees well with previously
reported inhibitor-free formation conditions of ikaite in alkaline solutions (pH > 11) (Boch et
al,, 2015; Hu et al,, 2015; Rodriguez-Ruiz et al., 2014).

Quartz or mica added to the reactor led to ikaite nucleation over a much broader
supersaturation range than in substrate free experiments. Even in solutions with a
supersaturation of Qixie = 1.6, promotion of ikaite formation by quartz or mica surpassed any
possible promotion of the formation of anhydrous phases. Similarly strong effects leading to
the nucleation of ikaite rather than anhydrous calcium carbonate minerals were previously
attributed to calcite-inhibiting additives like Mg2+ and phosphate exclusively (e.g. Hu et al,,
2015; Stockmann et al., 2018; Tollefsen et al, 2018). Our results, though, show that the
presence of mineral surfaces in general play an important role for ikaite formation. A
comprehensive understanding of the ikaite formation conditions in natural settings, therefore,
requires consideration not only of the presence of calcite-inhibiting substances but also of the
presence or absence of mineral surfaces capable of promoting heterogeneous nucleation of

ikaite.
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The occurrence of an amorphous phase at elevated Qixaite

At elevated supersaturations (Qiwiee = 15), ikaite formation was largely unaffected by the
presence or absence of quartz or mica substrates. According to the classical nucleation theory
(Kashchiev and van Rosmalen, 2003; Mullin, 2001; Sangwal, 2007), such a behaviour is not
uncommon and may be explained with (pseudo-)homogeneous or volume nucleation in which
the rate of nucleation within the bulk solution is so fast that substrate induced nuclei do not
any longer contribute to the overall nucleation rate significantly. In this type of experiments,
desupersaturation of the solution caused by ikaite nucleation and growth was characterized by
a continuous decrease of pH-value and Ca2*-concentration (i.e. potential of Ca2+-ISE). However,
the range of experimental starting conditions, which led to such a continuous decrease of pH
and Ca2+-concentration, was narrow. In experiments starting at supersaturations Qixaite 2 18,
desupersaturation curves revealed a kinky shape by a temporary halt or slow-down of proton
release and Caz+-consumption (Fig. 10). This implies a transient stop or retardation of total
calcium carbonate precipitation within the reactor and, therefore, a modified mechanism of
carbonate precipitation within the reactor. In fact, the phases detected in the precipitates of
these experiments depended on the time when the precipitate was retrieved from the reactor.
In experiments running for > 30 s, ikaite was detected (as in the case of experiments started at
Qikaite < 18). X-ray analyses of precipitates retrieved from the reactor within the first 30 s after
mixing, however, did not reveal ikaite (Table 2, exp. # 19-29). At this early stage of experiments,
though, the total amount of precipitate often was too low for successful X-ray analyses. Only
experiments with an initial supersaturation of atleast Qixaite 2 26 provided the necessary sample
mass to detect an amorphous phase at this early stage of CMBR experiments. Cryo SEM
provided more detailed information about the phase inventory of precipitates from this early
stage of CMBR experiments (Qiite = 51). The SEM images revealed significant amounts of
amorphous phase besides very few ikaite crystals. As all experiments in the supersaturation
range 18 < Qikite < 51 show comparable kink shapes in the pH and Ca2+-concentration curves,
an initial presence of an amorphous phase must be inferred at least for this entire saturation

range.

A similar evolution of desupersaturation curves for the precipitation of ikaite from
alkaline solutions at elevated Qix.ite was reported by Zou et al. (2018). These authors state that
an amorphous calcium carbonate phase was formed instantaneously while pH and potential of
Ca2+-ISE reached a constant value before a subsequent decrease of both pH and Ca2+-
concentration indicated rapid nucleation and growth of ikaite. Our findings are further
corroborated by Besselink et al. (2017) who observed the formation of an amorphous calcium
carbonate precursor which likely started disappearing during the crystallization of ikaite in a
highly supersaturated solution at low temperatures (2-12 °C). Despite these observations at
conditions different to ours, evidence for the ikaite formation mechanism in the presence of an
amorphous phase valid over the entire range of conditions is missing still. At least at the
conditions applied here, the coexistence of the amorphous phase and ikaite shown in cryo SEM

images (Fig. 9B) implies that ikaite nucleates independently of the amorphous phase.
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Interfacial energy and the effect of substrates

The effect of quartz and mica on the formation of ikaite was pronounced at supersaturations
Qikaite < 15 as these minerals controlled the nucleating phase. In classical nucleation theory
(CNT), this control is attributed to the interfacial energy which is reduced by foreign surfaces
leading to a lower nucleation barrier. Therefore, interfacial energy is an essential quantity
revealing the effect of foreign surfaces on nucleation. Our data were permissive of estimating
the effective interfacial energy of ikaite from experimentally determined induction periods tina
by applying CNT. In general, CNT had been used to discuss the various complex pathways of
calcium carbonate nucleation (e.g. De Yoreo et al,, 2013; Gémez-Morales et al., 1996; Hamm et
al, 2014; Hu et al,, 2012; Li et al,, 2014; Lioliou et al., 2007; S6hnel and Mullin, 1978). Judging
by these studies, CNT may provide a useful approach to an interpretation of nucleation kinetics,
even if nucleation pathways are diverse and do not completely agree with a classical

description of nucleation (van Driessche et al.,, 2019).

According to CNT, a linear relationship between log tins and log-2 Qixaire marks a range of
experimental conditions, in which the interfacial energy of ikaite and, therefore, the nucleation
mechanism is supposed to be constant. Experimental log tinq vs. log-2(2 data often reveal two
different linear ranges (e.g. He et al., 1994; Lancia et al., 1999; S6hnel and Mullin, 1978): at low
values of log-2(2 with a high interfacial energy and vice versa. The high energy relates to
homogeneous nucleation whereas the low energy points towards heterogeneous nucleation.
The log tina vs. log-2 Qixaire data derived from our experiments obviously also reveal two ranges
with linear relationships (Fig. 12A): 1) Qiaite = 8 (1082 Qiaiee < 1.23) and ii) Qikaite < 5
(log-2 Qixaite 2 2).

In the higher supersaturation range (i), an effective interfacial energy of 15 * 3 mJ/m?
was obtained by assuming homogeneously formed nuclei (i.e. correction factor
f(6) = 1) with a spherical shape (i.e. shape factor § = 16mt/3) (Mullin, 2001; S6hnel and Mullin,
1988). In the low range of supersaturation (i7), ikaite was only forming, if minerals were present
in the reactor. A value of 6 + 3 mJ/m?2 resulted for the interfacial energy in this range. For the
calculation, the same shape and correction factors as above were used. This low interfacial
energy supports the assumption that heterogeneous nucleation dominated range (ii). As
mentioned above, however, a lower correction factor (e.g. Sohnel and Handlifova, 1984) may
lead to a higher interfacial energy. This may limit the applicability of Egs. 3.9-3.11 for the
interpretation of our data. Also, the transition between the two linear ranges of log tiua vs.
log-2() data located between 5 < Qiaite < 8 does not precisely coincide with our observation that
ikaite nucleates from solutions with Qixaie < 15 solely in presence of quartz or mica. At this point,

applicability of CNT interpreting our experimental data obviously reaches its limitation.

Our result of 15 * 3 mJ/m2 for Yixice is remarkably low compared to reported interfacial
energies between nuclei of anhydrous calcium carbonates and solution. S6hnel and Mullin
(1978) determined a theoretical value of ycaco, = 124 m]/m? and an experimental value of 83
m]/mz2. Lower values of interfacial energies of calcite (e.g. y = 64 m]/m?2, Lioliou et al., 2007)
and vaterite (e.g. Y = 37 mJ/m2, Verdoes et al,, 1992; y = 41 m]/m?, Gémez-Morales et al., 1996)
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have also been reported and were attributed to some degree of heterogeneous nucleation. The
latter interfacial energies well agree with our values of Yvaweriie = 35 *# 3 mJ/m2 and
Yealcite = 58 * 3 mJ/m?2 for pseudohomogeneous nucleation. Li et al. (2014) reported interfacial
energies with values between 47 and 24 m]/m?2 for vaterite and calcite nuclei on quartz and
mica substrates. The results of Li et al. (2014) imply that quartz and mica substrates may
contribute to the formation of anhydrous CaCO3 phases by decreasing the interfacial energy of

nuclei.

Two points should be noted here. Firstly, our values for yiie (irrespectively of the
presence or absence of mineral substrates) are significantly lower compared to the values of
anhydrous CaCOs; phases. This clearly reflects the highly hydrated character of the ikaite
structure involving predominantly weak hydrogen bonds at the interface. Secondly, the value
of interfacial energy within the lower supersaturation range is not reduced by much (from 15
to 6 mJ/mz2). This may indicate that the contribution of the ikaite-substrate interface to the
reduction of the nucleation barrier is less compared to the contribution of interfaces between
anhydrous calcium carbonates and substrates. This low interfacial contribution to ikaite
formation might as well be associated with its highly hydrated character and might reflect the
low energy formation pathway of ikaite nucleation as suggested by Chaka (2018) via an
assemblage of aqueous CaC03-6H,0 ion pair complexes. Substrates, in this case, would promote
an accumulation of the hydrous pair complexes rather than a dehydration of aqueous ionic
complexes - as it is the case for nucleation of anhydrous phases. The similar degree of
promotion of ikaite nucleation by mica and quartz might indicate that the similar surface
chemical characteristics of these two minerals affect heterogeneous nucleation much stronger
than their different surface structural characteristics. This finding contrasts with the effects of
quartz and mica on anhydrous CaCOs nuclei which were assumed being dependent on the
degree of lattice fit (Li et al., 2014). In the range of conditions examined here, one might
speculate that the velocity of structural ordering of adsorbed complexes at the interface is not
the rate determining step for heterogeneous ikaite nucleation. At Qiite = 1.6, the similarity of
the promotion by mica and quartz weakens. The experimental approach of this study, however,
is inapt to test whether the dissimilarity becomes significant at Qixite < 1.6. At such low
supersaturations, the induction periods rise to many hours or even days. Within these long
periods, artefacts due to unavoidable impurities within the reactor cannot be excluded any

longer.

