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A B S T R A C T   

The formation of ikaite (CaCO3x6H2O) was studied in the presence and absence of quartz and mica surfaces using 
desupersaturation curves from cryo-mixed-batch-reactor experiments. Upon nucleation and growth within the 
reactor, the solution approached solubility of the precipitating carbonate phase. For ikaite, a solubility constant 
of log Ksp ikaite = − 7.3 ± 0.1 was found (T = 0 ◦C). At supersaturations Ωikaite < 15, the nucleation of ikaite was 
significantly promoted by the presence of quartz or mica. This promotion prevented a competing nucleation of 
anhydrous calcium carbonates. In the presence of quartz or mica, therefore, ikaite forms over a much broader 
supersaturation range than in the absence. Similarly strong promotors of ikaite nucleation rather than anhydrous 
carbonate nucleation were previously attributed to calcite-inhibiting substances only. 

At supersaturations Ωikaite ≥ 8, application of classical nucleation theory on induction periods of ikaite for-
mation yielded an effective interfacial energy of 15 ± 3 mJ/m2. Compared to data of anhydrous CaCO3 phases, 
this interfacial energy is low and expresses the highly hydrated character of ikaite. At supersaturations Ωikaite ≥

18, a transient amorphous phase appeared besides ikaite. 
Our results show that a comprehensive understanding of ikaite formation in natural settings requires 

consideration not only of supersaturation and presence of calcite-inhibitors but also of the presence or absence of 
mineral surfaces capable of promoting heterogeneous nucleation of ikaite.   

1. Introduction 

Calcium carbonate minerals are ubiquitous on Earth’s surface. The 
minerals are important parts of the global carbon cycle and, therefore, 
significantly affect the physicochemical conditions on Earth (e.g., Mar-
tin, 2017; Millero, 2007; Ridgwell and Zeebe, 2005). The crystallization 
pathways of carbonate minerals are complex and often include inter-
mediate phases that essentially affect the selection and properties of the 
final anhydrous phase (Besselink et al., 2017; Blue et al., 2017; Gebauer 
et al., 2014). Nucleation and transformation of these intermediate hy-
drous crystalline and amorphous calcium carbonates, therefore, are 
subject to numerous recent studies (Besselink et al., 2017; Blue et al., 
2017; Cartwright et al., 2012; Chaka, 2018; Gebauer and Cölfen, 2011; 
Radha et al., 2010; Rodriguez-Blanco et al., 2011; Rodríguez-Ruiz et al., 
2014). One of the most challenging calcium carbonate minerals is ikaite 

(CaCO3x6H2O) due to the low stability of its crystal structure, which is 
composed of a hydrogen bond network connecting CaCO3

0 ion pairs 
(Demichelis et al., 2014; Dickens and Brown, 1970; Hesse et al., 1983). 
This weak hydrogen bond network readily allows for water diffusion and 
dehydration (Chaka, 2018; Zaoui and Sekkal, 2014). Consequently, 
ikaite mainly appears as a transient phase transforming to more stable 
anhydrous calcium carbonates (Besselink et al., 2017; Purgstaller et al., 
2017; Sánchez-Pastor et al., 2016; Tang et al., 2009) or amorphous 
calcium carbonate (Zou et al., 2018). 

Although ikaite is more soluble than anhydrous calcium carbonate 
minerals and, therefore, is metastable at Earth’s surface conditions 
(Marland, 1975), widespread occurrences of ikaite and pseudomorphs 
after ikaite (glendonites) were reported especially from cold environ-
ments (Bischoff et al., 1993b; Boch et al., 2015; Council and Bennett, 
1993; Ito, 1996; Jansen et al., 1987; Lu et al., 2012; Oehlerich et al., 
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2013; Omelon et al., 2001; Pauly, 1963; Shearman and Smith, 1985; 
Suess et al., 1982). Noteworthy, ikaite also was identified within sea ice, 
where it might play an important role in the polar carbon cycles (Die-
ckmann et al., 2008; Dieckmann et al., 2010; Fischer et al., 2013; Geilfus 
et al., 2013). The discrepancy between frequent occurrence in nature 
and metastability led to many studies investigating the physicochemical 
conditions which promote the formation of ikaite over anhydrous 
CaCO3-minerals. These studies showed that the formation of ikaite is 
especially supported by factors ensuring a sufficiently high supersatu-
ration: elevated alkalinity (Bischoff et al., 1993a), alkaline solution 
conditions (Boch et al., 2015; Hu et al., 2015), and cold (but not 
necessarily near-freezing) temperatures (Johnston et al., 1916; Stock-
mann et al., 2018; Tollefsen et al., 2020). Ikaite formation can further be 
induced by the presence of substances selectively inhibiting a competing 
calcite precipitation, notably aqueous Mg2+ and phosphate (Bischoff 
et al., 1993a; Buchardt et al., 2001; Hu et al., 2014; Stockmann et al., 
2018; Tollefsen et al., 2018). Despite the pronounced efficiency of these 
inhibitors, the presence of such substances is not a prerequisite for ikaite 
formation as various experimental studies at cold solution temperatures 
have been demonstrating (Besselink et al., 2017; Boch et al., 2015; Hu 
et al., 2015; Johnston et al., 1916; Zou et al., 2018). 

