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ABSTRACT

Non -me t am i c t b e t a f i t e , a p y r o ch l o r e - g r o up min e r a l w i t h g en e r a l f o rmu l a
A2�mB2

XO6
Y(O,OH,F)1�n·pH2O and 2 Ti > Nb+Ta and U > 20% at the A site, has been found at Le

Carcarelle, (Latium, Italy). It occurs within miarolitic cavities of a foid-bearing syenitic ejectum
enclosed within the pyroclastic formation known as ‘‘ignimbrite C’’, which belongs to the main effusive
phase of the Vico volcanic complex. The host rock is composed of K-feldspar, biotite, augitic
clinopyroxene, magnetite and minor sodalite. Electron microprobe analyses gave the following crystal-
chemical formula: (Ca1.24Na0.17U0.49REE0.03)S=1.93 (Ti1.05Nb0.76Zr0.14Fe0.04Ta0.01)S=2.00O6(O,OH).
Compared with other occurrences reported in the mineralogical literature, betafite from Le Carcarelle
is extremely enriched in U and depleted in Th. Due to its young age of formation (~150 k.y.), this
betafite sample is highly crystalline, thus allowing structure refinement of unheated material. Betafite
from Le Carcarelle is cubic Fd3̄m, with a = 10.2637(13) Å, and V = 1081.21(35) Å3, and has a smaller
A site (consistent with the higher U content), and a larger and more distorted B site (consistent with the
higher Ti content) than calciobetafite from Campi Flegrei, Italy (Mazzi and Munno, 1983). Analysis of
the atomic displacement parameters provides evidence for static disorder at the X site.
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Introduction

PYROCHLORE-GROUP minerals are cubic oxides

common as accessory minerals in carbonatites,

nepheline syenites, pegmatites and granitic

pegmatites. Their general formula (Hogarth,

1977; Lumpkin and Ewing, 1988) can be written

as A2�mB2
XO6

Y(O,OH,F)1�n·pH2O, with A = Na,

K, Ca, Sr, Sn, Ba, Pb, Bi, REE, U and B = Ti, Nb,

Ta. The observed ranges of stoichiometric

variations are m = 0�1.7, n = 0�1.0 and p =

0�2.5 (Lumpkin and Ewing, 1988). In stoichio-

metric pyrochlore, charge balance is maintained

by heterovalent substitutions at the A and B sites,

possibly coupled with anionic substitutions (O2�,

OH, F) at the Y site. Combinations of A-site

cations and Y-site anions may however be

removed to produce defect structures. An

increasing content of water is generally correlated

with A-site deficiency (Foord, 1982). Ercit et al.

(1994) characterized the structure and cation

ordering of a ‘hydrous’ kalipyrochlore,
A ( [H 2O ] 0 . 9 9 S r 0 . 0 5C a 0 . 0 1 ) S 1 . 0 5

B (N b 1 . 8 0

Ti0.20)S2
X(O4.06OH1.94)S6

Y([H2O]0.86K0.14), and

concluded that the amount of H2O in this structure

is controlled by the A-site vacancies, and

suggested an upper limit of p = 1.75.

Pyrochlore minerals are classified into three

subgroups on the basis of the B-site composition

(Hogarth, 1977): pyrochlore is the Nb-dominant

member, microlite is the Ta-dominant member

and betafite has 2Ti > (Nb + Ta). Pyrochlore-

group minerals typically contain significant

amounts of REE, U and Th. This feature makes
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this structure-type one of the principal actinide

host phases for nuclear waste disposal, so that it is

one of the constituents of Synroc (e.g. Ringwood

et al., 1988; Lumpkin et al., 1994, 2001). Mazzi

and Munno (1983) reported the crystal-structure

of a non-metamict calciobetafite with 4.7 wt.%

UO2 from a syenitic ejectum from Campi Flegrei

(Italy), for which a geological age of 0.084 Ma

could be inferred.