From our results it can be suggested that the phase formation kinetics at cold
temperatures is controlled by the condition whether solutes are required to dehydrate or not.
Because the formation rate of the amorphous phase in our experiments is at least as fast as the
ikaite formation rate, it must be hypothesized that the amorphous phase is highly hydrated as
well. Such a highly hydrated phase would agree with an extensive polyamorphism of calcium
carbonate which involves varying water contents (Cartwright et al., 2012). The formation rate
of a lowly hydrated phase may not compete with the formation rate of ikaite at temperatures

close to the freezing point of water. A lowly hydrated amorphous phase, though, might form via
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a dehydration of CaC0O3-6H,0 phases (Addadi et al., 2003; Tlili et al., 2002). Subsequently, such
a lowly hydrated phase may lead to anhydrous calcium carbonates (Besselink et al., 2017;
Radha et al., 2010).

Table 2. Precipitates and induction periods of formation as a function of solution conditions. Activities
and supersaturations (£2) were calculated using PHREEQC (Parkhurst and Appelo, 2013) and correspond
to the initial state of mixed solutions.

Experiment solution speciation2 saturation state?2 precipitates and tina
expno substrate pH de®"  dicos”  cog” cacos’ Qikaite log? Qcc®  Quab  Qaccd phaseb tind [S]
[mM] [mM] [mM] [mM] Qikaite
1.1 none 10.18 0.55 0.52 0.19 0.13 1.6 24 25 6 0.16 CC, VA 15470
1.2 none “ “ “ “ “ “ “ “ “ “ CC, VA 10220
1.3 none “ “ “ “ “ “ “ “ “ “ cc 18370
2.1 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 6765
2.2 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 9365
2.3 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 11365
3.1 0.1g mica “ “ “ “ “ “ “ “ “ “ IK 3485
3.2 0.1g mica “ “ “ “ “ “ “ “ “ “ IK 2365
3.3 0.1g mica “ “ “ “ “ “ “ “ “ “ IK 3110
4.1 none 1016 0.71 0.68 0.23 0.21 2.6 6 41 9 0.26 CC, VA 3585
4.2 none “ “ “ “ “ “ “ “ “ “ CC, VA 3240
4.3 none “ “ “ “ “ “ “ “ “ “ CC, VA 3360
51 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK 1222
52 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK 589
53 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK 440
6.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 420
6.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 433
6.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 355
7.1 none 10.12  1.02 1.01 0.32 0.42 5 2 79 18 0.51 CC, VA 1630
7.2 none “ “ “ “ “ “ “ “ “ “ CC, VA 1020
7.3 none “ “ “ “ “ “ “ “ “ “ CC, VA 2100
8.1 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK 269
8.2 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 238
8.3 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 246
9.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 269
9.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 294
9.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 319
10.1 none 10.09 130 134 0.39 0.65 8 1.23 126 28 081 CC, VA 363
10.2 none “ “ “ “ “ “ “ “ “ “ CC, VA 455
10.3 none “ “ “ “ “ “ “ “ “ “ CC, VA 825
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Table 2 (continued)

Experiment solution speciation2 saturation state?2 precipitates and tina
dca?*  QHCcO3™  dco3®™ acacoz? log-2

expno substrate pH (mM] [mM] [mM] (mM] Qikaite e Qcc®  Qvab Oaccd phaseb tina [S]
111 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 138
11.2 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 131
11.3 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 116
121 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 138
12.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 81
12.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 75
13.1 none 10.07 157 1.66 0.45 0.92 11 092 174 40 1.1 CC, VA 429
13.2 none “ “ “ “ “ “ “ “ “ “ CC, VA 440
13.3 none “ “ “ “ “ “ “ “ “ “ CC, VA 570
141 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 92
14.2 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 55
14.3 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 82
14.4 5 g quartz “ “ “ “ “ “ “ “ “ “ IK 130
14.5 10 gquartz “ “ “ “ “ “ “ “ “ “ IK 114
15.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 46
15.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 82
15.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 50
15.4 5 g mica “ “ “ “ “ “ “ “ “ “ IK 51
15.5 10 g mica “ “ “ “ “ “ “ “ “ “ IK 45
16.1 none 10.04 1.83 197 0.51 1.2 15 0.72 229 51 15 IK 43
16.2 none “ “ “ “ “ “ “ “ “ “ IK 51
16.3 none “ “ “ “ “ “ “ “ “ “ IK 62
171 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 94
17.2 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 43
17.3 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK 43
18.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 39
18.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 48
18.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK 44
19.1 none 10.02 2.07 229 0.56 1.5 18 0.63 2838 65 19 IK N/A
19.2 none “ “ “ “ “ “ “ “ “ “ IK N/A
19.3 none “ “ “ “ “ “ “ “ “ “ IK N/A
20.1 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
20.2 0.5 gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
20.3 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
21.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
21.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
21.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
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Table 2 (continued)

Experiment solution speciation2 saturation state?2 precipitates and tina
dca?*  QHCO3™  dco3®™ acacoz? log-2
expno substrate pH (mM] [mM] [mM] (mM] Qikaite e Qcc®  Qvab Oaccd phaseb tina [S]
22.1 none 10.00 231 260 0.61 1.81 22 0.55 347 78 2.2 IK N/A
22.2 none “ “ “ “ “ “ “ “ “ “ IK N/A
22.3 none “ “ “ “ “ “ “ “ “ “ IK N/A
23.1 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
23.2  0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
23.3 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
24.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
24.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
24.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
25.1 none 998 253 291 0.66 2.13 26 0.50 407 91 26 IK N/A
25.2 none “ “ “ “ “ “ “ “ “ “ IK N/A
25.3 none “ “ “ “ “ “ “ “ “ “ IK N/A
26.1 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
26.2 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
26.3 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
27.1 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
27.2 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
27.3 0.1 g mica “ “ “ “ “ “ “ “ “ “ IK N/A
28.1 none 990 3.77 470 0.87 4.20 51 0.34 794 182 5 IK N/A
28.2 none “ “ “ “ “ “ “ “ “ “ IK N/A
28.3 none “ “ “ “ “ “ “ “ “ “ IK N/A
29.1 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
29.2 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A
29.3 0.5gquartz “ “ “ “ “ “ “ “ “ “ IK N/A

2 solution speciation and saturation were calculated using PHREEQC (Parkhurst and Appelo, 2013).

b CC: calcite, VA: vaterite, IK: ikaite, ACC: amorphous calcium carbonate.
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4 Results and discussion

Table 3. Analyses of solutions of CMBR experiments in presence of 0.5 g quartz. Reported values of
alkalinity and Ca2+ concentration were determined by titration. Solution speciations and solubility

products were calculated from these analyses using PHREEQC (Parkhurst and Appelo, 2013).

solubility
experiment analyses of solution solution speciation?2
product
exp elapsed alkalinity — cca?* dca?t  @HCOz™  dcoz®  dcacoz’ log Ksp
substrate pH
no time [s] [meq/L]  [mM] [mM] [mM] [mM] [mM] (IK)®
2.1 0.5gquartz 60000 9.96 1.88 1.42 0.54 058 013 0.09 -7.18
2.2 " 72500 9.99 2.03 1.52 0.57 0.60 0.14 0.10 -7.12
2.3 " 26350 10.05 1.37 0.97 037 039 010 0.05 -7.43
5.1 " 3500 9.95 2.14 1.30 049 0.67 014 0.09 -7.17
5.2 " 3500 10.00 2.01 1.02 038 0.61 014 0.07 -7.27
5.3 " 7000 9.97 1.94 1.48 056 0.59 013 0.09 -7.15
8.2 " 2000 9.57 2.06 1.66 0.64 093 0.08 0.07 -7.30
8.3 " 2000 9.60 2.15 1.55 059 095 0.09 0.07 -7.29
11.1 " 2000 9.40 1.98 2.16 0.83 097 0.06 0.06 -7.33
11.2 " 2000 9.34 2.04 2.24 087 1.04 0.05 0.06 -7.34
11.3 " 2000 9.33 1.90 2.35 091 097 0.05 0.06 -7.36
14.1 " 3000 9.10 2.27 2.95 114 126 0.04 0.05 -7.38
14.2 " 3000 9.13 2.67 2.43 093 149 0.05 0.06 -7.37
17.1 " 2000 9.11 2.85 2.78 1.06 158 0.05 0.07 -7.30
17.2 " 2000 8.92 3.67 3.04 116 215 0.04 0.06 -7.32
17.3 " 2000 8.94 2.80 3.04 117 163 0.03 0.05 -7.42
20.1 " 2000 8.98 3.85 3.51 132 220 0.05 0.08 -7.19
20.2 " 2000 8.97 3.69 3.70 140 210 0.05 0.08 -7.20
20.3 " 2000 9.00 391 3.39 1.28 222 0.05 0.09 -7.18
231 " 2000 8.81 4.33 4.03 1.51 256 0.04 0.08 -7.24
23.2 " 2000 8.84 4.33 3.97 149 254 0.04 0.08 -7.21
26.1 " 2000 8.79 4.59 4.35 1.63 271 0.04 0.08 -7.20
26.2 " 2000 8.79 4.50 4.46 1.67 265 0.04 0.08 -7.20
26.3 " 2000 8.81 4.61 437 1.63 270 0.04 0.09 -7.18

asolution speciations were calculated from analyses of solutions using PHREEQC (Parkhurst and Appelo, 2013) together with a
modified llnl database.

bIK: ikaite
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4 Results and discussion

Table 4. Analyses of solutions of CMBR experiments in presence of 0.1 g mica. Reported values of
alkalinity and Ca2+ concentration were determined by titration. Solution speciations and solubility

products were calculated from these analyses using PHREEQC (Parkhurst and Appelo, 2013).

