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ABSTRACT

Zirconolite (CaZrTi,O7) associated with baddeleyite (ZrO,), thorianite (ThO,), uraninite (UO,), thorite or huttonite (ThSiO4)
and zircon (ZrSiOy4) has been discovered in chromitites of the Finero mantle-derived massif, in the Western Alps of Italy. The
“exotic” minerals do not occur in late veins or fractures; they are part of the accessory assemblage (phlogopite, amphibole,
apatite, ilmenite, geikielite, rutile, molybdenite, and Mg—Ca carbonates) formed as a result of metasomatism of the Finero mantle.
Textural relations of zirconolite and the Zr-Th—U minerals indicate crystallization with the chromite — olivine — orthopyroxene
assemblage between 800° and ~600°C, at a given pressure of 1.0 GPa. Zirconolite is an indicator of silica-undersaturated condi-
tions. Its composition, characterized by the prevalence of Th and U over Nb and Ta, is similar to that of zirconolite from some
carbonatite complexes. The close association with Zr—Th—U minerals, and with the carbonatite-compatible elements Y, Hf, Pb,
and LREE, is symptomatic of the carbonatitic character of metasomatism at Finero. The formation of a carbonatite-type liquid
and related hydrous fluid is commonly related to the emplacement of mantle plumes in continental rift systems worldwide. This
supports the inference that the metasomatism of the Finero mantle was a result of mantle diapirism at the base of the continental
crust induced by extensional tectonics in pre-Hercynian times.

Keywords: zirconolite, baddeleyite, thorianite, uraninite, thorite or huttonite, zircon, chromitite, carbonatite metasomatism, Finero
Complex, Western Alps, Italy.

SOMMAIRE

Nous avons trouvé la zirconolite (CaZrTi,O7) associée aux accessoires baddeleyite (ZrO,), thorianite (ThO,), uraninite (UO,),
thorite ou huttonite (ThSiOy) et zircon (ZrSiOy4) dans des échantillons de chromitite du massif de Finero, de dérivation mantellique,
dans les Alpes occidentales, en Italie. Ces minéraux “exotiques” ne se présentent pas en veines ou fractures tardives; ils font bien
partie de 1’assemblage des accessoires (phlogopite, amphibole, apatite, ilménite, geikielite, rutile, molybdénite, et carbonate de
Mg—Ca) formée lors d’une métasomatose dans le manteau. Les relations texturales de la zirconolite et des minéraux a Zr-Th-U
associés indiquent une cristallisation avec 1’assemblage chromite — olivine — orthopyroxéne entre 800° et environ 600°C, a une
pression d’environ 1.0 GPa. La zirconolite est un indicateur de sous-saturation en silice. Sa composition dans cet suite, par
exemple la pro-éminence de Th et U par rapport a Nb et Ta, rappelle la zirconolite signalée dans certains complexes
carbonatitiques. Son étroite association aux minéraux de Zr-Th-U et aux éléments Y, Hf, Pb et terres rares 1égeres, serait
symptomatique d’un caractere carbonatitique de la métasomatose qui a affectée ce complexe. La formation d’un liquide d’aspect
carbonatitique et d’une phase fluide associée est généralement liée a la mise en place de panaches mantelliques dans les rifts
continentaux. Cette association concorde donc avec 1’hypothese voulant que le manteau a Finero ait subi un diapirisme a la base
de la crofite continentale au cours d’un épisode pré-Hercynien de tectonique d’extension.

(Traduit par la Rédaction)

Mots-clés: zirconolite, baddeleyite, thorianite, uraninite, thorite ou huttonite, zircon, chromitite, métasomatose carbonatitique,
complexe de Finero, Alpes occidentales, Italie.
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INTRODUCTION

Zirconolite (ideally: CaZrTi,05) is a rare oxide min-
eral; it has so far been reported from a few terrestrial
localities, lunar basalts and meteorites (Busche et al.
1972, Sheng et al. 1991, Williams & Gieré 1996, Gieré
et al. 1998). Despite of its relative scarcity in terrestrial
rocks, zirconolite occurs in a variety of lithological as-
sociations, mainly silica-undersaturated alkaline rocks,
such as carbonatite, phoscorite, syenite, nepheline sy-
enite, potassic lavas (Mazzi & Munno 1983, Fowler &
Williams 1986, Platt ef al. 1987, Bulakh et al. 1998,
1999, Bellatreccia et al. 1999, De Hoog & Van Bergen
2000, Della Ventura et al. 2000), and metasomatized
carbonate rocks (skarns) at the contact with intrusive
bodies (Gieré 1986, Purtscheller & Tessadri 1985,
Zakrzewski et al. 1992). It also occurs in metarodingites
(Stucki et al. 2001) and, sporadically, in mafic—ultra-
mafic rocks of layered intrusions (Williams 1978,
Harding er al. 1982, Lorand & Cottin 1987, Sonnenthal
1992), and metasomatized ophiolitic chromitites
(Proenza et al. 2001). Zirconolite has further been found
in mantle xenoliths (Haggerty 1987, Horning & Worner
1991) and lamproites (Carlier & Lorand 2003). In a re-
cent review of the mineralogy of the upper mantle, as
illustrated by xenoliths associated with alkali basalts and
kimberlites (Haggerty 1995), zirconolite has been in-
cluded in the group of rare and “exotic” mineral oxides,
carriers of large-ion lithophile elements (LILE) and high
field-strength elements (HFSE) that may form in the
mantle as a result of fluid-driven metasomatic processes.

In this paper, we report the first documented occur-
rence of zirconolite and other Zr—Th-U minerals (zir-
con, baddeleyite, thorianite, uraninite, thorite or
huttonite) in podiform chromitites of the phlogopite
peridotite massif of Finero, in the Ivrea Zone, Western
Alps, Italy. The Finero massif represents an important
example of partially depleted upper mantle, re-enriched
by reaction with flushing alkaline fluids carrying incom-
patible elements and volatiles. Secondary PKP (phlo-
gopite — K-bearing richterite peridotite) and MARID
(mica — amphibole — rutile — ilmenite — diopside) as-
semblages typical of metasomatized mantle xenoliths
(Erlank et al. 1987, Harte et al. 1987, Dawson & Smith
1977) are associated with a strongly residual assemblage
(olivine — orthopyroxene — chromian spinel) in a fresh
and coarse-grained recrystallized harzburgite. Various
aspects of metasomatism at Finero are currently subject
to discussion and debate. For example, the questions of
the provenance (mantle or crust) of the metasomatic flu-
ids (Ernst 1981, Exley ez al. 1982), and the geodynamic
environment, either a subcontinental mantle plume
(Shervais & Mukasa 1991, Garuti et al. 2001) or a sub-
duction setting (Hartmann & Wedepohl 1993, Zanetti
et al. 1999, Morishita et al. 2003) remain unresolved.
The discovery of zirconolite and accessory Zr-Th-U
minerals in the Finero chromitites provides new insights
into the composition of the metasomatic fluids and raises
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new questions concerning the geological setting of the
mantle massifs of the Ivrea Zone.

GEOLOGICAL SETTING AND FIELD RELATIONS

The Ivrea Zone of the Western Alps (Fig. 1A) repre-
sents a tilted block of lower continental crust, consist-
ing of mafic and ultramafic layered rocks (the Basic
Complex) intruded into granulite- to amphibolite-facies
metasedimentary and metavolcanic rocks of the
Kinzigite Series. The Finero phlogopite peridotite is the
largest of three mantle massifs exposed at the base of
the lower crust in this area. It forms the core of a roughly
elliptical, antiformal structure consisting of a concentri-
cally zoned sequence of layered amphibole-rich, garnet-
bearing gabbro and pyroxenite, amphibole-rich
peridotite, and gabbro, passing outward into granulite-
facies metasedimentary units (Fig. 1B). Details of the
geology and petrography are given by Lensch (1968),
Cawthorn (1975), Ernst (1978) and Coltorti & Siena
(1984). The Finero massif is chemically distinct from
the other mantle-derived massifs of the Ivrea Zone. It
consists of “flushed” harzburgite, characterized by a
residual assemblage (olivine, orthopyroxene, chromian
spinel) attributed to extraction of about 18% MORB-
like melt. Metasomatic re-enrichment has its mineral-
ogical expression in the extensive crystallization of
phlogopite, amphibole, apatite, and carbonates;
geochemically, it is characterized by abnormal re-en-
richment in Rb, Ba, K, Pb, Sr, the light rare-earth ele-
ments (LREE), Na and Au (Exley ef al. 1982, Stihle et
al. 1990, Hartmann & Wedepohl 1993, Garuti et al.
1997, Morishita et al. 2003). Mantle metasomatism was
initiated 293 £ 13 Ma ago (Cummings et al. 1987,
Voshage et al. 1987) by reaction of the depleted
protolith with an alkaline, volatile-rich fluid phase that,
according with some authors, may have been derived
from a crustal slab in a subduction setting (Hartmann &
Wedepohl 1993, Zanetti et al. 1999, Morishita et al.
2003). An alternative interpretation is that the Finero
phlogopite peridotite, together with the other lherzolite
massifs of the Ivrea Zone, Balmuccia and Baldissero
(Fig. 1), may represent variously depleted and re-en-
riched parts of a mantle plume emplaced at the base of
the subcontinental crust by extension and thinning of
the lithosphere, in pre-Hercynian times (Exley et al.
1982, Stahle et al. 1990, Shervais & Mukasa 1991, Henk
etal. 1997, Garuti et al. 2001). Similarities in age, trace-
element and Sr-Nd-S isotope geochemistry indicate
that metasomatism of the Finero mantle possibly was
linked to the intrusion of alkaline ultramafic magmas
that characterized the closure of underplating in the
Ivrea Zone, at about 287 + 3 Ma (Garuti et al. 2001).
Crystallization of phlogopite at 220-206 Ma marks the
main stage of metasomatism at about 800°C (Hunziker
1974), and is accompanied by partial recrystallization
of olivine, which reveals a dominant a-fabric almost at
right angle to the mica foliation (Garuti & Friolo 1978).
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An age of 208 £ 2 Ma for zircon associated with
chromitite at Rio Creves has been proposed (Von Quadt
et al. 1993, Grieco et al. 2001).

