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ABSTRACT

A chemical and paragenetic study was performed on gadolinite-group minerals occurring in
miarolitic pink granite and granophyric leucogranite of the subvolcanic Hercynian plutons at Baveno
and Cuasso a Monte, Southern Alps, Italy. In the localities investigated, gadolinite-group minerals
are hosted in massive pegmatite, in aplite, and in miarolitic cavities having different degrees of evo-
lution. The petrological relations indicate that progressive crystallization has occurred from mag-
matic through to hydrothermal conditions. At Baveno, Ce-rich gadolinite-(Y) (with SREE >Y) formed
during the primitive stages of pegmatite crystallization. Gadolinite-(Y) (with SREE <Y) formed in
pegmatites and granophyric aplites during primitive to moderately evolved stages of these dikes.
Gadolinite-(Y) (with SREE <Y) and hingganite-(Y), which contains a significant amount of the
datolite component, occur in miarolitic cavities together with several rare-element accessory phases.
During the latest stages, datolite formed with zeolites. At Cuasso a Monte, gadolinite is found only
in primitive to highly evolved miaralitic cavities. The cores of these crystals consist of Nd-rich gado-
linite-(Y) (with SREE >Y). Gadolinite-(Y) (with SREE <Y formed during intermediate stages of
evolution, and hingganite-(Y) is dominant in highly evolved miarolitic cavities together with several
rare-element phases. The chemical differences observed in the gadolinites from the two localities
may indicate a different parental magma composition and reflect a difference in the crystallization
processes. In contrast to Baveno, the crystallization at Cuasso al Monte occurred under open-system
conditions, which prevented the formation of a zeolite (datolite-bearing) stage and generated a typi-
cal medium- to low-temperature hydrothermal mineral assemblage consisting of quartz, fluorite,
barite, sulfides, and carbonates. The large variationsin the Y /Dy ratio observed in the studied samples
may be due to a change in the fluorine abundance in hydrothermal fluids related to paragenetic effects

and mixing processes.

INTRODUCTION

Some minerals of the gadolinite group [gadolinite-(Y), ga-
dolinite-(Ce), hingganite-(Y), hingganite-(Y b), hingganite-(Ce),
and minasgeraisite] are typical of Nb-Y-F-rich pegmatites (NY F-
pegmatites, Cerny 1991) and alkaline pegmatites throughout
the world. Examplesinclude: Ytterby, Sweden (Mason 1971);
Oslo Region, Norway (Larsen 1996); Khibina Massif in the
Kola Peninsula, Russia (Khomyakov 1995; Belolipetskii and
Voloshin 1996); Sichuan, China (Wu et al. 1996); and Minas
Gerais, Brazil (Foord et al. 1986).

In the granite plutons of Baveno and Cuasso al Monte
(Southern Alps, NW ltaly), several gadolinite-group minerals
have been reported (Grill 1937; Fagnani 1941; Pagliani 1941;
Boscardin et a. 1970; Gramaccioli 1975; Kipfer 1983). These
authors described the gadolinites from Baveno as “isotropic”
(metamict) crystals hosted by feldspar in the pegmatitic veins
and those from miaralitic cavities in the pink Baveno granite
and the Cuasso al Monte granophyre as euhedral fresh or al-
tered crystals.
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This work reports paragenetic and chemical data obtained
on gadolinite-group minerals found in the miarolitic NYF-
pegmatites, the granite, and the granophyre of both the Baveno
and Cuasso a Monte localities. These minerals are recognized
in pegmatitic systems as crystallizing from primitive magmatic
conditions through to highly evolved hydrothermal conditions,
which show extensive changes in their compositions, particu-
larly during the latest stages of evolution of the miarolitic cavi-
ties. Our results show that the gadolinite-group minerals may
be of petrological interest in the characterization of the peg-
matitic, pneumatolitic, and hydrothermal stages of granite plu-
tons.

GEOLOGIC SETTING

The western part of the South Alpine basement contains
several granitic intrusions and rhyolite flows of Permian age
(Fig. 1), which comprise alate- to post-orogenic, K-rich mag-
matic province. These effusives and intrusives were emplaced
as either rhyolitic ignimbrites or pink subsolvus granites at
subvolcanic levels (Bonin 1988). In particular, the Baveno plu-
ton, with an age of 277 + 8 Ma (Rb-Sr whole-rock isochrons;
Pinarelli et al. 1988), contains large quantities of a pink
miarolitic faciesrich in fluorite, zinnwaldite, zeolites, and
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FIGURE 1. Geological sketch map of the western portion of the
Southern Alps including the Hercynian plutonic and volcanic rocks.

magnetite-fayalite nodules (Boriani et al. 1992). The abundance
of pegmatitic cavities and miarolitic aplitic-pegmatitic dikes, and
the presence of alarge granophyric dike in the upper part of the
intrusion indicate subvolcanic crystallization conditions.