solubility
experiment analyses of solution solution speciation2
product
exp substrate eilapsed b alkalinity — cca?* aca®*  @ucoy’  dcos”  Acacos” log Kp
no time [s] [meq/L]  [mM] [mM] [mM] [mM] [mM] (IK)®
3.1 0.1 gmica 60000 9.95 n.d.c 1.13 043 049 010 0.06 -7.36
3.3 " 18000 10.10 1.71 1.42 0.54 044 013 0.09 -7.17
6.1 " 5400 9.72 1.49 1.47 0.57 059 0.07 0.05 -7.39
6.2 " 5400 9.83 1.73 1.24 0.47 063 010 0.06 -7.33
6.3 " 5800 9.78 1.86 1.46 0.56 070 010 0.07 -7.26
9.1 " 5400 9.46 1.75 1.83 0.71 084 0.06 0.05 -7.40
9.2 " 5400 9.46 2.08 1.86 0.72 1.00 0.07 0.06 -7.32
12.1 " 3000 9.28 2.06 2.26 087 1.08 0.05 0.05 -7.38
12.2 " 3400 9.37 2.40 2.37 091 120 0.07 0.08 -7.23
12.3 " 4100 9.31 2.41 2.40 092 124 0.06 0.07 -7.27
15.1 " 3000 9.04 2.83 2.26 087 1.63 0.04 0.05 -7.44
15.2 " 4600 9.07 2.88 2.74 1.05 1.63 0.05 0.06 -7.33
15.3 " 4400 9.07 2.86 2.82 1.08 1.61 0.04 0.06 -7.32
18.1 " 3000 891 3.04 3.31 1.27 178 0.03 0.06 -7.37
18.2 " 3000 9.00 3.03 3.21 1.22 173 0.04 0.06 -7.31
18.3 " 3300 9.07 3.03 3.27 1.24 169 0.05 0.07 -7.24
211 " 3000 8.75 3.54 3.53 134 214 0.03 0.05 -7.43
21.2 " 3000 8.81 3.60 3.63 138 214 0.03 0.06 -7.36
21.3 " 3000 8.81 3.35 3.74 142 199 0.03 0.06 -7.37
241 " 3000 8.68 4.18 4.26 1.61 253 0.03 0.06 -7.35
24.2 " 3000 8.68 3.75 3.99 1.51 228 0.03 0.05 -7.42
243 " 3300 8.80 3.85 4.43 1.67 227 0.03 0.07 -7.26
271 " 3000 8.57 4.56 4.62 1.73 279 0.02 0.05 -7.38
27.2 " 3000 8.60 391 4.56 1.72 238 0.02 0.05 -7.42
27.3 " 3300 8.62 4.33 4.66 1.75 2.63 0.03 0.06 -7.35

asolution speciations were calculated from analyses of solutions using PHREEQC (Parkhurst and Appelo, 2013) together with a
modified llnl database.

bIK: ikaite

°n.d.: not determined. When alkalinity was not determined, it was approximated by stoichiometrically decreasing the initial

alkalinity of a solution by twice of the Ca2* decrease.
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4 Results and discussion

Table 5. Analyses of solutions of CMBR experiments in absence of substrates. Reported values of
alkalinity and Ca2+ concentration were determined by titration. Solution speciation, solubility products
and saturations were calculated from these analyses using PHREEQC (Parkhurst and Appelo, 2013). The

dashed line subdivides experiments leading to the formation of ikaite and those showing the appearance

of calcite/vaterite.
experiment analyses of solution solution speciationa solubility saturationa
product
exp sub- e.lapsed pH alkalinity = cca?* aca?*  amcoz™  Acoz?”  dcacos’ log K.y (IK)® 0 o)
no strate  time [s] (end) [meq/L] [mM] [mM] [mM] [mM] [mM] calcite  vaterite
4.1 none 80000 9.52 n.d.c 1.26 049 0.74 0.06 0.04 n.d. 7.0 1.6
4.2 " 25000 9.17 n.d.c 1.40 0.55 1.04 0.04 0.03 n.d. 4.9 1.1
7.2 " 80000 9.13 n.d.c 1.79 0.92 1.15 0.04  0.05 n.d. 6.6 1.5
10.1 " 80000 9.15 n.d.c 2.15 0.85 0.47 0.02 0.02 n.d. 3.3 0.7
13.1 " 65000 8.76 n.d.c 2.65 1.04 0.82 0.01 0.01 n.d. 2.8 0.6
13.2 " 80000 8.86 n.d.c 2.74 1.06 1.81 0.03 0.04 n.d 8.0 1.8
161 " 2750 897 283 303 116 164 004 005 -739 103 23

16.2 " 3900 8.99 2.87 2.84 1.09 1.66 0.04  0.05 -7.39 10.2 2.3
16.3 " 4600 8.98 2.89 3.18 1.22 1.66 0.04 0.06 -7.35 11.2 25
19.1 " 4000 8.85 n.d.c 3.24 1.24 1.80 0.03 0.05 -7.44 9.1 2.1
19.2 " 2050 8.83 n.d.c 3.39 1.29 1.98 0.03 0.05 -7.40 10.0 2.3
19.3 " 4800 8.91 n.d.c 3.49 1.32 2.05 0.04 0.07 -7.29 128 29
22.1 " 5900 8.79 3.98 3.87 146 237 0.03 0.06 -7.31 123 28
22.2 " 2500 8.77 4.06 3.73 1.41 2.43 0.03 0.06 -7.33 11.7 2.6
22.3 " 2100 8.81 4.16 3.83 1.44 247 0.04 0.07 -7.28 133 3.0
25.1 " 8000 8.81 n.d.c 3.88 1.47 1.95 0.03 0.06 -7.37 10.7 24
25.2 " 2800 8.84 n.d.c 4.28 1.60 2.40 0.04 0.08 -7.21 154 3.5
25.3 " 5200 8.69 n.d.c 4.43 1.66  2.65 0.03 0.07 -7.30 125 2.8

asolution speciations and saturations were calculated from analyses of solution using PHREEQC (Parkhurst and Appelo, 2013)
together with a modified lInl database.

bIK: ikaite

°n.d.: not determined. When alkalinity was not determined, it was approximated by stoichiometrically decreasing the initial

alkalinity of a solution.
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4 Results and discussion

4.2 Growth of ikaite in the presence of phosphate
4.2.1 Results

Analysis of solids

Cryo-SEM images of the synthesized ikaite seeds before growth experiments revealed a
homogeneous euhedral morphology (Fig. 14a). In contrast, the seeds, which have undergone
an additional subsequent temperature-induced transformation into calcite, comprise spherical
and partially coalescing anhedral aggregates (Fig. 14b). After the growth experiments, these
calcite aggregates remained unaltered and coexisted with euhedral ikaite crystals, which newly
formed during the experiment (Fig. 14c). X-ray powder diffraction analyses of the powders
retrieved from these growth experiments confirm the coexistence of calcite with a significant
amount of ikaite (Fig. 15). For ikaite-seeded experiments, X-ray diffractograms of crystals
retrieved from cryo-mixed-flow reactor revealed ikaite (Fig. 16). The minor traces of calcite
which were detected by X-ray phase analysis of ikaite seeds (260 = 29.45°) had no impact on the
growth rates in ikaite-seeded experiments (Ika_1-Ika_4) as they mostly reflect the artefactual
transformation of ikaite in air during the time of X-ray analysis rather than the calcite formation
during the experiments. Although all reactor solutions were supersaturated vs. hydroxyapatite,
no sign of this phase was found by XRD.

Figure 14. Cryo SEM images of synthesized seeds and crystals retrieved from CMFR experiment.

a) Euhedral ikaite seed crystals before growth experiment. b) Anhedral calcite seed crystals before
growth experiment. ¢) Newly formed euhedral ikaite crystals coexisting with anhedral crystals after

growth experiment (Ika_15).
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Figure 15. X-ray powder diffraction pattern (CuKoau) of crystals retrieved from calcite-seeded growth

experiment [ka_15. Diffraction peaks correspond to calcite (C) and newly formed ikaite.
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Figure 16. X-ray powder diffraction pattern (CuKou) of crystals retrieved from ikaite-seeded growth
experiment [ka_1. Diffraction peaks correspond to ikaite.
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4 Results and discussion

Chemical analysis of solutions

Analyses of the inlet and outlet solutions of CMFR experiments were performed for each run
and are summarized in Table 6, which reports the compositions of the effluent solutions of the
reactor at steady state conditions. In all runs, the samples of the effluent revealed decreased Ca
concentrations and total alkalinity relative to the corresponding inlet solutions (ACa and Atotal
alkalinity) indicating substantial growth within the reactor. P concentrations, in contrast,

remained constant in all tested growth experiments.

Table 6. Compositions of cryo-mixed-flow reactor inlet solutions and effluent solutions at steady state

conditions for the growth experiments conducted in this study.

sample  Secd Flownate | wH i G P akalmy A0 2P W g,
[meq/1] [meq/1] [em?]
Ika_1_inlet 8.64 50.58 1.518 0.190 3.8
Ika_ 1.1 ikaite 0.71 8.45 49.73 0.819 0.189 -0.85 -0.698 -0.001 984 1.4
Ika_1_2 “ 0.71 8.48 49.68 0.817 0.195 -0.90 -0.701  0.005 984 1.5
Ika_1_3 “ 0.71 8.47 49.63 0.823 0.199 -0.95 -0.695 0.009 984 1.5
Ika_2_inlet 8.49 49.76 1.303 nd. 2.5
Ika_ 2_1 ikaite 0.61 8.53 n.d. 0.656 n.d. n.d. -0.647 n.d. 984 1.3
Ika_2_2 “ 0.61 8.54 48.98 0.653 n.d. -0.78 -0.651 n.d. 984 1.3
Ika_2_3 “ 0.61 8.54 49.09 0.643 n.d. -0.67 -0.661 n.d. 984 1.3
Ika_3_inlet 8.41 46.91 4189 n.d. 6.9
Ika_3_1 ikaite 0.82 8.25 46.27 2.252  nd. -0.64 -1.937 n.d. 984 2.6
Ika_3_2 “ 0.82 8.26 46.31 2.224 nd. -0.60 -1.965 n.d. 984 2.6
Ika_4_inlet 8.25 61.71 7.329 nd. 11
Ika 41 ikaite 0.77 8.28 n.d. 3.456 nd. n.d. -3.947 n.d. 984 4.8
Ika_4_2 “ 0.76 8.29 55.02 3.376 nd. -6.69 -3.953 n.d. 984 4.9
Ika_8_inlet 8.75 50.25 2.710 0.186 8.1
Ika_8_1 calcite 0.60 8.42 46.23 1.040 0.188 -4.02 -1.670 0.002 n.d. 1.7
Ika_8_2 “ 0.60 8.44 46.38 1.020 0.190 -3.87 -1.690 0.004 n.d. 1.7
Ika_13_inlet 8.45 15.19 3.874 0.193 2.7
Ika_13_1 calcite 0.58 8.34 14.18 3.366 0.202 -1.01 -0.508 0.009 n.d. 1.7
Ika_13_2 “ 0.58 8.35 14.10 3.335 0.198 -1.09 -0.539 0.005 n.d. 1.7
Ika_15_inlet 8.60 24.50 4954 0.191 7.1
Ika_15_1 calcite 0.58 8.30 n.d.a 3.715 n.d. n.d. -1.239 n.d. n.d. 2.8
Ika_15_2 “ 0.58 8.34 22.40 3.666 0.197 -2.10 -1.289 0.006 n.d. 29

an.d. = not determined. When alkalinity was not determined, it was approximated for the calculation of Qikaite by stoichiometrically

decreasing the initial alkalinity of the solution by twice of the corresponding Ca2* decrease.
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4 Results and discussion

Growth kinetics of ikaite

Although ikaite growth was evident from XRD and solution analyses for both ikaite- and calcite-
seeded experiments, surface normalized growth rates could only be derived from ikaite-seeded
experiments (Ika_1-Ika_4). In calcite-seeded experiments (Ika_8, Ika_13, Ika_15), the unknown
length of the ikaite nucleation period negated any surface area normalization of the detected
consumption of material by the growing ikaite within the reactor. This applies all the more as
some volume nucleation was observed additionally to surface nucleation at the reactor walls

and calcite seeds.