Small bodies of chromitite occur at various locali-
ties in the phlogopite peridotite of Finero (Ferrario &
Garuti 1990). The chromitites have morphological char-
acteristics similar to podiform chromitites from the
mantle tectonite of ophiolites, although the orebodies
are distinctly smaller, and the effects of low-P, low-T
oceanic metamorphism, typical of ophiolites, are lack-
ing. The geometry and relationships with the host rocks
are well exposed in old exploration workings near Alpe
Polunia and Rio Creves (Fig. 1B). Here, a chromitite
horizon has been traced discontinuously over some hun-
dred meters, along the southern border of the phlogo-
pite peridotite unit. The chromitite forms distinct layers
and elongate lenses, up to one meter long and a few tens
of centimeters thick, in coarse-grained harzburgite and
dunite. Some orebodies have the typical “schlieren”
morphology, with repetitive millimetric to centrimetric
seams of chromitite over a lateral distance of 5-50
centimeters. More extensive layers and lenses are sym-
metrically zoned and consist of an internal core of
coarse-grained spinel (up to 1 cm across) intergrown
with 20 to 50 vol.% silicate matrix (mainly ortho-
pyroxene and olivine), with margins of alternating bands
of fine-grained spinel and silicates. The contacts with
the enclosing dunite are generally sharp and marked by
a zone of orthopyroxene enrichment.

Ferrario & Garuti (1990) suggested that the
chromitites formed concomitantly with the episode of
alkaline metasomatism. A reaction seems to have taken
place between the residual mantle and the metasomatic
fluid phase causing instability of chromian diopside and
the crystallization of abundant Ti-rich chromite associ-
ated with Ti-rich enstatite and pargasite, phlogopite, and
olivine, now occurring as inclusions in chromite. Al-
though this model may no longer account for all obser-
vations and data, the presence of abundant phlogopite,
zircon, molybdenite and Mg-carbonates as part of the
accessory assemblage of the chromitites reflects beyond
any doubt a reaction with flushing fluids enriched in
incompatible elements.

SAMPLING AND ANALYTICAL METHODS

Zirconolite and the Zr-Th—U minerals were discov-
ered in chromitite samples collected from the dump in
the prospecting trenches of Alpe Polunia and Rio
Creves, and from an erratic boulder of chromitite in Rio
del Ferro. The grains were initially located by scanning
the polished sections at approximately X100 magnifi-
cation with a Philips XL40 scanning electron micro-
scope (SEM) operated in back-scattered electron (BSE)
mode, at an accelerating voltage of 20-30 kV and a
beam current of 2-10 nA. Morphological and textural
details of the grains were investigated at a higher mag-
nification, as reported in the BSE images presented in
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this work. The qualitative composition of the grains was
initially determined using energy-dispersion spectrom-
etry (EDS) on the SEM instrument. Subsequently,
quantitative analysis was performed in wavelength-
dispersion mode using an ARL-SEMQ electron micro-
probe operated at an excitation voltage of 15-20 kV and
a beam current of 15 nA, with a beam diameter of about
1 pm. Owing to the small size of the grains (usually
<10 pwm), and because of the contemporaneous presence
of elements (i.e., Ca, Ti, Fe, Mg) in the analyzed grains
as well as in the adjacent phases, optimum counting-
times as short as 20 and 5 seconds for peak and back-
ground, respectively, were experimentally determined
to minimize spurious fluorescence from the matrix.
Natural chromite, olivine, clinopyroxene, ilmenite, gar-
net, biotite, albite and microcline were used as standards
for Cr, Fe, Mg, Ca, Ti, Al, Na and K. The elements Ba,
Sr, P, Zr, Hf, Y, U, Th, Pb and the REE (La, Ce, Pr, Nd)
were calibrated on natural barite, celestine, apatite,
monazite, crocoite, and on the synthetic compounds
ThO,, ZrO,, UCoSi, La, Y Si,, Ce,Y Sip, NdSi, PrSi, and
metallic Hf. Fluorine and Cl were standardized on fluo-
rite and tugtupite (NayBeAlSi,O,Cl, containing 7.58
wt% CI). On-line reduction of data and automatic cor-
rection of the observed interference between various
pairs of elements were performed with version 3.63 of
the PROBE software, updated January 1996 (Donovan
& Rivers 1990). The detection limits for the trace ele-
ments sought are reported in the tables. The proportion
of Fe** in spinel phases was calculated assuming the
stoichiometry R**O R3*,0;.

PETROGRAPHY OF THE SAMPLES

The chromitite samples containing the Zr-Th-U
minerals are composed of 80 to 20 vol.% chromian
spinel and are dominated by the reaction textures de-
scribed by Ferrario & Garuti (1990). Massive chromitite
consists of relatively coarse-grained (up to 2-3 mm)
chromian spinel, characterized by rounded and lobate
boundaries with the silicates, commonly with amoeboid
intergrowths and reciprocal inclusions, a texture sugges-
tive of the contemporaneous nucleation of oxides and
silicates (Figs. 2A, B, C). A second type of spinel is
observed in the reaction textures. It is characterized by
lower reflectance and higher transparency (with a light
brown to dark green color) compared with the ground-
mass chromian spinel. Generally it forms drop-like,
vermicular or symplectitic intergrowths inside olivine,
in some cases associated with amphibole, typically de-
veloped along the contacts between the massive
chromian spinel and the silicate (Figs. 2D, E, F). These
features may indicate spinel exsolution from the silicate,
or precipitation of spinel by reaction between silicates
and chromian spinel induced by fluids or, considered
less likely, infiltration of a spinel-crystallizing melt
along contacts, crystallographic planes and cleavages of
the silicate.
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The coarse-grained chromian spinel has Cr# [Cr/(Cr  tion in Fe?*# is mainly controlled by variation in the
+ Al) atomic ratio] and Fe?*# [Fe?*/(Fe>* + Mg) atomic  mass ratio of chromian spinel to silicate, with the more
ratio] in the ranges 0.60-0.70 and 0.35-0.50, respec-  disseminated grains of spinel (<30% by volume) being
tively. It is thus ferroan magnesiochromite. The varia-  shifted toward Fe-rich and Mg-poor compositions.

30 pm

FiG. 2. Textural relations of spinel in the chromitite of Finero (BSE images). A) Massive chromian spinel (light grey) with
rounded and lobate boundaries with silicates (dark grey). B, C) Reciprocal inclusions of olivine and chromian spinel. In C,
olivine is partially replaced by clinopyroxene. D,E.F) Symplectitic intergrowths of spinel and olivine. Symbols: Chr: massive
chromian spinel, Spl: Fe—Al spinel, Ol: olivine, Cpx: clinopyroxene.
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Weak core-to-rim compositional zoning has been ob-
served, with the rim enriched in Fe and depleted in Cr
or vice versa. The TiO, content varies from 0.45 to 0.84
wt%, and the content of Fe;Os, from 4.4 to 9.6 wt%.
Spinel grains from symplectites are variably enriched
in total Fe and Al, and have lower Cr compared with the
coexisting massive chromian spinel. They also have
high Zn and V contents and low concentrations of Ti,
especially where in contact with Ti-oxides. Mg-rich il-
menite (2.7-9.89 wt%), geikielite (15 wt% MgO) and
rutile are encountered as part of the symplectite
asemblage, occurring as either small drop-like grains or
large patches associated with the (Al,Fe)-rich spinel.
The major constituents of the silicate matrix are oli-
vine, orthopyroxene, clinopyroxene and amphibole, in
decreasing order of abundance. They have lower Fe>*#
compared to analogous minerals in the massive phlogo-
pite peridotite reported by Coltorti & Siena (1984). The
forsterite content of olivine increases from 90-93% to
93-97% Fo, in olivine from silicate-rich bands, to oliv-
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ine interstitial to or included in massive chromian spinel,
respectively. The Ni content increases in parallel with
Mg/Fe, and reaches values as high as 0.75 wt% NiO in
olivine inclusions. Orthopyroxene contains 93-94
mol.% enstatite and is depleted in Cr and enriched in Al
with respect to orthopyroxene from the peridotite
groundmass. Clinopyroxene contains less than 1.25 wt%
Al O3, up to 1.98 wt% FeO, 0.23 wt% TiO,, 0.45 wt%
Na,O and 0.55 wt% Cr,O3;. Amphibole is enriched in
Na (3.68 wt% Nay0), Ti (2.21 wt% TiO;) and Cr (2.35
wt% Cr,03).

