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Abstract

Polymignyte, zirkelite and zirconolite have often been considered the same mineral.
Their occurrence, with calciobetafite (a new member of the pyrochlore group), in a
“‘sanidinite’’ from Campi Flegrei has allowed their crystal-chemical study and identifica-
tion as three distinct phases. The three minerals are polymorphs of the compound: (Ca,Na,
REE,Th . . YWZrY'(Ti,Nb, . )Y{(Fe,T)V''VO,,. The crystal structure of zirconolite
(space group C2/c) has been previously determined (Gatehouse ef al., 1981) on synthetic
crystals; those of polymignyte (e.g., Acam) and zirkelite (e.g., P3,2) are described in the
present paper. The crystal structures of polymignyte, zirkelite and zirconolite may be
derived from that of pyrochlore. Chains, formed by distorted (Ca,REE . .) cubes
alternating with (Ti,Nb . .) octahedra in pyrochlore, are replaced in the remaining
minerals by either chains of Zr polyhedra with seven vertices or chains in which
(Ti,Nb . . ) octahedra alternate with distorted (Fe,Ti . . ) tetrahedra or trigonal bipyra-
mids. The different arrangement of these chains gives rise to the different symmetries of the
three phases. The crystal structures of zirkelite and zirconolite are very similar, as they
differ only in the stacking of identical pairs of layers of polyhedra. The difficulties in

distinguishing the three polymorphs by X-ray powder diagrams are discussed.

Introduction

Calciobetafite, a new species of the pyrochlore
group, and related minerals have been found at
Monte di Procida (Campi Flegrei, Campania, Italy)
in a rock known as ‘‘sanidinite’’. This subvolcanic
rock is present in a phreatomagmatic explosion
breccia. The age of this pyroclastic formation,
determined on an alkali-trachitic obsidian by the K/
Ar method (Gillot, pers. comm.) is 0.035 m.y.,
whereas the absolute age of sanidinite, determined
with the same method on the enriched feldspathic
fraction, is 0.084 (=0.008) m.y. (Civetta, pers.
comm.). The sanidinite is composed of 75% sanidine
(Or¢s), 16% plagioclase (An,s), Mg-hastingsitic am-
phibole (occasionally with a core of clinopyroxene),
biotite, magnetite, apatite and sphene. Minor inter-
stitial glass is also present. Occasional small col-
ored crystals were found scattered throughout the
rock: three possible species were tentatively recog-
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nized on the basis of their morphology and some
optical features: (1) small (0.1-0.2 mm) octahedral
crystals, reddish brown in color and isotropic; (2)
elongated prisms (maximum 0.4 mm) enclosed in
sanidine and sometimes in the interstitial glass
bordering the K-feldspar, dark red in color, show-
ing parallel extinction and very weak pleochroism;
(3) platy crystals with roughly hexagonal outline;
luster resinous, brittle with splintery fracture; black
in color and reddish brown in very thin splinters,
showing birefringence with extinction parallel to an
edge.

By X-ray analyses the three species were identi-
fied as a member of the pyrochlore group, polymig-
nyte and zirkelite respectively; the last mineral is
always the dominant phase in intergrowths of zirke-
lite, zirconolite and pyrochlore. Conflicting data
have been reported in the literature concerning
polymignyte, zirkelite and zirconolite, which have



MAZZI AND MUNNO: PYROCHLORE AND RELATED MINERALS 263

often been considered the same mineral. As it will
be seen later, distinguishing among these three
minerals is very difficult: fortunately their occur-
rence in the sanidinite, as well-developed crystals
(not in their usual metamict form), allowed their
crystal-chemical study and consequently their iden-
tification as three distinct phases.

Previous work and identification of the specimens

Polymignyte, found in a pegmatite from Fre-
dricksvirn (Norway) was first described by Berzeli-
us (1824); more detailed studies of its morphologi-
cal, physical and chemical properties were reported
by Brogger (1890). This material is metamict; Lima-
de-Faria (1958,1964), on the basis of X-ray powder
diagrams from the Fredricksvarn mineral heated at
700, 1000 and 1300°C (Table 17), concluded that
polymignyte and zirconolite are synonymous. Pu-
dovkina er al. (1969) calculated approximate lattice
parameters (a = 10.31, b = 14.48, ¢ = 7.41A) from
the axial ratios given by Brogger (1890) and the unit
cell volume, indirectly obtained from molecular
weight and density.

The identification of the mineral from Campi
Flegrei with polymignyte was made through a com-
parison of its properties with those given by Brog-
ger: color, luster and particularly the [100] elonga-
tion of the crystals, the orthorhombic symmetry
and the axial ratios (a:b:c = 0.712 : 1 : 0.512 for the
Norwegian polymignyte) are the same; also the
stoichiometric unit calculated from the chemical
analysis by Brogger agrees well with that obtained
from our crystals (Table 1). Finally, the measured
lattice constants are similar to those calculated by
Pudovkina et al. (1969).

The definitions of zirkelite and of zirconolite have
been a topic of debate and several studies have
reached contradictory conclusions. According to
Hussak and Prior (1895), who first described the
mineral from Jacupiranga (Sao Paulo, Brazil), zirke-
lite occurs as cubic crystals flattened parallel to an
octahedral face, black in color, transparent in very
tiny splinters, with a dark brown color. A complete
chemical analysis of this material was subsequently
given by Prior (1897) (Table 1). Blake and Smith
(1913), after having reexamined the morphology of
the Brazilian type material, considered some crys-
tals from Walaweduwa (Ceylon) to be zirkelite. The
latter were hexagonal (0001) plates or [0001] prisms,
brownish-black in color, opaque or sometimes red-
dish-brown in thin section. Blake and Smith sug-
gested either hexagonal or trigonal symmetry for

zirkelite and also gave the axial ratio a:c =
1:1.1647. Actually the zirkelites from the two
localities appear different with respect to their con-
tents of Zr and Ti (Table 1), even if the sum of the
two oxides and amounts of REE, Ca, Fe and Th are
similar. Borodin et al. (1956) described the new
mineral zirconolite, pseudo-cubic and metamict,
similar to zirkelite in several properties, but consid-
ered it to be a different species because of the higher
REE and lower U and Th contents of the former.
These authors suggested the ideal formula unit:
CaZrTi,O,forzirconolite. Further data were givenby
Borodin et al. (1961), who also described a Nb-rich
zirconolite. In studying the system CaO-ZrO,-
TiO,, Pyatenko and Pudovkina (1964) synthesized
the compound CaZrTi,O;, which they identified
with the natural zirconolite (or zirkelite, which they
considered synonymous). This material is mono-
clinic: a = 12.43, b = 7.26, ¢ = 11.354, g = 100.34°.
They noted the structural similarities of zirconolite
and pyrochlore. In his survey of the minerals of the
pyrochlore group, Hogarth (1977) considered zirke-
lite and zirconolite as synonyms. Recently, Gate-
house et al. (1981), working on synthetic crystals,
determined the crystal structures of two zircono-
lites: CaZr,Ti;.,O-. The lattice parameters are as
follows: a = 12.445; b = 7.288; ¢ = 11.487A, B =
100.39° for x = 1.304, and a = 12.444; b = 7.266;
¢ = 11.341A, B = 100.59° for x = 0.850. Finally the
refinement of this monoclinic structure was carried
out by Sinclair and Eggleton (1982) on natural
crystals of ‘‘zirkelite’” from Kaiserstuhl.

The examination of the platy crystals from Campi
Flegrei led to a clarification of some of the above
contradictions. This material always appears as an
oriented intergrowth of three crystalline phases:
subordinate amounts of pyrochlore and of a mono-
clinic zirconolite phase (Pyatenko and Pudovkina,
1964 and Gatehouse et al., 1981) and, dominantly, a
trigonal phase with an axialratioa : c =1:2.317 =
1:2 x 1.159, fairly similar to that given by Blake
and Smith (1913) for zirkelite from Ceylon. We
suggest, therefore, the retention of the name zirke-
lite for this trigonal phase.

