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Abstract

An alternative description of zirconolite, zirkelite, pyrochlore and polymignyte as
modular structures is proposed. This approach not only emphasizes their crystallographic
similarities but is also readily extended to include "defects" which were observed by high
resolution electron microscopy. Each module consists of two layers of octahedrally
coordinated cations (Ti, Ta, Nb) arranged as an hexagonal tungsten bronze (HTB) type
motif. The interstice formed by the six-membered octahedral ring is occupied by a REE/
ACT atom in S-fold coordination or a transition metal atom accommodated statistically in
either tetrahedral or trigonal bipyramidal sites. Interlayer cations are in cubic (Ca, Na,
REE, ACT), monocapped octahedral (Zr) or octahedral (Ti, Ta, Nb) coordination. Every
HTB layer is displaced with respect to those immediately adjacent by an interlayer stacking
vector whose magnitude and direction may be varied to derive the various structures. Thus
the structures may be regarded as polytypic; the simplest member (i.e., the aristotype) is
zirconolite. Because the HTB layers possess (pseudo) hexagonal symmetry subsequent
modules are related to each other by -nzl3 rotations. The description is conveniently
simplified by considering the cation net of each HTB layer, the nodes of which correspond
to the kagom6 net. Polymignyte is composed of slightly different modular units in which the
layer cations are arranged as intergrowths of the kagom6 net and a distorted triangular net.

The justification for this approach was confirmed by examining zirconolite, doped with
Mg, Al, REE, ACT and various transition metal elements, by high resolution electron
microscopy and analytical electron microscopy. At low concentrations-the exact level
was dependent upon the element(s)-the dopants were accommodated as dilute solid
solutions;i.e., isomorphic substitutions. Incorporation of higherdopant concentrations led
to polysynthetic twinning on [30], [30] and [010] twin axes; on occasion the twinning was
completely regular and new polytypes resulted. At sufficiently high concentrations of REE/
ACT pyrochlore was stabilized in favor of zirconolite. Coupled ACT/Mg, Al, Fe substitu-
tions yielded zirkelite and polymignyte. Since the minerals have stability fields which are
composition dependent they cannot strictly be regarded as polytypic and are best
considered as pseudotypes.

Introduction

Although the structure of pyrochlore has been known
for some time (Strukturbericht, 1914; Gaertner, 1930)
those of zirconolite (Rossell, l98l; Gatehouse et al.,
l98l), zirkelite and polymignyte (Mazzi and Munno,
1983) have only recently been determined. Indeed for
many years there was considerable confusion as to the
identity of these structures and the minerals were often
regarded as isotypes (Hussak and Prior, 1895; Blake and
Smith, l9l3; Lima-de-Faria, 1958; Pyatenko and Pudov-
kina, 1964; Hogarth, 1977). This ambiguity was principal-
ly due to the propensity of these minerals to accommo-
date the radionuclides 

"ltU, "ltu 

and 2#Th; these
isotopes are the parents of the three natural disintegration

series involving a and B emission. Thus X-ray crystallo-
graphic studies were hampered because the accumulated
radiation dose resulted in either partial or complete
metamictization.

It is appropriate, in view ofour newly acquired appreci-
ation for these structures, to review the underlying crys-
tallographic similarities of the minerals and examine the
physical and chemical conditions which give rise to the
characteristic pseudotypic modifications

Structural relationshiPs

Previous studies

Pyrochlore, zirconolite, zirkelite and polymignyte are
anion-deficient superstructures of the fluorite type with
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the ideal stoichiometry A1B2X1 (A : Ca, Na, REE, ACT,
Zr,Ti;B = Ti, Nb, Ta, Al, Fe;X : O,F). The pyrochlore
structure is the most thoroughly studied of these and has
been described in a variety of ways. Sleight (1969)
considered it to be a pair of interpenetrating B2X6 and
A2X (anticristobalite) nets, while Pannetier and Lucas
(1970) utilized the Ban (cristobalite) and A2X networks.
Alternatively pyrochlore can be related to AgSbO3 or
MgCu2 (Bagshaw, 1976). These descriptions are reviewed
by Subramanion et al. (1983). Mazzi and Munno (1983)
derived polymignyte, zirconolite and zirkelite from pyr-
ochlore by interchanging chains of like cations among the
four structures. It has been noted that both pyrochlore
(Derriet et aL., l97l; Yagi and Roth, 1978; Nyman, 1983)
and zirconolite (Rossell, 1981) possess BX6 arrays ar-
ranged as hexagonal tungsten bronze (HTB) motifs.

Modular structure building principle

In this paper we outline an approach that quite natural-
ly takes into account the layered nature of the structures,
supplies a simple interpretation of "defects" observed by
high resolution transmission electron microscopy
(HRTEM) and is equally applicable to other members of
the group that were identified during this study.