Even though the number of studies on ikaite formation is large, the 
physicochemical conditions leading to ikaite rather than anhydrous 
carbonates are still poorly constrained. One reason is that conditions 
which promote ikaite formation, may concurrently lead to a more rapid 
transformation of ikaite into more stable CaCO3-minerals. If the time 
span of ikaite existence falls below temporal resolution of experiments, 
the occurrence of ikaite as a transient precursor of anhydrous carbonate 
minerals may remain unnoticed. Moreover, the mechanisms of ikaite 
formation were subject to only few studies and, therefore, are largely 
unknown as well. From experiments in highly supersaturated solutions, 
Besselink et al. (2017) and Zou et al. (2018) reported an onset of ikaite 
precipitation during dissolution of a previously formed amorphous 
calcium carbonate precursor. Important to note, that the amorphous 
precursor is supposed to contain an amount of water similar to ikaite 
(Zou et al., 2018). 

In precipitation experiments conducted with Mg-rich solution at 6 
and 12 ◦C, Purgstaller et al. (2017) did not reveal a highly hydrated 
precursor and suggested that the precipitation of ikaite rather than 
anhydrous calcium carbonates is linked to the slow dehydration kinetics 
of Ca2+ species at near-freezing temperatures. The expendability of a 
complete dehydration of aqueous Ca2+ for ikaite formation was also 
implied by Buchardt et al. (2001) and Stockmann et al. (2018). These 
authors concluded from ikaite precipitation in sea water at cold tem-
peratures (≤ 15 ◦C) that an increased activity of the CaCO3

0 ion pair 
species in solution could play a key role for the formation of ikaite. 
Further corroboration comes from DFT-calculations (Chaka, 2018) 
which assign a decisive role to the aqueous CaCO3x6H2O complexes for 
ikaite nucleation. Chaka (2018) showed a close structural correspon-
dence between the aqueous CaCO3x6H2O ion pair complexes and the 
CaCO3x6H2O structure unit within the ikaite crystal lattice. Hence, if a 
mere self-organization of aqueous ion pair complexes may lead to 
nucleation, this could provide a low energy pathway of ikaite formation 
(Chaka, 2018). 

Ikaite nucleation has been studied in (pseudo-)homogeneous cases 
(volume nucleation) so far, except for the influence of polymer surfaces 
functionalized with nitrile groups (Malkaj et al., 2002). Foreign sub-
strates like mineral surfaces, however, are ubiquitous in natural pre-
cipitation settings. These mineral surfaces could affect ikaite formation 
significantly. According to the classical perspective on mineralization, 
the nucleation barrier can be reduced, if a phase nucleates on mineral 
substrates (e.g., De Yoreo et al., 2013; Kashchiev and van Rosmalen, 
2003; Mullin, 2001; Sangwal, 2007). Mineral substrates, therefore, can 
significantly promote the formation of a phase. For calcite, it has been 
shown that nucleation on substrates with carboxyl groups follows the 
classical perspective (Hu et al., 2012). Furthermore, a study using 

substrates with carboxyl, thiol, phosphate, and hydroxyl groups yielded 
a correlation of the nucleation rate with the lattice match between 
calcite and substrate (Hamm et al., 2014). On mica substrates, more-
over, vaterite formation was larger than calcite formation, whereas the 
total carbonate formation on mica was more extensive than on quartz 
surfaces (Li et al., 2014). 