[kaite-seeded experiments (Ika_l-lka_4) provided surface normalized growth rates
unequivocally, although trace amounts of freshly formed ikaite crystals were also observed in
the experiments. Both growth of initial ikaite seed crystals and nucleation and growth of new
ikaite crystals led to an increase of the ikaite surface area within the reactor during the
experimental runs. While the increase of surface area resulting from nucleation of new ikaite
crystals was negligible, the increase of surface area resulting from the growth of ikaite seeds
was apparent and, therefore, considered in the rate calculations. The increase of ikaite surface
area was calculated from the measured ACa values and the corresponding ikaite mass increase,
assuming that the specific surface area (4s) of the solid remained constant. Mean growth rates
at steady state conditions (Ika_1-Ika_4) were plotted as a function of the fluid saturation ratio
with respect to ikaite (Qiaie) (Fig. 17).
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Figure 17. CMFR growth rates of ikaite as a function of saturation ratio. The dashed line represents the

linear regression of the growth rates.
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4 Results and discussion

To calculate the rate constant k and the reaction order n of ikaite growth, the empirical
equation

R =k -1)" (4.1)
which has been commonly used for the growth of calcium carbonate minerals (e.g. Busenberg
and Plummer, 1986; Dromgoole and Walter, 1990; Gutjahr et al., 1996; Morse et al., 2007;
Nancollas and Reddy, 1971), was used to generate a fit of the measured growth rates (Fig. 18).

The best fit of the experimental data yielded a reaction order n = 0.8 + 0.3 and a rate constant
k=0.10 = 0.03 umol/mz2/s.

1.75

15|

1.25

0.75

log Rikaite [10°® mol/m?/s]

05F

0.25 1 1 1 1 1 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

Iog (Qikaite'1 )

Figure 18. Logarithmic plot of ikaite growth rates as a function of degree of supersaturation with respect
to ikaite. The linear regression drawn on the plot provides a reaction order n = 0.8 * 0.3 and a rate
constant k = 0.10 + 0.03 pmol/m?2/s for equation 4.1.

4.2.2 Discussion

Growth of ikaite

In calcite-seeded growth experiments (Ika_8, Ika_13 and Ika_15), newly formed ikaite led to a
decrease of Ca concentrations and total alkalinity relative to inlet solutions. As indicated by
cryo SEM images (Fig. 14), calcite seeds did not reveal any significant growth during CMFR
experiments. Because the calcite seeds were synthesized from ikaite via a temperature-induced
transformation, no other chemical component than the phosphate added to the CMFR inlet

solution is the likely cause of the observed absence of noticeable calcite growth.
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4 Results and discussion

The reduction of calcite growth to an imperceptible amount is an explicit indicator for
the phosphate solution concentration being high enough to potentially influence ikaite growth
as well. Ikaite growth, however, was not noticeably influenced by the added phosphate, which
supports the results of Bischoff et al. (1993a), who revealed no detectable inhibition of ikaite
crystallization by phosphate, while the precipitation of calcite, aragonite and vaterite was
suppressed. Although the growing ikaite crystals led to a detectable Ca withdrawal in our
calcite-seeded experiments, the impossibility of normalizing this withdrawal to the temporal
development of the ikaite surface area disabled the calculation of ikaite growth rates. Thus,
surface area normalized growth rates could be derived from ikaite-seeded experiments

exclusively (Ika_1-lka_4).

A plot of ikaite growth rates as a function of the corresponding saturation sate of the
aqueous solutions with respect to this phase (Qiie) revealed a linear dependence of rates on
supersaturation (Fig. 17). Our growth rate constant (k= 0.10 + 0.03 pmol/m2/s) is higher than
the rate constant of approx. 0.03 umol/m2/s determined by Papadimitriou et al. (2014) which
was derived from precipitation in seawater and seawater-derived brines at salinities S = 66 %o
(T=-3.6°C)and S =102 %o (T =-5.9 °C). The increased value in our study relative to the one
published by Papadimitriou et al. (2014) might be explained by different solution conditions.
Although Papadimitriou et al. (2014) did not detect a significant difference of rate constants
within their salinity and temperature interval, our rate constant obtained from solutions with
tremendously lower salinity and slightly higher temperature (ionic strength of 0.1 M
corresponding to S = 6 %o, T = +1.0 °C) might point towards either a weak direct correlation of
the rate constant with temperature or an inverse correlation of the constant with salinity or
both. Whether the aqueous phosphate in our experiments compared those of Papadimitriou et
al. (2014) influences ikaite growth, cannot be assessed as the phosphate concentrations of the

poorly defined solutions used by Papadimitriou et al. (2014) are unknown.

The reaction order of n = 0.8 * 0.3, which was derived from the empirical equation
R = k(2 — 1)™, points towards first order reaction kinetics. This is in good agreement with the
reaction order of n = 1.23 + 0.42 obtained by Papadimitriou et al. (2014) and in contrast to
growth Kkinetics of calcite in sea water at 25 °C. For the latter, the empirical rate equation
frequently indicated second to third order reaction kinetics (e.g. Burton and Walter, 1990;
Lopez et al, 2009; Mucci, 1986; Zhong and Mucci, 1993). Furthermore, the presence of
phosphate in artificial sea water led to a slight increase of the reaction order of calcite relative
to that determined for phosphate-free solution (Mucci, 1986). Such an increase of the reaction
order can be ruled out for ikaite as phosphate does not retard ikaite growth in similar way to
calcite growth (Bischoff et al., 1993a; Hu et al.,, 2015). For ikaite, the obtained first order
reaction kinetics for growth in phosphate-containing solutions implies a transport or
adsorption process as the rate controlling mechanism (e.g. Nielsen 1983). Although this
macroscopic approach does not provide direct evidence for the growth rate controlling
reactions, as microscopic surface processes may lead to deviations from the predictions of rate
laws (Teng et al., 2000), a transport or adsorption-controlled growth mechanism is consistent

with the way an extremely hydrated phase such as ikaite could grow. The classical model of

46



4 Results and discussion

calcite growth via attachment, dehydration and incorporation of growth units (e.g. Gratz et al,,
1993; Morse et al., 2007) may not apply to ikaite as a complete dehydration of attaching species
is not required. Ikaite growth might simply comprise an incorporation of a CaCo} ion pair
together with six water molecules. Density functional theory (DFT) calculations of Chaka
(2018) confirmed this low energy pathway of crystallization via the assemblage of aqueous
CaC0%-6H20 ion pair complexes. This low energy pathway was further corroborated by low

interfacial energies of ikaite nuclei (chapter 4.1).

The insignificance of phosphate uptake by ikaite during growth

In the CMFR growth experiments (saturation state 1.5 < Qixie < 2.9), measured phosphate
concentrations revealed no evidence of phosphate incorporation into ikaite crystals. During
ikaite seed synthesis, which was conducted at much higher supersaturation, a phosphate
uptake cannot be ruled out per se as phosphate partitioning between precipitate and solution
might be increasing at an increasing distance from equilibrium. Furthermore, a significant
withdrawal of aqueous phosphate concomitant to the onset of ikaite precipitation was
observed in a laboratory study by Hu et al. (2014). However, any significant phosphate uptake
of ikaite during our seed synthesis is questionable. Disintegration of ikaite causes the release
of its weakly bonded water (e.g. Németh et al., 2022; Vickers et al., 2022). If phosphate had been
taken up during ikaite seed synthesis, the subsequent transformation of the filtered ikaite seeds
into calcite would have been taken place in a phosphate containing solution. Within such a
phosphate containing solution, however, the formation of calcite is impeded, as even minor
amounts of phosphate (1 pM) are known to interfere with the nucleation of calcite (Lin and
Singer, 2006). This inhibition of calcite nucleation and promotion of ikaite appearance (or
persistence) was found to apply at temperatures up to 25 °C (Clarkson et al., 1992). As the
transformation of our filtered ikaite seeds into calcite took place without any problems, it can
be assumed that the phosphate uptake from solution during seed synthesis due to
coprecipitation with ikaite is likely very limited. Furthermore, it is noteworthy that the
[Ca2+]:[CO32-] ratio varied in our growth experiments (Ika_1: [Ca2+]:[COs2-] = 0.6, Ika_13:
[Caz+]:[CO32-] = 12). Thus, the results also show that a decreased [CO32-] concentration does not
promote substitution of carbonate by phosphate ions during ikaite growth. Substitution of
these anions might be expected if carbonate and phosphate ions were competing for

incorporation.

The lack of phosphate coprecipitation with ikaite contrasts with calcite. While laboratory
studies showed that calcite was capable of incorporating detectable amounts of phosphate
from solution during growth (Hartley et al., 1997; House and Donaldson, 1986; Ishikawa and
Ichikuni, 1981), phosphate coprecipitation is not observed during ikaite growth in our study.
The distinct growth mechanisms of the different calcium carbonate phases might explain this
discrepancy. The incorporation of adsorbed phosphate into calcite most likely occurs at active
growth surface sites (House and Donaldson, 1986), which is in agreement with the classical

model of calcite growth. Incorporation of phosphate ions into growing ikaite by substitution of
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carbonate ions, in contrast, might be less compatible with a growth mechanism via an

assembling of hydrous CaC0} ion pair complexes.

