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ABSTRACT

The Fonte del Prete rare-element-enriched granitic pegmatite dike, located near the village of San Piero in Campo, Island of
Elba, Italy, displays LCT-type geochemical features, and is genetically related to the Monte Capanne pluton. The dike is
characterized by complex asymmetrical zoning, with miarolitic pockets containing primitive or highly evolved assemblages.
There is a noteworthy presence of Nb and Ta oxides and complex oxides, occurring mainly in the pockets. Euxenite-(Y), polycrase-
(Y), U–Bi-rich polycrase-(Y), and ferrocolumbite occur in the primitive pockets in the central part (core zone), whereas U–Bi-
rich polycrase-(Y), uranopolycrase, manganocolumbite, manganotantalite, “wolframo-ixiolite”, titanowodginite and microlite
are found in the evolved pockets, at the extremities of the dike. Niobian rutile and euxenite-(Y) are also found in the massive
pegmatite. The crystal chemistry and properties of the Nb and Ta oxides, as revealed by X-ray-diffraction studies, permit a
reconstruction of the last stages of crystallization within each environment. During the evolution of the pegmatite, a volatile-rich
melt with a high content of rare elements reached saturation in aqueous vapor. Minerals of Ti, Nb, Fe, Y + HREE occur in the
primitive pockets; the enrichment of Mn, Ta and W in the evolved ones led to the crystallization of minerals with high Ta/(Ta +
Nb) and Mn/(Mn + Fe) values, such as manganotantalite, microlite and titanowodginite. The polycrase-(Y) is unusually enriched
in Bi and U, and is zoned from a Bi-poor core to a Bi-rich rim.

Keywords: complex granitic pegmatite, miarolitic pockets, Nb–Ta oxides, crystal chemistry, Monte Capanne pluton, Isola d’Elba,
Italy.

SOMMAIRE

Le filon de pegmatite granitique à éléments rares de Fonte del Prete, situé près du village de San Piero in Campo, île d’Elbe,
en Italie, fait preuve d’une tendance géochimique de type LCT et d’une affiliation avec le pluton de Monte Capanne. Le filon
montre une zonation complexe assymétrique, avec des cavités miarolitiques contenant des assemblages plutôt primitifs ou
fortement évolués. Les minéraux accessoires comprennent en particulier des oxydes de Nb et de Ta et des oxydes complexes,
surtout dans les cavités. L’euxénite-(Y), la polycrase-(Y), une variété de polycrase-(Y) riche en Bi et U, et ferrocolumbite sont
caractéristiques des cavités plutôt primitives de la partie centrale du filon, tandis que la polycrase-(Y) riche en Bi et U,
l’uranopolycrase, la manganocolumbite, la manganotantalite, la “wolframo-ixiolite”, la titanowodginite et la microlite sont
typiques des cavités plutôt évoluées, vers les terminaisons du filon. Le rutile niobifère et l’euxénite-(Y) ont aussi été trouvés dans
la pegmatite massive. La cristallochimie et les propriétés des oxydes de Nb et Ta en diffraction X permettent une reconstruction
des derniers stades de la cristallisation dans chaque milieu. Au cours de l’évolution de la pegmatite, un magma enrichi en phase
volatile avec une teneur élevée en éléments rares a atteint la saturation en phase aqueuse. Les minéraux de Ti, Nb, Fe, Y + terres
rares lourdes se sont formés dans les cavités primitives; l’enrichissement en Mn, Ta et W dans les cavités évoluées a mené à la
cristallisation de minéraux ayant des valeurs élevées de Ta/(Ta + Nb) et Mn/(Mn + Fe), comme la manganotantalite, la microlite
et la titanowodginite. La polycrase-(Y) montre un enrichissement inhabituel en Bi et U; les cristaux sont zonés en Bi, d’un coeur
pauvre à une bordure enrichie.

(Traduit par la Rédaction)

Mots-clés: pegmatite granitique complexe, poches miarolitiques, oxydes de Nb–Ta, cristallochimie, pluton de Monte Capanne,
île d’Elbe, Italie.
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INTRODUCTION

Many investigators have dealt with models of peg-
matite evolution based on the fractionation of the pairs
Nb–Ta and Fe–Mn in Nb–Ta oxides and Ti–Nb–Ta
complex oxides (Černý 1982, 1991, Černý & Ercit 1989,
Mulja et al. 1996). In the granitic pegmatites of Elba, in
Italy, the presence of numerous groups of oxides and
complex oxides offers the opportunity to follow the spa-
tial and temporal details of fractionation, involving not
only the main elements Nb, Ta, Fe, and Mn, but also
minor and trace elements like U, Bi, Y and the rare-
earth elements (REE). Our paper focuses on the elec-
tron-microprobe-based chemical compositions and on
XRD-based analyses of the degree of order of these
oxide phases found in the Fonte del Prete dike, one of
the bodies of granitic pegmatite found on the southeast-
ern side of the Monte Capanne pluton, on the Island of
Elba, near the village of San Piero in Campo. Bodies of
granitic aplite and pegmatite in the area are well known
to mineral collectors for the availability of gem-quality
minerals, such as beryl and tourmaline. They show a
complex and asymmetrical pattern of zoning (Pezzotta
2000).