We have previously described zirconolite as the aristo-
type of a structural family (White et a1., 1984) whose
members are constructed by stacking modular units in a
variety of orientations. Each module consists of two HTB
layers and the interposed cations (Fig.l). The layers are
displaced with respect to each other by an interlayer
stacking vector (SY) which is defined as the projected
distance, viewed down the (pseudo) six-fold axis, be-
tween crystallographically similar atoms in adjacent lay-
ers. The angle between successive stacking vectors is the
intermodular stacking angle (SA) and can take any -nnl3
value. Each layer belongs to a region of lattice coinci-
dence between adjacent modules; hence in a repeat
sequence the number of layers must be equivalent to the
number of modules. In zirconolite itself successive mod-
ules are related to each other by a SA of -180.. The
orientation relationships are such that the insertion of
SA's of - 120'and -3(X)'result in a [130] twin, while a SA
of -60' or -240" leads to a Jl3O1 twin. A SA of -360"
yields a twin on [010]. It was proposed that a family of
polytypes could be generated by the regular insertion of
twin planes on a unit cell scale. This structure building
principle is completely analogous to that used to describe
the mica polytypes (Smith and Yoder, 1954; Thompson,
r98l ) .

To facilitate the direct comparison of zirconolite and its
related structures we adopt the non-standard c-centered
unit cells used by Mazzi and, Munno (1983) (Table l);
these relationships are shown schematically in Figure 2.
In all cases the (001)"t basal plane is coincident with the

' Subscripts c, cu, o, t refer to c-centred, cubic, orthorhombic
and trigonal axial settings.

HTB loyer

O interloyer colions

HTB byer

Fig. l. (a) Two HTB layers, ie. one module, as th€y occur in
zirconolite and its polytypes. The lower layer is ofset from the
upper by an interlayer stacking vector (arrowed). (b) The Hf,
layers viewed from the side showing the placement of interlayer
cattons.

HTB layers; different modular stacking sequences give
rise to different c* translational periodicities.

Zirconolite

The HTB layers of zirconolite are related by a SV of
magnitude 2.lA whose direction alternates between the
[130]" and [130]". This yields a bimodular repeat with c* =
I l. 15A. The most common cation of the HTB layers is Ti
however Nb-rich varieties have been reported (Borodin
et al., 1961). The large interstice of the HTB layer is
occupied by Ti atoms which are statistically distributed
over two S-coordinate trigonal bipyramidal sites (Figs.
3a,b). In the interlayer region like cations form strings of
distorted cubes (Ca, REE, ACT) or face-capped octahe-
dra (Zr) which run parallel to I l0]" and I l0]" directions
in alternate cation planes (Fig. 3c).

Zirkelite

The modules of zirkelite are almost identical to those
found in zirconolite (Fig. aqrb) however the SV propoggte
in a cyclic manner in the [30]" = [20]t, [30]" : [10]t
and [100]" : [210], directions to yield a trimodular repeat.
Consequently, chains of identical interlayer cations run
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Table l. Unit cell parameters for zirconolite, pyrochlore,
zirkelite and polymignyte

Standard setting

WHITE: MICROSTRUCTURE OF ZIRCONOLITE, ZIRKELITE

Reference 1  ca tehouse e t  aL , ,  79a2.

2  wzz i  &  Munno,  1983.

parallel to [010]" = [010],, U101" : [ l10]t and U101" :

U00lt (Fie. 4c).

Pyrochlore

Pyrochlore possesses four Flll"" HTB 806 planes.
The-displacement between successive HTB layers is 2 x
?=lA along [130]c : I24l).,, U301" = l4zll."and [fi)]" :

Ill]",. This results in a trimodular repeat with c* equal
to 17.84A (Fig. 5a,b). In this instance the HTB layers may
contain substantial amounts of Nb and Ta as well as Ti.
The interstice formed by the six-membered octahedral
ring is occupied by a large A cation in eight-fold coordina-
tion; the A(O6F2) polyhedron may be considered as a
distorted cube or alternatively can be described as a
puckered hexagonal bipyramid (Nyman et al., 1978). The
interlayer cations (Fig. 5c) consist of strings of AXg
polyhedra which alternate with AX8/BO6 chains in the
ll l0l", 0101" and [010]" directions.

Polymignyte

Polymignyte contains layers which are substantially of
the HTB type but differ from the aristotype by containing
(100)" shear planes (Fig. 6a). The structure is simply
derived from HTB by replacing every second !X8/BX6

polyhedral string by chains of ZrOT edge'capped octahe-
dra. The remaining six-membered Blk octahedral rings
contain Fe distributed statistically over tetrahedral and
trigonal bipyramidal sites.

Although the modules of polymignyte difier from those
previously encountered the same descriptive principle
applies. Each module contains two modified HTB layers
ofiset by a SV of 5.5A along [30]" = [213]"; a trimodular
repeat results (Fig. 6b). The interlayer cations occur as
chains of AOa distorted cubes, AOz monocapped octahe-
dra and BO/FeO5, FeOe polyhedra which run parallel to

[010]" (Fie. 6c).