For the formation of anhydrous calcium carbonate minerals, these 
studies confirm a substrate induced promotion. Such a promotion, 
however, does not need to take place in case of all minerals on all sub-
strates at all conditions. Particularly as promotion of the formation of 
anhydrous calcium carbonates may take place via a favoured dehydra-
tion of ions and/or ion pairs at the mineral substrates, this effect cannot 
directly be transferred to ikaite nucleation as the constituent structural 
units of ikaite may correspond to the hydrated CaCO3

0 ion pairs in so-
lution. In contrast to other factors promoting ikaite formation (such as 
alkalinity, temperature, or calcite inhibiting additives), the role of 
minerals surfaces, although ubiquitous in all natural ikaite formation 
settings, is largely unexplored. Aim of this study, therefore, is to provide 
a contribution for a better understanding of ikaite formation in natural 
settings by investigating ikaite formation in presence and absence of 
quartz and mica substrates as proxies for common natural minerals. 

2. Methods 

2.1. Materials 

Experiments were performed using solutions which were prepared 
by dissolving analytical-grade chemicals (CaCl2x2H20, Na2CO3, 
NaHCO3) in deionized water with a resistivity of 18.2 MΩ cm and 
adjusting ionic strength and solution pH using NaCl and NaOH, 
respectively. Quartz substrates were prepared by grinding quartz pow-
der from Fluka. Mica substrates (Ziegler Minerals, Germany, particle size 
<45 μm, chemical composition: SiO2: 46%, Al2O3: 32%, K2O: 11%, 
Fe2O3 < 5%, Na2O3: 0.3%, MgO: 0.2%, TiO2: 0.6%) were utilized 
without grinding. The powders were washed and decanted with deion-
ized water (18.2 MΩ cm) several times. Specific surface areas of 0.21 
m2/g for quartz and 3.97 m2/g for mica substrates were determined by 
krypton gas adsorption following standard BET procedures. 

2.2. Cryo-mixed-batch-reactor experiments 

Precipitation experiments were carried out in a cryo-mixed-batch- 
reactor (CMBR; total reactor volume: 250 ml) submerged in a 

Fig. 1. Experimental set up of a cryo-mixed-batch-reactor (CMBR) experiment. 
Ca2+- and HCO3

− /CO3
2− -containing solutions were mixed in the reactor in 

presence or absence of mineral substrates (quartz, mica). 
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thermostatic water bath (Lauda Alpha RA 8) (Fig. 1). The CaCl2 solution 
(ionic strength = 0.1 M, pH = 10) was filled into the reactor under 
stirring at 0 ◦C. Quartz crystals were added to the reactor in one series of 
experiments and mica in a second series. In a third series aiming at 
pseudohomogeneous ikaite formation, no substrate crystals were added. 
Upon addition of the substrate crystals, in situ monitoring of solution pH 
and Ca2+ concentration was started using a standard glass electrode 
(calibrated with NIST certified pH 4.01, 7.13 and 10.32 buffer solutions 
at 0 ◦C) and a Ca2+-ion-selective electrode, respectively, with a multi-
parameter benchtop meter (HANNA instruments HI 5222). Subse-
quently, NaHCO3/Na2CO3 solution was added instantaneously to the 
reactor leading to a total solution volume of 200 ml. Rigorous stirring by 
a magnetic stirrer allowed mixing of the solutions within the reactor in 
<5 s. For each condition (Table 1), experiments were performed in 
triplicate. Upon the end of the experiment, the solids (substrates and 
precipitates) were separated from the solution by vacuum filtration, 
rapidly washed with ethanol (T = − 18 ◦C) and stored in a freezer 
(− 18 ◦C) for further analyses as described below. The entire process of 
retrieval and washing was accomplished within <30 s. 

2.3. Phase analysis by X-ray powder diffraction 

The cooled solid samples from CMBR experiments were analyzed by 
X-ray powder diffraction (GE Seifert, CuKα1 radiation, λ = 1.5406 Å) 
with scattering angels of 10◦ ≤ 2θ ≤ 60◦. Sample holders were precooled 
(− 18 ◦C). Routine analyses were conducted within <12 min in order to 
avoid temperature-induced phase transitions during measurement. 
Faster scans (12◦ ≤ 2θ ≤ 35◦, 3 min) were used to inspect the samples for 
highly instable phases. 

