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ABSTRACT

The Galifleiro complex, in the Iberian Hercynian belt, is composed of pre-Hercynian gFeissic peralkaline granitic rocks that

host hydrothermal mineralization of rare-earth and high-field-srength elements. The REE and IIFSE are hosted by a large

variety of accessory minerals such as bastniisite, REE silicates (e.g., allanite, thalenite - yttrialite), REE niobotantalates
(aeschynite, fergusonite - formanite, samarskite, pyrochlore - betafite), REE phosphates (monazite, xenotime), Th-rich minslal5

(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 crystallizeA atbtgh

levels in the crust 460-480 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 elements, which then precipitated HFSE- and REE-rich minglals. Ths slevated fluorine,

CO2 and sulfide contents of the Galifleiro 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 M4 and the exotic

geochemical features (7rlHf > 100, elevated levels of Be, Th, atd HREE) of some samples.

Kewords: Galifreiro peralkaline complex, accessory minerals, REE-HFSE mineralizatron, metasomatism' fluorine, Spain.
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Sotvnaane

k complexe de Galifieiro, faisant panie de la chaine hercynienne dans la pdninsule ibdrique, contient des roches gneissiques
ant6-hercyniennes dont la composition rappelle les granites hyperalcalins; ces roches ont 6t6 enrichies en terres rares et en
6l6ments I champ 6lectrostatique 6lev6 par voie hydrothermale. Ces 6l6ments traces ont comme hdtes une grande vari6t6
de min6raux accessohes, par exemple la bastnasirc, des silicates de terres rares, (e.g., allanite, thalenite - yttrialite), des
niobotantalates de terres rares (aeschynite, fergusonite - formanite, samsrskite, pyrochlore - b6tafite), des phosphates de terres
rares (monazite, x6notime), des min6raux de Th (thorite, thorite riche en P), et zircon.I-.e magma originnel est issue d'une
source dans Ie manteau, et aurait eu une composidon de basalte alcalin enrichi en phase volatile; sa composition a 6volu6 par
cristallisation fractionn6e pour mener h des maqmas siliceux hyperalsalins quj ont cristallisd l faible profondeur dans Ia cro0te
il y a environ 460-480 Ma. Le fractionnement magmatique a produit des fluides r6siduels extremement enrichis en fluor
et auftes ligands, qui ont complex6 les terres rares et les 6l6ments i champ 6lectrostatique 6lev6. Une diminution de I'activitd
du fluor li6e i une diminution de la temp6ratue et l la cristallisation de mindraux majeurs contenant du fluor a caus6 une
d6stabilisation des complexes hydrothermaux, et une lib6ration des cations complex6s, qui ont par la suite pr&ipitE sous forme
de min6raux accessoites. Les teneurs 6lev6es en fluor, CO, et sulfures des roches du cortbge de Galifleiro, ainsi que I'ajout
d'6nergie li6e aux diverses phases de m6tamorphisme hercynien, ont causd une remobilisation 6pisodique, comme en
t6moignent les interceptes dans Ie systbme U-Pb du zircon, dont les Ages concordants seraient de 370 et 310 Ma, et les
caracteristiques g6ochimiques exotiques (ZrlHt > 100, teneurs 6lev6es de Be, Th, et terres rares lourdes) dans certains
6chantillons.

(fraduit par la R6daction)

Mots-clds; complexe hyperalcalin de Galifleiro, mindraux accessohes, terres rares, 6l6ments l potentiel ionique 6lev6,
enrichissement hydrothermal, mdtasomatose, fluor, Espagne.

INrnooucnor.t

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
GFSE) (Floor 1966, Rambaud et al. 1992, Monrero
1993, Martin-lzard 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 tle Galifleiro
complex. [n this respect, the Galiffeiro complex may be
compared to the mineralized peralkaline granites of
Ghurayyah and Umm al Birak in the Arabian Shield
(Jackson et eI. 1985), or to granites from the central
part of the Kola Peninsula (Belkov l979,Bekov et al.
1988, Belolipetskii & Voloshin 1996). The rare-earrh
and high-field-strength elements of the Gatiieiro rocks
are contained in a large variety of accessory minslals,
such as bastnasib, rare-earth silicates, rare-earth
niobotantalates, Th-rich mine14ls, and zircon. Since
the unmineralized peralkaline orthogneisses contain
the same assemblage of accessory phases as the hydro-
thermally enriched rocks, though tlese obviously are
less abundant, the Galiieiro complex is a good example
with which to study tle 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 Galifteiro complex, acquired as a result
of the field, mineralogical, and petrographic work of

Floor (1966) and the Iater geochemical and isotopic
work of Montero (1993). We have two objectives. On
one hand, we intend to decipher the complex history of
Galifleiro 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 tle
rare-earth and high-field-strength elements up to
economic levels in a peralkaline felsic system.

ANeryrrcer Memops

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 caseso for laser-ablation
microprobe - inductively coupled plasma - mass
spectromebry GAM-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 4nd
then grinding them in a tungsten carbide jar to a
grain si2s of less than 25 pm. This procedure produced
no detectable contamination ofrare-eartl or hish-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 IIF under pressure in
a teflon-lined vessel at a controlled temperature.
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lnstrument measurements were carried out with
a Perkin Elmer Plasma II spectrometer using the
Myers-Tracy signal-compensation system, Coefficients
of variation were about 0.25, 0.75 and 2.5Vo for analytn
concentrations of 10, I and 0.1 wt.7o, respectively.
Concentrations of the trace elements, including the rare
earthso were determined by inductively coupled plasma
- mass spectrometry (ICP-MS) after HNO, + IIF
digestion of 0.I g of sample powder in a teflonJined
vessel at high temperature and pressure, evaporation to
d4rness, and dissolution in 100 mT of 4 vol.7o HNO3.
Instrument measurements were performed with a
Perkin Elrner Sciex ELAN 5000 spectrometer, using Re
and Rh as internal standards. Coefficients of variation
were about 2 and,5Vo for analyte concentrations of 50
and 5 ppm, respectively. The concentration of fluorine
was determined by X-ray fluorescence (XRF) with a
precision of 57o.

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 kY a beam current of 15 nA,
and a counting time of l0 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
l0 s (background). As standardso we used the four
synthetic glasses of Drake & Weill (1972), and the
following synthetic phases: Albite Ametia Chgo/l8,
Mn-Hortonolite Chgo/35, Monazite SPV32, and
Zirconia SPI|47. lnterelement interferences were
suppressed with peak-overlap corrections (Roeder
1985). Detection limits were better than 0.10-0.057o
depending on the element determined and the mineral
analyzed. Coefficients of variation were close to 4 and
l0Vo for analyte concentrations of 1 and 0.25 wt.Vo,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 aI. (1996).

