683

BULLETIN DE L’ASSOCIATION MINERALOGIQUE DU CANADA

THE CANADIAN
MINERALOGIST

JOURNAL OF THE MINERALOGICAL ASSOCIATION OF CANADA

Volume 36 June 1998 Part 3

The Canadian Mineralogist
Vol. 36, pp. 683-700 (1998)

THE ACCUMULATION OF RARE-EARTH AND HIGH-FIELD-STRENGTH ELEMENTS IN
PERALKALINE GRANITIC ROCKS: THE GALINEIRO ORTHOGNEISSIC COMPLEX,
NORTHWESTERN SPAIN

PILAR MONTERO'!
Centro de Instrumentacién Cientlfica, Universidad de Granada, Campus Fuentenueva, E-18002 Granada, Spain

PETER FLOOR!
Leiden University Office, PO Box 9500, 2300 RA Leiden, Netherlands

GUILLERMO CORRETGE
Departamento de Geologta, Universidad de Oviedo, E-33005 Oviedo, Spain

ABSTRACT

The Galifieiro complex, in the Iberian Hercynian belt, is composed of pre-Hercynian gneissic peralkaline granitic rocks that
host hydrothermal mineralization of rare-earth and high-field-strength elements. The REE and HFSE are hosted by a large
variety of accessory minerals such as bastnisite, REE silicates (e.g., allanite, thalenite — ytirialite), REE niobotantalates
(aeschynite, fergusonite — formanite, samarskite, pyrochlore — betafite), REE phosphates (monazite, xenotime), Th-rich minerals
(thorite, P-rich thorite), and zircon. The original magma was derived from a mantle source and most likely had a volatile-rich
alkaline basalt composition that evolved by crystal fractionation to give peralkaline silicic differentiates that crystallized at high
levels in the crust 460480 Ma ago. Magmatic fractionation produced residual fluids extremely enriched in fluorine and other
ligands, which complexed the rare earths and high-field-strength elements. The decrease in fluorine activity related to falling
temperature and the crystallization of F-bearing major minerals produced the breakdown of complexes, releasing the rare earths
and the rest of the high-field-strength clements, which then precipitated HFSE- and REE-rich minerals. The elevated fluorine,
CO, and sulfide contents of the Galifieiro system, together with the energy inputs related to different phases of the Hercynian
metamorphism, caused episodic remobilization, reflected by the zircon U-Pb concordant ages at 370 and 310 Ma, and the exotic
geochemical features (Zr/Hf > 100, elevated levels of Be, Th, and HREF) of some samples.
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SOMMAIRE

Le complexe de Galifieiro, faisant partie de la chaine hercynienne dans la péninsule ibérique, contient des roches gneissiques
anté-hercyniennes dont la composition rappelle les granites hyperalcalins; ces roches ont été enrichies en terres rares et en
¢léments 2 champ électrostatique élevé par voie hydrothermale. Ces éléments traces ont comme hotes une grande variété
de minéraux accessoires, par exemple la bastnésite, des silicates de terres rares, (e.g., allanite, thalenite — yttrialite), des
niobotantalates de terres rares (aeschynite, fergusonite — formanite, samarskite, pyrochlore — bétafite), des phosphates de terres
rares (monazite, Xénotime), des minéraux de Th (thorite, thorite riche en P), et zircon. Le magma originnel est issue d’une
source dans le manteau, et aurait eu une composition de basalte alcalin enrichi en phase volatile; sa composition a évolué par
cristallisation fractionnée pour mener 2 des magmas siliceux hyperalcalins qui ont cristallisé 2 faible profondeur dans Ia crofite
ily a environ 460-480 Ma. Le fractionnement magmatique a produit des fluides résiduels extrémement enrichis en fluor
et autres ligands, qui ont complexé les terres rares et les 61éments & champ électrostatique élevé. Une diminution de 1’activité
du fluor liée & une diminution de la température et 2 la cristallisation de minéraux majeurs contenant du fluor a causé une
déstabilisation des complexes hydrothermaux, et une libération des cations complexés, qui ont par la suite précipité sous forme
de minéraux accessoires. Les teneurs élevées en fluor, CO, et sulfures des roches du cortége de Galifieiro, ainsi que 1’ajout
d’énergie liée aux diverses phases de métamorphisme hercynien, ont causé une remobilisation épisodique, comme en
témoignent les interceptes dans le systéme U-Pb du zircon, dont les 4ges concordants seraient de 370 et 310 Ma, et les
caractéristiques géochimiques exotiques (Zt/Hf > 100, teneurs élevées de Be, Th, et terres rares lourdes) dans certains
échantillons.

(Traduit par la Rédaction)

Mors-clés: complexe hyperalcalin de Galifieiro, minéraux accessoires, terres rares, éléments 2 potentiel ionique élevé,
enrichissement hydrothermal, métasomatose, fluor, Espagne.

INTRODUCTION

The Galifieiro complex is a small intrusive body that
crops out in the allochthonous Malpica — Tuy Unit,
Iberian Hercynian belt. It is mainly composed of
pre-Hercynian gneissic peralkaline granitic rocks
that host hydrothermal enrichment of the rare-earth
elements (REE) and high-field-strength elements
(HFSE) (Floor 1966, Rambaud et al. 1992, Montero
1993, Martin-Izard et al. 1995). Other peralkaline
felsic rocks of similar age and field relationships are
widely distributed in Iberia (Ribeiro & Floor 1988),
although none have the enrichment in rare-earth
and high-field-strength elements seen in the Galifieiro
complex. In this respect, the Galifieiro complex may be
compared to the mineralized peralkaline granites of
Ghurayyah and Umm al Birak in the Arabian Shield
(Jackson et al. 1985), or to granites from the central
part of the Kola Peninsula (Betkov 1979, Belkov ef al.
1988, Belolipetskii & Voloshin 1996). The rare-earth
and high-field-strength elements of the Galifieiro rocks
are contained in a large variety of accessory minerals,
such as bastnisite, rare-earth silicates, rare-earth
niobotantalates, Th-rich minerals, and zircon. Since
the unmineralized peralkaline orthogneisses contain
the same assemblage of accessory phases as the hydro-
thermally enriched rocks, though these obviously are
less abundant, the Galifieiro complex is a good example
with which to study the accumulation of the rare-earth
and high-field-strength elements in peralkaline systems
and to determine the origin of the ore-forming fluids.

In this paper, we summarize current knowledge
concerning the Galifieiro complex, acquired as a result
of the field, mineralogical, and petrographic work of

Floor (1966) and the later geochemical and isotopic
work of Montero (1993). We have two objectives. On
one hand, we intend to decipher the complex history of
Galifieiro rocks and their evolution in the framework
of the Iberian belt. On the other, we wish to provide
insight into the mechanisms of accumulation of the
rare-earth and high-field-strength elements up to
economic levels in a peralkaline felsic system.

ANALYTICAL METHODS
Samples

About one hundred and fifty samples (minimum
5 kg per sample) from surface and drill holes were
collected for this study. Thin sections were prepared for
optical and scanning electron microscopy, electron
microprobe, and, in certain cases, for laser-ablation
microprobe — inductively coupled plasma — mass
spectrometry (LAM-ICP-MS). Powders were obtained
for analysis by reducing the rocks in a crusher with
hardened jaws to a grain size of less than 5 mm and
then grinding them in a tungsten carbide jar to a
grain size of less than 25 um. This procedure produced
no detectable contamination of rare-earth or high-field-
strength elements.

Whole-rock analyses

Major-element analyses were carried out by induc-
tively coupled plasma — optical emission spectrometry
(ICP-OES) after digesting 0.2 g of sample powder
with a mixture of HNO,; and HF under pressure in
a teflon-lined vessel at a controlled temperature.
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Instrument measurements were carried out with
a Perkin Elmer Plasma IT spectrometer using the
Myers-Tracy signal-compensation system. Coefficients
of variation were about 0.25, 0.75 and 2.5% for analyte
concentrations of 10, 1 and 0.1 wt.%, respectively.
Concentrations of the trace elements, including the rare
earths, were determined by inductively coupled plasma
— mass spectrometry (ICP-MS) after HNO,; + HF
digestion of 0.1 g of sample powder in a teflon-lined
vessel at high temperature and pressure, evaporation to
dryness, and dissolution in 100 mL of 4 vol.% HNQO,.
Instrument measurements were performed with a
Perkin Elmer Sciex ELAN 5000 spectrometer, using Re
and Rh as internal standards. Coefficients of variation
were about 2 and 5% for analyte concentrations of 50
and 5 ppm, respectively. The concentration of fluorine
was determined by X-ray fluorescence (XRF) with a
precision of 5%.