2.4. Cryo scanning electron microscopy (cryo SEM) 

Cryo SEM (Zeiss EVO 15 equipped with a cool stage) was used to 
image solid samples retrieved from the CMBR experiments. The samples 
were visualised using secondary electrons and back-scattered electrons 
with an Everhart-Thornley detector. An acceleration voltage of 20 kV 
was used. The cool stage was set to T = − 25 ◦C. 

2.5. Solution analysis 

Samples of the filtered solution from CMBR experiments were 
analyzed by titration. Ca2+ concentrations and total alkalinity were both 
analyzed by potentiometric end point titrations using a SI Instruments 
Titroline 7000. Total alkalinity was determined using a standard glass 
electrode calibrated with NIST certified pH 4.01, 7.01 and 10.01 buffer 
solutions and 0.01 M HCl standard solution (detection limit: 2 × 10− 5 

M). Ca2+ concentrations were analyzed using 0.01 M Na2-EDTA stan-
dard solution and a Ca2+ ion selective electrode (Ca2+-ISE) with a 
detection limit of 2 × 10− 5 M. 

Solution compositions, speciations and saturations were modelled 
with the geochemical modelling program PHREEQC version 3.7.0 
(Parkhurst and Appelo, 2013). All simulations were performed using the 
llnl database. 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), ACC (log 
Ksp = − 12.9185287 + 0.05453848 T − 0.0001096 T2, Brečević and 
Nielsen, 1989) were added to the database. The saturation state Ω was 
defined as 

Ω =
IAP
Ksp

(1)  

where IAP is the ionic activity product in the aqueous solution and Ksp is 
the solubility product of the solid. 

2.6. Induction periods (tind) and interfacial energies (γ) 

Ca2+ and pH monitoring of solution in CMBR experiments was 
applied to evaluate the induction period tind of precipitation. tind is 
defined by the interval between attaining a supersaturated solution and 
the growth of nuclei to a detectable size causing a measurable change of 
pH or Ca2+ signal (Gómez-Morales et al., 1996; Söhnel and Mullin, 
1988). In our experiments, the induction period was defined as the 
period between creating a supersaturated solution by adding carbonate 
to the Ca2+ solution within the reactor and the first decrease of the pH/ 
Ca2+ signals detectable by pH and Ca2+ monitoring (Fig. 2). In order to 
determine tind, we used the inflection of the first derivative of a poly-
nomial fit of our experimental data. Induction periods determined by pH 
monitoring generally agreed well with tind indicated by Ca2+ measure-
ments. However, at our experimental conditions including cold tem-
peratures of 0 ◦C, pH monitoring provided more precise data compared 
to Ca2+ measurements. Due to the dynamics of the nucleation process 
involving decreasing pH-values, the Ca2+-ISE cannot be calibrated with 
sufficient precision. Hence, all induction periods as well as the calcu-
lations based on these tind-data resulted from pH monitoring. 

For the use of the induction period tind as a measure of the nucleation 
process, the simplifying assumption is required that for a constant so-
lution volume (=200 ml) tind can be expressed as the reciprocal of the 
nucleation rate J (Söhnel and Mullin, 1988): 

tind = J− 1 (2)  

where J can be defined by classical nucleation theory (CNT) as 

J = A exp

[

−
βγ3V2

mf (θ)NA

ν2(RT)3ln2Ω

]

(3)  

with A: kinetic pre-factor, β: shape factor (16π/3 for a spherical nucleus), 
Vm: molecular volume (114 cm3/mol for ikaite), f(θ): correction factor (f 
(θ) = 1 for homogeneous nucleation and f(θ) < 1 for heterogeneous 
nucleation), NA: Avogadro number, ν2: number of ions in a molecular 
unit(ν = 2 for ikaite), R: gas constant, T: temperature (Mullin, 2001; 
Söhnel and Mullin, 1988). The rearranged combination of eqs. (2) and 
(3) give 

logtind =
B

log2Ω
− C (4)  

with 

C = log A (5)  

and 

B =
βγ3V2

mf (θ)NA

ν2(2.3RT)3 (6) 

Obviously, the parameter B corresponds to the slope when log tind is 
plotted against (log Ω)− 2 at constant temperature. The slope B, there-
fore, yields the interfacial energy γ (Mullin, 2001; Söhnel and Mullin, 
1988). 