Isotopic analyses

Samples for Rb/Sr and SmA{d dating were prepared
using whole-rock powders following conventional
methods of sample digestion and chromatographic
separation. Isotopic analyses were carried out with a
linnigan MN 262 multi-collector mass spectrometer.
Standard errors at 2o level were O.5Vo for 87Rbf6Sr
and 0.01-O.02% for 87Srf6Sr. Standard errorc (2o) for

r43Nd/r44Nd were O.O03Vo, and for r47sm/r44Nd, 0.370.
U/Pb analyses were performed on zircon concentrateso
and all isotopic ratios were measured on a Cameca
TSN-206 mass spectrometer; standard errors at the
2o level wereO.lTo formPb46Pb and rEPbPGPb, and
l-3Vo for 2o6PbPuPb.2o7Pb[2o6Pb analyses on single
crystals of zircon were performed en a finnigan MAI
262 by dtect evaporation.

Gnor.oclcar SETTTNG AND PETRocRApHy

The Galifleiro orthogneissic complex has a roughly
circular exposure of about 10 km2. It intrudes the
southern part of the Malpica - Tiry 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. l988,Farias et aL.1987) (Fig. l).

The Galifleiro 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 ofTh-rich accessory phases that they were
called "radioactive" gneisses by field geologists
(Arribas 1963, Floor 1966).

Aegirine - riebeckite gneisses represent more
than95c/o of the outcrops in the complex. Their major
mineral assemblage is composed of quartz, nonperthitic
microcline (Or = 97 Vo), sodic plagioclas e (Ab = 98Vo),
riebeckite - arfredsonite, Al-poor aegirine, and subor-
dinate annite (Fe/fFe + Mgl = 0.9). Accessory minerals,
described in detail in the next sectiono are extraordinarily
abundant and include a plethora of REE- or HFSE-ich
species together with fluorite, titanite, magnetiteo
ilmenite, and sulfides. Aegirine - riebeckite gneisses
are classified into three facieso according to their major
mineralogy and fabric @oor 1966): (l) the Galifleiro
facies, the most abundant, (2) tbe Znno facies, charac-
teized by the presence of larger and more abundant
porphyroblasts of microcline than the Galiieiro facies,
and (3) the Magnetite facies, characterized by the
presence of conspicuous crystals of magnetite.

Amphibole - biotite gneisses represent less than
5Vo 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 = 87Vo), nonperthitic K-feldspar (Or = 96Vo),
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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by far the least abundant rock-type in the Galifleiro
complexo comprising less than l%o of the outcrop area.
As they have been prospected, most samples studied
here were taken from drill-cores. Tlvo subtypes can be
distinguished on the basis of mineralogy (Montero 1993):
(1) R-l gneisses, composed of albite (Ab = 98Vo),

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

The Galiffeiro complex was deformed and
metamolphosed 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-{.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 @oor 1966).

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

TnB AssnwlacE oF AccEssoRy MTNERATT

In the Galiieiro 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
(bastniisite, parisite), rare-earth niobotantalates
(fergusonite - formanite, samarskite, aeschynite and
pyrochlore - betafite), silicates ofthe 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

abundant accessories are fluorite, astrophyllite,
chlorite, sulfides, magnetite, and ilmenite. REE- and,
HFSE-ich 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 I mm. Aggregates are
very irregular in shape and composition; several phases
may coexist, although one or two are usually dominant.
Zircon- and bastntisite-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
bastniisite, parisite, monazite, and thorite also appear
filling small fractures and cavities.

Zircon

Zircon, the most common accessory, can account
for lO vol.Vo of some R-l samples. It normally forms
aggregates of brown turbid rounded crystals, usually
less than 50 pm in diameter, commonly associated with
other accessory phases. kss 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 ofTh, U, Y and the
rare-earth elements Oable I ). Chondrite-normalized

TABLE 1. REE, TH AND U CONCENTRATIONS IN ZRcoN. BASTNASITE AND
PAzuSITE FROM TTD GALINEIRO COMPLEX

(ppm)
Y
I T

Th
Ia
C€
Pr
M
S m
Eu
Gd
Tb
Dy
Ho
k
Tm
Yb
Lu

I39
259

28.1
1 .65
5.37
0.50
3.34
a  i <

l . t 5
8.90
4 .41
47.3
19.0
82.5
20.4
t87

27.1

n.d.  n.d.
78

n.d. n.d.

n.d. n.o.
5 1 8

0.97
0.76

t . 63
3 .16
o.47
I . 3 t
0.45
0.05
0.s3
0 .  l 3
0.74
0.23
0.96
0 .  t 6
t .20
0.26

6557 1 106
n.d. n.d.

21500 9800
116400 109900
2799N 2812n0
4040,0 38800
78800 78800

850 1440

t343 2686 948 790
n.d. n.d. n.d. n.d.

2075ffi 180900 192800 2126f,0
x44@ 247sOO 262400 264N0
25400 27t00 27WO 2s100
78900 96900 87800 79600
9800 202cn I 1200 9486
950 t640 1550 tt20

3730 8940 5380 3470
n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d.

n.O. n.a. n.a. n.a.

Zsrcon analyzed by I-AM-ICP MS (ppm). Bastn:isire and Parisite analyzed by
electron microprobe (ppm). n.d. not determined. - below detection limit.
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Frc. 2. A. The grey area comprises several chondrite-normalized R.EE-panerns of bashasite. 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-panerns 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,/Lu" = 0.64.7, 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
LaL/Lu" = 0.006, and no Eu anomaly.

REE carbonates: bastniisite and parisite

Bastniisite is the most important host of the light
rare-earrh elements in the Galifleiro rocks. It can be
found (1) as isolated crystals, locally included in
feldspars, (2) forming aggegates with other accessory
phases, and (3) filling small veinlets and cavities.
Isolated crystals are xenomorphic and usually smaller
than 200-300 pm. Their composition corresponds to
bastniisite-(Ce) (Iable 1), with a very low concentration
of Y and no detectable Th. Chondrite-normalized
REE patterns (Fig. 2A) are characteized 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 concenffations ate below the minimrrm
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-ich minerals, which
may probably represent products of its alteration. Its
composition corresponds to parisite-(Ce), close to the

theoretical value (LREEzOI = 60.9 wt.Vo: Mariano
1989), with Ce > La and very low levels of the heavy
rare-earth elements (Table 1). It also has variable
but somewhat elevated levels of Th (0.9-2 vt.Vo) and
Y (0.1-0.6 wt.7o), significantly higher than those
of bastniisite. The concentration of Ca is close to
9.3 wt.Vo.