Chemical composition

Chemical compositions were determined by elec-
tron microprobe analysis. However, the scarcity of
crystals, the large number of chemical components,
and the common lack of suitable standards for
unusual chemical elements made it difficult to ob-
tain completely satisfactory results: the sum of the
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Table 1. Calciobetafite, polymignyte, zirkelite and zirconolite: chemical analyses and formula units

Ca-betafite Polymignyte Zirkelite and Zirconolite
a b a b Fr a* Bzk Czk Czk*  Czk** zi zi*
Cal 16.0 16.0 7.6 8.6 6.98 8.6 10.79 6.87 8.55 8.18 11.05 11.00
Nay0 Y7 1.7 0.4 0.59 0.37 1.40
Lap03 0.7 0L n.a 0.8 5.13 0.7
CeO 4.0 4.0 n.a o 5 o 2 6.52 4.19
> 3.7 6.20 2.6 64 2 o5
Pr,03 n.a 0.6 n.a 0.6 n.a
Ndp04 1.2 1.4 n.a 2a3 2.1
Y503 0.6 0.6 n.a 20 2,26 2.4 g.21 1.08
ThOp n.a 4.5 n.a Bm5) 3,92 n.a 7.31 20.44 8.33 0.23 0.58 2.90
Uo, n.a 4.8 n.a 0.7 n.a 1.40 1.02 4.48 13.77 1.47 0.38
Zro, 1.1 1.0 25.4 25.8 29.71 23.7 52.89 30.73 34.19 35.27 32.84 25.00
MnO n.a 0.9 n.a 1.32 0.03 0.06 0.38
MgO a (082 n.a 0.16 0.22 2.34 1.33 1.96 0.45%5
Fe0 1.9 2 8.7 8 2.08 8.1 7.72 4.07 4.72 3.73 6.00
Fep03 7.66 5.49 1.11
Alp04 n.a 0.4 n.a 0.19 1.03
TiOp 14.3 15.0 18.0 19.5 18.90 i8.1 14.95 29.50 36.26 34.87 31.69 18.19
Nby 05 27.5 32.9 n.a 12.7 11.99 10.5 3.26 24.84
Tap0g n.a 2.4 n.a 0.6 1.35 n.a 2.00
F 1.3 n.a n.a n.a n.a 0.60
Rem 2.04 1.02 0.84 1.70 2.12 5.40 2,48
Total 69.8§ 87.6 61.2 89.7 100.48 76.8 99.15 99.60 99.88 100.13 100.21 100.22§
Formula unit based on 14 oxygens:
Ca,Na 3.05 1.49 1.17 1.55 1.65 1.02 1.18 1.14 1.60 1.91
REE 0.40 0.59 0.71 0.54 0.14 0.21 0.01 0.29 0.19
Th 0.15 0.12 0.12 0.24 0.64 0.24 0.01 0.02 0.09
U 0.16 0.02 0.04 0.03 .13 0.40 0.04 0.01
Total (Ca,Na,REE,Th,U) 3.76 2.22 2.00 2,09 2.07 1.90 1.56 1.55 1.95 2.20
e 0.07 1.87 1.97 1.94 3.67 2.08 2.14 2.23 2.04 1.61
Fe,Mn,Mg,Al 0.25 1.00 1.24 1.14 0.97 0.95 0.76 0.78 0.77 0.81
Ti 1.68 2.18 1.94 2.28 1.60 3.07 3.50 3.40 3.04 1.80
Nb,Ta 2.32 0.88 0.79 0.80 0.19 .55
Total (Fe,..Ti,Nb,..) 4.25 4.06 3,197 4.22 12157 4.02 4.26 4.18 4.00 4.16
Total cations 8.08 8.15 7.94 81425 8.31 8.00 7.96 7.96 7.99 7.97

Fr: polymignyte from FredricksvHrn. Rem. is 810, 0.45, PbO 0.39, Sn0; 0.15, K0 0.77, HpO 0.28

a*: intergrowth of zirkelite, zirconolite and pyrochlore.
Bzk: zirkelite from Brazil. Rem. is Ho0 {(Prior, 1897).
Czk: three zirkelites from Ceylon

Czk** PbO 0.44, Hp0O 1.68 (Blake and Smith, 1913).

zi: zirconolite. Rem. is SiOy 2.05, Hy0 3.35; zi*: Nb-rich zirconolite. Rem. is Hy0

§ after subtraction of 0 = F. n.a : not analyzed.

a, a¥* :

with different amounts of Th and U. Rem. is:

(Br8gger, 1890).
incomplete analyses.

Czk PbO 0.38, H,0 0.46; Czk* Hy0 1.70;

2

(Borodin et al., 1961)

oxides is much less than 100% even though it could
be increased (roughly 1%) to account for those rare
earths, which were not analyzed. Nevertheless, the
formula units derived from the chemical analyses
appear fairly reliable and in good agreement with
the results of the crystal structure determinations.

Sets of analyses were carried out by us in the

Institute of Mineralogy of Modena University
(marked with a in Table 1) and by W. L. Griffin at
the Mineralogisk-Geologisk Museum of Oslo, Nor-
way (marked with b in the same table). Apparatus
and techniques used for the chemical analyses were
as follows: (a) ARL-SEMQ electron microprobe oper-
ated in the wavelength dispersive mode; (b) ARL-
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EMX microprobe: the major elements were mea-
sured by energy-dispersive techniques and the rare
earths by WDS (Amli and Griffin, 1975).

Table 1 summarizes the results obtained on the
samples from Campi Flegrei together with some
other analyses of polymignyte, zirkelites and zir-
conolites taken from the literature. The formula
units were calculated for 14 oxygens (including
fluorine) and only those obtained from the analyses
with the highest oxide sum are given in Table 1.

According to the chemical classification of pyr-
ochlores: A,B,0¢ (O,F) (Hogarth, 1977), ‘‘pyro-
chlore’” from Campi Flegrei may be considered as a
new species, since it fills a void (Ca dominant in A)
in the list of the minerals of the betafite subgroup
(2Ti > Nb+Ta in B). After the resolution of the
IMA Subcommittee on Nomenclature of the Pyr-
ochlore Group, its name is calciobetafite.

Nearly all the calculations and the results of the
crystal structure determinations, which will be seen
in a following section, suggest the same crystal-
chemical formula unit for all three minerals, poly-
mignyte, zirkelite and zirconolite:

(Ca,Na,REE,Th)Y™ZrY'(Ti,Nb,Ta)Y(Fe,Ti)V 'V O, 4;

only the analysis of the original zirkelite by Prior
(1897) shows a Zr amount nearly double those
obtained from the remaining analyses.

The following points are emphasized: (1) Zirconi-
um, almost absent in calciobetafite from Campi
Flegrei, is an essential component of the remaining
minerals; it apparently replaces (Ca,REE, .) (Table
1), but, as will be seen in a following section,
(Ti,Nb, . . ) are also involved in the replacement.
(2) Very likely, iron is also an essential component
of natural polymignyte, zirkelite and zirconolite,
although the synthetic zirconolites studied by Pya-
tenko and Pudovkina (1964) and by Gatehouse ef al.
(1981) contain no iron. (3) The above formula unit is
to some extent a theoretical one: Zr-contents some-
what different from two, and consequent variations
in the amounts of the remaining cations, result both
from the data of Table 1 and from those of synthetic
zirconolites. (4) There is strong evidence that poly-
mignyte, zirkelite and zirconolite are polymorphs of
the same chemical compound.

Experimental

General remarks

All X-ray determinations were carried out with an
automatic single crystal Philips PW 1100 diffrac-

tometer and with MoK a radiation. The lattice pa-
rameters were obtained using a least squares tech-
nique applied to the diffraction angles of 25 strong
reflections, measured at the center of gravity of the
profile of each reflection. Diffraction intensities
were measured in the o-scan mode, and the back-
grounds were examined on both sides of each
reflection, for a total time equal to that of the scan
of the reflection. The intensities of three standard
reflections, taken at three-hourly intervals, did not
show changes during the data collection larger than
2-3%. A preliminary absorption correction was
applied to all intensities to account for the shape of
the crystal (North et al., 1968). A further absorption
correction was employed assuming that the sample
is a sphere with a volume nearly equal to that of the
crystal: the intensities were practically unaffected
by the latter correction, as the crystals were small.
Two or more equivalent reflections were always
measured, and their intensities were averaged to
obtain a set of independent reflections. Intensities
with F%/o(F?) greater or equal to a chosen value L
were assumed as ‘‘observed’’ and used in the
refinements of the crystal structures.

