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Department of Geological Sciences

(ABSTRACT)

The crystal structures of zircon, scheelite, and monazite are very closely related.
All three have chains of alternating polyhedra and planes of closest packed or pseudo-
closest packed cations. Using these similarities the unit cells of these structures can be
placed in analogous orientations. This in turn leads to a better understanding of the
geometrical aspects of the reconstructive phase transformations that occur among the
structure types as functions of temperature and pressure. In essence the phase
transformations require the cation planes of one structure to the cation planes of another.
Phase transformations also occur via compositional pathways.

Crystal structure parameters were modeled for compounds with the zircon,
scheelite and monazite structure types using multiple regression techniques. Data
consisted of structure refinements of 26 zircon-, 13 scheelite-, and 13 monazite-type
compounds. These compounds include but are not limited to the lanthanide vanadates
and phosphates, the alkali earth molybdates and tungstates, and KTcO,. The structural
parameters studied included bond lengths, bond angles, polyhedral volumes, unit cell
edge lengths, tetrahedral quadratic elongations and atomic coordinates of individual
atoms; they were modeled as a function of the Shannon radii of the cations and the
product of the M and T cation charges. Correlation coefficients for these regressions
exceeded 0.9 for nearly all parameters studied except for the y coordinate of M, the z

coordinate of O1, and T-O1-M2 angle of the monazite compounds.

i



Acknowledgments

[ thank A. K. Sinha for proposing the idea that eventually lead to this project.
Jerry Gibbs helped me through a number of difficulties as well as putting one or two in
my way! Bob Bodnar pointed out the necessity of validating my work not only to the
scientific community but to the community in general. I thank him for his practicality,
which I sometimes lack. Most of all [ wish to thank Paul Ribbe. Paul has been a constant

source of encouragement and good advice over the five years which I have known him.

111



Table of Contents

AbStract
Acknowledgments ...
Table of Contents ..o
Listof Tables ...........cccccoooiiiiiiiieee,
List Of FAgUIES .....oovviiiiiieieciceeeee e
Preface ..

INtroduction ..o

Structure Descriptions and Structural Analogies

ZATCOM ..ot
Monazite ...
Scheelite ...
Structural Phase Transformations  ....................
Zircon = Scheelite ...
Zircon = Monazite ..o,

Monazite = Scheelite ...

Structural Response to Chemical Variation and Structural Stability Fields ....

The Zircon Structure ...........c.ccocooceinene.

The Scheelite Structure ...

The Monazite Structure ~ ....................
Conclusions ..ot
References ...
Computational Methods ...
Preface to the Appendices  .............cccoooeiiinnn.
AppendiX A e
Appendix B ...
Appendix C ...
VIta e

v

11
11
17
20

23
31
35
40
41
45
46
47
53
59
69



Table

[OF B \S]

0 N N L A

List of Tables

Structural parameters of the ThGeO,4 polymorphs. ...
Compound with the zircon-type structure. ..o,
r ratios for zircon-type compounds near the zircon/monazite

structural border. .
Coefficients of regression equations of zircon-type compounds.  .........
Compounds with the scheelite-type structure. ...
Coefficients of regression equations of scheelite-type compounds. .........
Compounds with the monazite-type structure. ...

Coefficients of regression equations of monazite-type compounds. .........

E
o
[¢]

25

27
28
32
33
36
38



Figure

10

11

12

13

14

15

16

List of Figures

Polyhedral representation of zircon. ...
Atomic representation of ZITCON. ...
Atoms of the (100) of ZITCON. ..o
Polyhedral representation of monazite. ..o,
Shared polyhedral edge in monazite. ...,
Cation plane of monazite parallel to (001). ...,
Cations of the plane parallel to (010) in monazite. .........................
Polyhedral representation of monazite. ...

The cations of the (112) of scheelite. ...l

Portions of the polyhedral chains from (a) zircon, (b) monazite,

and (c) scheelite. ...

Cation representations of (a) zircon, (b) monazite, and

(C) SChelite. ...

Portions of (a) the (100) of (ErVOy,); and (b) the (112)

of (EI'VO4)3. .......................................................................................

The univarient P-T curve for the (HoVO,); = (HoVO,);

ranSfOrMatiON. e

T-P phase diagram of the CeVO, polymorphs. ...

Portions of the structures of thorite (ThSiO,); and huttonite
(ThSiOy)s. (a) Portion of the (100) of thorite. (b) Portion of
the plane parallel to (001) in huttonite. (¢) Portion of the plane

parallel to (021) in huttonite. ...

P-T phase diagram of the NdAsO, polymorphs. ...

vi

Page
2
3
4
5
6
7
8
9

10

19



18

19

20

21

Portions of the structure of (Pb sTh sVO,)s and (Pb sTh sVO,)s

(a) Portion of the (112) of (Pb sTh sVO,)s. (b) Portion of the plane
parallel to (001) of (PbsTh sVOy)\. (¢) Portion of the plane parallel

to (021) of (Pb5Th5VO4)M ....................................................................