REE phosphates: monazite and xenotime

Monazite follows bashasib in importance as a
reservoir of the light rare-earth elements, As in the case
of bastnasite, three textural varieties of monazite are
recognized: (l) 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 r,wo varieties (Table
2) is identical, being characteizedby elevated Th and
low concentrations of the heavy rare-earth elements
and Y which is compatible with a primary origin ffiirster
1993, Fdrster & Rhede 1995,Bea 1996). In contrast,
secondary monazite filling cracks or small cavities
invariably has low concenffations ofTh but elevated
contents of the Ca, Y and heavy rare-earth elements,
and flatter chondrite-normalized REE panems, with the
same deep negative Eu anomaly (Fig. 2B).
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Xenotime is one of the most imDortant reservoirs of
the heavy rare-earth elements (HREE) 1n 6s Qaliffeiro
complex. It usually forms aggregates with other
REE-minerals. The crystals are xenomorphic, small
(maximum 300 pm) and reddish to pale yellow. Its
composition corresponds to xenotime-(Y); \REErO,
varies from 19.7 to 21.2 wt.Vo, 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 REEpxterns have a
strong positive slope with a large negative Eu anomaly
(Fie. 2B).

Silicates : allanite, titanite, tho rite and Y-Yb silicate s

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 30H00 pm, and
dark brown to yellow. Its composition is very constant
Clable 3), similar to that described in other peralkaline
granites @elkov et al. L988), and it shows significantly
higher levels of.Y, REE, and Fe, but lower concenhation

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 Galifleiro, and
other peralkaline rocks, usually shows a much smaller
negative Eu anomaly, which probably reflects a higher
Eu3+/Eu2+ due to more oxidizing conditions, than
allanite from peraluminous and subaluminous gtani1s5.

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 Galifleiro suite,
accounting for the high radioactivity of these rocks.
Similar to bastniisite 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
pm up to 1.5-2nm.Its composition is highly variable,

TABI;E 2. REPRESEI.]'TATIVE coMposmoN oF MONAZTE (PRIMARY AND
SECONDARY) AND )(ENOTIME FROM TI-IE GALSIEIRO COMPLEX

Pimary monnzite Xenotime

(w9o)
Sio2 0.57
TtOz
Al2O3 0.16
FeO 0.48
Mgo
CaO 0.09
Na2O
P2O5 21.25
Y2o3 0.63
ThO2 15.56
UOZ 0.49
laZO3 7.80
Ce2O3 27.29
PrZO3 3.29
NdZOS t7.54
Sm2O3 3.21
Eu2O3
Ga2O3 1.23
TbZO3 n.d.
DyZOZ 0.16
HoZO3 n.d.
ErZOI
Yb2$
Lt2O3

Total 99.75

o.o2 0.09 t.75
0.24 0.13 0.17

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

35.30
42.96
0.03
n.d.

o . t 2
0 .10

0.01
0.01

o.70
0.26
5.63
1 .59
/ . f , )

5.32
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

34.85
45.12

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

33.89
43.39
o.02
n.d.

0.06
0 .12

0.08
0.06

0.62
0.25
5.41
l . 6 l
7.54
5.47
n.d.

0.04 o.o1

28.03 28.89
t .o4 1.08
2.06 0.90

10.25 I 1.60
32.96 35.91
4.16 4.40

t5 .14  14 .16
1 . 8 4  l . 1 6

1.32 0.33
n.d. n.d.

0 . 1 2
n.d. n.d.

0.06
- 0.02

97 .28 98.7 |

0.03

0.05 0.04

zs.2; zs.l;
0.37 0.42

lo.M 12.47

t2.73 12.49
32.43 30.23
4.3s 4.22

r0.8s 10.98
o.79 1.00

99.00 99.68 99.58 99.71 98.52

n.d.
0.07
0.08
0.03
0 .10
0.23

t . 43
0.50
7.00
1 .60
5.70
3.00
n.d.

o. l7 0.48
n.d. n.d.

n.d. n.d-

0.M

- 0.92
- 0.35
- 0.62
-  0 .15

1 .90  t . 75
-  0 . l l

26.04 2s.64
7.98 7.67

o.32 0.48
6.85 6.36

21.50 20.92
2.49 2.73

10.12 9.58
2 .O l  1 .87

2 . t 3  2 . l l
n.d. n.d.

2.19 2.42
n.d, n.d.

0.83 0.77
0.76 0.72
0.02 0.20

85.14 85.37

Analyses by electron microprobe (Vo). n.d. not determined. - [s]q'd/ dstectien limit.
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TABLE 3. coMposmoN oF ALLANTTE AND THORITE FRoM THE GALNTETRO
COMPLEX

Ailanite
2 5

(wflo)
Si02

Al2O3

FeO
Mgo
MnO
TiO2

CaO
Na2O

Pzos
Yzol
moz
u02
LaZOS
CeZO3

PrZOg

NdZO:

Sm2O3

EUZOI
Ga2O3

rbot
Dvzol
Er2O3
YV2O3
Lu2O3

Total

31.03 3 r .06
11 .25  n . l 7
18.68 t7 .98
0 .10  0 .10
1 .48  1 .59
2.62 2.75
9.27 8.81
n.d. n.d.
n.d. n.d.

0.57 0.s5
n.d. n.d.
n.d. n.d.

5.73 4.93
11.25 t t .77
'1.02 1.30
4.00 5.08
o.74 0.80
0. l0 0.07
0.39 0.36
n.d. n.d.

o.22 0.13
n.d. n.d.
n.d. n.d.
n.d. n.d.

98.45 98.45

3t .29 31.63
10.75 t0.26
18.61 18.23
0.08 0. t I
1.60 1.45
2.48 2.75
9.10 8.77
n.d. n.d.
n.d. n.d.

0.64 0.30
n.d. n.d.
n.d. n.d.

5.36 6.33
n.26 12.61
1 .23  t . 2 l
4.06 4.13
0.73 0.55
0.07 0.06
o.29 0.27
n.d- n.d.

0.26 0.13
n.d. n.d.
n.d. n.d.
n.d. n.d.