A concise description using cation nets

Since the cation array of the fluorite substructure is
hardly distorted, (the (l I l) planes of CaFz correspond to
the (001)" planes), it is possible to consider the displace-
ments between the nodes of the cation netjust as we have
done for the HTB layers. This has the advantage that the
layers may be illustrated more concisely and the relation-
ship between SV more easily recognized.

The correspondence between an HTB layer of pyroch-
lore and its cation sublattice is illustrated in Figure 7a;
this arrangement is known as the kagom6 net (O'Keefe
and Hyde, 1981). (If the large cation or statistical cation
pair were included an almost perfect triangular net would
result (Fig. 7a)). For polymignyte the incorporation of
ZIOT polyhedra yields a net which is an intergrowth
between the kagomd and distorted triangular nets (Fig.
7b). The (shortest) displacement in projection between
like atomic nodes is the SV for the polytype; the angle
between SV is the SA. The displacements between the
cation nets in all four structures are shown in Figure 8.

F-^  t
10A

t-'*1 
-'ttu"

F*hpl-
\ r-t"

Fig. 2. A schematic illustration showing the relationships
between the C-centered cells (thick lines) and the standard
settings (light lines) of(a) trigonal zirkelite, (b) cubic pyrochlore
and (c) orthorhombic polymignyte.
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Fig. 3. (a) The zirconolite structure projected down c+. TiOu octahedra are arranged in an HTB type motif; the unshaded layers on
the extreme left and right are equivalent and correspond to the lower most and uppermost layers respectively. The stippled polyhedra
in the six-membered octahedral rings represent one of a statistical pair of TiO5 trigonal bipyramids. (b) The t1001. projection. On the
left TiO6 octahedra at z : +0.25 are emphasized; on the right some of the distorted CaOs cubes, ZrOT faced-capped octahedra and
TiO5 trigonal bipyramids are shown. (c) The polyhedra of the interlayer cation planes. Strings of CaOs cubes alternate with chains of
ZrOTface-capped octahedra. These run parallel to [10]. and [10]" at z: 50 and z:0 respectively. (Gatehouse et al., 1981).
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Fig. 4. The zirkelite structure showing: (a) The HTB anays of (Ti, Nb, Ta) 05, octahedra viewed along c*. Three FeO5 trigonal
bipyramids are emphasised on the right hand HTB layer. (b) The [00]. : [001], projection showing octahedral layers at z -- 0.167,
0.500 and 0.833. On the right AOs polyhedra and AO7 monocapped octahedra are illustrated. (c) The interlayer polyhedra. Strings of
like cations run parallel to the [010].: [010]t [10]. = [00], and [10]. = [10] directions atz:0.333,0.666and0.000 respectively
(Mazzi and Munno, 1983).
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Similarities between the zirconolite group and
mica polytypes

It was pointed out previously that the modular descrip-
tion used here is very similar to that employed to empha-
size similarities among the mica polytypes. These struc-
tures can be usefully represented by stacking vector
diagrams in which the SV's are projected upon the basal
plane. A crystallographic repeat is obtained when a
sequential plot of SV's either returns to the start of the
plot or finishes on a c-center. These diagrams plainly
illustrate the relationships between the hettotypes and the
way in which twin boundaries may be considered as very
narrow lamellar intergrowths of other polytypes.

The SV diagrams for zirconolite, zirkelite, pyrochlore
and polymignyte are shown in Figure 9; in addition the
twin laws operating in zirconolite are given. Inspection of
these figures clearly shows that a t-type boundary in
zirconolite is equivalent to a lamellar defect of zirkelite
and that an m-type twin results in a displacement between
alternate HTB layers which is equal to the displacement
between successive layers in pyrochlore.

P oly type (p s e udo-ty p e ) sy mbols

For those pseudotypes with modules of the same form
(i.e., zirconolite, zirkelite, pyrochlore) the SV is
(2x)2.14; this is the unit displacement.The SA's -nzrl3,
with n : 1,2,3,4,5,6 are given the symbols h, t, d, t2, h5
and m respectively (White et al., 1983; Thompson, l98l).
Thus a polytype symbol of the general form 1*rnr;n 

"unbe given where +m is the number of unit SV displace-
ments in an arbitrarily chosen direction, r is the SA, and n
is the number of modules in the crystallographic repeat.
Zirconolite for example contains SV's of unit displace-

( ,

I  l6 l
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z=0 .66 z.O.OO

ment which alternate between 15" -rF30J directions and
are related by an intermodular SA of -a; therefore its
modular stacking sequence is. . . d -d@ -A d -d. . .
: @-4. Round brackets delineate the crystallographic
repeat which may or may not be equivalentto theformula
repeat. Pyrochlore contains SV displacements which are
two units in length and related to each other by SA's of
-2n13. Therefore its symbol is . . . 2t (2t 2t 2t) 2t . . . =
(2t)3; on this occasion the formula repeat is 2r and the
crystallographic repeat (2t)r.