A particular strategy was followed during the
refinements to obtain a partial independence of the
structural results from those of the chemical analy-
ses: thus, it was possible to verify the consistency
of both results. Two sets of scattering factor curves
(f1 and f2) were used for some cationic sites in the
structures: for instance, the f1 curve for (Ca,Na)
and f2 curve for (REE,Th,U), all these atoms being
replaceable cations in the same site. In each curve,
the ratios among the atoms were derived from the
actual chemical analyses. Scattering factors for
neutral atoms were used (International Tables for
X-ray Crystallography, v. 4, 71-101). The occupan-
cy of each atomic site was then varied during the
refinements, made with a locally modified ORFLS
program (Busing et al., 1962): for instance the
occupancy ol of (Ca,Na) was varied against that 02
of (REE,Th,U), with the constraint o1+02 = 1. In
the same way the occupancy of Ti was varied
against that of (Nb,Ta). Only one scattering curve
was employed for the sites occupied by Zr and by
Fe, and their occupancies were refined against
vacancy if there was evidence of an incomplete
filling of the atomic positions. During the refine-
ments of the crystal structures of calciobetafite,
polymignyte and zirkelite, the variables which
showed high correlation coefficients were alternate-
ly treated in separate cycles; the refinement was



266 MAZZI AND MUNNO: PYROCHLORE AND RELATED MINERALS

terminated when the changes in the variables were
lower than the corresponding standard deviations.
The coherency between the chemical and site occu-
pancy results was finally verified by comparing the
total number of electrons in the cationic positions,
derived from the site occupancy refinement, with
that obtained from the stoichiometric units of Table
1 (Tables 4, 7 and 11). Table 2 gives a summary of
the most relevant conditions used in the data collec-
tions and in the refinements. Lattice parameters
and space groups are reported in Table 3. The
dimensions of C-centered *‘orthorhombic’’ multiple
cells, obtained from the lattice parameters of the
four minerals (calciobetafite, polymignyte, zirkelite
and zirconolite) are given in the same table, togeth-
er with the corresponding transformation matrices
of the axes. As zirkelite and zirconolite are present
in the same intergrowth, their lattice parameters
were obtained from the measurements of the corre-
sponding diffraction angles for non-superposed re-
flections.

Calciobetafite

The crystal structure of pyrochlore, (Ca,REE,
Th, U, . . )Y™(Nb,Ti, . . )Y'04(O,F), is well known
(Gaertner, 1930): however, as good intensities of
the reflections were obtainable, we decided to col-
lect them from a single crystal of calciobetafite from
Campi Flegrei and to refine its crystal structure
mainly for two reasons: (1) as far as we know, the
structural studies on natural crystals were made
starting from powder diffraction intensities (e.g.
Perrault, 1968), and no detailed information has
been given until now about the anisotropic tempera-

Table 2. Calciobetafite, polymignyte and zirkelite: experimental
conditions in data collection and crystal structure refinement

Ca-betafite Polymignyte Zirkelite

Dimensions of the 0.13x0.13 0.04x0.04 0.05x
crystal (mm) x0.13 x0.40 0.09x0.20
Maximum 2¢ (°) MoKe 60 60 60
Scan width (°) 1S 1.8 2.5
Scan speed (°/sec) 0.05 0.09 0.05
Measured reflections 1571 1671 3605
Independent reflections 99 826 907
"0b: d" reflecti

serve reflections 75 743 659
F2/ 6(F2) 2'L
L 4 1 2
Variables in refinement 13 71 5]
Extinction coefficient

45 48(2

foc 1685 (5) (2) 0
R ("observed" reflections) 0.019 0.025 0.063
R (independent reflections) 0.027 0.031 0.130

Table 3. Calciobetafite, polymignyte, zirkelite and zirconolite:
lattice parameters

Estimated standard deviations (in parentheses) refer to the
last digit.

Cea-betafite Polymignyte Zirkelite Zirconolite

Space, Fd3m Acam P32 c2/c
group - — -
Unit cells:
a (h) 10.2978(5) 10.148(4} 7.287(2) 12.611(5
b 10.2978(5) 14.147(5) 7.287(2) 7.311(2)
c 10.2978(5) 7.278(3) 16.886(9) 11.444(8)
a (°) 90 90 90 90
8 90 90 90 100.52(5)
Y 90 90 120 90
ashic 1:1:1 0.717:1:0.515 1:1:2,317 1.725:1:1.565
v (83 1092 1045 776.5 1037
z g * 4 3 4
v(14) (R3) 273 261 259 259
Multiple cells:
s (A 12.61 2 x 12.37 12.62 12.61
b 7.28 7.28 7.29 7.31
c 17.84 17.41 16.89 4 x 16.88
a () 90 90 90 90
B 90 90.77 90 89.94
¥ 90 90 90 90
Vi 1.5V 3v 2 v 6V
Transformation matrices:

-1 0.5 0.5 2 1 0 2 1 0 1 0 0

0 -0.5 0.5 0 1 01 ¢ 0o-1 0

1 1 il -1 1 0 o 0 1 1 0 6
V = volume of the unit cell; V(14) = volume based on the formula unit

with 14 oxygens; Vp = volume of the multiple cell.
Estimated standard deviations (in parentheses) refer to the last digit
* calculated from the usual formula unit with 7 (0,F).

ture factors of the atoms; (2) the population refine-
ments of the cationic sites in this particular crystal
would have been a good test for the reliability of the
corresponding results obtained from the remaining
minerals from Campi Flegrei, which have compara-
ble chemical composition. In this respect the con-
cordance between the total number of electrons in
cations calculated form the site population and that
obtained from the chemical analysis of calciobeta-
fite is surprisingly very good (Table 4). The results
of the refinement are given in Table 4 (atomic
coordinate and temperature parameters, and inter-
atomic distances and angles), and Table 5! (thermal
vibration ellipsoid parameters and electrostatic
charge balance). The list of observed and calculated
structure factors is given in Table 6!

Polymignyte

The results of the crystal structure determination
are given in Table 7 (atomic coordinate and tem-

! To obtain a copy of Tables 5, 6, 8, 9, 10, 12, and 13, order
Document AM-83-215 from the Mineralogical Society of Ameri-
ca, Business Office, 2000 Florida Avenue, N.W., Washington
D.C. 20009. Please remit $1.00 in advance for the microfiche.
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Table 4. Calciobetafite: atomic coordinate and temperature parameters; bond distances (A) and angles ()

. Point Ne of
Atom Multip. ovom. * ¥ z Beq. o Bae Bis B Bis B electrons §
Me8 16 gm 0] 0] o 0.77(1) 181(7) 181 181 -13(4) =13 -13 123.5(4)
Me6 16 3m 0.5 0.5 0l..5] 0.94(1) 222(7) 222 222 -58(4) =58 -58 125.8(5)
0 48 mm -0.1771(4) 0.125 0.125 0.87(5) 256(30) 179(19) 179 ¢] Q 93(25)
(0,F) 8 43m 0.125 0.125 0.125 1.77(6) 416(40) 416 416 [¢] 0 o]
site population: Me8 0.761(2) (Ca,Na, 19.1 electrons), 0.239 (REE,Th,U, 68.4 electrons); 5AGNE *

Me6 0.535(6) (Ti, 22 electrons), 0.465 (Nb,Ta, 42.3 electrons) _— 7
Me8 polyhedron Me6 polyhedron

Me8 - O 2.577{3) x6 Me6 - O 1.969(3) x6
Me8 ~ (0,F) 2.2295 x2
(O 0} 62.8(1) x6 117.2(1) x6 180 x3 0o"~o0 85.9(1) x6 94.1(1) x6 180 x3
o~ (0,F) 80.3(1) x6 99.7(1) x6

§ based on 8 cations:

Beq.

The anisotropic thermal parameters are defined by:

* from site population,

is the equivalent isotropic temperature factor.

2 2 2 -
= h 2kl 10 .
exp -(h Bll+k ﬁ22+1 533+2hk ﬁ12+2 1 ﬁ13+ ﬁ23) X

#** from chemical analysis.