The chromitites also contain a suite of accessory
minerals, phlogopite, apatite and Ca—Mg carbonates,
interpreted to be the result of metasomatism (Ferrario
& Garuti 1990). Phlogopite is a common constituent of
inclusions incorporated in the massive chromian spinel,
generally associated with clinopyroxene, sulfides
(mainly chalcopyrite, bornite, and millerite), and native
copper (Figs. 3A, B). Carbonates mostly occur as part
of composite inclusions (carbonate + silicate + sulfide)

FIG. 3. Accessory metasomatic minerals in the Finero chromitite (BSE images). A) Polyphase inclusion of phlogopite,
clinopyroxene and chalcopyrite in massive chromian spinel. B) Phlogopite and chalcopyrite included in massive chromian
spinel. C) Polyphase inclusion of phlogopite, chalcopyrite and Ca—Mg carbonate in massive chromian spinel. D) Apatite and
chalcopyrite at the contact between massive chromian spinel and olivine. Symbols: Phl: phlogopite, Cp: chalcopyrite, Cb:
Ca—Mg carbonate, Ap: apatite; see Figure 2 for other symbols.
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in the massive chromian spinel (Fig. 3C), but have also
been observed in the silicate matrix. Apatite (maximum
grain-size 100 pm) is quite common. Usually, it occurs
either associated with (but never included in) the
chromian spinel (Fig. 3D) or as part of the vermicular-
spinel symplectite assemblage along with zirconolite
and baddeleyite, its texture indicating cocrystallization
with the oxides (see below).

ZIRCONOLITE AND THE ZR—TH—U MINERALS
Distribution and paragenetic assemblage

Zirconolite in the chromitites of Finero is usually
accompanied by baddeleyite (ZrO,), zircon (ZrSiOy),
members of the thorianite—uraninite series [(Th,U)O,],
and a silicate of thorium, either thorite or huttonite
(ThSiOy4). Only zircon had previously been reported
(Ferrario & Garuti 1990), probably owing to its consid-
erably larger grain-size (up to 300 wm) compared with
the other components of the assemblage, which rarely
exceed 20 pm and are commonly less than 10 pm.
Therefore, we report here the first documented occur-
rence of these Zr—Th—U minerals in the Finero complex.

More than sixty grains were encountered in seven
polished sections, with an average frequency of about
three grains per square centimeter. Identification by
optical microscopy was hampered by their extremely
small grain-size and low reflectance. Scanning electron
microscopy thus facilitated their identification. The very
small size of the grains also prevented determination of
structural data; therefore, attribution to the various min-
eral species had to be based solely on determination of
chemical composition and stoichiometry obtained by
electron-microprobe analysis. The relative proportion of
Zr-Th-U minerals, expressed as number of grains, in-
dicates a predominance of zirconolite and baddeleyite
over the other phases. Morphology, mode of occurrence
and paragenetic association of the Zr—Th—-U accessory
minerals are illustrated in a series of BSE images (Figs.
4 to 6).

Zirconolite was found in five samples of chromitite
from the old exploration trenches of Alpe Polunia and
Rio Creves. The mineral occurs as small crystals rang-
ing in size from 3 to 20 wm. At high magnification, most
grains seem to have a consistent polygonal shape.
Zirconolite may occur as isolated grains in olivine of
the silicate matrix, although it typically occurs associ-
ated with minute drops of and in symplectitic inter-
growth with (Fe,Al)-rich spinel within olivine (Fig. 4).
Conspicuously, it is never found included in massive
chromian spinel. Zirconolite has also been found in con-
tact or in close spatial association with ilmenite, rutile,
geikielite and apatite (Figs. 4C, 5A, B, C), supporting a
common origin of the assemblage. In some cases,
zirconolite forms composite grains with baddeleyite.
Some grains of zirconolite were found to have an ir-
regular shape determined by an irregular grain-bound-
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ary (Fig. 5). Several minute (<1 pm) bright grains con-
taining abundant Th and U are visible along the rim.
The BSE images show that this type of zirconolite is in
contact with partially altered spinel and thin cracks and
fissures filled with serpentine. Thus, the formation of
the Th—U mineral assemblage is interpreted as a result
of alteration by reaction with hydrous fluids, at very low
temperature.

Baddeleyite predominates in chromitite samples
from Alpe Polunia. It forms polygonal crystals varying
from 3 to 15 pwm in size. Baddeleyite may occur closely
intergrown with fine-grained spinel disseminated in the
silicate matrix (Fig. 6A). However, a number of
baddeleyite grains were found located at the boundary
of coarse-grained chromian spinel in external contact
with olivine, suggesting growth of the zirconium oxide
on chromite (Fig. 6B). Some grains of baddeleyite are
associated with amphibole and Fe—Al spinel (Fig. 6C).

Zircon was encountered in samples from Rio Creves,
Alpe Polunia and Rio del Ferro. The mineral is rela-
tively abundant and generally occurs as large crystals
(50-200 pm) characterized by subhedral to euhedral
shapes, usually in contact with or molded on the exter-
nal boundary of the groundmass chromian spinel (Fig.
6D). More rarely, zircon appears to be totally included
in the silicate matrix (Fig. 6E).

Thorianite and uraninite occur in chromitite samples
from the exploration trench of Rio Creves. Most grains
consist of subhedral to euhedral crystals, up to about 20
pm in size, either at the boundary of chromian spinel
(Fig. 6F) or in close vicinity, inside orthopyroxene of
the silicate matrix. In all cases, the grains of Th-U ox-
ide are located far from fractures or serpentine veins,
and do not display spatial relationships with other mem-
bers of the Zr-rich assemblage (zirconolite, baddeleyite,
zircon), or any of the other accessory phases such as
Al-Fe spinel, ilmenite, rutile or apatite.

Thorite or huttonite occurs in chromitite samples
from both Alpe Polunia and Rio Creves, generally as
polygonal grains located in the silicate matrix, in some
cases in contact with chromian spinel. The largest grain,
about 15 wm across, was found at the contact between
amphibole and orthopyroxene. Identification is based on
electron-microprobe data only; the small grain-size pre-
vented X-ray-diffraction analysis.

Composition of zirconolite

Zirconolite (Table 1) has the ideal formula CaZr
Ti,0O5, in which the available cationic sites have 8-fold
coordination (Ca), 7-fold coordination (Zr), and 5- and
6-fold coordination (Ti). The Finero zirconolite devi-
ates from the theoretical composition because only the
7-fold coordinate site is almost fully occupied (by Zr);
up to 35% of the Ca site and 15% of Ti site are occupied
by other cations. Electron-microprobe analyses reveal
substantial amounts of Th (8.52—13.77 wt% ThO,) and
U (1.4-4.75 wt% UQ,); one sample from Rio Creves
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has 12.13 wt% UQO,. The contents of Fe (4.41-6.75 wt%
FeO) and Mg (0.66-1.77 wt% MgO) are also relatively
high compared to published ranges in natural zirconolite
(Williams & Gieré 1996). The Finero zirconolite also
contains rare-earth elements (0.57-1.69 wt% Nd,0s,

0.28-0.94 wt% Ce,03, <0.35% Lay03), Y (0.29-0.66
wt% Y»03), Hf (0.70 wt% HfO,) and Si (0.11-1.43 wt%
Si0,), although concentrations are considerably lower
than the maximum contents reported in the literature.
Trace amounts of Pb (0.54 wt% PbO) have been de-

FiG. 4. Textural relations of zirconolite in the Finero chromitite (BSE images). A, B) Zirconolite associated with spinel
symplectite, in olivine. C, D) Zirconolite associated with spinel (and ilmenite) interstitial to olivine. E, F) Zirconolite associ-
ated with spinel and apatite, interstitial to olivine. Symbol: Zrc = zirconolite; see Figure 2 for other symbols.
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Textural relations of zirconolite in the Finero chromitite (BSE images). A) “Altered” zirconolite associated with ilmenite

and ferrian chromite. B) Enlargement of A) showing minute particles of U and Th oxide along the boundary of the zirconolite
grain. C, D) “Altered” zirconolite with U and Th oxides (white blebs) interstitial to olivine. Symbols: Ilm: ilmenite, Fe-Spl:
ferrian chromite, U-Th ox: unidentified uranium—thorium oxide; see Figure 2 for other symbols.

amounts of Hf to the Zr site. Single grains were found
to be compositionally homogeneous. However, small
grain-to-grain variations were observed on the polished-
section scale, mainly involving substitution in the 8-fold
coordinated site. Most of the compositions vary in a
range defined by the following recalculated formulae:

(Cag 67Mg0.07REE0.06 Y 0,01 Tho.13U0.03)50.97
(Zr1.06Hf0.01)31.07 (Ti1.72Fe0.23S10.01)31.96 O7.00

(Cag.6xMgo.10REE(.03Y 0,01 Tho.21U0.04)51.09
(Zro.0sHf0.01)50.96 (Ti1.75F€0.26510.02)32.03 O6.92.