Polymignyte, because its modules are of a different
form uses a SV whose (unit) magnitude is 5.54. The SA is
-2r and its modular stacking sequence is . . . m(m m
m ) m . . . : ( m ) 3 .

A summary of relevant polytype formula is given in
Table 2.

Experimental procedures

Specimens were prepared at the compositions, temperatures
and pressures summarized in Table 3. Most samples were
obtained from Professor A.E. Ringwood's group at A.N.U. and
had previously been studied by electron probe microanalysis and
Guinier powder X-ray diffraction (Sinclair, 1982; Kesson et al.,
1984).

The samples were prepared by crushing under ethanol and
depositing on holey carbon grids in the usual way. High
resolution electron microscopy (HRTEM), analytical electron
microscopy (AEM) and selected area difraction (SAD) were
carried out on JEOL l00C microscopes operated at 100 keV. To
permit the direct observation of any order-disorder phenomena
along c*, images were recorded in the [010]., [10]. or il301"
orientations. Beam damage was minimal except in those
instances where the U content was high; such specimens melted
rapidly under the converged electron beam. Energy dispersive
X-ray analyses were obtained from crystal fragments which had
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Fig. 5. (a) The pyrochlore structure projected down [001]" = [l10]." emphasizing the HTB layers. (b) The [l(X)]. : [1 ll]""
projection. HTB layers occur at z = 0.292,0.625 and 0.958. (c) An interlayer region containing A (OeFJ puckered hexagonal
bipyramids and 806 octahedra. On the right the conespondence between the bipyramid and a distorted cube is shown (Mazzi and
Munno. l9E3).

previously been identified by SAD; background peaks ofCu, Sn
and Zn were always present. No attempt was made to quantify
these analyses.

Image interpretation
Images consisted of fringes -5.64 wide that were interpreted

as being due to the modular units; translational periodicity across

o

I te l' l  ' c u  
^

I beld

these fringes which arose from differences in contrast was taken
to be the crystallographic repeat. Attempts to calculate images
for zirconolite in this and other laboratories have met with mixed
success (Hutchison et al., 1983); although the gross features with
which we are concerned are correct, finer detail has not been
successfully matched. This problem is exacerbated in crystals
containing significant amounts of heavy REE or ACT elements.



Twinned zirconolite
We reported elsewhere (White et al., l9E4) that zirconolite, a

component of svNnoc, a titanate ceramic designed to immobilize
high level nuclear waste (Ringwood et al., l98l), was often
twinned on a unit cell scale. Significantly, stoichiometric and
non-stoichiometric zirconolite preparations which (nominally)
only contained Ca, Ti and Zr oxides never exhibited the
twinning phenomenon (see Table 3). Therefore, it was clear that
certain components of the simulated radwaste were responsible
for these structural modifications. Additionally, it could reason-
ably be inferred that these were incorporated on the twin
boundaries.

SAD was used to examine "zirconolites" which had been
doped with a number ofelements as this technique could be used
to rapidly identify twinned crystallites (White et al., 1984). The
elements Al, Ce, Nd, Sm, Gd, Yb, Th and U were found to
promote twinning (Fig. l0a). The elemental concentration at
which zirconolite became saturated and started to twin varied
considerably. For example, Al3* (CR : 0.674) which substitutes
for Tia*/Ti3* (CR : 0.7454/0.81A) induces twinning at quite low
levels.2 Th and the REE partition into the Ca (1.264) sites while
U replaces Zr (0.924) (Kesson et al., 1984). Twinned crystallites
could be detected in all REE/ACT-doped preparations however
the small  heavy REE Yb(l. l2A) were less l ikely to cause rwin
behavior than the larger light REE's, viz. Ce (1.284), Nd
Q.264), Sm (1.23A), cd (1.20A), or the actinides, v,z. U 0.14A)
and Th (t.20A).

Elements which are apparently incorporated in zirconolite by
isomorphic substitution are FeICR = 0.754) and Mn(1.07A);
however, the iron result should be treated cautiously since it was
observed only as an "impurity" cation in the zirconolite prepara-
tion and its concentration was quite low.

Although no attempt was made to quantify the spectra it was
obvious that within each sample there were considerable compo-
sitional differences between grains. In particular the Zr concen-
tration could be extremely variable. The fact that the zirconolite
structure is not disrupted suggests that substantial amounts of
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Zr can be replaced by Ti. No correlation between the zrrconium
concentration and the frequency of twinning could be recog-
nised.

A typical twinned zirconolite crystallite is shown in Figure I I ;
alternating dark and light bands represent [10]" and [010]"
orientations respectively. The boxed area contains what appears
to be a small region of an (r)a member intergrown with the (d-d)
aristotype.