The known U-rich (U > 0.4 a.p.f.u.) species in

the pyrochlore group are: uranpyrochlore, uran-

microlite and betafite. Uranpyrochlore specimens

have been reported from a radioactive tuff at

Ndale (Uganda) (Hogarth and Horne, 1989; UO2

up to 26.4 wt.%), from the Saima alkali complex

REE-U deposit, Liaoning Province, NE China

(host rock: aegirine-nepheline syenite; Wu et al.,

1996), from the Kovdor, Vuoriyarvi, Seblyavr and

Sallanlatvi alkali-ultrabasic massifs in Kola

Peninsula, Russia (host rock: carbonatite;

Belolipetskii and Voloshin, 1996), from the

Lovozero alkaline complex, Kola Peninsula

(host rock: agpaitic murmanite lujavrites [phono-

lite]; Chakhmouradian and Mitchell, 2002) and

from St. Lawrence Mine, Oka, Quebec (host rock:

carbonatite; Petruk and Owens, 1975). Uranium-

rich microlite and uranmicrolite (containing up to

13 wt.% UO2) were found in the Beauvoir

peraluminous leucogranite (Massif Central,

France; Ohnenstetter and Piantone, 1992), in

lithium pegmatites of Mina Conco, Mozambique

(Gieré et al., 1999, 2001a), and in the

Yellowknife pegmatite field, Canada (Wise and

Černý, 1990). Most of these samples are related to

late-hydrothermal or pegmatitic alteration invol-

ving Ca-leaching.

Betafite has been reported as minute zoned

inclusions in zinnwaldite in the Cı́novec

(Zinnwald) granite cupola (Czech Republic;

analyses 4 and 5 in Johan and Johan, 1994).

These specimens are significantly hydrated and

altered (SA & 1 a.p.f.u.), and their Si content

correlates with the U content. Other examples of

betafite include occurrences from eastern Siberia

(Pozharitskaya and Samoylov, 1972; UO2 =

27.8 wt.%), and from a hydrothermal vein

system in dolomite marbles at the contact with a

tonalite intrusion at Adamello, Italy (Gieré et al.,

2001b; UO2 = 29�34 wt.%).

U-rich samples are commonly metamict

(Lumpkin and Ewing, 1988; Finch and

Murakami, 1999), and thus the details of U

incorporation and coordination in the ordered

pyrochlore structure have not yet been clarified.

Metamictization in various pyrochlore-group

minerals has been discussed by Lumpkin and

Ewing (1988), who studied specimens from

several localities from Madagascar and Canada,

containing up to 29.8 UO2 wt.% and with ages

ranging from 700 to 1000 Ma. Those authors

concluded that the metamictic state can be

regarded as an aperiodic random network

structure of corner-sharing distorted BO5.5 poly-

hedra. Structural analysis of these materials

requires previous annealing to improve crystal

quality. However, the thermal treatment may

promote the oxidation state of some elements

(Fe or U), and so potentially alter the crystal

structure and can also cause the formation of new

phases (e.g. Ewing, 1975).

Pyrochlore frequently shows secondary altera-

tion that mainly involves leaching of the A-site

cations coupled with the incorporation of water

into the structure. However, REE3+, U4+ and Th4+

are considered to be relatively immobile during

alteration processes (Lumpkin and Ewing 1992;

1996; Lumpkin et al., 1999).

We describe here the occurrence of a non-

metamict sample of betafite containing 31.2

UO2 wt.% from Le Carcarelle, Vico volcanic

complex, Latium, Italy. Due to its young age of

formation, this sample is highly crystalline.

Hence, details of the crystal-structure and cation

order could be investigated on the untreated

material.