97.81 98.79

with ThO2 in the range 5548 wt.Vo, FeO,o,4 in the range
0-l3 wt.%a, YrO, + );P.EE1O3 in the range 6-LOwt.%o,
and UO2 = 7 wt.Vo (Table 3). Chondrite-normalized
REE patterns typically have a shong positive slope and
a moderate negative Eu anomaly. Some crystals show
flatter patterns, with Eu below the detection lirntt (e.g.,
anal. 4 and 6, Table 3). Exceptionally, P-rich crystals
(PzOs = l0 vtt.Vo, ThO2< 40 wt.Vo,UO2= | wt.Vo) also
have been found. Their elevated Y2O. and REE2O3
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
YrOg > 2O wt.Vo, SiO2 > 25 wt.Vo, Yb2O3 = | wt.Vo
(thalenite - yttrialite?), highly variable amounts of
Fe and occasionally elevated Ca (kainosite ?). Yb-rich
varieties have YbrO, >35 wt.Vo, SiO, = 35 'Nt.Vo,Y2Or=
13 wt.7o, variable concentrations ofFe (hingganite?)
and are highly enriched in the heavy rare-earths
(>HREE2O3> 5O wt.Vo). The concentration of Th and
U is very low in both cases. Chondrite-normalized REE

99.96 99.39 99.73 99.19 99.99 99.27

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 pm in size. We
identified four extreme compositional types (Table 4,
Fig.4B): (l) HREE-nch" withYb as the dominantREE,
about 10 wt.Vo ThO2 and Y2O3, low light rare-earth
elements and a strong negative Eu-anomaly
(samarskite?); (2) LREE-nch, with Ce as the dominant
rare-earth element, a deep negative Eu anomaly and
variableTh andY (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 ofTh and Fe (pyrochlore
- betafite).

17.56
o.47
t  -J5

0.03
n.d.
n.d.

0.56
0 .15
0.55
3 . t 4

55.56

18.83
u.5 |

n.a.
n.d.

0.36
0.01
0.7 |
2.91

60.82
9 . t 6
o.o2
0.09
0.03
0.27
0 .  l 6

15.63
o.2l

13.42
0.03
n.d.
n.d.

0 .16
0.07
0 . t 8
3.01

54.22
9 . 1 4

12.60
0.01
1.70

n.q.

n.d.
4.51
0.04

10.07
3.57

38.78
l . l  i
3 .99

t2.70
1 .65
4.82
0.90
0.01
0.93
n.d.

0.96
0.45
0.40
0.07

0 . t 8

23.64 9.95
0 .16  0 .19
1.80 0.20
0.01 0.23
n.d. n.d.
n.d, n.d.

0.49 3.20
o.o2 0.07
0.58 6.62
1.43 3.01

57.77 68.21
7.85 4.66
o.27 0.04
0.98 0.15
0.08 0.03
0.27 0.27
0.09 0.27

0.01
0.01
0.07
0 .1  l
0.01
0.  l0
n.d.

0.49
1.00
4.63
0.61

0.06 0.43
n.d. n.d.

0 .33  t . t 4
0.33 0.60
2.56 0.66
0.47 0.06

o.; o.o;
n.d. n.d.

0.s6 0.43
0.56 0.45
2.80 2.21
0.37 0.30

Analyses by electron microprobe (Vo). n.d, not determined. - below detection limit.
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r02
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Frc. 3. A. Chondrite-normalized REE pattems of allanite and thorite. Grey area defined by several chondrite-normalized patterns

of allanite. B. REE-pattems of "normal" thorite (grey area). Patterns 4 and 6 pertain to anomalous samples of thorite, and

the other pattem corresponds to P-rich thorite.

TABLE 4. REPRESENTATTVE coMPosmoNs oF REE-SLICATES AND REE-
MoBATES FROM TTDGALNEIRO COMPLEX

lwtVo)
SiO2 35.00 29.45
Al203
FeO 1.84 0.55
Mgo
CaO 0.08 11.57
Na2O 0.06 O.O7
P2os - 0.28
YZO1 13.45 38.25
Tho2
u02
LA2o3 0.01 0.29
CeZO3 0.09 I.3l
Pr2O3 - 0.18
Ndzol 0.05 1.47
Sm2O3 0.09 1.05
Er2O3
GaZOI - 2.04
DyZOZ l .0 l  4.19
ErZO: 5.99 2.46
YbzOr 35.06 0.72
LUZO3 7.91 0.20

Toral 100.6 94.08
4

0 .81
5.63 0.01
o.72
7 .51
2.68 0.09

- 0.08
2.98
2.74 0.76
1.77 5.40
l .  l6 40.46
o. l7 6.57

85.45 99.84

- 0.01
8.89 4.88

l  r .54 13.80
| .vz

-  10.56
- 22.21
-  5 . 5 4

0.07 7.73
0 .  l 8  1 .06

o. t2 0.99
| .47 0.94
4. t4 0.08

25.58 0.12
3.94

60.83 69.67

0.42 2.41
0.14 4.74

- 2.86
- 1.29
- 0.42

68.30 50.86

o.zi z.s;
o.o2 0.03
0.06 0.o2

29.23 9.08
0.58 2.10
3.42 29.40
0.03 0.07
0.07 t.02
0.02 0.14
0.50 1.03
0.86 0.58

1.72 0.71
6.26 0.91
3.76 0.54
t .34 0.28
o.54 0.07

48.90 55.56

Y-Y b-s i l i ca tes

2 3 5

27.00
o.2t
9.99

o.74

o.o2
21.32

REE-niobates
2 3 4

32.91_

0.2;
0.08

3 . t 4

0.44

0 .1 ;
0 .11

8.70
6.86
1.67
1.67
1.95
o.02
0.07
2.t l
1 . 68

9.94
22.36
3.26
6.63
o.22

1.89
0.05
4.69

2.04
0.42
o.47

o . l 7  0 .18

0.51 0.  t  0

0 .16

0.03
31.80
0.48
3.85

0 .1  I
0.01
0.74
1.28

Analyses by electron microprobe (7o). - 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 arc LREE-rich.4 and 5 are Y-rich and niobate 6 is U-rich.
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107

106

s los
L.

E to+

S to'
b tozs
s lot

roo
La Pr Sm Gd Dv Er Yb

Ce Nd Eu Tb'Ho Tm Lu

B HREE-NIzBAT.
LREE-NIOBATE

La Pr Sm Gd Dv Er Yb
Ce Nd Eu Tb 
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r07

106

10s

104

103

r02

101

100

Ftc. 4. A. Chondrite-normaltzad REE paffefiLs of silicates and niobates. Grey area defined by several REE-pattems of Y-silicates.
Superimposed pattems correspond to two selected Yb-silicates. B. Selected chondrite-normalized pattems of IREE, HREE,
and Y-rich niobates.