Until relatively recently, investigators of the Elban
pegmatites simply catalogued the mineralogical species
found. In the last few years, however, research projects
have been developed to reconstruct the texture and in-
ternal structure of these bodies, and to define the min-
eral assemblages of the bodies of granitic pegmatite, as
well as their geochemical and petrochemical features
(Pezzotta 1993, Aurisicchio et al. 1994, 1998a, b, De
Vito 1998). In this contribution, we attempt to under-
stand the evolution of the Fonte del Prete pegmatite on
the basis of Nb- and Ta-bearing phases found in the
primitive and evolved pockets.

GEOLOGICAL SETTING

The Elban aplitic–pegmatitic dikes are closely linked
to the history of the Monte Capanne pluton (Fig. 1). Two
systems of fractures are present: the main one is radial,
whereas the second set has a NNE–SSW trend. In the
San Piero in Campo and Sant’Ilario area, the latter frac-
tures are filled by aplitic–pegmatitic material (Boccaletti
& Papini 1989). In many cases, such dikes cross the
margin of the pluton into the surrounding contact-meta-
morphic aureole (Keller & Pialli 1990). The Monte
Capanne pluton and the pegmatite dikes were emplaced
6.7–6.9 Ma ago, as determined by a Rb–Sr whole-rock
isochron (Ferrara & Tonarini 1985).

These bodies are exposed in outcrops or in quarries
(20 m maximum along strike) and are aligned in such a
way as to suggest that they are segments of a single dike
or a series of parallel veins. The predominant rock-type
in the pluton is a mildly peraluminous monzogranite
with an inequigranular texture; this monzogranite con-
tains large megacrysts of K-feldspar, which are abun-

dant in the border zones of the pluton, in leucogranites
and in “evolved facies” (Poli et al. 1989). These evolved
facies are represented by microgranites, bodies of aplite,
and pegmatite with lower biotite:tourmaline ratio and,
in some cases, with a total absence of biotite (Poli et al.
1989). According to these authors, the various facies of
the pluton are ascribed to a complex process of mixing
involving a peraluminous magma formed by partial
melting of metasedimentary rocks and batches of
mantle-derived basic magma of potassic affinity, fol-
lowed by fractional crystallization (Poli et al. 1989).

The crystal-chemistry study reported here was car-
ried out on samples of the Fonte del Prete dike. It be-
longs to the pegmatitic field cropping out in the San
Piero in Campo area, which includes famous quarries
like La Speranza, Masso Forese, Fonte del Prete,
Facciatoia, Grotta d’Oggi, and Fosso Gorgolinato.
These dikes display a variable strike, inclination, thick-
ness, and mineralogical composition, and have infor-
mally been classified as Li-bearing dikes with complex
asymmetrical zoning (Pezzotta 2000, Orlandi &
Pezzotta 1997) (Fig.1).

A distinctive characteristic of these bodies is the
presence of small pockets (~1 cm in size), mainly in the
central part and at the terminations of the dike, along
its strike. Those pockets located in the core zone
contain schorl, blue beryl, spessartine, ilmenorutile,
ferrocolumbite, euxenite-(Y), polycrase-(Y) and U–Bi-
rich polycrase-(Y). Those pockets that are irregularly
distributed at the terminations of the dike, are charac-
terized by polychrome tourmaline, colorless beryl, Li-
dominant minerals (mainly lepidolite), mangano-
columbite, U-Bi-rich polycrase-(Y), uranopolycrase,
microlite, an unidentified W-rich phase, wodginite and,
rarely, manganotantalite.

At the present time, the Fonte del Prete dike cannot
be mapped because coarse debris covers the exposure
in the quarry. However, a reconstruction of its complex
asymmetrical zoning (Fig. 2) was produced with the aid
of information from former employees at the quarry and
on the basis of the close similarity to other dikes
cropping out in the area. The samples analyzed in this
paper have been supplied by local workers. The
geological features described by them about texture,
fabric and location of the miarolitic pockets are consis-
tent with the features revealed in the large dumps in the
area.