T vs. tM plot for compounds with the zircon-, monazite-, and
scheelite-type StTUCLUTES. ..........ccoviiiiiiiiniiiieeeeceee e

Plot of the M polyhedral volumes of TbPO,, TbAsO,, and TbVO,
VS, T e ———————

Plot of shared and unshared tetrahedral edge lengths vs. 1T for
TbPO,, ThSiO4, TbAsO,, and TbVO,. ..,

Plot of TQE vs. tM for scheelite-type compounds. ...

vii

g
&
[¢]

24

27



Preface

MTO, compounds with the zircon-, monazite-, and scheelite-type structures have
many uses to the geologic and materials science communities. The mineral zircon is of
great importance because of its usefulness in geochronology. It is also a refractory
mineral, able to withstand high pressures and temperatures as well as mechanical and
chemical breakdown. Compounds with this structure type have low thermal expansions
making them useful in the ceramics industry (Muller and Roy, 1974). The zircon-type
mineral xenotime (YPQO,) is a primary source of the rare earth element yttrium.
Compounds with the monazite-type structure can accept large actinide and lanthanide
cations and have therefore been investigated as a possible repository for high-level
radioactive waste storage (Aldred, 1984). The mineral monazite itself is a primary source
of the element thorium. Compounds with the scheelite-type structure can be used in
lasers when doped with lanthanide elements (Muller and Roy, 1974). With the regression
equations developed in this study it is possible to obtain structural parameters for
hypothetical compounds with the zircon-, monazite-, and scheelite-type structures from

the radii of the cations and the product of their charges.
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INTRODUCTION

There is considerable geologic interest in compounds of the MTO, type,
especially the mineral zircon. Zircon is important in geochronology because it often
contains uranium, thorium, and their decay products. Reid and Ringwood (1969) found
that (ZrSiOy,); transforms to a scheelite-type structure, (ZrSiO,)s, under static and shock
compression. Over a certain pressure range not all of the ZiSiO, is converted to the high
pressure phase, and there is interest in attempting to use shocked zircons as indicators of
meteorite impact pressures (Ribbe and Macey, 1994). To this date, however, no shocked
ZrSiO, has been found in nature with the scheelite-type structure. An attempt to
understand the zircon = scheelite transformation led to an exploration of zircon- and
scheelite-type structures for a variety of compositions (Muller and Roy, 1974). It was
found that phase transformations between these structure-types are not at all uncommon
and that the structures themselves are very closely related to each other and to the
monazite-type structure (Muller and Roy, 1974).

With this in mind, a study was undertaken to accomplish three goals: to compare
and contrast the three structure types, to determine the geometrical aspects of structural
transformations with changes in pressure and temperature from one structure type to
another, and to determine the effec.ts of M and T cation substitutions on the structures

and their stability fields.
STRUCTURE DISCRIPTIONS AND STRUCTURAL ANALOGIES

Zircon
The structure of zircon (ZrSiO,) was independently determined by Vegard (1926),
by Binks (1926), and by Hassel (1926). Zircon crystallizes with space group 14;/amd and
its unit cell contains 4 metal cations (hereafter referred to as M cations), 4 tetrahedrally-

coordinated cations (referred to as T cations), and 16 oxygens. The cations lie on



Wyckoff positions 4a for Zr and 4b for Si (x, y, and z fixed for both) while oxygen lies on
16h (fixed x coordinate). The zircon structure consists of isolated tetrahedral groups and
larger eight-coordinated M polyhedra (see Fig.1). Each tetrahedron shares two opposite
edges with adjacent triangular dodecahedra. These alternating dodecahedra and
tetrahedra form chains that are parallel to [001] (see Fig.1). The tetrahedra are among the
most distorted of known silicates, having quadratic elongations of 1.024 and angle
variances (from the ideal 109.4°) of 97.31° (Robinson, et. al., 1971). They are elongate
along c and the T-O distances are equivalent, making them tetragonal disphenoids. Each
dodecahedron shares 4 edges with adjacent dodecahedra and 2 edges with adjacent

tetrahedra.

Figure 1. Polyhedral representation of zircon. Note the chains of edge-sharing alternating

dodecahedra and tetrahedra running along c.



Figure 2. Atomic representation of zircon. Small dark spheres are oxygens, medium

white spheres are Si, and large grey spheres are Zr. View is down [100].

Considering the zircon structure in terms of atoms instead of polyhedra, it can be
seen that it consists of two equivalent sets of planes which contain all the M, T, and O
atoms. These planes, (100) and (010), form square 'channels' along [001] (see Fig. 2).