Mineral analyses

Concentrations of the major elements in the
rock-forming minerals were determined with a Cameca
CAMEBAX SX-50 electron microprobe, using an
accelerating voltage of 15 kV, a beam current of 15 nA,
and a counting time of 10 s (peak) and 5 s (background).
The concentrations of the rare-earth elements, Y, Th,
and U in accessory minerals were determined with an
ARL electron microprobe operated with PROBE
software. Accelerating voltage was 20 kV, beam current
was 20 nA, and counting times were 30 s (peak) and
10 s (background). As standards, we used the four
synthetic glasses of Drake & Weill (1972), and the
following synthetic phases: Albite Amelia Chgo/18,
Mn-Hortonolite Chgo/35, Monazite SPI/32, and
Zirconia SPI/47. Interelement interferences were
suppressed with peak-overlap corrections (Roeder
1985). Detection limits were better than 0.10-0.05%
depending on the element determined and the mineral
analyzed. Coefficients of variation were close to 4 and
10% for analyte concentrations of 1 and 0.25 wt.%, re-
spectively. Analyses of zircon were performed
by LAM-ICP-MS in the Perkin Elmer ICP-MS
Applications Laboratory at Uberlingen, Germany, with
a prototype UV laser-ablation system coupled to a
high-sensitivity PE Sciex ELAN-6000 ICP-MS
spectrometer, following the method described by Bea
et al. (1996).

Isotopic analyses

Samples for Rb/Sr and Sm/Nd dating were prepared
using whole-rock powders following conventional
methods of sample digestion and chromatographic
separation. Isotopic analyses were carried out with a
Finnigan MAT 262 multi-collector mass spectrometer.
Standard errors at 2¢ level were 0.5% for ¥Rb/®Sr
and 0.01-0.02% for ¥Sr/*Sr. Standard errors (26) for
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13Nd/**Nd were 0.003%, and for 'Sm/*Nd, 0.3%.
U/Pb analyses were performed on zircon concentrates,
and all isotopic ratios were measured on a Cameca
TSN-206 mass spectrometer; standard errors at the
26 level were 0.1% for 2°’Pb/?%Pb and 2*Pb/?*Pb, and
1-3% for 2°5Pb/?**Pb. *7Pb/**Pb analyses on single
crystals of zircon were performed on a Finnigan MAT
262 by direct evaporation.

GEOLOGICAL SETTING AND PETROGRAPHY

The Galifieiro orthogneissic complex has a roughly
circular exposure of about 10 km?. It intrudes the
southern part of the Malpica — Tuy Unit (Ortega & Gil
Ibarguchi 1983), an allochthonous terrane mainly
consisting of Upper Proterozoic metasedimentary rocks
and Ordovician orthogneisses overthrust on the
Western Galicia Domain, in the Central Iberian Zone
(Arenas et al. 1988, Farias et al. 1987) (Fig. 1).

The Galifieiro complex is mainly composed of
two rock types, aegirine — riebeckite gneisses and
amphibole — biotite gneisses. Intimately associated
with the above are small patches and veins of hydro-
thermally affected rocks having biotite as the only
mafic mineral and containing such an elevated
abundances of Th-rich accessory phases that they were
called “radioactive” gneisses by field geologists
(Arribas 1963, Floor 1966).

Aegirine — riebeckite gneisses represent more
than 95% of the outcrops in the complex. Their major
mineral assemblage is composed of quartz, nonperthitic
microcline (Or = 97%), sodic plagioclase (Ab = 98%),
riebeckite — arfvedsonite, Al-poor aegirine, and subor-
dinate annite (Fe/[Fe + Mg] = 0.9). Accessory minerals,
described in detail in the next section, are extraordinarily
abundant and include a plethora of REE- or HFSE-rich
species together with fluorite, titanite, magnetite,
ilmenite, and sulfides. Aegirine — riebeckite gneisses
are classified into three facies, according to their major
mineralogy and fabric (Floor 1966): (1) the Galifieiro
facies, the most abundant, (2) the Zorro facies, charac-
terized by the presence of larger and more abundant
porphyroblasts of microcline than the Galifieiro facies,
and (3) the Magnetite facies, characterized by the
presence of conspicuous crystals of magnetite.

Amphibole — biotite gneisses represent less than
5% of the exposed surface. Their composition varies
from dioritic to granitic, but the most common
rock-type is a leucotonalite with an assemblage of
major minerals composed of quartz, oligoclase
(Ab = 87%), nonperthitic K-feldspar (Or = 96%),
biotite (0.63 < Fe/[Fe + Mg] < 0.69), and hastingsitic
amphibole. Accessory minerals are zircon, titanite,
apatite, fluorite, ore minerals, and garnet. In contrast
with aegirine — riebeckite gneisses, ampibole — biotite
gneisses contain only minor REE-rich minerals.

“Radioactive” gneisses (hereafter called R-gneisses)
have the highest accumulations of rare metals and are
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FiG. 1. A. Tectonostratigraphic map of the Western Iberian Hercynian Belt. 1. Central Iberian and Galicia Trds-os-Montes
autochthon-parautochthon. 2. Lower allochthon with peralkaline rocks. 3. Ophiolitic complex. 4. Upper allochthon with
HP-HT granulites and eclogites. B. Simplified map of the southern Malpica — Tuy Unit. 1 Paragneisses and schists. 2 Biotite
orthogneisses. 3 Peralkaline acid rocks. A and B after Pin er al. (1992). C. Schematic distribution of aegirine — riebeckite
gneisses and R-gneisses from the Galifieiro complex, simplified from Floor (1966); 1 R-gneisses, 2 Magnetite facies,

3 Galifieiro facies, 4 Zorro facies.

by far the least abundant rock-type in the Galifieiro
complex, comprising less than 1% of the outcrop area.
As they have been prospected, most samples studied
here were taken from drill-cores. Two subtypes can be
distinguished on the basis of mineralogy (Montero 1993):
(1) R-1 gneisses, composed of albite (Ab = 98%),

quartz, annite (Fe/[Fe + Mg] = 0.9), gruneritic
amphibole, with no K-feldspar and an elevated
abundance of REE- and HFSE-rtich accessories (up to
5 vol.%); (2) R-2 gneisses, composed of quartz,
albite—oligoclase, biotite (0.4 < Fe/[Fe + Mg] = < 0.95),
K-feldspar (Or = 97%), and occasional minor
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riebeckite and aegirine; the modal proportion of
accessories is rarely over 1%.

The Galifieiro complex was deformed and
metamorphosed during the Hercynian Orogeny, which
led to total recrystallization of the original assemblage
in the lower amphibolite facies and caused the foliated
to lineated fabric characteristic of these rocks.
Geothermobarometric studies (Montero 1993) indicate
that they equilibrated at 400-550°C and 0.5-0.6 GPa,
although regional equilibrium persisted until much
lower pressures, as indicated by the presence of stable
cordierite, andalusite and cummingtonite in the host
rocks (Floor 1966).

The paragneisses surrounding the Galifieiro
complex show evidence of metasomatic alteration,
especially intense near the contact with the main
peralkaline body (Floor 1966), which mainly involved
of the input of sodium and generated new crystals of
albite.

THE ASSEMBLAGE OF ACCESSORY MINERALS

In the Galifieiro rocks, the entire budget of
rare-earth and high-field-strength elements is hosted
by accessory minerals. Optical, scanning electron
microscopy (SEM) and electron-microprobe studies
allowed the identification of rare-earth carbonates
(bastnésite, parisite), rare-earth niobotantalates
(fergusonite — formanite, samarskite, aeschynite and
pyrochlore — betafite), silicates of the rare-earths and Y
(allanite, thalenite — yttrialite group phases), rare-earth
phosphates (monazite, xenotime), Th orthosilicates
(thorite, huttonite, P-rich thorite), titanite, zircon and
occasional rare-earth fluorides (fluocerite). Other
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abundant accessories are fluorite, astrophyllite,
chlorite, sulfides, magnetite, and ilmenite. REE- and
HFSE-rich minerals may appear either as isolated
crystals (generally included in major minerals, such as
feldspar and riebeckite) or, more commonly, forming
complex polycrystalline aggregates with a maximum
dimension ranging from 0.1 to 1 mm. Aggregates are
very irregular in shape and composition; several phases
may coexist, although one or two are usually dominant.
Zircon- and bastndsite-based aggregates are the
most abundant, but aggregates formed essentially of
niobotantalates, thorite, rare-earth phosphates and
locally rare-earth-Y silicates also are very common. In
many cases, no one mineral predominates. Secondary
bastnésite, parisite, monazite, and thorite also appear
filling small fractures and cavities.