TABI.E 5. REPRESENTATIVE BTJLK coMPosmoN oF ALL TI]E RocK TYPES FRoM THE GALfiERo coMPLEx

Amp ht b o l2 - bionb 9re6 s e s Ae g irire - lie b e c kit e gre is s e s
Galiflzirofrciesl (Maeretilcfrcbs) (7amfrcbs)

R-gneisses
(R-l)

TI 7

56.54 59.37 65.14 63.A
r.25 0.77 t.O1 0.82

17.56 18.38 14.37 14.U
7.73 5.95 7.25 5.28
1.42 2.67 t.t1 0.93
o.zt 0.09 0.t2 0.t0
3.65 L06 2s6 2.O9
6.44 3.44 3.80 6.40
3.06 't.62 3.83 5. | 5
o.42 0.t0 0.y 0.33
0.66 0.36 0.8s O.22

(*Eo)
sio2
TiO2
N203
FeO
Mso
M!o
C!O
NaAO
K2o
P2o5
L.O.I

Toral 9E.94 99& t@.50 99.80
CIPV/ rcrutive comporenx

a 3.s0 21.2t 3.73
or lt.3l 45.12 22.62 30.46
Ab 54.82 29.17 32.13 41.7r
An fo.l 4.62 10.47
l,le 0.20
Cm - 2.79 0.13
Ac 0 5.73
D i 4 . 4 3 , 0 6 . E 5
Hy - 8.30 4.7O l. '19
ot 2.42
\ 2.40 t.47 2.03 1.56
MaS 6.31 4.80 5.84 1.39
Hm
Ap l.0l O.U 0.80 0.7E
rrT 73.33 77.'79 76.03 EI.90
At 0.79 0.16 0.723 1.085

15.07 59.46 74.74
0.17 0.6s 0.21

10.23 13.95 9.48
4.81 10.63 6.00
o.g2 0.34 0.04
0.08 0.09 0.ts
0.20 |.49 0.4'7
4.32 5.80 3.79
4.51 1.73 3.54
0.07 0.12 0.03
o.21 2.52 0.11

9.15 96.78 98.62

12.78 14.2 3a.31
27.6 t0.74 2r.17
27.23 sl.s8 29.40

- 6.95

-  o . r i  -

0.t7 0.30 0.07
87.06 ?6.53 88.t9
I . I?E O.E2 I .06

7.75 2.69
0.48 - | .93
4.@ s.8l  2.36

o.zz r.i o.si
- 9.00 3.54

73.2t 71.47 64.03
0.24 0.21 0.3t

10.40 E.t6 15.55
4.40 5.80 6.46
r.20 0.09 0.24
0.04 0.09 0.0s
0.0r 0.r5 0.66
2.25 6.58 7.81
3.83 5.'12 2.19
0.03 0.o2 0.07
0.89 0.t9 0.54

96.57 99.t8 n.9t

44.79 29.45 8.t4
2359 U.6 t3.23
t9.u t3.t3 67.57

0.93

z.oi : :

0.05 0.t7
77.35 88.93
1.92 0.98

9.4
0.55 1.69
4.t9 2.22

0.40 o.ri
- 5.32

,.a8

o.oe
3.69

o.oi
88.2r
0.75

76.8s 't3.53 74.03
0.t7 0.20 0.19

ll.6l n.44 n.27
2.41 2.E8 3.35
0.00 0.01 0.0t
0.03 0.04 0.05
0.09 0.22 0.39
3.56 5.40 4.76
5.01 5.93 5.10
0.@ 0.o2 0.03
0.10 0.r4 0.30

99.83 99.8r 99.48

36.43 2'1.74 29.35
29.U 35.10 30.33
30.16 25.8'.1 29.16
0.45

o. t i  -  ,
- 4.U 5.42
- 0.86 r.56

0.88 t.96 2.O',7

o.zi o.ri o.ri
1.94

- o.oi o.oi
96.2 88.'t1 89.44
0.91 1.34 t . l  t

74.18 '79.45 '|r.tE 6a5E 74.45
0.41 0.39 0.91 0.5r 0.36
8.83 8.35 t2.29 12.01 9;74
4.82 3.06 5.4t 5.15 3.78
0.r3 0.06 0.08 0.33 0.06
0.08 0.06 0.47 0.20 0.1E
2.05 0.05 0.27 0.98 o.lt
4;75 3.EO 4.74 4.tO 4.42
0.16 o.rt r.00 2.60 3.23
0.03 0.19 023 0.05 0.19
0.40 0.61 0.4t 0.85 0.32

9s.u 96.m 96.99 95.42 96.91

44.23 58.53 40.05 33.18 37.39
0.99 Lil 6.t0 t6.2 19;70

41.99 33.50 41.38 3651 33.15
240

4.04
r.06 2.12 2.86

- 0
0.77 t.?t 1.02
2.51 4.50 4.3'l

0.07 0.47 0.56 0.12 0.46
87.2t 93.14 87.52 85.94 90.24
0.91 o.77 0;72 0.79 t.t I

4.7E

o.e9

o.7l
0.74

0 . 8 1
4.06

71.6s 76.26 76.X
0.16 0.26 0.24
9.8 t2.r2 9.16
5.30 2.0E 6.4'7
0.05 0.13 0.40
0.o2 0.01 0.05
0.00 0.04 2.01
LA4 3 .43  3 .19
4.8',7 4.11 0.3t
0.03 0.0r o.g2
o.34 0.2t 0. t 9

98.95 99.53 98.36

50.t9 40.u 45.43
29.10 24.44 2.22
12.32 29.21 25.63

- 0.13 9.43

, , o.zi
2.23 0.87 10.44

o.ri o.so o.+s
4.32 t.69 5.t4

o.m o.v2 o.oi
91.6t 93.99 74.27
0.t4 0.7E 0.62

1.47 2.ao

x AnomaloN wPls, excluded ftom statistics. TTl=Diffmnriadon Index. ** Coataire 3.4l of Na retasiliste. *xx contains 1.0?70 of Na metasiliete.
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TABB 6. IIEPRESEITATTVE TRACE ELEMENT CONCENTRATIONS OF ALL TI{E R@K TYPES FROM THE GALNEIRO COMPLEX

TABr..E ?. t{pREsEti'rAlTvE REE coNeNTMTloNs oF ALL THE RocK TYPBS FRoM THE GALI$ERo coMHrx