They are composed of oxygens, each coordinated to one T cation and two M cations.



Figure 3. Atoms of the (100) of zircon. Atom represenatations are the same as in Figure
2.

The M1-M2 and M2-T distances are equal (Fig. 3). As pointed out by O’Keeffe and Hyde
(1985), the (100) and (010) planes also have pseudo-closest packing of cations.

Monazite

Kokkoros (1942) first solved the monazite (CePO,) structure and gave it the non-

standard space group of P2,/n. For the purposes of this paper P2;/n has been transformed
to the standard space group P2;/c by the following 3x3 matrix:
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The unit cell contains 4 M cations, 4 T cations, and 16 oxygens. All of the atoms lie on

general positions (Wyckoff positions 4e). The structure consists of 9-coordinated M

of monazite. Note the alternating edge-sharing

Figure 4. Polyhedral representation

polyhedral chains parallel to a.



polyhedra and isolated tetrahedra. Their linkages are similar to that in the zircon structure
(see Fig. 4, compare with Fig. 1). The tetrahedra share opposite edges with M polyhedra,
alternating to form chains. These parallel chains differ from those in zircon in that they
are not as straight; the polyhedra are slightly rotated and displaced (see Fig. 4). The
linkages among the M polyhedra are also different due to the higher coordination. Each
large polyhedron shares 5 edges with adjacent large polyhedra and 2 with tetrahedra.

The ninth-coordinated oxygen is slightly more distant from the metal cation than
the other oxygens leading various researchers to assign the M cation coordinations from
eight to ten (Effenberger and Pertlik, 1986). This coordination debate is similar to the
one concerning the M2 sites found in certain pyroxenes (Griffen, 1992). The ninth
oxygen has an important place in the monazite structure because it forms one of the
shared edges with a tetrahedron (see Fig. 5). The T-O bond to this oxygen is longer than
the other T-O bonds. Also, the length of the shared edge formed with the ninth oxygen is
longer than the opposite shared edge formed with shorter M-O and T-O bonds (see Fig.

5).

Figure 5. Shared polyhedral edge in monazite containing the ninth coordinated oxygen.



Because monazite and zircon are so similar and because phase transformations
occur between compounds with these structure types, one can use the M polyhedral rings
and the polyhedral chains to place the unit cells of zircon and monazite in analogous
orientations. The polyhedral chains run in the [100] direction in monazite. Thus if the
monazite chains are equivalent to the zircon chains then [100]m is analogous to [001]z
(compare Fig. 4 and Fig. 1). Knowing one analogous direction, the cation packing of
monazite can be compared to that of zircon. The plane of cations parallel to (001) in
monazite has a pseudo-hexagonal arrangement, making it a likely analog to (100) of
zircon (Fig. 6, compare with Fig. 3). There are no other hexagonal packed planes in the
proper orientation (parallel to the polyhedral chains) that could correspond to the zircon

(010). Thus (010); most likely becomes a plane parallel to (010), (Fig. 7).

Figure 6. Cation plane of monazite parallel to (001).



Figure 7. Cations of the plane parallel to (010) in monazite.

The coordinations of the oxygens vary in the monazite structure. There are 4
unique oxygens, 3 of them being 3-coordinated and the other 4-coordinated (this oxygen
is the ninth of the large coordination polyhedron). The 3-coordinated oxygens are similar
to those in zircon (bonded to 2 M and 1 T). The other oxygen is bonded to 3 M and 1 T;
it is over-bonded while the others are equally under-bonded. The degree of over-bonding
is a function of the M and T cation charge combination. In huttonite (ThSiO,; +4,+4) the
sum of the Pauling bond strengths (Pauling, 1929) reaching the four-coordinated oxygen
is 2.33. In LaPOy (+3,+5) it is 2.25, and in SrCrO,4 (+2,+6) it is 2.17.

Scheelite
Scheelite (CaWQ,) crystallizes in the space group 14;/a. The structure was first

refined by Sillen and Nylander (1943). As with zircon and monazite, the unit cell



Figure 8. Polyhedral representation of scheelite. Note the corner-sharing between

dodecahedra and tetrahedra.

contains 4 M cations , 4 T cations, and 32 oxygens. The M and T cations both lie on
special positions (Wyckoff positions: Ca on 4b and W on 4a) and the oxygen occupies a
general position (Wyckoff position 16f). Scheelite differs from zircon and monazite in
that the TO, polyhedra share four vertices with adjacent dodecahedra (see Fig. 8). Thus

chains of alternating edge-sharing polyhedra do not exist.
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Figure 9. The cations of the (112) plane of scheelite.