At Cuasso a Monte, a Permian cal dera structure was identi-
fied by Bakos et a. (1990). In this caldera, athick sequence of
volcanic rocks was intruded by aleucogranitic pluton (275 + 8
Ma, Rb-Sr whole rock isochron; Bakos et al. 1990) mainly com-
posed of aplitic microgranite and miaralitic granite having agra-
nophyric texture. Aplitic-pegmatitic pods and veins, localy re-
lated to large miarolitic cavities, are widespread. Circulation of
abundant |ate hydrothermal fluids was responsible for the crys-
tallization of many different mineralsin the cavities, local ater-
ation of feldspars, and chloritization of biotite in the granite.

MINERALOGY AND PARAGENESIS OF THE
MIAROLITIC CAVITIES

The parageneses of Baveno and Cuasso al Monte, reported
in Figures 2 and 3, have been deduced from field studies and
from observations in thousands of specimens in private and
public collections (Museo di Storia Naturale of Milan).

In the Baveno pluton, miarolitic cavities occur isolated in
the pink facies of the granite, in pegmatitic veins (where they
have irregular shapes), and in aplitic-pegmatitic dikes. These
dikes contain granophyric portions characterized by several
small cavitiesin the aplitic units, and large, vertically elon-
gated, cavitiesin the pegmatitic units. These cavities range from
1 cm up to 2-3 min diameter. All the cavities developed as
isolated systems and, in some cases, the largest ones under-
went a partial collapse. The paragenesis (Fig. 2) istypical of
NY F-pegmatites and devel oped under magmatic, pneumatolitic,
and hydrothermal conditions. Among the Y-REE minerals, only
the gadolinite group is present from the earliest magmatic stage
to the latest low-temperature hydrothermal event. In particu-
lar, at low temperature, datolite crystallized together with zeo-
lites. The chemical complexity of the fluids that were present
in these pockets is revealed by the presence of, in addition to
F-rich minerals (fluorite, topaz, and zinnwaldite), Be-silicates,

GADOLINITE-GROUP MINERALS OF SOUTHERN ALPS

783

BAVENO

Fluid i ); ith HT-MT
in magma conditions

LT hydrothermal
condition;

conditions.

Quariz
Feldspars
Fayalite
Cideronhvll

Gadolinite group®

Zircon

Be-silicates™ - T
i ite and

Cassiterite

Y-REE silicates®

Fe, Tk, U oxides™ -

‘Topaz B

Xenotime-(Y) -

Sulphides®™

Fluorite

Wolframates and molybdates'”

Aeschynite gsenes)

Sc-siicates”™

Babingtonite

Schort

Phosphates™

Titanitc and Fe-axinite

Clinochlore, epidolc and pupellyite-(Fe'?)

Calcio-ancylite-(Nd)

Carbonates and sulfates®

a0, opal and prehnite

Zeolites
Clirysocolla

 Gadolinite-(Y), i ‘o), ite-(Y) and datolite; @ bavonite, bertrandite, beryl and gugiaite; @ allanite
and kainosite-(Y); " anatase, hematile, magnetite, rutilc and uraninite; ™ arsenopyrite, chalcopyrite, galena,
molybdenite_and pyrite; ¥ scheelite, and wulfenite; 7 bazzile, cascandite, jervisite, scandlobabm onite and
thortycitite; ® apatitc group mincrals, herdesite and hydroxylherderite; @ caicite, malachite and barite; “% chabazite,

heulanditc, laumontite and stilbitc. Mincrals not sufficintly characterized have not been included in the list,

Scandiobabingionite alter P. Orlandi (personal communication); other minerals after Guasloni and Pezzofta (in press),
and therein.

FIGURE 2. Paragenetic sequence observed in the miarolitic cavities
of the Baveno pluton.
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FIGURE 3. Paragenetic sequence observed in the cavities of the
Cuasso al Monte granophyric granite.

Y -REE silicates, xenotime-(Y), aeschynite-group, calcio-
ancylite-(Nd), Sc-silicates, and Fe-, Ti-, and U-oxides. Most of
these minerals seem to have crystallized from hydrothermal
fluids at high-T to medium-T conditions; at lower temperature,
locally abundant zeolites with minor amounts of carbonates
cover the previous minerals.