In summary, there was no sign of phosphate uptake by ikaite from all the experiments
performed in this study. This finding supports the results of Hu and Wang (2020), who did not
obtain a detectable coprecipitation of phosphate with ikaite in samples grown in sea ice. Based
on the experimental data, therefore, it needs to be taken into account that phosphate
coprecipitation with ikaite in sea ice may not necessarily contribute significantly to seasonal
phosphate accumulations in Antarctic landfast and pack ice (e.g. Cozzi, 2008; Fripiat et al,,
2017; Jones et al., 2023b; Meiners et al., 2011). Even though ikaite formation in sea ice may
occur with high temporal dynamics (Papadimitriou et al., 2014; Rysgaard et al., 2014) and, thus,
nucleation and growth conditions of ikaite in sea ice might not exactly match the conditions of
this study in all respects, the absence of any signs of phosphate uptake by ikaite rather supports
the importance of previously proposed biotic pathways like phosphate remineralization in
biofilm microenvironments and phosphate accumulation due to sea ice algae (Fripiat et al.,
2017; van der Linden et al., 2020).
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4.3 The ephemeral occurrence of ikaite in aqueous solutions from 0-20 °C
4.3.1 Results

Desupersaturation curves and phase analyses of experiments at T = 10 °C

In-situ  pH-monitoring of solutions in CMBR experiments revealed multi-step
desupersaturation curves due to the precipitation of different CaCO3; phases, which led to a
decrease of supersaturation over time at different and varying rates (Fig. 19). Upon addition of
carbonate solution to the Ca2* solution within the reactor (¢ = 0 s), an instantaneous
precipitation led to a sharp decrease in pH (Fig. 19). After this initial sharp decrease, pH
reduction slowed down. X-ray diffraction (XRD) analyses of precipitates retrieved from the
reactor in experiments with run time r; (point A in Fig. 19) showed the sole presence of an
amorphous phase (Fig. 20). No information about the water content and structural
peculiarities of this phase is available so far. Consequently, the degree of similarity of this phase
to commonly reported ACC (Brecevi¢ and Nielsen, 1989; Lazar et al., 2023; Levi-Kalisman et al.,
2002; Radha et al,, 2010) remains unclear. Hereinafter, therefore, we will call this amorphous
phase ACC*. If extrapolated from point A, the pH-curve would asymptotically approach a
constant pH-value (dotted line in Fig. 19). This pH-value may indicate a solution which is
saturated with respect to ACC*. The course of the pH-curve, however, did not follow this

extrapolation.

At point B an inflection occurred and pH-decrease speeded up again due to an increased
consumption of alkalinity by the mineralization of a new phase. When the solution
concentration fell below the inflection at point C (= ACC* saturation), dissolution of ACC*
started compensating the precipitation of the new phase. XRD analyses of precipitates sampled
between point C and D (run time r;) showed the sole presence of ikaite (Fig. 20). It needs to be
stressed, however, that X-ray scattering of an amorphous phase in between the ikaite
reflections cannot be excluded. The persistence of ACC* between point C and D, therefore, is
very likely. This is especially valid, because maximum relative compensation of ikaite growth

by ACC* dissolution was not attained before the next infection at point D.

With increasing ikaite precipitation rate, pH-values decreased increasingly fast reaching
maximum at the inflection point E. Starting from point E, the pH-curve approached a constant
pH-value which indicated a solution saturated with respect to ikaite (pH = 8.46). The onset of
precipitation of a new phase in amounts large enough to be detectable by the pH-electrode,
however, resulted in an inflection (point F) at which the pH curve abandoned the asymptotic
approach towards ikaite saturation. Again, the pH-values started to decrease with increasing
speed. Cryo SEM was performed at a sample retrieved shortly after inflection point F (run time
r3 Fig. 21). The images revealed the existence of minor amounts of spherical vaterite
aggregates. The vaterite crystals were found to possess no strict spatial relation to the euhedral

ikaite crystals indicating an independent nucleation (Fig. 21B).
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Later between point F and G, XRD analyses of precipitates sampled at run time r, yielded
ikaite in an amount almost equal to the anhydrous phases vaterite and calcite. As soon as the
solution composition falls below ikaite saturation, dissolution of ikaite will compensate for the
withdrawal of alkalinity by the growing anhydrous phases. At the inflection point G, the
maximum rate of the withdrawal of alkalinity by vaterite/calcite precipitation has been
reached. In the absence of a distinct marker identifying the point of complete ikaite dissolution
in the pH-curves, we define this inflection point G as a proxy for the endpoint of ikaite existence,

although ikaite might have been existing beyond this point.

Far beyond point G, the pH-curve finally approached a value which corresponded to a
solution which is in saturation with calcite (pH = 7.62). Preexisting vaterite, which needed to
dissolve in favor of calcite growth, influenced the shape of the pH-curve to some degree. The
vaterite-calcite transformation, however, needs to be part of separate investigations (e.g. Ogino
etal., 1987).
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Figure 19. Multistep desupersaturation curve obtained in the CMBR experiment at T = 10 °C. The
precipitation of different CaCOs-phases at different and varying rates led to multiple inflection points
(A-QG). Asterisk (*) marks the position of the sample taken at rs which is shown in cryo SEM images (see
Fig. 21).
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T[°C]
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vaterite calcite

Figure 20. Phase inventory of precipitates retrieved from CMBR experiments at different run times
(r1=rs) and temperatures (0-20 °C). Estimations of relative amounts of phases were derived from
Rietveld refinements of XRD analyses. Dotted areas mark the potential persistence of ACC* alongside
crystalline CaCOs phases. Note: existence of vaterite and calcite in amounts below XRD detection limit is

possible also in cases showing 100 % other phases.

Figure 21. Cryo SEM images of precipitates retrieved from reactive solution after 8 minutes at 10 °C. (A)

Besides a dominating quantity of euhedral ikaite crystals, rare amounts of spherical vaterite aggregates
occurred. The vaterite concentration remained below detection limit of XRD analyses (Fig. 22). (B) The
occasionally occurring spherical vaterite aggregates nucleated independently of ikaite.
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Figure 22. X-ray powder diffraction pattern (CuKau) of crystals retrieved from CMBR experiments at
run times r3, rq, rsat 10 °C. Diffraction peaks correspond to ikaite at r3. The minor amount of vaterite
observed in cryo SEM imaging is below the detection limit. At r4, the relative amounts of vaterite and
calcite increased above the detection limit. After 24 hours (r5), XRD analysis revealed the disappearance

of vaterite and ikaite, as all diffraction peaks belong to calcite.

Desupersaturation curves and phase analyses of experiments at T < 10 °C

The main difference between desupersaturation curves taken at T = 10 °C (as shown above)
and at T=5 and 0 °C is that point F (the onset of detectable precipitation of anhydrous calcium
carbonate phases) was shifted to significantly later times at colder temperatures (Figs. 23, 24).
Consequently, phase analyses of samples from run time r; (40 minutes after start of the
experiment; Fig. 20) revealed more (5 °C) or solely (0 °C) ikaite. Likewise at run time ry,
analyses of the solutions from experiments at 7= 5 and 0 °C revealed compositions which were
closer to ikaite saturation than the solution retrieved from the experiment at T = 10 °C
(Table 7).
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At T = 5 °C, the inflection point G (marking the maximum removal of alkalinity and
denoting the endpoint of ikaite occurrence by definition) was delayed by about 4 hours vs.
T=10°C. At T =0 °C, ikaite persisted for more than 24 hours and XRD analyses solely revealed
ikaite (samples from run time rs; Fig. 20). Decreasing pH-values caused by the onset of
carbonate-consumption by vaterite and/or calcite growth (point F) were not noticed before 26
hours after start of the experiment at T = 0 °C (Fig. 23). Inflection G took place at approx. 28
hours. This finding at T = 0 °C marked the upper limit of persistence of ikaite, which

precipitated from a solution at Qixaie = 18 and remained in a saturated solution (Qixaite = 1).
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Figure 23. Desupersaturation curve at T = 0 °C. The formation of vaterite and calcite at the expense of

ikaite led to the disappearance of ikaite after 1660 minutes.
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Figure 24. Desupersaturation curves during experimental run times of 24 hours.

Table 7. Composition of solution analyzed ex-situ upon the end of cryo-mixed-batch reactor experi-
ments.

Experiment Analyses of solution Saturation state
Sample Temperature Sampling pH Tot. Alk. Ca Do P P
[°C] (elapsed time) [meq/1] [mM]
HO0_18_40_1 0 r4 (40 min) 8.82 3.75 3.69 0.8 2.7 12
H5.18_40_1 5 r4 (40 min) 8.74 4.71 4.41 0.9 3.3 15
H10_.18_40_1 10 r4 (40 min) 8.46 5.82 5.10 0.7 2.6 11
H15.18_40_2 15 r4 (40 min) 7.74 7.02 5.83 0.2 0.7 3.0
H20_18_40_2 20 r4 (40 min) 7.50 8.54 6.56 0.1 0.5 2.3
HO0_18_24_1 0 rs (24 h) 8.77 3.68 3.65 0.7 2.4 11
H5.18.24 1 5 rs (24 h) 8.17 3.98 3.79 0.2 0.7 3.2
H10_.18_24_1 10 rs (24 h) 7.62 4.70 4.40 0.1 0.3 1.2
H15.18.24_1 15 rs (24 h) 7.26 5.53 5.21 0.0 0.2 0.7
H20_.18_24_1 20 rs (24 h) 7.29 6.91 5.59 0.1 0.2 1.0
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Desupersaturation curves and phase analyses of experiments at T > 10 °C

Experimental series were performed at 15 and 20 °C. Because all experiments were started at
supersaturation Qiie = 18, the solutions of the experimental runs at increased temperature
were increasingly supersaturated with respect to vaterite and calcite (Table 1, chapter 3.1.1).
These higher Quaterite and Qcaicite Values led to significantly reduced induction periods for vaterite
and calcite (induction period = time required for the formation of a detectable number of
nuclei), whereas the induction period of ikaite was only affected by the increased temperature
but not by an increased supersaturation (because Qi = 18 had been held constant at all
experimental temperatures). Consequently, point F of the desupersaturation curves (the onset
of detectable precipitation of anhydrous calcium carbonate phases) shifted to earlier moments
and interfered with the points marking the onset of detectable precipitation of ikaite and the
maximum precipitation rate of ikaite (cf. points D and E in Fig. 19). As a result, periods of major
nucleation of ikaite and the anhydrous phases overlapped. Thus, the number of inflections of
the desupersaturation curve at T = 20 °C (Fig. 25) was reduced if compared with the curves at
T = 10 °C (Fig. 19). This finding is confirmed by XRD analyses of samples from run time rz
(approx. 4 minutes after starting the experiment, Fig. 20), which revealed vaterite being the

main phase along with minor amounts of ikaite and calcite.