Composition of the Zr-Th—U minerals
Baddeleyite (Table 2) is almost stoichiometric ZrO,,

with trace amounts of Ti (0.65 wt% TiO;) and Fe (0.73
wt% FeO) substituting for Zr. Hf was detected only in a

few cases, whereas the REE were invariably close to
the detection limit. The grains of baddeleyite included
in amphibole proved to have a distinctive composition
characterized by anomalous enrichment in Th (39.17-
42.76 wt% ThO;) and U (8.38-5.60 wt% UO,), and
lower concentrations of Ca, Ti, Si, Fe, and Pb. The for-
mula of the unusual baddeleyite can be recalculated to:

(Zr9.63Th.25U0.05Ti0.03S10.03Pbo.o1)s1.00 O2.00-

The oxides of the thorianite—uraninite series form
two separate groups of compositions (Table 2). One
consists of ThO,—UO, intermediate compounds strad-
dling the compositional limit between thorianite and
uraninite. The other approaches more closely the
composition of pure uraninite. Both minerals are char-
acterized by minor substitution of other elements. Inter-
mediate members of the thorianite—uraninite solid
solution contains Pb, from 1.5 to 3.02 wt% PbO, and is
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tected in a few samples. The compositions of the Finero
zirconolite were recalculated assuming different
schemes of substitution among the various elements
(Bayliss et al. 1989). Although Mg is commonly as-

cribed to the Ti site, the most satisfactory approach to
the ideal formula CaZrTi,O7 was achieved by adding
Mg to the Ca site, together with Th, U, REE and Y,
whereas Si and Fe were added to the Ti, and the trace

FI1G. 6. Textural relations of Zr-Th—U minerals in the Finero chromitites (BSE images). A) Baddeleyite surrounded by Fe—Al
spinel interstitial to olivine. B) Baddeleyite in contact with massive chromite and olivine. C) Baddeleyite with high Th content
associated with Fe—Al spinel, in amphibole. D) Uraninite—thorianite in contact with massive chromian spinel and
orthopyroxene. E) Large grain of zircon in contact with massive chromian spinel and olivine. F) Zircon included in olivine.
Symbols: Bd: baddeleyite, U-Th: uraninite—thorianite , Zrn: zircon, amp: amphibole; see Figure 2 for other symbols.
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TABLE 1. SELECTED RESULTS OF ELECIRON-MICROPROBE ANALYSES OF ZIRCONOLITE
FROM CHROMITITE, FINERO COMPLEX, WESTERN ALPS, ITALY

MgO Si0, CaO TiO, FeO Y,0, Zr0, La,0, Ce,0; Pn0, Nd,O;, HFO, PO ThO, UG, Sum
D.L. 0.04 007 002 002 007 010 007 0.10 0.0 009 012 032 023 009 057
CRI340C 111 nd. 030 7.42 280 633 0.64 258 nd nd nd nd <02 023 951 121 90.33
POI337B 11 099 0.11 980 359 48 054 322 022 048 <0.05 116 024 <02 116 317 10127
POI337B12 099 021 935359 503 070 324 <0.10 052 <0.09 096 057 <02 117 2.64 10097
POIZ37B13 071 017 971 367 518 050 323 026 036 <0.09 073 <02 <02 996 246  99.04
POIZ37B18  nd. 011 100 364 487 057 320 nd nd nd nd <02 058 110 345 99.08
POI337B21 095 016 957 37.0 518 051 310 014 028 <0.09 0894 039 <02 122 295  101.27
POI337B22 098 027 888 355 480 029 296 0J2 054 <0.09 057 028 <0.2 138 260 9823
POI337B23  nd 025 104 375 531 079 319 nd nd nd  nd <02 <02 107 .83 98.68
POI337B26  nd. 023 9.58 368 514 034 308 nd nd nd nd <02 <02 123 325 0§44
POI337C 11 080 027 920 334 428 066 30.5 022 0.64 <009 1.69 056 034 852 107 9215
POI337C2A 1 079 022 102 350 447 030 322 <010 094 <0.09 1.19 030 026 9.10 140  96.57
POI337C41 092 033 941 339 491 062 327 <0.10 093 <009 141 022 <02 950 1.01 95.86
PO13601 1 0.67 032 884334 675 036 319 035 075 <009 137 028 <02 112 365 10004
POI3602A1 070 0.09 9.82 360 441 040 344 031 093 <009 138 041 <02 877 177  99.39
POI3602B1 075 007 103 376 448 070 332 022 077 <0.09 115 048 024 103 167  101.93
POI3604A1  0.85 032 935 361 471 060 33.0 025 085 <0.09 1.52 047 <0.2 903 2.11 99.16
POL3604B1 170 093 898 33.9 489 037 31.0 030 070 <0.09 1.18 <02 054 102 291 97.60
PO1364 10 1 177 143 881 208 520 063 273 0.8 076 015 130 070 <0.2 973 3.95 91.71

D.L.: detection limit, n.d.: not determined.

relatively enriched in REE, with Ce (2.02 wt% Ce,03)
prevailing over Nd (0.68 wt% Nd,O3) and La (0.36 wt%
La,03). The compositions vary between the recalculated
formulae:

(Thg.43U0.48Pbo.03Ce0.03Ndo.01Cag.02Fen.01)s1.01 O1.99
(Tho .48U0.45Pbo.03Ce0.03Ndo.01Cap.02)s1.02 O1.98.

The uraninite is characterized by high Pb contents
and a slight oxygen deficiency, approaching the for-
mula: UggPbg25Thg 0201 93.

The zircon is almost pure ZrSiOy, with up to 1.13
wt% HfO, and trace amounts of Y (0.25 wt% Y,03)
substituting for Zr (Table 2). The thorium silicate, thor-
ite or huttonite (Table 2), is quite homogeneous with
small amounts of U (1.8 wt% UQO,), Pb (0.71wt% PbO),
Fe (0.25 wt% FeO) and REE (0.77 wt% La,03, 0.94
wt% Ce,03). The approximate formula can be recalcu-
lated to:

(Tho.90U0.02Pbo.01Cen.02Lag.01Fe0.01)s0.97 Sit.03 Os.00-
COMPARISON WITH ZIRCONOLITE OCCURRENCES
‘WORLDWIDE

An overview of worldwide occurrences of zircon-
olite, modified after Williams & Gieré (1996) and Gieré

m FINERO ¥ Ideal Zirconolite
[ Carbonatites  [_] Metasomatic rocks and skarn
Potassic lava [7] Syenites

EEE Tchivira syenite-carbonatite complex (Angola)

o Kimberlites ¢ Ultramafic ¢ Gabbro pegmatite

= Lunar basalts 2 Metarodingites *Lamproite

¢ Pyroclastic @ Mantle nodules

Fi6. 7. Ca—Zr-Ti composition (at.%) of zirconolite from the
Finero compared with compositions of zirconolite occur-
rences worldwide (Table 3). Data from: Busche et al.
(1972), Williams & Gieré (1996), De Hoog & van Bergen
(2000), Della Ventura et al. (2000), Stucki et al. (2001),
Carlier & Lorand (2003). Individual symbols: occurrences
with less than 10 compositions.
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TABLE 2. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES OF BADDELEYITE AND Zr-Th-U MINERALS
FROM CHROMITITE, FINERO COMPLEX, WESTERN ALPS, ITALY