At Cuasso a Monte, miarolitic cavities (typically smaller
than 1 cm) are abundant throughout the entire outcrop of the
granophyric granite. Larger cavities (up to 1 or 2 m) have a
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characteristic vertically elongated shape and are commonly
rooted in an aplitic-pegmatitic pod or vein. Microtextural and
structural observations indicate that most of these larger cavi-
ties were interconnected during their crystallization. In many
cases carbonates, sulfates, and/or fluorite have filled the cavi-
ties completely during the latest stages of fluid circulation.
Circulation of hydrothermal fluids under open-system condi-
tionsisindicated by the presence of crosscutting barite-fluo-
rite-quartz-sulfides-arsenates veins.

The high-temperature paragenesis at Cuasso al Monte
(Fig. 3) issimilar to that at Baveno. At medium and low tem-
peratures, asignificant difference is observed between the two
localities, which is due to the abundance of carbonates, fluo-
rite, and sulfides, and the absence of zeolites in the cavities at
Cuasso al Monte. Moreover, gadolinite-group minerals are not
present in the early stages at Cuasso al Monte, in contrast to
Baveno, nor has datolite been reported there.

SAMPLES INVESTIGATED

Eight samples of unaltered gadolinite-group minerals were
carefully selected from different outcrops of the Baveno and
Cuasso a Monte intrusions and prepared as polished sections.
The samples were representative of the different parageneses
observed in the intrusions and were considered of interest for
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detailed electron microprobe analyses. The main features of
these samples are reported below (the sample numbersin the
mineral collection of the Museo di Storia Naturale of Milan
are indicated within parentheses). Micrographs of some of the
samples are shown in Figure 4.

Sample B1 (M.13801) is a subhedral crystal hosted in
coarse-grained quartz and feldspar from the massive primitive
part of a pegmatitic dike in the Baveno pink granite. The crys-
tal is 20 mm and black in color; it was collected at the begin-
ning of this century, probably in the dumps of the old granite
quarry close to the town of Baveno.

Sample B2 (M.13783) is a subhedral crystal hosted in the
primitive medium-grained, massive portion of a pegmatitic dike
intruded into the Baveno pink granite. The crystal is 12 mm
and similar to sample B1; it was collected in the 1960s, close
to the town of Baveno.

Sample B3 (M.29956) is a mass of subhedral crystals hosted
in the granophyric portion of the aplitic unit of a zoned
subhorizontal aplitic-pegmatitic dike from the upper part of the
Baveno pluton. The crystals are 5-8 mm and black in color;
they are locally altered into a reddish translucent material as-
sociated with Fe oxides.

Sample B4 (M.30271) is a subhedral crystal, 10 mm, found
in acavity where it grew from the surface of an albite crystal.

FIGURE 4. Photomicrographs of some of the studied samples: (a) sample B3, polished section, the gadolinite crystal (brown to black) is
surrounded by gray quartz and pink feldspar; (b) sample B5, polished section, strongly zoned gadolinite crystal with awhite overgrowth of
hingganite composition; (c) sample C1, polished section, zoned gadolinite crystal surrounded by pink feldspar: darker small grains inside the
crystal are marcasite inclusions; (d) group of well-formed gadolinite-hingganite crystals collected in the same cavity of sample C3.
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The crystal is strongly zoned, with a brown-black core and a
millimeter-sized white overgrowth. Associated mineralsinclude
fluorite, epidote, and zeolites. This sample was collected at the
Oltrefiume quarry, close to the town of Baveno.

Sample B5 (M.30275) is an euhedral crystal, 4 mm, found
in acavity where it grew from the surface of quartz and feld-
spar, together with zinnwaldite, clinochlore, and fluorite. The
crystal is zoned similarly to sample B4 and was collected in
the Madre quarry, close to the town of Baveno.

Samples C1 (M.30272) and C2 (M 30273) are subhedral
crystals, 2 mm, hosted in feldspar and found within a small
cavity together with siderophyllite. The crystals are gray-brown
in color and zoned internally, with a darker core containing
abundant marcasite inclusions. The samples were collected in
the granophyre of Cuasso a Monte in two different areas of
the Bonomi quarry, close to Lugano Lake.