3. Results 

3.1. Precipitated phases 

In all CMBR experiments, at least one phase precipitated from su-
persaturated solution 

(Table 1). Ikaite, however, did not crystallize under all conditions. In 
absence of mineral substrates, ikaite only formed in solutions with an 
initial supersaturation Ωikaite of at least 15 (Table 1, exp. # 16, 19, 22, 
25), whereas in solutions with lower Ωikaite, calcite and vaterite could be 
identified (Fig. 3A). In presence of 0.5 g quartz or 0.1 g mica substrates, 
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Table 1 
Precipitates and induction periods of formation as a function of solution conditions. Activities and supersaturations (Ω) were calculated using PHREEQC (Parkhurst 
and Appelo, 2013) and correspond to the initial state of mixed solutions.  

Experiment Solution speciationa Saturationa Precipitates and tind 

Exp no Substrate pH aCa
2+ [mM] aHCO3

− [mM] aCO3
2− [mM] aCaCO3

0 [mM] Ωikaite log− 2 Ωikaite ΩCC
b ΩVA

b ΩACC
b Phaseb tind [s] 

1.1 none 10.18 0.55 0.52 0.19 0.13 1.6 24 25 6 0.16 CC, VA 15,470 
1.2 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ CC, VA 10,220 
1.3 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ CC 18,370 
2.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 6765 
2.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 9365 
2.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 11,365 
3.1 0.1 g mica ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 3485 
3.2 0.1 g mica ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 2365 
3.3 0.1 g mica ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 3110  

4.1 none 10.16 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 
5.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 1222 
5.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 589 
5.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 269 
8.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 238 
8.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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 1.30 1.34 0.39 0.65 8 1.23 126 28 0.81 CC, VA 363 
10.2 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ CC, VA 455 
10.3 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ CC, VA 825 
11.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 138 
11.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 131 
11.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 116 
12.1 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 1.57 1.66 0.45 0.92 11 0.92 174 40 1.1 CC, VA 429 
13.2 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ CC, VA 440 
13.3 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ CC, VA 570 
14.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 92 
14.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 55 
14.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 82 
14.4 5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 130 
14.5 10 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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 1.97 0.51 1.2 15 0.72 229 51 1.5 IK 43 
16.2 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 51 
16.3 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 62 
17.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 94 
17.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK 43 
17.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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 2.29 0.56 1.5 18 0.63 288 65 1.9 IK N/A 
19.2 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
19.3 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
20.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 

(continued on next page) 
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in contrast, ikaite precipitated over the whole range of supersaturation 
1.6 ≤ Ωikaite ≤ 51 (Fig. 3B). Experiments with increased amounts of 
substrates (5 g, 10 g) did neither cause a change in the phase inventory 
nor a significant reduction of tind (Fig. 4). 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. 

Besides crystalline phases, an amorphous phase was found in X-ray 
analyses of solids from CMBR experiments with an initial 

supersaturation Ωikaite ≥ 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 amorphous phase transformed into calcite 
and vaterite (Figs. S4–S5). 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. 

Cryo SEM revealed different morphologies of precipitates depending 
on the moment they were retrieved from CMBR (Fig. 5). 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 μm (Fig. 5A). Very few euhedral platelets coexist 
with the granular mass at this early stage of experiments (Fig. 5B). 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. 5C, D). 

3.2. Desupersaturation of solutions and solubility of precipitated phases 

The evolution of pH during precipitation from supersaturated solu-
tion led to a reproducible curve shape in pH vs. time graphs (Fig. 6). 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 solu-
tions 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 pro-
cess within the reactor is marked by the two electrodes attaining con-
stant values. These values then reflect that the composition of solution 
within the reactor reached the solubility of the precipitated phase. 