Zircon

Zircon, the most common accessory, can account
for 10 vol.% of some R-1 samples. It normally forms
aggregates of brown turbid rounded crystals, usually
less than 50 um in diameter, commonly associated with
other accessory phases. Less commonly, well-developed
crystals with a maximum size close to 300 pm are
found. According to Pupin & Turco (1972), these
crystals belong to A and, rarely, G and P morphological
types, corresponding to zircon crystallized in a
peralkaline environment at low temperatures (<650°C).
Remarkably, crystals with a morphology indicative of
higher temperatures are seldom found.

LAM-ICP-MS analyses reveal that zircon crystals
usually have low concentrations of Th, U, Y and the
rare-earth elements (Table 1). Chondrite-normalized

TABLE 1. REE, TH AND U CONCENTRATIONS IN ZIRCON, BASTNASITE AND
PARISITE FROM THE GALINEIRO COMPLEX

Zircon Bastndisite Parisite

1 2 7 8 3 2 1 2
(ppm)
Y 139 0.97 1343 2686 948 790 6557 1106
u 259 0.76 n.d. nd. n.d. n.d. nd. n.d.
Th 28.1 - - - - - 21500 9800
La 1.65 1.63| 207500 180900 192800 212600| 116400 109900
Ce 5.37 3.16 | 254400 247500 262400 264000 279900 281200
Pr 0.50 0.47 25400 27100 27000 25100 40400 38800
Nd 3.34 1.31 78900 96900 87800 79600 78800 78800
Sm 2.45 0.45 9800 20200 11200 9486 850 1440
Eu 1.15 0.05 950 1640 1550 1120 - -
«d 8.90 0.53 3730 8940 5380 3470 - -
Tb 4.4] 0.13 nd. n.d. n.d. nd. n.d. n.d.
Dy 473 0.74 - - - - 78 -
Ho 19.0 0.23 n.d. n.d. n.d. n.d. n.d. n.d.
Er 82.5 0.96 - - - - - -
Tm 20.4 0.16 n.d. n.d. nd. nd. n.d. n.d.
Yb 187 1.20 - - - - 518 -
Lu 27.1 0.26 - - - - - -

Zircon analyzed by LAM-ICP MS (ppm). Bastnésite and Parisite analyzed by
electron microprobe (ppm). n.d. not determined. - below detection limit.
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FIG. 2. A. The grey area comprises several chondrite-normalized REE-patterns of bastnisite. Elements not shown are below
detection limit. At the bottom of the diagram are two selected patterns of REE-rich zircon crystals. B. Grey area defined by
several REE-patterns of primary monazite. Superimposed pattern (black dots) corresponds to a secondary monazite, and

white dots, to xenotime.

REE patterns (Fig. 2A) have a modest positive slope,
with La,/Luy =~ 0.6-0.7, and a negative Eu anomaly.
Only in those anomalous samples enormously enriched
in the heavy rare-earths (see below) does zircon
have elevated concentrations of these elements, with
Lay/Luy = 0.006, and no Eu anomaly.

REE carbonates: bastndsite and parisite

Bastnisite is the most important host of the light
rare-earth elements in the Galifieiro rocks. It can be
found (1) as isolated crystals, locally included in
feldspars, (2) forming aggregates with other accessory
phases, and (3) filling small veinlets and cavities.
Isolated crystals are xenomorphic and usually smaller
than 200-300 pum. Their composition corresponds to
bastnésite-(Ce) (Table 1), with a very low concentration
of Y and no detectable Th. Chondrite-normalized
REE patterns (Fig. 2A) are characterized by a smooth
negative profile from La to Sm, a small negative Eu
anomaly, and a steep drop in the heavy rare-earth
elements, whose concentrations are below the minimum
limit of detection for the microprobe.

Parisite is not abundant. It occurs as irregular small
crystals or cryptocrystalline aggregates invariably
in association with other REE-rich minerals, which
may probably represent products of its alteration. Its
composition corresponds to parisite-(Ce), close to the

theoretical value Q.REE,O; = 60.9 wt.%: Mariano
1989), with Ce > La and very low levels of the heavy
rare-carth elements (Table 1). It also has variable
but somewhat elevated levels of Th (0.9-2 wt.%) and
Y (0.1-0.6 wt.%), significantly higher than those
of bastnisite. The concentration of Ca is close to
9.3 wt.%.

REE phosphates: monazite and xenotime

Monazite follows bastnésite in importance as a
reservoir of the light rare-earth elements. As in the case
of bastnisite, three textural varieties of monazite are
recognized: (1) isolated crystals, in some cases included
in major minerals, (2) small crystals forming aggregates
with other REE-rich accessory phases, and (3) irregular
crystals filling cracks and veins. In all cases, crystals
are xenomorphic and rarely larger than 0.4 mm, The
chemical composition of the first two varieties (Table
2) is identical, being characterized by elevated Th and
low concentrations of the heavy rare-earth elements
and Y, which is compatible with a primary origin (Forster
1993, Forster & Rhede 1995, Bea 1996). In contrast,
secondary monazite filling cracks or small cavities
invariably has low concentrations of Th but clevated
contents of the Ca, Y and heavy rare-earth elements,
and flatter chondrite-normalized REE patterns, with the
same deep negative Eu anomaly (Fig. 2B).
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Xenotime is one of the most important reservoirs of
the heavy rare-earth elements (HREE) in the Galifieiro
complex. It usually forms aggregates with other
REE-minerals. The crystals are xenomorphic, small
(maximum 300 pwm) and reddish to pale yellow. Its
composition corresponds to xenotime-(Y); XREE,O,
varies from 19.7 to 21.2 wt.%, with Dy and Er as the
most abundant rare earths (Table 2). Xenotime crystals
commonly are zoned, with a HREE-rich rim and a
Y-rich core. Chondrite-normalized REE patterns have a
strong positive slope with a large negative Eu anomaly
(Fig. 2B).

Silicates: allanite, titanite, thorite and Y-Yb silicates

Allanite is quite abundant, so that it contains a
significant fraction of the light rare-earth elements
budget. It usually occurs in aggregates and rarely
as individual grains. Crystals are xenomorphic or
subidiomorphic, usually smaller than 300400 [tm, and
dark brown to yellow. Its composition is very constant
(Table 3), similar to that described in other peralkaline
granites (Belkov et al. 1988), and it shows significantly
higher levels of Y, REE, and Fe, but lower concentration
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of Al, Mg and Ca, than allanite from peraluminous and
subaluminous granites (Bea 1996). Regarding
chondrite-normalized REE patterns (Fig. 3A), it is
worth mentioning that allanite from Galifieiro, and
other peralkaline rocks, usually shows a much smaller
negative Eu anomaly, which probably reflects a higher
Eu**/Eu®* due to more oxidizing conditions, than
allanite from peraluminous and subaluminous granites.

Titanite is not abundant, and commonly forms part
of the aggregates. It is typically dark brown and less
than 100~150 pm across. Chondrite-normalized REE
patterns show a negative slope in the light rare earths,
no Eu anomaly, and a slightly positive slope from
middle to heavy rare-earth elements.