Sample C3 (M.30274) is awell-formed euhedral crystal,
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1.5 mm, with a core rooted in feldspar on the wall of a small
miarolitic cavity. In the cavity, the presence of fluorite,
clinochlore, and Y -REE carbonates indicate a well-devel oped,
low-temperature hydrothermal event. The crystal is strongly
zoned, with a darker core and a translucent white rim. The
sample was collected from the granophyre outcrop at the
Laghetto quarry, close to the village of Cuasso a Monte.

ANALYTICAL METHODS

Chemical analyses and backscattered electron images were
performed on polished samples using an Applied Research
Laboratories electron microprobe fitted with six wavelength-
dispersive spectrometers and a Tracor Northern energy disper-
sive spectrometer. The system was operated at an accelerating
voltage of 20 kV, a sample current of 10 nA (on brass), and a
counting time of 10 or 20 s on peak and 5 or 10 s on back-
grounds. A series of natural (kaersutite for Ca, Si, Fe) and syn-

TABLE 1. Selected analyses of gadolinite group minerals from Baveno

B1 B2 B3 B4 B5
avg. avg. avg.
5 pts 4pts 4pts core/
s%* core core core rim rim core/rim core inter rim inter rim core inter inter rim

wit%
La,0; 0.6 1.7 1.6 2.2 1.7 1.5 0.4 0.9 1.0 1.0 1.3 0.7 1.3 1.1 1.2 0.4
Ce,0; 0.6 8.7 8.7 10.6 8.7 8.1 2.6 3.9 3.6 3.8 5.1 25 4.4 4.4 4.3 0.6
Pr,0; 0.8 1.4 1.3 1.8 1.6 1.4 0.6 1.3 1.1 1.2 1.3 1.0 1.0 1.1 1.1 0.5
Nd,O0; 1.6 7.0 6.8 8.2 4.7 4.5 4.5 8.4 4.6 4.5 4.8 5.1 3.1 3.6 3.8 1.9
Sm,0; 1.4 3.7 3.8 4.1 3.2 24 3.3 3.9 3.3 3.4 3.3 3.8 25 25 2.3 2.3
Gd,04 2.3 3.3 3.2 3.6 2.2 24 4.4 4.9 4.6 4.3 3.8 4.3 2.8 3.2 2.9 4.3
Dy,0; 25 29 2.7 29 25 25 3.8 3.7 35 3.1 35 2.8 3.2 2.6 2.1 3.7
Er,0, 2.8 21 1.9 21 2.3 2.2 21 2.3 1.8 1.8 21 21 1.9 1.8 1.8 24
Yb,0, 2.7 2.2 2.2 24 3.2 3.2 1.8 2.2 1.8 15 1.7 15 1.7 2.2 2.3 2.2
Y.0; 1.2 16.5 155 15.5 21.7 20.6 25.7 205 26.9 27.6 19.6 22.4 195 226 219 27.3
ThO, 1.2 1.7 1.9 11 1.8 2.0 0.6 0.8 0.2 0.2 1.3 0.6 0.4 1.2 1.0 0.2
uo, 0.3 0.6 0.6 0.6 0.9 0.7 0.2 0.2 0.3 0.2 0.4 <0.1 <0.1 0.5 0.6 0.2
CaO 0.4 0.8 0.7 0.4 0.8 0.8 0.4 23 0.5 0.7 3.2 4.1 51 3.8 5.8 6.8
FeOt 0.9 125 125 125 12.9 13.0 13.3 9.2 13.9 13.6 9.2 3.1 5.0 8.3 8.0 2.6
Sio, 1.0 214 224 21.0 224 22.7 228 221 23.1 23.2 23.1 25.0 26.3 243 237 26.1
BeOt 8.9 9.3 8.7 9.3 9.5 9.5 9.2 9.6 9.6 9.6 10.4 11.0 10.1
H,Of 0.1 0.2 0.0 0.1 0.1 0.1 1.0 0.0 0.1 11 3.0 2.7 1.6