5

Estimated standard deviations (in parentheses) refer to the last digit.

perature parameters), Table 8' (parameters for the
ellipsoids of vibration), Table 9' (electrostatic
charge balance) and Table 10! (comparison between
observed and calculated structure factors).

Zirkelite and zirconolite

Since we did not find true single crystals of
zirkelite, we decided to collect X-ray intensities
from a zirkelite-zirconolite—pyrochlore intergrowth
and to use them for the determination of the crystal

structure of zirkelite. A simple explanation of the
epitaxy of pyrochlore, zirconolite and zirkelite fol-
lows from the observation of the parameters of the
multiple cells (Table 3) derived from the lattices of
the three minerals: a- and b-edges are practically
the same and the corresponding axes are parallel in
the crystalline intergrowth. Furthermore, the c-axis
of zirconolite is just four times that of zirkelite,
whereas the c-axis of pyrochlore is somewhat larger
than that of zirkelite. Because of the similarities of

Table 7. Polymignyte: atomic coordinate and temperature parameters

Atom p's ® B, N° of electrons
< s d = el 311 ﬂ22 533 312 H13 523 g
Me8 8 2 0.75 0.11594(4) 0.25 0.63(1) 14(1) 9(0) 29(1) o] 2(1) 0 72.7(5)
Me7 8 m 0.01505(6) 0.23319(4) 0.5 0,55(1} 13(1) 5(0) 33(1) -1(0) o] o] 80.0
Me6(1) 4 2/m 0 0 o 0.79(2) 15(1) 9(0) 49(2) ~1(1) o] o] 31.6(3)
Me6(2) 8 2 0.25 0.13323(7) 0.25 0.56(2) 13(1) 8(0) 26(2) o] 2(1) 0 48,9(5)
Med 8 2 ¢] o] 0.4306(6) 1.97(10) 51(4) 16(1) 120(10) 21(2) 0 (o] 24.0(3)
Me5 8 m 0.039(5) 0.015(2} 0.5 0.3(9) 1.5(2)
o(1) 16 s 0.1259(3) 0.0333(3) 0.1903(5) 0.96(7) 16(3) 11(2) 63(6) 2(2) -11(4) -1(3)
0(2) 16 1 0.1197(3) 0.2331(2) 0.2104(5) 0.92(7) 17(3) a(2) 64(7) 5(2) -4(4) 3(3)
0(3) 8 m -0.1007(5) 0.1089(4) 0.5 0.97(11) 21(4) 8(2) 66(10) -2(3} [¢] 0
0(4) 8 m -0.0904(5) 0.1295(4) o] 0.84(10) 25(4}) a9(2) 39(9) -2(3) o] o]
0(5) 8 m 0.1799(5) 0.1396(4) 0.5 0.94(10) 24(4) 16(2) 27(8) 6(3) o] 0
258.7 *
site population: Me8 0.574(7) (Ca,Na, 19.3 electrons), 0.426 (REE,Th, 59.3 electrons); Me7 (Zr, 40 electrons); 253.1 **

Me6(1) 0.517(8) (Ti, 22 electrons), 0.483 (Nb,Ta, 41.9 electrons);
Me6(2) 0.878(11) (Ti, 22 electrons), 0.122 (Nb, Ta, 41.9 electrons);

Med 0.462(6) (Fe, 26 electrons);

Me5 0.029(4) (Fe).

M = multiplicity;

PS = point symmetry. Beq is the equivalent isotropic temperature factor.

§ based on 8 cations: * from site population, ** from chemical analysis.
Estimated standard deviations (in parentheses) refer to the last digit.
The anisotropical thermal parameters are defined by: exp —(h28 1+k2 522+12 B33t2hk B1o+2h1 Bi3+2kl fo3) x 1074
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the lattice parameters, several superpositions of the
X-ray reflections of the three phases occurred. It
was necessary to take this into account to obtain
*“‘clean’ intensities of the zirkelite reflections. The
subtraction of the contributions of pyrochlore from
the observed reflections was fairly easy: total or
partial superpositions were limited to the following
reflections (zirkelite: hkl, pyrochlore: HKL): —H +
K + L = 3n (the only ones possible for pyrochlore
in the trigonal indexing) and h = H, k=K, 0< [ =
L <5o0r13 <=L+ 1<22. Because of the high
multiplicities of the pyrochlore reflections, it was
possible to measure the intensities of a complete set
of independent reflections of this mineral at points
of the reciprocal lattice free of superpositions, then
to subtract them from the intensities of the super-
posed reflections. The correction for the super-
posed reflections from zirconolite was more diffi-
cult because of the greater similarity of the two
lattices. Zirkelite reflections with 24 + k + 4/ = 6n
were perfectly superposed and those with 24 + k +
4] = 6n * 1 partly superimposed with those of
zirconolite. However, having collected the intensi-
ties of six (sometimes three) equivalents for each
reflection, it was possible to find one, two, or four
of them without any superposition for all diffraction
effects, except those with —h + k + [ = 3n and A,
k = 2n, which are unfortunately the strongest
observed reflections. An approximate correction
was possible after the calculation of the theoretical
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intensities of zirconolite by using the parameters
given by Gatehouse et al. (1981). Even though the
final intensities obtained this way were adequate
for the determination of the crystal structure of
zirkelite, they were too imprecise for a satisfactory
refinement: for instance the temperature factors of
the oxygens were treated as isotropic because any
attempt to consider them anisotropic produced
thermal vibration ellipsoids with negative axes. In
addition the anisotropic temperature factors of cat-
ions are not completely satisfactory. The results of
the crystal structure determination of zirkelite are
given in Table 11 (atomic coordinate and tempera-
ture parameters), Table 12! (electrostatic charge
balance) and Table 13! (comparison between ob-
served and calculated structure factors).

Structural relationships among pyrochlore,
polymignyte, zirkelite and zirconolite

The crystal structures of polymignyte, zirkelite
and zirconolite are based on the same kinds of
polyhedra: distorted cubes (P8), octahedra (P6), as
well as polyhedra with seven (P7), five (P5) or four
(P4) vertices. The cubes are always centered by
MeS8 cations (Ca,REE,Th. .), and octahedra by Me6
cations (Ti,Nb,Ta). Me7 cations (Zr) are at the
centers of P7 polyhedra and Me5 or Me4 cations (Fe
in natural samples and Ti in synthetic zirconolites)
at those of P5 or P4 polyhedra. Only P8 and P6
polyhedra (symmetry 3m) are present in pyroch-

Table 11. Zirkelite: atomic coordinate and temperature parameters

Atom M PS % ¥ z B (Bgq) By ﬁ22 By Bio Bis Bos N° of electrons§
Me8(1) 3 2 0.8324(7) 0 0.3333 1.0(1) 38(7) 30(11) 17(1) 15 -3(2) -6 33(1)
Me8(2) 3 2 0.3295(7) © 0.3333 0.9(1) 16(5) 64(10) 16(1) 32 2(2) 4 39(1)
Me7 6 1 0.1653(6) 0.6676(8) 0.0166(1) 0.7(1) 35(7) 42(7) 10(1) 20(5) -6(2) -4(2) 80
Me6(1) 3 2 0.333(2) [0} 0.8333 1.1(2) 76(11) 86(21) 6(1) 43 -11(2) 22 26(1)
Me6(2) 6 1 0.497(1) 0.334(2) 0.1640(1) 0.7(1) 48(8) 45(8) 5(1) 21(9) 9(2) 3(2) 56(1)
Me5 6 1 0.044(3) 0.894(2) 0.169(1) 3.0(86) 267(64) 334(34) 1(1) 179(40) -16(12) -17(11) 26
o(1) [3 1 0.595(2)  0.634(3) 0.1428(7) 1.0(2)
o(2) 6 1 0.010(2) 0.820(2) 0.0579(5) 0.7(2)
0(3) 6 1 0.527(2) 0.314(2) 0.0488(7) 1.5(3)
0(4) 6 1 0.202(3) 0.227(2) 0.1442(7) 1.4(2)
o(5) 6 1 0.532(2) 0.890(2) 0.0536(6) 1.2(2)
o(s6) 6 1 0.947(2)  0.312(2)  0.0540(6) 0.7(2)
0(7) 6 1 0.207(2)  0.616(2) 0.1425(7) 1.2(2)

260 *
site population: Me8(1) 0.64(1) (Ca,Na, 19.3 electrons), 0.36 (REE,Th, 59.3 electrons); 241 ¥

Me8(2) 0.50(1)
Me6(1) 0.78(1)
Me6(2) 0.69(1)

(Ca,Na), 0.50 (REE,Th);
(Ti, 22 electrons), 0.22
(Ti), 0.31 (Nb,Ta); Me5 0.5

Me7

{Zr, 40 electrons);
(Nb,Ta, 41.9 electrons);

(Fe, 26 electrons).