EXPERIMENTAL METHODS

The samples studied were selected from the two type
of pockets mentioned above; a few others come from
the massive pegmatite in its intermediate zone, in the
central part of the dike. The small size (a few mm) and
striking compositional zoning shown by Nb and Ta ox-
ides in the Fonte del Prete suite required electron-
microprobe (EMP) data and, where possible, X-ray-dif-
fraction (XRD) analysis to determine their composition
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and unit-cell parameters. The EMP analyses of the Nb
and Ta oxides were done with a Cameca Cx 827 instru-
ment equipped with three wavelength-dispersion
spectrometers (WDS) and one energy-dispersion spec-
trometer (EDS, Link Systems AN 10000/85S), at the
IGG–CNR, the University of Rome “La Sapienza”. All
samples were analyzed with an accelerating voltage of
15 kV, a sample current of 30 nA measured on synthetic
andradite, and a beam diameter of 3 �m. Wavelength-
dispersion spectrometers were used for the following
elements: K� lines for F, Na, Mg, Al, Si, Ca, Fe, Mn,
Ti, and Sc, L� for Y, Zr, Nb, Sn and W, and M� for Ta,

Pb, Bi, Th and U. Element peaks and backgrounds
(WDS) were measured with counting times of 10 s each.
A glass of diopside composition was used as a refer-
ence standard for Si, Ca and Mg, fluorapatite for F, ja-
deite for Al and Na, rutile for Ti, fayalite for Fe, rhodo-
nite for Mn, synthetic Sc2O3 oxide for Sc, ZrO2 for Zr,
LiNbO3 for Nb, cassiterite for Sn, CaWO4 for W,
LiTaO3 for Ta, galena for Pb, Bi metal, thorite for Th,
and UO2 for U.

The electron-microprobe analysis of minerals con-
taining the REE was complicated because of the over-
lap of peaks of the L series; L� was used for Ce, Pr, Nd,

FIG. 1. Geological map of the eastern margin of the Monte Capanne pluton, island of
d’Elba, Italy, where the Fonte del Prete dike of granitic pegmatite is exposed.
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Gd, Er and Yb, and L� was used for Sm, Ho and Dy.
The others REE were not included in the processing,
since they were below detection limits. Peaks and back-
grounds for each REE were measured according to the
approach of Roeder (1985). Synthetic silicate glasses
(Drake & Weill 1972, Åmli & Griffin 1975) were used
for quantitative determination of REE concentrations.
Corrections for the matrix effect were calculated by
ZAF software (Microbeam Service). The analytical er-
ror was ~1% relative for major elements, and ~5% rela-
tive for minor elements. Detection limits at the working
conditions specified ranged between 0.05 and 0.1 wt.%.

X-ray-diffraction analyses were carried out at the
Department of Earth Sciences of the University of Pisa,
using a Gandolfi camera (114.6 mm diameter, FeK�
radiation). Unit-cell parameters were calculated, after
correction for shrinkage, by least-squares refinement of
powder-diffraction patterns using the program of
Appleman & Evans (1973), as modified by Garvey
(1986). Because of sample size, chemical heterogeneity
and metamict state, it was not always possible to obtain
a pattern that could be indexed for these samples.

CRYSTAL CHEMISTRY

Niobian rutile

The Nb-enriched, Fe-bearing variety of rutile, with
general formula (Ti,Nb,Fe,Ta,Sn)O2 forms black, vitre-
ous subhedral crystals 2 mm across, in the intermediate
zone of the pegmatite and rarely in the primitive pock-
ets of the core zone. The unit-cell parameters and com-
position are reported in Table 1. Analyzed grains are
very homogeneous and do not show any evidence of an
intergrowth of other phases.

Following the suggestion of Černý et al. (1981), the
formula was calculated on the basis of four anions and
two cations (Table 1). Ti is the dominant element, at-
taining 1.5 atoms per formula unit (apfu). The remain-
ing 0.5 apfu consists of Nb (0.20–0.22 apfu), Fe3+

(0.18–0.20 apfu), Sn (0.04–0.05 apfu), and Ta (0.02–
0.04 apfu). These elements seem controlled by the sub-
stitution scheme: Fe3+ + (Nb,Ta) 5+ ⇔ Ti4+ + Sn4+. The
correlation Fe3+ + (Nb,Ta)5+ versus Ti4+ + Sn4+ shows a
striking negative trend, as expected by the suggested
mechanism of substitution.