Zirconolitpzirkelite intergrowths
It was shown earlier that zirconolite and zirkelite are com-'

posed of identical modules which are related by SA's of -180'

and -120'respectively. Zirkelite may be derived from zircono-
lite by the mimetic (Hyde et al., l98l) insertion of r-type twin
boundaries in the latter structure. Therefore it is not surprising
that coherent intergrowths between the two minerals were
observed.

Preparations with bulk compositions CaorrTh.zo ZrTil 5 4,16 5
Or and Cao.r Ttb.r Zr T\.1 Mgo r Ot yielded crystals which
consisted almost entirely of perfect (t)3 zirkelite (Fig. l0b). A hieh
resolution micrograph of zirkelite and its associated diffraction
pattern is shown in Figure 12. The intensity distribution of the
second order reflections is unusual as strong spots occur in pairs
(arrowed). This would seem to be indicative of twinning, howev-
er none of the known twin laws nor intergrowth with zirconolite
can account for this phenomenon. It is worth noting that this
diffracted intensity was invariant in all the crystallites examined.
Coupled Th,/Fe substitutions also yielded the (t)3 hettotype
however in this instance intergrowth with other (r)n structures
was common. This is illustrated in Figure 13; @-A and (r)3
members predominate but a few (r)", n > 3 repeat units are also
present.

Other examples of mimetically twinned
intergrowths.

In zirconolite formulations of composition Ca1-*72 REE
Zr1-*12Ti2O7 0.25 < x < 1.0 polysynthetic twinning was occa-
sionally perfectly ordered to yield other hettotypes of the zircon-
olite family. At higher REE concentrations (vrz. Sm- "zircono-

WHITE: MICROSTRUCTURE OF ZIRCONOLITE, ZIRKELITE
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2 All crystal radii (CR) from Shannon and Prewitt (1969).
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Fig.6. (a) Polymignyteprojecteddown[001].: [120]".TheHTBport ionofthelayersisemphasized;theseareseparatedby[010].
= [001]0chains ofedge-capped ZrOToctahedra. Theinsertionofthesepolyhedrayields abasalrepeatwhichis doubledalong U001. =

[210]". FeO+ tetrahedra and FeOs trigonal bipyramids (not shown) occupy the six-membered octahedral rings in a statistical manner.
(b) The [l00]. : I l0]" projection showing the modified HTB layers at z : 0.000, 0.333, 0.666. On the right interlayer polyhedra are
emphasized, viz. 8O6 octahedra, ZrOT monocapped octahedra and AOs cubes. (c) A plane ofinterlayer polyhedra. Strings ofAO6 and
ZrOT polyhedra run parallel to [010]. = [001]". As well 806 octahedra alternate with FeO5 polyhedra centered statistically over four
sites (Mazzi and Munno, 1983).
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lite", x = 1.0) more complete ordering rarely lead to ordered (r)a
superstructures; the SAD pattem of such a crystallite is shown in
Figure 14. Usually though, the (r)a structure was coherently
intergrown with other group members (Fig. 15). Some crystals of
the Ca3s7 Nd626Zros7Ti2O7 sample yielded similar difraction
patterns and images.

Dis orde re d int e r grow ths
Zirconolites of nominal formulation CaZrTil Tq,A,lq 3606.7 were

prepared under 5 kbar pressure at temperatures of 1250, 1300,
and 14fi)'C. The lower temperature runs yielded zirconolite
which was often twinned polysynthetically on (001).. At higher
temperatures the reflections in SAD patterns became more
diffuse and complex modular intergrowths were observed. Fig-
ure 16 illustrates a crystal in which there is an irregular distribu-
tion of (r)", n = 2,3,4 polytypes.

Pyrochlore and polymignyte
U-pyrochlores of composition CaUl - *Zr*Ti2 07, x : 0.25,

0.5, 0.75 were studied. Unlike the zirconolite-zirkelite samples
no twinning or disorder was observed along the modular stacking
direction [12]." (Fig. l7 a,b).

Polymignyte was synthesised from only one composition
(viz.CaotThogZrTia.TFes 3 O7)and was always perfectly crystal-
Iine. In Figure 17. c,d its SAD pattern and X-ray spectra are
compared with that of pyrochlore.

Discussion

We have previously argued (White et al., 1984) that a
polytypic family could be generated by the regular inser-
tion of twin boundaries in zirconolite. These experiments
confirm this belief, however, the pattern of twin bound-

I 165

ary insertion is compositionally dependent. Consequent-
ly, the members are best considered to be pseudotypes.