M = multiplicity; PS = point symmetry. Beq is the equivalent isotropic temperature factor.

§ based on 8 cations: * from site population, ** from chemical analysis.

Estimated standard deviations (in parentheses) refer to the last digit.

The anisotropical thermal parameters are defined by: exp —(h® B11+k2 Bpp+12 fy3+2hk Bqp+2h1 Biz+ekl fo3) x 107
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lore, where each cube shares an edge with six other
cubes and with six octahedra, and each octahedron
is connected by an edge to six cubes and by a vertex
to six other octahedra.

The bond distances and angles in polymignyte,
zirkelite and zirconolite (Tables 14, 15 and 16),
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show that the shape of each kind of polyhedra is
practically the same in all these minerals.

As in pyrochlore, the P8 polyhedron is still a
distorted cube, but, whereas in the former structure
two Me8—(O,F) distances are 0.35A shorter than the
remaining six Me8-O distances, the bond lengths

Table 14. Polymignyte, zirkelite and zirconolite: bond distances (A) and angles (°) in P8 cubes and P7 polyhedra

P8 -polyhedra

P7 -polyhedra

Polymignyte Zirkelite Zirconolite$ Polymignyte Zirkelite Zirconolite$
Me— MeB- Me8(1) - Me8(2)- Ca- (a})  (b) Me7- Me7~ "o (a} (b}
o(1) -0(4) 2.443(4) -0(3) 2.42(3) -0(3) =2.41(3) -0(3) 2.404 2.420 -0(2) 2.360(4) -0(6) 2.35(3) -0(6)} 2.360 2.390
o(ii) ~0(3) 2.370(4) -0(3) 2.42(3) =-0(3) 2.41(3) -0{3) 2.396 2.393 -0(2) 2.360(4) -0(5) 2.42(3) -0(5) 2.310 2.321
o(iii) -0(3) 2.370(4) -~0(2) 2.41(2) =-0{2) 2.36(2) ~0{2) 2.457 2.467 -0(2) 2.108(4) -0(5) 2.10(1) -0(6) 2.105 2.082
o(iv) -0(4) 2.443(4) -0(2) 2.41(2) -0(2) 2.36(2) -0{2)} 2.401 2.400 -0(2) 2.108(4) -0{(6) 2.13(1) =-0(5) 2.117 2.091
o{v) -0(2) 2.529(4) -0(4) 2.46(1) -0(1) 2.46(1) -0(1) 2.452 2.420 -0(4) 2.088(5) -0(3) 2.14(1) -0(3) 2.039 2.011
O(vi) ~0(1) 2.498(4) -0(4) 2.46(1) -0(1) 2.46(1) -0(4) 2.533 2.508 -0(3) 2.115(5) =-0{2) 2.06(1) =-0(2) 2.181 2.196
o(vii) -0(2) 2.529(4) -0(6) 2.50(2) -0(5) 2.45(3) ~0(%) 2.517 2.502 -0(5) 2.133(5) =0(7) 2.21(1) -0(7) 2.142 2.109
O(viii) -0{1) 2.498(4) -0(8) 2.50(2) -0(5) 2.45(3) -0(6) 2.546 2.507
mean 2.460 2.45 2.42 2.463 2.452 2.182 2.20 2.179 2.171
0(i)"o(ii) 81.7(1)* 81 (1)* 82 (1)* 83.9 84.5* 126.5(2) 125.7(4) 128.5 128.2
0(iii) 98.7(1) 99.6(7) 98.4(6) 95.9 95,7 69.1(1)*= 70.9(7)** 69.5 69.6%*
of{iv) 171.0(3) 175.1(5) 175.0(4) 172.8 171.0 160.2(1) 160.8(5) 159.1 158.9
o(v) 101.3(2) 101.2(5) 98.9(5) 102.6 101.0 80.6(1)* 80.6(7)* 81.7 80.7%
O(vi) 66.6(2) %> 66.1(8)**= 66.0(7)*** 66.8 67.3%%% 104.4(1) 104.5(6) 102.1 102.3
O(vii) 70.9(2)*x 72.4(9)** 72.8(8)** 720 Tili2%% 69.3(1)*»* 68.1(8)**x 68.5 68.6%**
ofviii) 122.0(2) 118.1(4) 118.6(5) 118.4 119.9
o{ii)~0(iii) 175.2(3) 175.1(5) 175.0(4) 169.3 167.9 160.2(1) 159.5(5) 159.6 159.5
o(iv) 98.7(1) 99.6(7) 98.4(6) 98.6 98.7 69.1(2)** 69.1(6)** 70.1 70.1%*
o{v) 67.3(2)%* 66.1(8)**x 66,0(7) %%+ 6855] E8LEEEE 80.6(1)* 78.4(7)* 83.2 B2.5%
o(vi) 98.8(2) 101.2(5) 98.9(5) 10l.6 101.2 104.4(1) 105.8(6) 101.2 101.8
o(vii) 117.2(2) 118.1(4) 118.6(5) 121.7 122.7 69.3(1)*xx 70.4(8)**+ 69:6! 70L0**E
O(viii) 77.0(2)*x*x 72.4(9)** 72.8(8)** 71.4 71.5%*
o{iii)~0o(iv) 81.7(1)* 80.0(8}* 82.0(7)* 82.8 83.0% 93.2(2) 92.2(5) 90.7 90.6
o(w) 117.2(2) 118.4(7) 118.8(7) 121.7 123.3 91.5(1) 94.5(86) 91.3 92.0
o(vi) 77.0(2)**xx 74.8(4) k%% T6.7(4) %xxx 68.8 67 .9%*** 80.1(1)* 78.0(8)* 81.5 8lL.2*
O(vii) 67.3(2)** 66.6(5)** 66.0(5)** 68.0 68.4%* 130.5(1) 130.1(9) 130.6 130.3
o(viii) 98.8(2) 103.9(6) 102.9(6) 99.5 98.3
o(iv)~o(v) 70.9(2)** 74.8(4)%%¥* 76.7{4)*uxx 72,3 T2.6%*** 91.5(1) 92.0(6) 92.4 93.0
o(vi) 122.0(2) 118.4(7) 118.8(7) 118.9 119.9 80.1(1)* 79.9(7)* 80.7 8l.2%
O(vii) 101.3(2) 103.9(6) 102.9(7) 101.0 100.1 130.5(1) 131.1(9) 132.3 132.4
O(viii) 66.6(2)*x« 66.6(5)** 66.0(5)** 5881 6I.AE*
o{v)~o(vi) 163.4(1) 164.0(9) 160.9(9) 166.8 165.6 167.8(2) 168.6(5) 169.9 171.0
O(vii) 64,7(2)*** 66.0(7)#** 64.3(7)4*x 66.5 66.9%** 106.9(2) 105.6(5) 107.0 106.4
O(viii) 118.1(1) 116.0(7) 118.3(7) 117.7 118.0
o(vi)~o{vii) 118.1(1) 116.0(7) 118.3(7) 115.0 114.5 85.4(2) *xxx 85.8(5) 83.1 82.6
O(viii) 64.5(2)*** 66.0(7)%** 64.3(7)%*% 64.6 64,9%**
O{vii)~0(viii)163.4(1) 168 (1) 166 (1) 165.4 164.3
Equivalent positions (referred to the tables of the atomic coordinate parameters):
Me xXyz (y—x+1) (1-x) (2/3+z) Xy z Xy z XY 2 Xy z
o(i) {(l+x) y z Xy z Xy z Xy z Xyz (x-1) y 2z x -y z=1/2
o(ii) (1/2-x)y(1/2-2) ¥ X -z ¥y x -z (1/2-x)(1/2-y)(1-z} x y (1-z) X Y 12 (1-x) y (1/2-2)
o(iii) (1+x) y z x (y-1) 2z (x+1) y z x =y {1/2+2) —x (1/2-y)(1/2-z} {(y-1)x -z -x y (1/2-z)
o{iv) (1/2-x)y(1/2-z) (y-1)x =z y {x+1) -z (1-x) y (1/2-z) -x {1/2-y){1/2+z) ¥ x -z (x=1/2)(1/2=y)
(z-1/2)
o(v) (1/2+x)(1/2-y)z Yy x -z Yy X ~z Xy z -x (1/2~y)(1/2~z) y x -z x -y (z-1/2)
o(vi) (1-x) -y =z Xy z Xy z Xy z Xy z Xy z (1/2-x){(1/2-y)-2
o(vii) (1-x)(1/2-y)}(1/2-z) y(x-1) -~z y x -z (1-x) -y (1-z} Xy z Xy z x y (z-1)
O(viii) (1/2+x)-y{1/2-2) (x-1) y z Xy =z (1/2-x){(1/2-y)(1-2)