FIG. 2. N–S cross-section of the Fonte del Prete dike. Left panel: central part with its
asymmetrical zoning and primitive pockets (core zone). Right panel: extremities of the
dike, with irregularly distributed veins, showing coarse grain-size and evolved pockets.
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Euxenite group

Complex metamict Ti–Nb–Ta oxides with the gen-
eral formula AB2O6 occur as members of the euxenite–
polycrase group (Ewing 1976, Ewing et al. 1977), with
a prismatic habit elongate in the c direction. Euxenite-
(Y), the Nb-dominant phase stable at high temperature
(Ewing & Ehlmann 1975, Ewing 1976, Aurisicchio et
al. 2001), occurs in the intermediate zone of the pegma-
tite, associated with cassiterite and niobian rutile, and
rarely in the primitive pockets of the core zone.
Polycrase-(Y) occurs in the primitive pockets, together
with columbite, tourmaline, and beryl. Its composition
shows high Ti contents at the B site, whereas the A site
(Y, U, Bi, Th, REE, Ca, Mn) shows a wide chemical
variability. The samples from the Fonte del Prete dike
show trends from Y-rich to U-rich compositions. The
trend is evident among crystals or in zoned grains. Table
2 lists the compositions of some of the samples studied;
these were selected so as to emphasize the trends ob-
served.

For the first time, we report polycrase compositions
enriched in Bi. The Bi analytical value cannot be con-
sidered overestimated, as these samples show a very low
amount of Ce, whose L� line does overlap with BiM�.

Bismuth occupies the A site of polycrase and shows a
negative correlation with Y. The few compositions of
euxenite obtained indicate a lack of Bi.

The first sample mentioned in Table 2 (H14) shows
a core with Nb > Ti, whereas the rim of the grain is Ti-
dominant. Figure 3 shows X-ray maps of sample H14
for Nb (a), Ti (b), Y (c), and Bi (d). Of course, the color
scale used for the X-ray maps cannot reveal small varia-
tions in element content (Table 2); whereas Nb and Y
show sharp chemical variations that are well described
in the photos, Ti and Bi (mainly Ti) show moderate
variations, and would seem to have a crudely homoge-
neous distribution. The compositional data agree with a
transition from an euxenite-dominant core to a polycrase
rim. Niobium and Y increase together, with a maximum
of concentration in the euxenite core; the proportion of
Bi and Ti is greater near the crystal rim, forming the
polycrase area.

Sample X3, with Ti > Ta > Nb in the B site, and Y >
U in the A site, can be considered a more evolved com-
position of polycrase-(Y), on the basis of the Ta/(Ta +
Nb) value (0.53). Sample 1152 shows an intergrowth of
ferrocolumbite + polycrase-(Y). Sample 2155 provides
a new example of uranopolycrase, with U contents in a
few cases greater than those published in Aurisicchio et
al. (1993). The remaining compositions are all examples
of polycrase-(Y), with compositions that vary accord-
ing to whether they have been found in the primitive or
evolved pockets of the Fonte del Prete dike. The domi-
nant B-site cation is Ti, approximately 1.1 apfu (Table
2), whereas the content of Nb and Ta shows much vari-
ability. Figure 4 shows the distribution of the euxenite-
group minerals found in the primitive and evolved
pockets, on the basis of the B-site occupancy. Whereas
the primitive pockets contain euxenite-(Y) and
polycrase-(Y), only in the evolved pockets was the Ti-
dominant phase found. Figure 5 shows the occupancy
of the A site for material from the primitive and evolved
pockets. The general trend shows the increase in U and
the decrease in Y (+ REE) in the more evolved cavities.
In some cases, Bi follows the increase in uranium, reach-
ing a maximum of 0.2 apfu (Table 2).

The compositional variation of these phases reflects
the composition of the pegmatite-forming melt – fluid
system in the two pocket environments. The exsolved
aqueous fluid, in the core zone, is less evolved than that
at the terminations of the dike. Therefore, the latter
pockets represent the last stage of crystallization within
the host pegmatite.

Samples H14, X3, and 2155 were analyzed by XRD
to determine their unit-cell parameters after heating at
900°C for ten hours. Table 2 lists the results calculated
on the basis of the space group Pbcn. The sample of
polycrase-(Y) number 2155 shows a shorter a param-
eter than the other two samples (Table 2). This behavior
confirms the distortion of the coordination polyhedron
around the U cations in the A site, as suggested by
Aurisicchio et al. (1993). The A polyhedron may be
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described as a distorted cube as well as a square
antiprism; indeed, the two longest A–O distances are
markedly different than the other six.

