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Abstract
Monohydrocalcite (MHC) is hydrated calcium carbonate, which plays an active role in many 

geological processes, carbonate biomineralization, and can be used for fundamental science (as a 
paleoenvironmental indicator) and industry (for removal of hazardous anions). Despite a great num‑
ber of works, the conditions preferable for MHC formation/stabilization and MHC crystal chemical 
patterns in relation to Mg and H2O are not clarified yet. In the course of current work, we conducted 
38 syntheses to obtain information on MHC formation at different Mg/Ca ratios (0–12), pH (~9–12), 
and temperature (23 and 3 °C). Newly formed carbonate precipitates were studied by means of X‑ray 
powder diffraction, optical, and scanning electron microscopy, energy-dispersive X-ray spectroscopy, 
Raman, and Fourier‑transform infrared (FTIR) spectroscopies. The phase diagram for MHC, calcite, 
aragonite, and dypingite as a function of pH and Mg concentration in solution at T = 23 °C and Ca/CO3 = 
0.5 was obtained. We demonstrated that MHC could be stable in dry conditions for up to two years 
and that the time of crystallization is important for the transformation of amorphous calcium carbonate 
to MHC. Our results on synthetic MHC stability show that the widespread idea that MHC is a short‑
lived intermediate phase is wrong. For the first time, on the basis of a regular changes in the unit-cell 
parameters the possibility of significant incorporation of magnesium in MHC has been demonstrated. 
According to FTIR data, it is shown to be accompanied by an increase in the water content, which 
leads to multidirectional change in a and c MHC parameters.
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Introduction
Calcium carbonate monohydrate (CaCO3·H2O), monohydro‑

calcite (MHC), is a mineral that plays an important role in many 
geological processes (e.g., Bischoff et al. 1991; Rodriguez‑
Blanco et al. 2014; Wang et al. 2015), takes an active part in 
carbonate biomineralization (e.g., Carlstrom 1963; Rivadeneyra 
et al. 2004; Lin et al. 2018), and could be effectively used for 
environmental contaminants sorption (e.g., Yagi and Fukushi 
2012; Munemoto et al. 2014; Fukushi et al. 2017).

MHC was first reported in 1930 (Krauss and Schriever 1930) 
and was described as a new mineral from sediments of Issyk 
Kul, Lake, Kyrgyzstan in 1964 (Semenov 1964). This mineral 
was found in speleothems (e.g., Fischbeck and Muller 1971; 
Polyak et al. 1994; Onac 2001), lake sediments (e.g., Taylor 
1975; Bischoff et al. 1991; Li et al. 2wd008), and on the surface 
of artificial fountains (Vereshchagin et al. 2018).

The published data highlight the importance of Mg in the 
formation of MHC (e.g., Sapozhnikov and Tsvetkov 1959; Last 
et al. 2010; Fukushi et al. 2017), even though several works 
showed the possibility of MHC formation in Mg‑free solutions 
(e.g., Zhang et al. 2015, 2018; González‑López et al. 2018).

There are many uncertainties about magnesium incorporation 
in MHC. Numerous studies pointed out that natural and synthetic 
MHC contains magnesium, which indicates the possibility of 
Mg2+ → Ca2+ substitution. The Mg/Ca ratio in natural MHCs 
ranges from 0.007 to 0.45 (e.g., Sapozhnikov and Tsvetkov 1959; 
Stoffers and Fischbeck 1974; Taylor 1975; Dahl and Buchardt 
2006; Last et al. 2010), and in synthetic MHCs from 0.005 to 
0.40 (e.g., Neumann and Epple 2007; Nishiyama et al. 2013; 
Rodriguez‑Blanco et al. 2014; Wang et al. 2015). Fukushi et al. 
(2017) and Fukushi and Matsumiya (2018) demonstrated that 
the solid solubility of Mg in the MHC structure is limited and 
amorphous Mg carbonate (AMC) plays an important role in Mg 
specialization during MHC formation. Mg‑XANES spectra of 
MHC with different Mg/Ca ratios revealed that the Mg in MHC 
is a mixture of AMC, a Mg‑containing phase, and Mg‑enriched 
MHC (Mg/Ca ratio up to 0.06; Fukushi et al. 2017). Recent 
studies (Kitajima et al. 2020) based on MHC XANES spectra 
confirmed that Mg could be structurally incorporated in MHC 
(Mg/Ca ratio up to 0.4). It was also shown that MHC synthesized 
at low temperature (5 °C) contains low Mg (Mg/Ca ratio <0.01) 
and almost no AMC (Kitajima et al. 2020). In contrast, Nishiyama 
et al. (2013) assumed that any Mg content measured in MHC 
can be due to a discrete Mg carbonate phase.

Rodriguez‑Blanco et al. (2014) evaluated the MHC unit‑cell 
parameters during crystallization. Though the in‑depth study of 
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