§ after Gatehouse et al. {1981): (a) Cay, 9g932r1 304711 .70007

i (b) Cag 9612r0.850T12,169%7 -

Shared edges: * with P8, ** with P7, *¥* with P6, **** with P4/5, Estimated standard errors (in parentheses) refer to the last digit.
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Table 15. Polymignyte, zirkelite and zirconolite: bond distances (&) and angles (°) in P6(1) and P6(2) octahedra

P&~ polyhedra

Polymignyte Zirkelite Zirconolite§ Polymignyte Zirkelite Zirconolite§
Me— Me6(1)- Me6(1)— Ti(3)- (a) (b) Me6(2) - Me6(2)- Ti{1)- (a) (b)
o(i) -0(1) 1.942(4) -0(4) 2.01(3) -0(4) 1.977 1.964 -0(1) 1.942(4) -0(7) 2.00(3) -0(7) 1.942 1.933
o(ii) -0{1) 1.942(4) -0(4) 2.01(3) -0(4) 1.977 1.964 -0(5) 1.956{(2) -~0(1) 1.96(3) -0(1) 1.940 1.933
o(iii) -0(1) 1.942(4) -0(7) 1.89(3) -0(7) 1.913 1.910 -0(2) 1.956(3) -0(4) 1.92(3) -0(4) 1.959 1.975
ofiv) -0(1) 1.942(4) -0(7) 1.89(3) -0(7) 1.913 1.910 -0(5) 1.956(2) -0(1) 1.96(3) -0(1) 2.000 1.969
o(v) -0(4) 2.049(5) -0(6) 1.93(1) -0(6) 1.933 1.916 -0(2) 1.956(3) -0(3) 1.97(1) -0(3) 1.997 1.986
o(vi) -0(4) 2.049(5) -~0(6) 1.93(1) -0{6) 1.933 1.916 -0(1) 1.942(4) -0(5) 1.98(1) -0(5) 1.971 1.948
mean 1.978 1.94 1.941 1.930 1.951 1.96 1.968 1,957
o{i)"o(ii) 89.0(2)*xxx 83 (1)*xxx 78.4  7B.4x¥xx 90.4(2)xxxx 89.7(8) 89.3 89.5
0(iii) 180 175.1(9) 171.6 171.8 175.3(2) 172.6(9) 169.1 170.8
0(iv) 91.0(2) 92.2(6) 93.5 93.9 93.5(2) 88.7(5) 89.5 90.1
o(v) 94.4(2) 95.4(9) 94.7 93.5 93.1(1) 95.8(8) 98.5 98.4
ofvi) 85.6(2)* 86.7(8)* 87.9 87.8* 86.7(2)* 84.3(8)** 8l.1 B2.1**
0(ii)~0o(iii) 91.0(2) 92.2(6) 98].5] (93,9 94.3(2) 97.6(6) 100.4 98.0
0(iv) 180 175.1(9) 171.6 171.8 174.7(3) 177.1(3) 177.4 177.9
o(v) 85.6(2)* 86.7(8)* 87.3 87.8% 81.8(2)** 84.8(9)* 87.8 87.1*%
o(vi) 94.4(2}) 95.4(9) 94.7 93.5 93.5(2) 94.5(9) 90.9 90.3
o(iii)~0(iv) 89.0(2) ¥**x 92 (1) 94,7 94.0 81.8(2)** 84.0(8)*xux 80.5 82, 2%xwx
o(v) 85.6(2)* 83.8(9)** 82.6 83.3%* 87.6(2)* 86.6(9)* 86.8 87.3*%
of{vi) 94.4(2) 94.4(8) 9551 S555] 93.1(1) 93.4(9) 93.7 92.6
0(iv)~0(v) 94.4(2) 94.4(8) 95.1 95.5 94.3(2) 97.7(9) 94.6 94.9
o(vi) 85.6(2)* 83.8(9)** 82.6 83.3%* 90.4(2)**x* 83.0(9)* 86.6 87.7%
o(v)~o(vi} 180 177 (2) 176.6 178.3 175.3(2) 179 (2) 178.7 177.4
Equivalent positions (referred to the tables of the atomic coordinate parameters):
Me Xy 2 -y{x-y)(1/3+z) Xy z Xy z Xy z Xy z
o(i) Xyz Xy z (x=1/2)(1/2=-y)}(2-1/2) Xy z {(1-x) (y=-x){(1/3-2) Xy z
0(ii) -X -y z -x(y-x)(1/3-2) (1/2-x)(1/2-y) (1-2) Xyz Xy z (1/2-x)(1/2-y)(1-z)
o(iii) -x =y -z -x{y-x}{1/3~2) x -y (z-1/2) (1/2~-x}y(1/2-z) x y z Xy z
0(iv) Xy -z Xy z -x =y (1-z) (1/2-x)y{1/2-2z) {(1-x)(y~-x)(1/3-z) x -y (1/2+z)
o(v) xXyz (1-x)(y~-x+1)(1/3-z} xyz xyz Xyz Xy 2z
o(vi) -X -y z (x-1) y z -x y (1/2-z) (1/2-x)y(1/2-z) {(1-x)}{y-x)(1/3-2) (1-x) y (3/2-2)

§ after Gatehouse et al. (1981): (a) Cag, 9g32r1.304Ti1,70007

Shared edges: * with P8, ** with P7, ***¥ ywith P4/5 .

(b) Cag,9612ro.850T12.169%7 -

Estimated standard errors (in parentheses) refer to the last digit.

are somewhat more uniform in the other minerals,
the largest difference being about 0.16A. All cubes
have the same type of distortion, as may be seen
from the bond angles (Table 14), and nearly 222
symmetry: one of these twofold axes is real in
polymignyte and zirkelite, but none of them are
retained in the crystal structure of zirconolite. Two
independent P8 polyhedra are present in zirkelite,
and only one in the remaining minerals. The mean
value of the eight Me8-O distances in each polyhe-
dron ranges from 2.42 and 2.46A.

The P7 polyhedra have almost m symmetry: the
mirror plane is real only in the crystal structure of
polymignyte. Three oxygens lie in the plane, and
one of them (O(v) or O(vi) in Table 14) shows the
shortest distance from the Me7 cation. On the other
hand, two oxygens (O(@) and O(ii)), lying at opposite
sides of the plane, have bond lengths 0.30A larger
than the mean of the other distances. This polyhe-

dron can be described alternatively as a distorted
cube without one vertex, or a distorted octahedron
with a centered face: actually the P7 polyhedron
replaces both P8 and P6 polyhedra present in the
crystal structure of pyrochlore. The mean value of
the seven Me7-O distances in each polyhedron
ranges from 2.17 and 2.20A.

All the crystal structures show two independent
octahedra (P6(1) and P6(2)) having different symme-
try, respectively 2/m and 2 in polymignyte, 2 and 1
in zirkelite or zirconolite. In general the Ti content
is different in the two independent octahedra, but
there is no evidence for a correlation between the
site population and the symmetry of the polyhedra.
The mean value of the six Me6-O distances in each
octahedron ranges from 1.93 and 1.98A.