Mg0 §i0, €CaO0 TiO, FeO Y,0; Zr0, La,0, Ce0, Pr,0O; Nd,0, HfG, PbO ThO, UO, Sum

D.L. 0.04 007 002 002 007 010 007 010 010 009 012 022 023 0.09 0.57
Baddeleyite
PO1337B4 1 0.11 <0.07 <0.02 <0.02 <0.07 <0.10100.5 <0.10 <0.10 0.09 <0.12 <0.22 <0.23 <0.09 <0.57 100.70
PO1337B 41 nd. 007 <002 051 063 <0.10 998 nd. nd. nd nd nd <023 <0.09 <0.57 101.01
PO1337B 42 nd. 018 <0.02 048 0.63 <0.10 991 nd. nd nd nd nd <023 <0.09 <0.57 100.39
PO1337B 51 nd. 0201 <0.02 051 075 <0.10 990 nd. nd nd nd nd <023 <009 <0.57 100.47
POI1337B 7 1 nd. 017 0.03 066 0.67 <0.10 992 nd. nd nd nd ad <023 <0.09 <0.57 100.73
PO1364 11 0.05 010 0.02 045 0.73 <0.10 974  0.12 <0.10 <0.09 <0.12 0.34 <0.23 <0.09 <0.57 99.21
PO1364 2a 1 nd. 033 0.02 037 054 <0.10 958 nd. nd nd nd nd 023 <0.09 <0.57 97.29
PO1364 2b 1 nd.  0.84 <0.02 048 092 <0.10 916 nd nd nd nd wnd <023 <0.09 <0.57 93.84
PO1364 41 0.16 0.50 <0.02 0.65 0.67 <0.10 934  0.13 <0.10 <0.09 <0.12 <0.22 <023 <(.09 <0.57 95.51
PO1364 11 1 0.09 037 0.07 042 0.54 <0.10 974 <0.10 <0.10 <0.09 039 <0.22 <0.23 0.16 <0,57 99.44
PO1364 121 0.09 026 0.03 046 058 <0.10 98.0 <010 0.15 012 0.19 <0.22 <0.23 <0.09 <0.57 99.88
PO1364 82 <0.04 097 044 1.24 014 0.10 457 0.10 <0.10 013 012 022 1.00 382 7.6 95.52
P0O1364 91 <004 0.95 024 120 022 0.10 443 <0.10 <0.10 0.14 <0.12 <022 0.70 40.7 5.94 94.49
PO1364 92 nd. 070 033 120 025 015424 nd nd nd nd nd 082 401 581 91.76
PO1364 93 nd. 096 025 129 0.19 <010 443 nd. nd nd nd nd 096 417 723 96.88
PO13649 4 nd. 1.05 024 120 027 0.13 437 nd nd nd nd nd 099 415 543 94.51
Zircon
CRI340C 7B 1 <004 337 <0.02 <0.02 014 025 636 <0.10 <0.10 <0.09 0.12 1.13 <0.23 <0.09 <0.57 98.94
CRI340C7C 1T <004 347 <002 <0.02 0.19 <0.10 62.5 <0.10 <0.10 <0.09 <0.12 0.92 <0.23 0.09 <0.57 98.40
CRI340C7C2  0.05 33.3  0.02 <0.02 0.18 0.12 63.8 <0.10 <0.10 <0.09 0.12 097 <023 <0.09 <0.57 98.36
CRI340C 7C 3 <0.04 33.7 <002 <0.02 0.10 0.13 659 <0.10 <0.10 <0.09 <0.12  0.99 <0.23 <0.09 <0.57 100.82
Thorianite-Uraninite
CRIZ40A TA1  0.04 0.17 039 006 <0.07 <0.10 0.08 010 120 018 0.65 <0.22 241 483 462 99.78
CRI340A 1A2 nd <007 040 003 0.10 <0.10 <0.07 nd nd nd nd <022 3.02 486 49.7 101.85
CRIZ40AT1A3 004 023 052 007 0.18 <010 0.09 015 068 <0.09 043 <022 235 435 3510 99.24
CR1340A 1A 4 nd 011 048 004 019 <010 012 nd nd nd nd <022 221 46.1 482 97.45
CRIZ40A TAS 004 017 040 002 0.13 <010 0.07 <G.10 079 033 028 <022 258 47.1 473 99.21
CRI340A 1B 1 0.08 <0.07 039 0.08 021 <0.10 023 025 164 020 060 <0.22 246 44.1 485 98.74
CRI340A 1B4 <0.04 0.3 033 <0.02 022 <0.10 0.08 036 202 016 068 <022 247 423 489 97.65
CR1340A1B6 nd 011 034 005 037 018 <007 nd nd nd nd <022 203 480 3505 101.58
CR13406 4 0.07 <0.07 036 007 033 010 0.07 016 092 020 023 <022 2.05 545 409 99.96
CR13403 5 0.06 <0.07 031 <0.02 02t 0.11 018 013 044 <009 0.12 <0.22 150 64.7 329 100.66
CR1340 175 <0.04 <0.07 027 006 066 010 015 <0.10 0.67 <0.09 <0.12 <0.22 192 592 355 98.53
CR13401 38 0.04 032 064 005 0.13 <0.10 <0.07 <0.10 078 <0.09 0.14 <0.22 180 1.14 77.0 98.24
CR13401 39 0.04 0.13 013 004 011 <0.10 <007 G111 091 <0.09 .12 <0.22 192 1.84 759 98.53
Thorite or Huttoniie

PO136451 <0.04 197 0.04 <0.02 025 019 <0.07 077 094 017 012 <022 071 753 1.80 99.99
PO1364 52 <0.04 203 004 <0.02 023 <0.10 <0.07 0.82 103 0.11 012 <022 047 745 071 98.33
POI1364 58 <0.04 19.5 <002 <0.02 0.32 <010 <0.07 0.58 070 0.11 0.12 <0.22 1.07 76.9 0.57 99.87
PO1364 59 <0.04 20.0 003 <0.02 038 014 <0.07 083 101 0.1 0.15 <022 117 73.8 1.09 98.71
CR1340 137 <0.04 146 016 <0.02 043 0.12 <0.07 022 034 <0.09 <0.12 <0.22 0.56 82.6 1.60 100.63
CR13404 8 <0.04 156 0.08 <0.02 022 0.10 <0.07 013 022 <0.09 <0.12 <022 023 825 1.18 100.26
CR134014 <(0.04 156 0.08 <0.02 0.61 <0.10 <0.07 <0.10 0.14 <0.09 <0.12 <022 043 82.7 1.56 101.12
CR13401 6 <0.04 156 004 <0.02 033 <0.10 <0.07 011 014 <009 <0.12 <0.22 020 81.8 1.67 99.89
CRi34017 <0.04 157 004 <0.02 042 <0.10 <0.07 0.1t 0.16 <0.09 <0.12 <0.22 023 §2.6 099 100.25

D.L.: detection limit, n.d.: not detcrmined.
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et al. (1998), is given in Table 3. The compositions are
plotted in terms of Ca-Ti—Zr, together with those ob-
tained from the Finero chromitites (Fig. 7). The diagram
shows that natural samples deviate significantly from
the theoretical stoichiometry, and diverge with an in-
creasing proportion either in the Ca or the Ti site, or
both, whereas the extent of Zr substitution is generally
very limited (Harley 1994). This permits accommoda-
tion of various elements in the structure, so that the com-
position of natural zirconolite can be described in terms
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of the following five end-members: CaZrTi,O7,
(ACT)ZrTiMe* O, (REE)ZiTiMe3*0,, (REE)ZrMe>*
Me**0q, and CaZrMe>*Me** 05, where: ACT =Th + U,
Me** = Mg + Mn + Fe**, Me** = Fe3* + Al + Cr, and
Me>* = Nb + Ta (Gieré et al. 1998). These authors have
shown that type and extent of substitution are strongly
dependent on the geochemical environment of forma-
tion, and distinct compositional groups can be defined
for specific rock-associations or individual geological
localities (Table 3). Most of the substitution in the

TABLE 3. OCCURRENCES, PREDOMINANT SUBSTITUTIONS
AND PARAGENESES OF ZIRCONOLITE*

Rock type n Locality Predominant substitution Paragenetic assemblage
Chromitite 2 Finero (Italy) (Th, U, REE, Me®) Ap, Bd, Chr, Cpx, Ilm, Mgt, Mlb, Neu, OL,
Opx. Phl, Pn. RL, Thn, Thr-Hut, Urn, Zrn
Cuba (Y, REE, M) Ap. Chr, 1Ibl, Ilm, Mgt, OL, Opx, P, Rt.
Sulf
Alnotre 1 Québec (CAN) No data Bd, Prv
Anotthesite 1 Skacrgaard {Greenland) No data Aln, Ap. Bd, llm, P1. Ttn, Zmn
Calc-alkaline 1 Indonesia (Y, REE, Me™, Th, Kls, Si
lava U, Nb)
Carbonatite 16  Kovdoer (Russia) (Nb, Ta) Ap, Bd, Clz, Chu, Mgt
Howard Creek (CAN) (Th, U, REE, Me®")  Prv, Peh, Rt, Whi, Zin
Phalaborwa (RSA) (Ih, U, Me*)
Araxa (Brazil) {Nb, Ta, REE)

Cordicrite 1 Ontario (CAN) No data R, Ttn, Zm
gneiss

Gabbro 1 Scotland (Y, REE, Me™) Aln, Ap, B, Ep, Ttn, Zrn
pegmatite

Kimberlite 3 South Africa 13d, Cal, llm, Zm

{only major elements)

Lamproite 1 TPeru (REL, Th, Me™) Ap. Chr, Cpx, Kb's, llm, Ol, Opx, Phl, Po,
I)y
Metasomatic 11 Adamello (Italy) (Th, U, REE, Aln, Ap, Bd, Bet, Cal, Chl
Carbonate M, Me™)
Rocks Qetztal-Stubai (Nb, ¥, Me?', Me*)  Chu, Cpx, Dsk, Dol, Gek, Ttm, Jrd, O,

{Austria)
Antartica
South Africa

Opx. Phi, Po, Py, Rsb, Rt, Spl, Ttn, Zm
Ap. [lm, Lct, Ne, Phl, Pl
Bd, O1, Opx, Spl, Zrn, MARID

(Nb, REL, M)
(only major elements)

Metasomatic 1
Mantle 1
Xenolith

Mectarodingite 1 (RCE, Y, Me™)