Total 95.3 954 97.8 100.1 97.8 96.0 96.8 100.1 99.9 94.5 92.4 91.6 94.8

Formula proportions based on 10 O atoms

La 0.06 0.05 0.08 0.06 0.05 0.01 0.03 0.03 0.03 0.04 0.02 0.04 0.04 0.04 0.01
Ce 0.30 0.29 0.36 0.28 0.26 0.08 0.13 0.11 0.12 0.16 0.08 0.13 0.13 0.13 0.02
Pr 0.05 0.04 0.06 0.05 0.05 0.02 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.01
Nd 0.23 0.22 0.27 0.15 0.14 0.14 0.26 0.14 0.14 0.15 0.15 0.09 0.11 0.12 0.05
Sm 0.12 0.12 0.13 0.10 0.07 0.10 0.12 0.10 0.10 0.10 0.11 0.07 0.07 0.07 0.06
Gd 0.10 0.10 0.11 0.07 0.07 0.13 0.14 0.13 0.12 0.11 0.12 0.07 0.09 0.08 0.11
Dy 0.09 0.08 0.09 0.07 0.07 0.11 0.10 0.10 0.09 0.10 0.07 0.08 0.07 0.06 0.09
Er 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.06
Yb 0.06 0.06 0.07 0.09 0.09 0.05 0.06 0.05 0.04 0.04 0.04 0.04 0.06 0.06 0.05
Y 0.82 0.75 0.77 1.02 0.97 121 0.97 123 1.26 0.91 0.98 0.83 1.01 0.98 1.12
Th 0.04 0.04 0.02 0.04 0.04 0.01 0.02 0.00 0.00 0.03 0.01 0.01 0.02 0.02 0.00
u 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Ca 0.08 0.07 0.04 0.08 0.08 0.04 0.22 0.05 0.07 0.30 0.36 0.44 0.34 0.53 0.57
Fe 0.98 0.95 0.98 0.95 0.97 0.98 0.68 1.00 0.98 0.67 0.21 0.33 0.58 0.56 0.16
Si 2.00 2.05 1.96 1.98 2.02 2.02 196 1.99 1.99 2.01 2.04 212 2.03 2.00 2.01
Be 2.00 2.05 1.96 1.98 2.02 2.02 196 1.99 1.99 2.01 2.04 2.12 2.03
OH 0.04 0.15 0.01 0.07 0.09 0.05 0.60 0.01 0.03 0.67 1.62 1.45 0.88
Me 2.0 1.9 21 21 2.0 2.0 2.2 2.0 21 21 2.0 1.9 2.0 2.2 2.2
Me/Si 1.0 0.9 1.1 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 0.9 1.0 1.1 1.1
Y/Dy 9.5 9.7 8.7 14.3 13.4 111 9.2 128 14.5 9.2 13.3 10.2 14.4 17.0 12.0
st.dev. of Y/Dy for averaged analysis 0.1 0.6 0.8

* Percentage standard deviation based on counting statistics.
T Total iron as FeO.
F Calculated as explained in the text.
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thetic standards (synthetic UO, for U and LiBO, glasses pre-
pared as specified in Mannucci et al. 1986, for REE, Th, and
Y) were employed. In all the samples examined here, the con-
centrations of F, Mg, Al, P, S, Sc, Mn, Sr, Ba, Th, and Ho are
below the limits of detection (~0.05 wt%). The results were
corrected for matrix effects using a modified version of the
MAGIC IV program, and the interferences among the REE were
corrected as specified in Mannucci et al. (1986).

The X-ray powder-diffraction (XRD) analyses were per-
formed using a Rigaku D/IIIMAX diffractometer using Ni-fil-
tered CuKa radiation and quartz as an internal standard.

RESULTS

Representative analyses for each sample from Baveno and
Cuasso a Monte are shown in Tables 1 and 2, respectively. For
crystals with arelatively homogeneous composition, an aver-
age of the analysed pointsis presented. The structural formu-
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lae were calculated based on 10 O atoms assuming the general
formula [W..5X(B,Be),(Si,B),(O,0H),q], whereW = Ca, Y, REE,
U, Th; X =Y, Fe*, and Mg.

Boron and beryllium could not be detected by our micro-
probe. Therefore, the concentration of Be was calculated as-
suming that Be and Si occur in equal amounts. If the Cawas >
0.5 atoms per formula units (apfu), which indicates a consider-
able datolite or homilite component, then large amounts of B
could substitute for Be; therefore, in such cases, we have not
calculated the amount of Be (Tables 1 and 2). Iron was consid-
ered exclusively in the divalent state (see discussion in Demartin
et a. 1993). Hydrogen atoms were introduced to compensate
the charges due to the vacancies on the X-site.

The low totals in some of the analyses might be explained
by amineral alteration facilitated by the metamict state. In-
deed, even if some exceptions occur, arough negative correla-
tion between totals and Th and U abundance can be observed.