Th-orthosilicate minerals, probably thorite according
to the rhombic morphology of the scarce well-formed
crystals, are widespread in the Galifieiro suite,
accounting for the high radioactivity of these rocks.
Similar to bastnésite and monazite, thorite appears
either as individual grains included in major minerals,
forming aggregates with other REE minerals, or
filling small cracks and veins. Crystals are usually
xenomorphic, brown to deep red, and range from a few
\wm up to 1.5-2 mm. Its composition is highly variable,

TABLE 2. REPRESENTATIVE COMPOSITION OF MONAZITE (PRIMARY AND
SECONDARY) AND XENOTIME FROM THE GALINEIRO COMPLEX

Primary monazite Secondary Xenotime

1 2 3 5 6 7 8 2 3 7
(wi%)
Si0g 0.57 002 0.09 1.75 1.6l - 092 n.d. n.d. n.d.
Y4107 - 024 013 017 0.03 - 035 n.d. n.d. nd.
Al203 0.16 - - - - - 062 nd. n.d. n.d.
FeO 0.48 - - 003 - - 015 n.d. nd. nd.
MgO - - - - - - - nd. n.d. n.d.
Ca0 009 0.04 0.04 005 0.04 190 175 n.d. nd. n.d.
NapO - - - - - - 011 n.d. n.d. nd.
P205 21.25 28.03 28.89 2523 2571 26.04 25.64| 3530 34.85 33.89
Y203 063 1.04 108 037 042 798 7.67| 4296 45.12 43.39
ThOy 1556 2.06 090 10.04 1247 - -1 0.03 - 0.02
U0y 0.49 - - - - 032 048 n.d. nd. nd.
Lap03 780 1025 11.60 12.73 1249 6.85 6.36| 0.12 0.07 0.06
Cen03 2729 3296 3591 3243 30.23] 21.50 2092( 0.10 0.08 0.12
Prp03 329 416 440 435 422] 249 273 - 0.03 -
Nd203 17.54 15.14 14.16 1085 1098 10.12 9.58] 0.01 0.10 0.08
Sma03 3.21 1.84 116 079 1.00| 2.01 1.871 0.01 023 0.06
Euz03 - - - - - - . - - -
Gap03 123 1.32 033 017 048] 213 2.11 070 143 0.62
TbyO3 n.d. n.d. nd. n.d. nd. n.d. n.d. 0.26 0.50 0.25
Dy203 016 0.12 - - -1 219 242 563 7.00 541
Hoz03 n.d. n.d. n.d. n.d. n.d. nd. n.d. 1.59 1.60 1.61
Erm03 - - - - -] 083 0.77| 755 570 7.54
Yb03 - 0.06 - 0.04 - 0.76 0.72 5.32 3.00 5.47
Lup03 - - 0.02 - -} 002 0.20 n.d. n.d. nd.
Total 99.75 97.28 98.71 99.00 99.68| 85.14 8537| 99.58 99.71 98.52

Analyses by electron microprobe (%). n.d. not determined. - below detection limit.
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TABLE 3. COMPOSITION OF ALLANITE AND THORITE FROM THE GALINEIRO

COMPLEX
Allanite Thorite

1 2 3 S 1 2 3 4 6 7
(wt%)
Si02 31.03 31.06 3129 31.63| 17.56 18.83 15.63 23.64 995 1260
Al203 11.25 11.17 10.75 10.26 047 0.37 0.21 0.16 0.19 0.01
FeO 18.68 1798 18.61 18.23 7.53 1.24 13.42 1.80 0.20 1.70
MgO 0.10 010 0.08 011} 0.03 - 003 001 023 -
MnO 1.48 1.59 1.60  1.45 nd. n.d. n.d. nd. nd. n.d.
TiOp 262 275 248 275 n.d. n.d. n.d. n.d. n.d. n.d.
Ca0 9.27 8.81 9.10 8.77 0.56 0.36 0.16 0.49 3.20 4.51
NayO n.d. nd. nd. nd.| 015 001 007 002 007 004
Py05 n.d. n.d. nd. nd.| 055 071 0.18 058 6.62 10.07
Y203 0.57 055 064 030] 314 291 301 143 3.01 3.57
ThO2 n.d. n.d. n.d. nd.| 5556 60.82 5422 57.77 6821 3878
U0y n.d. nd. n.d. n.d. 7.37 9.16 9.14 7.85 4.66 1.11
Laz03 5.73 4,93 5.36 6.33 - 0.02 - 0.27 0.04 3.99
Cez03 11.25 11.77 11.26 12.61 0.01 0.09 0.02 0.98 0.15 12.70
Pry03 1.02 130 123 1.21| 0.01 003 - 008 003 1.65
NdyO3 400 508 4.06 4.13| 0.07 027 - 027 027 482
Smo03 0.74 0.80 0.73 0.55 0.11 0.16 0.18 0.09 0.27 0.90
Eup03 0.10 007 0.07 006] O0.01 - - - - 001
Gar03 0.39 0.36 0.29 0.27 0.1¢0 0.12 0.07 0.06 0.43 0.93
TbpO3 n.d. n.d. nd. n.d. n.d. n.d. nd. n.d. n.d. n.d.
Dy203 022 013 026 0.13| 049 056 043 033 1.14 096
Erp03 nd. nd. n.d. nd. 1.00 056 045 033 060 045
Ybo03 n.d. n.d. n.d. nd.| 463 280 221 256 0.66 040
Lup0O3 n.d. nd. n.d. nd.| 061 037 030 047 0.06 0.07
Total 08.45 9845 97.81 98.79] 99.96 99.39 99.73 99.19 99.99 99.27

Analyses by electron microprobe (%). n.d. not determined. - below detection limit.

with ThO, in the range 55-68 wt.%, FeO,,, in the range
0-13 wt.%, Y,0; + XREE,O; in the range 6-10 wt.%,
and UQO, = 7 wt.% (Table 3). Chondrite-normalized
REE patterns typically have a strong positive slope and
a moderate negative Eu anomaly. Some crystals show
flatter patterns, with Eu below the detection limit (e.g.,
anal. 4 and 6, Table 3). Exceptionally, P-rich crystals
(P,0; = 10 wt.%, ThO, < 40 wt.%, UO, = 1 wt.%) also
have been found. Their elevated Y,0; and REE,O,
contents and enrichment in light rare-earth elements
(Fig. 3B), suggest that they could be isomorphic
mixtures with cheralite —~ monazite.

Y-Yb silicates form polycrystalline aggregates with
REE niobates, thorite and zircon. Crystals are invariably
xenomorphic, dark colored, and less than 100 pm in
diameter. Their composition varies between Y-rich and
Yb-rich end-members (Table 4). Y-rich varieties have
Y,0;> 20 wt.%, SiO, > 25 wt.%, Yb,0; = 1 wt.%
(thalenite — yttrialite?), highly variable amounts of
Fe and occasionally elevated Ca (kainosite ?). Yb-rich
varieties have Yb,0; > 35 wt.%, SiO, ~ 35 wt.%, Y,Os~
13 wt.%, variable concentrations of Fe (hingganite?)
and are highly enriched in the heavy rare-carths
(ZHREE,0,> 50 wt.%). The concentration of Th and
U is very low in both cases. Chondrite-normalized REE

patterns of the Y-rich variety are flat and have a
strong negative Eu anomaly. Chondrite-normalized
REE patterns of the Yb-rich variety, however, have a
positive slope with no Eu anomaly (Fig. 4A).

Nb—Ta—REE minerals

These minerals are abundant in R-gneisses, and
are also common in aegirine — riebeckite gneisses.
They usually appear in aggregates together with other
REE-accessory minerals. The crystals are xenomorphic,
dark-colored, and less than 100—150 pum in size. We
identified four extreme compositional types (Table 4,
Fig. 4B): (1) HREE-rich, with Yb as the dominant REE,
about 10 wt.% ThO, and Y,0,, low light rare-earth
elements and a strong negative Eu-anomaly
(samarskite?); (2) LREE-rich, with Ce as the dominant
rare-earth element, a deep negative Eu anomaly and
variable Th and Y (aeschynite?); (3) Y-rich, moderately
enriched in heavy rare-earth elements, with Dy as
the dominant rare-earth element and variable Th
(fergusonite — formanite?), and (4) U-rich niobates,
with low levels of the rare-earth elements and
variable but significant levels of Th and Fe (pyrochlore
— betafite).
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FiG. 3. A. Chondrite-normalized REE patterns of allanite and thorite. Grey area defined by several chondrite-normalized patterns
of allanite. B. REE-patterns of “normal” thorite (grey area). Patterns 4 and 6 pertain to anomalous samples of thorite, and
the other pattern corresponds to P-rich thorite.

