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& Gaudreau, 1974), est en effet constitute de chaJnes 
cette lois lin6aires et parall6les de dod6ca6dres [ZrF8] 4- 
reli6s par des ar&es successivement verticales et 
horizontales. 

Conclusion 

La d~termination de la structure de la vari+t~ tt de 
BaZrF 6 nous a permis de mettre en ~vidence l'existence 
d'un ion complexe dinucl6aire [ZrlFt2] 4-, d 'un type 
in~dit ~, notre connaissance, mais que nous avons pu 
comparer aux poly+dres [Zr2Flz] 4- de KECU(Zr- 
F6) 2.6H20 et [Zr2F14 ]6- de CuaZr2 Fl4. 16H20 
d'une part, et au poly~dre [ZrEF~3] 5- de NasZrEF13 
d'autre part. 

Cette structure, comme celle de PbZrF 6 d~j/L 
d&ermin6e, s'inscrit parfaitement bien dans le cadre 
g6n6ral des compos6s fluor6s d6j/l connus du zircon- 
ium. Elles illustrent une lois de plus le caract6re 
cristallochimique particulier du zirconium. Cet 616ment, 
combin6 en particulier avec le fluor et les 61~ments 
alcalins ou alcalino-terreux de taille blev&e, tend /l 
former des compos6s d6finis de type ionique off il 
s'associe au fluor de mani6re tr~s souple en poly6dres 
de coordinence vari6e (6, 7 ou 8). Ces poly6dres ont 
fortement tendance/ l  s'associer entre eux par des ponts 

fluor+s pour donner, soit des ions polynucl6aires 
comme [Zr2FI2] 4- dans BaZrF 6 t~, ou encore 
[Zr2Fl3] s-, [Zr2F14] 6- et [Zr6F31] 7- (Burns, Ellison & 
Levy, 1968), soit des chaines infinies comme dans 
PbZrF  6 et BaZrF 6 ft. Les ions alcalins ou alcalino- 
terreux s'intercalent entre les ions complexes ou les 
chMnes, assurant !a stabilit6 de l'ensemble. 
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The Crystal Structures of the ThSiO 4 Polymorphs: Huttonite and Thorite 
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The structures of the ThSiO 4 polymorphs, huttonite and thorite, have been redetermined by single-crystal X- 
ray diffraction techniques. Huttonite is monoclinic, space group P21/n, with a = 6.784 _+ 0.002, b = 6-974 + 
0.003, e = 6.500 + 0-003 A, fl = 104.92 + 0.03 °, and Z = 4. Thorite is tetragonal, space group I4~/amd-, 
with a = b = 7.i328 _+ 0.0002, e = 6.3188 +_ 0.0002 A, and Z = 4. Both structures were solved by the 
heavy-atom method and refined by full-matrix least squares to weighted residuals of 0.056 and 0-062 respec- 
tively. Huttonite is confirmed to be isostructural with monazite, consisting of SiO 4 monomers and a compact 
arrangement of edge-sharing ThO 9 polyhedra. Thorite is isostructural with zircon, consisting of SiO 4 
monomers and a relatively open arrangement of edge-sharing ThO s polyhedra. Structural features which 
might contribute to the difference in radiation-damage susceptibility between these two phases are discussed. 

Introduction 

Thorite and huttonite are the two known phases of 
ThSiO 4. Both phases occur naturally, but show 

markedly different behavior toward metamictization - 
the process of a solid changing from the crystalline to 
amorphous state in the presence of fissionable nuclides 
(Graham & Thornber, 1974; Ewing, 1975). Thorite is 
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often found as euhedral tetragonal grains which are 
partially or fully metamict while huttonite has been 
found only in the crystalline state. Since thorite and 
huttonite are isochemical, they receive about the same 
radiation flux and provide models for examination of 
structural controls on metamictization. The objective of 
this study is to provide precise structural details of 
these two phases. 