TABLE 2. Selected analyses of gadolinite group minerals from Cuasso al Monte

C1 Cc2 Cc3
core/ inter/ inter/
s %* inter rim core core inter inter rim rim core core inter rim rim rim
(Wt%)
La,0, 0.6 0.9 0.9 0.9 1.0 1.0 1.0 1.0 0.6 1.2 1.3 1.3 15 1.3 1.0
Ce,0; 0.6 33 3.3 3.9 4.4 4.0 4.8 4.2 2.0 53 5.6 3.7 3.9 4.0 3.0
Pr,0; 0.8 1.0 1.1 14 14 1.2 1.6 1.3 0.8 1.7 1.6 0.9 0.9 11 0.9
Nd,Os 1.6 4.1 5.4 5.1 5.8 5.7 55 5.5 4.9 7.3 6.8 2.6 2.7 3.1 2.7
Sm,0, 14 3.2 3.6 4.2 3.4 3.6 3.6 3.4 4.1 3.8 3.8 14 15 23 2.0
Gd,0; 2.3 4.8 5.2 5.0 43 49 4.2 4.4 7.0 45 49 25 2.3 3.3 35
Dy,0, 25 4.3 4.6 45 2.9 3.6 3.6 4.1 4.8 3.6 3.8 25 2.1 3.8 3.2
Er,0; 2.8 2.6 2.3 2.7 2.1 25 1.9 25 2.6 2.6 25 2.2 1.7 2.3 25
Yb,0, 2.7 2.7 21 25 1.9 2.4 15 2.2 2.1 2.3 2.0 2.2 1.9 2.3 2.4
Y,0; 1.2 19.4 20.2 20.2 19.0 18.5 20.1 19.8 19.7 16.9 155 310 30.9 28.1 30.2
ThO, 1.2 1.0 0.6 0.2 1.0 11 0.3 0.6 0.4 0.5 06 <0.1 <0.1 <0.1 <0.1
uo, 0.3 0.3 0.3 <0.1 0.2 0.2 <0.1 0.2 0.2 0.2 04 <01 <0.1 <0.1 <0.1
CaO 0.4 3.3 2.2 1.2 2.8 2.8 3.6 19 19 2.0 2.2 2.7 3.1 2.0 2.3
FeOt 0.9 8.3 9.9 11.8 111 8.5 133 9.7 10.5 10.1 9.8 6.9 7.8 53 5.4
SiO, 1.0 22.5 22.6 22.6 22.7 22.8 23.6 22.3 23.6 22.4 216 26.6 26.3 24.9 25.2
BeO* 9.4 9.4 9.4 9.5 9.5 9.8 9.3 9.8 9.3 9.0 111 10.9 104 10.5
H,O* 13 0.9 0.4 0.6 13 0.2 0.9 0.9 0.8 0.8 23 2.0 2.4 2.4
Total 92.5 94.5 96.0 94.1 93.5 98.7 93.0 95.9 94.5 92.0 99.7 99.3 96.5 97.2
Formula proportions based on 10 O atoms
La 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.04 0.05 0.04 0.04 0.04 0.03
Ce 0.11 0.11 0.13 0.14 0.13 0.15 0.14 0.06 0.18 0.19 0.10 0.11 0.12 0.09
Pr 0.03 0.04 0.05 0.04 0.04 0.05 0.04 0.03 0.06 0.05 0.02 0.02 0.03 0.03
Nd 0.13 0.17 0.16 0.18 0.18 0.17 0.18 0.15 0.23 0.23 0.07 0.07 0.09 0.08
Sm 0.10 0.11 0.13 0.10 0.11 0.11 0.10 0.12 0.12 0.12 0.04 0.04 0.06 0.06
Gd 0.14 0.15 0.15 0.13 0.14 0.12 0.13 0.20 0.13 0.15 0.06 0.06 0.09 0.09
Dy 0.12 0.13 0.13 0.08 0.10 0.10 0.12 0.13 0.11 0.12 0.06 0.05 0.10 0.08
Er 0.07 0.06 0.07 0.06 0.07 0.05 0.07 0.07 0.07 0.07 0.05 0.04 0.06 0.06
Yb 0.07 0.06 0.07 0.05 0.07 0.04 0.06 0.06 0.06 0.06 0.05 0.04 0.06 0.06
Y 0.92 0.96 0.96 0.90 0.87 0.91 0.95 0.91 0.81 0.77 1.26 1.27 121 1.28
Th 0.02 0.01 0.00 0.02 0.02 0.01 0.01 0.01 0.04 0.05 0.00 0.00 0.00 0.00
U 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00
Ca 0.31 0.21 0.11 0.27 0.26 0.33 0.19 0.18 0.19 0.22 0.23 0.26 0.18 0.20
Fe 0.62 0.74 0.88 0.83 0.63 0.95 0.73 0.76 0.76 0.77 0.44 0.50 0.36 0.36
Si 2.01 2.01 2.02 2.02 2.02 2.02 2.01 2.05 2.02 2.01 204 2.03 2.01 2.01
Be 2.01 2.01 2.02 2.02 2.02 2.02 2.01 2.05 2.02 201 2.04 2.03 2.01 2.01
OH 0.77 0.54 0.25 0.36 0.76 0.12 0.55 0.52 0.50 0.48 1.15 1.02 1.30 1.29
Me 21 2.0 2.0 2.0 2.0 2.1 2.0 1.9 21 2.1 2.0 2.0 2.0 2.0
Me/Si 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Y/Dy 7.4 7.2 7.4 10.9 8.4 9.2 8.1 6.8 7.7 6.7 20.6 24.0 12.3 15.6