At "low" concentrations ACT and REE elements are
incorporated in zirconolite by isomorphic substitution to
yield a dilute solid solution. Other mechanisms become
operative at higher concentrations. One involves the
incorporation of dopants in the extended defects which
result from polysynthetic twinning on [30], [30] or
[010]. The cation sublattice is essentially undisturbed by
these twinning operations; presumably the effect of twin-
ning is to distort the anion array slightly which facilitates
the incorporation of other elements. Second, when cer-
tain elements are at sumciently high concentration and/or
coupled substitutions are employed mimetic twinning
produces (r)n, n > 2 hettotypes. The crystal structure of
one of these has recently been refined (Munno andMazzi,
1983) and was shown to be the (r)3 pseudotype. In
addition HRTEM revealed an (r)4 type. Unfortunately, at
the available resolution it was not possible to unequivo-
cally determine its modular stacking formula; however

"-"#_^_."
Fig. 7. (a) The cation nodes of an HTB array correspond to a
kagom€ net. If the cation site at the center of the six-membered
ring were occupied a triangular net would result (dotted lines).
(b) In polymignyte the cation nodes of the modified HTB layer
yield a net which is an intergrowth between the kagom6 net and a
distorted triangular net.
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Fig. 8. The displacement between successive cation nets in (a) zirconolite (b) zirkelite (c) pyrochlore and (d) polymignyte. The
uppermost layer is drawn in heavy pen, the lower layers more lightly. Nodes are indicated by, (in increasing height), open, half-filled
and filled circles.

both (m)a and (mdmA types would yield hettotypes with
the appropriate c* repeat. Clearly, an infinite number of
stacking sequences are possible and future studies may
reveal other family members (in much the same way as
the number of mica polytypes has gradually increased).

At still higher dopant concentrations the SV is doubled,
but continues to operate along the [30]", U301" and [fi)l]"
directions and pyrochlore is produced; disorder arising
from polysynthetic twinning was not observed though.
When Th/Fe coupled substitutions were employed poly-
mignyte was synthesised. Structurally, it is closely relat-
ed, but quite distinct from zirconolite, zirkelite and
pyrochlore. Its modules contain layers in which the HTB
portions have been sheared to incorporate ZrOt polyhe-
dra. Once again no disorder was detected.

Thus, polysynthetic twinning of zirconolite due to high

actinide/rare earth concentrations preempts the formation
of pyrochlore and polymignyte. However, the extent of
order/disorder is also dependent upon the temperature of
preparation as exemplified by the Al-doped zirconolites.
At higher preparative temperatures a variety of (r)"
structures are produced, but they are only one or two unit
cells in extent.

Our results are in agreement with the microprobe data
of Kesson et al. (1984) which suggest that the crystal
chemistry of the REE in zirconolite is variable. Single
element rare earth dopings showed the tolerance of
zirconolite for Yb to be greater than for Nd and Gd.
Approximately 3.6 at .VoYb could be accommodated with
essentially no disruption of the (d-d) structure, while 2.4
at .VoNd and2.7 at .% Gd resulted in frequent twinning.
Sm-zirconolite (9 at .% Sm) yields an (r)a structure and at

[r r r]-
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Table 2. Modular stacking sequences for zirconolite and its
polytypes

zirconoli le

zirconoli le

t - type twin

Unit SV

PofytyPe Displacenent

Moalular Crys ta l lograph ic

{ A ) Stacking Sequence RetrEat

z i rconof i te

z i rke l i te

Pyrochlore

Z i rcono l i te
(m-type twj.n)

z i !cono l i te
( t - type  tw in )

Polymignyte

. . .  d ( - d n ) - d  , . ,

. . .  2 t ( 2 t 2 t 2 t ) 2 t  . . .

. . .  d - d d  n  d - d d  . . .

. . .  d - d d  n  - d d - d  . , .

. . .  d - d d  t  d - d d  . . ,
. . .  d - d d  t  - d d - d  . . .

. . .  m ( M ) n  . . .

2 . r

2 . r

2 -7

2 . r

5 . 5

(-dd)

( t )  '

( 2 t ) 3

zirconolite

m -  l y p e  t w t n

IOA

potyfitgnyte

Fig. 9. Stacking vector diagrams for zirconolite, zirkelite,
pyrochlore and polymignyte. Zirconolite containing t-type and
n-type twin boundaries are also shown.

appropriate concentrations other REE-doped zirconolites
could behave similarly.

Conclusion

In this paper we have attempted to characterize zircon-
olite and its related structures in a manner which not only
simplifies their description but also assists in our under-
standing of their microstructural properties. The modular
concept is completely analogous to that used to describe

mica polytypes and its success may be gauged from its
ability to predict the likely topography of hettotypes,
some ofwhich have now been identified. Indeed such an
approach could usefully be applied to any structure which
may be divided into layers with (pseudo) hexagonal
symmetry. (For example, the alunite/crandallite struc-
tures also contain HTB layers and several unidentified
specimens remain (Blount, 1974; Cowglll et al., 1963). It
is not unreasonable to suggest that some of these may
arise from mimetic twinning).