While not a common mineral, thorite is a well known 
accessory in pegmatites and schists. It is isostructural 
with zircon (ZrSiO4) and has been examined on two 
occasions using powder techniques (Fuchs & Gebert, 
1958; Sinha & Prasad, 1973). While these exam- 
inations gave consistent results, we felt that the 
observed S i - O  bond lengths (1.54 /~) were 
anomalously short and that the thorite structure 
merited a single-crystal refinement. Huttonite is quite 
rare and was identified as a unique phase of ThSiO4 by 
Pabst & Hutton (1951). Pabst suggested that huttonite 
should be isostructural with monazite, CePO 4, based on 
the cell content, cell parameters, and space group, 
though no previous single-crystal work has confirmed 
this. 

Crystal structure ofhuttonite 

Experimental  

While natural samples of huttonite and thorite are 
available, we felt that a structure determination 
required pure synthetic material of known thermal 
history. Huttonite crystals were grown in 5 mm Pt 
tubes from a Na2WO 4 melt which was 10% by weight 
ThO2.SiO 2 (ThO 2 from K & K Laboratories; 
amorphous SiO 2 from Amersil). The charge was held at 
1250°C for two days in an air-atmosphere muffle 
furnace. This technique is similar to that of Finch, 
Harris & Clark (1964). The small euhedral crystals (up 
to 0.3 mm) were easily separated from the flux by 
boiling in water. Electron-microprobe scans of the 
crystal showed only traces of Na and W. 

Intensity data were collected on a prismatic crystal 
(0.04 x 0.04 x 0.07 mm) mounted with the c axis 
parallel to the ~0 axis of the goniometer. Data were 
collected automatically on a Picker FACS-1 system 
using graphite-monochromatized Mo Ktt radiation. Cell 
parameters were refined by least-squares analysis of the 
setting angles from 12 automatically centered reflec- 
tions in the 20 range 41.19 to 50.79 ° . Intensity data 
were collected from one quadrant of reciprocal space to 
a maximum sin 0/2 of 0.807 A - '  using a 0-20 scan, a 
scan rate of 1 o min-~, and a scan width of 2.0 ° plus the 
ell-it 2 dispersion. Backgrounds were estimated from 10 
s counts at both ends of the scan. Standard deviations 
were estimated using the formula of Corfield, Doedens 
& Ibers (1967) with an instrumental instability constant 
of 0.04. Of the 1312 unique reflections collected, 872 

had intensities greater than 30(I). All others were 
considered unobserved and were not used in the 
subsequent analysis. Data were corrected for Lorentz 
and polarization effects assuming a 50% ideally 
crystalline monochromator. Absorption corrections 
were performed using the analytical technique 
described by de Meulenaer & Tompa (1965).* Maxi- 
mum and minimum transmission coefficients were 
0.141 and 0.067 respectively. 

Crystal data 

Huttonite is monoclinic with systematic extinctions 
hOl: h + l =  2n + l ;  and 0/d3: k = 2n + 1. The only 
space group consistent with these extinctions is P2, /n .  
Cell parameters are: a = 6.784 + 0.002, b = 6.974 +_ 
0.003, c = 6.500 + 0 . 0 0 3 / ~  fl = 104.92 +_ 0-03 °, V = 
297.14 ,~3. There are four formula units per unit cell 
giving a calculated density of 7.25 g cm -3. This 
compares with the pycnometer-determined density of 
7.20 + 0.1 g cm -3 (Finch et al., 1964). The linear 
absorption coefficient for Mo K,  radiation is 722.8 
cm -1. All atoms are on general positions. 

Structure determination 

The huttonite structure was solved by the heavy- 
atom method. The Th position was deduced from the 
F 2 (Patterson) synthesis and the Si position was deter- 
mined from an Fob s synthesis using signs calculated 
from the Th position. The scale factor was then refined 
in two cycles of least squares and a subsequent 
difference synthesis revealed the positions of all four O 
atoms, though a number of large ripples around the Th 
position complicated the map. All calculations used the 
un-ionized coherent scattering factors of Cromer & 
Mann (1968) and the anomalous-scattering factors of 
Cromer & Liberman (1970). 