* Percentage standard deviation based on counting statistics.
T Total iron as FeO.
* Calculated as explained in the text.
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Powder XRD diffraction analyses indicate a partial to com-
plete metamict state for samples B1, B2, and B3. The other
crystals possess metamict cores, but good diffraction patterns
were obtained for the rims. Moreover, low totals for gadolinite
minerals have been reported in previous studies such as
Demartin et al. (1993) and Belolipetskii and Voloshin (1996).
In the metamict state, the minerals present a disordered struc-
ture that facilitates the chemical mobility during ateration pro-
cesses such as weathering. Because of these phenomena some
crystals of the gadolinite-group minerals from Baveno and
Cuasso a Monte could degenerate into a porous, amorphous
assemblage of hydrated oxides of |ess mobile elements such as
Fe. Indeed, in some deeply altered crystals from sample B3,
which have a porous microstructure and contain hydroxides,
the analyses (not reported in the tables) yield very low totals
(91-92 wt%) and show a significant increase in their Fe con-
tent (up to 40 wt%, cf. Fig. 6).

Despite the observed metamict state, for much of the
samples, the stoichiometric atomic ratios Me/Si (where Mein-
dicates the sum of Y + REE + Ca+ Th + U) isclose to the
throretical value of 1.0. The values of the Me/Si ratio also indi-
cate alack of extensive substitutions of B or Be for silicon. |
addition, Meis always close to 2 indicating that Y, REE, Ca,
Th, and U probably fill the W site. This site occupancy seems
to eliminate the possibility that additional Cais present in the
X site, asin minasgeraisite, but a confirmation can be obtained
only by means of acrystal structure analysis.

Figures 5a and 5b show chondrite-normalized rare earth el-
ements (REE) patterns. The results indicate similar behavior
for both the localities with the exception of Ce, which isdightly
more enriched in most of the Baveno samples. The middle to
heaby REE (Sm ® Yb) arerelatively unfractionated, and the
light REE are steeply fractionated.

The analyses of the gadolinite-group minerals are shownin
Figures 6 and 7 in terms of formula proportions Fe and Ca.
These diagrams show a different distribution of compositions
for Baveno compared with Cuasso al Monte. At Baveno, the
analyses of samples B1 and B2 plot close to end-member ga-
dolinite. Sample B3 shows compositions that range from end-
member gadolinite to gadolinite with a moderate amount of
the hingganite component. The crystals from miarolitic cavi-
ties, B4 and B5, display alarge range of compositions from gado-
linite to hingganite, with a high amount of the datolite compo-
nent. The hingganite compositions have been found mainly in
therims of crystals. An analysis of alarge omogeneous datolite
crystal from a cavity from Baveno (not reported in Table 1 be-
cause of its stoichiometric comporition) plots close to the com-
position of datolite end-member. At Cuasso al Monte, datoliteis
absent and the Ca content is dways low and relatively constant
for al samples (£0.50 apfu Ca). Gadolinite end-member com-
positions are not observed, and hingganite compositions are
present in the rim of sample C3.

Referring to the scheme of Nickel and Grice (1998) gado-
linites and hingganites from Baveno and Cuasso al Monte may
be classified on the basis of the cation content in the W site. In
the samples from Baveno, Y is the dominant cation. The core
of sample B1 is gadolinite-(Y), with SREE prevailing over Y
and with Ce dominant among the REE. The remaining por-
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tions of sample B1, samples B2 and B3, and the core of samples
B4 and B5 are gadolinite-(Y), with Y prevailing over SREE.
Hingganite-(Y), however, occursin the rims of samples B4 and
B5. Y is also the dominant element in gadolinites from Cuasso
a Monte. However, the SREE prevail over Y, with Nd domi-
nant, in the cores. In the remaining parts of the crystals, gado-
linite-(Y) occurswith Y prevailing over SREE. In sample C3,
hingganite-(Y) is present in the intermediate and peripheral
zones of the crystal.