The coexistence of vaterite, ikaite and calcite in the early stage of experiments was
further confirmed by cryo SEM imaging of samples at T'= 20 °C retrieved from the reactor after
run time r; (Fig. 26). Besides minor amounts of ikaite crystals, which were partially
decomposed, the SEM images revealed a dominant presence of spherical vaterite and few
calcite crystals. Noteworthy, SEM images clearly showed that there is no spatial relation
between ikaite crystals and the anhydrous phases. The nucleation of both ikaite and anhydrous

phases, thus, were parallel and independent processes.

At T = 20 °C, however, the coexistence of the three CaCO3 minerals did last few minutes
only. XRD analyses at the next sampling point r; (i.e. after 8 minutes of experimental run time)

showed that ikaite vanished and vaterite as well as calcite were the only phases remaining.
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Figure 25. Desupersaturation curve at T = 20 °C. In contrast to desupersaturation curves obtained at
T < 10 °C, pH did not approach a constant value corresponding to the solution composition which is
saturated with respect to ikaite but decreased further due to the early onset of the nucleation of vaterite
and calcite. Asterisk (*) marks the position of the sample taken at r> which is shown in cryo SEM images
(see Fig. 26).

Figure 26. Cryo SEM images of precipitates retrieved from solution after 2-3 minutes (r2) at T = 20 °C.

Spherical vaterite aggregates (A) dominated the phase inventory. As marked in (B), few rhombohedral
calcite crystals were found next to spherical vaterite (see arrows). In very rare cases, partially
disintegrated crystals of ikaite were present (C).
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Estimation of the nucleation rate of ikaite at T = 0 °C

At T = 0 °C, ikaite nucleation rates ]flg;te

can be roughly estimated by a comparison of the
amount of material consumed by crystallization between Qiie = 18 and 1 (measured by ex-situ
analyses, Table 2), by the time required for this consumption (indicated by the
desupersaturation curves from in-stu pH monitoring, Fig. 23), and by the ikaite crystal sizes
(detected in cryo SEM images sampled at near-equilibrium solution conditions of ikaite; run

time r4; Figs. 21A and 27).

From the two different solution compositions, it follows that up to ~135 mg of ikaite
precipitated within the reactor volume. Applying a cubic shape model to single ikaite crystals
(diameters 5-50 pum, Figs. 214, 27), the mass of a single crystal and, ultimately, the range of the
total number of ikaite nuclei formed in the experiments can be estimated. Assuming the period
of nucleation lies between 1 and 10 minutes (Fig. 23) and assuming steady nucleation dynamics
exists within the interval of supersaturation, a range of nucleation rates can be calculated. In

this way, the experimental data at 0 °C yielded a maximum and minimum ikaite nucleation rate

of Joh " =105 cm-3s-1and [, =100 cm-3 s-1, respectively.

ikaite

Figure 27. Cryo SEM image of precipitates retrieved from reactive solution after 8 minutes at 10 °C.
Besides a dominating quantity of euhedral ikaite crystals, rare amounts of spherical vaterite aggregates
occurred.
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4.3.2 Discussion

The transient occurrence of ikaite

The appearance of ikaite in our experiments at temperatures up to 20 °C well exceeded its
reported temperature range of formation in nature (T < 9 °C; Bischoff et al., 1993b; Huggett et
al, 2005; Kennedy, 2022; Stockmann et al., 2022). The amount of ikaite occurring in our
experiments was temperature-dependent and its persistence was limited at all tested
temperatures. While at T = 0 °C, ikaite endured for up to 28 hours, it disappeared within less
than 4 minutes at T = 20 °C under the tested conditions with an initial supersaturation
Qikaite = 18. Thus, ikaite endurance strongly decreased with temperature. The main reason for
the limited ikaite persistence was the precipitation of anhydrous CaCO3z minerals. The growth
of the anhydrous phases led to a withdrawal of calcium and carbonate from the solution and,
therefore, led to a solution composition which became undersaturated with respect to ikaite.
Important to note, the precipitation of the anhydrous phases largely took place independent of

the existing ikaite crystals.

The extent of competitional precipitation of anhydrous phases increased in experiments
atincreased temperature because the constant initial supersaturation Qiice led to an increasing
Qcaiciee With increasing temperature. A constant initial concentration or a constant initial
supersaturation (Qciciee Was no option for the experimental parameterization, because then
Qikaie. Would have decreased with increasing temperature and would have fallen below
saturation above a certain temperature. In the experiments at high temperatures, therefore, the
increased initial concentration favored the occurrence of anhydrous phases along with
instantaneous ACC* formation. This favored precipitation of the anhydrous phases together
with the ACC* formation led to an increasingly rapid drop of the solution concentration below

ikaite saturation with increasing temperature.

At present, role and nature of ACC* are insufficiently understood. Although some
knowledge exists on the relations between ACC and anhydrous CaCOz phases, the known
formation pathways of the anhydrous phases, which involve the transient appearance of an
amorphous phase, are complex and manifold (Cartwright et al., 2012; Gebauer and Célfen,
2011; Henzler et al.,, 2018; Hu et al., 2012). These formation pathways, however, may not be
applicable to ikaite. Due to the highly hydrated nature of ikaite, its nucleation mechanism
significantly contrasts the mechanism of anhydrous phases (chapter 4.1 and 4.2; Buchardt et
al, 2001; Chaka, 2018; Stockmann et al., 2018). Therefore, little is known about the effect of
ACC* on ikaite formation, although its presence was reproducibly observed prior or in parallel
to the appearance of ikaite (chapter 4.1; Besselink et al., 2017; Lazar et al., 2023; Tollefsen et
al,, 2020; Zou et al,, 2018). Nevertheless, the independent nucleation of ikaite during and after
the formation of ACC* (see chapter 4.1) suggests that an effect of ACC* on the formation of ikaite

beyond the reduction of solution supersaturation is unlikely.
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Within the range of studied conditions, in summary, the persistence of ikaite depends on
the nucleation rate of anhydrous phases. An increase of ikaite persistence, therefore, requires
a major external intervention such as the addition of nucleation inhibitors for vaterite and
calcite. As the effectiveness of additives in inhibiting growth of anhydrous CaCO3 phases often
depends on supersaturation (House, 1987; Mills et al., 2022), complete inhibition becomes
increasingly difficult at increasing temperature. Incomplete inhibition of anhydrous CaCO3

phases will inevitably lead to ikaite dissolution.

Within the tested temperature range, the disappearance of ikaite in favor of vaterite and
calcite took place without any significant spatial relation between ikaite and the product
phases, irrespective of the lifetime of ikaite. The ikaite-calcite/vaterite transformation,
therefore, most likely proceeded via a coupled dissolution-precipitation mechanism, as it was
proposed in previous studies on the stability and transformation of ikaite (Besselink et al,,
2017; Purgstaller et al,, 2017; Sadnchez-Pastor et al., 2016; Tollefsen et al., 2020).

The formation of ikaite in the light of classical nucleation theory CNT

Our experiments revealed a coexistence of ikaite and anhydrous CaCOz; minerals due to
independent nucleation events and, therefore, reflect a parallel multi-phase formation rather
than a succession of nucleation events proceeding along the degree of metastability of CaCO3
phases. Thus, Ostwald’s rule of stages (Ostwald, 1897) provides an inappropriate description
of the occurrence of ikaite, as this rule proposes a sequential nucleation of phases in descending
order of metastability. The observed mineralization with ikaite as the dominant phase during
early crystallization at T < 10 °C rather suggests a sequential disappearance of metastable
phases after parallel nucleation. Such a behavior might be consistent with predictions provided
by CNT (Cardew, 2023). In the light of CNT, dominant or concomitant formation of metastable
phases relative to stable ones is feasible but implies distinct thermodynamic and kinetic

prerequisites for achieving a sufficiently high nucleation rate (Cardew, 2023; Navrotsky, 2004).
Using CNT (Mullin, 2001; S6hnel and Mullin, 1988; Verdoes et al., 1992), the independent

nucleation rate J;of a phase i can be calculated by equation 3.7. In order to apply Eq. 3.7 to our
experiments, the corresponding key parameters, namely the kinetic pre-factors A and the
interfacial energies y of CaCOs; minerals are required. Interfacial energies of ikaite nuclei have
been determined experimentally in one study (chapter 4.1) only and revealed a low value of
Yikaite = 15 m]J/m2 relative to Yvaterie = 35 mJ/m2 and Ycaicie = 58 mJ/m2 using a mononuclear
approach of CNT. While a mononuclear relation of induction periods t;,,4 (i.e. time required to
form detectable nuclei) and nucleation rate /] by CNT provided an adequate interpretation of
interfacial energies from experimental data (chapter 4.1), a polynuclear approach (Eqg. 3.6) is
required for a satisfactory extraction of the kinetic pre-factor (Kashchiev and van Rosmalen,
2003; Verdoes et al., 1992). The growth of nuclei to a detectable volume was estimated by
applying the empirical equation 4.1 (chapter 4.2; Berninger et al., 2016; Gautier et al., 2015;
Lindner and Jordan, 2018; Morse, 1983; Mucci and Morse, 1983; Shiraki and Brantley, 1995)

with Kikaite ® 1.1 x 10-11 m s-1 and njkaite ® 1 (see chapter 4.2). The rearranged combination of
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ikaite

Egs. 3.6, 3.7 and 4.1 allows the calculation of the kinetic pre-factor ASX . = 2 x 109 cm-3s-1 (Fig.