Table 1 (continued ) 

Experiment Solution speciationa Saturationa Precipitates and tind 

Exp no Substrate pH aCa
2+ [mM] aHCO3

− [mM] aCO3
2− [mM] aCaCO3

0 [mM] Ωikaite log− 2 Ωikaite ΩCC
b ΩVA

b ΩACC
b Phaseb tind [s] 

20.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
20.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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  

22.1 none 10.00 2.31 2.60 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 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
23.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
23.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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 9.98 2.53 2.91 0.66 2.13 26 0.50 407 91 2.6 IK N/A 
25.2 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
25.3 none ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
26.1 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
26.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
26.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 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 9.90 3.77 4.70 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 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
29.2 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A 
29.3 0.5 g quartz ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′ IK N/A  

a Solution speciation and saturation were calculated using PHREEQC (Parkhurst and Appelo, 2013). 
b CC: calcite, VA: vaterite, IK: ikaite, ACC: amorphous calcium carbonate. 

Fig. 2. pH versus time plot for an CMBR experiment with a solution of Ωikaite =

5 at T = 0 ◦C. Precipitation of the carbonate phase (ikaite) caused a decrease of 
pH indicating the induction of precipitation tind. 
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Comparisons of solution composition are compiled in Tables S1-S3. 
From the data, the solubility constant for ikaite (T = 0 ◦C) can be 
derived: 

logKsp ikaite = − 7.3± 0.1 

This value agrees well with the value logKsp 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 Ωikaite ≥ 15 and show the decrease of pH due to fast 
ikaite formation (Fig. 6B). In more diluted solutions, however, the pH 
evolutions in substrate-free experiments (Table 1, exp. # 1, 4, 7, 10, 13) 
were different compared to experiments that contain quartz or mica 
(Table 1, 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. Correspond-
ingly, 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. 

A further detail in the desupersaturation curves needs to be pointed 
out: In all experiments with a supersaturation Ωikaite ≥ 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. 7). 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. 7). 

3.3. Induction periods of ikaite formation (tind) and interfacial energy γ 

In our study, induction periods for ikaite formation were obtained 
from desupersaturation curves in experiments covering the range 1.6 ≤
Ωikaite ≤ 15. At supersaturations Ωikaite ≥ 18, the occurrence of an 
amorphous phase along with the kinky shape of the desupersaturation 
curves disabled determination of tind for ikaite. Table 1 shows the results 
of all tind values for ikaite precipitation as a function of solution 

Fig. 3. X-ray diffractogram (CuKα) of precipitates retrieved from CMBR experiments. A) In absence of quartz or mica substrates with an initial supersaturation of 
Ωikaite = 11 (exp. # 13.1). Diffraction peaks correspond to calcite (CC) and vaterite (VA). B) In presence of quartz substrates with an initial supersaturation of Ωikaite 
= 22 (exp. # 23.3). Diffraction peaks correspond to ikaite (I) and quartz (Q). 

Fig. 4. Desupersaturation curves from CMBR experiments with an initial supersaturation of Ωikaite = 11. A) In presence of different amounts of quartz. B) In presence 
of different amounts of mica. 
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conditions in absence and presence of quartz or mica. 
Induction periods of ikaite formation tind were plotted versus the recip-

rocal square of the logarithm of the supersaturation with respect to ikaite 
(log Ω)− 2 (Fig. 8). As shown in Fig. 8A, separate linear regressions within two 
different supersaturation ranges (above and below log− 2 Ω = 1.23) provide 

good fits to our data. The interfacial energy γ between a spherical ikaite 
nuclei (β =16π/3) and solution was calculated using the slope B from data at 
log− 2 Ω ≤ 1.23. In this range of supersaturations, tind was not significantly 
affected by the presence or absence of quartz or mica. Both types of exper-
iments yielded slopes of 0.68 ≤ B ≤ 0.73 (Fig. 8B). A value of 15 mJ/m2 

Fig. 5. Cryo SEM images of precipitates retrieved from CMBR experiments (Ωikaite = 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. 

Fig. 6. 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 Ωikaite = 15, 26, and 51. 
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(± 3 mJ/m2) resulted for the effective interfacial energy by using all 
experimental data (with and without substrates). 