Occurrence

The sample described in this study was collected

at the Le Carcarelle locality, S. Martino al Cimino

community (Viterbo), Vico volcanic complex,

Latium, Italy. The host rock can be classified as a

foid-bearing syenite (Della Ventura et al., 1999),

and was sampled within the pyroclastic formation

known as ‘‘C ignimbrite’’ (Locardi, 1965),

belonging to the main effusive stage of the Vico

activity. Sollevanti (1983) obtained a K/Ar age of

150Y7 k.y. for this formation, and Laurenzi and

Villa (1985) obtained a similar age (151Y3) using

the Ar/Ar method. More recently, ages between

221 and 93 k.y. were obtained using the
230Th/238U method on a suite of pyrochlore

grains extracted from several ejecta in the C

ignimbrite. Age is strongly dependent on the size

of the analysed crystal, and is thus believed to

represent the crystal growth interval, with the

younger value representing the eruption time

(Caprilli et al., unpublished data).
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Optical observations show that the ejectum is

composed of intersected elongated K-feldspar

with minor amphibole (magnesio-hastingsite),

plagioclase, magnetite, sodalite and rare biotite.

Accessory minerals, identified by means of

energy-dispersive spectroscopy attached to a

scanning electron microscope (SEM-EDS),

include titanite, apatite and baddeleyite. Electron

microscopy shows that the sodalite crystals are

invariably altered to a clay-like product with

secondary pyrite growing along the crystal-

lographic planes of pre-existing sodalite

(Fig. 1a). A detailed SEM-EDS study of the thin

section shows the presence of very fine aggregates

of an acicular REE- and (Th,U)-bearing silico-

phosphate mineral, close in composition to

‘cheralite’ (where ‘cheralite’ is used here for the

solid-solution series in the brabantite–huttonite–

monazite triangle; Bowie and Horne, 1953; Speer,

1982). Cheralite typically crystallizes on pre-

existing apatite, and is often associated with

britholite (Fig. 1b; Oberti et al., 2001). Flakes of

hellandite-group minerals (Oberti et al., 1999;

Della Ventura et al., 2002) are also observed in

vugs between intersecting K-feldspar crystals.

Rare and very small acicular crystals of

zirconolite (Bellatreccia et al., 2002) occur

included within K-feldspar crystals (Fig. 1c).

Additionally, a Ce-bearing mineral (we were not

able to distinguish between a carbonate or oxide

phase as the section was carbon-coated) fills veins

and cracks across pre-existing feldspars (Fig. 1d).

Betafite occurs in miarolitic cavities as

extremely rare, euhedral elongated crystals up to

FIG. 1. SEM-BSE images showing (a) altered sodalite, with small pyrite crystals aligned along crystallographic

planes; (b) association of apatite (dark grey) , britholite (light grey) and cheralite (acicular, light-grey crystals);

(c) very small acicular zirconolite within K-feldpar; (d) vein of Ce-rich phase (oxide or carbonate) + clay products

across K-feldspar. Cpx = clinopyroxene, sd = sodalite, ap = apatite, mg = magnetite, br = britholite, ch = cheralite,

zc = zirconolite
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100 mm long and 20 mm across. The crystal hand-

picked for X-ray and EMPA data collection was

attached to a needle-like crystal (Fig. 2a) which,

at higher magnification was resolved as a complex

association of baddeleyite fibres intergrown with

extremely fine aggregates of cheralite (Fig. 2b)

and rare cubes of uraninite (Fig. 2c).

The morphology and size distribution of the

cheralite needles are typical of homogeneous

nucleation from a supersaturated solution (e.g.

Lower et al., 1998a,b), and point to a significant

circulation of mineralizing phosphate-bearing

fluids enriched in REEs during very late-stage

volcanic activity. These fluids were also enriched

in fluorine as indicated by the presence of the thin

crust of F-bearing aluminium silicate (topaz?)

around the betafite crystal (Fig. 3). This scenario

has already been suggested and fully documented

by Della Ventura et al. (1999) and Bellatreccia et

al. (2002).

