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aBstract

Vaterite is a less stable anhydrous crystalline calcium carbonate than calcite or aragonite and, 
thus, a rare mineral in geologic settings. However, vaterite is commonly found in biological environ-
ments. The mechanisms of crystal nucleation, transformation, and stabilization of vaterite in host 
materials remain unresolved. Understanding these issues may lead to answer some fundamental 
questions such as carbonate formation in geological systems and the intriguing occurrence of vaterite 
in biological systems. This requires an accurate knowledge of the crystal structure of vaterite and its 
order-disorder transformation. This study employs molecular-dynamics simulations to understand the 
thermodynamic stability of vaterite and kinetics of the orientational ordering of the carbonate ions. 
The results show that the potential energy change from disordered to ordered vaterite is about –11 
kJ/mol, which significantly changes the relative stabilities of vaterite with respect to other anhydrous 
calcium carbonate polymorphs, including amorphous calcium carbonate. The heat capacity of vaterite 
is estimated to be 102.1 ± 0.4 J/(K⋅mol), comparable to an experimental result of 91.5 ± 3.8 J/(K⋅mol). 
The molecular-dynamics simulations also show similar energies for vaterite with different stacking 
structures, suggesting possible stacking disordering along the [001] axis. Cyclic high-temperature 
simulated-annealing molecular-dynamics simulations show that the CO3 orientational disorder-order 
transition is thermally activated. The calculated activation energy for the transition is 94 ± 10 kJ/mol 
with a pre-exponential factor of ∼1.6 × 1013 s−1. A good linear fit of the logarithmic transition rate to 
inverse temperature (the Arrhenius plot) indicates that the transition is controlled by a single activation 
process that is related to a cooperative rotational motion of CO3 groups in vaterite.
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introdUction

Natural vaterite occurs in biological systems (Ariani et al. 
1993; Falini et al. 1998, 2005; Kanakis et al. 2001; Giralt et al. 
2001; Sanchez-Moral et al. 2003; Sommerdijk and de With 2008), 
sediments (Friedman 1997; Giralt et al. 2001), and rocks (Fried-
man et al. 1993; Grasby 2003), but also in synthetic products such 
as cement (Stepkowska et al. 2003). Thermodynamically, vaterite 
is the least stable phase of the three crystalline polymorphs of 
anhydrous calcium carbonates: calcite, aragonite, and vaterite. 
Because of its thermodynamic metastability, vaterite is rare in 
most geologic settings and it transfers to other more stable poly-
morphs over time under most geologic conditions (Plummer and 
Busenberg 1982). However, recent studies show that vaterite can 
easily be grown inorganically under various laboratory conditions 
(Dalas et al. 1999; Hou and Feng 2005; Seo et al. 2005; Han et 
al. 2006; Shivkumara et al. 2006; Schlomach et al. 2006; Pouget 
et al. 2009). Experiments show that rapid mixing of calcium and 
carbonate salt solutions leads to precipitation of various shapes 
of fine crystalline vaterite crystals (Han et al. 2006). Vaterite 
crystals can also be stabilized with additions of biomolecules 
or organic molecules and are often formed at the surfaces of 
these molecules in supersaturated solutions by template-induced 
surface interactions (Ariani et al. 1993; Falini et al. 1998, 2005; 
Kanakis et al. 2001; Sanchez-Moral et al. 2003; Malkaj and 

Dalas 2004; Sommerdijk and de With 2008; Pouget et al. 2009). 
Vaterite can be formed biogenically as in the case of pearls (Qiao 
and Feng 2007; Qiao et al. 2008; Soldati et al. 2008), human 
hearts (Kanakis et al. 2001), and otoliths (Jessop et al. 2008), or 
non-biogenically as in modern lakes and sediments (Friedman 
1997; Giralt et al. 2001; Grasby 2003). It often transforms from 
an amorphous calcium carbonate (ACC) phase, the metastable 
precursor of vaterite (Nebel et al. 2008). Therefore, vaterite 
inherits the disordered character of carbonate ions and the fine 
particle size of amorphous calcium carbonate. Because of its 
thermodynamic instability, vaterite formed in these conditions 
may experience an order-disorder transition (Wang and Becker 
2009), or a subsequent transformation to more stable phases 
such as calcite in rocks and sediments (Plummer and Busenberg 
1982; Han et al. 2006).

The crystal structure of vaterite was investigated by single-
crystal X-ray diffraction studies (Meyer 1959; Kamhi 1963; 
Meyer 1969). A hexagonal structure with orientationally disor-
dered CO3 groups was established. The structure has P63/mmc 
symmetry with a basic pseudocell (Z = 2) and a = b = 4.13 Å 
and c = 8.49 Å (Kamhi 1963). There is only one crystallographic 
carbonate site in the structure. These early results also suggest 
possible ordering in the (001) plane and ordering and stacking 
faults along the [001] direction, both of which are evident from 
a small number of weak reflections (Kamhi 1963), and numer-
ous diffuse streaks and satellite reflections (Meyer 1969). These 
observations were attributed to partial superstructure formations. * E-mail: jwwang@umich.edu