Columbite–tantalite group

Minerals of the columbite–tantalite group have the
general formula AB2O6, with the A site occupied by Fe,
Mn, and a smaller quantity of Mg, Na, and trivalent ions,

TABLE 2. REPRESENTATIVE COMPOSITIONS OF MEMBERS OF THE EUXENITE GROUP OF MINERALS,
FONTE DEL PRETE DIKE, ISLAND OF ELBA, ITALY
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and the B site occupied by Nb, Ta and small amounts of
Ti and W. The main trends known from the literature
are the isovalent substitutions Fe ↔ Mn in the A site,
and Nb ↔ Ta in the B site, with corresponding end-
members ferrocolumbite, manganocolumbite, ferro-
tantalite and manganotantalite (Ercit 1994, Ercit et al.
1995).

Table 3 shows the composition of some representa-
tive samples of columbite–tantalite from the Fonte del
Prete dike. More than 200 analyses have been made of
representative samples. Heterovalent substitutions in-
volve the A site or the B site (or both). Na, Mg, Sn, Y,
and the REE display extensive heterovalent isomor-
phism at the A site, whereas the coupled substitution of
Ti + W for Nb + Ta occurs at the B site, as reported also
by Mulja et al. (1996).

The columbite-group mineral from primitive pock-
ets (core zone) is iron-dominant, and is widespread in
the matrix and primary accessory phases such as tour-
maline, blue beryl, cassiterite, euxenite-(Y)–polycrase-

(Y), and garnet. In contrast, manganese-dominant vari-
eties, evolving from manganocolumbite to mangano-
tantalite, have been found in the evolved pockets
(terminations of the dike), together with manganoan
elbaite, pink to colorless beryl, lithium-rich phases, and
an unknown W-rich phase, wodginite, and microlite.

The compositions reported in Table 3 show cation
totals ranging from 2.986 to 3.060 apfu, suggesting the
presence of trivalent cations. The Fonte del Prete
samples show a variable WO3 content ranging from 0
to 10 wt%. The TiO2 content ranges from 1.5 to <7.0
wt% (Table 3). The presence of W and Ti in the struc-
ture of the columbite–tantalite phases confirms the
heterovalent substitution for Nb and Ta according to the
following mechanism: 2(Nb,Ta)5+ ↔ Ti4+ + W6+.

An increase in the content of the couple Ti–W pro-
motes structural disorder, as shown by the unit-cell
parameters of two heated crystals (Table 3): ferro-
columbite 2159 shows partial order (about 75% order:
Ercit et al. 1995), likely because of its chemical hetero-

FIG. 3. X-ray maps of Nb (a), Ti (b), Y (c), and Bi (d) in sample H14, showing the trend from a core of euxenite-(Y) to a rim of
polycrase-(Y). Magnification 80� (green > red).
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geneity, and manganocolumbite 1144 has a value of the
order parameter close to 100%.

In Figure 6, the occupancy of the A and B sites is
considered. This diagram shows the striking composi-
tional variation of the columbite–tantalite group. The

Fonte del Prete dike, indeed, shows a high activity of
W, as suggested by the constant presence of this ele-
ment in the columbite–tantalite minerals. Figure 6 dis-
plays three compositional fields having an average W
content near 2–3% (columbite–tantalite), 12% (manga-

FIG. 4. Triangular plot of the B-site cations Ti–Nb–Ta in the euxenite group of minerals. (a) Primitive pockets, and (b) evolved
pockets.

FIG. 5. Triangular plot of the A-site cations Y + REE – Ca – U + Th in the euxenite group of minerals. (a) Primitive pockets, and
(b) evolved pockets.

Y+REE Y+REE

U+Th
U+Th

Ca
Ca

b
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nocolumbite rich in W) and 30% (W-rich phase, see next
section).

Very rare crystals of ferrocolumbite (samples 1188,
2159 and 1152) and manganocolumbite occur in the
primitive pockets, whereas in the evolved cavities, both
manganocolumbite and manganotantalite (rim of sample
2157) have been found.

“Wolframo-ixiolite”

A complex oxide with the formula (Nb,Ta,Ti,W,Zr,
Fe,Ti,Mn,U,Bi)4O8, here referred to informally as
“wolframoixiolite”, seems to be a disordered columbite–
tantalite-group mineral. The compositional resemblance
to metastable high-temperature ixiolite may be ex-
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plained by considering its structure, which converts,
upon heating, to ordered columbite–tantalite (Nickel et
al. 1963, Grice et al. 1976).

The “wolframo-ixiolite” found in the Fonte del Prete
dike forms crystals that occur with U–Bi polycrase-(Y),
uranopolycrase, polycrase-(Y) and columbite. Sample
D, in small acicular needles, was found inside a colum-
bite crystal, with both embedded in a K-feldspar matrix
(Table 4). These needles have a very high W content
(0.47–0.92 apfu), with the following order of site fill-
ing: Nb ≥ W ≈ Fe > Mn > Ti > Zr > Ta. The analytical
results reported in Table 4, calculated on the basis of
eight oxygen atoms for four cations hosted in a single
site (because of structural disorder), show in some cases
a lower-than-expected cation total, perhaps due to some
trivalent iron or manganese.