The betafite grain is itself covered with

cheralite (Fig. 2d), suggesting that the REE

silico-phosphate was the last phase to form from

late-stage hydrothermal fluids, with a proposed

crystallization sequence of baddeleyite ? urani-

nite ? betafite ? cheralite.

Pyrochlore-group minerals have been reported

in volcanic ejecta from several localities in

Latium (Caprilli et al., 2005). These pyrochlores

are typically zoned indicating crystallization from

an evolving fluid, in contrast to the homogeneous

composition of betafite from Le Carcarelle that

suggests a more rapid crystallization, and is in

agreement with the strong development of the

{111} form (Fig. 2).

Careful optical and SEM-BSE observations

showed that betafite from Le Carcarelle occurs

exclusively in the vugs of this sample. It was not

observed in the groundmass, where zirconolite is

present (Fig. 1). In other pyrochlore-bearing

FIG. 2. SEM-BSE image of the studied crystal. (a) general view; (b) enlargement showing the cheralite crystals;

(c) further enlargement showing the baddeleyite skeleton (bd) covered with cheralite (ch) and uraninite (u);

(d) detail of the betafite crystal covered with cheralite.
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ejecta from Latium, both pyrochlore and zirco-

nolite are present in the groundmass. Although

zirconolite and pyrochlore are structurally (and

chemically) related, paragenetic relationships

between these two minerals are complex. Co-

existing pyrochlore and zirconolite from a range

of carbonatite complexes in the Kola Peninsula

(Russia) indicate that zirconolite both crystallized

later than, and in some cases replaces, early

pyrochlore (e.g. Williams, 1996b), but examples

are also documented where zirconolite is replaced

by late-stage pyrochlore (Chakhmouradian and

Williams, 2004), and the reasons for their

different stability are still unclear.

Experimental methods

X-ray diffraction
A complete set of X-ray diffracted intensities was

collected on the crystal shown in Fig. 2a (size =

0.2060.0360.03 mm) with a Bruker-AXS

SMART-APEX diffractometer working with

graphite-monochromatized Mo-Ka X-radiation at

50 kV and 30 mA; the crystal-to-detector distance

was 4.0 cm. No evidence of metamictization as

peak broadening, weakening of small angle

reflections or loss of Ka1/Ka2 peak splitting was

found. Three dimensional data in the y range

3�45º were integrated and corrected for Lorentz,

polarization and background effects using the

FIG. 3. X-ray maps of the studied crystal. The Al map corresponds to an overgrowth of topaz.

NON-METAMICT BETAFITE
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SAINT+ software version 6.02 (1 Bruker AXS).

Raw intensities were corrected for absorption

using the SADABS v. 2.03 program (Sheldrick,

1996), and then merged yielding R(int) = 1.4%.

Unit-cell dimensions were calculated from least-

squares refinement of the positions of all the

collected reflections.

Betafite from Le Carcarelle is cubic Fd3̄m, with

edge = 10.2637(13) Å, and V = 1081.21(35) Å3.

A weighted full-matrix least-squares refinement

on F2 was done using SHELXTL (Sheldrick,

1997) starting from the coordinates of Mazzi and

Munno (1983), and yielded wR2 = 14.8%, R1 =

5.9% for all the independent reflections. Table 1

reports selected crystal and refinement data;

Table 2 lists atom coordinates, displacement

parameters, and refined site-scattering values (ss,

e.p.f.u.); Table 3 lists the geometric parameters

relevant to the description of the crystal structure;

Table 4, available from the Principal Editor, or

from the Mineralogical Society website

WWW.minersoc.org/pages/e_journals/dep_met.htm,

lists observed and calculated structure factors.

EMPA and SEM analysis

Electron microprobe analyses (EMPA) were

performed at The Natural History Museum,

London, with a Cameca SX50 wavelength-

dispersive electron microprobe, operated at

TABLE 1. Crystal and structure refinement data for betafite from Le Carcarelle.