Figure 8 shows the Y/Dy-variation from core to rim of the
studied crystals. In the samples from Baveno, an increase of
the Y/Dy valuesis observed. In samples B4 and B5, a signifi-
cant decrease followed by an increase is observed in the Y/Dy-
ratio toward the rim. At Cuasso a Monte, the Y/Dy-ratiosin
sample C1 arerelatively constant. Samples C2 and C3 show an
oscillatory variation, with very high values of Y/Dy-ratios close
to the rim of C3.

DISCUSSION AND CONCLUSIONS

At Baveno, Ce-rich gadolinite-(Y) (with SREE >Y) and
gadolinite-(Y) (with SREE <Y) formed during the early stages
of crystallization of pegmatitic veins, where they are associ-
ated with feldspar, quartz, and siderophyllite. Based on experi-
mental data on pegmatitic melts (London 1992), the occurrence
of gadolinites between the peripheral graphic unit and the cavi-
ties indicates crystallization from afluid-rich silicate-melt.
Gadolinite-(Y) crystallized from a similar melt at more-evolved
stages in pegmatites and in moderately evolved granophyric
aplites. In the cavities, gadolinite-(Y) and a later hingganite-
(YY), which contains a significant datolite component, crystal-
lized from hydrothermal fluids together with many rare-ele-
ment accessory phases. At the latest stages of cavity forma-
tion, datolite formed together with zeolite.

At Cuasso al Monte, gadolinite-group minerals were ob-
served only in primitive to highly evolved cavities where they
crystallized from either aresidual fluid-rich melt or from hy-
drothermal fluids only. The most primitive gadolinite-compo-
sition, a Nd-rich gadolinite-(Y) (with SREE>Y), occursin the
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FIGURE 8. Y/Dy-ratio variations from core to rim of the studied
crystals. The error, not reported, isin the range +0.3-1.0.

cores of these crystals. In primitive cavities, Nd-rich gadolin-
ite-(Y) (with SREE>Y') was followed by gadolinite-(Y) (with
SREE<Y). In highly evolved cavities, gadolinite-(Y) with a
high hingganite component and later hingganite-(Y) are present
together with several rare-element phases.

The chemical differences observed between the most primi-
tive gadolinites of Baveno and Cuasso a Monte (Ce-rich and
Nd-rich, respectively) may reflect a different parental magma
composition. In particular, the Ce content of gadolinites from
Baveno could indicate contamination of source material with a
supracrustal component (Henderson 1996).

The chemical differences between the “evolved” gadolin-
ites from the two localities and, in particular, the absence of
datolite and of a datolite component enrichment in hingganite
at Cuasso a Monte, reflect a difference in the paragenesis and
probably in the crystallization process. In particular, in con-
trast to Baveno, the crystallization in the strongly miarolitic
granophyre of Cuasso al Monte occurred in open-system con-
ditions preventing the formation of a zeolite (datolite-bearing)
stage and generating a typical medium- to low-temperature
hydrothermal mineral assemblage with quartz, fluorite, barite,
sulfides, and carbonates.

At both localities, the complex fluctuations of the composi-
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tion observed in the crystals in pockets with highly evolved
paragenesisis in agreement with the observations of complex
chemical zoning in hydrothermal RE minerals from other lo-
calities (Gieré 1996, and references therein). The Y/Dy-ratio
variations (Fig. 8) indicate the existence of a mechanism ca-

pable of producing a significant change of this value during
crystallization. The geochemical behavior of Y3 and REE®* is
ordinarily explained on the basis of differencesin the ionic
radii linked to the phenomenon of lanthanide contraction. Con-

sequently, the abundance ratio between Y and the REE having
the most similar ionic radius should remain constant. The large
range in Y/Dy valuesin the studied samples could be explained
by considering the variations of the fluorine abundance in the
hydrothermal fluids related to paragenetic and/or mixing ef-

fects. Indeed, the stability constants for fluoride complexes of

Y are higher by afactor of two than those of the REE with the
closest ionic radii (Gd, Tb, Dy) (Gramaccioli and Pezzotta 1999
and references therein; Gramaccioli et al., unpublished manu-

script). This difference in the stability constants could reflect a
difference in the behavior of these elementsin fluids that is
large enough to explain the observed variationsin Y/Dy ratio.
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