TABLE 4. REPRESENTATIVE COMPOSITIONS OF REE-SILICATES AND REE-
NIOBATES FROM THE GALINEIRO COMPLEX

Y-Yb-silicates REE-niobates

2 3 5 6 1 2 3 4 5 6
(wt%)
Si0g 35.00 2945 27.00 3291 3.14 204 870 017 018 1.89
Al»O3 - - 021 - - 042 686 - - 005
FeO 1.84 055 999 -l 044 047 1.67 051 010 4.69
MgO - - - - - - 1.67 - - -
CaO 0.08 11.57 074 027]| 019 1.02 195 0.6 021 2.95
Nap0 0.06 0.07 - 008] o1 - 002 - 002 003
P205 - 028 002 - - 0.01 0.07 003 0.06 0.02
Y703 13.45 3825 2132 1321 889 4.88 271 3180 2923 9.08
ThO2 - - - -1 1154 1380 1.68 048 058 210
U0y - - - - 1.02 - - 385 342 2940
Lay03 0.01 029 0.8 - - 1056 994 - 003 007
Cey03 009 131 5.63  0.01 - 2221 2236 0.1 007 1.02
PrpO3 - 018 072 - - 334 326 001 002 0.14
NdyO3 005 147 7.51 -l 007 1773 663 074 050 1.03
Smp03 009 1.05 268 009 018 106 022 128 08 0358
Eup03 - - - 0.08 - - - - - -
Gap03 - 204 298 -l 012 099 042 241 172 071
Dy203 1.01 419 274 0.76 147 094 0.14 474 626 091
Erp03 599 246 1.77 540] 4.14 008 - 286 376 0.54
YboO3 3506 0.72 1.16 4046 2558 0.12 - 129 134 0.28
Lup03 791 020 0.7 657] 3.94 - - 042 054 007
Total 100.6 94.08 8545 99.84| 60.83 69.67 6830 50.86 4890 55.56

4

Analyses by electron microprobe (%). - below detection limit.

Nb, Ti, and Ta have been identified by means of XR-spectra in every case, but not
quantitatively determined. Silicates 2 and 6 are Yb-rich, 3 and 5 are Y-rich. Niobate
1 is HREE-rich, 2 and 3 are LREE-rich, 4 and 5 are Y-rich and niobate 6 is U-rich.
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FiG. 4. A. Chondrite-normalized REE patterns of silicates and niobates. Grey area defined by several REE-patterns of Y-silicates.

Superimposed patterns correspond to two selected Yb-silicates. B. Selected chondrite-normalized patterns of LREE, HREE,
and Y-rich niobates.

TABLE 5. REPRESENTATIVE BULK COMPOSITION OF ALL THE ROCK TYPES FROM THE GALINEIRO COMPLEX

Amphibole-biotite gneisses Aegirine-riebeckite gneisses R-gneisses
{Galifieiro facies)  (Magnetite facies) {Zorro facies) (R-1) (R-2)

Semp. _ER-15 ER-23 BR-25 ER-30] ER110 ER-77 ER-80|ER90 ER-3 ER46|ER40 ER-7 ER-70|ER-57 S3-6 S3-I13 §3-19 S4B4| S5B11_S7B-5 S6B-9
WL%) £ w

(Si02 56.54 59.37 65.14 63.64] 75.07 59.46 74.74( 73.28 71.47 64.03| 76.85 73.53 74.03| 74.18 79.45 7118 68.58 74.45| 77.65 7626 76.25
TiOg 125 077 107 082 017 065 027 024 021 038| 0.7 020 019} 041 039 091 051 036] 0.16 026 024
AlpO3 1756 1838 1437 14.84] 1023 13.95 9.48| 1040 886 1555( 11.61 1144 1127 883 835 1229 1207 9.74) 909 1292 9.16
ReO 773 595 725 528| 4.81 1063 6.00| 440 580 646 241 288 335| 482 306 541 515 3.78] 530 208 647
Mg0 142 267 LI7 093F 002 034 004 120 009 024 000 001 001| 013 006 008 033 006 005 013 040
MrO 021 009 012 010 008 009 015| 004 009 005 003 004 005 008 006 047 020 018 002 001 005
Ca0 365 1.06 256 209 020 149 047] 001 015 066f 009 022 039 205 005 027 098 0.18 000 004 201
Nax0 644 344 380 640| 432 580 3.79| 225 6.58 7.81| 356 540 476 475 380 474 410 442 144 343 319
K20 306 7.62 3.83 515 457 173 3.54f 383 572 219| 501 593 5.10| 0.6 018 1.00 260 323 487 411 038
P20s5 042 0]0 034 033| 007 012 003 003 002 007 000 002 003] 003 019 023 005 0.19| 003 00l 002
LOI 066 036 085 022| 021 252 011 089 019 054 0.10 0.14 030] 040 061 041 085 032] 034 028 0.19

Total 98.94 99.81 100.50 99.80| 99.75 96.78 98.62| 96.57 99.18 97.98| 99.83 99.81 99.48| 95.84 96.20 96.99 9542 9691 9895 99.53 98.36
CIPW normative components ik

Q - 350 21.28 3.73| 3278 142 3831| 4479 29.45 8.14| 36.43 2774 29.35| 44.23 58.53 4005 33.18 37.39| 50.19 4034 4543
Or 1831 4512 2262 3046| 27.06 1074 21.17| 2359 34.06 13.23| 29.64 3510 30.33| 099 111 6.10 162 19.70| 29.10 24.44 222
Ab 5482 29.17 32.13 47.71| 27.23 51.58 29.40| 19.84 13.83 67.57| 30.16 2587 29.76)| 41.99 3350 4138 36.57 33.15| 1232 2921 26.63
An 10.] 462 1047 . - 695 - - - 093( 045 - -1 240 - - 478 - - 013 943
Ne 0.20 - - - - - - - - - - - - - - - - - - - -
Cm - 279 0.13 - - 0J2 -] 2.66 - -1 017 - - - 198 352 089 - 147 2.80 -
Ac - - 0 573 775 - 269 - 940 - - 464 542 - - - - 480 - - -
Di 443 - 0 685 048 - 193 - 055 1.69 - 086 1.56] 4.04 - - - - - - 023
Hy - 830 470 1.79] 409 581 236| 488 489 222| 088 196 207 - L06 212 286 3.05 223 087 1044
[e]] 2.42 - - - - - - - - - - - - - - 0 - - - - -
I 240 147 203 156 032 1.3 052 048 040 074| 032 038 036| 081 077 178 102 071 031 050 045

6.3] 480 584 139 - 900 354 3.69 - 5321 194 - -| 406 257 450 437 074 432 1.69 514
Hem - - - - - - - - - - - - - - - - - - - - -
Ap 1.01 024 0.80 078 0.7 030 007] 007 005 0.17 - 005 007! 007 047 056 0.2 046 0.07 002 005
T 7333 7779 76.03 81.90( 87.06 76.53 88.89| 8821 77.35 88.93| 962 88.71 89.44| 87.21 93.14 87.52 8594 90.24| 91.61 93.99 74.27
Al 079 076 0723 1.085| 1.178 0.82 106 075 192 098 097 134 118 091 077 072 079 LIl 084 078 062

* Anomalous samples, excluded from statistics. TTI=Differentiation Index. ** Contains 3.41% of Na metasilicate. *** contains 1.07% of Na metasilicate.
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TABLE 6. REPRESENTATIVE TRACE ELEMENT CONCENTRATIONS OF ALL THE ROCK TYPES FROM THE GALINEIRO COMPLEX