The least-squares refinement of the structure con- 
verged to a maximum shift/error of 0.08 after four 
cycles with all isotropic thermal parameters and four 
cycles with anisotropic Th thermal parameters. One 
scale factor and a secondary-extinction factor were also 
varied. Weights were assigned as [1/o(F)] 2. The 
weighted residual, R w = [Z W(zlF)2/~, W(Fobs)2] 1/2, was 
0.056 and the conventional residual, R = ZIIFobsl - 
IFcalcll/Z IFobsl, was 0.051. The standard deviation of 
an observation of unit weight was 1.44. When 
reflections which had been considered unobserved were 
included, R w was 0.070. Additional attempts to refine 

* The computer programs used in this study were: AGNOST, an 
absorption correction program originally written by Coppens, 
Leiserowitz & Rabinovich; FORDA P, A. Zalkin's Fourier synthesis 
program; RFINE and ERROR, L. Finger's least-squares and 
function and error programs; ORTEP, C. Johnson's structure 
plotting program; and unpublished programs by K. Keefer. 
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the anisotropic thermal parameters of the Si and O 
atoms did not improve the model at the 0.005 signifi- 
cance level (Hamilton, 1965). Two strong, low-angle 
reflections, 200 and 120, were apparently affected by 
extinction, but they were included in the data set. A 
final difference Fourier synthesis showed no significant 
detail. 

Compilations of Fob s, Fcal¢, and the associated tr(F) 
for both the huttonite and thorite structure analyses are 
given in Table 1;* fractional coordinates and thermal 
parameters in Table 2, and selected bond lengths and 
angles in Tables 3 and 4 respectively. 

T H E  ThSiO 4 P O L Y M O R P H S :  H U T T O N I T E  A N D  T H O R I T E  

Table 3. Interatomic distances (A) 

Structure description 

The huttonite structure consists of a three- 
dimensional network of edge-sharing Th polyhedra 
which are interconnected by SiOa tetrahedral mono- 
mers (Fig. la). Each Th atom is coordinated by four 
axial 0 atoms (denoted by primes in Fig. 2a) and five 
equatorial 0 atoms, for a total coordination number of 
nine. The axial O atoms represent two edges on 
opposite sides of the ThO 9 polyhedron shared with SiO4 
groups forming chains parallel to e (Fig. 3a). The 
equatorial O atoms represent polyhedral corners shared 
between the T h O  9 and SiO 4 groups, and they form a 
nearly planar pentagonal array around Th in a plane 
perpendicular to e. T h - O  bond lengths range from 

Huttonite Thorite 

Axial Th-O 

Th-O(1)'  2-81 (1) 4 Th-O '  2.47 (1) 
Th-O(2)'  2.52 (1) 
Th-O(3)'  2.43 (1) 
Th-O(4)' 2.51 (I) 

Equatorial Th-O 

Th-O( l )  2.58 (1) 4 Th-O 2.37 (1) 
Th-O(1) 2.50 (I) 
Th-O(2) 2-40 (I) 
Th-O(3) 2.41 (I) 
Th-O(4) 2.41 (I) 

SiO 4 tetrahedron 

Si-O(l)  1.64 (1) 4 Si-O 1.63 (1) 
Si-O(2) 1.63 (1) 
Si-O(3) 1.62 (1) 
Si-O(4) 1.58 (1) 

Table 4. Selected interatomic angles (o) with estimated 
standard errors in parentheses (primes refer to Fig. 2) 

Huttonite 

Axial O - T h - O  

O(3) ' -Th-O(2) '  59.7 (4) 
O(I ) ' -Th-O(4) '  56.8 (4) 

Thorite 

2 0 ' - T h - O '  61.5 (5) 

* Table 1 has been deposited with the British Library Lending 
Division as Supplementary Publication No. SUP 33204 (9 pp.). 
Copies may be obtained through The Executive Secretary, Inter- 
national Union of Crystallography, 13 White Friars, Chester CHI 
1NZ, England. 