693

S@p. ER | 5 ER2:| ER25 ER30

h

(GoJiflzirolrcb:l
ERII ER'77 ER'80

lw-rebe&E8re6tl
(Magretitcfrcbsl 

I
ER-90 ER-3 ER46l

(Tonofrcies)
ER-40 ER-? ER.?O

(R-1)

ER-5? 5}'6 53-13 53-19 S4B4
(R-2)

s5Bil S7F5 568-9

(Ppm)
Li 33 69 15 11
Rb I t0 187 157 2i8
C s  6 . 8  l l  5 . 4  l l
Be t.0 2.1 2.6 6 l
sr 321 I 10 245 179
Ba 890 l04l 1026 636
cr 16 lo2 51 33
Co t .0 15 9.0 5 5
Ni -  51 4.4
Cu 10.2 13 6.0 5.0
7n 86 El 108 E9
Cq 19 16 18 20
Y 4 5 1 7 5 4 6 0
l { b r 2 2 n 5 9 7 0
Ta l2 2.7 7.2 t.3
tu 2fi l7t 3lE 364
Hf 4.1 2.5 6.1 l l
Mo 2.5 O.2 1.2 t2
S o  1 4  2 . 5  5 l  l l
Tl 0J 0.8 0.5 0.9
w 9.2 4.0 5.5 3.9
Pb - 2.6
u 3.6 2.O 3.4 4.3
Th 13 14 13 2A
F 1606 614 I 147 s5l0

s 6 ; r o o
385 2!5 3t I
0.9 1.3 2.7
4.8 t387 9.2
s.l 49 2E
4.7 14 l7
8 t - 8 3

0.5 0.5 0.8

2.8; i z.e
lm 36 Xl
37 49 39
w u41 |

231 733 251
2 J 9 t 2 6

11'18 l2M 2038
15 26 52

3.3 r.5 4.1
l9 65 24
r.0 0.5 0.7
6.f f i 6.2
2.4 23s
1 2 n 2 5
$ 7n3 lt

1 174 7s09 4E88

18 57 62
381 367 23E
1.9  t .2  r .s

5 6.8 356
9.8 6.6 24
23 2.2 16
69 r08 32
0.6 1.7 0.2

' 5.0
f.9 0.r 3.4

234 zfi 231
4 0 4 6 s I

4t3 95 2658
u5 293 362
44 16 58

f509 r8l | 1343
35 42 23
m n 1 . 6
45 4.3 44
1.0 0.5 0.7
E.3 7.3 25

- 9 5
23 s.2 49
n 42 492i

1025 2M 6996

39 24 4E
203 229 229
2.4 2.3 3.7
3.4 4.'1 6.4
1.2 7.4 9.2
2t 29 22

l fo  96  9s
o.1 0.7 1.4

NE
0.8 2.9 226
f09 r5r n3
33 33 35
t5 63 '12

n t 9 t 6
t2  2 t  I0

262 62 421
( <  4 1  a A

2.1 2.4 3.4'7.8 l4 12
0.5 0.6 0.5
7.3 6.4 5.1

- 2 5 5 3
3.4 1.5 5.2
t5  4 t  rE
- 52 3916

4.0 -  16 16 3.6
I I  3.6 9t 165 168

l . t  2 . 1  t 6  9 . 6  l 7
4.4 27 12 14 28
t2s 30 3r & 3'7
2 7 2 3 4 0 4 1 9 4
90 510 176 280 91

0.5 2.5 2.7 t .1 0.6
- 4.2 '  l l  0.7

72 t39 n l7 E1
2s9 tt63 1866 t$n 1488
50 45 50 39 49

692 2420 t8l2 n3'l 1309
n46 2tn 2t51 10m 1513
322.t 108 l4E E0 203
85tg 6224 7628 2746 8134
22'1 lg2 l l5 7l  Q
m 25 3t 6.4 1.6

132 53 U 52 21
- 0.r  0.5 0.4 0.6

12 4t 31 23 26
rt28 339 5s2 1t0 t4'1
16 153 183 6 l l4
lot 1369 220 82i 654

?tu2 930 1835 4753 168?

t 6 i l 1 6
539 256 16
1.2 0.1 2.6
4.2 7.9 2.9
7.0 13 93
t2 35 t5
95 65 tt
o.'t 0.5 4.4
2.2 - 2.6
29 9.4 399
7E r09 62
37 3't 39

il1 3m t4
na 144 594
25 42 7l

1080 t281 4437
1 3 l s 9 €
6 6 2 4 f f i
59 32 t7

0.6 0.4 0.4
9.6 7.6 12

l40
8.5 lE 48
29 59 t59

t06 525 21247

x Anomalou sampls, excluded from statistis. - below detetion limit

-----@ffio86-atue 
ereissu Aegirire-ricbec kite gre b ses

Wnow-Rocr CruLustrv

Sixty-six samples representing all Galifreiro rock
types were analyzed for major and the following trace
elements: Li, Rb, Cs, Be, Sr, Ba, Cr, Co, Ni, Cu,Zn,
Ga, Y, IrTb, ^la,7,r,Hf, Mo, Sno Tl, 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 SiO2 in the
ma5e7F75 wt.Vo, an agpaitic index (AI = mol [NazO

+ K2Ol/Al2O3) close to I (average AI = 1.02), with
Fe/[Fe + Mg] = 0.96, Na2O + K2O = 8 wt.Vo,
Na2O/K2O = l, and lowAl2O3, CaO and MgO contents
(Table 5). Amphibole - biotite gneisses have a lower
agpaitic index (0.7 < AI < 1.01), Fe/[Fe + Mg] = 0.2,
NazO + KrO - 8.5 wt.Vo, Na2O/K2O = l.l and
moderately elevated A1rO3, 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 K2O
contents and higher AI. This tendency is still more
marked in R-l gneisseso which show a marked
depletion in KrO and a slight effichment in MnO, TiOr,
and P"O..