The cation packing of scheelite is very nearly cubic closest packed, as O’Keeffe
and Hyde (1985) have noted, paralleling {112} (see Fig. 9). Oxygens occupy the
tetrahedral interstices, however, they do not lie at the centers of the OT,M, tetrahedra. In
fact, the oxygens are three-coordinated to two M cations and one T cation with the
arrangement being nearly planar (as in zircon; cf. Fig. 12 below). Bayer (1978) noted that
the [110] of scheelite is analogous to [001] of zircon With this in mind one can see that
the {112} closest packed cation planes of scheelite are analogous to the {100} pseudo-
closest packed cation planes of zircon (compare Fig. 9 with Fig. 3). Scheelite has chains
of alternating corner-sharing tetrahedra and dodecahedra that are parallel to [110]s which
is analogous to [001]z and thus parallel to the edge-sharing polyhedral chains of zircon.
Because the monazite polyhedral chains are analogous to those of zircon they must also

be analogous to those of scheelite as clearly shown Fig. 10.

10



110)

Figure 10. Portions of polyhedral chains from (a) zircon, (b) monazite, and (c) scheelite.
STRUCTURAL PHASE TRANSFORMATIONS

The Zircon = Scheelite Transformation
There has been some confusion regarding the nature of the transformation of
zircon-type compounds to the scheelite-type compounds. Knittle and Williams (1993)
proposed a "low temperature diffusional pathway" while Kusaba et. al. (1984) have
called the transformation "displacive." It will be shown that the transformation is
reconstructive in nature. The evidence is two-fold: first, the transformed product is
metastable (Knittle and Williams, 1993). This in turn suggests that a kinetic energy

barrier prevents the transformed product from reverting to its former state. In a displacive

11



transformation no such barrier exists. Only small displacements of atoms are necessary in
a displacive transformation (no bonds are broken); therefore, no substansial kinetic
energy barrier exits to prevent a reversion to the original state. In short, displacive
transformations are not quenchable, the transformed products are not stable (Griffen,
1992). Because (ZrSiQO,)s is metastable, this suggests that bonds have been broken and
new ones established. This is easily observed. In the zircon structure, tetrahedra share
two opposite edges with adjacent dodecahedra. In the scheelite structure they share four
comers with adjacent dodecahedra. The change from edge-sharing to corner-sharing must
be reconstructive.

Although much interest lies in the (ZrSiO4); = (ZrSi0,)s transformation, the
geometrical aspects of the transformation we first studied using the ThGeO, polymorphs
(Ribbe and Macey, 1994). But in this thesis ErVO, was studied instead. All of the
vanadates and arsenates with zircon-type structure undergo transformations to scheelite-
type structures with sufficient pressure (Stubican and Roy, 1963). The crystal structure of
(Z1S10,)s has not been refined (except crudely by the Reitveld method) despite the many
investigations of the transformation: Kusaba, et. al. (1984), Mashimo, et. al. (1983),
Kusaba, et. al. (1986), and Knittle and Williams (1993).

ErVO, crystallizes with the zircon structure at STP. With high pressure and
temperature (35 kbar and 1500K) it transforms to a scheelite-type structure (Range and
Miester, 1990). The (ErVO,); = (ErVO,)s transformation involves changing the pseudo-
closest packed planes in zircon to the closest packed planes in scheelite. The cation
planes of zircon, (100) and (010), are orthogonal. The {112} cation planes {112} in
(ErVO,)s intersect at 64.83° (see Fig. 11a, 11b). Thus the transformation involves
shearing along {100} of the zircon structure. This mechanism brings {100} planes from a
distance of 3.55 A to 2.99 A from each other. It is necessary to bring the cation planes
closer together to attain closest packing. This mechanism decreases the volume of the

unit cell drastically: (ErVO,); has a cell volume of 315.83 A® while

12



Figure 11. Cation representations of (a) zircon, (b) monazite, and (c) scheelite. The unit

cells of monazite and scheelite have been chosen to be analogous with the unit cell of

zircon.

(ErVOy)s has a volume of 278.91 A%, a decrease of 11.8%. Along with the shearing, a
slight distortion must occur within the cation planes of the zircon structure to attain the
closest packing of the scheelite structure (see Fig. 11a and 11c). No change in primary

coordination is necessary for the transformation to take place.

13



There is actually little change in bond lengths as result of the transformation. The
two unique M-O bonds become more equal going from 2.28 A and 2.43 A in (ErVO,); to
2.33 A and 2.37 A in (ErVO,)s. The dodecahedral volume shrinks slightly from 23.44 A’
to 23.09 A’ The T-O distances may increase or decrease slightly. Two structure
refinements of (ErVO,); give different V-O distances. Patscheke et al (1968) report a V-
O distance of 1.72 A while Chakoumakos et al (1994) give a V-O distance of 1.71 A. The
V-O distance in the scheelite form is 1.72 A (Range and Miester, 1990), thus the T-O
distance either drops slightly or stays the same. The mean tetrahedral quadratic
elongation drops from 1.013 to 1.010. The reason for this can be found in the M-T
distances along the polyhedral chain. The Erl---V distance (where Erl and V are cations
in the same chain and Er2 is the nearest cation of the adjacent chain) in the zircon
modification is very short at 3.14 A (Fig. 12a). In the scheelite structure it increases to
3.54 A which is comparable to the other cation-cation distances Er2---V and Er1---Er2 of
3.74 A (Figure 12c). With the increase of the Erl---V distance, the strong M---T cation
repulsions are reduced, thus reducing the tetrahedral distortions.