An XRD analysis of sample D indicates that after
heating at about 900°C for ten hours, an orthorhombic
cell appears whose parameters are reported in Table 4,
and which corresponds to a cell close to the columbite–
tantalite group. The use of a single-crystal technique
(precession or Weissenberg photographs) was avoided
because the sample is not homogeneous.

The second sample (2162) is present as exsolution-
induced blebs of “wolframo-ixiolite” in highly altered
U- and Bi-rich polycrase-(Y). The W content here is
lower (0.37–0.40 apfu), and the order of site occupancy
(Nb > Mn > Ti > W > Ta > Fe) indicates a composition
near that of disordered columbite. Even here, the dimen-
sions of the crystals do not permit a detailed analysis
using single-crystal X-ray methods.

Figure 6, a (Nb,Ta) – (Ti, W) – (Fe, Mn) diagram,
shows the compositional area given by the phases stud-
ied, together with a trend given by the sequence:
manganocolumbite and manganotantalite (Ti–W-poor),
ferrocolumbite and manganocolumbite (Ti–W-rich),
and “wolframo-ixiolite”. The W content clearly differ-
entiates the three compositional fields. The presence of
Ti and W, even in these structures, promotes disorder
(without neglecting the influence of elements such as
Bi, U, Y, and Dy).

Wodginite

The wodginite group of minerals includes isostruc-
tural phases with the general formula A4B4C8O32 in
which the A site contains Mn, Fe2+, Sn2+, Li and �, the
B site, Sn4+, Ti, Fe3+ and Ta, and the C site, Ta, Nb and
minor amount of Ti (Ercit et al. 1992b). On the basis of
XRD results, the crystal structure of wodginite is a su-
perstructure of ixiolite (Nickel et al. 1963). Ferguson

FIG. 6. Triangular plot of the occupancy of the A and B sites
of the columbite–tantalite series and the W-rich phase:
Ti–W-poor columbite–tantalite (Mcl–Mtt), Ti–W-rich
columbite (Mcl Ti–W-rich) and “wolframo-ixiolite”
(W-ph), with an arrow indicating the evolutionary trend.
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et al. (1976) showed that wodginite has three cation
sites, all in octahedral coordination.

The species found in the Fonte del Prete dike is
titanowodginite, with Ti occupancy of the B site exceed-
ing 50%. This phase occurs in cavities at the termina-
tions of the dike, with accessory minerals such as
manganoan elbaite, microlite, petalite, and pollucite, all
highly evolved minerals. The titanowodginite crystals
attain a few mm across, are dark brown, anisotropic, and
biaxial (+).

Compositions and chemical formulae are reported in
Table 5 on the basis of 32 oxygen atoms. The calcula-
tion of the formula is problematic, because several ele-
ments may be hosted in more than one site. Sample Z7,
which is the most representative (Table 5), shows a com-
position noteworthy for its high Ti content, which is
greater than what has been reported in the literature
(Ercit et al. 1984, 1992a, b). Titanium substitutes for Ta

and Sn at the B site, and partially for Ta and Nb at the C
site. The unit-cell parameters are a 9.47(1), b 11.44(2),
c 5.092(2) Å, � 91.03(6)°. The titanowodginite from the
Fonte del Prete dike differs from that reported in the
literature (Ercit et al. 1992 c) in its high Ti and Ta, lower
Nb and total lack of iron.

Microlite

Microlite occurs as a primary phase in the evolved
cavities of the terminations of the Fonte del Prete dike,
in association with manganocolumbite, “wolframo-
ixiolite”, titanowodginite and, rarely, manganotantalite.
Minerals of the microlite subgroup of the pyrochlore
group have the general formula A2–mB2X6–wY1–n•pH2O,
where the A site may be occupied by Na, Ca, REE, U,
Th, Bi, Mn, and Fe, the B site, by Ta, Nb, Ti, and W, the
X site is normally fully occupied by O, and the Y site,
by O, OH and F; m has a value from 0 to 2, whereas n
ranges from 0 to 1. On the basis of the classification of
the pyrochlore group (Hogarth 1977), the Fonte del
Prete dike shows only microlite (Fig. 7).