The regression of tind at log− 2 Ω > 1.23 indicates a decreased interfacial 
energy. Application of Eq. (6) yielded a value of 6 mJ/m2 (±3 mJ/m2) for 
the interfacial energy from the regression of the combined quartz and mica 
data. It needs to be noted, however, that f(θ) = 1 in Eq. (6) is only valid for 
homogeneous nucleation. In the case of heterogeneous nucleation, a 
decreased value for f(θ) leads to an increased value for the interfacial 
energy. At present, however, it remains unclear by how much f(θ) 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 (Ωikaite ≤ 11). 
These calculations are both based on 15 induction periods which were 
determined for five different supersaturations in absence of mineral 
substrates (Table 1, exp. # 1, 4, 7, 10, 13) (Fig. 9). By using the same 
experimental tind values for both phases, inserting individual values for 
the molar volume of calcite and vaterite, respectively, and taking into 

account the respective supersaturations, Eq. (6) yielded a value of 58 
mJ/m2 (± 3 mJ/m2) for γcalcite and 35 mJ/m2 (± 3 mJ/m2) for γvaterite. 

4. Discussion 

4.1. Formation conditions of ikaite 

In substrate-free experiments with a supersaturation Ωikaite ≤ 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 su-
persaturations 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; Rodríguez-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 Ωikaite = 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 Fig. 7. Desupersaturation curves (pH and Ca2+-ISE-potential) from an CMBR 

experiment with an initial degree of supersaturation Ωikaite = 26. After an initial 
decrease of pH and mV, the signals remained constant for a few seconds (ar-
rows) until desupersaturation continued. 

Fig. 8. Plot of log tind vs. (log Ω)− 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 Ωikaite > 1.23 (Bmica = 0.04 and Bquartz = 0.06). B) 
Enlarged illustration of the data obtained at log− 2 Ωikaite ≤ 1.23. The lines represent linear regressions of the respective data points. 

Fig. 9. Plot of log tind vs. (log Ω)− 2 for calcite/vaterite formation in absence of 
mineral substrates. 
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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 forma-
tion. 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. 

4.2. The occurrence of an amorphous phase at elevated Ωikaite 

At elevated supersaturations (Ωikaite ≥ 15), ikaite formation was 
largely unaffected by the presence or absence of quartz or mica sub-
strates. 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 vol-
ume 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 Ωikaite ≥ 18, desupersaturation curves 
revealed a kinky shape by a temporary halt or slow-down of proton 
release and Ca2+-consumption (Fig. 6). 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 ex-
periments 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 Ωikaite < 18). X-ray analyses of 
precipitates retrieved from the reactor within the first 30 s after mixing, 
however, did not reveal ikaite (Table 1, 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 at least Ωikaite ≥ 26 provided the necessary sample 
mass to detect an amorphous phase. Cryo-SEM provided more detailed 
information about the phase inventory of precipitates from this early 
stage of CMBR experiments (Ωikaite = 51). The SEM-images revealed 
significant amounts of amorphous phase besides very few ikaite crystals. 
As all experiments in the supersaturation range 18 ≤ Ωikaite ≤ 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 Ωikaite 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. 5B) implies that ikaite nucleates independently 
of the amorphous phase. 

4.3. Interfacial energy and the effect of substrates 

The effect of quartz and mica on the formation of ikaite was pro-
nounced at supersaturations Ωikaite < 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 tind 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; Gómez-Morales et al., 1996; Hamm et al., 2014; Hu et al., 2012; Li 
et al., 2014; Lioliou et al., 2007; Söhnel 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 Dries-
sche et al., 2019). 

According to CNT, a linear relationship between log tind and log− 2 

Ωikaite 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 tind vs. log− 2Ω data often reveal two 
different linear ranges (e.g., He et al., 1994; Lancia et al., 1999; Söhnel 
and Mullin, 1978): at low values of log− 2Ω 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 tind vs. log− 2 Ωikaite data derived from our experiments obviously also 
reveal two ranges with linear relationships (Fig. 8A): i) Ωikaite ≥ 8 (log− 2 

Ωikaite ≤ 1.23) and ii) Ωikaite ≤ 5 (log− 2 Ωikaite ≥ 2). 
In the higher supersaturation range (i), an effective interfacial energy 

of 15 mJ/m2 (± 3 mJ/m2) was obtained by assuming homogeneously 
formed nuclei (i.e., correction factor f(θ) = 1) with a spherical shape (i. 
e., shape factor β = 16π/3) (Mullin, 2001; Söhnel and Mullin, 1988). In 
the low range of supersaturation (ii), ikaite was only forming, if minerals 
were present in the reactor. A value of 6 mJ/m2 (± 3 mJ/m2) 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., 
Söhnel and Handlí̌rová, 1984) may lead to a higher interfacial energy. 
This may limit the applicability of Eqns. (4)–(6) for the interpretation of 
our data. Also, the transition between the two linear ranges of log tind vs. 
log− 2Ω data located between 5 ≤ Ωikaite ≤ 8 does not precisely coincide 
with our observation that ikaite nucleates from solutions with Ωikaite <