O’Keeffe and Hyde (1981) have used non-bonded interactions to explain such
changes. The scheelite structure consists of closest packed cations. If we assume that the
cations are in non-bonded contact (i.e., that the cations are large while the anions are
small), some interesting conclusions may be drawn. In a structure with cations in closest
packing and in contact, the cation-cation distances should be equal. Because we are
dealing with two cations that differ significantly in size, we should expect the cation-
cation distances to be close but not equal. This is exactly what is observed in the
scheelite structure. In the zircon structure the M---T distance along the polyhedral chain
1s much shorter than the other cation-cation distances. O’Keeffe and Hyde (1985) have

stated that decreasing the distance between two cations to less than the sum of their non-

14



Figure 12. Portions of (a) the (100) of (ErVO,); and (b) the (112) of (ErVOy)s.

bonded radii can have one of two effects: the first may be a reduction of coordination of
the cation (such as the diamond/graphite transformation), the second may be a change
from corner-sharing polyhedra to edge-sharing polyhedra. In other words, the two close
cations share two bridging anions, with two sets of bonds between them to accommodate

the increased electrostatic repulsion.

15



Let us examine the ErVO, polymorphs and attempt to verify one of these results.
The non-bonded radius of vanadium is not given by O’Keeffe and Hyde (1985) but by
modeling their data as a function of the Shannon radii (an equation of the form non-
bonded radius = A(Shannon radius) + a constant) we may estimate the radius at 1.56 A.
No radius is given for erbium, but we may derive our own. The Erl---Er2 distance in the
scheelite form is 3.54 A (Fig. 12b). Because we have assumed that the cations are in
contact, we may assume that the Erl---Er2 distance is twice the erbium non-bonded
radius (i.e., Er = 1.77 A). Therefore, the optimum Er1---V distance should be the sum of
these two radii: 3.33 A. In the zircon modification the closest Erl---V distance is 3.14 A
(Fig. 15a), clearly smaller than the sum of the non-bonded radii. Thus, due to strong
cation repulsions another set of bonds are formed between the two close cations resulting
in a change from corner-sharing to edge-sharing. The non-bonded interaction of Er and V
also accounts for the larger distortions of the VO, tetrahedron (in the zircon
modification), which is elongated in the direction of the chain, the direction in which the

shortest cation-cation distances are found.

Figure 13. The univarient P-T
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Stubican and Roy (1963) found that the univariant pressure-temperature curve for
the zircon = scheelite transformation has a positive slope (Fig. 13). This indicates that

the transformation occurs via a pressure pathway. It also indicates that temperature
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should cause the reverse transformation scheelite = zircon. This transformation has been
observed in some of the actinide germanates (PaGeO,, UGeO,, ThGeO,, and NpGeO,)
(Keller, 1963). Structure refinements on the polymorphic pairs of ThGeO, (Vandenborre,
et. al., 1989) show the transformation to be virtually the same as the zircon = scheelite

transformation (see Table 1).

Table 1. Structural parameters of the ThGeO, polymorphs
Compound Tvol A* T-0.A TQE* Mi-0.A M2-0A MvolA’> M-T.A Vol A’
o-ThGeO, 2.551 1.731 1.028 2.332 2.352 23.051 3.638 278.77
B-ThGeO, 2.646 1.750 1.026 2.358 2.473 25.290 3.270 341.81
*Tetrahedral quadratic elongation, as defined by Robinson, Gibbs, and Ribbe (1971)

o = Scheelite-type structure

B = Zircon-type structure

The Zircon —> Monazite Transformation

This transformation seldom has been observed. It is known to occur in only a few
compounds such as ThSiO,4, PaSiO,, and CeVO,. Temperature appears to be responsible
for the zircon = monazite transformation, but Mumpton and Roy (1961) suggested that
(ThSiOy); (thorite) is the metastable phase. Keller (1963), however, found that both
ThSiO, and PaSiO, transform from the zircon- to the monazite-type structure at
temperatures of about 1200°C, and Range, et. al. (1990) found that CeVO, transforms to
the monazite structure at about 1300°C at atmospheric pressure (Fig. 17). The
transformation involves a decrease in density less than that of the zircon = scheelite, but
is substantial nonetheless (about 8%). It involves a reduction of symmetry from 14,/amd
to P2,/c. Also, the transformation is reconstructive in nature. This is easily seen by the
fact the transformed products are metastable (Range, et. al., 1990). Also with the addition
of a ninth oxygen to the M-coordination sphere, new bonds are formed, providing a