Alps (Ttaly} Ap, Bd, Chl, Cpg, Hbl, [Im. O, Spl, Zm

Sapphirine 1 Antarctica (Y, REE, Me”', QOpx, Phl, Spr, Spl
Granulite My
Syenite and 12 Norway (Nb, REE, Th, UJ) Aln. Ap, Bd, Bt, Ep, HIn
Nepheline Angola (Y, REE, Me™, Me®)  1Tbo, [Im, Mgt, Mnz, Prv, Pbk, Tta, WhI,
Syenite Zmm
Placer 2 Jacupiranga (Brazil) Various Bd, Prv
Sri Lanka
Ultrabasic 3 Laouni (Algcria) (Me*, Y, REF) Ap, Bd, Zm

Rocks
[.unar Basalts 7

Rhum (Scotland, T1.K.) No data

Various landing sites  (REL, 11, Me*',
Me™)

incomplcte analysis

Bd, [Im, O1, P

Allende carbonaceous
chondrite

Meteorite 1 Prv. Ol, Pl

* Sources of data: Willlams & Gieré (1996), Gieré er al. (1998); scc text for further references.

n: number of reported occurrences; Me™: Fe?*, Mg, Mn; Me’ = Fe™, Cr, Al

Mineral symbols: Aln: Allanite, Ap: Apatite, Bd: Baddcleyite, Bet: Betafite, Bi: Biotite, Cal: Calcite, Clz:
Calzirtite, Chl: Chlorite, Chu: Clinchumite, Cpx: Clinopyroxene, Chr: Chromtian spinel, Dsk: Dissakisite, Dol:
Dolomite, Ep: Epidote, Gek: Geikielite, Hln: Hellandite, Hbo: Hibonite, Hbl: Hornblende, Hut: Huttonite, Ilm:
ilmenite, Ird: Jordisite, Kis: K-feldspar, Let: Leucite, Mgt: Magnetite, Mlb: Molybdenite, Mnz: Monaxiic,
Neu: Native copper, Ne: Nepheline, O: Olivine, Opx: Orthopyroxene, Pbk: Pseudobrookite, Prv: Perovskite,
Phl:  Phlogopite, Pl Plagioclase, Pn:  Pentlandite, Po: Pyrthotite, Py:  Pwrite, Pch:  Pytrochlore, Rsb:
Roscnbushite, Rt: Rutile, Spr: Sapphirine, Si: Amorphous silica, Spl: Spinel, Sulf: Sulfides, Thn: Therianite,
Thr: Thorite, Ttn: Titanite, Urn; Uraninite, Whl: Wohlerite, Zm: Zircon, MARID: Mica— Amphibele —Rutile
— [lmenite - Diopside metasomatic assemblage.
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Finero samples occurs at the Ca site, whereas the less
important substitution at the Ti site involves Si and Fe?*,
in the absence of Nb and Ta. Compositions have thus
been plotted in the Ca — (REE + Y) — (U + Th) central
section of the double tetrahedron (Fig. 8). The low REE
+ Y and relatively high (U + Th) content of the Finero
material reveal similarities with zirconolite from
carbonatites and metasomatic carbonate rocks. How-
ever, it differs markedly from zirconolite reported from
mantle xenoliths (Horning & Worner 1991), mafic—ul-
tramafic layered intrusions of Scotland and Algeria
(Williams 1978, Fowler & Williams 1986, Lorand &
Cottin 1987), metarodingites (Stucki er al. 2001) and
from the Lewotolo K-rich lavas (Indonesia) extruded in
a subduction zone (De Hoog & van Bergen 2000)
(Fig. 8). Comparison with zirconolite from the Cuba
chromitites was not possible because of the lack of ana-
lytical data. However, substitution in the Ca site of the
Cuba zirconolite is reported to be dominated by Y and
REE, with very low contents of Th and U (Proenza et
al. 2001); thus it differs significantly from the Finero
compositions.

Variations in the Ca-Th-U diagram (Fig. 9) better
define the affinity of the Finero zirconolite with com-
positions from carbonatite association, and its differ-

Th+U

Carbonatites

Ca = FINERO REE+Y
o Kimberlite e Mantle nodules
A Ultramafic a Metarodingite

Fic. 8. Ca - (Th + U) — (REE + Y) composition (at.%) of

zirconolite from the Finero complex compared with
compositional fields of zirconolite from carbonatites,
metasomatic skarns (Williams & Gieré 1996), mafic—
ultramafic rocks (Williams 1978, Lorand & Cottin 1987),
mantle nodules (Horning & Worning 1991), metarodingites
(Stucki et al. 2001), and the Lewotolo K-rich lavas (Indo-
nesia) emplaced in a suprasubduction zone (De Hoog &
van Bergen 2000).
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ences from zirconolite in metasomatic carbonate rocks
from contact skarns (Gieré 1990, Gieré & Williams
1992). In fact, there are distinct similarities with
zirconolite from some carbonatite complexes in which
Th + U substitution for Ca is predominant (Fig. 10A),
and in particular with those from Howard Creek, British
Columbia, Canada, which display simultaneous enrich-
ment in U and Th, similar to that at Finero (Fig. 10B).

CONSTRAINTS ON THE FORMATION
OF THE FINERO ZIRCONOLITE

The occurrence of zirconolite in the upper mantle
was first documented from metasomatized xenoliths in
kimberlite or basanite. There it occurs as either an “ex-
otic” reaction-induced phase (Haggerty 1987, 1995) or
as a constituent of an ultrapotassic assemblage in veins
cutting across a dunite fragment (Horning & Worner
1991). The Finero zirconolite and the Zr-Th—U miner-
als (baddeleyite, zircon, thorianite, uraninite, thorite or
huttonite) occur in chromitites associated with a large
orogenic upper-mantle massif, unrelated to late veins or
fractures. The minerals are part of the accessory meta-
somatic assemblage phlogopite + amphibole + (Mg,Ca)
carbonates + apatite + ilmenite + rutile + (Fe,Al)-rich
spinel that formed during the pervasive metasomatism
of the Finero mantle. Textural relations indicate that the
metasomatic minerals formed by a sequence of crystal-
lization events during the metasomatic process. Phlo-
gopite and (Mg,Ca) carbonates are almost exclusively
included in chromian spinel. Other phases, such as am-

Ca

Carbonatites Skarns

50
« FINERO \

Th U

F16. 9. Ca-U-Th composition (at.%) of zirconolite from the
Finero complex compared with zirconolite from
carbonatites and metasomatic carbonate rocks (skarns).
Source of data: Williams & Gieré (1996).
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Fic. 10. A) Ca — (Th + U) covariation in zirconolite from
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by predominant (Th + U)-for-Ca substitution. B) Th-U
positive correlation in zirconolite from the Finero
chromitite and the Howard Creek carbonatite. Source of
data: Williams & Gieré (1996); the data of Jacupiranga
were deduced from Figure 4 in Bellatreccia et al. (1999).
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phibole, rutile and ilmenite, occur either included in
chromian spinel or associated with the silicate ground-
mass. Zircon, thorianite, and uraninite crystallized in-
terstitially to chromian spinel or at the contact between
chromian spinel and mafic silicates, but are not neces-
sarily related to the symplectite reaction-zones at the
chromian spinel — silicate boundary nor with (Al,Fe)-
rich spinel. In contrast, zirconolite is invariably associ-
ated with symplectite and blebs of (Al Fe)-rich spinel,
along with apatite, ilmenite, and rutile. Baddeleyite oc-
curs in the same textural position as zircon, but also with
zirconolite in composite grains, or even as monophase
inclusions in amphibole of the silicate matrix, far from
the massive chromian spinel, and in this case, it is re-
markably enriched in Th.

Thus the assemblage of metasomatic minerals, and
in particular the Zr-Th—U minerals, are found in para-
genetic association with compositionally distinct spinel—
olivine pairs (Tables 4, 5). The order of crystallization
suggests that they reached equilibration of the Mg—Fe?*
exchange, under different conditions of oxygen fugac-
ity and temperature. The results of spinel-olivine
thermobarometry (Ballhaus ez al. 1991), at an assumed
pressure of 1.0 GPa compatible with the spinel-peridot-
ite facies of the Finero mantle, are illustrated in
Figure 11. The relationships between temperature and
oxygen fugacity indicate that massive chromitite equili-
brated in a wide thermal interval between 1150 and
700°C and in a relatively narrow range of oxygen
fugacities, from +1.7 to —1.0 Alog f(O,) units, ie., in
the vicinity of the FMQ buffer. Metasomatic minerals
such as phlogopite, amphibole and (Mg,Ca) carbonates
occur as inclusions in the high-T chromian spinel. The
metasomatic reaction with alkaline fluids thus most
likely started at temperatures on the order of 1100°C.
The olivine — chromian spinel pairs in contact with zir-
con give temperatures at the low-T end of this trend.
The olivine — (Fe,Al)-spinel symplectites with
zirconolite, baddeleyite and apatite gave temperatures
of formation from 800°C to less than 600°C, at oxygen
fugacities decreasing from 1.8 log units above the FMQ,
down to —3.2 log units below it. A minimum of -7.5
Alog f(O,) is recorded by olivine—spinel symplectite
pairs associated with apatite but no Zr—Ti phases.