28). Applying the parameters A and y, the nucleation rate of ikaite Ug;}t;m(’d) was calculated

and plotted as a function of the solution supersaturation 2 versus ikaite (Fig. 29).
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Figure 28. Extraction of the supersaturation independent kinetic pre-factor A using the PN approach.
Applying induction times and corresponding initial supersaturation ratios Qikaite obtained in chapter 4.1,

the intercept is approximately 6. Inserting the values of @ and k; led to ASRL, ~ 2 X 1072 cm™3s7!(see
chapter 3.1.2).
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Figure 29. Plots of nucleation rates Jiaite as a function of solution supersaturation with respect to ikaite.
The red curve Ui(f(liiTtgm"d) shows the nucleation rate of ikaite applying the kinetic pre-factor
ASNT . = 2 x 109 cm3 s-1, which was derived from a polynuclear approach at T = 0 °C. The blue curve

shows the experimentally derived maximum nucleation rate J;.> ™" using A5 > =2 x 106 cm3 s-L.
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It needs to be kept in mind, though, that the data in chapter 4.1 were exclusively obtained
in the absence of any detectable previous or parallel precipitation of ACC*. This, however, is no
reason for excluding the data from an application in CNT, as ikaite and ACC* were suggested to
form in parallel and independent of another (see chapter 4.1). Likewise, the experiments
conducted here provided no sign of an interference between the instantaneous precipitation of
ACC* and ikaite nucleation, other than the sharp drop of the initial solution concentration

mainly induced by the extensive ACC* formation.

Even if an instantaneous precipitation of ACC* were reducing the supersaturation ratio

with respect to ikaite to some degree, the magnitude of ikaite nucleation rates Jina-mod
predicted by CNT covers a sufficiently broad range of supersaturation (Fig. 29). This CNT
derived nucleation rate (Fig. 28) is at least 3 orders of magnitude higher than the maximum

experimentally derived rate J 5o o = 1

ikaite 05 cm-3 s-1, This significant difference likely results

from an overestimation of the kinetic pre-factor ASNI . by CNT. The interpretation of the kinetic
pre-factor, however, is complex as it involves multiple parameters controlling the attachment
of monomers to the nucleus (i.e. attachment-detachment frequency, viscosity, diffusivity,

Zeldovich factor, concentration of nucleation sites; see e.g. Cedeno et al., 2023). Nevertheless,

: P - CNT-mod
an overestimated Kinetic pre-factor A leading to a tremendously enhanced Jij,iio - agrees
with previous findings on the applicability of CNT-based nucleation rates and confirms

indications of limitations of the predictive nature of CNT (Devos et al., 2021; Vekilov, 2010).

In the present study, though, the CNT-based nucleation rates can be compared by
nucleation rates derived from experimental data (cf. section 4.3.1: Estimation of the nucleation

rate of ikaite at T = 0 °C). For this, an experimental kinetic pre-factor Aflffite: 2x 106 cm-3 s-1

has been calculated by assigning the maximum experimental nucleation rate ]iel;};t—emax =
105 cm-3 s-1 to the saturation state Qixaite = 18. Using this experimental kinetic pre-factor in Eq.
3.7, the maximum experimental nucleation rate can be calculated as a function of saturation
state (Fig. 29). The comparison of the CNT-based nucleation rates with the experimental data
depicts the above-mentioned discrepancy between the two data sets of approximately 3 orders

of magnitude.

Relation between the nucleation rates of ikaite and anhydrous polymorphs

In the CNT model, supersaturation provides the driving force of nucleation and acts as a
quantity which is not independent of polymorphs (Cardew, 2023). As the solubility product of
ikaite exceeds that of calcite and vaterite at and above the freezing point of water (chapter 4.1;
Bischoff et al., 1993a; Clarkson et al, 1992), a solution supersaturated with respect to
metastable ikaite is always sufficiently concentrated for all other calcium carbonate minerals
to potentially nucleate. In order to quantify the proportion of nuclei of the metastable phase,

the so-called proportional nucleation rate yn can be defined as

Jm
Js +/m

() = (4.2)
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where /i is the nucleation rate of the metastable phase and Js that of the stable phases (Cardew,
2023). Here, /m corresponds to the nucleation rate of ikaite and Js to the sum of vaterite and
calcite rates (Fig. 30). For an unequivocally dominant occurrence of ikaite, a proportional

nucleation rate yn of at least 0.99 is required (Cardew, 2023).
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Figure 30. Plots of nucleation rates J as a function of solution composition expressed in terms of
supersaturation with respect to ikaite and calcite. (A) The rates were calculated by applying

experimental data from CMBR experiments at T = 0 °C (see chapter 4.1) with equal kinetic pre-factors
= Avaterite = Acalcite = 2 X 106 cm3 s71. (B) Avaterite and Acalcite Were decreased by 3 orders of magnitude

exp
Aikaite
relative to (A) in order to attain a proportional nucleation rate yn = 0.99 which corresponds to an

unequivocally dominant occurrence of ikaite nuclei.
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The primary problem in calculating the nucleation rates of the anhydrous polymorphs
Jvaterite @aNd Jeaicite lies in the determination of the kinetic pre-factors Acacie and Avaterite-
Parameters for vaterite and calcite derived from CNT in literature are not applicable to our
model as these vary widely and show a strong dependence on the method of determination
(e.g. 104 < A < 1030 cm-3 s-1; Bergwerff and van Paassen, 2021). Thus, in a first attempt, the
evolution of nucleation rates for vaterite and calcite at Qixaite < 18 (= Qcalcite < 288) was calculated
using equal kinetic pre-factors for all phases 4; = Aﬁf;ite: 2 x 106 cm-3 s-1 (Fig. 30A). This
scenario gave a nucleation rate of ikaite which, however, remained lower than that of vaterite
over the entire range of relevant supersaturation ratios. Consequently, the proportional
nucleation rate yy obtained by using equal kinetic pre-factors (Fig. 30A) described an
equivalent ikaite nucleation rather than a dominant ikaite formation as it was observed in the
experiments.

A sufficiently dominant ikaite formation, in contrast, can be achieved by using kinetic

exp

kaite" These values

pre-factors Acaicite and Avateriee Which are 3 orders of magnitude lower than A
were plotted in the second scenario of the evolution of nucleation rates (Fig. 30B). This
parameterization results in an extensive ikaite nucleation, as it was observed in our

precipitation experiments at T = 0 °C.

The kinetic advantage of ikaite nucleation, induced by the higher kinetic parameter A4,
might reflect the different formation mechanism of ikaite compared to the more stable
anhydrous CaCOz; polymorphs. The ikaite nucleation mechanism most likely involves a
dominant role of aqueous CaC03%-6H,0 complexes (chapter 4.1; Buchardt et al., 2001; Chaka,
2018; Stockmann et al,, 2018) and, therefore, provides a low energy pathway of crystallization
without dehydration (chapter 4.1; Chaka, 2018). Analogously, it was proposed that an
aggregation of oriented multi-ion-complexes can enhance the rate of cluster formation relative

to condensation via the addition of monomers (De Yoreo et al., 2015; De Yoreo, 2022).

Although these reasonable kinetic assumptions easily allow a CNT-based modelling of a
realistic relation between the nucleation rates of ikaite and the anhydrous phases (Fig. 30B), it
needs to be noted that this does not validate the capability of CNT for providing a correct
explanation of the dominant nucleation of ikaite over less soluble CaCO3; minerals, unless

sufficiently accurate and internally consistent kinetic pre-factors A; become available.

Implications for the natural occurrence of ikaite

Ikaite nucleation was evident at temperatures of up to T = 20 °C. In none of our experiments,
however, continuous ikaite growth was established as nucleation of anhydrous phases caused
the solution concentrations to fall below ikaite saturation. At all conditions of our study,
therefore, ikaite persistence was limited to less than 48 h. This finding clearly shows that
prolonged endurance of ikaite within aqueous solutions requires an effective inactivation of
anhydrous phases. A relevant possibility of such an inactivation is the presence of selective
nucleation inhibitors. As chemical compositions of natural settings are complex, inhibitors are

often present. Additionally to inhibitors, the preservation of mineral surfaces by biofilms might
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stabilize ikaite. Furthermore, rapid overgrowth of the anhydrous phases by ikaite could
contribute to prevent solution compositions from falling below ikaite saturation. Due to the
retrograde solubility of the anhydrous phases, however, passivation of anhydrous phases by
overgrowing ikaite becomes less likely with increasing temperature. Also the activity of
inhibitors decreases with increasing supersaturation and, therefore, with increasing

temperature.

The emphasis of ikaite endurance to near freezing temperatures as observed in our
experiments agrees with natural settings where extensive growth of ikaite is well documented
at T <9 °C. Nevertheless, this narrow range of temperature for ikaite formation was frequently
questioned, as the precipitation of ikaite in laboratory studies succeeded at T > 9 °C (Purgstaller
etal,, 2017; Stockmann et al,, 2018; Tollefsen et al., 2020). Furthermore, an incoherence of the
spatial or timely appearance of certain glendonite sites and low temperature conditions gave
rise to suggestions that the occurrence of ikaite in nature is not necessarily limited to near-
freezing environments (Popov et al., 2019; Rogov et al, 2021; Rogov et al., 2023). In this
context, our results confirm that formation of ikaite at T > 9 °C is possible in general,
irrespective of the presence of inhibitors of anhydrous CaCO; minerals. The extent of
persistence of ikaite particularly at increased temperatures, however, depends on whether the
system meets specific prerequisites. Besides the separation of ikaite from the aqueous medium,
the presence of an adequate quantity of substances inhibiting nucleation of the more stable
calcium carbonate phase seems to be essential. Such prerequisites might be critical for the
potential origin of ikaite in environments with temperatures exceeding near-freezing values.
Optimum persistence of such ikaite aggregates might result if the inhibitors for the anhydrous
phases were coprecipitating with ikaite. Such inhibitors may efficiently slow down the

replacement rate and, therefore, could support accurate pseudomorphosis.

Further implications follow for sea water alkalinity and CO2 removal. In our experiments,
dissolution of ikaite was driven by the formation of anhydrous phases within the bulk solution
which led to an undersaturation of the solution with respect to ikaite. Vaterite or calcite growth
concomitant to ikaite dissolution precludes an increase of solution alkalinity. An inhibition of
vaterite/calcite formation, therefore, is mandatory to allow for an enhancement of solution
alkalinity due to ikaite dissolution. Such an increase of alkalinity was suggested to affect the
inorganic carbon dynamics in sea water during sea ice melting (Jones et al., 2023b) and might

even provide a pathway for an increased atmospheric CO; removal (Renforth et al., 2022).
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Fundamental formation kinetics of ikaite

The investigations of the crystallization of ikaite reported in this doctoral thesis provide new

insights into the fundamental kinetics of the formation of ikaite.

