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abStRact

The mineral loparite is the principal ore of the light rare earth elements (LREE) with solid solution 
compositions in the quaternary system perovskite-lueshite-tausonite-loparite (CaTiO3-NaNbO3-SrTiO3-
Na0.5Ln0.5TiO3) (Ln = La, Ce, Pr, Nd). In this study, perovskite solid solutions Ca1–2xNaxLaxTiO3 (0 ≤ x 
≤ 0.50) along the perovskite-loparite join were synthesized using solid-state sintering methods. XRD 
analysis indicates that as the Na+La content increases, the structure changes from orthorhombic to 
tetragonal. The enthalpies of formation at 298 K from the constituent oxides (DH°f,ox) and from the ele-
ments (DH°f,el) have been determined using high-temperature oxide melt solution calorimetry in molten 
3Na2O·4MoO3 at 973 K. Enthalpy of formation from oxides DH°f,ox becomes more exothermic with 
increasing Na+La content, suggesting a stabilization effect of the substitution Ca2+ → 0.5Na+ + 0.5La3+. 
The observed trend of increasing thermodynamic stability with decreasing structural distortion is in 
agreement with that seen in many other ABO3 perovskites. The thermodynamic stability of perovskite 
solid solutions Ca1–2xNaxLaxTiO3 (0 ≤ x ≤ 0.50) along the CaTiO3-Na0.5La0.5TiO3 join provides insights 
into the natural occurrence of loparite minerals (La,Na,Sr,Ca)(Ti,Nb,Ta,Fe3+)O3.
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intRoDuction

Loparite, a complex perovskite with general formula 
(Ce,Na,Sr,Ca) (Ti,Nb,Ta,Fe3+)O3, is of significance ranging from 
mineralogy to advanced materials. From the geoscience point of 
view, the mineral loparite is the principal ore of the light rare-earth 
elements (LREE) found, for example, in Russia (Hedrick et al. 
1997), Canada (Chakhmouradian et al. 2007; Platt 1994), South 
America (Haggerty and Mariano 1983), as well as the U.S.A. 
(Mitchell and Chakhmouradian 1999). It is a ubiquitous accessory 
mineral in agpaitic alkaline lithologies, with particular interest in 
petrogenetic investigations (Mitchell et al. 2011). Most recently, 
loparite-(Ce) has also been found with promising ferroelectric 
properties (Popova et al. 2014).

Loparite was first described by Wilhelm Ramsay in 1890 from 
the agpaitic syenites of the Lovozero alkaline complex in Kola Pen-
insula of Russia (Ramsay and Hackman 1894) and the chemical 
composition was analyzed later (Bykova 1941). Loparite belongs 
to the perovskite family where the A-site may accommodate alkali, 
alkaline earth, and rare earth cations, ranging from monovalent 
to trivalent. The structure of loparite-(Ce) minerals has been de-
termined (Mitchell et al. 2000a; Mitchell and Chakhmouradian 
1996) using single-crystal X-ray diffraction and is often described 
to have pseudocubic symmetry. Niobian calcian loparite-(Ce) from 
the Khibina complex in Russia has been found with orthorhombic 
structure, while calcian niobian loparite-(Ce) from the Lovozero 
complex in Russia and strontian calcian loparite-(Ce) from the 
Bearpaw Mountains in Montana are tetragonal.

Naturally occurring perovskites are of importance as in-
dicators of geochemical evolution and as ores for rare earths. 

Loparite minerals, with the ideal end-member chemical formula 
Na0.5Ln0.5TiO3 (Ln = rare earth), belong to the perovskite group of 
rare earth minerals that also includes CaTiO3 (perovskite), NaNbO3 
(lueshite), and SrTiO3 (tausonite). Among naturally occurring 
perovskite titanates, the quaternary system CaTiO3-NaNbO3-
SrTiO3-Na0.5Ln0.5TiO3 (Ln = La, Ce, Pr, Nd) represents much of the 
compositional variations. In many occurrences, a solid solution is 
found between Na0.5Ln0.5TiO3 and other perovskite end-members. 
Figure 1 depicts the quaternary system perovskite (CaTiO3)-
lueshite (NaNbO3)-tausonite (SrTiO3) -loparite (Na0.5Ln0.5TiO3). 
There has been considerable research carried out within this 
quaternary system. Thermodynamic and crystal-chemical proper-
ties of several constituent binary systems have been investigated, 
including tausonite (SrTiO3)-loparite (Na0.5La0.5TiO3) (Mitchell 
et al. 2000b), lueshite (NaNbO3)-tausonite (SrTiO3) (Xu et al. 
2005), as well as perovskite (CaTiO3)-tausonite (SrTiO3) (Navi 
et al. 2012). Nevertheless, research on other rare-earth-containing 
perovskite mineral systems containing the loparite end-member 
(Na0.5La0.5TiO3) is still relatively scarce, particularly in terms of 
thermodynamic properties.

The solid solution Ca1–2xNaxLaxTiO3 (0 ≤ x ≤ 0.50) is an A-
site substituted perovskite series between perovskite (CaTiO3) 
and loparite (Na0.5La0.5TiO3) end-members. Structure of both the 
end-members is shown in Figure 2. Synthetic Na0.5La0.5TiO3 has 
been described structurally and is claimed to have the undistorted 
cubic perovskite structure with the space group Pm3m, and La3+ 
and Na+ ions randomly distributed at the 12-fold cuboctahedral 
site (Brous et al. 1953). The crystal structure of the natural mineral 
loparite has also been determined as the cubic modification for the 
first time by X-ray diffraction analysis (Zubkova et al. 2000). In 
contrast, other studies showed that Na0.5La0.5TiO3 may crystallize 
with either orthorhombic (Pnma) (Mitchell and Chakhmouradian 
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