Amph.-biotite gneisses Aegirine-riebeckite gneisses R-gneisses
(Galifieiro facies) i ] ies (R-1) (R-2)
Samp. [ERIS ER23 ER25 ER30|ERI! ER-77 ER-80( ER-90 ER-3 FR-46| BR40 ER-7 ER-T0|ER-57 §3-6 §3-13 §3-19 S§4B-4| S5BIl S7B-5 S6B-9
0
0 0
Li 33 69 15 ! 56 77 100 18 57 62 39 24 48 4.0 - 16 16 3.6 16 11 16
Rb 110 187 157 238 385 205 311 381 367 238 203 229 229 11 3.6 98 165 168 539 256 76
Cs 6.8 11 54 11 0.9 1.3 2.7 19 1.2 1.5 2.4 2.3 3.7 1.1 2.1 16 9.6 17 1.2 0.7 2.6
Be 8.0 2.7 2.6 6.1 48 1387 9.2 5 6.8 356 3.4 4.7 6.4 4.4 27 12 14 28 4.2 79 29
Sr 321 110 245 179 5.1 49 28 9.8 6.6 24 1.2 74 9.2 125 30 31 64 37 7.0 13 93
Ba 890 1041 1026 636 a7 14 17 25 22 16 21 29 22 27 23 40 41 94 12 35 15
Cr 16 102 57 33 81 - 83 69 108 32 110 96 95 90 510 376 280 91 95 65 88
Co 8.0 15 9.0 5.5 0.5 0.5 0.8 0.6 1.7 0.2 0.7 0.7 1.4 0.5 2.5 2.7 1.7 0.6 0.7 0.5 4.4
Ni - 51 4.4 . - - - - 50 - - - 278 - 42 - H 0.7 22 - 2.6
Cu 10.2 13 6.0 50| 286 14 2.8 1.9 0.1 3.4 08 2.9 226 72 139 77 17 87 29 9.4 399
Zn 86 81 108 89 190 366 281 234 260 231 109 151 303 259 1163 1866 1077 1488 78 109 682
Ga 19 16 18 20 37 49 39 40 46 51 33 33 35 50 45 50 39 49 37 37 39
Y 45 17 54 60 80 8447 194 483 95 2658 15 63 72 692 2420 1812 2237 1309 117 300 274
Nb 92 20 59 70 237 733 251 45 293 362 97 187 109| 2746 2127 2157 1020 1573 228 344 594
Ta 2 2.7 7.2 83 25 91 26 44 16 58 12 21 10| 322.8 108 148 80 203 26 42 k!
Zr 250 178 318 364 1178 1206 2038 1509 1811 1343 262 662 16| 8584 6224 7628 2746 8134 1080 1287 4437
Hf a7 2.5 6.1 11 15 26 52 35 42 23 55 6.1 3.4 227 102 115 71 40 13 15 99
Mo 2.5 0.2 1.2 12 3.3 1.5 4.1 20 30 1.6 2.7 24 34 20 25 31 6.4 1.6 66 24 606
So 14 2.5 5.1 i 19 65 24 45 43 40 7.8 14 12 132 53 64 52 27 59 32 17
T 0.5 0.8 0.5 0.9 1.0 0.5 0.7 1.0 0.5 0.7 0.5 0.6 0.5 - 0.1 05 0.4 0.6 0.6 04 0.4
w 9.2 4.0 55 39 6.1 50 6.2 8.3 13 25 73 6.4 5.1 72 41 3] 23 26 9.6 7.6 12
Pb - - - 2.6 24 235 - - 94 95 - 25 53| 1828 339 552 180 M7 - - 140
U 36 2.0 3.4 43 12 77 25 23 5.2 49 34 7.5 5.2 166 153 183 66 114 8.5 18 48
Th 13 14 13 20 63 7223 18 30 42 4923 15 41 18 101 1369 220 823 654 29 59 159
F 1606 674 1147 5510| 1174 7509 4888 1025 2046 6996 - 52 39i6| 26042 930 1835 4753 1687 106 525 21287
* Anomalous samples, excluded from statistics. - below detection limit
TABLE 7. REPRESENTATIVE REE CONCENTRATIONS OF ALL THE ROCK TYPES FROM THE GALINEIRO COMPLEX
Amphibole-biotite gneisses Aegirine-riebeckite gneisses R-gneisses
iro ite faci (Zorro facies) (R-1) (R-2}
Samp. ERIS ER23 ER25 ER30| ER110 ER77 ERS80| ER-S0 ER-3 ER46| ER40 ER7 ER70[ER-57 S3-6 $3-13 §3-19 S4B-4| S5BIJ S7B-5 S6B9
(ppm) * N
La 81 43 41 69 174 175 359 603 776 69 135 70 150 961 1088 1700 880 830 229 250 569
Ce 134 92 117 147 337 778 572 693 975 300 31 141 216 1820 2377 3884 2013 1928 479 497 1120
Pr 18 10 11 16 43 123 83 143 117 37 3.5 17 3s 200 284 472 245 243 63 60 134
Nd 69 38 46 59 163 563 308 549 248 163 28 62 133 623 1004 1692 895 907 262 217 493
Sm 12 7.0 10 12 30 249 60 118 43 n 5.1 14 26 133 251 399 213 212 57 50 92
Eu 4.1 1.5 24 2.1 0.9 14 2.6 4.7 1.6 3.9 0.0 0.5 09 6.0 11 17 10 9.0 24 2.7 3.2
Gl 10 5.6 9.2 10 20 308 49 104 20 92 2.7 12 19 142 235 339 208 178 48 48 68
Tb 1.4 0.6 1.4 1.6 2.9 118 16 18 25 35 0.4 2.3 2.7 27 55 62 Sl 36 6.3 93 10
Dy 8.4 3.7 9.6 10 17 1200 4] 102 17 347 3.2 15 14 150 386 376 361 230 28 58 50
Ho 1.7 0.7 2.0 2.0 34 421 17 2] 3.3 115 0.6 3.1 24 28 91 78 8] 53 4.8 12 10
Er 47 1.6 5.5 5.7 10 235] 19 51 8.2 595 1.9 83 6.5 61 248 190 209 149 11 32 30
Tm 0.7 0.2 0.8 0.9 1.8 1050 2.7 6.9 1.2 246 0.3 1.4 0.9 8.2 35 24 27 24 15 4.8 49
Yb 4.8 1.4 5.0 54 11 8797 15 36 6.6 2494 2.2 89 57 40 151 114 108 124 9.6 27 30
Lu 0.6 0.2 0.6 0.7 1.5 1661 2.1 4.5 0.8 381 04 1.1 0.7 4.7 17 14 11 15 1.3 3.5 4.0
LaN/LuN 13,60 25.14 7.00 9.82| 1275 0.01 18.12| 1424 10275 0.02{ 473 657 2231| 21.62 693 1287 875 592| 18.78 7.65 15.14
EuN/Ev* 074 071 075 058 0.10 0.15 0.5 0.13 0.17 6.15| 000 013 012 013 014 014 014 0.14 0.14 017 0.3
* Anomal [ Juded from

WHOLE-ROCK CHEMISTRY

Sixty-six samples representing all Galifieiro rock
types were analyzed for major and the following trace
elements: Li, Rb, Cs, Be, Sr, Ba, Cr, Co, Ni, Cu, Zn,
Ga, Y, Nb, Ta, Zr, Hf, Mo, Sn, T1, W, Pb, Th, U, F and
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb and Lu. Compositions of selected samples are
presented in Tables 5, 6, and 7.

Major elements

Aegirine — riebeckite gneisses have SiO, in the
range 70-75 wt.%, an agpaitic index (Al = mol [Na,O

+ K,01/A1,0,) close to 1 (average Al = 1.02), with
Fe/[Fe + Mg] =~ 0.96, Na,0 + K,0 = 8 wt.%,
Na,0/K,0 = 1, and low AL,O;, CaO and MgO contents
(Table 5). Amphibole — biotite gneisses have a lower
agpaitic index (0.7 < AI < 1.01), Fe/[Fe + Mg] = 0.7,
Na,0 + K,0 = 8.5 wt.%, Na,0O/K,0 = 1.1 and
moderately elevated Al,O;, CaO, and MgO contents.
The major-element composition of the R—2 gneisses
is very close to that of aegirine — riebeckite gneisses,
but some specimens have significantly lower K,0
contents and higher AL This tendency is still more
marked in R-1 gneisses, which show a marked
depletion in K,O and a slight enrichment in MnQO, TiO,,
and P,0s.
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HFSE and REE

The abundance of rare earths and high-field-strength
elements in the Galifieiro rocks (Tables 6 and 7)
increases according to the following sequence:
(1) amphibole - biotite gneisses, (2) Zorro facies, (3)
Galifieiro facies, (4) Magnetite facies, (5) R-2 gneisses,
and (6) R-1 gneisses, the latter showing accumulations
of REE and HFSE of economic value. Some samples
from the Galifieiro and Magnetite facies also show
enrichments comparable to those of R—1 gneisses. The
rare-earth and high-field-strength elements do not show
any correlation with major elements other than a weak
negative one with potassium. Zr shows an excellent
positive correlation with Nb, Ta, and U but, surpris-
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Fig. 5. A. Chondrite-normalized REE patterns of average
whole-rock samples for every rock-type of the Galifieiro
complex: (1) R-1 gneisses, (2) R-2 gneisses, (3) aegirine
— riebeckite gneisses, (4) amphibole — biotite gneisses.
Anomalous samples have been excluded. B. Selected
REE-patterns of representative “normal” samples
(ER-70 and ER-100 from Zorro and Galifieiro facies,
respectively) and anomalous samples (ER-77, ER-46
from Galifieiro and Magnetite facies and SG3-4 from
R~1 gneisses).
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ingly, not with Hf. The Zr:Hf ratio for most samples is
40-50, close to the terrestrial ratio, but some samples,
mostly of R—1 gneisses, have Zr/Hf values as high as
200-300, which do not correlate with any other
geochemical variable, although they always occur in
low-Y samples. Concentrations of Y, Th, and rare-earth
elements also increase with Zr, but the correlation is
not as good as with Nb, Ta, and U, especially at
high concentrations. Th:U ratios are quite variable,
but in general close to 7. Some samples from aegirine —
riebeckite gneisses, especially from the Galifieiro
or Magnetite facies, however, have a tremendous
enrichment in Th (= 5000-7000 ppm), with
Th/U = 100. These samples are simultancously
enriched in Be (= 1400 ppm), Y (= 8500 ppm), and the
heavy rare-carth elements (e.g., Dy =~ 1200 ppm,
Yb = 8800 ppm).