Finally P4 and PS5 polyhedra are formed around a
cation, which does not center a cavity among eight
oxygens, but is shifted toward four or five of them.
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Table 16. Polymignyte, zirkelite and zirconolite: bond distances (A) and angles (°) in P4 tetrahedra and PS5 trigonal bipyramids

PA/5 - polyhedra

Polymignyte Zirkelite Zirconolite §
Me- Med—~ Me5— Me5— Ti(2)- (a) {(b)
o(i) - 0(3) 1.916(5) - 0(3) 1.95(3) - 0(2) 1.93(2) - 0(2) 1.845 1.815
o(ii) - 0(3) 1.916(5) - 0(3) 1.86(3) - 0(2) 1.89(2) - 0(2) 1.832 1.792
o(iii) - 0(1) 2.217(5) - 0(5) 2.26(4) - 0(4) 2.14(2) - 0(4) 1.890 1.792
o(iv) - 0(1) 2.217(5) - 0(1) 2.43(2) - 0(4) 2.44(2) - 0(4) 2.234 2.253
o{v) - 0(1) 2.43(2) - 0(1) 2.32(2) - 0(1) 2.228 2.194
mean 2.067 2.19 2.14 2.006 1.969
o{i)"o(ii) 149.5(3) 153 (3) 149 (1) 138.4 132.1
0(iii) 94.1(2)* 86 (1)** 93 (1) 98.1 100.8
o(iv) 101.1(2) 101 (1) 103 (1) 106.6 103.4
o(v) 101 (1) 104 (1) 101.1 103.3
o(ii)~o(iii) 110.1(2) 122 (2) 117 (1) 123.5 126.7
o{iv) 94.1(2)* 89 (1)* 85 (1)* 87.2 86.0*%
o(v) 89 (1)* 90 (1) 89.2 90.0*
o(iii)~0o(iv) 75.8(2) ¥** 72 (1) *** 70 (2)*x* 74.1 74 .8%*%
o(v) T2 (1)%x* 71 (1) *** 76.4 80, 5***
o(iv)~o(v) 136 (2) 133 (1) 141.7 146.3
Equivalent positions (referred to the tables of the atomic coordinate parameters):
Me Xy z Xy z Xy z Xy z
o(i) Xyz Xy z Xy z Xy z
0(ii) -X =y z -X -y z ~x {y-x) (1/3-2) (1-x) y (1/2-2)
0(iii) -X -y z Xy z x (y+1) =z x -y (z-1/2)
o(iv) X2 Xy z -x (y=x+1) (1/3-2) (1-x) =y {1-2z)
o(v) xy (1-z) (1-x) (y-x+1) (1/3-z) xXyz

§ after Gatehouse et al. (1981): (a)

Shared edges: * with P8, ** with P7, *** with P6 .

Cag.9932r1.304T11,70007

(b)  Cag 9612r0.850T12,16997 -

Estimated standard errors (in parentheses) refer to the last digit.

Me4 and MeS5 sites, whose multiplicity is double
that of the point at the center of the cavity, are
incompletely and statistically occupied. Both Me4
and, to much lesser extent, Me5 positions are
occupied in polymignyte. Apparently only Me5
sites are occupied in zirconolite and zirkelite, even
if in the latter mineral Me5-O(iv) distance is larger
than in the former (Table 16). In fact, only a slight
shift of the position of the cation is able to change
one coordination into the other, and very likely the
local charge balance is responsible for the choice of
either cationic position Me4 or MeS5. The P4 polyhe-
dron is a very distorted tetrahedron and PS5 a
distorted trigonal bipyramid. The mean of the four
or five distances in these polyhedra ranges between
1.97 and 2.19A: the lower values are in synthetic
zirconolites, where the central cation is titanium
rather than iron as in the crystals from Campi
Flegrei.

A comparison of the crystal structures of pyro-
chlore, polymignyte, zirkelite and zirconolite can

be easily made by an examination of the arrange-
ment of the atoms in the multiple cells reported in
Table 3. All these crystal structures are obtained by
repeating along the c-axis pairs of adjacent layers of
polyhedra (say M- and N-layers). Figures 1, 2 and 3
show the positions of the atoms in these two layers
respectively for pyrochlore, for zirkelite-zirconolite
and for polymignyte: the crystal structures of zirke-
lite and zirconolite are practically based on the
same pair of layers. All figures have been drawn in
such a way that one Me6(1) cation is always at the
point 000 of the M-layer on a twofold axis parallel to
the b-edges of the multiple cells. The thickness of
each layer is slightly less than 3 A: twelve pairs of
M- N-layers are contained in the multiple cell of
zirconolite and only three in those of the remaining
minerals. The most regular atomic arrangement is
obviously in the cubic pyrochlore: the M-layer
shows P6 octahedra and distorted P8 cubes in a
frequency ratio 3:1; the same thing occurs in the N-
layer, but with an inversion of the frequency ratio.
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Table 17. Calciobetafite, polymignyte, zirkelite and zirconolite: X-ray powder diffraction data.

Ca-betafite

Polymignyte Zirkelite Zirconolites
(a)§ (a)§ (a)§ (a)* By () **x (c)
h k1 d ! hk 1 d I hk1l d T h k1 d 1 d 1 d 5] d 1
111 5.241 8
131 3.687 12 il 3.976 11
113 3r333) |1
31t } 3.240 10
312
222 2.973 100 202 2.957 93 202 2.95 100 221 }2.954 150 2.935 100 2.929 100 2.94 10
240 2.901 100 402 2.916 54 2.903 78
006 2.814 27 004 2.813 29 2.787 38 2.789 56 2.81 3
400 2.574 27 042 }2.536 5 024 2,527 26 223 2.530 19 2.509 19 2.503 54 2.52 4
400 402 2.525 8 2.494 11 2.490 19
331 2.363 5 322 2.33 10 205 2.306 5 223 2.308 3 2.287 8
160 2.29 5 404 2.302 2 2.278 4
333 " 331
Bl }1.982 3 =2 5 }2.012 5
025
- }1.900 4
225
440 1.820 53 004 1.819 15 220 1.822 3F 040 1.828 11 1.815 15 1.815 27 1.82 8
442 1.794 68 621 1.821 18 1.800 32 1.798 67
080 1.768 14 208 1.754 24 225 1.75%5 16 1.739 26 1.740 66 1.75 5
406 1.752 7 1.736 17  1.737 S8
622 1.552 45 244 1.541 24 042 1.551 12 442 1.554 8 1.541 10 1.541 32 1.55 5
602 1.534 13 800 1.549 3 1.529 5 1.528 12
640 1.526 15 226 1.529 18 044 1.533 6 1.521 7 1.522 20 1.53 &
282 1.518 22 623
- }1.528 10 }1.512 13 }1.512 42
625
0210 1.489 8 227 1.476 6 1.479 17 1.48 2h
406 }1'488 7 1.472 4 1.475 24
444 1.486 10 404 1.479 10 404 1.478 7 442 1.481 a 1.467 5 1.469 14
480 1.451 7 804 1.475 2 1.458 4 1.457 15
008 1.398 2
800 1.287 7 084} 048 1.264 5 446 } 1.254 4 1.26 i
1.268 9 1.264 5
800 804 1.247 2
662 1.181 1A 206 1.180 5 422 1.181 8 261 1.185 3 1.176 3 1.179 5
6 oga L1639 ¢ —840}1.181 4 }1.168 8
10 2 3
840 1.151 13 0456 }1_148 5 244 1.148 5 g 63 1.151 2 1.143 2 1.149  2h
2120 8 4 4 1.137 2
} 1.147 3
1021 1.132 2
842}1135 G 2212+ 1.114 3 048} } 15
484 627 $1.114 3 1.103 3
629
844 1.051 12 446 1.085 7 600 1.052 3 661 1.054 2 1.045 3 1.050 2
1202 1.050 2 1.037 2
412 2 1,026 4 428 1.038 a 265 1.038 3
8 4 4 } 1.039 4
1027

synthetic crystals;

§ calculated from the experimental single crystal

heated polymignyte from Fredricksvirn (Lima-de-Faria, 1958);
intensities;

calculated with the experimental lattice parameters of the minerals from Campi Flegrei;

* calculated from the theoretical intensities obtained for a crystal structure and a chemical composition analogous to

those of zirkelite from Campi Flegrei;

** calculated from the theoretical intensities obtained from the data by Gatehouse et al. (1981};

after Pyatenko and Pudovkina (1964).