The composition of the metasomatic minerals and
the inferred variation of oxygen fugacity with decreas-
ing temperature apparently reflect fractionation of the
volatile component and associated incompatible ele-
ments. The fractionation trend involves initial segrega-
tion of F, H,O and CO,, together with K, Na, and Ba, at
about 800°C. With decreasing temperature, the volatile
component became enriched in Cl, P and CO,, whereas
the activity of the LREE, Zr, Pb, Th and U increased
progressively in the fluid. This increase led to the pre-
cipitation of specific phases interstitial to chromite (zir-
con, thorianite, uraninite, baddeleyite), or in association
with spinel symplectites (zirconolite, baddeleyite, apa-
tite). Textural relations indicate that the symplectites are



1840

THE CANADIAN MINERALOGIST

TABLE 4. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES OF SPINEL-GROUP

MINERALS FROM CHROMI'TITL, FINERQ COMPLEX, WESTERN ALPS, ITALY

Si0, Ti0, ALO, FeO Fe,0, MgO MnO Cr,0; NiO 2ZnO V,0, Sum

DL. 005 002 003 0.06 006 002 003 005 003 002 0.02
Massive chromian spinel
CR843 <005 063 144 166 456 116 005 511 016 <0.02 <0.02 99.10
CR1340A 0.12 068 156 159 394 121 026 504 017 020 010 99.47
CR1340C <0.05 064 155 174 320 115 022 522 015 <0.02 (07 100.88
FN7 4 003 049 187 148 345 134 027 491 004 nd nd )28
PO8G 1 <0.05 0.001 143 162 576 121 020 513  0.11 <002 <0.02 100.58
PO13378 1 <0.05 057 172 167 295 123 017 515 008 002 0.11 101.60
PO1362 7 005 053 182 160 317 129 025 508 017 ad nd 102.07
PO1364 4 015 047 17.0 152 331 129 028 505 013 nd nd 99.94
RF85 1 <0.05 058 135 154 710 123 020 304 0.11 <0.062 <0.02 99.59
RET398 2 010 039 l64 157 471 126 027 502 019 nd nd 100.56
RMR4 11 <0.05 047 159 162 318 119 032 3518 019 <0.02 <0.02 99.960
RM84 4 <0.05 039 159 154 368 122 036 508 0.10 <0.02 <002 98.83
RMR4 5 006 032 125 175 502 108 023 536 008 <002 <0.02 100.11
Symplectite spinel

CR1340C 7 0.05 038 156 175 250 109 021 515 0.5 0.07 0.1 98.97
CR1340C 11 012 037 172 216 596 813 034 441 Q45 003 0.10 98.20
POI1337B5 1 025 037 124 236 123 633 039 423 025 012 016 98.45
PO1362 1A 084 032 219 149 425 150 031 430 <003 013 0.11 100.76
PO1362 7 159 029 183 147 383 146 030 468 005 038 012 100.96
PO1364 1 128 020 261 143 399 154 021 393 003 028 012 101.21
PO1364 4 089 024 162 171 321 11.8 022 483 <0.03 (.14 <0.02 98.10
PO1364 9 112 0.13 260 177 0.10 121 028 384 <0.03 056 <0.02 96.41
PO1364 12 005 051 192 147 326 13.6 034 493 <003 021 023 101.40
RF1398 2 025 029 198 153 463 131 032 461 <003 0.18 012 100.09

D.L.: detection limit, n.d.:

not determined.

TABLE 5. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSLS OF OLIVINE

FROM CHROMITITE, FINERO COMPLEX, WESTERN ALPS, TTALY

$i0, TiO, ALO, FeO MnQ MgOQ CaO Cr.0; Ni0 ZnQ V.0,
D.L. D05 0.02 003 006 006 002 0.03 005 003 002 002
CRI340A 408 003 <003 607 008 524 003 <005 058 <0,02 <0.02
CR84 11 398 <002 011 833 009 495 013 <005 037 <002 <002
CRS4 4 409 <002 <0.03 600 0.06 52.6 <0.03 <0.05 043 <0.02 <0.02
CR84 5 410 <002 <0.05 758 0.0 519 <003 <0.05 0.7 <0.02 <0.02
FNI1A 6 407 <0.02 <0.03 619 006 501 006 0.4 033 <0.02 <0.02
POI337B6 427 0.04 <003 473 006 514 003 023 0.57 <0.02 <0.02
PO1360 13 412 006 <0.03 847 017 50.6 003 <0.05 021 0.06 <0.02
PO1360 4 412 003 <003 457 008 535 005 018 036 <0.02 0.05
PO1362 Ia 444 <002 <003 529 010 496 <003 024 022 003 003
PO13627 449 007 <003 469 008 482 <003 042 031 <002 005
POI364 10 418 0.03 <003 821 0.09 503 <0.03 <0.05 051 0.07 <0.02
PO13642 416 <002 013 422 <0.06 519 <003 034 033 <0.02 <0.02
PO1364 4 432003 0.1 447 013 504 <003 C13 .54 <0.02 010
RIF13982 1 414 003 <0.03 390 005 53.0 <0.03 034 051 <002 <0.02
RMS4 11 401 <002 <003 €20 0.0 522 <0.03 <0.05 037 <0.02 <0.02
RMB84 4 403 <002 <003 714 011 512 0.03 <0.05 046 <0.02 <0.02
RM34 7 415 <002 <003 504 006 531  0.03 <005 054 <0.02 <0.02
RMS5 21 417 <0.02 <0.03 535 0.08 529 <003 <0.05 0.60 <0.02 <0.02

Sum

99.99
98.33
99.99
100.95
97.58
99.76
100.80
100.02
99.91
98.72
101.01
98.52.
99.11
99.43
99.17
99,24
100.27
100.63

D.L.: deteetion limit,



TABLE 6. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES OF PHLOGOPITE INCLUSIONS

ZIRCONOLITE IN CHROMITITES OF THE FINERO COMPLEX, ITALY
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FiG. 11.  Variation of oxygen fugacity as function of temperature at 1.0 GPa, for olivine—

spinel pairs in the chromitites of Finero using the thermometer of Ballhaus ez al. (1991).
Black squares: massive chromian spinel and interstitial olivine in zirconolite-free sam-
ples. Grey squares: massive chromian spinel and interstitial olivine in zirconolite-bear-
ing samples. Open triangles: spinel symplectite and olivine coexisting with baddeleyite,
zirconolite, and apatite.
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8i0, Ti0, ALO, TeQ MnQ MgO CaQ Na0 K,0 StO0 BaO Cr,0, Ni0 €l F Sum
DL. 0.04 002 003 006 0.03 002 010 001 001 004 004 006 003 002 003
CRI340B2 396 372 143 153 <00 257 010 098 943 <0.04 055 163 022 0.18 1.00  99.03
CR1340B3 369 451 152 148 <0.0 233 <010 200 575 <0.04 671 197 012 015 078 9887
CR869 1 391 248 149 174 <00 254 010 050 880 <0.04 0.1 193 021 0.10 1.04 9641
CR86 92 406 273 148 182 003 253 <010 037 9.66 <0.04 008 1.60 0.16 023 061 97.99
CR86 9 3 39.0 180 148 162 <0.0 269 <010 01! 9.43 <0.04 009 206 019 0323 06l 96.84
CRR&69 4 394 216 172 192 <00 241 012 120 783 <0.04 251 229 011 009 141  160.43
CR869 5 412 299 150 187 006 254 010 044 919 <0.04 132 151 013 021 093 10035
FNI1ID 1 416 239 166 172 013 213 010 084 721 <0.04 208 183 014 012 192 9708
PO1337C 3 383 052 161 119 <00 238 020 246 152 0.06 902 1.0 012 008 0.11 94.58
POS6 4 396 177 149 174 <0.0 257 0.0 025 10.] <0.04 004 154 013 024 068 9679
RM84 2 39.5 151 158 204 003 264 013 017 945 <004 004 138 015 0.02 036 9738
RMS$4 5 402 055 130 218 <0.0 286 <0.10 030 870 <0.04 0.2 [35 0.2 029 017 9558
RMS4 7 39.0 154 156 162 <0.0 272 <010 026 939 <0.04 005 155 003 021 023  96.68
*) 39.9 097 160 273 003 245 <010 058 870 nd. 031 116 016 003 010 9517

D.L.: detection limit, n.d.: not determined. (*) Average composition of phlogopite from the Finero mantle peridotite (Exley e af. 1982).

the result of a late reaction due to instability of the pair
chromian spinel — Mg silicate, induced by the increase
of fluid activity in the system. Examination of the min-
eral assemblage in the symplectite suggests the forma-
tion of zirconolite according to the reaction suggested
by Gieré et al. (1998):

baddeleyite + 2 rutile + calcite — zirconolite + CO,.