The concentration of rare-earth elements is high in
all facies, with average Y.REE of 280 ppm in amphibole
— biotite gneisses, 1100 ppm in aegirine — riebeckite
gneisses (anomalous samples excluded), 1300 ppm in
R-2 gneisses and 5500 ppm in R—1 gneisses (Table 7).
Chondrite-normalized REE patterns of amphibole —
biotite gneisses show a smooth, constant decrease
from La (= 200 x chondrite), to Lu (= 20 X chondrite),
with a small negative Eu anomaly (EwEu* = 0.75)
(Fig. 5A). Acgirine — riebeckite gneisses have a similar
LREFE/HREE fractionation, with Lay/Luy =~ 11 (although
with notable exceptions, see Table 7), but show a steep
negative Eu anomaly (Euw/Eu* = 0.10). Chondrite-
normalized REE patterns of R-2 gneisses are very similar
to those of aegirine — riebeckite gneisses (Lay/Luy =
15.5; Eu/Eu* = 0.1 — 0.2). Chondrite-normalized REE
patterns of R—1 gneisses, however, show a marked
convexity between Gd and Lu (Fig. 5A). The above-
mentioned samples, anomalously enriched in Y, Th, and
Be, also have anomalous chondrite-normalized REE
patterns, with a positive slope, moderate from La to
Sm, but steep from Gd to Lu, and with a strong Eu
anomaly (samples ER-—46 and ER-77 in Fig. 5B).

Trace elements other than HFSE and REE

Li contents are highly variable within the same
facies (Table 6). On average, however, they increase
from amphibole — biotite gneisses (~55 ppm Li) to
acgirine — riebeckite gneisses (~61 ppm) and then
decrease to R-2 (~25 ppm) and to R-1 (~8 ppm)
gneisses. Rb is more uniform for all rock types
(~270 ppm Rb) except for R-1 gneisses, which contain
~80 ppm. The concentration of Be is extremely variable.
It is usually on the order of a few ppm, but samples
ER—46 and ER-77 have 360 and 1390 ppm, respectively.
The level of Sr and Ba is, in general, very low,
decreasing from amphibole — biotite gneisses (~225
ppm Sr, ~785 ppin Ba) to aegirine — riebeckite gneisses
(~14 ppm Sr, ~20 ppm Ba) and to R-2 and R-1
gneisses (~45 ppm Sr, ~60 ppm Ba). R—1 gneisses, and
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to a lesser extent R-2 gneisses, also show a remarkable
enrichment in Zn, Ni, Cu, Pb, and Mo (Table 6), thus
reflecting the presence of accessory sulfides, especially
sphalerite. Ga increases from ~20 ppm in amphibole —
biotite gneisses to ~35 ppm in R-2 gneisses, ~40 ppm
in acgirine — riebeckite gneisses and ~45 ppm in R-1
gneisses.

Fluorine

Fluorine concentration is invariably very high,
increasing gradually from ampibole — biotite gneisses
(F = 0.18 wt.%) to R-1 gneisses (0.5 < F < 2 wt.%).
There is no clear correlation between the concentration
of fluorine and that of any other element.

IsoToPE GEOCHEMISTRY AND GECCHRONOLOGY

Isotopic studies on Galifieiro rocks reveal a
complicated picture that probably reflects the long
postmagmatic history of these rocks. Rb—Sr systematics
on eight whole-rock samples from aegirine — riebeckite
and R-gneisses gave an isochron age of 325 + 19 Ma
(Fig. 6A) with initial ¥’St/*Sr = 0.737575 % 0.054 (26)
(Table 8, see also Montero 1993). Sm—Nd systematics
for four whole-rock samples gave an isochron age
of 541 £ 81 Ma (Fig. 6B) and an initial *Nd/'*Nd =
0.512051 £ 0.0000648 (26). U~Pb on zircon concentrates

TABLE 8. ISOTOPIC RATIOS OF SELECTED SAMPLES
FROM THE GALINEIRO COMPLEX, SPAIN

8Rb/  87Sy  14iSmy  143Nd/  207pp/  WSpyy  207ph/
86Sr 863 144Nd 144Nd 235 238y 206py
ER-57 0.248 0.71150 0.1285 0.51251 0.3609 0.04856
5G3-14 7.079 0.76473 0.1384 0.51254 . .
ER-3 16].885 1.48497 0.1047 0.51242 0.3512 0.04825
ER-90 112.061 1.20672 . . . -
ER-110  218.85] 1.74619 0.1122 0.51244 0.4454 0.05956
ER-80 32.728 0.88100 . . . . .
ER-70 72.740 1.17185 - - .
ER-40 489.616__ 3.00538 0.4402 0.05885  0.56190 *

Samples from Aecgirine-ricbeckite and R-gueisses: ER-57 and SG3-14 from R-1
gneisses, ER-3 and ER-90 from Magnetite facies, ER-110 and ER-80 from
Galifeiro facies and ER 70 and ER-40 from Zorro facies. U-Pb ratios determined
in zircon concentrates. 207Pb/206Pb ratios determined in zircon single grains: * is
the mean of eight different grains.

gave two concordant ages, one about 310 Ma and the
other about 370 Ma (Fig. 7A). Finally, 27Pb/?Pb
determinations on eight single crystals of zircon gave
an age of 460 £ 22 Ma (Fig. 7B).

The interpretation of these data is not simple, but we
tentatively suggest that:

(1) The 460 £ 22 Ma age from 2Pb/?Pb data
obtained on a single grain of zircon probably reflects
the age of crystallization of the magmas that formed the
Galifieiro pluton. This age is in good agreement with
data obtained in other peralkaline rocks in the area [486
+24 Ma: Priem et al. (1966); 469 - 8 Ma: Kuijper (1979)]
and is within the error range of the Sm—Nd isochron.
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(2) The U-Pb concordant age of zircon around 370 Ma
may reflect the reactivation of the peralkaline rocks
during the first important phase of Hercynian deforma-
tion (Ferreira et al. 1987).

(3) The second concordant zircon age and Rb/Sr
ages (310 Ma) could reflect the peak of the Hercynian
metamorphism, which produced a massive generation
of crustal granites in the Central Iberian Zone, with ages
ranging from 320 to 300 Ma (Serrano Pinto et al. 1988).
Metamorphic recrystallization of the feldspars caused
the breakdown of the isotopic Rb—Sr system, and led to
the total recrystallization of the rock at low-pressure
amphibolite-facies conditions (Floor 1974).

87Sr/86Sr
[\*]

0 100 200 300 400 500
87Rb/86Sr

0.51255

0.51250

0.51245

143N d/144Nd

0.51240
0.10

0.I13
147Sm/144Nd

0.11 0.12 0.14

FIG. 6. A. Rb/Sr isochron for eight whole-rock samples from
the Galifieiro complex. Initial 8Sr/86Sr = 0.737578 + 0.054
(20). Isotopic age: 325 + 19 Ma. B. Sm/Nd isochron for
four whole-rock samples. Initial 43Nd/"Nd = 0.512051 +
0.000064 (20)- Isotopic age: 541 + 81 Ma., €% czx(ND)
=+1.5 (Z, M, G: Zorro, Magnetite and Galifieiro facies,
respectively; R-1: R—1 gneisses).
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Fic. 7. A. U/Pb concordia diagram for zircon concentrates in four samples from the
Galifieiro complex with two concordant ages (about 310 and 370 Ma). B. Histogram
of 207Pb/205Pb values in eight single grains of zircon from the Zorro facies, whose mean
value (0.056190) corresponds to a radiogenic age of 460 £ 22 Ma.