The immediate interest in zirconolite stems from its
inclusion in svunoc (Ringwood et al., 1981). The means
by which a-emitting radwaste is incorporated in the
ceramic will profoundly influence the process of meta-
mictization. In particular, theoretical models of radiation
damage mechanisms which assume true diadochy must
be regarded with suspicion; although such methods pre-
dict the correct bulk properties of the metamict material
they will provide an unrealistic description of its micro-
structural characteristics.
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Fig. 10. Energy dispersive X-ray spectra for (a) zirconolite
(nominal composition Ca Th6 2 Zra.g Ti2O) and (b) zirkelite
(Cao e Tho , Zr Tto e Feo zOz). Note the diferences in the relative
intensities of the Zr, Ca, Th and Ti peaks. These spectra should
be compared with those ofthe other pseudotypes pyrochlore and
polymigmyte (Fig. l7).
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Fig. ll. A twinned (d-d) crystallite in the Caa6 Smsa ZrNbsa
Mg6a Ti1 2O7 formulation. A. SAD pattern indexed in terms of
the [010]" reflections (underlined) and the [110]. reflections. B.
Low magnification image showing the freqency of twinning. The
squared area contains three spacings of -22.44; these may be
due to the (r)a superstructure. C. Higher magnification image of
some twin boundaries. At the available resolution it was not
possible to unequivocally label the modular staking sequences.
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Fig. 13. Zirkelite of bulk composition Ca6.6Th6 2Zr Tiss
Fes2O7. (a)[10]. ditrraction pattern of crystal containing
coherent intergrowths between the (d-d) and (t)3 structures. (b)
High resolution image-interpreted in terms of n in the polytype
formula (r)". The 16.8A repeat corresponds to the (001)" spacing
of the 143 type while the ll.2A fringes are due to the (001).
spacing of the (d-A aristotype.
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Fig. 12. A "perfect" crystallite of zirkelite with the bulk com-
position Caa s Th6 2 Zr Tio_g Fes 2O7. A. SAD pattern indexed
in terms of the trigonal axial setting. The intense pairs of second
order reflections are arrowed. B. High resolution image showing
the regularity in contrast across the modular (5.6A wide) units.
Contrast periodicity is consistent with a trimodular repeat.
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Table 3. Microstructural characteristics for a varietv of zirconoliteJike formulations.

I t69

Bulk Fomulation Preparat ive Detai ls Redox Const i tuents Ident i f ied

Condit ions

* CaZrTi2OT

* *  C a Z r 9 , 9 5 T i 2 . g q O 7

C a Z r T i l , 7 0 A l O . 3 0 0 6 . 7

C a z r t i  t  .  7 0 A 1 0  . 3  0 0 6  . 7

C a Z r T i  I  . 7 0 A 1 0  .  3 0 0 6  . 7

C a o . 9 I 4 n 0 .  I  Z r T i 2 O T

C a o . 6 h 0 . 4  Z r T i 2 O T

* * C a o .  
B 7 N d 0 . 2 6  Z r O .  e l T i Z O l

r * C a O .  
8 5 G d o ,  3 O Z r O .  B S T i Z O Z

* r  C a o .  B Y b o .  q Z r 0 ,  8 T i 2 0 7

Cold pressed and sintered

1400oC for 15 hr uder CO/CO2

Cold pressed and sintered

1450oc for 3 days

Cold pressed dd sintered

1450oc for 3 days

5kbar,  1250oC, Lhr in Pr tube

skbar,  l3oooc, lhr in Pt tube

5kbar,  14o0oc, lhr in pt tube

5  k b a r ,  1 4 O O - 1 4 5 0 o C ,  t  h r  i .

Pt tube.

s k b a r ,  1 4 O O - 1 4 5 0 o c ,  I  h t

Pt tube.

Cold pressed and sintered

74IO"C/4 days fol lowed by

r44o"c/2 days.

Colal  pressed and sintered

tato"c7.:  aays.

Cold pressed and sintered

taooocTa aays.

Reducing zirconol i te + Perovski te

Oxidizing zirconol i te

oxidizing zirconol i te

Reducing

Reduc ing

Reduc ing

Reducing

Reduc ing

"Per fec t "  z i r@nof i te  ad

tw inned z i rcono l i te

"Per fec t "  dd  tw inned z i r -

cono l i te .

"Per fec t "  ed  tw inned z i r -

cono l i te .

Perovsk i te  +  d isordered cub ic

f luor i te  phase (s tab i f i zed  ZrO2) .

Z i rcono l i te

z i r@nol i te

oxidizing bst lyperfect z irconol i te.

Some SAD had weak reflections

indicat ive of an (r){  polytype.

o x i d i z i n g  M o s t l y l E r f e c t z i r @ n o l i t e

+ some twinneal z irconol i te.

oxidizing Perfect z irconol i te (A single

crystal l i te containing one

stacking faul t  was observeal) .