This reaction requires the initial presence in the meta-
somatic system of a carbonate component, and involves
liberation of CO,. The process implies that CO,/H,O
ratios probably increased in the final stages of metaso-
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TABLE 7. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES OF APATITE FROM CHROMITITE,
FINERO COMPLEX, WESTERN ALPS, ITALY

$i0, Ti0, ALO; FeO MnO MgO CaONa,0 K0 Cr,0, PO, S10 BaO La,O; Ce0.Pr0, NAL,O, CI  F

Sum

DL. 0.04 0.020.03 0.06 003002 010001 0.01

PO1337B 1
PO1337B 2

031 <0.02 0.09 0.56 <0.03 0.26
0.93 <0.02 0.11 0.49 0.05 035
POI337B3 0.38<0.02 0.03 043 0.04 0.37
POI337B4 043 0.02 0.04 041 0.04 0.44
PO1364 101 0.39 <0.02 0.16 040 0.10 0.27
PO1364 102 0.45 <0.02 0.16 0.53 0.05 0.26
PO1364 103 0.53 <0.02 0.15 0.55 0.14 0.50
PO1364 104 0.35 <0.02 0.29 0.56 0.03 0.24
PO1364 105 0.67 <0.02 0.08 0.52 0.06 0.36
RF139821 0.13 002 0.08 0.34 <0.03 0.25
RF139822 1.76 0.04 0.25 0.39 0.05 096
RF139823 0.77 0.09 0.25 0.55 <0.03 0.54

55.2
52.7
56.9
56.6
51.3
51.2

0.09 <0.01
0.10 0.01
(.20 <0.01
0.04 0.01
0.03 <0.01
0.04 0.0i1
51.4 003 <0.01
52.0 0.05 <0.01
53.4<0.01 <0.01
54.3<0.01 <0.01
56.6<0.01 <0.01
53.8<0.01 <0.01

0.06 0.02 0,05 0.04 007007 0.08 0.08 0.02 0.03
0.43 420 0.05
030423 0.05 028
021421 <0.05 0.04
0.17 423 0.06 <0.04
0.22 444 <0.05 <0.04
0.32 43.5 <0.05 <0.04
0.20 42.8 <0.05 <(.04
0.41 43.0 <0.05 <0.04
0.16 40.6 0.08 0.07
0.64 43.0  0.06 <0.04
0.66 37.5 <0.05 <0.04

0.78 41.5 <0.05 <0.04

0.06 0.12 0.18
0.13 0.19
0.17 032 0.11
0.16 033 0.10
0.20 0.31 <0.08
0.23 0.31 <0.08
0.21 0.29 <0.08
0.19 0.27 <0.08
0.18 0.28 <0.08 0.15
0.11 0.22 0.12 <0.08
0.14 0.24 0.11 <0.08
0.10 0.25 0.10 <0.08

0.13
0.12

0.10
0.09
0.15
0.13
0.11
0.14
0.13
0.12

1.11 <0.03
0.99 <0.03
0.94 <0.03
0.95 <0.03
0.77 <0.03
0.65 0.73
0.71 <0.03
0.81 0.49
0.54 0.09
0.38 <0.03
0.13 <0.03
0.41 <0.03

100.69
99.19
102.39
102.23
98.66
98.58
97.64
98.81
97.24
99.65
98.83
99.14

D.L.: detection limit.

matism, contemporaneously with the observed change
of the chemical-physical conditions from slightly oxi-
dized to more reduced with progressive decrease in tem-
perature.

THE METASOMATIC FLUID PHASE

Electron-microprobe compositions of accessory
phlogopite and apatite in the Finero chromitites (Tables
6, 7) indicate that the fluid phase was enriched in H,O,
F, Cl, P,Os, with a significant proportion of CO,, and
was able to carry incompatible elements such as K, Na,
Ba, Ti, Zn, Pb, Zr, REE, U, and Th.

Crystallization of the massive chromian spinel was
accompanied by entrapment of phlogopite together with
carbonate phases, at temperatures as high as 1100°C.
Crystallization of carbonates continued in association
with amphibole in the silicate matrix of the chromitite.
CO; activity was high during crystallization of the spinel
symplectite — zirconolite — baddelyite — apatite assem-
blage in the latest stages of metasomatism. The entire
metasomatic cycle in the Finero chromitites occurred
under relatively high activity of CO,, suggesting that
the metasomatic fluid was rich in an alkaline-carbonatite
component. Additional evidence derives from the pecu-
liar composition of phlogopite and apatite. Phlogopite
inclusions in massive chromian spinel (Table 6) differ
from the coarse-grained phlogopite in the mantle peri-
dotite of Finero (Exley et al. 1982) in their higher Ti,
Na, and Cr contents, and in their halogen (F + CI) con-
tents, from 0.1 to 2.04 wt%. Fluorine (0.1-1.9 wt%) is
invariably higher than CI (0.03-0.29 wt%), with F/Cl
increasing from about 2 to 27. Barium is enriched, up to
9.02 wt% BaO, a typical feature of micas from
lamprophyre—carbonatite complexes (Seifert er al.

2000), but does not contain Sr and Rb at detectable lev-
els.

Apatite is a major repository of chlorine (0.13 to 2.91
wt% Cl), but it is extremely depleted in F, as is found in
apatite in carbonatite-metasomatized mantle lherzolites
(O’Reilly & Griffin 2000). However, the Finero apatite
is poor in Th and U, as these elements were incorpo-
rated in specific Th—U phases. Apatite also carries the
light REE (La, Ce, Pr, Nd) at concentrations between
0.08 and 0.33 wt% oxide, with Ce predominant over the
other REE.

Finally, the composition of the Finero zirconolite,
characterized by high Th and U contents, shows simi-
larity with zirconolite from some carbonatite complexes,
characterized by the prevalence of Th and U over Nb
and Ta. Zirconolite and the associated Zr-Th—U miner-
als carry carbonatite-compatible elements such as Y, Hf,
and Pb, and are major concentrators of the LREE. They
account for the enrichment of La, Ce, and Nd observed
in the chromitites with respect to the groundmass peri-
dotites (Garuti et al. 2001, Grieco et al. 2001). These
mineralogical features are symptomatic of the presence
of an alkaline fluid phase with a carbonatitic signature
in the chromitites of Finero.

It has recently been proposed that an alkaline-
carbonatite type of fluid may have originated in the
Finero mantle by immiscibility-induced segregation
from an initially homogeneous SiO,—H,0O agent rich in
incompatible elements, and may have reacted heteroge-
neously with the mantle protolith, producing the apa-
tite—carbonate metasomatic banding at a mesoscopic
scale (Zanetti et al. 1999, Morishita et al. 2003). There
is no evidence for such a segregation process nor for a
two-step metasomatism with a different geochemical
signature in the Finero chromitites (Grieco et al. 2001).
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The sharp drop in T and f{O,), inferred for the crystalli-
zation of zirconolite and the formation of the symplectite
assemblage, represents the last stage of the metasoma-
tism, in which the activity of volatile components (Cl,
P, CO,) reached a maximum, causing the observed re-
action between chromian spinel and olivine. However,
the occurrence of metasomatic minerals (carbonates,
zircon, thorianite, uraninite, baddeleyite and thorite or
huttonite) in high-temperature chromite—silicate assem-
blages, independent of the symplectite reaction-zones,
indicates that the alkaline-carbonatite signature was a
primary feature of the metasomatic fluid in the Finero
chromitites. The alkaline-carbonatite fluid phase may
have been generated by liquid immiscibility, possibly
at the core of the mantle body of Finero, and migrated
outward to the marginal zones. The fact that the
chromitites are concentrated at the periphery of the
mantle body and display a clear enrichment in several
carbonatite-compatible elements (the LREE, Zr, Th, U,
Hf, Y, Pb) with respect to the average composition of
the phlogopite peridotite of Finero suggests that the
chromitites formed as a result of the alkaline metaso-
matic process.

CONCLUSIONS

(1) The small podiform bodies of chromitite in the
marginal zones of the phlogopite peridotite of Finero
formed by reaction of a clinopyroxene-poor, Cr-rich
harzburgitic protholith with an alkaline-carbonatite
fluid.

(2) This fluid may have formed from an original
melt composed of undetermined proportions of a
carbonatite end-member and a hydrous silicate end
member. The composition of this parental melt was in-
ferred from the observed assemblages of metasomatic
minerals. It suggests the presence of a HyO—-CO,-rich
peridotite source in the mantle section below the region
of emplacement of the Finero phlogopite peridotite.

(3) The formation of carbonatite-rich liquids and
hydrous fluids is a common phenomenon linked to the
emplacement of mantle plumes in continental rift sys-
tems worldwide. Our finding supports the concept of
metasomatism of the Finero mantle as a result of mantle
uplifting at the base of the continental crust. This uplift
again was induced by local transtensional opening in
pre-Hercynian times (Ernst 1981, Exley et al. 1982,
Shervais & Mukasa 1991).

(4) Metasomatism produced positive anomalies in
many incompatible elements in the phlogopite peridot-
ite of Finero with respect to primitive mantle; Th and
U, however, are depleted (Lu ef al. 1997, Garuti et al.
2001). Our discovery of thorianite, thorite, uraninite,
Th-U-rich zirconolite and baddeleyite associated with
the chromitites suggests that both Th and U were im-
portant components of the carbonatitic fluid. However,
these elements were not detected in the peridotites, be-
ing preferentially concentrated in the chromitite-form-
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ing system. We suggest that the metasomatic event at
Finero is genetically related to the intrusion of Th-U-
rich alkaline-ultramafic pipes, the magmatic episode
that marks the closure of the underplating event in the
Ivrea Zone at about 287 = 3 Ma (Garuti et al. 2001).
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