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 mJ/m2 (± 3 mJ/m2) for γikaite is remarkably low 
compared to reported interfacial energies between nuclei of anhydrous 
calcium carbonates and solution. Söhnel and Mullin (1978) determined 
a theoretical value of γCaCO3 = 124 mJ/m2 and an experimental value of 
83 mJ/m2. Lower values of interfacial energies of calcite (e.g.,γ = 64 
mJ/m2, Lioliou et al., 2007) and vaterite (e.g., γ = 37 mJ/m2, Verdoes 
et al., 1992; γ = 41 mJ/m2, Gómez-Morales et al., 1996) have also been 
reported and were attributed to some degree of heterogeneous nucle-
ation. The latter interfacial energies well agree with our values of 
γvaterite = 35 mJ/m2 (± 3 mJ/m2) and γcalcite = 58 mJ/m2 (± 3 mJ/m2) 
for pseudohomogeneous nucleation. Li et al. (2014) reported interfacial 
energies with values between 47 and 24 mJ/m2 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 γikaite (irre-
spectively of the presence or absence of mineral substrates) are signifi-
cantly lower compared to the values of anhydrous CaCO3 phases. This 
clearly reflects the highly hydrated character of the ikaite structure 
involving predominantly weak hydrogen bonds at the interface. 
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Secondly, the value of interfacial energy within the lower supersatura-
tion range is not reduced by much (from 15 to 6 mJ/m2). 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 CaCO3

0x6H2O complexes. Sub-
strates, 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 CaCO3 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 Ωikaite = 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 Ωikaite < 1.6. At such low su-
persaturations, 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 amor-
phous phase in our experiments is at least as fast as the ikaite formation 
rate, it must be hypothesized that the amorphous phase is highly hy-
drated 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 a dehydration of 
CaCO3x6H2O phases (Addadi et al., 2003; Tlili et al., 2002). Subse-
quently, such a lowly hydrated phase may lead to anhydrous calcium 
carbonates (Besselink et al., 2017; Radha et al., 2010). 

5. Conclusions 

The presence of quartz or mica surfaces led to nucleation of ikaite 
over a significantly broader supersaturation range than at substrate free 
conditions. A pronounced promotion of ikaite nucleation by quartz and 
mica, which exceeded a potential promotion of anhydrous calcium 
carbonates, was observed at supersaturations Ωikaite ranging from 1.6 to 
15. For the (pseudo-) homogeneous nucleation of ikaite, the application 
of CNT on induction periods tind yielded an effective interfacial energy of 
15 mJ/m2 (±3 mJ/m2), which is significantly lower than reported 
values for anhydrous calcium carbonates. This low interfacial energy 
supports the idea of a low energy formation pathway of ikaite that in-
volves a dominant role of aqueous ion pair complexes. At more elevated 
supersaturations (Ωikaite ≥ 18), a transient amorphous phase forms 
parallel to ikaite. 
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Hammadi, Z., Candoni, N., García-Ruiz, J.M., 2014. Transient calcium carbonate 
hexahydrate (Ikaite) nucleated and stabilized in confined nano- and picovolumes. 
Cryst. Growth Des. 14 (2), 792–802. 

Sánchez-Pastor, N., Oehlerich, M., Astilleros, J.M., Kaliwoda, M., Mayr, C.C., Fernández- 
Díaz, L., Schmahl, W.W., 2016. Crystallization of ikaite and its pseudomorphic 
transformation into calcite: Raman spectroscopy evidence. Geochim. Cosmochim. 
Acta 175, 271–281. 

Sangwal, K., 2007. Additives and Crystallization Processes: From Fundamentals to 
Applications. Wiley, Chichester, xvi, p. 451. 

Shearman, D.J., Smith, A.J., 1985. Ikaite, the parent mineral of jarrowite-type 
pseudomorphs. Proc. Geol. Assoc. 96 (4), 305–314. 
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