Using induction periods from ikaite-forming CMBR experiments, the study of
heterogeneous nucleation revealed that the presence of mineral substrates at Qixie < 5 led to a
different nucleation behaviour than pseudohomogeneous conditions. Within this low
supersaturation regime (Qiite < 5), @ pronounced promotion by foreign mineral substrates
indicated a high degree of heterogeneous nucleation. The impact of heterogenous nucleation
diminishes in favour of homogeneous nucleation at enhanced degrees of supersaturation

(Qikaite = 8). This finding revealed that mineral surfaces are an important nucleation parameter.

Furthermore, induction periods measured in both supersaturation regimes enabled the
determination of the interfacial energy of ikaite nucleation. The interpretation of induction
periods by classical nucleation theory (CNT) yielded an effective interfacial energy of
15 * 3 mJ/m2, which might be reduced to a value of 6 * 3 mJ/m?, depending on the degree of
heterogeneous nucleation. These interfacial energies are significantly lower than reported
values for anhydrous calcium carbonate minerals. Therefore, the interpretation of interfacial
energies by CNT is in agreement with the structural implication that the formation of highly
hydrated ikaite nuclei from aqueous solution relates to a low interfacial energy. Moreover, the
low interfacial energy most likely leads to a substantially decreased nucleation barrier relative
to anhydrous CaCO3z minerals, suggesting the formation of ikaite via a low energy formation
pathway. Such a low energy formation pathway may support a formation mechanism involving
an ordering of aqueous ion pair complexes without extensive dehydration, that has previously
been indicated through Density Functional Theory (DFT) calculations by Chaka (2018).

Further hints at this specific low energy formation pathway of ikaite, which differs
significantly from the formation mechanism of anhydrous CaCO3 minerals, might be given by
the extent of decrease in interfacial energy due to heterogeneous nucleation. In contrast to the
tremendous reductions of interfacial energies for vaterite and calcite by heterogeneous
nucleation reported in literature, the interfacial energies of ikaite determined here indicated a
weak decrease at conditions of heterogeneous nucleation. Apart from that, the low value of
Yikaite dO€s not allow a similar reduction by heterogeneous conditions as in the case of vaterite
and calcite. Again, this finding might be associated with the formation mechanism without
extensive dehydration of ikaite, as foreign active surfaces may not be as effective for attachment

of aqueous ion pairs as for dehydration of aqueous ion pair complexes by ligand exchange.

Likewise, the growth kinetics of ikaite supports the low energy formation pathway. In
contrast to the second to third order reaction kinetics of calcite growth in sea water, a first order
rate law was derived for ikaite applying empirical rate equation to the measured growth rates.
This first order reaction kinetics of ikaite implies a transport- or adsorption-controlled growth

mechanism and, therefore, contrasts ligand exchange as the rate-limiting step of calcite growth
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kinetics. Instead, the transport- or adsorption-controlled growth of ikaite can likely be

associated with an attachment of hydrated CaCo?3 ion pairs without extensive dehydration.

A formation mechanism of ikaite via the attachment of hydrous ion pair complexes has
important implications for the controls of ikaite precipitation in the multi-phase precipitating
systems of calcium carbonate minerals. In the multi-phase precipitating system observed here,
the nucleation of ikaite occurred alongside to less soluble anhydrous CaCO3; minerals instead of
sequential nucleation events of metastable calcium carbonate phases. This finding implied a
limited applicability of Ostwald’s rule of stages. CNT calculations could be used to model the
observed multi-phase nucleation of calcium carbonate minerals. From the perspective of the
resulting models, the concomitant nucleation might be associated with different formation
mechanisms of ikaite and vaterite/calcite leading to significantly different kinetic pre-factors.
Thus, the specific formation mechanism of ikaite may affect the kinetics of the concomitant

nucleation of calcium carbonate phases altogether.

In addition to the above conclusions, the findings on the formation kinetics rise new
questions about the identity of amorphous calcium carbonate (ACC*) and its role in subsequent
crystallization. From CMBR experiments and SEM images, ACC* was indicated as a transient
phase that altered formation conditions but precipitated independent of ikaite nucleation.
However, a more detailed description of the impact of ACC* on calcium carbonate
crystallization remains challenging as both the identity and role of ACC* have not been clearly
specified yet (e.g. Lazar et al,, 2023; Zou et al,, 2018). Therefore, a profound understanding of
the identity, appearance and decomposition of the amorphous phase prior and in parallel to
ikaite nucleation would be a desirable supplement to the findings on the crystallization process
of ikaite presented here. Particularly knowledge of the degree of hydration of the amorphous

phase may have important implications for the crystallization of calcium carbonate minerals.

Formation conditions of ikaite

Apart from the insights into the fundamental formation kinetics, the studies reported here
contribute to a better understanding of conditions that can promote the crystallization of ikaite.
The presence of quartz and mica substrates led to nucleation of ikaite within a significantly
broader supersaturation range compared to pseudohomogeneous formation conditions. Both
tested mineral surfaces were similarly effective in promoting the nucleation of ikaite at
supersaturations (Qiwiee) between 1.6 and 15. Within this range, the promotion of ikaite
exceeded the promotion of the precipitation of anhydrous calcium carbonate minerals.
Therefore, it must be assumed that the ubiquitous appearance of mineral surfaces may have a
significant impact on the nucleation of ikaite in manifold environments of Earth, similar to the
presence of common inhibitors of the formation of anhydrous CaCO3z minerals such as Mg or

phosphate ions.

It remains ambiguous, however, whether the presence of foreign mineral substrates
supports the persistence in a similar efficiency as inhibitory additives, which are known to

suppress a concomitant formation of competing anhydrous CaCOz minerals. Particularly
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because quartz and mica surfaces are capable of being effective for the formation of both ikaite
and anhydrous CaCO3 minerals (vaterite and calcite; Li et al., 2014), the persistence of ikaite in

presence of foreign substrates remains complex.

With respect to the role of inhibiting additives for ikaite persistence, at least in near-
freezing temperature environments, sufficient persistence of ikaite for extensive growth can be
provided by the presence of phosphate. Previous studies of the promotion of ikaite formation
due to suppression of competing precipitation by phosphate implied that the inhibition results
from different interactions of ikaite and anhydrous CaCOz minerals with phosphate,
respectively (e.g. Bischoff et al., 1993a; Clarkson et al., 1992). This difference is further
corroborated by the lack of phosphate uptake by ikaite during growth periods reported here
(1.5 < Qixaite < 2.9), which contrasts the uptake of phosphate from solution by calcite (e.g. Hartley
et al. 1997). In addition, there was no sign that the growth of ikaite is retarded significantly by
the presence of phosphate. Most likely, the substitution of carbonate groups by phosphate is
largely incompatible with the growth mechanism of ikaite. Ultimately, a sufficient amount of

phosphate thus remains in the growth solution to support the persistence of ikaite.

Furthermore, the observations of ikaite ephemerality in CMBR experiments indicated
that an inhibition of the formation of anhydrous CaCOs; minerals might be an important
prerequisite for extensive ikaite formation in aqueous environments of Earth. The transient
occurrence of ikaite in solutions up to 20 °C suggests that an inhibition of the competing
precipitation of vaterite and calcite is critical for prolonged growth conditions of ikaite.
Obviously, such an inhibition, as exerted for example by substances like Mg or phosphate,
applies to distinct sea water environments where extensive growth of ikaite is well documented
at T £ 9 °C (e.g. Buchardt et al, 1997; Papadimitriou et al., 2013; Stockmann et al., 2018;
Tollefsen et al., 2018). For solution temperatures that exceed this narrow temperature range,
in contrast, the increasing ephemerality of ikaite reported here implies that an effective

inhibition of competing precipitation becomes more complex to achieve.

This finding has important implications for the use of ikaite pseudomorphs (glendonites)
as temperature indicators. The applicability of glendonites as proxies representing near
freezing temperatures has been questioned because precipitation of ikaite in previous
laboratory studies (e.g. Purgstaller et al., 2017; Tollefsen et al., 2020) has been observed at
temperatures exceeding near-freezing values analogous to this work. From the perspective of
ikaite nucleation, the use of ikaite as indicators of near freezing environments, therefore,
cannot be supported. However, the limited persistence of ikaite and complex inhibition of
anhydrous CaCO3z minerals with increasing temperature reported here provide a substantial
limitation of ikaite growth with temperature. Thus, the applicability of glendonites as a
powerful low temperature indicator in most cases is clearly supported by the findings of this

work.
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Implications for aqueous environments

In addition to the impact on formation conditions, the findings reported here contribute to a

better understanding of the effects of ikaite precipitation on aqueous environments.

In this context, the lack of phosphate uptake observed in growth experiments has
important implications for ikaite growth environments. Temporal polar nutrient dynamics, for
instance, were associated with a potential uptake and rejection of phosphate by seasonal
formation and dissolution of ikaite in sea ice (Hu et al., 2014; Jones et al., 2023b). The observed
lack of phosphate depletion during growth in CMFR experiments, however, indicates that the
growth of ikaite may not contribute significantly to seasonal phosphate dynamics in surface
oceanic water. Instead, other abiotic or biotic processes, which can be triggered due to the
seasonal formation and melting of sea ice (e.g. Fripiat et al.,, 2017; van der Linden et al.,, 2020),

are more likely to contribute to the polar nutrient cycling.

Furthermore, the observed limited persistence of ikaite in multi-phase precipitating
systems has implications for the evolution of alkalinity in sea water. Because ikaite is
significantly more soluble than the anhydrous CaCOs; polymorphs, ikaite usually dissolves in
surface oceanic water and, therefore, is capable of contributing to alkalinity enhancement (e.g.
Renforth et al, 2022). However, the observations from multi-phase precipitating systems
reported here show that the contribution to alkalinity enhancement by dissolution of ikaite
might be reduced significantly due to concomitant formation of less soluble anhydrous CaCO3
minerals. Thus, in order to enhance the alkalinity of solution, inactivation of competing

precipitation could be essential, as this may increase the degree of ikaite dissolution.
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