Both layers are formed by chains of polyhedra,
which develop in three directions at 120° to each
other. Chains of octahedra sharing vertices (P6
chains) alternate with mixed chains of octahedra
and cubes sharing edges (P68 chains) in each of the
three directions at 120° in the M-layer. Conversely

chains of cubes sharing edges (P8 chains) alternate
with P68 chains in the N-layer.

The crystal structure of pyrochlore is modified in
the remaining minerals by the introduction of zirco-
nium, which centers P7 polyhedra. Half of the P68
chains, pointing in one of the three directions
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N

Fig. 1. Pyrochlore: adjacent M- and N-layers (see text) of the crystal structure projected along [111]; a-edge corresponds to [—1 0.5
0.5] and b-edge to [0 —0.5 0.5]. Threefold and twofold axes, and mirror planes determined by the arrangement of the atoms in each

layer have been traced.

described above for pyrochlore, are replaced by P7
chains: pairs of P7 polyhedra replace couples of P6—
P8 polyhedra. In order to achieve this, one oxygen
is moved away from each P8 polyhedron and at the
same time another oxygen approaches each P6. The
remaining oxygens show minor shifts. The P7
chains are present only in the N-layers of the
zirkelite-zirconolite structures, where they have
replaced all P68 chains pointing in one direction.
When such chains are formed, the consequent shifts
of the oxygens give rise to a reduction of the volume
of the P8 cavities of the P68 chains in the adjacent
M-layer. In particular, two oxygens approach each
other, leaving no space for a (Ca,REE . . ) atom at
the center of the cavity: then a smaller cation (Fe in
our minerals, Ti in synthetic zirconolites) locates
itself statistically on one or two nearby sites, which
have multiplicities double that of the central posi-
tion and are surrounded by four or five oxygens.
The passage from the pyrochlore structure to those
of zirkelite or zirconolite accordingly involves

changes in one of the three sets of parallel P68
chains: all of these are changed into P7 chains in the
N-layer and into P64/5 chains in the M-layer. The
same transformations also take place in polymig-
nyte, but here P7 chains, and consequently also
P64/5 chains, are formed in both M- and N-layers,
where they alternately replace P68 chains of pyro-
chlore. Consequently, the positions of P6 and P4/5
polyhedra are interchanged in alternate P64/5
chains, with respect to the original structure of
pyrochlore, and the g-edge of the multiple cell of
polymignyte is double those of the remaining miner-
als.

The arrangement of the atoms gives rise to sym-
metry elements parallel (twofold axes) or perpen-
dicular (threefold axes and symmetry planes) to the
M- and N-layers.

The highest symmetry (C3m) is obviously pre-
sented by both layers of pyrochlore. The symmetry
is nearly the same also for the M-layer of zirkelite—
zirconolite, if one ignores the positions statistically
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Fig. 2. Zirkelite-zirconolite: M- and N-layers of the crystal structure projected along [001] (zirkelite) or [106] (zirconolite); a-edge is
[201] of zirkelite or [100] of zirconolite, b-edge is [010] of zirkelite or [0-10] of zirconolite. Twofold axes (real in the M-layer of both
minerals and in the N-layer of zirkelite) and symmetry centers (real only in zirconolite) determined by the arrangement of the atoms in
each layer have been traced. Numbering of oxygen atoms corresponds to that reported in Table 11 (zirkelite) or by Gatehouse et al.
(1981) (zirconolite); the same figures generally hold for both minerals: when different, those in parentheses refer to zirconolite.
Me8(1) and Me8(2) are equivalent in zirconolite. Bonds in P7 and P64/S chains are identified by solid lines.

occupied by Me4 and MeS5 atoms. The epitaxy and
the consequent intergrowths among pyrochlore,
zirkelite and zirconolite most likely originate from
the similarities of the M-layers of the three miner-
als. The C3m symmetry is reduced to that of its
subgroup C2/m in the layers where the P7 chains
replace P68 chains, that is in the N-layer of zirke-
lite-zirconolite and in both layers of polymignyte.
All the symmetry elements present in both layers of
pyrochlore and polymignyte are retained in the
whole crystal structure, obtained by the repeat MN
MN MN of the layers along the c-axis. However,
only part of the symmetry of the layers is retained in
the crystal structures of zirkelite and zirconolite:
the mirror planes disappear, and either one twofold
axis or the symmetry centers present in each layer
become real elements of symmetry for the whole
crystal. The twofold axis is maintained in the M-

layer for both minerals, whereas the N-layer of
zirkelite still shows a twofold axis (rotated 120° with
respect to that of the M-layer) and that of zircono-
lite shows only symmetry centers. In this way one
obtains the centrosymmetric space group C2/c in
zirconolite and the acentric one P3,2 for zirkelite,
even though slabs of the crystal structures are
practically the same.

Conclusions

The same types of polyhedral chains are present
in all three minerals. P6 and P8 chains are always in
alternate layers (M and N respectively); the same
holds for P64/5 and P7 chains in zirkelite and
zirconolite, whereas the latter chains are in all
layers of polymignyte. As the P7 and P8 chains are
parallel to the twofold axis, they point only in one
direction [001] in the structure of polymignyte;
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Fig. 3. Polymignyte: M- and N-layers of the crystal structure projected along [—110]; a-edge corresponds to {210] and b-edge to
[001]. Twofold axes and mirror planes determined by the arrangement of the atoms in each layer have been traced. Numbering of
oxygen atoms refers to Table 7. Bonds in P7 and P64/5 chains are identified by solid lines.

however, as the same chains make an angle of 60°
with the twofold axis in the M-layer, they are
alternately in two directions at 120° ({110] and [110])
in successive N-layers of zirconolite; finally, be-
cause of the presence of the additional twofold axis
rotated 120° in the N-layer, the P7 and P8 chains
develop in three directions at 120° ([100], [010] and
[110]) in successive N-layers of zirkelite. The re-
sults of the crystal structure determinations there-
fore confirm that polymignyte, zirkelite and zircon-
olite are polymorphs of the same compound.
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Appendix: The identification of polymignyte,
zirkelite and zirconolite

It is very likely that at other localities where only one of the
polymorphs (polymignyte, zirkelite and zirconolite) has been
recorded, all three minerals may actually occur together, as
described here for the Campi Flegrei rock. We suspect that the
properties of each of these minerals reported in the literature are
often an ‘‘average’’ of the properties of all three minerals; for
instance both polymignyte and zirkelite were described as
prismatic or platy crystals: as for the Campi Flegrei material, it is
likely that the former crystals are polymignyte and the latter
zirkelite-zirconolite. Also, discovery of pure zirkelite or
zirconolite should be very rare: as they differ only in the stacking
of some layers, the epitaxy of the two species should be nearly
always present.

Apart from the above possible distinction based on the
morphological features, the identification of the three minerals
by X-ray powder patterns is clearly not straightforward. Table 17
gives the spacings and the intensities for the strongest reflections
of calciobetafite, polymignyte, zirkelite and zirconolite,
calculated from the lattice parameters and the intensities
collected in the single crystal studies of the Campi Flegrei
material. Analogous data are reported for the synthetic
zirconolite studied by Gatehouse et al. (1981). Table 17 also lists
the experimental X-ray powder data of synthetic zirconolite
(Pyatenko and Pudovkina, 1964) as well as those reported by
Lima-de-Faria (1958) for the metamict polymignyte from
Fredricksvirn heated to 1000° C. The differences in the spacings
of the three minerals are very small: the calculated and observed
diffraction patterns of synthetic zirconolite are comparable, but
both are more similar to the calculated pattern of polymignyte,
than that of zirconolite from Campi Flegrei. On the other hand,
the powder diffraction data for heated polymignyte are more
similar to those of zirkelite and zirconolite from Campi Flegrei,
the latter ones being practically indistinguishable from each
other. Surely the differences, which derive from the variations of
the lattice parameters caused by the isomorphous replacements,
overwhelm those due to the different crystal structures. Only
single crystal X-ray studies, made on non-metamict materials,
allow a clear distinction between these minerals.