Table 2. Positional and thermal parameters 

The quoted anisotropic temperature factor (x 104) is 
expl-(EiEihih:f lu)l .Bls  o is the isotropic temperature factor, or, 
for anisotropic atoms, the equivalent isotropic temperature factor 
~(Z i Z:go.flu), where the go are elements of the real-space metric 
tensor. Estimated standard errors are shown in parentheses. 

x y z Bt~ o (A 2) 

Huttonite 

Th 0.2828 (I) 0. 1550 (I) 0.0988 (I) 0.37 (I)* 
Si 0.3020 (6) 0.1616 (7) 0.6117 (7) 0.46 (6) 
O(1) 0.3900 (17) 0.3388 (18) 0.4967 (19) 0.55 (16) 
0(2) 0-4803 (18) 0.1060 (16) 0.8234 (18) 0.49 (19) 
0(3) 0.1216 (19) 0.2122 (18) 0-7245 (20) 0.55 (17) 
0(4) 0.2451 (19) 0.4976 (19) 0.0626 (20) 0.85 (21) 

Thorite 

Th 0.0 0.75 0.125 0-30 (3)t 
Si 0.0 0.75 0.625 0.55 (1) 
O 0.0 0-0732 (13) 0.2104 (16) 0.59 (10) 

* f l , ,  = 29 (1),f122 = 16 ( I ) ,  f133 = 18 ( 1 ) , f l ,  2 = - I  ( 1 ) , f l ,  3 = 6 ( I ) ,  
fl23 = 3 ( I ) .  

tfl,, = 16 (1),f12 z = 16 (1),f133 = 15 (2),fl, 2 =fl,3 =fl23 = 0. 

Equatorial O - T h - O  

O(4)-Th-O(1) 
O(l ) -Th-O(1)  
O( l ) -Th-O(2)  
O(2)-Th-O(3) 
O(3)-Th-O(4)  

Shared-edge O - S i - O  

83.2 (4) 
63.1 (5) 
68.2 (4) 
72.1 (4) 
73.8 (5) 

4 0 - T h - O  93.0 (1) 

O( l ) ' -S i -O(4) '  104.4 (7) 2 0 ' - S i - O '  101.0 (7) 
O(2) '-Si-O(3) '  98.8 (7) 

Unshared-edge O - S i - O  

O(l ) -Si -O(2)  106.7 (6) 4 0 - S i - O  113.9 (4) 
O( l ) -Si -O(3)  116.7 (7) 
O(2)-Si-O(4) 113.7 (7) 
O(3)-Si-O(4) 116.4 (7) 

e-axis chain kink 

Si-Th-Si  175.3 (2) Si-Th-Si  180-0 

2-43 to 2.81 A for the axial O atoms and 2.40 to 2.58 
A for the equatorial O atoms. 0(2),  0(3),  and 0(4)  are 
each coordinated by one Si and two Th atoms (one 
axial and one equatorial Th--O bond). O(1) is 
coordinated by one Si and three Th atoms (one axial 
and two equatorial T h - O  bonds). The increased 
coordination of O(1) is reflected in its longer bonds to 
Th. 
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a 

ic : b  (a) 

b 

c (b) 
Fig. 1. Perspective polyhedral representation of the (a) huttonite, 

and (b) thorite structures. Darker tetrahedra are SiO 4 groups and 
lighter polyhedra are (a) ThO 9 and (b) ThO 8 groups. 