K-8retSSes

Galiffeirofrcies) (MaeretLtefrcial qtnolrciesl (R- t l
s3-t3

(R^21
3 il S7&5 S6F9

2n 250 569
479 4n ll20
63 60 t34

262 2t7 493
57 s0 92
2.4 2.7 3.2
48 48 6t
6.3 9.3 10
28 5t 50

4.8  t2  l0
t1 32 30

1.5 4.E 4.9
9.6 n 30
1.3 3.5 4.0

tE.78 7.65 ls.14
0 . t 4  0 . 1 7  0 . 1 3

rdN 13.60 ?5.r4 7.00 9.82
E!rvE!' 0.74 O.1l 0.75 0.5t

(ppm)
ri 81 43 4l 69
C€ lY 92 111 147
P r  1 8  l 0  l l  1 6
ts 69 38 46 59
s m  l 2  7 . 0  l 0  1 2
Eu 4.1 1.5 2.4 2.1
cd l0 5.6 9.2 l0
Tb 1.4 0.6 1.4 1.6
Dy 8.4 3.'l 9.6 l0
Ho 1.7 0.7 2.0 2.0
Er 4.1 I .6 5.5 5.7
Td o.'l 0.2 0.8 0.9
Yb 4.8 1.4 5.0 5.4
b 0.6 0.2 0.6 0;t

t14 'r, 359
337 na 572
43 t23 83

163 563 30E
30 u9 60

0.9 t4 2.6
2D 308 49
2.9 l 18 7.6
t7 lz0o 4l

3.4 421 1.1
to 23st 19
LE t050 2.',7
lt 8191 15
t .5  1661 2 .1

t2.?5 0.0t t8.r2
0 .10  0 .15  0 . t5

14.24 lCZ15 0.m
0 . t 3  0 . t 7  0 . t 5

603 n6 69
693 975 3m
143 i1 37
s49 24 t63
l l8  43  71
4.1 1.6 3.9
t04 20 92
l8 2.s 35

to2 t1 347
2t 3.3 i l5
51 8.2 595
6.9 t.2 246
36 6.6 2494

4.5 0.8 3$

15 70 150
3l t4t 216
3.5 t1 35
2A 62 133
5.t 14 26
0.0 0.5 0.9
2.7 12 t9
0.4 2.3 2.1
3 .2  15  14
0.6 3.t 2.4
t.9 8.3 6.5
0.3 |.4 0.9
2.2 8.9 5.'1
0 .4  t . t  0 .7

4.13 6.s7 n3l
0.00 0.r3 0.t2

21.62 6.93 t2.81 8.75 5.92
0 . t 3  0 . 1 4  0 . 1 4  0 . 1 4  0 . 1 4

96t 108t l7m 8E0 t30
lln 2311 3884 2013 ty8
21fi 2M 472 245 243
623 lW t6v2 895 W7
133 2sl 399 213 212
6.0  1 l  t7  l0  9 .0
r42 L35 339 208 118
n 5 5 6 2 5 1 3 6

150 3t6 376 361 230
28 91 78 81 53
61 2A8 190 2@ 149
8.2 3s 24 27 U
40 l5l I 14 108 124

4.7  t1  t4  l l  15

* Anomalou mplq, excluded fiom staristia.
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HFSE and REE

The abundance ofrare earths and high-field-strength
elements in the Galifieiro rocks (Tabtes 6 and 7)
increases according to the following sequence:
(1) amphibole - biotite gneisses, (2) Zono facies, (3)
Galifieiro facies, (4) Magnetite facies, (5) R-2 gneisses,
and (6) R-l gneisses, the Iatter 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-l 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 M, Tao and U but, sumris-

ingly not with Hf. TheZr:Hf ratio for most samples is
4G-50, close to the terrestrial ratio, but some samples,
mostly of R-l gneisses, have ZrlHf 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 X Th, and rare-earth
elements also increase withZr, but the correlation is
not as good as with Nb, Tao 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 Galiieiro
or Magnetite facies, however, have a tremendous
enrichment in Th (= 5000-7000 ppm), with
Tnnlu = 100. These samples are simultaneously
enriched in ne 1= 1400 ppm), Y (= 8500 ppm), and the
heavy rare-earth elements (e.5., Dy = 1200 ppm,
Yb = 8800 ppm).

The concentration of rare-earth elements is high in
all facies, with average }ntn onAO 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-l gneisses (Table 7).
Chondrite-normalized REE patterns of amphibole -
biotite gneisses show a smootho constant decrease
from La (= 200 x chondrite), to Lu (= 20 x chondrite),
with a small negative Eu anomaly (Eu/Eu* = 0.75)
(Frg. 5A).Aegirine - riebeckite gneisses have a similar
IREEI H REE ftactionation, with Lall-un = I 1 (although
with notable exceptionso see Table 7), but show a steep
negative Eu anomaly (Eu/Eu* = 0.10). Chondrite-
normalized REE patterns of R-2 gneisses are very similar
to those of aegirine - riebeckite gneisses (La7yll-un =
15.5; Eu/Eu* = 0.1 - 0.2). Chondrite-normalized REE
patterns of R-l 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 then 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
aegirine - riebeckite gneisses (-61 ppm) and then
decrease to R-2 (-25 ppm) and ro R-1 (-8 ppm)
gneisses. Rb is more uniform for all rock rypes
(-270 pprn Rb) except for R-l gneisses, which contain
-80 ppm. The concentration of Be is exffemely variable.
It is usually on the order of a few ppm, but 5amples
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 ppm Ba) to aegirine - riebeckite gneisses
(-14 ppm Sr, -20 ppm Ba) and to R-2 and R-l
gneisses (-45 ppm Sr, -60 ppm Ba). R-l gneisses, and
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Fig. 5. A. Chondrite-normalized. REE patterns of average
whole-rock samples for every rock-rype of the Galifleiro
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" 5amples
(ER-70 and ER-100 from Zorro and Galifieiro facies,
respectively) and anomalous 5amples (ER-77, ER-46
from Galifieiro and Magnetite facies and SG3-4 from
R-l gneisses).
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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 ftom -20 ppm il amphibole -
biotite gneisses to -35 ppm in R-2 gneisses, -40 ppm
in aegirine - riebeckite gneisses and -45 ppm in R-l
gneisses.

Fluorine

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

Isoropn GEoclfir/fisrRy AND GEocHRoNoLocy

Isotopic studies on Galifleiro rocks reveal a
complicated picfure that probably reflects the long
postmagmatic history of these rocks. Rb-Sr systematics
on eight whole-rock sarnples from aegirine - riebeckite
and R-gneisses gave an isochron age of 325 + 19 Ma
(Fre. 6A) with initial &7SrF6Sr = 0.737575 t 0.054 (2o)
(Table 8, see also Montero 1993). Sm-Nd systematics
for four whole-rock samples gave an isochron age
of 541 t 81 Ma (Fie. 68) and an initial t43Ndr/144Nd -
0.512051 i 0.0000648 (2o). U-Pb on zircon concenffates

