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Abstract
First-principles calculations and molecular-dynamics simulations are employed in this study to
further our understanding of the crystal structure and orientational order of carbonate ions in vaterite,
which is the least stable polymorph of calcium carbonate. The structural details of vaterite have been
controversial but they are prerequisite for investigating and understanding the processes involving
vaterite crystal nucleation, growth, and stabilization at a molecular level. The first-principles calculations, using density functional theory with the plane-wave pseudopotential method, are carried out to
calculate relative thermodynamic stabilities of proposed structures. Molecular-dynamics simulations
with classical empirical potentials, larger computational cells, and fully flexible models at different
temperatures are performed to investigate the orientation and order-disorder of the carbonate ions.
The results show that the previously accepted structure with disordered CO3 ions, which are randomly
distributed over three orientations parallel to the c axis, is only metastable. By applying a temperature
annealing technique to the molecular dynamics simulations, a more stable structure with fully ordered
carbonate ions is found that has a hexagonal superstructure. The space group of this newly derived
vaterite structure is P6522 (no. 179) with Z = 18 and cell dimensions of √3 times in a, and 3 times in
c of the previous suggested disordered structure. Comparison of experimental observations of X-ray
diffraction patterns, enthalpies of transformation to calcite, and volume change by heat treatment with
our theoretical calculations indicates that freshly made vaterite is often carbonate-disordered and metastable and can fully or partially transform to a carbonate-ordered structure by aging and heating.
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Introduction
Calcium carbonates occur widely in nature and are the major
minerals in many sedimentological environments. They play an
important role in biological functions and processes (Heywood
1994; Mann 2001; Skinner 2005; Rodriguez-Navarro et al. 2007),
and they are valuable in many industrial applications, such as
paper, rubber, plastics, and paint production (Xiang et al. 2006).
Vaterite is thermodynamically stable with respect to amorphous
calcium carbonate, but metastable with respect to the other
two crystalline polymorphs, aragonite, and calcite. Therefore,
vaterite is a rare mineral in geologic settings, though it may be
an important precursor in several carbonate-forming processes.
Its natural occurrence is often associated with biogenic activities
(Ariani et al. 1993; Falini et al. 1998, 2005; Kanakis et al. 2001;
Mann 2001), as in pancreatic stone or clogging in human heart
valves (Falini et al. 1998; Kanakis et al. 2001), hard tissues of
fish otoliths (Falini et al. 2005), and crustacean statoliths (Ariani
et al. 1993). In vitro, vaterite can be easily synthesized (Plummer
and Busenberg 1982; Shen et al. 2006). At ambient conditions,
mixing of calcium chloride and sodium carbonate salt solutions
leads first to the deposition of an amorphous calcium carbonate
phase that, within minutes, transforms to vaterite. If vaterite
stays in contact with the solution, within one day, it transforms to
calcite, the most stable polymorph. If kept dry, such an abiogenic
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vaterite is stable at temperatures up to 670 K (Turnbull 1973).
Although less common than the other polymorphs, vaterite and
its initial nucleation, growth, and stabilization offer an opportunity to study the mechanism of biomineralization and also to
understand crystal nucleation and growth in general (Falini et al.
1998; Champ et al. 2000). However, its crystal structure, the basis
for such growth and nucleation studies, is still controversial and
not well understood (Medeiros et al. 2007). Thus, before major
progress can be made on understanding processes involving the
formation and stabilization of vaterite at the atomic level, details
of its crystal structure need to be resolved.
Vaterite has the same chemical composition as calcite (rhombohedral) and aragonite (orthorhombic), but with a different
crystal structure in terms of symmetry, orientation of CO3 ions,
and coordination environment of Ca ions. There is general agreement that the carbonate planes are parallel to the c axis, which
is consistent with its optical properties such as uniaxial positive
interference figures with nω = 1.55 and nε = 1.65 (Kamhi 1963),
and that the calcium atoms are in eightfold coordination with
oxygen atoms. In contrast, the CO3 ions in calcite and aragonite
are perpendicular to the c-axis, and the calcium atoms have
sixfold coordination in calcite and ninefold in aragonite (Kamhi
1963; Villiers 1971; Markgraf and Reeder 1985). For vaterite,
its symmetry and space group, dimensions of the unit cell, and
orientation and site symmetry of the CO3 ions are controversial.
Meyer (1959) was the first to hypothesize a vaterite crystal structure derived from single-crystal X-ray diffraction experiments