kinetic energy barrier preventing reversion.
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Figure 14. T-P phase diagram 100
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Unlike zircon = scheelite, the zircon = monazite transformation does not seem
to require a simple shear to take place. The (100) and (010) planes of zircon are
transformed to the cation planes parallel to (001) and (010) of monazite (Fig. 14a and
Fig. 14c). Because these two planes in monazite are orthogonal, no shearing is required.

Details of the transformation were acquired by study of the ThSiO, polymorphs
thorite and huttonite (Taylor and Ewing, 1978). As mentioned earlier, the transformation
is accompanied by a reduction in volume from 321.48 A’ in thorite to 297.14 A’ in
huttonite. Interestingly, the large cation polyhedron increases in size from thorite (25.32
A’) to huttonite (30.41A%). Part of this is due to the fact that the large cations in huttonite
are 9-coordinated while those in thorite are 8-coordinated. If the ninth oxygen of
huttonite is discounted, the volumes of the MOg polyhedra in the two structures are
nearly equal (thorite = 25.32 A®, huttonite = 25.49 A’). The SiO, tetrahedra change little
in volume from 2.21 A’ in thorite to 2.12 A® in huttonite. With the cation polyhedra
changing so little, the volume decrease must come from the collapse of vacant
“polyhedra”. The four unique T-O bond lengths are on the average shorter in huttonite
(1.64 A to 1.58 A, average = 1.62 A) than in thorite (all 1.63 A). Both the shared edge
lengths in thorite are 2.52 A (Fig. 18). In huttonite one shared edge is slightly longer at

2.54 A and the other smaller at 2.46 A. This is interesting because the Thl---Si distance



Figure 15. Portions of the structure of thorite (ThSiO4); and huttonite (ThSiO4)y. (a)
Portion of the (100) of thorite. (b) Portion of the plane parallel to (001) of huttonite. (c)
Portion of the (021) of huttonite. Grey lines between oxygens indicate the shared
tetrahedral-doddecahedral edge.
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Computational Methods

Several computer programs were essential to the completion of this project. All
the diagrams of crystal structures were created with XTALDRAW Demo version 4.13
(Boisen, Gibbs, Downs, Bartelmehs, 1990). These diagrams were saved as .pcx files and
imported into PAINTBRUSH for editing. All calculations of crystal structure parameters
was carried out with METRIC version 3.0 (Boisen, Gibbs, Downs, Bartelmehs, 1993).
All regression equations were calculated with the statistical program JMP (Sail, John,
Ng, Hect, Micheal, 1989-1991). All graphs were constructed using CRICKET GRAPH
1.3.2 (Rafferty and Norling, 1986-1989).
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Preface to the Appendices

These appendices contain tables of structural parameters for compounds with the
zircon-, scheelite-, and monazite-type structures. These parameters include: bond lengths
(M-O and T-O), polyhedral volumes, bond angles (O-T-O, T-O-M and M-O-M), unit cell
edge lengths, unit cell volume, tetrahedral quadratic elongation, and atomic positional
parameters. The appendices also contain regression plots (observed parameter vs.
calculated parameter) of these parameters as a function of ™, 1T, and q. Appendix A
contains data for zircon-type compounds. Four of these compounds have been excluded
from the regression equations but included in the regression plots. These compounds are
plotted as open circles (other data are plotted as closed circles or squares) and are labeled
as follows: Dy = DyAsO,, Tb = TbAsO,, Lu = LuAsO,, and Th = ThSiO, (thorite).
Appendix B contains data for scheelite-type compounds. ThGeO, has been excluded
from these regressions but is plotted (with an open circle) with the other data. Appendix
C contains data for monazite-type compounds. PbCrQO, (crocoite), SrSeO,, and ThSiO,
(huttonite) have been excluded from the regressions (in the same manner as the zircon-
and scheelite-type compounds). These compounds are labeled as follows: Pb = PbCrO,,
Sr = SrCrQy, and Th = ThSiO,4. They are plotted as open circles. These compounds have

been excluded due to the consistent deviations they show in many of the regression plots.
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Appendix A

REGRESSION PLOTS FOR ZIRCON-TYPE COMPOUNDS
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Appendix B

REGRESSION PLOTS FOR SCHEELITE-TYPE COMPOUNDS
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Table B. Structural parametrs of compound with the scheelite structure type.