Monazite (monoclinic CePO4) is isostructural with 
huttonite, but a careful comparison is not possible 
because of discrepancies among the three most recent 
studies of the monazite structure (Mooney-Slater, 
1962; Ghouse, 1965; Ueda, 1967). All three studies 
show chains parallel to e, like those found in huttonite 
(Fig. 3a), but the C e - O  bond lengths differ by as much 
as 0.35 A and the coordination about Ce is different in 
each case. The structure given by Mooney-Slater 
(1962) is probably closest to the huttonite structure 
determined in this study. She reports an eightfold Ce 
coordination, but if her unlisted Ce-O(2)  distance of 
2.75 A is taken in the first coordination sphere, the Ce 
site is nearly identical in shape to the Th site in 
huttonite. The average equatorial T h - O  length in 
huttonite (2.46 A) is quite close to that derived from 
the monazite structure (2.45 A) reported by Mooney- 
Slater, but the average axial Th--O length in huttonite 
(2.56 A) is somewhat shorter than that for monazite 
(2.66 A). 

Crystal structure of thorite 

Experimental 
Thorite crystals were grown at I IO0°C using the 

same procedure described for huttonite. Due to 
problems with cleavage, intensity data and cell 

o\/O 

/ oc,  c \ 

o/'\o 
(a) 

O 
4o 

O,M.,,-~ 
O" 

oO O 

(b) 

8 4- 

Fig. 2. Th environments in (a) huttonite and (b) thorite. Open 
circles are O, gray circles are Si, and black ellipsoids are Th. 
Axial and equatorial O atoms have primed and unprimed labels 
respectively. 

parameters were collected on a rather large prismatic 
crystal (0.09 x 0.09 x 0.15 mm) which was mounted 
with the c axis parallel to the q, axis of the goniometer. 
Conditions for data collection were the same as 
described for huttonite, with the following exceptions: 
twelve reflections used in the ceil-parameter deter- 
mination were in the 20 range 60.87 to 68.89°; 
intensity data were collected to a maximum sin 0/2 of 
0.857 A -~ in one octant of reciprocal space; and back- 
grounds were measured for 20 s. The absorption 
corrections gave maximum and minimum transmission 
factors of 0.078 and 0.019. Of 466 space-group 
reflections initially collected, there were 223 symmetry- 
equivalent pairs. The intensities for these reflections 
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0(4) 

? o,,, ? 
oo< , p 

o<~)' j ~ ~ / 
~ ' 0 - " " ~ ,  ~ ~ ' ~  

o(4)' 00{2) i 
O(l) 

(a) < '  

0 

(b) 
Fig. 3. The c-axis chains in (a) huttonite and (b) thorite. 

were averaged and their standard deviations were 
estimated as: 

O.(i)ave = IZ(  1 ]1/2 
170.i)2 + LD/ave) 2 

where tr i are the individual estimated standard 
deviations due to counting statistics only and p is the 
instrument instability constant. The unique data set 
consisted of 244 reflections, of which 211 had 
intensities greater than 3tr(I) and were used in the 
subsequent refinement. 

Crystal data 

Thorite is tetragonal with systematic extinctions hkl: 
h + k + l = 2 n +  1 ; h k 0 : h = 2 n +  1 ; h h h 2 h + l = 4 n .  
The only space group consistent with these extinctions 
is I4~/amd. Cell parameters are: a = b = 7.1328 _ 
0.0002, c = 6.3188 + 0.0002 ,/k, V = 321.48 /l,a. 
There are four formula units per unit cell. The 
calculated density is 6.70, compared with 6.63 _+ 0.1 g 
cm -3 determined by pycnometer (Finch et al., 1964). 
The linear absorption coefficient is 664.2 cm-L 

A subsequent Fob s synthesis showed the O position. 
Three additional cycles of refinement with isotropic 
thermal parameters and six with anisotropic thermal 
parameters for Th led to a maximum shift/error of 0.03 
and a weighted residual of 0-066. While approximately 
ten strong, low-angle reflections fit the final model 
rather poorly, three reflections, 332, 220, and 112, 
showed Fc,~¢ >> Fobs, indicating extinction effects or 
poor corrections for absorption. These three reflections 
were excluded from the final cycles of refinement 
yielding a final weighted residual of 0.062, a conven- 
tional residual of 0.048, and a standard deviation of a 
reflection of unit weight of 2.82. The weighted residual 
for all space-group reflections was 0.072. Attempts to 
refine the anisotropic thermal parameters of Si and O 
did not produce a significant improvement in the 
residual, and a final difference synthesis showed no 
significant detail. 