Wavelength 0.71073 Å
Crystal system cubic
Space group Fd3̄m
Unit-cell dimensions a = 10.2637(13) Å
Volume 1081.21(35) Å3

Z 8
F(000) 1561
Crystal size 0.2060.0360.03 mm3

Theta range for data collection 3.44 to 44.93º.
Index ranges �15 4 h 4 10, �10 4 k 4 8, �20 4 l 4 10
Reflections collected 760
Independent reflections 246 [R(int) = 1.4%]
Completeness to y = 44.93º 98.4%
Density calculated 5.304 mg/m3

Absorption coefficient 19.261 mm�1

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 246/2/17
Goodness-of-fit on F2 1.298
Final R indices [I > 2s(I)] R1 = 5.0%, wR2 = 14.2%
Final R indices (all data) R1 = 5.9%, wR2 = 14.8%
Extinction coefficient 0.0006(2)
Largest diffraction peak and hole 1.457 and �0.973 e Å�3

TABLE 2. Atomic coordinates, equivalent isotropic displacement parameters (Å26103), and anisotropic
displacement parameters (Å26103) for betafite from Le Carcarelle. The anisotropic displacement factor has
the form: �2p2[h2a*2U11 + ... + 2 h k a* b* U12]. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

Site ss* x/a y/b z/c U(eq) U11 U22 U33 U23 U13 U12

A 74.1(5) 0 0 0 9(1) 9(1) 9(1) 9(1) �2(1) �2(1) �2(1)
B 65.3(1) b b b 12(1) 12(1) 12(1) 12(1) �1(1) �1(1) �1(1)
X 48 0.8252(5) �̂̊ �̂̊ 14(1) 19(2) 11(1) 11(1) 6(1) 0 0
Y 7.6(3) �̂̊ �̂̊ �̂̊ 26(3) 26(4) 26(4) 26(4) 0 0 0

* ss: site scattering in electrons per formula unit (e.p.f.u.)
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20 kV accelerating voltage and 20 nA beam

current. Standards used were a combination of

well-characterized natural minerals, synthetic

compounds and pure metals. Background posi-

tions, particularly for the REE, were carefully

selected to avoid contributions from potentially

interfering lines, and corrections were made for

interfering elements following the procedure

given in Williams (1996a). Element distribution

maps (from the Al-Ka, Nb-La and U-Ma lines)

were also obtained on the Cameca SX50 electron

microprobe operated at 20 kV and 20 nA. Back-

scattered electron (BSE) images and energy-

dispersive analyses were obtained at LIME

(Laboratorio Interdipartimentale di Microscopia

Elettronica, Università di Roma Tre) using a high

resolution Philips XL30 analytical scanning

electron microscope (SEM) equipped with a

super UTW nitrogen-cooled EDAX detector.

Results and discussion

The EMPA results show that the specimen from

Le Carcarelle is almost stoichiometric and

relatively homogeneous in composition, as

indicated by the low standard deviations for all

oxides and low values obtained using Boyd’s

homogeneity index (Boyd et al., 1967), Table 5.

The major components have Boyd index values

<3 (with the exception of Ti = 3.3) and indicate

the sample is homogeneous for these elements.

Boyd’s homogeneity index is generally less

reliable for minor components where instrumental

and counting errors become more significant at

low concentrations, and a value of 4 has been

suggested by Potts et al. (1983) as being a more

realistic value.

Due to the possibility of A-site vacancies, the

unit formula of pyrochlore-group minerals is

conventionally normalized to 2 B cations per

formula unit (p.f.u.). This procedure yields a total

of 1.94 A-site cations, and the total positive

charge calculated on this basis is 13.45, which

suggests some OH at the Y site. However, bond-

valence calculations (see the following section)

discard the presence of significant structural OH

in the crystal studied, and normalization on the

basis of 7 anions p.f.u. yields cation sums close to

2 a.p.f.u. in both the A and B sites. The resulting

crystal-chemical formula is: A(Ca1.29Na0.18
U4+

0 . 5 0REE 0 . 0 3 )S 2 . 0 0
B (T i 1 . 0 9Nb0 . 7 9Z r 0 . 1 4

Fe3+0.04Ta0.01)S2.07
XO6

Y(O0.98F0.02). This formula

matches the ideal A2B2O7 stoichiometry, and

thus indicates the absence of secondary alteration.