Comp. 0-T-0,° TvolbA> T-0,A TQE** M-01 M-02 MvolLA> T-O-M1,° T-O-M2,°

B-ErvO | 105.713 2.5815 1.7216 1.0095  2.3327  2.368 23.0784 131.915 120.774
CaWO, 107.516 2.9099 1.7854 1.0024 2438 2,479 26.3758 132.037 119.893
CaMoO, | 107.098 2.8538 1.7749 1.0036 24474 24657  26.3429 132.27 120.237
PbMoO, | 107.842 2.8568 1.7738 1.0017  2.6077  2.6321 32.0205 135418 120.044
KReO, 108.939 2.6634 1.7315 1.0002  2.7835  2.8662  40.2083 140.372 119.77

ZrGeO, | 103.871 2.7592 1.7715 1.0225  2.1407  2.2655 18.7698 125.034 122.889

HfGeO; | 103.884 2.8032 1.7808 1.0224 21329  2.2492 18.4523 124.756 122.658
*ThGeO, | 103.256 2.5512 1.7308 1.0284 23315 23525  23.0511 129.356 125.303
Srwo, 107.579 2.8724 1.7775 1.0023 25777 2.6082 31.0504 134.613 120.3%6

SrMoeO, | 107.636 2.8201 17665  1.0021 2.5831 261 31.2013 135.489 120.013
BaWoO, | 108.106 2.8998 1.7822 1.0012 27387 27783 374611 138.568 119.443
NalO, 107.232 2.8281 17692  1.0032 25354 25984 29925 132.069 121.471

KTcO, 108.971 2.5682 1.7106 1.0002 277936  2.8642  40.3944 142.102 118.787

Comp. M-O-M, ° a, A c, A Vol, &° X y z Ref
B-ErvO 105.587 5.003 11.143 278.90 0.245 0.146 0.0446 A
CaWoO, 103.742 5.243 11.376 312.715 0.2587  0.1511 0.0861 B
CaMoO, | 103.973 5.2225 11.4298 311.742 0.2564  0.149 0.0842 C
PbMoO, | 1018 5.4312 12.1065 357.117 0.2352 0.1134 0.0439 D
KReO, 97.952 5.6817 127118 410.364 0.2785 0.1169  0.0474 E
ZrGeO, 109.035 4.866 10.552 249.85 0.2332 0.171 0.0815 F
HfGeO, 109.41 4.862 10.497 248.14 0.2322 0.1739 0.0831 F
*ThGeO, | 103.599 5.145 10.531 27877 0.2452 0.1493 0.0787 G
Srwo, 101.989 5.4136 11.942 349.985 0.2638 0.1395 0.0818 H
SrMoO, 102.056 5.3936 12.019 349.644 0.2626 0.1357 0.0809 H
BaWO, 100.51 5.6148 12.721 401.042 0.2668  0.1227 0.0781 H
NalO, 102.545 5.337 11.947 340.293 02659  0.1501 0.0806 I
KTcO, 98.134 5.63 12.867 407.844 0.2754 0.1089 0.0492 J

* These compounds have been excluded from the calculation of the regression equations, but are included in plots of the regression equations.
** Tetrahedral quadratic elongation, as defined by Robinson, Gibbs, and Ribbe (1971).

A - Range and Meister (1990)

B - Kay, Frazier, and Almodovar (1964)

C - Wandahl and Christensen (1987)

D - Leciejewicz (1965)

E - Brown, Powell, and Stuart (1993)

F - Vandenborre, Michel, and Ennaciri (1989)
G - Ennacini, Kahn, and Michel (1986)

H - Gurmen, Daniels, and King (1971)

I - Kalman and Cruickshank (1970)

J - Klebs and Hasse (1976)
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Appendix C

REGRESSION PLOTS FOR MONAZITE-TYPE COMPOUNDS
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Table C. Oxygen positional parameters for monazite-type compounds