DiscussION
Petrogenesis

The mineralogy and geochemical signature of
the Galifieiro rocks most likely correspond to “early
anorogenic” (Bonin 1990) A-type granites. On the
discrimination diagrams for granites of Whalen et al.
(1987), aegirine — riebeckite and R-gneisses systemati-
cally plot in the field of A-type granites; only some
amphibole — biotite gneisses plot in the area corre-
sponding to orogenic granites (Fig. 8A). In addition,
the low Yb/Ta, very low Y/Nb, and Zr/Nb < 10 shown
by the aegirine — riebeckite gneisses (Fig. 8B) suggest
that they were Al-type granites, considered to represent
mantle differentiates emplaced during continental
rifting processes or intraplate magmatism (Eby 1990,
1992). Since this idea is consistent with Nd isotope
data [€cyy*'(Nd) = +1.5], we suggest that the magmas
that produced the Galifieiro complex had a mantle
source, ruling out partial melting of residual felsic

lower crust (Pin et al. 1992, Montero 1993), and
probably consisted of volatile-rich alkaline basaltic
melts evolving by crystal fractionation through the
critical plane of silica saturation (Coombs trend:
Miyashiro 1978), producing an intermediate member
represented by amphibole — biotite gneisses and
residual liquids with an alkali thyolite composition
represented by the acgirine — riebeckite gneisses.
Several peralkaline granites and peralkaline rhyolites
with ages from 423 to 470 Ma and a chemical compo-
sition roughly similar to that of Galifieiro (though not
so enriched in rare-earth and high-field-strength
elements) occur within a broad belt in Spain and
Portugal: the Malpica — Tuy unit (Gil Ibarguchi &
Ortega 1985), Tras-os-Montes (Ribeiro 1987),
Portalegre, and the Badajoz — Cérdoba zone (Garcfa
Casquero et al. 1985). Taking into account the close
relationship between peralkaline felsic activity and
extensional tectonics (e.g., Bonin 1990), we suggest
that Galifieiro and similar Tberian rocks were generated
during an ensialic extension event in the early
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Fic. 8. A. Discrimination diagram for A-type granites
(Whalen et al. 1987) for the Galifieiro rocks. Crosses:
amphibole — biotite orthogneisses, black dots: Galifieiro
facies, black squares: Magnetite facies, white triangles:
Zorro facies, white dots: R-gneisses. B. Discrimination
diagram for A-type granites, showing the fields of
subtypes A, and A, (Eby 1992), and the distribution
of points for the Galifieiro rocks (R-gneisses excluded).

Ordovician (Pin & Marini 1993), probably as a
consequence of the separation of eastern Avalonia
from Gondwana (Prigmore et al. 1997).

Mobility of major and trace elements during
late- and post-magmatic stages

Many of the most significant geochemical
anomalies exhibited by the Galifieiro complex, such as
the decoupling of Zr and Hf or of Th and U, the high
spatial variability and extreme local enrichment of
trace elements, as well as the K and Rb depletion of
R-gneisses, cannot be explained by any known magmatic
process or combination of processes. These features,
together with the elevated fluorine contents and the
existence of associations of exotic REE-rich and
HFSE-rich minerals, suggest that during the last stages
of magmatic crystallization, fluids enriched in the
rare-earth and high-field-strength elements, fluoride,
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sulfide, and carbonate anions were released, thus
producing the redistribution of REE and HFSE in
aegirine — riebeckite gneisses and country rocks. These
fluids, where channeled through faults or cracks,
caused the strong metasomatic alteration which led to
the R-gneisses. Similar phenomena have been described
in syenite pegmatites from the Oslo region, Norway
(Larsen 1996), the Thor Lake REE-Y-Be deposits,
Northwest Territories (Taylor & Pollard 1996), and
amazonitic pegmatites and metasomatic bodies related
to the West Keivy peralkaline granite, Kola Peninsula,
Russia (Belolipetskii & Voloshin 1996). These phe-
nomena have always been interpreted as being a result
of late- or post-magmatic metasomatic processes
involving fluids emanating from peralkaline intrusions.
Some important aspects of the behavior of these
metasomatic fluids may be revealed by the joint study
of zircon morphology and Zr solubility in melts.
Calculations of Zr solubility using the experimental
model of Watson & Harrison (1983) indicate that
melts with the same Zr and major-element composition
as the Galifieiro rocks become saturated in Zr at
1000-1100°C. However, the morphology of the zircon
crystals indicates that massive crystallization of zircon
only took place at temperatures as low as ~600°C
(see above), thus indicating that Zr was in some way
stabilized within the melt. Given the high alkalinity and
F contents of the melt, it is probable that the formation
of zirconium—fluoride complexes (Collins ez al. 1982,
Dietrich 1968, Watson 1979, Watson & Harrison 1983),
stable at high temperatures and very soluble (Ferguson
1974), could have contributed to the stabilization of Zr
within the melt (Keppler 1993; but see Farges 1996).
These complexes likely remained stable until the last
stages of crystallization, when the combined effects
of decreasing temperature and decreasing F activity,
possibly related to the formation of F-rich biotite and
amphibole, decreased the activity of fluoride in the
melt, thereby causing the breakdown of complexes
(Collins er al. 1982) and releasing Zr, which precipi-
tated as low-temperature zircon. Apart from fluorine,
other ligands such as carbonates, phosphates, etc.
(Bilal et al. 1978, Wendlandt & Harrison 1979, Wood
1990a, b) may have helped to stabilize the trace
elements, especially the rare-earth elements, down to
relatively low temperatures within the fluid phase.
The strong decoupling of Zr—Hf, U-Th, LREE-HREE,
as well as the anomalous local enrichments in some
elements, however, can scarcely be explained by the
action of a single episode of metasomatism, suggesting
instead the action of fluids with very different compo-
sitions, probably acting at different times in the history
of Galifieiro. Taking into account the high F and CO,
contents of the Galifieiro rocks, it is logical to suppose
that once the original melts had completely crystallized,
any further input of energy, even a moderate one, may
have caused appreciable mobilization of fluids with
variable metasomatic capability, depending on the
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activity of ligands and temperature. The variety of ages
produced by isotopic systems (see above), and the
presence of veinlets of secondary monazite, thorite,
bastnisite and zircon are all consistent with that idea,
and suggest that the Galifieiro system was repeatedly
re-activated during its postmagmatic history, especially
during the Hercynian episode of metamorphism.

CONCLUSIONS

Rocks from the Galifieiro orthogneissic complex
crystallized from magmas ultimately derived from a
mantle source. The original magma most likely had the
composition of a volatile-rich alkali basalt that evolved
by crystal fractionation and followed a Coombs-type
trend whose end product (alkali rhyolite) now is
represented by the peralkaline orthogneisses. The
emplacement of magmas occurred at high levels in
the crust at 480460 Ma during a extensional tectonic
regime (possibly continental rifiing). Magmatic
fractionation produced residual fluids extremely enriched
in ligands, especially fluorine, able to complex the
rare-earth and high-field-strength elements. The decrease
of the activity of fluorine in fluids related to decreasing
temperature and the crystallization of F-bearing major
minerals produced the breakdown of such complexes,
releasing the rare-earth and high-field-strength
elements, which then precipitated REE-rich and
HFSE-rich minerals such as bastnisite, monazite,
xenotime, fergusonite — formanite, aeschynite,
samarskite, betafite, allanite, thalenite — yttryalite,
titanite, zircon, thorite, efc., either isolated or, more
commonly, forming associations of intricate fine-grained
aggregates. These fluids produced endo- and exo-
metasomatism of the Galifieiro complex, and, where
they circulated through channels and cracks, produced
the R-gneisses.

The elevated contents of fluorine, CO, and sulfide
of the Galifieiro system, together with the energy inputs
related to different phases of the Hercynian metamor-
phism, caused episodic metasomatic mobilization,
reflected by the concordant U-Pb ages at 370 and
310 Ma measured on zircon. The development of
low-temperature minerals and veins of secondary
monazite, thorite, bastnisite, and zircon probably
account for the exotic geochemical features
(e.g., Zr/Hf > 100, enriched Be, Th, and heavy rare-earth
elements) of some samples. Hercynian deformation
and metamorphism also caused the recrystallization of
the major mineral assemblage at intermediate to low
temperatures (less than 550°C) and intermediate
pressures (0.5-0.6 GPa).
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