The Zr concentration is relatively high (ZrO2 =

4.03 wt.%, Table 5). Incorporation of Zr4+, an ion

of intermediate size, is known in natural

pyrochlore, particularly those from carbonatites

(e.g. Hogarth, 1989), where Zr4+ is assigned to the

B site in accordance with synthetic REE-Zr

pyrochlores (Hayakawa and Kamizono, 1993;

Subramanian et al., 1983). Concentrations of

ZrO2 as high as ~10 wt.% have been reported

for pyrochlore from the Cape Verde Islands

(Hodgson and Le Bas, 1992).

The X-ray maps reported in Fig. 3 show that U

(31.19 wt.%) and Nb (24.32 wt.%) are homo-

geneously incorporated in the structure, and that

the betafite crystal of this work is enclosed by a

thin crust of a F-bearing aluminium silicate

(probably topaz).

The pyrochlore structure was first refined by

Gaertner (1930), who noted that it basically

derives from that of fluorite, and the crystal-

chemistry was reviewed by Chakoumakos (1984).

The ‘normal’ pyrochlore structure can be

described as a framework of corner-sharing

octahedra (B sites) occupied by Ti, Nb, Ta. The

A site is eight-fold coordinated (distorted cube

close to a trigonal scalenohedron), and is occupied

by alkalis, alkaline earths and actinides. In the

‘inverse’ pyrochlore structure the A site is vacant,

and the alkaline cations occupy the Y site. This

latter arrangement is preferred by the large

alkaline cations (K, Rb, Cs). A mixed ‘inverse-

normal’ pyrochlore structure has been described

TABLE 3. Bond lengths (Å) and angles (º) for betafite
from Le Carcarelle and calciobetafite from Campi
Flegrei (Mazzi and Munno, 1983).

Le Carcarelle Campi Flegrei

A�Y62 2.2222 2.2295
A�X66 2.552(3) 2.577(3)
<A�X,Y> 2.467 2.490
V (Å3) 24.30 24.92
B�X66 1.972(2) 1.969(3)
V (Å3) 10.10 10.10
OAV* 26.53 18.14
OQE* 1.0079 1.0054
A�X�A 90.64(16) 89.90
B�X�B 133.9(3) 135.2
A�X�B 105.97(7) 105.65
A�Y�A 109.47 109.47
A�A 3.6288 3.641

* Robinson et al. (1971)

NON-METAMICT BETAFITE
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in cesstibtantite and kalipyrochlore (Ercit et al.,

1993, 1994).

Table 3 compares the geometrical parameters

refined for betafite from Le Carcarelle with those

refined for calciobetafite from Campi Flegrei by

Mazzi and Munno (1983) [A(Ca1.26Na0.24REE0.19

Fe2+0.12Th0.08U0.08)S=1.97
B(Ti0.83Nb1.09Ta0.05

Zr0.03)S=2.00]. The two structures are broadly

similar. The longer B�X distance in betafite is

consistent with the different aggregate ionic

radius calculated from the site population, and

the stronger octahedral distortion is consistent

with its higher Ti4+ content. Additionally, the

smaller <A�X,Y> distance is consistent with the

higher U content.

Among the four sites available in the pyro-

chlore structure, the A site has the smallest atomic

displacement parameter (adp) in both samples.

Whereas the equivalent isotropic adp values at the

B site are equal in the two specimens, the adp

value at the A site is lower in betafite (0.0088 vs.