Name M yM M xT yT zT x01 yO1 zO1 x02
GdPO, 0.18455 0.15529 0.2815 0.69 0.1612 0.3031 0.1846 0.5013 0.2461 0.1187
EuPOy 0.18395 0.15595 0.28152 0.6899 0.1615 0.3029 0.1896 0.5012 0.2487 0.1184
SmPO, 0.1834 0.15538 0.28153 0.6904 0.1618 0.3034 0.1906 0.502 0.2501 0.1186
NdPO, 0.18228 0.15580 0.28178 0.691 0.1626 0.3037 0.1928 0.5046 0.2498 0.1172
PrPO, 0.18189 0.15586 0.28177 0.6913 0.163 0.304 0.1943 0.5051 0.2502 0.1174
CePO, 0.18174 0.15591 0.28182 0.6923 0.1635 0.3047 0.195 0.5055 0.2492 0.1171
LaPO, 0.18086 0.16033 0.28154 0.692 0.1639 0.3047 0.1974 0.5077 0.2503 0.1165
SrCrO, 0.1699 0.15869 027187 0.6892 0.16487 0.3023 0.2022 0.5055 0.2584 0.1177
PbCrO,* 0.17562 0.14549 0.2787 0.6807 0.16364 0.2989 0.1964 0.5042 (12538 0.1355
SrSeO,* 0.17794 0.15773 0.27918 0.69224 0.1651 0.30636 0.1932 0.5052 0.2516 0.1158
LavoO, 0.17269 0.15725 0.27633 0.68561 0.16465 0.30055 0.1828 0.4987 0.2435 0.109
ThSiO,* 0.184 0.155 0.2828 0.6903 0.1616 0.302 0.1825 0.4976 0.2549 0.1067
B-CeVOy 0.17239 0.15657 0.27561 0.68492 0.1647 0.30052 0.181 0.4959 0.2541 0.1111
Name yO2 202 x03 yO3 703 x04 yO4 z04 a, A b, A
GdPO, -0.1654  0.1183 0.6603 0.1016 0.4729 0.4056 0.2138 0.1187 6.3281 6.8414
EuPO, -0.165 0.1167 0.6627 0.1022 0.4743 0.4085 0.2135 0.1204 6.3491 6.8618
SmPO, -0.1659  0.1178 0.6646 0.1025 0.4748 0.4104 0.2125 0.1217 6.3653 6.8827
NdPO, -0.1669  0.1185 0.6674 0.104 0.4747 0.4122 0.2153 0.1249 6.4049 6.95

PrPO, -0.1673 0.1184 0.6687 0.1046 0.4744 0414 0.215 0.126 6.4344 6.9812
CePO, -0.168 0.1189 0.6703 0.1054 0.4745 0.416 0.2164 0.1268 6.465 7.0163
LaPO, -0.1685 0.1201 0.673 0.1071 0.4748 0.4176 0.2168 0.1277 6.5034 7.0705
SrCrO, -0.1627  0.1201 0.6725 0.1012 0.4744 0.4105 0.2179 0.1224 6.741 7375
PbCrO,* | -0.1575 0.1245 0.6563 0.0999 0.5295 0.396 0.2141 0.1141 6.799 7.438
SrSeO,* -0.1625 0.1154 0.6743 0.1094 0.4808 0412 0.2167 0.1141 6.874 734

LaVvOy -0.1566 0.1136 0.6576 0.1056 0.4815 0.3908 0.2203 0.118 6.725 7.286
ThSiO* -0.1612 0.11 0.6569 0.106 0.4803 0.3971 02122 0.1216 6.5 6.974
B-CeVO, | -0.1544 0.1124 0.6575 0.1052 0.4832 0.3816 0.222 0.1106 6.685 7.227

Name c, A B,° TQE** M-O,A T-O,A MvoLA® TvolLA® T-01-M1,° T-O1-M2,° M-O-M,°  Ref
GdPO, [7.9921 12623 1.006 2.476 1.5383 29.5275 1.8516 111.748 140.843 106.292 A
EuPO, 0177 12626 1.005 2.4879 1.5378 29.9496 1.8525 111.133 141.824 105.571 A
SmPO, 049 126.3 1.0048  2.4982 1.5366 30.3321 1.8487 111.056 141.702 105.519 A
NdPO, 1229 126.33 1.0048  2.5242 1.5371 31.2723 1.8505 110.394 142.465 105.359 A
PrPO; 1692 126327 1.0045  2.5406 1.5375 31.8937 1.8528 110.108 142.841 105.155 A
CePO, 2151 126.52 1.004 2.5554 1.5374 32.4329 1.8539 109.792 143.472 104.922 A
LaPO, 2804 126.58 1.0038 25784 1.5392 33.3073 1.8608 109.310 143.682 104.932 A
SrCrO, 5906 126.77 1.0134  2.6693 1.626 36.8499 2.1991 109.346 142.968 104.159 B
PbCrO,* 727 127.106  1.0022  2.683 1.6633 37.6865 2.3525 108.419 142.004 107.438 B
SrSeO,* 6556 127.08 1.0032  2.6857 1.6462 37.5025 2.2786 109.239 142.988 105.976 B
LavoO, 402 125834 1.011 2.5965 1.709 33.7159 2.5203 113.752 139.101 104.863 C
ThSiO* 0972 12595 1.0134 2507 1.6163 30.4128 2.1244 112.232 141.571 105.345 D
B-CeVO, R.3242 125697 10102 2.571 1.7183 32.7405 2.5651 114.022 139.606 104.519 E

A - Ni, Hughes, and Mariano (1995)

B - Effenberger and Pertlik (1986)
C - Rice and Robinson (1976)

D - Taylor and Ewing (1978)

E - Range, Meister, and Klement (1989)
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