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aBStraCt

Zirconolites based on the replacement of Ti4+ with equimolar amounts of Nb5+and Fe3+, CaZrTi2–2x 

NbxFexO7, have been jointly refined using high-resolution neutron powder diffraction and resonant 
X-ray powder diffraction data, with extra information provided from 57Fe Mössbauer spectroscopy, 
to determine cation disorder. The results indicate that the CaZrTi2–2xNbxFexO7 series adopts the 
zirconolite-2M polytype across the range, with the replacement of Ti4+ by Fe3+ and Nb5+ located within 
the hexagonal tungsten bronze (HTB) layers. Mössbauer spectroscopy shows that Fe3+ preferentially 
fills the Ti split (C2) site, with secondary filling of the C1 site and no observable occupancy of the 
C3 site. This has been confirmed by neutron and resonant X-ray diffraction. Niobium has been found 
to occupy both the C1 and C3 sites with no evidence for occupancy of the C2 site.
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iNtroduCtioN

Zirconolites (Berry et al. 2005; Ewing 2007; Lumpkin 2001; 
Yudintsev 2003), based on CaZrTi2O7, are an important class of 
accessory mineral that can accommodate a wide range of cations. 
Natural zirconolite varies extensively, with lanthanides (Ln), 
actinides (Act), Nb, and Fe found to be the main impurities. The 
zirconolite structure-type has been proposed as a mechanism by 
which highly radioactive actinide waste can be immobilized, 
predominantly due to this ability. In natural samples, lanthanides 
and actinides often replace Ca2+cations, with overall charge bal-
ance being maintained by partial replacement of Ti4+ by lower 
charged cations, such as Al3+, Mg2+, and Fe3+.

The zirconolite structure, a derivative of pyrochlore, is formed 
from a contraction perpendicular to one of the pyrochlore (111) 
planes. This contraction gives rise to a layered structure consist-
ing of alternating hexagonal tungsten bronze (HTB) and Ca/
Zr layers parallel to (001), which is found to adopt monoclinic 
symmetry (C2/c), example images are shown in Figure 1. When 
compared to pyrochlore (A2B2O7) the cations are more ordered, 
giving a general formula of ABC2X7, where A = Ca2+, Ln3+, Act; 
B = Zr4+, Hf4+, Ln3+, Act; and C = Ti4+, Zr4+, Nb5+, Fe3+, Mg2+, Al3+, 
W6+, and other minor elements. The C cation adopts three dis-
tinct sites, two octahedral sites (C1 and C3) describing the HTB 
motif and an unusual, split site lying within the six membered 
ring (C2) offset from the middle. This latter site replaces one 
of the A site cation positions in the parent pyrochlore structure. 

Several polytypes are possible in zirconolite, depending on how 
the HTB and Ca/Zr layers are stacked. In addition to monoclinic 
2M (C2/c) zirconolite studied here, hexagonal (Grey et al. 2003) 
3T and monoclinic (Coelho et al. 1997) 4M (C2/c) are examples 
of further polytypes that have been identified.

Previously the cation distribution has been studied (Berry 
et al. 2005; Lumpkin et al. 2006) by continuous replacement of 
Ti4+ by Fe3+ and Nb5+, in the manner CaZrTi2–2xFexNbxO7 where 
x = 0 to 1 in steps of 0.1 using single wavelength synchrotron 
X-ray powder diffraction and 57Fe Mössbauer spectroscopy. In 
this work, the cation distribution is investigated using a coupled 
Rietveld refinement of neutron and resonant X-ray diffraction 
data combined with the extra information about Fe3+ location 
57Fe Mössbauer spectroscopy provides.

experimeNtal methodS

Sample preparation
The samples used were those previously studied by Lumpkin et al. (2006), 

a summary of preparation is presented here, for further discussion about sample 
purity see that study. 

Samples of composition CaZrTi2–2xNbxFexO7, x = 0.1, 0.2...1.0, were pre-
pared from Ca(NO3)3·4H2O (Aldrich, 99%), Fe(NO3)3·9H2O (Aldrich, 99.5%), 
Nb2O5 (Aldrich, 99.9%), Zr[OCH(CH3)2]4·(CH3)2CHOH (Aldrich, 99.9%) and 
Ti[OCH(CH3)2]4 (Aldrich, 99%, characterized for Ti content) precursors. Stoichio-
metric amounts of nitrate precursor were dissolved in a large excess of water, to 
which Nb2O5 was added and thoroughly mixed until fully dispersed. The required 
volume of Zr and Ti precursor were added to ethanol, and the resultant solution 
was precipitated out through addition to the nitrate/oxide solution. This “floc-
culent“ mixture was homogenized to ensure complete mixing, and dried on a hot 
plate. After drying the mixture was ground and calcined in an aluminum crucible 
at 750 °C in air for 1 h. These fired powders were ground to a fine powder by ball 
milling for 16 h with Y-stabilized ZrO2 milling media, in H2O. The final samples 
were sintered as pellets at 1400 °C for 20 h.
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