0.0097 Å2), and those at the X and Y sites are

higher (X: 0.0135 vs. 0.0110 Å2; Y: 0.0263 vs.

0.0223 Å2). This latter feature may be due to the

different local (short-range) arrangements of the

anion. For instance, the anion at the X site may

coordinate either: (1) two R5+ at the B site and

two R2+ at the A site, or (2) two R4+ at the B site,

one R4+ and one R2+ at the A site. Given the

different ionic radii of the relevant cations, a

TABLE 5. Electron microprobe analysis (mean and standard deviation of 10 points) of the
betafite crystal used for the structure refinement. Unit formulae normalized to:
(a) 7 anions and (b) S B = 2 (see text). Elements < 0.005 a.p.f.u. are not reported in the
formula.

Oxides mean s.d. BOYD* a.p.f.u. a b

SiO2 b.d.l.{ .� mean s.d. mean s.d.
P2O5 b.d.l. .� La3+ 0.01 0.00 0.01 0.00
Al2O3 0.05 0.02 2.79 Ce3+ 0.02 0.00 0.02 0.00
TiO2 20.23 0.34 3.31 Th4+ 0.01 0.00 0.01 0.00
Fe2O3 0.75 0.10 3.12 U4+ 0.50 0.01 0.48 0.01
MgO b.d.l. .� Mn2+ 0.01 0.00 0.01 0.00
MnO 0.21 0.06 4.56 Na+ 0.18 0.02 0.17 0.01
CaO 16.69 0.20 2.10 Ca2+ 1.29 0.01 1.24 0.02
SrO b.d.l. .� S A 2.02 0.02 1.94 0.03
BaO b.d.l. .�
Na2O 1.26 0.13 2.81 Nb5+ 0.79 0.02 0.76 0.02
K2O b.d.l. .� Ta5+ 0.01 0.00 0.01 0.00
Nb2O5 24.32 0.77 3.00 Ti4+ 1.09 0.02 1.05 0.02
Ta2O5 0.54 0.11 3.55 Fe3+ 0.04 0.01 0.04 0.01
La2O3 0.22 0.04 3.76 Zr4+ 0.14 0.00 0.14 0.00
Ce2O3 0.68 0.07 2.64 S B 2.07 0.01 2.00 0.00
Nd2O3 b.d.l. .�
Sm2O3 b.d.l. .� O 6.98 0.02 6.72 0.03
ZrO2 4.03 0.15 1.40 F 0.02 0.02 0.02 0.02
ThO2 0.60 0.08 1.76
UO2 31.19 0.56 2.55 ss A** 76.66 0.66 73.71 0.47
Y2O3 0.11 0.06 4.43 ss B** 63.74 0.70 61.63 0.97
F 0.08 0.10 .�
Total 101.02 1.16 Ch. A§ 4.91 0.04 4.72 0.06
O=F 0.03 0.04 Ch. B 9.04 0.06 8.73 0.02
Total 100.99 1.18 S Ch. 13.95 0.03 13.45 0.05

*BOYD Index is a measure of homogeneity (see text).
** ss = site scattering calculated in electrons per formula unit.
§ ch. = mean charge at site
{ b.d.l. = below detection limit

946
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certain degree of static disorder is expected for the

anion, which can be expressed by higher adp

values in the long-range perspective. Actually,

Fig. 4 shows that the larger adp component of the

X site lies on the plane containing the A�X�A

angle, allowing for different X positions along the

A�X bonds.