In Table 6, some compositions have sums ranging
from 94.50 to 99.32 wt%; the low totals may be ac-
counted for by the presence of H2O. The composition
of microlite from the Fonte del Prete dike is highly vari-
able, ranging from Na-, Ca-rich to U-rich. The major
elements in the A and B sites are Na (0.80–1.15 apfu),
Ca (0.40–1.15 apfu), U (0–0.45 apfu), Ta (1.20–1.75
apfu), and Nb (0.24–0.77 apfu). A small amount of Ti
and W also are present. Considering the occupancy of
the A, X and Y sites, the Elban microlite shows a low
proportion of vacancies and may be regarded as unal-
tered. Only a few samples (C5 and C8) show some signs
of primary alteration along their rim (Lumpkin & Ewing
1988, 1992, Lumpkin et al. 1986). The limited degree
of alteration of these samples and the limited leaching
of alkalis could well be related to the young age of the
pegmatite (Aurisicchio et al. 2001).

FIG. 7. Occupancy of the B site of the pyrochlore-group minerals according to the major
elements (Hogarth 1977), showing the compositions of the microlite encountered.
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Ca has a random distribution (Fig. 8a), with a mini-
mum in the core where U is higher, whereas the U con-
tent defines an oscillatory zoning from the core to the
rim of the crystal (2Ca2+ ↔ U4+) (Fig. 8b). Samples C5,
C8, and M2 have been heated at 900°C for 10 hours.
XRD data, reported in Table 6, show a decrease in the a
parameter as U content increases and Ca content de-
creases.

DISCUSSION

The samples studied here come from primitive pock-
ets located in the central part (core zone) of the Fonte
del Prete dike and evolved pockets located at its extremi-
ties. A comparison of the Nb–Ta oxides in those pock-
ets indicates the attainment of the highest level of

fractionation (on the basis of Nb/Ta values) in the
evolved pockets. A few samples belong to the interme-
diate zone of the massive pegmatite. On the basis of the
evolutionary trend established in each Nb–Ta mineral
group, we suggest a possible mechanism of evolution
of the dike.

A set of Ti–Nb–Ta diagrams (Figs. 9a, b) shows the
B-site occupancy of all phases belonging to primitive
(a) and evolved cavities (b). Niobian rutile and euxenite-
(Y), with high values of Ti and Nb at the B site, and Fe
and Y + REE at the A site, occur in the intermediate
zone of the massive pegmatite and in the primitive pock-
ets. Even if the composition of euxenite-(Y) from cavi-
ties is richer in Ta, levels never reach the composition
of tanteuxenite. With decreasing Nb and increasing Ti
content, euxenite-(Y) gradually gives way to polycrase-
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(Y) (Table 2, sample H14), which becomes the domi-
nant phase, with a core rich in Y and a rim enriched in
U + Bi. The B site of polycrase-(Y) is characterized by
a sharp increase in level of Ta, which varies from about
0 to 20%, confirming the usual pattern of Nb/Ta frac-
tionation in LCT pegmatites. In the evolved cavities,
polycrase-(Y), invariably richer in U, gives way to
uranopolycrase (Aurisicchio et al. 1993) (Fig. 5b). The
Bi content of the polycrase-(Y) deserves a separate com-
ment. This element seems prefer polycrase-(Y) instead
of euxenite-(Y), giving a trend parallel to that of U. In
general, Bi increases from a Bi-poor core to a Bi-rich
rim, even if in some cases a cluster distribution is present
(sample 2161). However, the occurrence of other Bi
minerals like the sulfosalts cannizzarite and lillianite in
the Elban miarolitic pegmatite (Orlandi & Pezzotta
1997) confirms the presence of Bi and can be viewed in
two ways. On one hand, it indicates the transition from
pegmatite to a hydrothermal stage, and on the other, it
confirms the presence of Bi in the volatile-enriched re-
sidual melt.

The members of the columbite–tantalite group plot
in the lower part of Figure 9a. In the primitive pockets,
ferrocolumbite crystallizes, rich in Ti (~4 wt% TiO2)
and W (~6 wt% WO3), whereas manganocolumbite and
manganotantalite are found only in the pockets at the
extremities of the dike (Fig. 9b). Columbite–tantalite-
group minerals may be considered an excellent petro-
chemical indicator because of the marked fractionation
in terms of Nb/Ta and Fe/Mn, which records changes in
the composition of the volatile-rich residual melt, form-
ing characteristic phases. However, one should consider
also the competition between columbite–tantalite and
the coexisting phases containing Nb, Ta, Fe and Mn.