Fig. 14. Diffraction patterns of three (r)n structures recorded in the I l0]. zone: (a) (d-d) aristotype (CaZrTizO); (b) (t)3 hettotype
(Ca6 77 Ths 2a ZrTi 1.5 Alo s Oz); (c) (r)4 hettotype (Cao.s Sm 216 5Ti2O7).
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Table 3. (Cont.)

BuIk  Fornu la t ion P r e p a r a t i v e  D e t a i l s

C o n d l t r o n s

Const i tuents  Ident i f led

C a o . s s f r Z r o . 5 T i 2 O 7  5 k b a r ,  l 4 5 O o C ,  t  h r  i n

Pt tube

Ca 6.5Sm g,42rNb6.4ug0 4Ti 1.2O7

C a T h o  .  2 Z r o .  e T i 2 0 7

C a o .  7  7 T h o .  2 ! Z r T i t .  5 A 1 o  -  s O 7

C a o .  z T h o  -  3 Z r T i 1 .  7 M g o .  3 O 7

C a o  -  s T h o .  2 Z r T i l  -  s F e o  -  2 0 7

C a o  .  7 T h o .  3 Z r T i 1 .  z F e o .  3 O 7

C a X  o  . z s z r  o  . 7  s T i 2 O 1

C a U o  .  s Z r o .  s T i 2 0 7

C a U a . 7  s z r o  . 2  s T i 2 o j

CaUTi2OT

s k b a r ,  I s O O o c ,  I  h r  i n  R e d u c i n g

Pt tube.

5 k b a r ,  1 3 5 0 o C ,  t  h r  - i n  P t  t u b e ,  F e d u c i n g

skbar,  1450'C, t  hr in Pt tube. Reducing

5 k b a r ,  1 4 5 0 o C ,  t  h r  j n  P t  t u b e .  R e d u c i n g

s k b a r ,  1 3 5 O 6 C ,  I  h r  i n  P t  t u - b e .  R e d u c i n g

Reduc ing

5 k b a r ,  1 3 5 0 o C ,  t  h r  i n  P t  t u b e .  R e d u c i n g

5kbar,  1400'C, . I  hr in Pt tube. Reducing

kinned zirconol i te;  SD

invariably contain di f fuse (r)4

polytype ref lect ions. Also

e ^ h a  h v r ^ ^ h l ^ 1 6

Mix ture  o f  per fec t  z i rcono l i te

ad tw inned z i rcono l i te

Per fec t  z i rcono l i te  and tw inned

z i rcono l i te .  A fso  a  l i t t le  pyroch lo re .

bs t ly  per fec t  z i rke l i te  +  some

twinned z i rke l i te ,

Some crys ta l l i tes  were  tw inned bu t

most  were  per fec t  z i rke l i te .

Coherent intergrowths of

z i rcono l i te ,  z i rke l i te  and

( r ) n ,  n > 3  p o l y t y p e s

Poltmignyte

Mixture of twinned and perfect

z i rcono l i te .  Some pyroch-Lore .

5 k b a r ,  l 4 o o o c ,  t  h r  i n  P t  t u b e .  R e d u c i n g  P y r o c h l o r e

Skbar,  1400"C, t  hr in Pt tu-be. Reducing Pyrochlore

Skbar,  l400oc, . I  hr in Pt tube Reducinq Pyrochlore

a Specimens pnouided by MEC (Lucas Heights)

** Specimene p?ouided bA CSIRO (Diuision of Mate"iaLs Science)

by Dr. H. Rossell (csrno Division of Materials Science), and
K. D. Reeve, E. J. Ramm, D. M. Levins and J. L. Woolfrey
(Australian Atomic Energy Commission). Dr. D. J. H. Cockayne
kindly made available EDs/srEM facilities at the Electron Micro-
scope Unit, Sydney University. The support of the Australian
Institute of Nuclear Science and Engineering in the form of a
Postdoctoral Fellowship is gratefully acknowledged.

Fig. 15. "Zirconolite" of bulk formulation Caa 5 Sm 216 5Ti2O7.
A. SAD pattern indexed in terms of the (r)4 structure. The
arrows indicate diffuse reflections (visible in the original) which
correspond to the 00/, I f 2r planes of the (r)a type. B. Low
magnification image illustrating the extensive intergrowth. Note
that only a bimodular repeat is apparent at the thin edge of the
crystal. C. Higher magnification image of outlined area in B. The
lattice image is interpreted as lamallae of various r in (r)".
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Fig. 16. An imperfectly ordered aluminozirconolite crystallite
prepared at 1400'C. The lattice image consists of a complex
arrangement ofordered (r)" superstructures. The 11.24, 16.84,
and 22.44 supercells correspond to the (d-d), (r)3 and (r)a
structures respectively. The 5.6A lattice fringes are consistent
with the d(002) spacing of (d-O zirconolite, (i.e., the modular
thickness).
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