In the pyrochlore structure, the only atom

coordinate not fixed by symmetry is the x

coordinate of the X site (48f). In this work, we

used the setting proposed by Mazzi and Munno

(1983) for calciobetafite from Campi Flegrei. In

the setting used by Chakoumakos (1984), x is

equal to 0.4248(5) for betafite from Le Carcarelle

and to 0.4271(4) for calciobetafite from Campi

Flegrei; both these values cluster around

0.422(10) as observed by Chakoumakos (1984)

and explained by the requirement of maximum

anion separation. The deformation parameter

OAV (octahedral angle variance; Robinson et

al., 1971) is larger in betafite from Le Carcarelle

(26.53º, Table 3) than in calciobetafite from

Campi Flegrei (18.14º; Mazzi and Munno,

1983). This observation is consistent with the

occurrence of a regular B octahedron at an x value

of 0.4375. The x value calculated based on ionic

radii (Shannon, 1976; cf. equation 2 in

Chakoumakos, 1984) is 0.42, namely 0.005

lower than the observed value. This behaviour is

consistent with the discussion of Chakoumakos

(1984), and confirms the intrinsic relaxation of the

pyrochlore structure.

Betafite from Le Carcarelle with UO2 = 31.19%

(Table 5) contains the highest reported concentra-

tion of U in a non-metamict pyrochlore-group

mineral. An occurrence of W-,Ti-rich pyrochlore

described by Lumpkin et al. (1999) in 40 Ma

hydrothermal vein samples from Adamello, Italy

contains 29�34 wt.% UO2 but, although not

characterized structurally, is likely to be partially

metamict. In the specimen studied in this work,

calculation of the alpha decay dose (D) and

displacements per atom (dpa) using equation (1)

in Lumpkin and Ewing (1988) gives D =

0.01361016 alpha-events/mg and 0.02 dpa.

Lumpkin (pers. comm.) suggested that this

calculated dose is well below the onset of

observable damage using standard X-ray diffrac-

tion in natural pyrochlore samples (D &
0 . 0 5�0 . 16 1 0 1 6 a l p h a - e v e n t s /m g o r

~0.06�0.12 dpa), and even below the typical

onset of damage in pyrochlore doped with 238Pu

or 244Cm. Non-metamict uranoan pyrochlore and

uranpyrochlore specimens, with UO2 up to

26.4 wt.%, have been so far described only in a

radioactive tuff at Ndale, Uganda (Hogarth and

Horne, 1989), where the crystalline nature was also

attributed to the very young geological age

(4�5 k.y.). However, only the unit-cell edge is

reported for these specimens. The unit-cell volume

of uranpyrochlore from Ndale [V = 1103.3(4) Å3]

is larger than that of betafite from Le Carcarelle [V

= 1081.2(4) Å3], in agreement with the composi-

tional differences (higher Na, Ca, Nb and Ta, and

lower U and Ti). It is worth noting that the strong

compositional homogeneity observed for the

crystals from both these localities imply chemical

equilibrium with the fluid during crystallization.

FIG. 4. The [1̄10] projection of the structure of betafite from Le Carcarelle. Thermal ellipsoids are plotted at 95%

probability. The adp ellipsoid at the X site is elongated along the line bisecting the A�X�A angle, which suggests the

presence of cations with very different ionic radii at the A site.
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Composition at the anion sites

Bond valence calculations were performed using

the simplified composition (Ca1.5U0.5)S=2.0
(Ti1.0Nb1.0)S=2.00, and yielded bond-valence

sums of 1.94 and 2.20 valence units (v.u.) at the

X and Y sites, respectively. Calculations were

done using the software Valist 1.0 (Wills and

Brown, 1999) and the parameters listed in Brown

and Altermatt (1985). The results exclude the

presence of structural OH, and also explain the

negligible F content. Actually, the betafite

structure is not expected to host significant

amounts of OH or F at the Y site. In fact, local

bond-valence considerations indicate that the

substitution vector A(Na1Ca�1)
Y[(OH,F)1O

2
�1]

applies only when an R5+ cation is present at

the B site.
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Gieré, R. and Williams, C.T. (1994) Retention of

actinides in natural pyrochlores and zirconolites.

Radiochimica Acta, 66/67, 469�474.

Lumpkin, G.R., Day, R.A., McGlinn, P.J., Payne, T.E.,
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