TABLE E. ISOTOPIC RATIOS OF SELECTED SAMPLES
FRoM TITB GALINTEIRo CoMPI,EX SPAIN

E7Sr/ laTS@' 143Ndr'
E6Sr r4Nd raNd

(2) The U-Pb concordant age of zircon around 370 Ma
may reflect the reactivation of the peralkaline rocks
during the fust important phase of Hercynian deforma-
tion (Ferreira et al. 1,987).
(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 Cenfral Iberian Zone, with ages
ranging from 320 to 300 Ma (Serrano Pnto et al. 1988).
Met4morphic 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).
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87Rb/86Sr

0.51255
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o.51245
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0.10 0. l l  0 .12 0. t3  0.14

147Srn/144Nd

Ftc. 6. A. Rb/Sr isocbron for eigbt whole-1ssft samples from
the Galiieiro complex. Initial srSrF6Sr = 0.737578 t 0.054
(2o). Isotopic age:.325 + 19 Ma. B. Sm/Nd isochron for
four whole-rock samples. Initial r43Ndj/rsNd = 0.512051 t
0.000064 (2o).Isotopic age: 541 t 81 Ma., t€tciuR(ND)
= +1.5 (2, M, G: Zorro, Magnetite and Galiieiro facies,
respectively; R-1: R-1 gneisses).
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Smpl6 from Aegiritre-riebekite dd R-gleiss: ER-57 dd SG3-t4 Aom R-l
greiss, ER-3 md ER-90 ftom Magnetite faci*, ER-l l0 ed ER40 ftom
Galifieirc fei6 ed ER 70 md ER40 ftom Zorc f@ies. U-Pb di6 dercmiled
iq zircon conentrat6. 2trlPblztrPb ratic delemined in zimn silgle gmiN: * is
the M of eight diffemt gnils.

gave two concordant ages, one about 310 Ma and the
other about 370 Ma (Fig. 7A). Finally, 2oTPbPo6Pb

determinations on eight single crystals of zircon gave
an age of 460 X22Ma (Fig.7B).

The interp'retation of these data is not simple, but we
tentatively suggest that:
(l) The 460 + 22 Ma age from zolPbPMPb 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
!24Ma:Piem et aI. (1966);469 X 8 Ma: Kuijper (1979)l
and is within the error range of the Sm-Nd isochron.
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Dlscussrou

Petrogenesis

The mineralogy and geochemical signature of
the Galifleiro 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/Ia, very low Y/Irlb, and ZrA.{b < 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 [ecau#t(Nd) = +1.5], we suggest that the magmas
that produced the Galiieiro complex had a mantle
source, ruling out partial melting of residual felsic
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0.07

Galifieiro

0.34 0.38
207Pb/23sU

.0557 .0559 .0s61 .0563 .0565 .0567 .0569

2o7Pbl2o6Pb

FIc. 7. A. U/Pb concordia diagram for zircon concentrates in four samples from the
Galiffeiro complex with two concordant ages (about 310 and 370 Ma). B. Histogram
of2oTPbP!6Pb values in eight single grains ofzircon from the Zorro facies, whose mean
value (0.056190) conesponds to a radiogenic age of 460 t22 Ma.

Iower 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 rhyolite composition
represented by the aegirine - riebeckite gneisses.

Several peralkaline granites and peralkaline rhyolites
with ages from423 to 47OMa and a chemical compo-
sition roughly similal to that of Galiieiro (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 - C6rdoba zone (Garc(a
Casquero et al.1985). Taking into account the close
relationship between peralkaline felsic activity and
extensional tectonics (e.9., Bonin 1990), we suggest
that Galifieiro and similar Ibsrian rocks were generated
durine an ensialic extension event in the earlv
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sulfide, and carbonate anions were released, thus
producing the redistribution of REE and HFSE in
aegirine - riebeckite gneisses and counfy 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 g&iltq 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 some Zr and major-element composition
as the Galifreiro rocks become saturated in Zr at
1000-1100"C. Howevero the morphology of the zircon
crystals indicates that massive crystallZation of zircon
only took place at temperatures as low as -600'C
(see above), thus indicating 'thatZt was in some way
stabilized within the melt. Given the high rlkalinity and
F contents of the melt, it is probable that the formation
of zirconium-fluoride complexes (Collins et al. 1982,
Dietrich 1968, Wason 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 ofF-rich biotite and
amphibole, decreased the activity of fluoride in the
melt, thereby causing the breakdown of complexes
(Collins et al. 1982) and releasing Z'r, which precipi-
tated as low-temperature zircon. Apart from fluorine,
other ligands such as carbonates, phosphates, erc.
(Bilal et aI. 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 sfrong decoupling of Zr-Hf,U-:t\, 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 Galifleiro. Taking into account the high F and CO2
contents of the Galifleiro rocks, it is logical to suppose
that once the original mels had complelely 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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Ftc. 8. A. Discrimination diagram for A-type granites
(Whalen et al. L987) for the Galifieiro rocks. Crosses:
amphibole - biotite orthogneisses, black dots: Galifreiro
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 A1 and A2 (Eby 1992), and the distribution
of points for the Galifleiro 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 mnjor and trace elemznts during
Late- anl post-m.agmetic steges

Many of the most significant geochemical
anomalies exhibited by the Galifleiro 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 feafures,
together with the elevated fluorine contents and the
existence of associations of exotic REE-ich and
HFSE-ich minerals, suggest that during the last stages
of magmatic crystallization, fluids enriched in the
rare-earth and high-fi eld-strength elements, fluoride,
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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,
bastnlsite and zircon are all consistent with that idea,
and suggest that the Galifleiro system was repeatedly
re-activated during its posbragmatic history especially
during the Hercynian episode of metamorphism.

CoNcl-usIoNs

Rocks from the Galiffeiro 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
fiend whose end product (alkali rhyolite) now is
represented by the peralkaline orthogneisses. The
emplacement of magmas occurred at high levels in
the crust at 48H60 Ma during a extensional tectonic
regime (possibly continental rifting). Magmatic
fracfionation produced residual fluids exfiemely enriched
in ligands, especially fluorine, able to complex the
rare-earth and high-field-sftength 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 complexeso
releasing the rare-earth and high-field-strength
elements, which then precipitated REE-ich and
HFSE-ich minerals such as bastniisite, monazite,
xenotime, fergusonite - formanite, aeschynite,
samarskite, betafite, allanite, thalenite - yttryalite,
titanite, zircon, thorite, etc., either isolated or, more
commonly, forming associations of intricate fine-grained
aggregates. These fluids produced endo- and exo-
metasomatism of the Galifleiro complex, ando 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 inpus
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-temperafure minerals and veins of secondary
monazite, thorite, bastniisite, and zircon probably
account for the exotic geochemical features
(e.g.,7,rtff> 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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