In Figure 10, we report the trend Ta/(Ta + Nb) ver-
sus Mn/(Mn + Fe), which emphasizes the contrast in
chemical compositions of the phases in the two types of
cavity. In particular, ferrocolumbite, present only in the
primitive pockets, shows a limited enrichment in Ta.
Manganocolumbite, the manganese-dominant phase
present in the pockets at the terminations of the dike,
evolves directly to manganotantalite, as shown by the
rim on sample 2157 (Table 3). Figure 10 reveals also
two compositional gaps, the first one between the two
types of pockets, linked to the degree of evolution of
the host units in which the pockets grew. The second
one, between rim and core of the same grain 2157, is
likely linked to changes in thermal conditions.

Considering samples containing very low levels of
Ti, Mulja et al. (1996) and Černý et al. (1986) ascribed
the degree of order of the columbite–tantalite minerals
to environmental factors (e.g., rapid rate of cooling).
Ercit et al. (1995), however, suggested that the disorder
in the columbite group could promote higher levels of
Ti, W, Sc and Sn. Unlike what was reported before, the
Elban samples, rich in Ti and W (both >0.1 apfu), seem
to be increasingly disordered, according to the amounts
of these two cations. Samples from Fonte del Prete are
all disordered; after heating, some of them become fully
ordered (1144, 1145, 1146), and another (2159), par-
tially so.

In the evolved cavities, Ta-dominant phases
(microlite and wodginite) also are present, as are other
W-rich species, as is typical of the LCT pegmatite
family. Microlite is the Ta-dominant phase that is wide-
spread in the evolved pockets. Together with titano-
wodginite and manganotantalite, the presence of
microlite indicates the maximum level of fractionation
reached by the volatile-rich melt. The crystals of
titanowodginite found in these pockets imply that the
activity of Ti, still high in the residual melt, may give
rise to discrete phases.

Pegmatite evolution

The Fonte del Prete pegmatite can be classified as
belonging to rare-element class, complex type of gra-
nitic pegmatite (Černý 1990). At present, it is not
possible to define to what subtype it belongs. The pres-

FIG. 8. X-ray maps of Ca (a) and U (b) in microlite sample
A1; magnification 80�, white > light blue > pink > blue >
yellow > green > red.
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Fig. 9. Triangular Ti–Nb–Ta plot representing the distribution of the coexisting phases in the primitive and evolved pockets. a.
Primitive pockets: ● : Nr (niobian rutile), ▲: Eux–pol [euxenite-(Y) – polycrase-(Y) group], ◆ : Fcl (ferrocolumbite). b.
Evolved pockets: ▲: Pol [U–Bi-rich polycrase-(Y) and uranopolycrase], +: W-ix (“wolframo-ixiolite”), ◆ : Mcl and Mtt
(manganocolumbite and manganotantalite), ■ : = Mic (microlite), : Ti-w (titanowodginite).

FIG. 10. Distribution of Elban columbite–tantalite minerals with the variation of the Ta/
(Ta + Nb) and Mn/(Mn + Fe) values: (Fcl) ferrocolumbite; (Mcl) manganocolumbite
and (Mtt) manganotantalite.
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ence of some elements (Ti, Y + the heavy REE) typical
of the rare-element type of granitic pegmatite should not
be a surprise because the parent granite derives from
the mixing of a peraluminous magma with batches of
mantle-derived basic magma (Poli et al. 1989).

The dike is characterized by asymmetrical complex
zoning and miarolitic pockets, as shown by its mineral-
ogical assemblage of beryl, tourmaline, lepidolite,
spessartine, and Nb–Ta oxides. A strong enrichment in
boron during the entire evolution marks the LCT peg-
matite at Fonte del Prete, as confirmed by the crystalli-
zation of tourmaline throughout, from the border to the
core zone and in the pockets. The presence of poly-
chrome tourmaline, ranging from schorl to elbaite,
testifies to the changing compositions of the pegmatite-
forming melt – fluid system with progressive crystalli-
zation, the stability of each composition being related
to specific conditions of P, T, and X (Jolliff et al. 1986).
In addition, the increasing Ta/(Ta + Nb) and Mn/(Mn +
Fe) values observed in the columbite–tantalite group
correlate positively with the degree of evolution of the
dike. This pattern could be ascribed to the greater solu-
bility of Mn and Ta in the melt and, at same time, to the
presence of F, which complexes with Mn and Ta (Černý
et al. 1985, 1986).

Two distinct stages of late crystallization have been
recognized, and the differences in their degree of evo-
lution have been documented by a detailed investiga-
tion of the mineral assemblages in terms of crystal
chemistry. The early saturation of the volatile-enriched
melt in a vapor phase gave rise to pockets enriched in
relatively primitive phases containing Ti-, Nb-, Fe-, Y
and the heavy rare-earth elements, whereas a later stage
of vapor saturation gave rise to pockets containing an
assemblage of evolved minerals of Mn, Ta and W.
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