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Abstract
Ikaite is a calcium carbonate hexahydrate that forms at temperatures close to the freezing point 

of water; thus, its occurrence is associated with cryogenic conditions. This mineral is metastable and 
quickly transforms to calcite at temperatures above 5 °C. Pseudomorphs of calcite after ikaite are known 
as glendonite. The nanostructure of 25 000–43 000 year old glendonite from Victoria cave (Southern 
Ural, Russia) was investigated in search of structural features indicative of the ikaite-to-calcite trans-
formation. Scanning electron microscope images display several micrometer- to submicrometer-size 
pores and indicate high intergranular porosity among the loosely aggregated grains. Transmission elec-
tron microscopy (TEM) data show evidence of 10–20 nm nanotwins [twin law (1014)] and 10–40 nm 
overlapping nanograins. Scanning TEM images reveal that the individual grains contain 5–10 nm 
long and 2–4 nm wide mesopores (sizes between 2 and 50 nm), which are aligned parallel to [1010] 
of calcite and might be associated with a crystallographically oriented dehydration of the precursor 
ikaite. Fourier transform infrared spectroscopy reveals no evidence of structural water but absorption 
bands related to molecular water trapped in fluid inclusions are present. Nitrogen absorption/desorption 
measurements show that the specific surface area of 5.78 m2/g and the pore volume of ~0.07 cm3/g for 
calcite, the constituent of glendonite, are comparable to those of a common natural calcite. We suggest 
that the aligned mesopores, frequently occurring twins, small grain size, presence of aqueous inclusions 
and the high micrometer- to submicrometer-size intergranular porosity arise from the ikaite-to-calcite 
transformation and thus may be used as criteria for the former presence of ikaite and hence for cold 
paleotemperatures. However, since similar features might also be common in biogenic carbonates, the 
diagnostic macroscopic pseudomorphs after ikaite are equally important for identifying glendonites 
and inferring cryogenic conditions.
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Introduction
Ikaite (calcium carbonate hexahydrate) is a water-rich cryo-

genic mineral. Although it was already synthesized in the 19th 
century from a highly alkaline Ca(OH)2 solution (Pelouze 1865), 
its first natural occurrence was only reported almost a century 
later from submarine tufa columns in Ikka Fjord, Greenland 
(Pauly 1963). Since then it has been described from organic-
rich deep-sea sediments (Suess et al. 1982; Jansen et al. 1987), 
alkaline lakes (Council and Bennett 1993), and ice caves (Onac 
et al. 2011; Bazarova et al. 2014). It has also been reported as 
a product of portlandite dissolution in concrete lining of cold 
riverbeds (Boch et al. 2015) as well as in speleothems associ-
ated with hyperalkaline groundwater originating from industrial 
lime-kilning processes (Field et al. 2017).

Ikaite formation is favored in cold conditions (<5 °C), high 
pH (>9), and in the presence of orthophosphates (Brooks et al. 

1950; Hu et al. 2014). Anaerobic decomposition of organic matter 
was also reported to provide conditions favorable for ikaite for-
mation (Greinert and Derkachev 2004). Ikaite formation at 7 °C 
reported by Field et al. (2017) may be a special case attributed 
to the hyperalkaline (pH > 12) environment of lime-kilning. In a 
laboratory setting ikaite has been synthesized even above 10 °C 
by increasing the concentration of orthophosphate and decreasing 
the CO2 pressure (Brooks et al. 1950) as well as by increasing 
the Mg/Ca ratio of the parent solution (Purgstaller et al. 2017). 
Though ikaite formation was reported even at 35 °C (Tollefsen 
et al. 2020), naturally occurring ikaite is widely regarded as a 
reliable indicator for cold conditions.

The use of ikaite for inferring past cryogenic temperatures 
is challenging because above 5 °C this mineral transforms to 
anhydrous CaCO3, exclusively calcite in natural samples. This 
transformation involves the release of weakly bound water 
present in the crystal structure of ikaite. In the latter, the water 
molecules are bonded to CaCO3 ion pairs, and the neighboring 
ion pairs are connected via hydrogen bonds, which are very 
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