Positional and thermal parameters and their 
estimated standard deviations are shown in Table 2; 
and selected interatomic distances and angles are 
compared with those of huttonite in Tables 3 and 4 
respectively. As in the huttonite structure, the standard 
errors on the O positions are rather large due to the 
dominance of the Th contribution to the total 
scattering. 

Structure description 

The thorite structure is illustrated in Fig. l(b). The 
Th atom is coordinated by four axial and four 
equatorial O atoms for a total coordination number of 
eight. The axial O atoms (denoted by primes in Fig. 2b) 
are bonded to Th and Si such that SiO 4 shares opposite 
edges with the ThO 8 group forming chains parallel to c, 
identical to those in huttonite (Fig. 3b). The axial 
T h - O  bonds are all 2.47 A. The four equatorial O 
atoms form a flattened tetrahedral array around Th and 
all have a T h - O  bond length of 2.36 /l,. Each O is 
coordinated by one Si, one Th in the axial position, and 
one Th in the equatorial position. A detailed description 
of the zircon/thorite structure type is presented by 
Robinson et al. (1971). 

Discussion 

Structure determination 

Thorite has the zircon structure and the only 
positional variables are the y and z coordinates of O. 
The cell has been chosen such that the center of 
symmetry is at the origin and the quoted atom positions 
are consistent with those of Robinson, Gibbs & Ribbe 
(1971) in their refinement of the zircon structure. Two 
cycles of least squares were calculated in which the 
isotropic thermal parameters for Th and Si were varied. 

Due to the difficulty in reversing the phase transition, 
the true thermodynamic relationship of thorite and 
huttonite is not clear, and their relative stabilities are 
difficult to assess. Mumpton & Roy (1961) have 
suggested that thorite is metastable at all temperatures 
and its prevalence in nature is due to crystal-growth 
kinetics. However, thorite is usually taken to be the 
low-temperature polymorph (Finch et al., 1964) with 
the transition occurring around 1225°C. This means 
that with increasing temperature, ThSiO 4 must change 
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from the low-density, high-symmetry thorite phase to 
the higher-density, lower-symmetry huttonite phase, in 
contrast to the usual trends. On the other hand, the 
volume of the Th polyhedron (the vertices being defined 
by the nearest-neighbor O atoms) is 25.2 A 3 for thofite 
and 30.4 A 3 for huttonite, suggesting an expansion of 
the Th site with higher temperatures. 

Stability criteria based on radius ratio and charge 
balance are inconclusive; the Th/O radius ratio (0.76) 
suggests that the ninefold coordinated huttonite struc- 
ture should be preferred, while a calculation of Pauling 
charge balance (Pauling, 1960) indicates that O(1) of 
huttonite is overbonded (~ = 2.5). All O atoms in 
thorite are exactly charge balanced ( ~=  2.0). 

The principal structural difference between thorite 
and huttonite is the large void space present in thorite 
(Fig. 2b). The voids are centered on fractional 
coordinates r~ ~ ~x with an approximately octahedral 
shape and a volume of 14.0 A 3. They are inter- 
connected to form channels parallel to e and could be 
responsible for the diffusion of water into the thorite 
structure. In view of the fact that natural thorites may 
contain up to 70 mol% water (Hutton, 1950), hy- 
dration may play a major role in the metamictization 
process. A rationalization of the behavior of huttonite 
and thorite based solely on structure is not possible, 
and additional experiments examining the role of water 
and the detailed nature of the metamict state are in 
progress. 
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